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BIOORTHOGONAL REACTIONS FOR PROTEIN CHEMISTRY 
AND CHEMICAL BIOLOGY 

 
 

Kristen Anne Andersen 
 

Under the supervision of Professor Ronald T. Raines 

at the University of Wisconsin–Madison 

 
Over the past century a great deal of knowledge surrounding basic biology and disease 

states has been gained. Much of this can be credited to the establishment of the central dogma of 

molecular biology, and our increased understanding of each of these levels of information. By 

understanding the general flow of information in biology, we have gained both a better 

understanding of living systems, as well as developed tools to manipulate these components. 

However, there are many aspects of biology that are difficult or impossible to study with current 

technologies. Notably, are functions involving post-translational modifications, lipids, glycans or 

metabolites which are outside of the genetic realm. The application of innovative chemistries in 

biological systems has the potential to address many of these challenging questions. Of 

paramount importance is the selection of the appropriate chemistry for the situation. This thesis 

will focus on the application of various chemistries to address specific biological problems.  

First, in CHAPTER 2 the high affinity of boronic acids for carbohydrates is utilized in the 

development of a small-molecule tag to accomplish biomacromolecule delivery into mammalian 

cells. Next, the versatile diazo functional group is adapted to two different functions. In 

CHAPTER 3 diazofluorene is used as a reversible protein modification by selectively forming 

ester bonds at carboxylic acids (further explored as a cytosolic protein delivery agent for 

mammalian cells in Appendix 3). Then diazoacetamide is used as a bioorthogonal probe in 

CHAPTER 4 for the dual labeling of glycans in live mammalian cells. In CHAPTER 5, a 
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combination of protein engineering and the Staudinger ligation will allow for the generation of 

ubiquitin chains of a precise length and connectivity. The study of ubiquitin chains will continue 

in CHAPTER 6, where a disulfide bond is used as a mimic for the native isopeptide bond to 

approximate the propensity of the formation of particular dimers. Finally, in CHAPTER 7, a 

small molecule protein disulfide isomerase mimic is developed and validated as a catalyst for 

protein refolding in vitro. CHAPTER 8 will conclude with proposed future directions of these 

projects. 
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1.1 Introduction 

The application of suitable chemical reactivity can provide new tools to answer biological 

questions that are challenging to address with other techniques. This advantage can enhance the 

study of metabolites, glycans, lipids and other post-translational modifications that are outside 

the control of the genetic code. Chemical tools can be highly useful for studying live organisms, 

watching metabolism and other changes through live imaging, or facilitating analysis through 

pull down and enrichment. Chemical tools can also endow biological molecules with 

advantageous attributes to change their properties, for example, to enable cellular internalization 

or promote stability.  

To develop a meaningful tool, it is essential to define the ultimate goal of the tool and the 

parameters in which it must operate. First, we must define the environment in which the tool will 

exist, and what types of interactions the tool should have with this environment. In some cases, 

we might want to promote interactions with specific parts of the environment to achieve the end 

goal. For example, to deliver a cargo into the cell, the tool must endow entry to the cell in some 

way. One way to achieve delivery is through the interaction of the tool with the glycocalyx, cell 

surface-receptors, or membrane channels. Here, the tool would be optimized to promote 

interaction with one of these components.  

Conversely, we might require a tool that has no interactions with its environment. This 

application calls upon the principle of chemoselectivity, or preferential reactivity of one function 

group with another, despite the presence of other functionalities. More specifically, if we seek to 

do chemistry in a biological system, we might need to use a bioorthogonal reaction. A 

bioorthogonal reaction is defined as a chemical reaction that can happen inside of a living system 

without disrupting the native biochemical processes that are occurring.1 This orthogonality 
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entails that both reactants are inert to the myriad of functional groups present in the cellular 

environment, but will display reactivity with one another.  

Next, we must define the end product of the reaction. In some cases, the goal is to simply 

link two components together, in which case the composition of the linker is not necessarily 

important. In other cases, the nature of the modification is important, particularly in situations 

recapitulating a post-translational modification or other enzymatic product. Defining the end-

point structure allows us to work backwards to determine the possible identities of the starting 

reactants.  

We must also define whether the chemistry should yield a “permanent” modification, or 

if it should have a reasonable mode of reversibility available. A modification that is reversible by 

biological processes to yield the native species without modification is referred to as 

bioreversible. Possible modes of reversibility include reactions triggered by cellular enzymes, 

pH, light, or peroxide, and can be chosen based on the necessity of the situation. For example, a 

functional group sensitive to pH may lead to decomposition of a linker as the endosome 

acidifies.  

Finally, we must assess some basic properties of the reactants themselves, and how these 

properties might affect the usefulness of the tool. In addition to reactivity, the relevant properties 

include size, kinetics, and toxicity. Size is a particularly important consideration if interactions 

with enzymes or other biomolecules are necessary, as a steric clash can result in an ineffective 

tool. A further consideration in a living system is the time scale of the reaction. In order to be 

meaningful in a living system, the reaction must occur quickly, as the cell is changing constantly. 

Toxicity is an important factor in any tool to be used in living systems, as lethality can influence 

phenotypes, or prevent the use of the tool entirely.  
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Once the function of the tool and the context in which it will be used have been defined, a 

reasonable chemistry can be chosen. The chemical tools can then be tested and refined until an 

efficient tool has been developed and validated. The tool can be then be used to answer 

biological questions. In this thesis, I apply these principles to define six different chemical 

biology tools and demonstrate their applications, ranging from in vitro into in cellulo situations. 

First, a mode of bioreversible protein delivery utilizing boronic acids is explored in Chapter 2. 

Next, the diazo group is utilized in Chapter 3 to esterify carboxylic acids selectively on proteins, 

and in Chapter 4 as a bioorthogonal probe in glycan metabolism. Chapter 5 focuses on the 

formation of ubiquitin chains through another type of bioorthogonal reaction, the Staudinger 

ligation. The study of ubiquitin chains continues in Chapter 6, where the propensity of ubiquitin 

chain formation is examined. Finally, in Chapter 7, a small molecule mimic of the enzyme 

protein disulfide isomerase is shown to be an effective organocatalyst.  

 

1.2 Boronic Acid-Mediated Drug Delivery 

The vast majority of chemotherapeutics available today are relatively small, lipophilic 

molecules. In general, these small molecules modulate the activity of proteins to enact their 

therapeutic benefit. Yet, of the approximately 30,000 genes in the human genome, only about 

10% of the encoded proteins are considered “druggable”.2,3 The other 90%, along with the other 

molecules of life (lipids, carbohydrates, nucleic acids and metabolites) are generally unreachable 

by traditional small-molecule therapies. To access these other components, the focus has been 

turning increasingly to biomolecules, including nucleic acids, sugars, and proteins. These more 

complex molecules face many pharmacokinetic challenges that limit their efficacy. Over the past 

several decades, significant progress has been made toward improving the properties of biologics 
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for therapeutic use; however, the inefficient delivery of these molecules into cells has prevented 

the larger implementation of this class of drug into the clinic.4,5 

 

1.2.1 Challenges to Cellular Entry  

 To be efficacious, a drug must be able to reach its site of action. For many drugs, this site 

is in the cytosol. Significant barriers to entry exist. The eukaryotic cell surface is coated in a 

dense forest of polysaccharides up to 500 nm thick, known as the glycocalyx.6,7 The thick, 

hydrophilic and anionic glycocalyx layer can repel some drugs, especially anionic proteins or 

nucleic acid-based therapies.7,8 In addition to the glycocalyx, the drug must also cross the 5 nm 

amphipathic plasma membrane.9 While some small, lipophilic molecules might be able to diffuse 

across this layer, most biologics are too large to do so and must instead rely upon internalization 

via endocytosis.10  

Endocytosis is the process by which cells internalize extracellular particles by engulfing 

them with the membrane.11,12 This process begins with an invagination of the plasma membrane 

until a vesicle encloses the particles. This vesicle is then internalized as an endosome. The 

contents of the endosome will undergo sorting, trafficking and degradation as the vesicle 

interacts with other organelles. Upon endocytosis, cargo must translocate out of the endosome 

into the cytosol to avoid degradation as the endosome matures and fuses with the lysosome, an 

organelle filled with hydrolytic enzymes. 

Endocytosis can be generally divided into two categories: phagocytosis (“cell eating”) 

and pinocytosis (“cell drinking”).11 Larger substances, including cells and pathogens are taken up 

by phagocytosis. Phagocytosis is performed primarily by specialized cell types like macrophages 

and neutrophils, as a part of the immune system.10 Smaller particles are taken up by pinocytosis, 



! 6!

which can be further subdivided based on the specific mechanism of internalization, including 

clathrin-mediated endocytosis, caveolin-mediated endocytosis, and macropinocytosis. In contrast 

to phagocytosis, all mammalian cells can perform pinocytosis. The ability of a molecule to enter 

the cell via pinocytosis is particularly dependent upon the interaction with the cell surface. 

Molecules with a higher affinity for the cell surface will more likely be taken up by endocytosis. 

The rate of endocytosis of a biologic is, however, not the sole measure of success. Drugs with 

cytosolic targets must also escape or translocate from the endosome to the cytosol to be 

efficacious.  

 

1.2.2 Current Methods of Biologic Delivery 

A key roadblock to the advancement of biopharmaceuticals is the delivery of these 

macromolecules into the cell, and specifically to the site of action. Determining an efficient 

method to deliver active biologics into cells is of paramount importance to the use of biologics in 

the clinic. These strategies can be divided into two categories: carrier-based delivery and 

covalent modification. Carrier-based delivery encapsulates the cargo, and includes the use of 

virus-like particles, liposomes, lipoplexes, polymers and nanoplexes.13-15 Covalent protein 

modifications irreversibly alter the properties of the cargo to improve cellular entry, and include 

the attachment of cell penetrating peptides, supercharged proteins, and linked nanocarriers.16-18 

There is also a focus to target membrane receptors that exploit the high affinity of a natural 

ligand and its receptor; for example, the use of folic acid to induce endocytosis by interaction 

with the folate receptor.19 Although all of these strategies provide an increase in macromolecule 

delivery, each possesses inherent drawbacks, including low efficiency, immunogenicity, 

cytotoxicity and effects related to altering the protein including decreased protein activity and 
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misfolding.20,21 Additionally, whereas many of these technologies increase the endocytosis of a 

drug, they can result in the undesirable outcome of endosomal entrapment, with the drug unable 

to reach the actual site of therapeutic impact. A successful method of drug delivery must 

therefore be able to not only promote endocytosis of the drug, but also show an increase in the 

cytosolic delivery. 

 

1.2.3 The Boronic Trimethyl Lock Strategy of Biologic Delivery 

One way in which to facilitate endocytosis is by increasing the affinity of a molecule for 

the cell surface. Aryl boronic acids coordinate with biologically relevant molecules, particularly 

carbohydrates like those found in the glycocalyx, providing an advantageous functional group to 

use for this purpose.22 Boronic acids readily interact with 1,2- and 1,3-diols to form five and six 

member cyclic boronic esters, respectively. This interaction is favored at neutral and basic pH, 

but weakens at more acidic pH, making this system ideal to facilitate cell-surface binding 

followed by dissociation in the more acidic conditions inside a maturing endosome. 

The propensity of boronic acids for carbohydrate recognition has also been exploited for 

cellular uptake of therapeutic molecules through the formation of reversible covalent interactions 

with the diol-rich glycocalyx to develop efficient DNA delivery methods.23,24 The Raines group25 

and others26 have recently shown that boronic acids can be conjugated directly to a protein 

surface in a minimalistic fashion. This simplified method has been shown to increase interactions 

with the glycocalyx of the cell, thereby facilitating cytosolic delivery. These strategies, however, 

rely on covalently modifying the protein surface in an irreversible manner. Irreversible 

modification of protein side chains can lead to a loss of activity, thereby reducing efficacy 

despite increasing internalization.27 Therefore, it is imperative that if a macromolecule delivery 
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system is to be developed, it must be immolative, or traceless, in nature, to allow for delivery of 

native cargo.28  

To obtain a bioreversible boronic acid labeling strategy, we combined 2-

hydroxymethylphenylboronic acid (benzoxaborole) with a linker susceptible to esterases. The 

phenyl boronic acid derivative benzoxaborole has high affinity in water at physiological pH for 

glycopyranosides, which are among the most abundant monosaccharides present in the 

glycocalyx.25,29,30 Previous work has shown the benzoxaborole is a viable small molecule 

boronic acid for delivery of protein therapeutics.25,26  

A o-hydroxydihydrocinnamic acid derivative, known as the trimethyl lock (TML), serves 

as the immolative linker between benzoxaborole and the protein cargo. The ester bond is a 

substrate for cellular esterases, including those found in endosomes. The esterase triggers an 

extremely rapid intramolecular lactonization to release the cargo of interest.31-35 The TML 

scaffold has been used successfully in the past to release peptidic cargos,36-38 and in pro-drug and 

pro-fluorophore technology.39-42 The modification of the TML scaffold with an N-

hydroxysuccinimide (NHS) ester allows for targeted conjugation to solvent exposed lysine 

residues43 to offer a general conjugation strategy for any protein of interest. The attachment of 

benzoxaborole to the protein through this TML-NHS ester scaffold allows the boronic acid 

moiety to be removed in the presence of endosomal esterases, ultimately affording the delivery 

of completely native protein (Figure 1.1). 

In Chapter 2, I demonstrate the efficacy of the boronate-TML label to endow cellular 

delivery with two model proteins, green fluorescent protein (GFP) and a cytotoxic variant of 

ribonuclease A (RNase A). While the GFP afforded a measure of total internalization, the 

catalytically active RNase A allowed for a measure of cytosolic delivery. 
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GFP is an acidic protein, with a net charge (Arg + Lys – Asp – Glu) of Z= –9 at neutral 

pH. Accordingly, native GFP is poorly endocytosed due to Coulombic repulsion with the 

glycocalyx. Modification of GFP with a small number of the boronate labels induced a >10-fold 

increase in total uptake of GFP by the cell. In contrast, the cationic RNase A protein is known to 

be internalized naturally via multiple routes of endocytosis, including macropinocytosis and 

clathrin-mediated endocytosis.44 We chose this protein as the second model, due to the necessity 

of its translocation to the cytosol to induce cytotoxicity. This process is naturally inefficient, with 

only about 5% of the protein escaping from the endosome into the cytosol.45 Thus, this system 

then allowed us to determine whether increased internalization would translate to an increase in 

cytosolic delivery with an enzymatically active RNase A variant or if the labeled protein became 

trapped in the endosome.  

 

1.3 Diazo Compounds as a Multi-Functional Tool 

The diazo functional group (R2C=N2) has been established for more than a century in 

organic chemistry. Yet, it has remained unappreciated in biological applications.46-51 In part, this 

dichotomy is due to concerns over toxicity and potentially explosive reactivity.52-54 An 

appropriately tuned diazo can, however, be a mild, yet powerful tool in chemical biology, with 

several possible modes of advantageous reactivity. Additionally, conversion of the parent azido 

group to a diazo group in a mild, one-step deimidogenation reaction using an appropriate 

phosphine makes the diazo group easily accessible on biologically relevant molecules.55,56  

 

1.3.1 Diazo Addition Reactions: Protein Esterification  

A stabilized diazo group can extract a proton from a carboxylic acid group. If 
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appropriately stabilized, this proton transfer will result in the O-alkylation of the carboxylate to 

form an ester (Figure 1.2A). This reaction is potentially highly useful in biology.  The formation 

of an ester introduces the possibility of a reversible label in the context of the mammalian cell, 

where esterases can hydrolyze these modifications to yield the original carboxylic acid.  

Previously, 2-diazoacetamide, N-(diazoacetyl)glycinamide, and diphenyldiazomethane 

were used to esterify carboxylic acids on proteins.57-60 In these instances, the diazo compounds 

were used in vast excess (>1000 fold) over protein, with only modest esterification achieved. In 

Chapter 3, I explore the ability of three stabilized diazo compounds to esterify the model proteins 

ribonuclease A and red fluorescent protein: diethyl 2-diazomalonate, diethyl diazoacetamide, and 

9-diazofluorene. These compounds cover a range of stability and thereby reactivity, which can 

be estimated by the pKa of the conjugate acid of the diazo compound (Figure 1.2B). The 

conjugate base of diethylmalonate (pKa 16.4) is weak, rendering this compound inefficient at the 

abstraction of a proton from a carboxylic acid. Conversely, the conjugate base of 

diethylacetamide (pKa 35) is much stronger, resulting in a highly reactive diazo, and subsequent 

loss of chemoselectivity in the aqueous environment. The conjugate base of fluorene (pKa 22.6) 

is in the middle, reactive enough to extract the proton, while maintaining chemoselectivity. The 

diazofluorene was found to be far more efficient at labeling proteins than diazo compounds 

tested in the 1960’s. Furthermore, I demonstrate the bioreversibility of the labeling on both 

model proteins, by exposing the labeled proteins to a HeLa cell lysate. After such exposure, both 

proteins are returned to their wild-type molecular mass, and ribonuclease A is returned to full 

catalytic activity (Figure 1.2C).  

The ability to endow cell permeability upon GFP using the fluorene label is explored in 

Appendix 3. This tagging strategy has the advantage of both being bioreversible as well as 
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targeting carboxylic acids, resulting in a net increase in positive charge on the protein, a benefit 

in negotiating the negatively charged glycocalyx that could aide in cellular internalization.  

 

1.3.2 Diazos in 1,3-Dipolar Cycloaddition Reactions with Cycloalkynes 

Another mode of reactivity of the diazo is participation in the 1,3-dipolar cycloaddition 

reaction with cycloalkynes to form a pyrazole. A similar reaction, between an azide and a 

cyclooctyne to yield a triazole, has gained great popularity over the past decade as a powerful 

bioorthogonal tool.1,61-63 This reaction arose as an alternative to the popular azide–alkyne 

Huisgen 1,3-dipolar cycloaddition between an azide and a terminal alkyne that requires the 

presence of copper (I) as a catalyst.64-68 The copper-mediated reaction, while highly 

chemoselective even in biological milieu, faced limitations in living systems related to the 

cytotoxicity of copper (I). The energy imparted by the strain of the cyclooctyne overcomes the 

requirement of the copper catalyst, while maintaining the high chemoselectivity of the reaction. 

Many modifications have been made to the cyclooctyne in an effort to increase the reaction rate; 

however, the azide remains mostly untouched.63,69-75 The diazo, generated from the parent azide 

via deimidogenation, provides an alternative to the azide that is also capable of undergoing the 

strain-promoted cycloaddition. In some cases, the rate of reaction with the diazo compound can 

be much greater than that with the parent azide, and is enhanced in polar protic solvents.76 

Whereas the ability of diazo compounds to participate in the 1,3-dipolar cycloaddition reactions 

with polarized alkenes and alkynes has been established, this type of reaction has not been 

utilized as a bioorthogonal labeling technique in the same way as that with azides.77-79 Previously 

tested diazo compounds were either highly reactive diazoalkanes generated in situ or contained 

highly stabilized diazo groups that required elevated temperatures or toxic metal catalysts, 
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neither of which is compatible with biological applications.80-86  

 

1.3.3 Establishing the Diazo Group as a Bioorthogonal Probe in Glycan Metabolism 

In Chapter 4, I utilize a stabilized diazo as an alternative to the azido group in the context 

of glycan metabolism. Glycans are composed of many different sugar building blocks, which 

undergo various levels of trafficking and modification before being incorporated into a 

polysaccharide end-product. The post-translational addition of glycans to proteins can impart 

stability upon a protein, and, more globally, influence cellular signaling.7 Glycans are 

particularly important as a part of the glycocalyx surrounding the cell, where they contribute to 

cell–cell recognition, adhesion, and communication.87 The study of glycan processing poses 

significant challenges to traditional biological methods. In the past decade, the incorporation of 

an azido group into certain positions of the sugar building blocks has become an important tool 

for studying glycan biosynthesis.63,72,88-90 An azido group will not react with biological 

functionalities, remaining untouched throughout the metabolism process, and can subsequently 

be reacted with a highly chemoselective reaction, allowing for imaging, quantification, or pull 

down of the azido-containing products formed from metabolism of the original input 

monosaccharide.88,91 The azido group has been successfully incorporated into four different 

sugars: N-azidoacetylglucosamine (Ac4GlucNAz), N-azidoacetylgalactosamine, (Ac4GalNAz), 

N-azidoacetylmannosamine (Ac4ManNAz) and N-azidoacetyl sialic acid (Ac5SiaNAz).92 These 

modifications have provided important insights into glycan trafficking and the relationships of 

glycans to disease.61,74,91,93-95 

The azido group can be converted to the diazo group through a gentle deimidogenation 

reaction, providing an accessible way to install the diazo group on biologically relevant 
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molecules, including glycans. I establish the diazo group as a bioorthogonal reporter in the 

context of sialic acid metabolism. First, I demonstrate that the diazoacetamide will not react with 

any functionalities in the mammalian cell. Next, I install the diazo group on N-

acetylmannosamine, and establish the resulting diazo compound as a bioorthogonal probe in 

parallel with the well-established azido analog in sialic acid biosynthesis (Figure 1.3). Finally, I 

demonstrate that the diazo–alkyne 1,3-cycloaddition reaction can be used as an orthogonal 

labeling system with the copper-mediated azide–alkyne cycloaddition, allowing for a differential 

labeling of sugars, in which two different sugar building blocks can be labeled and tracked in 

live cells. 

 

1.4 Protein–Protein Ligation via the Staudinger Ligation 

The Staudinger reaction between an organic azide and triphenylphosphine was first 

described by the German chemist Hermann Staudinger in 1919.96 Like the cycloadditions 

described in the previous section, this reaction involves an azide. In the Staudinger reaction, 

however, the azide reacts selectively with a phosphine. In this reaction, the lone pair on the 

triphenylphosphine attacks the terminal nitrogen of the azide, resulting in a phosphazide, which 

quickly rearranges, resulting in the loss of molecular nitrogen and formation of an 

iminophosphorane intermediate. Subsequent hydrolysis results in formation of an amine and 

triphenylphosphine oxide (Figure 1.4A).   

The utility of this reaction was transformed over 80 years later to the Staudinger ligation 

by Saxon and Bertozzi.88 An electrophilic trap on the triaryl phosphine results in an 

iminophosphorane intermediate, which undergoes S!N acyl transfer (Figure 1.4A). Subsequent 

hydrolysis yields an amide. Since the advent of the ligation reaction in 2000, the Staudinger 
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ligation has been used both synthetically to ligate peptides, microarrays and biopolymers, as well 

as in living organisms to label numerous biomolecules, including glycans, proteins, lipids, and 

nucleic acids.97  

Further modification to the phosphine component by both the Raines and Bertozzi groups 

resulted in the traceless Staudinger ligation.98,99 The traceless variation results in expulsion of the 

phosphine oxide during the hydrolysis step, as well as formation of the amide bond.100 While the 

Bertozzi group designed a phosphine around a cleavable linker system, the Raines group 

developed a phosphine reagent around the (diphenylphosphino)-methanethiol scaffold.101 The 

Raines scaffold has a high rate constant and chemoselectivity for the azide, and led to the most 

efficacious traceless reagent.97 Eventually substituents were added to the phenyl rings to 

manipulate the solubility of this hydrophobic molecule in aqueous buffers.102,103 This technology 

has allowed for the conjugation of peptide fragments without any residual atoms or racemization, 

providing an alternative to native chemical ligation.98,104 Here, the ligation will be used in the 

context of protein-protein ligation to generate ubiquitin polymers. 

 

1.4.1 Ubiquitin Chains as Cellular Signals 

Ubiquitin is a 76-amino acid protein that serves as an important post-translational 

modifier in the eukaryotic cell, operating as a signal in both mono- and polyubiquitin chain 

forms. Analysis of Saccharomyces cerevisiae cells revealed over 1,000 candidate ubiquitin-

conjugated proteins, suggesting that ubiquitination is a widespread cellular signal.105 Defects in 

the ubiquitin pathway correlate with many diseases, including heart disease, neurodegenerative, 

immune and inflammatory disorders, autism, diabetes, and cancers.106-113 Mutations to the genes 

that encode the major proteins in the ubiquitin pathway are often lethal, underscoring the 
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important role that ubiquitination plays in the cell. 

Ubiquitin is a small, globular, and robust protein that is highly conserved among 

eukaryotes. The structure consists of a five-stranded ß-sheet and an α-helix, with a flexible tail of 

4 residues protruding outwards at the C-terminus.114 Ubiquitin is typically attached to a target 

protein through an isopeptide bond between the C terminal glycine residue of ubiquitin and the 

ε-nitrogen of a lysine residue in the substrate protein. In vivo, the formation of the isopeptide 

bond occurs through the concerted actions of three enzymes known generally as the ubiquitin-

activating enzyme (E1), ubiquitin-conjugating enzymes (E2), and ubiquitin-protein ligases 

(E3).106,115 

Ubiquitin contains lysine residues at positions 6, 11, 27, 29, 33, 48, and 63 that are all 

known to serve as sites of attachment for additional ubiquitin molecules.116 Polyubiquitin chain 

growth is iterative, elongating through additional isopeptide bonds where the C-terminus of a 

new (distal) ubiquitin is attached to the lysine residue on the existing (proximal) ubiquitin tag. 

Attachment of ubiquitin, either as a monomer or in a chain connected through any of the seven 

lysine residues of ubiquitin designates substrates for a variety of fates.117 The specific 

consequences for ubiquitinated substrates—including endocytosis, proteasomal degradation, and 

participation in other signal transduction pathways—depend on the architecture of the 

attachment.115,118 For example, the K48 polymer, which is associated with proteasomal 

degradation, maintains a compact fold in which the main hydrophobic residues lie on the 

interface between ubiquitin molecules. Conversely, the K63 chain is not associated with 

proteasomal degradation, and adopts a more extended conformation, exposing the main 

hydrophobic patches.115  

Ubiquitin chains are susceptible to binding one of at least 20 different sequences known 
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as ubiquitin-binding domains (UBD’s).115,119 UBDs are found in signaling proteins that transfer 

the ubiquitin code to a signaling output, acting as arbiters of the “ubiquitin code”.116,120 

Ubiquitinated proteins are also susceptible to ubiquitin removal by one of approximately 100 

deubiquitinating enzymes (DUBs).118 Both UBDs and DUBs typically interact with the 

hydrophobic surface patches of ubiquitin, which are exposed to varying degrees based on the 

ubiquitin–ubiquitin interactions that result from specific chain connections. Interactions between 

binding partners and the region around Ile44 have been demonstrated to be important in 

proteasome recognition, while interactions with both Ile44 and Phe4 regions are important in 

endocytosis.114,117 Although some connection between UBD’s, chain architecture and signaling 

outcome have been elucidated, much remains unknown. In total, including enzymes related to 

construction of ubiquitin chains and proteins that interact with these chains, over 1000 genes in 

the human genome are related to the ubiquitin signaling pathway, equating to about 5% of the 

genome.121 This substantial percentage, as well as the relationship between ubiquitin signaling 

dysfunction and disease, suggests that ubiquitin is an important signaling pathway to understand. 

Recent studies of ubiquitin polymers have found a diverse set of ubiquitin linkages to be 

naturally present in vivo, including all seven homopolymeric ubiquitin chains, branching at the 

proximal ubiquitin, and mixed linkage chains.105,122-124 Although some redundancy is known to 

exist among ubiquitin chains with respect to signal for proteasomal degradation, this diverse 

array of natural linkage patterns likely serves in a multitude of signaling pathways.115 

The K48 linkage is the most well-studied polyubiquitin signal. Attachment of a chain of 

four or more K48-linked ubiquitins signals for degradation of cellular proteins by the 26S 

proteosome.125 It has been determined that the ubiquitin tetramer is the minimal recognition 

motif for the proteosome.126 The K48R substitution is lethal in budding yeast, indicative of an 
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essential cellular function served by the K48 ubiquitin chain.127 Yeast that express ubiquitin with 

all lysines mutated except K48 are also not viable, demonstrating that the other lysine-linked 

chains collectively play a necessary role.128  

K63 polyubiquitin chains have also been studied extensively. The comparable K63R 

substitution does not have any noticeable effect on proteosome function, but does result in a 

hypersensitivity to DNA damage, linked to the role of K63 polyubiquitin modifications in DNA 

lesion bypass repair.125 The K63 polyubiquitin chain has also been indicted in the proteasome-

independent mechanism of autophagy.116 Cytokine signals triggering NF-κB activation also 

involve downstream K63 chain formation, which serves as a scaffold to arrange components of 

the NF-κB pathway appropriately for activation.129 The K63-linked chains have a very similar 

structure to linear chains, linked though peptide bonds between the N and C terminus. Linear 

chains may serve a similar signaling purpose; as NEMO, a component of the IKK complex in the 

NF-κB pathway, binds linear ubiquitin chains.130 

K11 has been implicated as a proteasome degradation signal, specifically in cell-cycle 

regulation, but the K11R variant does not preclude the elimination of any involved substrates.124 

It has also been suggested that K11 is important in endoplasmic reticulum-associated degradation 

(ERAD), which targets misfolded proteins in the ER for removal to prevent ER stress.124  

The role of K6-linked ubiquitins appears to be more specific to particular proteins, rather 

than whole processes. Ubiquitin chains containing the K6 linkage are synthesized on BRCA1 

when it is in complex with the E3 BARD1. These chains are then recognized by the 26S 

proteosome, where BRCA1 undergoes editing, rather than complete degradation, suggesting that 

this modification has a stabilizing effect.131 A recent crystal structure of K6-linked diubiquitin 
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showed an asymmetric and compact conformation that exposes an extended amount of 

hydrophobic surface.132  

The K27, K29, and K33 chains have been difficult to assess using current methods due to 

the sizes of the tryptic digest MS fragments. K27 has been linked tentatively to the protein kinase 

C signaling pathway.133 The notch signaling modulator DTX is targeted for lysosomal 

degradation by attachment of K29 polyubiquitin.116 Polyubiquitination by K29 and K33 chains 

on several members of the AMPK family of protein kinases has been shown to inhibit 

activation.134 

 

1.4.2 Synthesizing Ubiquitin Chains 

The current understanding of the complexity of ubiquitin signaling pathways is 

incomplete, due to the limitations of existing techniques used to study ubiquitin signaling, as 

well as a lack of facile ubiquitin synthesis methods. Previously, ubiquitin signaling has been 

studied either through genetic modification, or mass spectrometry. Genetic modification has 

uncovered some key functions of ubiquitination, but is limited by lethal phenotypes and 

overlapping signaling roles. Trypsin digest and subsequent mass spectrometry of ubiquitinated 

substrates will yield a GG addition onto the lysine side chain at the site of ubiquitination, as well 

as a lack of proteolytic cleavage after the modified lysine, producing a characteristic fingerprint 

of ubiquitination. This technique is, however, limited in analysis of mixed and branched chains 

as well as observing K27, K29 and K33 chains due to the small sizes of the ensuing peptides.135 

Although it is possible to generate some ubiquitin chains via enzymatic synthesis, the E1, E2, 

and E3 enzymes specific for this chain type must be known, and isolated.128 Additionally, it is 

known that many E2 and E3 enzymes are promiscuous, capable of producing more than one type 
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of linkage.136 This technique is also not viable for mixed or branched chains of any specific 

design. 

The need for a convenient and efficient method to access specific ubiquitin chains in 

vitro, both in isolation and attached to protein substrates, has become critical to the advancement 

of the ubiquitin-signaling field. This task has proven challenging, due to the difficulty of creating 

an isopeptide bond between proteins with a high degree of specificity. Several groups have 

recently published syntheses of diubiquitin, as reviewed by Martin and Raines and briefly 

summarized here.137  

The Chin group produced K6- and K29-linked diubiquitin chains using genetic code 

expansion and genetically encoded orthogonal protection and activated ligand (GOPAL).132 

Their method involved incorporating the lysine to be ubiquitinated as an ε-N-Boc-lysine while all 

other lysine residues and the N-terminal amine were protected by the benzyloxycarbonyl (Cbz) 

group. The Boc group was removed, and the lysine of interest was then reacted with Cbz-

protected ubiquitin containing a C-terminal thioester, producing the isopeptide bond. Subsequent 

Cbz deprotection resulted in native diubiquitin containing the linkage of interest. The Ovaa 

group used Fmoc-based solid-phase peptide synthesis to produce the acceptor ubiquitin.138 A δ-

mercaptolysine was incorporated at the lysine of interest to promote native chemical ligation to a 

ubiquitin thioester generated using a yeast E1 enzyme. Liu and Liu utilized γ-mercaptolysine at 

K48 with a NVOC protecting group that was subsequently removed by UV light and a ubiquitin 

thioester formed through intein methodology.139 The Brik group performed a total chemical 

synthesis in which two peptides were joined by native chemical ligation to create each 

ubiquitin.140 To generate a tetraubiquitin, 304 amino acid couplings were required, which is the 

record for most consecutive couplings. (Comparatively, most peptide chemists prefer not to 
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extend beyond approximately 40 couplings on solid phase, as each round will have some 

associated yield loss.)141 

Unfortunately, while innovative, these methods of native chain production remain mostly 

unrealistic for mainstream use in the biological community, due to highly specialized techniques, 

harsh conditions, and low overall yields. Chapter 5 outlines a novel method to produce ubiquitin 

polymers of precise length and connectivity in a semisynthetic manner. This method can then be 

used to link ubiquitin polymers to protein substrates in vitro for further characterization.  

As noted above, the Staudinger ligation is a reaction between a phosphine and an azide to 

yield an amide linkage without any residual atoms or racemization.101,142 This traceless reaction 

could produce an isopeptide bond between an azide-labeled proximal ubiquitin and a distal 

ubiquitin labeled with a C-terminal phosphinothioester. The distal and proximal ubiquitins are 

prepared using a mixture of chemistry and biology to yield unique functionalities that allow for a 

chemoselective Staudinger ligation to produce the specific dimer (Figure 1.4B). The distal 

ubiquitin contains a C-terminal phosphinothioester, generated via expressed protein ligation, 

while the proximal ubiquitin contains an azide at the ε nitrogen of the lysine to be modified, 

incorporated as azidonorleucine with non-natural amino acid incorporation. Each protein 

component can be produced in high yields recombinantly in Escherichia coli. This method is an 

improvement over current technologies because it creates an authentic isopeptide bond between 

recombinant proteins with highly selective chemistry that operates under mild aqueous 

conditions, which allow it to be applied to a wide variety of substrate proteins.  
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1.5 Intrinsic Propensity of Ubiquitin–Ubiquitin Dimerization 

As mentioned, ubiquitin contains seven lysine residues, each of which is known to serve 

as a site of attachment for additional ubiquitin molecules.105,124 Recent studies of ubiquitin 

polymers have found a diverse set of ubiquitin linkages present in cellulo, including all seven 

homopolymeric ubiquitin chains as well as some mixed and branched chains (Figure 1.5).105 A 

comprehensive mass spectrometry analysis revealed that the various linkages exist in vastly 

different abundances, with K48 (29%), K11 (28%) and K63 (16%) being the most plentiful 

linkages, and K6 (11%), K27 (9%) K33 (4%), and K29 (3%) being more rare (where 14.3% 

would represent all linkages being distributed equally).124 The different isopeptide linkages 

impart very different quaternary structure on the polyubiquitin chains, allowing for each linkage 

to operate in different signaling pathways. Based on the crystal structures currently available, it 

is known that K63-linked chains form an “extended” conformation with no additional contacts 

between ubiquitin dimers, whereas chains at K6, K11, and K48 adopt various “compact” 

conformations, with the ubiquitins packing together tightly.132,143-145 The varying orientations of 

the ubiquitin units result in the display of different surface patches that interact with proteins 

containing ubiquitin-binding domains.146,147 

The variations in abundance and function associated with these structurally distinct 

linkages raises the question of why particular linkages are utilized for certain functions. 

Although ubiquitination is an enzyme-catalyzed process, the large disparity of abundancies 

suggests that some linkages might be favored in some way, and could be intrinsically faster to 

form than others. If so, this intrinsic reactivity could have directed the course of enzyme 

evolution, causing the more readily formed linkages to be favored for high-demand roles. 

Another possibility is that certain linkages are inherently tractable, and cells therefore evolved 
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using these linkages for functions that were in high demand. The process of ubiquitination is 

performed by the concerted actions of the ubiquitin activating enzyme (E1), ubiquitin 

conjugating enzymes (E2), and ubiquitin ligases (E3). First, the C terminus of ubiquitin is 

adenylated in an ATP-dependent manner, ultimately resulting in the formation of a thioester 

bond between the E1 cysteine and the carboxy terminus of ubiquitin. The E1 enzyme transfers 

the activated ubiquitin to a cysteine side chain of an E2 enzyme. The E2 and E3 enzymes 

facilitate the transfer of the ubiquitin C terminus to the ε-nitrogen of the lysine side chain of the 

substrate, forming the isopeptide bond. The E3 ligase functions in this cascade as an adaptor or 

allosteric activator of the E2 enzyme, or can itself become linked to the ubiquitin via a thioester 

before the ubiquitin is transferred to the final substrate. To date, there are two E1 enzymes, 40 E2 

enzymes, and more than 600 E3 enzymes identified in humans.148 Of these enzymes, the E2 and 

E3 have the potential to impart linkage specificity. These enzymes could do so by positioning the 

ubiquitins to preferentially favor the attachment of the donor ubiquitin onto a particular lysine of 

the acceptor ubiquitin. Although some of these enzymes are known to impart only particular 

linkages, there are examples of more promiscuous enzymes, such as the E2 Ubc5, which is 

known to synthesize all seven possible linkages.136 

In Chapter 6, I hypothesize that particular ubiquitin–ubiquitin linkages would be 

inherently faster to form than others, and that these linkages are used preferentially by the cell 

for critical signaling functions. To investigate this hypothesis, I develope an enzyme-free system 

to model dimer formation using disulfide bonds as a proxy for isopeptide linkages. Disulfide 

bonds have been used previously to mimic the attachment of ubiquitins.149-152 Here, I measure 

the rate constants of disulfide formation between the uniquely linked dimers, providing a model 



! 23!

system to study the inherent ability of a ubiquitin dimer to form without an imposed enzymatic 

bias.  

 

1.6 Development of a Small Molecule Protein Refolding Catalyst 

Correct protein structure is critical to correct protein function, whether it is catalysis of a 

chemical reaction, or interaction with other biomolecules. Failure to fold properly can lead to 

protein degradation, or on a larger scale to disease.153-156 Proteins are translated from mRNA into 

a linear chain of amino acids at the ribosome, in which the linear sequence is referred to as the 

primary structure. Next, it is generally thought that the protein folds into energetically favored 

secondary structures, including α-helices and β-sheets that are stabilized by hydrogen bonding, 

before folding into a more complex tertiary structure. Additionally, proteins comprised of 

multiple subunits must have the appropriate components come together at the correct 

stoichiometry to form the final quaternary structure. During the protein folding process, the 

protein moves through many energetically favorable states, passing through partially folded 

states representing thermodynamic or sometimes kinetic intermediates between the denatured, 

unfolded state and the final native state.157  

The formation of the correct disulfide bonds can be a key factor aiding in protein folding, 

and is often the rate-limiting step both in vitro and in vivo.158-161 This covalent bond between the 

side chains of two cysteine residues can effectually staple together portions of the protein, 

guiding the correct regional refolding. During the translation process, however, incorrect 

disulfide bonds can be formed.162 To correct such errors, the cellular machinery must shuffle 

these disulfide bonds until the correct pairing has been formed. One key protein in the cell that 

can accomplish this is protein disulfide isomerase (PDI), a member of the thioredoxin family.163-
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169 PDI is 57-kDa protein found in the ER of eukaryotic cells, that contains two CXXC motifs 

that are responsible for disulfide-bond isomerization.170-172 A thiolate in the PDI active site 

initiates a nucleophilic attack on an incorrect disulfide-bond in a substrate protein, leading to the 

formation of a mixed disulfide between proteins (Figure 1.6). The freed thiolate in the substrate 

protein can then initiate an attack on another disulfide bond, allowing for the possibility of the 

formation of a correct bond. PDI can free itself from the mixed disulfide with the substrate 

protein though the other thiolate in the CXXC motif, allowing for regeneration of the enzyme. In 

addition, PDI is a chaperone protein, and contains large hydrophobic regions that facilitate 

interactions with incorrectly folded proteins, which likely also require the disulfide-bond 

isomerization activity.173,174 

The advent of recombinant DNA technology, and the generation of proteins in E. coli and 

other organisms has made the large scale production of many proteins more accessible. 

Nonetheless, prokaryotic expression hosts lack much of the cellular machinery found in 

eukaryotic cells, and can lead to the formation large amounts of incorrectly folded proteins, 

which become sequestered in inclusion bodies.175,176 These inclusion bodies must be denatured 

and resolubilized, and the proteins within refolded.177,178 The refolding of proteins is nontrivial, 

and includes the isomerization of disulfide bonds. Although PDI could be supplemented into a 

refolding buffer, its large-scale use is costly and impractical. Accordingly, small-molecule 

catalysts of disulfide shuffling have been developed to fulfill a need. Previously, these molecules 

have primarily focused on the imitation of the CXXC active sites to achieve disulfide-bond 

isomerization.179,180 Molecules containing aromatic thiols and selenium have found some success 

in this arena, due to their nucleophilicity at physiological pH.181-188 In Chapter 7, we develop and 

screen a series of novel PDI mimics that are based on a common dithiol scaffold with 
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increasingly hydrophobic substituents to mimic the chaperone activity of PDI. I find that the 

increasing hydrophobicity of the substituent correlates with an increased yield of correctly folded 

Ribonuclease A.  

 

1.7 Conclusions 

This thesis details the establishment of several novel tools for use in chemical biology, 

including reversible protein labeling, bioorthogonal probes, protein-protein ligation, and protein 

refolding catalysts. These tools originated from diverse areas of chemistry, and provide aid in 

vitro to in vivo. The diversity of subjects broached in this thesis highlight the importance of 

melding chemistry and biochemistry together to yield important technological advances in 

biology.   
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Figure 1.1 
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Figure 1.1 Bioreversible boronic acid-mediated protein delivery strategy. A. Mechanism of 

esterase cleavage of the B-TML linker. B. Interaction of boronic acid with the glycocalyx. C. 

Labeling and delivery of GFP with the B-TML.   
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Figure 1.2 
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Figure 1.2 Diazo-mediated esterification. A. Diazo addition reaction mechanism, yielding an 

ester bond and release of N2. B. Range of pKa’s of diazos included in this study, with the 

intensity of the green bar representing increasing relative reactivity. C. Esterification of RNase A 

with diazofluorene, and cleavage by cellular esterases that is explored in Chapter 3.  
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Figure 1.3 
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Figure 1.3 Metabolism of N-acetyl mannosamine modified with a diazo group into sialic acid, 

and subsequent labeling via 1,3 cycloaddition.  
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Figure 1.4 
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Figure 1.4 Staudinger reaction chemistry. A. The reaction of the phosphine and the azide is 

heavily influenced by substituents on the phosphine, yielding either the ligation to an amide, a 

reduction of the azide to an amine or deimiodgenation of the azide to a diazo. B. Application of 

the Staudinger ligation to form ubiquitin–ubiquitin dimers as described in Chapter 5.  
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Figure 1.5 
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Figure 1.5 The seven different types of homopolymeric ubiquitin chain types and their 

hypothesized roles in cellular signaling and abundance as determined by mass spectrometry (in 

parentheses).   
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Figure 1.6 
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Figure 1.6 Mechanism of disulfide shuffling by protein disulfide isomerase (PDI) or another 

dithiol. The initial thiolate attack facilitates the shuffling of disulfide bonds. The second thiol 

present in PDI can attack a mixed disulfide, resulting in PDI escape. 
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Chapter 2 
 

Boronic Acid for the Traceless Delivery of Proteins into Cells* 

 

*This chapter has been submitted for publication under the same title. Reference: Kristen A. 

Andersen#, Thomas P. Smith#, Jo E. Lomax, and Ronald T. Raines. (#denotes equal contribution) 

 

Contributions: I produced all proteins used in this study, performed the labeling experiments, 

mass spectrometry and cell-culture related experiments. I wrote the manuscript together with 

Thom P. Smith. Synthesis and labeling calculations were performed by Thom P. Smith. Joelle E. 

Lomax designed and cloned the GFP construct. 
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Abstract 

The use of exogenous proteins as intracellular probes and chemotherapeutic agents is in its 

infancy. A major hurdle has been the delivery of native proteins to an intracellular site of action. 

Herein, we report on a compact delivery vehicle that employs the intrinsic affinity of boronic 

acids for the carbohydrates that coat the surface of mammalian cells. In the vehicle, 

benzoxaborole is linked to protein amino groups via a “trimethyl lock”. Immolation of this linker 

is triggered by cellular esterases, releasing native protein. Efficacy is demonstrated by enhanced 

delivery of green fluorescent protein and a cytotoxic ribonuclease into mammalian cells. This 

versatile strategy provides new opportunities in chemical biology and pharmacology. 
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2.1 Background  

The delivery of proteins and other macromolecules to an intracellular site is made 

difficult by cellular membranes.189 Extensive efforts have led to the development of effective 

delivery systems that invoke cell-penetrating peptides,190-192 antibodies,193 ligands for natural 

receptors,194 dendrimers,195 functionalized polymers,27 liposomes,196 or nanoparticles.197,198 

Extant strategies can, however, lead to adducts that are inapplicable in vivo, unstable in a 

physiological context, recalcitrant to biodegradation, or immunogenic.199 

Boronic acids are physiologically benign Lewis acids that react spontaneously and 

reversibly with 1,2- and 1,3-diols to form five- and six-membered cyclic boronic esters, 

respectively.200,201 The dynamic covalent bonding of boronic acids/esters can provide an intrinsic 

advantage for the delivery of cargo into cells, which are coated with a diol-rich glycocalyx. To 

exploit that attribute, phenyl boronic acid- (PBA-) functionalized polymers202,203 and 

nanoparticle complexes204-206 have been loaded with small-molecule chemotherapeutic agents. 

Other approaches incorporate PBA into the architecture of large, complex assemblies.207-212 

Recently, we have shown that boronic acids can be advantageous when conjugated 

directly to a protein.25 The ensuing formation of transient boronate esters with the glycocalyx 

enhances cellular delivery. To date, this approach has relied on the irreversible modification of 

the target protein, which can lead to a loss of activity.25,27,43,213 An ideal delivery system based on 

boronic acids (or any moiety) is “traceless” in its delivery of cargo. 

We sought to use a boronic acid and an immolative linker to promote the delivery of 

native proteins into a cell. As a boronic acid, we chose 2-hydroxymethylphenylboronic acid 

(benzoxaborole), which has higher affinity than does PBA for the glycopyranosides that are 

abundant in the glycocalyx.25,29,30,214 As an immolative linker, we chose the 
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ohydroxydihydrocinnamic acid derivative known as the trimethyl lock (TML). After being 

triggered, the TML exhibits extremely high lactonization rates to release a cargo of interest 

(Scheme 1).31-35 The TML has been used for a wide variety of applications in chemistry and 

pharmacology,42 but not as an immolative linker on a protein. We chose ester hydrolysis as the 

means to trigger lactonization of the TML, as esterases are abundant inside, but not outside, of 

human cells215-217 and underlie the action of numerous prodrugs.218 We equipped our TML 

scaffold with an N-hydroxysuccinimide ester for chemoselective conjugation to amino groups,43 

such as those at the N terminus and on the side chain of lysine residues, which have a ~6% 

abundance in proteins.219 Thus, our delivery vehicle (B-TML–NHS ester) has three modules: 

benzoxaborole, an esterase-activated TML linker, and an NHS ester (Figure 2.1A). 

 

2.2 Results and Discussion 

We synthesized B-TML–NHS ester convergently in 10 steps by extending a known 

procedure.39 Then, we characterized its ability to enhance the cellular internalization of a green 

fluorescent protein (GFP) (Scheme 2.2), which has distinctive fluorescence and an inability to 

enter mammalian cells.220 Overnight incubation at ambient temperature with 100-fold excess of 

B-TML–NHS ester in 3:1 PBS/acetonitrile yielded 3 ± 1 labels per protein (Figures 2.1B and 

2.S1). The number of labels in the B-TML–GFP conjugate did not decrease after a month of 

storage in PBS (Figure 2.S2), consistent with the stability observed for other TML conjugates.221-

223 Labeling was, however, “bioreversible”. Incubation with a lysate from Chinese hamster ovary 

(CHO) K1 cells removed all of the labels from B-TML–GFP (Figure 2.1B). 

Next, we compared the uptake of B-TML–GFP and unlabeled GFP by CHO K1 cells. 

After a 4-h incubation, we observed a dramatic increase in the cellular uptake of B-TML–GFP 
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(Figure 2.1C). The fluorescence in microscopy images was largely punctate, suggesting that B-

TML–GFP was taken up via an endosomal pathway (Figure 2.1D). Co-localization of this bright 

punctate staining with a stain for transferrin was consistent with this conclusion (Figure 2.S3). 

After a 24-h incubation, some cytosolic staining was observed, suggestive of endosomal escape 

(Figure 2.S4). 

To confirm that the boronic acid moiety was responsible for the difference in cellular 

entry, we performed two control experiments. First, we modified GFP with a vehicle (Ac-TML–

NHS ester) that lacks the benzoxaborole functionality (Figure 2.1A), yielding a level of labeling 

similar to that from B-TML–NHS ester (Figure 2.S1). When incubated with cells for 4 h, Ac-

TML–GFP was taken up comparably to unlabeled GFP rather than to B-TML–GFP (Figures 

2.1C and 2.1D). These data indicate that the enhanced delivery upon treatment with B-TML–

NHS ester is not due to the mere modification of lysine residues or to interactions with the TML 

portion of B-TML. Next, we repeated the cellular uptake experiments with B-TML–GFP in the 

presence of fructose, which has a Ka of 336 M–1 for benzoxaborole.26 We observed a significant 

decrease in GFP uptake in the presence of fructose, apparent with both confocal microscopy and 

flow cytometry (Figures 2.2A and 2.2B). Again, these data indict the boronic acid portion of B-

TML–GFP as being responsible for cellular uptake. 

Finally, we sought to test the efficacy of B-TML as a delivery vehicle to the cytosol. To 

do so, we employed a cytotoxin—the G88R variant of ribonuclease A, which must reach 

cytosolic RNA to manifest its toxic activity.224,225 After labeling the ribonuclease by the same 

procedure used to label GFP, we observed an average of 1.6 ± 0.7 labels per molecule of protein 

(Figure 2.S5). This lower labeling is consistent with GFP (19 lysine residues) having more amino 

groups than does the ribonuclease (12 lysine residues). Again, we found that the labeling was 
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bioreversible, as incubation with a CHO K1 cell lysate removed all of the labels (Figure 2.S6). 

Finally, we assayed the ability of B-TML–ribonuclease and unlabeled ribonuclease to inhibit the 

proliferation of K-562 cells, which are derived from a human myelogenous leukemia line. We 

found that the pendant boronic acids resulted in a decrease in the IC50 value (Figure 2.3), 

indicative of more cytotoxin reaching the cytosol. 

 

2.3 Conclusions 

We conclude that covalent modification of proteins with B-TML–NHS ester can increase 

their ability to enter mammalian cells. Importantly, this modification is traceless, as cellular 

esterase activity restores the proteins to their unmodified state. This bioreversibility of our 

delivery vehicle provides new opportunities. The sulfhydryl groups of cysteine residues have 

long been used for this purpose because their mixed disulfides suffer reduction within the 

cytosol.226 Recently, we found that appropriately tuned diazo compounds can esterify protein 

carboxyl groups, providing a second type of bioreversible modification.227 In this work, we 

report on a bioreversible modification of protein amino groups that is distinct from others228-230 

in its reliance on enzymatic catalysis. With its traceless utility in promoting cellular uptake, B-

TML–NHS ester provides new opportunities in chemical biology and pharmacology. 
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2.5 Materials and Methods 

2.5.1. General Information 

1. General Information 

Materials. All chemicals were from Sigma–Aldrich (Milwaukee, WI) and were used without 

further purification. All glassware was flame-dried, and all reactions were performed under an 

atmosphere of N2(g). Reagent grade solvents, i.e., dichloromethane (DCM), tetrahydrofuran 

(THF), triethylamine (TEA), and dimethylformamide (DMF), were dried over a column of 

alumina and were accessed under an atmosphere of N2(g). The removal of solvents “under 

reduced pressure” refers to the use of a rotary evaporator with water-aspirator pressure (<20 torr) 

and a water bath of <40 °C. Column chromatography was performed with Silicycle 40–63 Å 

silica (230–400 mesh); thin-layer chromatography (TLC) was performed with EMD 250-µm 

silica gel 60-F254 plates. PBS contained Na2HPO4 (10 mM), KH2PO4 (1.8 mM), NaCl 

(137 mM), and KCl (2.7 mM) at pH 7.3. All procedures were performed at room temperature 

(~22 °C) unless noted otherwise. 

Instrumentation. 1H and 13C NMR spectra were acquired at ambient temperature with a Bruker 

Avance III 500i spectrometer at the National Magnetic Resonance Facility at Madison 

(NMRFAM) and referenced to residual protic solvent. Electrospray ionization (ESI) mass 

spectrometry of small molecules was performed with a Micromass LCT in the Mass 
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Spectrometry Facility in the Department of Chemistry at the University of Wisconsin–Madison. 

Matrix-assisted laser desorption ionization–time-of-flight (MALDI–TOF) mass spectrometry of 

proteins was performed with a Voyager DE-Pro instrument at the Biophysics Instrumentation 

Facility at the University of Wisconsin–Madison. Absorbance measurements were made with an 

infinite M1000 plate reader from Tecan (Männedorf, Switzerland). Confocal microscopy was 

performed with an Eclipse TE2000-U laser scanning confocal microscope from Nikon (Tokyo, 

Japan), equipped with an AxioCam digital camera from Zeiss (Jena, Germany). Flow cytometry 

was performed at the University of Wisconsin–Madison Carbone Cancer Center Flow Cytometry 

Facility with a FACS Calibur instrument from BD Biosciences (San Jose, CA). Cytometry data 

were analyzed by using the program FlowJo 8.7 from Treestar (Ashland, Oregon). 

Statistics. Calculations were performed with Prism version 6 software from GraphPad Software 

(La Jolla, CA). 

 

2.5.2 Synthesis 

 

Compound 1  

2,5-Dimethylphenol (5.0 g, 40.9 mmol) was dissolved in methanesulfonic acid (10 mL). Methyl-

3,3-dimethylacrylate (5.61 g, 49.1 mmol) was added, and the resulting solution was heated to 70 

°C for 24 h. The reaction mixture was then allowed to cool to room temperature and poured into 

separating funnel with 250 ml of water. The mixture was then extracted with ethyl acetate (3 × 
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100 mL). The organic layer was washed with saturated aqueous NaHCO3 followed by brine. The 

organic layers were combined and dried over NaSO4(s). The solvent was removed under reduced 

pressure and the crude product was purified by chromatography on a column of silica gel (2:8 

EtOAc/hexanes) to afford an off-white solid (7.6 g, 92%). 

1H NMR (500 MHz, CDCl3, δ): 1.45 (s, 6H), 2.27 (s, 3H), 2.46 (s, 3H), 2.60 (s, 2H), 6.83 (d, J = 

6.86 Hz, 1H), 6.99 (d, J = 6.85 Hz, 1H). 13C NMR (125 MHz, CDCl3, δ): 16.28, 23.10, 27.63, 

35.35, 45.61, 124.56, 127.98, 129.10, 129.49, 133.54, 149.75, 168.43. HRMS (ESI) calculated 

for [C13H16O2]+ (M+NH4)+ requires m/z 222.1489; found m/z 222.1486 

 

 

 

Compound 2 

Compound 1 (3.5 g, 17.1 mmol) was dissolved in anhydrous THF (20 ml) and added dropwise to 

a suspension of LiAlH4 (0.971 g, 25.6 mmol) in anhydrous THF (170 ml) which had been cooled 

to 0 °C. The reaction was allowed to warm to room temperature and stir overnight. The reaction 

mixture was quenched via the slow addition of ethyl acetate (20 ml) followed by the slow 

addition of water (20 ml). The mixture was filtered to remove the aluminum salts and the filtrate 

was dried with NaSO4. The solvent was removed under reduced pressure and the crude product 

was purified by silica gel column chromatography (4:6) EtOAc:Hex to yield a colorless oil (2.8 

g, 80% yield); 1HNMR (500 MHz, CDCl3) δ 1.45 (s, 6H), 2.18 (s, 3H), 2.22 (t, J= 7.12, 2 H), 

2.48 (s, 3H),  3.59 (t, J=  7.11 Hz, 2H),  5.31 (s, 1H), 6.59 (d, J= 7.60, 1H), 6.86 (d, J= 7.58, 

O
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OH
LiAlH4, THF, 0 ° C
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1H); 13C NMR δ 16.24, 25.69, 32.06, 39.90, 44.93, 61.36, 121.82, 125.57, 127.98, 131.55, 

135.88, 153.54; HRMS (ESI) calculated for [C13H20O2]+ (M+�) requires m/z 208.1458; found m/z 

208.1453 

 

 

Compound 3 

Compound 2 (2.5 g, 12 mmol) and tert-butyl dimethylchlorosilane (3.6 g, 24 mmol) were 

dissolved in DCM (120 ml). Triethylamine (5 ml, 36 mmol) was then added to the reaction 

mixture. The reaction was allowed to stir at room temperature overnight. The solvent was 

removed under reduced pressure and the crude product was purified via column chromatography 

(2:8) EtOAc:HEX to yield a white solid (2.8 g, 73% yield): 1H NMR (500 MHz, CDCls) δ 0.03 

(s, 6H), 0.89 (s, 9H), 1.59 (s, 6H), 2.15 (t, J= 6.76, 2H), 2.21 (s, 3H), 2.48 (s, 3H), 3.61 (t, 

J=6.77, 2H), 5.82 (s, 1H), 6.60 (d, J=7.63, 1H), 6.88 (d, J=7.57 1H); 13C NMR δ 5.41, 16.43, 

18.30, 25.62, 25.92, 32.27, 39.68, 44.91, 61.75, 122.88, 125.17, 127.79, 132.07, 135.53, 153.87. 

HRMS (ESI) calculated for [C27H47NO5Si]+ (M+H+) requires m/z 323.2401; found m/z 323.2394 
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Boc-protected β-alanine (1.75 g, 9.3 mmol), EDC (2.3 g, 18.6 mmol), and DMAP (2.28 g, 18.6 

mmol) were added to a flame-dried 250-mL round-bottom flask. The flask was evacuated and 

flushed with N2(g), and DCM (42 mL) was added. Compound 3 (2.0 g, 6.2 mmol) was dissolved 

in dry DCM (20 mL), and the resulting solution was added drop-wise. The reaction mixture was 

allowed to stir overnight. The reaction mixture was diluted with 10% w/v aqueous NaHCO3 and 

then washed with 1 N HCl. The solution was dried over NaSO4(s), and solvent was removed 

under reduced pressure. The crude product was purified by chromatography on a column of 

silica gel (1:9 EtOAc/hexanes) to afford compound 4 as a white solid (1.98 g, 65%). 

1H NMR (500 MHz, CDCl3, δ): 0.03 (s, 6H), 0.84 (s, 9H), 1.49–1.44 (m, 18H) 2.02 (s, 3H), 

2.09–2.08 (m, 2H), 2.53 (s, 3H); 3.48–3.44 (m, 4H), 5.15–5.12 (bs, 1H), 6.92 (d, J = 7.71 Hz, 

1H), 6.96 (d, J = 7.64 Hz, 1H). 13C NMR (125 MHz, CDCl3, δ): 5.36, 17.21, 18.24, 25.26, 25.92, 

28.38, 31.88, 34.87, 35.94, 39.40, 46.06, 60.72, 79.39, 128.46, 128.95, 131.26, 136.34, 137.29, 

148.57, 155.85, 171.28; HRMS (ESI) calculated for [C27H47NO5Si]+ (M+H+) requires m/z 

494.3297; found m/z 494.3294 

 

 

 

Compound 5 

Compound 4 (1.5 g, 3.04 mmol) was dissolved in a mixture of THF (6 ml), H2O (6 ml), and 

concentrated glacial acetic acid (18 ml). The reaction was stirred at room temperature and 

monitored via TLC. After 2 hours, the solvent was removed under reduced pressure and the 
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crude reaction mixture was purified with a short (2 in) silica plug with 2:8 EtOAc:Hex to give a 

colorless oil in quantitative yield: 1H NMR (500 MHz, CDCl3) δ 1.43 (s, 9H), 1.46 (s, 3H), 1.51 

(s, 3H), 1.93-1.89 (m, 2H), 2.02 (s, 3H), 2.53 (s, 3H), 2.84-2.82 (m, 2H) 3.57-3.45 (m, 4H), 5.20 

(bs, 1H), 6.92-6.91 (d, J=7.70, 1H), 6.97-6.95 (d, J=7.73, 1H); 13C NMR δ 17.22, 25.39, 28.41, 

32.20, 34.94, 35.93, 39.50, 45.77, 60.38, 79.54, 128.65, 129.14, 131.43, 136.47, 137.09, 148.58, 

155.86, 171.78; HRMS (ESI) calculated for [C21H33NO5]+ (M+H+) requires m/z 380.2432; found 

m/z 380.2437 

 

 

Compound 6 

A solution of 5 (1 g, 2.6 mmol) in anhydrous DCM (5 ml) was added slowly to a suspension of 

PCC (2.2 g, 10.4 mmol) in DCM (21 ml) and was allowed to stir at room temperature overnight. 

The reaction was then filtered and the solvent was removed under reduced pressure. The crude 

product was purified via column chromatography (4:6) EtOAc:Hex to afford compound 6 as a 

clear oil (0.83 g, 85%).1H NMR (500 MHz, CDCl3) δ 1.52-1.44 (s, 16H), 2.04 (s, 3H), 2.55 (s, 

3H), 2.93-2.55 (m, 4H), 3.51-3.48 (s, 2H), 5.08 (t, J=6.40, 1H), 6.97 (d, J=7.72, 1H), 7.02 (d, 

J=7.73, 1H), 9.51 (t, J=2.63, 1H); 13C NMR δ 17.18, 25.35, 28.37, 34.88, 35.90, 38.42, 56.70, 

79.50, 129.23, 129.42, 131.70, 135.78, 135.91, 148.21, 155.80, 171.20, 202.81; HRMS (ESI) 

calculated for [C21H31NO5]+ (M+H+) requires m/z 378.2275; found m/z 378.2280 
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Compound 7    

Compound 6 (0.8 g, 2.12 mmol) and NaH2PO4 (0.26 g, 1.59 mmol) were both dissolved in 

CH3CN (10 ml) cooled to -10 °C. A solution of 80% sodium chlorite (0.6 g, 6.3 mmol) was 

prepared in water (10 ml) and was added to the reaction mixture dropwise. The mixture was 

stirred for 1 hour at -10 °C and then allowed to warm to room temperature. Saturated sodium 

sulfite solution (2 ml) was added and then reaction mixture was acidified to pH 2.0 with 1 N HCl 

followed by an extraction with ethyl acetate (3 x 15 ml). The organic layer was washed with 

brine and then dried with anhydrous NaSO4. The solvent was removed under reduced pressure 

and the crude product was purified with silica chromatography (5-10% MeOH:DCM) to give 

product as a clear oil (0.61 g, 73% yield); 1H NMR (500 MHz , CDCl3) δ 1.43 (s, 9H), 1.54 (s, 

3H), 1.63 (s, 3H), 2.02 (s, 3H), 2.55 (s, 3H), 2.85-2.74 (m, 4H),  3.48 (s, 2H), 5.16 (t, J= 6.14, 

1H), 6.93 (d, J= 7.76, 1H), 6.98, (d, J= 7.78, 1H); 13C NMR δ 17.19, 25.23, 28.36, 31.23, 31.55, 

34.87, 35.92, 39.00, 47.48, 79.50, 128.82, 131.44, 136.04, 136.69, 148.26, 155.89, 171.27, 

175.98; HRMS (ESI) calculated for [C21H31NO6]+ (M+H+) requires m/z 394.2225; found m/z  

394.2219 
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Compound 8  

Compound 7 (0.5 g, 1.2 mmol) was dissolved in a solution of 4 M HCl in dioxane (8.4 ml) and 

allowed to stir at room temperature for 1 hour. Nitrogen was then bubbled though the solution 

for 15 minutes to remove excess HCl. The solvent was removed under reduced pressure followed 

by addition of ethyl ether to precipitate the product as the HCl salt in quantitative yield; 1H NMR 

(500 MHz, MeOH) δ 1.54 (s, 6H), 2.18 (s, 3H), 2.53 (s, 3H), 2.77 (s, 2H), 2.99-3.01 (t, J=6.52 

Hz, 2H), 3.25-3.28 (m, 6H), 6.65 (s, 1H), 6.83 (s, 1H); 13C NMR δ 20.22, 25.50, 32.09, 33.08, 

36.21, 39.80, 124.01, 133.41, 134.86, 137.33, 139.54, 150.55, 171.46, 175.54; HRMS (ESI) 

calculated for [C21H31NO6]+ (M - Cl)+ requires m/z 294.1779; found m/z 294.1793 

 
 

 
 
 
 
Compound 9 

5-Amino-2-hydroxymethylphenylboronic acid (0.200 g, 1.07 mmol) was dissolved in dry 

acetonitrile (10.4 ml) at room temperature. N,N-disuccinimidyl carbonate (0.303 g, 1.18 mmol) 

was then added to the reaction mixture followed by dropwise addition of DIEA (0.2 ml, 2.14 

mmol). The reaction was allowed to stir at room temperature overnight. The reaction mixture 

was then filtered to remove the non-soluble n-hydroxysuccinimide (NHS) byproduct. The 

solvent form the filtrate was removed under reduced pressure to give the crude product as a 

yellow solid. The crude solid was dissolved in chloroform and cooled to -20 °C in the freezer for 
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one hour. The solution was filtered and the solvent was removed under reduced pressure to give 

the target molecule as a light yellow solid. The compound was used in the next step without 

further purification.  

 

 

Compound 10 

Compound 8 (0.080 g, 0.244 mmol) was dissolved in dry THF (2.4 ml). Compound 9 (0.078 g, 

0.268 mmol) was then added to the reaction mixture followed by the dropwise addition of DIEA 

(0.06 ml, 0.734 mmol). The reaction was then allowed to stir at room temperature overnight. The 

reaction was then filtered and the solvent was removed under reduced pressure. The crude 

product was separated via silica chromatography (3-5% MeOH:DCM)  to afford the product as a 

white solid (0.083 g, 73%); 1H NMR (500 MHz , MeOH) δ 1.56 (s, 3H), 2.20 (s, 3H), 2.55 (s, 

3H), 2.80 (s, 2H), 2.87-2.85 (t, J=6.16 Hz, 2H), 3.60-3.67 (t, J=6.18 Hz, 2H), 5.03 (s, 2H), 6.63 

(s, 2H), 6.68 (s, 1H), 7.28-7.29 (d, J=8.22 Hz, 1H), 7.50-7.52 (d, J=8.24 Hz, 1H), 7.62 (s, 1H); 

13C NMR δ 18.66, 24.00, 24.73, 30.45, 35.16, 38.22, 70.56, 119.96, 120.95, 122.28, 122.62, 

131.62, 133.49, 135.96, 137.84, 138.42, 147.83, 149.29, 156.70, 171.60, 173.36, 174.05, the 

signal for the carbon directly attached to the boron was not observed due to quadrupolar 

relaxation; HRMS (ESI) calculated for the boronic methyl ester  [C25H31
11BNO6]+ (M+H)+ 

requires m/z 483.2298; found m/z 483.2308 
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Compound 11 (B-TML–NHS ester) 

Compound 10 (0.068 g, 0.129 mmol) was dissolved in dry DCM (1.3 ml). The reaction mixture 

was then cooled to 0 °C and DCC (0.032 g, 0.155 mmol) followed by n-hydroxysuccinimide 

(0.016 g, 0.142 mmol) were added. The reaction was allowed to warm to room temperature and 

stir over night. The reaction mixture was then cooled to 0 °C and the solid filtered off. The 

solvent was removed the resulting reside and dissolved in ethyl acetate and chilled at -20 °C in 

the freezer for three hours. The solids were filtered off and the filtrate was extracted with water 

to remove any residual urea by product. The organic layers were combined and the solvent was 

removed to afford the target compound as a white solid (0.012 g, 20% yield; 1H NMR (500 

MHz, MeOD) δ 1.61 (s, 6H), 2.20 (s, 3H), 2.55 (s, 3H), 2.75 (s, 4H), 2.93-2.90 (t, J=5.76 Hz, 

2H), 3.15 (s, 2H), 3.61-3.58 (t, J=6.74, 2H), 5.03 (s, 2H), 6.66 (s, 1H), 6.84 (s, 1H), 7.28-7.29 (d, 

J=8.21 Hz, 1H), 7.51-7.49 (d, J=8.19 Hz, 1H), 7.61 (s, 1H); 13C NMR δ 20.24, 25.50, 26.45, 

31.56, 36.54, 36.72, 40.04, 45.15, 72.11, 121.51, 122.51, 123.84, 124.29, 133.32m 133.95, 

137.71, 139.17, 139.99, 149.38, 150.86, 158.22, 168.16, 171.79, 173.13, the signal for the carbon 

directly attached to the boron was not observed due to quadrupolar relaxation; HRMS (ESI) 

calculated for the methyl boronic ester [C29H34BN3O9]+ (M+Na)+ requires m/z 602.2286; found 

m/z 602.2290 
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2.5.3 Cell Culture 

Cell lines were obtained from American Type Culture Collection (Manassas, VA) and were 

maintained according to the recommended procedures. Medium and added components, trypsin 

(0.25% w/v), and Dulbecco’s PBS (DPBS) were the Gibco® brand from Thermo Fisher 

Scientific (Waltham, MA). Cells were grown in flat-bottomed culture flasks in a cell-culture 

incubator at 37 °C under CO2(g) (5% v/v). Chinese hamster ovary (CHO K1) cells were grown 

in F12K nutrient medium and K562 cells were grown in RPMI 1640 medium, both 

supplemented with fetal bovine serum (FBS) (10% v/v), penicillin (100 units/mL), and 

streptomycin (100 µg/mL). Cells were counted with a hemocytometer to determine the seeding 

density in 12-well plates from Corning Costar (Lowell, MA) or microscopy dishes from Ibidi 

(Madison, WI). All flow cytometry and confocal microscopy was performed with live cells, 

incubated on ice at the time of analysis. 

2.5.4 GFP Protein Labeling 

2.5.4.1 Preparation of Green Fluorescent Protein (GFP) 

The gene encoding an eGFP variant of the green fluorescent protein (GFP) was inserted 

into the pET22b vector (Novagen), with an N-terminal His6 tag followed by a spacer region and 

a TEV protease recognition sequence. The GFP gene was modified with the following 17 

mutations to generate a “superfolding” variant that refolds readily when generated in E. coli: 

F64L, S65T, F99S, M153T, V163A, S30R, Y145F, I171V, A106V, Y39I, N105K, E111V, 

I128T, K166T, I167V, S205T, L221H, F223Y, T225N.231-235 The vector also contained a T7 

promoter and ampicillin resistance gene.  

The expression vector was transformed into electrocompetent BL21(DE3) E. coli cells 

(New England Biolabs), then plated on LB–agar containing ampicillin. On the following day, a 
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single colony was used to inoculate 50 mL of LB medium, and the resulting culture was grown 

overnight at 37 °C in a shaking incubator. On the following day, 10 mL of starter culture was 

used to inoculate 1 L of Terrific Broth medium (Research Products International) in a 3.8-L glass 

flask with Ampicillin at a final concentration of 200 µg/mL. Flasks were shaken at 200 rpm at 37 

°C in a large shaking incubator until cells reached log phase (OD 0.6–0.8 at 600 nm). The 

production of GFP was induced by adding IPTG to a final concentration of 1 mM, and the cells 

were grown overnight in a shaking incubator. 

Cells were harvested by centrifugation for 20 min at 5,000 rpm at 4 °C. Cell pellets, 

which were bright yellow in color, were collected and resuspended in 15 mL lysis buffer per 2 L 

of liquid growth, which was 50 mM Tris–HCl buffer, pH 7.0, containing 100 mM NaCl, 30 mM 

imidazole. Cell pellets were vortexed and stored frozen at –20 °C overnight. 

Cells were lysed with a TS Series cell disrupter from Constant Systems (Kennesaw, GA), 

and the lysate was subjected to centrifugation immediately for 1 h at 11,000 rpm at 4 °C. The 

supernatant was filtered through 5-µM syringe filters (EMD Millipore) and solid, pelleted 

material was discarded. Filtered cell lysates were purified by chromatography on Ni–NTA resin 

(GE Healthcare) and eluted using a linear gradient of imidazole. The binding and wash buffer 

was 20 mM sodium phosphate buffer, pH 7.4, containing 500 mM NaCl and 30 mM imidazole. 

The elution buffer was 20 mM sodium phosphate buffer, pH 7.4, containing 500 mM NaCl and 

500 mM imidazole. Eluted fractions were collected, pooled, and dialyzed against 4 L of 20 mM 

Tris–HCl buffer, pH 7.0, containing 1 mM EDTA. 

The dialyzed solution was then purified again using anion-exchange chromatography on 

a hiTrap Q column. The protein was eluted by using a linear gradient of NaCl. The binding and 

wash buffer was 20 mM Tris–HCl buffer, pH 7.0, containing 1 mM EDTA. The elution buffer 
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was 20 mM Tris–HCl buffer, pH. 7.0, containing 1 mM EDTA, 1.0 M NaCl. Upon elution, 

colored fractions were pooled and concentrated if necessary. The overall yield of GFP was 120 

mg per L of culture. 

2.5.4.2 Labeling of GFP with B-TML–NHS Ester 

 

B-TML–NHS ester (2.2 mg, 4 µmol, 100 equiv) was added to a 150-µL solution of GFP 

(300 µM, 0.04 µmol) in PBS. The vial was placed on a nutator in foil overnight at room 

temperature. The solution was transferred to 10,000 MWCO dialysis tubing and dialyzed twice 

against 4 L of PBS for 4 h at 4 °C. The extent of labeling was characterized by MALDI–TOF 

mass spectrometry. To determine the extent of labeling, the average mass of labeled protein was 

taken as a weighted average for all events within the defined peak range on the background-

corrected MALDI–TOF spectra. The molecular weight of non-labeled protein was then 

subtracted from the given value to give the average total mass of all labels. This value was then 

divided by the molecular weight of the modifying small molecule minus the mass of 

N-hydroxysuccinimide (565.38 Da – 115.09 Da = 450.29 Da), which was lost during 

conjugation, to give the average number of labels per molecule of protein.  On average we 

determined there to be approximately 3 ± 1 labels per GFP. The labeled protein is referred to as 

B-TML–GFP. An identical procedure was used with non-boronated TML (Ac-TML) 

commercially available from sigma Aldrich (Milwaukee, WI) in which the phenolic oxygen is 
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protected as acetate. The Ac-TML–GFP was also decorated with 3 ± 1 labels. The amount of 

labels was not statistically significant between Day 1 and Day 33. 

 

2.5.4.3 Hydrolysis of labeled GFP by CHO K1 cell lysate 

 

CHO K1 cells were grown to confluence in a 10-cm2 dish before their collection and lysis with 

M-PER (Thermo Fisher Scientific). The presence of esterase activity in the lysate was verified 

by a colorimetric assay using p-nitrophenyl acetate. A solution of B-TML–GFP (10 µg) was 

added to 200 µL of CHO K1 cell lysate, and the reaction mixture was nutated at ambient 

temperature for 12 h. The GFP was subsequently purified with HisPurTM Ni-NTA Magnetic 

Beads (Thermo Fisher Scientific). The regeneration of native GFP was confirmed with MALDI–

TOF mass spectrometry (Figure 1B). 

 

2.5.5 Analysis of B-TML–GFP Internalization 
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2.5.5.1 Interalization of B-TML–GFP at 4 h 

Flow Cytometry. CHO K1 cells were seeded at a density of 50,000 cells/well in 12-well plates. 

Cells were incubated with GFP (10 µM), B-TML–GFP (10 µM), or TMLOAc–GFP (10 mM) for 

4 h. Cells were then rinsed twice with Dulbecco’s PBS (DPBS) from Thermo Fisher Scientific 

and released from the plate with 250 µL of trypsin/EDTA (0.25% w/v). Cells were resuspended 

in an additional 500 µL of medium and incubated on ice until analyzed by flow cytometry. The 

fluorescence intensity of at least 20,000 events was measured by flow cytometry. Alexa 

Fluor488® was excited with a 488-nm solid-state laser, and the emission was measured through a 

530/30 bandpass filter (Figure 1C). 

Microscopy. CHO K1 cells were seeded at a density of 50,000 cells/dish in 35-mm µ-dish 

microscopy imaging dishes from Ibidi. Cells were incubated with GFP (10 µM), B-TML–GFP 

(10 µM), or TMLOAc–GFP (10 µM) for 4 h. Cells were then rinsed twice with DPBS and cell 

nuclei were stained with Hoechst 33342 (2 µg/mL) for 5 min at 37 °C and cell membrane was 

stained with WGA-594 (5.0 µg/mL) (Invitrogen) for 15 min on ice. Cells were then washed 

twice with wash buffer, and examined live using a scanning confocal microscope (Figure 1D). 

2.5.5.2 Organelle Colocalization  

Microscopy. CHO K1 cells were seeded at a density of 50,000 cells/dish in 35-mm µ-dish 

microscopy imaging dishes from Ibidi. Cells were incubated with 10 µM B-TML–GFP for 4 h, 

then rinsed twice with DPBS, and cell nuclei were stained with Hoechst 33342 (2 µg/mL) for 

5 min at 37 °C and cell membranes were stained with either WGA-594 (5.0 µg/mL) for 15 min 

on ice, CellTrackerTM Orange CMTMR dye (1 µM) at 37 °C for 15 min, Transferrin-594 

(25 µg/mL) at 37 °C for 15 min or LysoTracker Red (50 nM) at 37 °C for 30 min (all from 
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Invitrogen). Cells were then washed twice with wash buffer, and examined live using a scanning 

confocal microscope. 

2.5.5.3 Internalization over time 

Microscopy. CHO K1 cells were seeded at a density of 50,000 cells/dish in an 8-well µ-slide 

microscopy imaging dish from Ibidi. Cells were incubated with GFP (10 µM) or B-TML–GFP 

(10 µM) for 4 or 24 h. Cells were then rinsed twice with DPBS, and cell nuclei were stained with 

Hoechst 33342 (2 µg/mL) for 5 min at 37 °C, and cell membranes were stained with WGA-594 

(5.0 µg/mL) for 15 min on ice. Cells were then washed twice with wash buffer, and examined 

live using a scanning confocal microscope. 

2.5.5.4 Fructose Competition  

10 µM B-TML–GFP was preincubated in an aqueous solution of fructose (175 mM) for 30 min, 

then used to treat CHO K1 cells for 4 h before analysis by either confocal microscopy or flow 

cytometry as described above and shown in Figure 2. 

2.5.6 Ribonuclease A Protein Labeling 

2.5.6.1 Preparation of FLAG-Ribonuclease A (RNase A), G88R RNase A 

FLAG-RNase A and G88R-RNase A were produced and purified by methods described 

previously.227,236  

2.5.6.2 Labeling of FLAG-RNase A, G88R-RNase A 

The labeling of FLAG-RNase A and G88R-RNase A with B-TML–NHS Ester, and 

characterization of the extent of labeling was carried out as described for GFP. On average we 

determined there to be approximately 1.6 ± 0.7 labels per FLAG-RNase A, and 2 ± 1 labels per 

G88R-RNase A. 
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2.5.6.3 Hydrolysis of labeled FLAG-RNase A by K562 cell lysate 

K-562 cells were grown to confluence in a T75 flask before their collection and lysis with M-

PER (Thermo Fisher Scientific). The presence of esterase activity in the lysate was verified by a 

colorimetric assay using p–nitrophenyl acetate. A solution of esterified FLAG-Rnase A (10 µg) 

was added to 200 µL of K-562 cell lysate, and the reaction mixture was nutated at ambient 

temperature for 12 h. FLAG-RNase A was subsequently purified with Anti-FLAG® M2 

Magnetic Beads (Sigma–Aldrich). The regeneration of native FLAG-RNase A was confirmed 

with MALDI–TOF mass spectrometry. 

2.5.6.4 Cell-Proliferation Assays  

The effect of unmodified G88R RNase A and B-TML–G88R RNase A on the proliferation of K-

562 cells was assayed using a CyQUANT® NF Cell Proliferation Assay Kit (Invitrogen). Briefly, 

5 × 104 cells/mL were added to each well of a 96-well plate in 100 µL of serum-free RPMI 1640 

medium. Cells were incubated with G88R RNase A or B-TML–G88R RNase A for 48 h, with 

PBS and H2O2 serving as negative and positive controls, respectively. Cells were then washed 

and incubated in CyQUANT® reagent for 30 min and fluorescence intensity was measured with 

excitation at ~485 nm and emission detection at ~530 nm. Data are the average of two 

measurements for each concentration, and the entire experiment was repeated in triplicate. The 

results are shown as the percentage of dye incorporated relative to control cells treated with PBS. 

Values for IC50 were calculated by fitting the curves by nonlinear regression to the equation:  

y = 100% / (1 + 10(log(IC50) – log[ribonuclease])h)  (2.1) 

Where y is the total DNA synthesis following the CyQUANT dye pulse and h is the slope of the 

curve (Figure 3). 
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Scheme 2.1 
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Scheme 2.2 
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Figure 2.1  
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Figure 2.1 Cellular internalization of B-TML–labeled GFP. (A) Structures of B-TML–NHS 

ester and Ac-TML–NHS ester. Ellipses denote the three distinct modules within B-TML–NHS 

ester. (B) MALDI–TOF mass spectra of B-TML–GFP (green), conjugated to ~3 boronic acid 

moieties per molecule, and the same protein after exposure to CHO K1 cell lysate and 

purification (gray). Expected m/z: GFP, 29361; each B-TML moiety, 450. (C) Flow cytometry 

analysis of CHO K1 cells incubated with 10 µM unlabeled GFP, GFP labeled with a control 

vehicle (Ac-TML), or GFP labeled with the boronate vehicle (B-TML) for 4 h (p < 0.0001). (D) 

Confocal microscopy of CHO K1 cells grown as in panel C. Cells were stained with WGA-594 

(red) and Hoechst 33342 (blue). Scale bars: 10 µm.  
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Figure 2.2  
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Figure 2.2 Effect of fructose on the cellular internalization of B-TML–labeled GFP. (A) 

Confocal microscopy of B-TML–GFP (10 µM) preincubated with PBS or 175 mM fructose for 

30 min, then used to treat CHO K1 cells for 4 h. Cells were stained with WGA-594 (red) and 

Hoechst 33342 (blue). Scale bars: 20 µm. (B) Flow cytometry analysis of CHO K1 cells treated 

as in panel A (p < 0.01). 
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Figure 2.3 
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Figure 2.3 Effect of B-TML–labeling on the inhibition of K-562 cell proliferation by a 

ribonuclease. Unlabeled G88R ribonuclease A, IC50 = (6.4 ± 0.1) µM; B-TML–labeled G88R 

ribonuclease A, IC50 = (3.5 ± 0.8) µM. Each data point represents the mean ± SE for three 

separate experiments, each performed in duplicate.  



! 69!

Figure 2.S1 
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Figure 2.S1 Labeling of GFP. MALDI–TOF spectra of (A) unmodified GFP, (B) B-TML–GFP, 

and (C) Ac-TML–GFP. Data were fitted to a Gaussian curve (red line). Expected m/z: GFP, 

29361; each B-TML moiety, 450; each Ac-TML moiety, 246.  
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Figure 2.S2 
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Figure 2.S2 Stability of B-TML–GFP. MALDI–TOF spectra of B-TML–GFP on Day 1 (which 

was the day of labeling and purification) and Day 33 after storage in PBS at 4 °C in the dark. 

Data were fitted to a Gaussian curve (red line). Expected m/z: GFP, 29361; each B-TML moiety, 

450.  
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Figure 2.S3  
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Figure 2.S3 Confocal microscopy images of live cells after a 4-h incubation of CHO K1 cells 

with B-TML–GFP, costained subsequently with various organelle markers. Scale bars: 10 µm. 
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Figure 2.S4  
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Figure 2.S4 Internalization of B-TML–GFP at 4 and 24 h. (A) Confocal microscopy of CHO K1 

cells incubated with unlabeled GFP or B-TML–GFP (10 µM) for 4 or 24 h. Cells were stained 

with WGA-594 (red) and Hoechst 33342 (blue). Scale bars: 10 µm. (B) Flow cytometry analysis 

of CHO K1 cells incubated with either unlabeled GFP or B-TML–GFP (10 µM) for 4 or 24 h.  
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Figure 2.S5  
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Figure 2.S5 MALDI–TOF mass spectra of (A) unmodified FLAG–RNase A, (B) B-TML–

labeled FLAG–RNase A, (C) G88R RNase A, and (D) B-TML–labeled G88R RNase A. Data 

were fitted to a Gaussian curve (red line). Expected m/z: FLAG–RNase A, 14815; G88R RNase 

A, 13790; each B-TML moiety, 450.  
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Figure 2.S6  
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Figure 2.S6 K562 cell lysate-treated FLAG–RNase A that had been conjugated to B-TML. Data 

were fitted to a Gaussian curve (red line). Expected m/z: FLAG–RNase A, 14815; each B-TML 

moiety, 450. 
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2.6 NMR Spectra 
1H NMR (CDCl3) and 13C NMR (CDCl3) of 1 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 2 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 3 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 4 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 5 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 6 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 7 
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1H NMR (MeOD) and 13C NMR (MeOD) of 8 
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1H NMR (MeOD) and 13C NMR (MeOD) of 10 
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1H NMR (MeOD) and 13C NMR (MeOD) of 11 
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Chapter 3 

 
Diazo compounds for the bioreversible esterification of proteins* 

!
*This chapter has been published in part, under the same title. Reference: McGrath, N.A.#, 

Andersen, K.A.#, Davis, A.F.K., Lomax, J.E., Raines, R.T. Diazo compounds for the 

bioreversible esterification of proteins. Chem. Sci. 6, 752–755 (2015).  

(#these authors contributed equally) 

!
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!
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Amy F.K. Davis. Joelle E. Lomax designed and cloned the RFP construct. 
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Abstract 

A diazo compound is shown to convert carboxylic acids to esters efficiently in an aqueous 

environment. The basicity of the diazo compound is critical: low basicity does not lead to a 

reaction but high basicity leads to hydrolysis. This reactivity extends to carboxylic acid groups in 

a protein. The ensuing esters are hydrolyzed by human cellular esterases to regenerate protein 

carboxyl groups. This new mode of chemical modification could enable the key advantages of 

prodrugs to be translated from small-molecules to proteins. 
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3.1 Introduction 
!

Esters are nearly absent from human cells, aside from acylglycerols and amino-acyl 

tRNAs. One reason is their lability in the presence of intracellular esterases.237 This reactivity is 

the basis for the clinical utility of the many prodrugs that are unmasked by enzyme-catalyzed 

ester hydrolysis.216,218,238,239 

Inspired by prodrugs, we envisioned esterification as a means to modify proteins 

covalently but reversibly with desirable pendants, such as pharmacokinetic enhancing, cell-

targeting, or cell-penetration moieties. The acetylation of serine and threonine residues is a 

natural post-translational modification.240,241 There is not, however, an efficient means to 

generate esters from protein carboxyl or hydroxyl groups by chemical synthesis. Carbodimides 

and other reagents can be used to activate protein carboxyl groups, but solvent water and protein 

amino, hydroxyl, and sulfhydryl groups compete effectively with exogenous alcohols for the 

ensuing activated acyl groups.242-244 Accordingly, we sought a different strategy—one that enlists 

O-alkylation rather than acyl transfer. 

Diazo compounds are in widespread use in synthetic organic chemistry.50,51,245 The 

simplest—diazomethane—readily converts carboxylic acids into methyl esters with molecular 

nitrogen as the only byproduct. Diazomethane suffers, however, from non-specific reactivity. For 

example, diazomethane is known to react with water and with the side chains of lysine and 

tyrosine residues.246 Other non-stabilized diazo compounds or stabilized metal carbenoids are 

capable of esterifying carboxylic acids,247-252 but their high reactivity likewise limits utility with 

biomolecules. 

We were aware of precedent for the use of stabilized diazo compounds in a biochemical 

context. In the 1960s, 2-diazo-acetamide,57,58 N-(diazoacetyl)glycinamide,59 and 
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diphenyldiazomethane60 were used to identify the most reactive carboxylic acid groups in 

proteins. These efforts required adding a vast molar excess (>103-fold) of the diazo compound 

and tedious monitoring of reaction pH, all to achieve modest labeling. We suspected that the 

problem was non-specific reactivity, as with diazomethane.246 Here, we report on the reactivity 

of still more stabilized diazo compounds with relevant carboxylic acids. 

 

3.2 Results and Discussion 

We began by screening the reactivity of diazo compounds 1 and 2 with small-molecule 

carboxylic acids of varying acidity and bearing a variety of reactive functional groups. These 

diazo compounds were accessed from their corresponding azide by a deimidogenation reaction 

that uses a phosphinoester to convert an azide into a diazo-compound.55,56 In acetonitrile, both 

diazo compounds were unreactive toward some nucleophiles common in biomolecules: amino, 

hydroxyl, and sulfhydryl groups. Both, however, did react with carboxylic acids to give 

comparable yields of ester product (Scheme 3.1). In contrast to diazo compounds 1 and 2, diethyl 

2-diazomalonate was unreactive with a–h. Tellingly, β-alanine (h) proved unreactive with all 

three diazo compounds under any tested condition. This acid alone exists as a zwitterion, and its 

lack of reactivity is consistent with esterification occurring via a diazonium-carboxylate salt 

(Figure 3.1).253,254 Moreover, we noted that a carboxylic acid (a–g) is acidic enough to promote 

the reaction, but a phenolic hydroxyl (d), sulfhydryl (f), or ammonium group (h) is not. 

Next, we investigated the analogous reactions in an aqueous environment (Scheme 3.2). 

Whereas diazo compound 1 was competent for esterification in a 3 : 1 mixture of acetonitrile and 

10 mM MES–NaOH buffer, pH 5.5, the major product was alcohol 5 formed when water attacks 

the diazonium ion. On the other hand, diazo compound 2 gave primarily the desired ester 4 in all 
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cases. Interestingly, the ester : alcohol product ratios with 1 were variable, whereas those with 2 

were approximately two.A These data are consistent with the nascent diazonium-carboxylate salt 

being maintained in a solvent cage by Coulombic forces (Figure 3.1), as described by others.254, B 

Carrying out the reaction in a 1:1 mixture of acetonitrile and 10 mM MES–NaOH buffer resulted 

in greatly deleterious partitioning with 1 but not 2. Diethyl 2-diazomalonate was found to be 

unreactive in these aqueous conditions, as in neat acetonitrile. 

What is the basis for this differential reactivity? The pKa values of relevant acids have 

been measured in dimethyl sulfoxide.255 These pKa values correlate with the observed reactivity 

via the mechanism of Figure 3.1. Specifically, the conjugate base of diethylmalonate (pKa 

16.4)256 is weak, and diethyl 2-diazo-malonate cannot abstract a proton from a carboxylic acid. 

On the other hand, the conjugate base of diethylacetamide (pKa 35)257 is strong, and diazo 

compound 1 lacks chemoselectivity in an aqueous environment (Scheme 3.2). Only the 

conjugate base of fluorene (pKa 22.6)75 is matched to the task, enabling diazo compound 2 

access to the mechanism of Figure 3.1 with high chemoselectivity. 

We used thioacetic acid to probe the mechanism of esterification. Its acidic proton resides 

primarily on sulfur,258 but an intermediate diazonium-thiocarboxylate salt could lead to either a 

thioester or thionoester product. In anhydrous acetonitrile, complete selectivity for thioester 

formation was obtained with diazo compound 2 (Scheme 3.3). This selectivity rules out a cyclic 

transition state reminiscent of an ene reaction,259,260 which would provide the thionoester as the 

product. On the other hand, diazo compound 1 produced a mixture of thio- and thionoester 

products. In an aqueous environment, these same reactants led exclusively to a thio- rather than a 

thionoester, along with the hydrolysis product from diazo compound 1.C The lack of thionoester 

formation can be attributed to the greater nucleophilicity of sulfur on the diazonium salt and the 
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greater ability of oxygen to form a hydrogen bond with solvent water,261 which would decrease 

its nucleophilicity still further. 

Finally, we assessed the ability of diazo compounds 1 and 2 to esterify the carboxyl 

groups present in a model protein, bovine pancreatic ribonuclease (RNase A; Figure 3.2A). The 

catalytic activity of this well-characterized enzyme provides an extremely sensitive measure of 

native structure and function.262 RNase A was incubated for 4 h at 37 °C in a 1:1 mixture of 10 

mM MES–NaOH buffer, pH 5.5, and acetonitrile containing a diazo compound (10 equiv.). 

Under these conditions, diazo compound 1 proved incapable of labeling the protein. Only in the 

presence of 200 equiv. was any esterification observed with this reagent, consistent with its 

tendency towards hydrolysis in an aqueous environment (Scheme 3.2). In contrast, diazo 

compound 2 esterified, on average, three of the eleven carboxylates (Figure 3.S1). Using trypsin 

digestion coupled with mass spectrometry, we were able to identify the esterified residues. Diazo 

compound 2 (10 equiv.) labeled Asp14, Glu49, Glu111, and Asp121, almost exclusively. Diazo 

compound 1 (200 equiv.) labeled a similar subset of residues (Glu9, Asp14, Glu49, Glu111, and 

the C terminus). The basis for reaction with these particular residues is not clear, but likely 

integrates the reactivity (i.e., high pKa) and accessibility of their carboxyl groups. 

Most importantly, we probed the bioreversibility of our protein esterification reaction 

(Figure 3.2B). To enhance the relevance of this experiment, we sought to employ esterases 

endogenous to human cells rather than commercial enzymes. Accordingly, we used recombinant 

DNA technology to add an 8-residue FLAG tag to the N-terminus of RNase A, and we esterified 

the ensuing FLAG–RNase A with diazo compound 2 as described above. We found labeling to 

be comparable to that of wild-type RNase A (Figure 3.S12), and we observed that the enzyme 

lost half of its catalytic activity upon esterification (Figure 3.S13).D Then, we incubated the 
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esterified protein with a HeLa cell extract. We recovered the enzyme from this complex mixture 

with an anti-FLAG antibody immobilized on magnetic beads. We could not detect any esters in 

the extract-treated enzyme with mass spectrometry (Figure 3.S12),E and we found that the 

enzyme had recovered all of its catalytic activity (Figure 3.S13). These data indicate that the 

protein esterification reaction was fully bioreversible. 

Finally, we sought to demonstrate the generality of our esterification method by 

employing a second protein substrate with a different tag for its purification. Specifically, we 

applied diazo compound 2 (10 equiv.) and the conditions described above to the mCherry variant 

of red fluorescent protein (RFP) from Discosoma sp. We found that His6–RFP became esterified 

with 1–3 fluorenyl groups. The protein did not lose its fluorescence during the esterification 

reaction. As with RNase A, the esterification of RFP was bioreversible. Incubation with a HeLa 

cell extract followed by recovery with a Ni-affinity resin, yielded unmodified His6–RFP (Figure 

3.S13). Success with both FLAG- labeled RNase A and His6-labeled RFP indicates that our 

esterification method has a broad scope. 

 

3.3 Concluding remarks 

We find that a diazo compound can effect the efficient O-alkylation of carboxylic acids in 

an aqueous environment near neutral pH, and that this reactivity extends to proteins. The esters 

in the ensuing protein can be hydrolysed by esterases that are endogenous to human cells, 

thereby recreating the wild-type protein and avoiding a compromise to function or the display of 

an epitope. By enabling the facile semisynthesis of “proproteins” containing transitory 

pharmacokinetic enhancing, cell- targeting, or cell-penetration moieties, we envision that O- 

alkylation of carboxylic acids by diazo compounds could broaden the utility of antibodies, 
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enzymes, hormones, and other proteins in chemical biology and pharmacology. 

 

3.4 Notes 

(A) The 4 to 6 ratio for BocAspOH (g) was 1 : 1 due in part to the need for two O-alkylation 

reactions to produce the ester product (4).  

(B) The additional enhancement in selectivity achieved with 3-mercaptopropanoic was likely due 

to coordination between the pendant thiol functionality and the intermediate diazonium ion, 

hindering external attack from water (J. R. Larson and N. D. Epiotis, J. Am. Chem. Soc., 1981, 

103, 410–416). 

(C) O- to S-alkyl transfer as in the high-temperature Newman–Kwart rearrangement of a 

thionocarbamate or Schönberg rearrangement of a thionocarbonate is unlikely for a thionoester at 

room temperature. 

(D) Notably, Glu111 (A. Tarragona-Fiol, H. J. Eggelte, S. Harbron, E. Sanchez, C. J. Taylorson, 

J. M. Ward and B. R. Rabin, Protein Eng., 1993, 6, 901–906) and Asp121 (L. W. Schultz, D. J. 

Quirk and R. T. Raines, Biochemistry, 1998, 37, 8886– 8898) have been implicated in the 

catalytic activity of RNase A. 

(E) We detected no evidence (e.g., m/z = -18) for theintramolecular attack of a lysine Nε on a 

nascent ester, consistent with carboxyl groups near lysine and other cationic residues having pKa 

values that are too low for participation in the mechanism in Figure 1. 
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3.6 Materials and Methods 

3.6.1 General Methods 

Reagent chemicals were obtained from commercial sources and used without further 

purification. All glassware was flame-dried under high vacuum, and reactions were performed 

under N2(g) unless indicated otherwise. Dichloromethane, diethyl ether, tetrahydrofuran, and 

toluene were dried over a column of alumina. Dimethylformamide and triethylamine were dried 

over alumina and purified further by passage through an isocyanate scrubbing column. Flash 

chromatography was performed with columns of 40–63 Å silica gel, 230–400 mesh from 

Silicycle (Québec City, Canada). Thin-layer chromatography (TLC) was performed on plates of 

EMD 250-µm silica 60-F254. The phrase “concentrated under reduced pressure” refers to the 

removal of solvents and other volatile materials using a rotary evaporator at water aspirator 

pressure (<20 torr) while maintaining the water-bath temperature below 40 °C. Residual solvent 

was removed from samples at high vacuum (<0.1 torr). The term “high vacuum” refers to 

vacuum achieved by mechanical belt-drive oil pump. All NMR spectra were acquired at ambient 

temperature with a DMX-400 Avance, Avance III 500i with cryoprobe, or Avance III 500ii with 

cryoprobe spectrometer from Bruker (Billerica, MA) at the National Magnetic Resonance 
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Facility at Madison (NMRFAM), and were referenced to TMS or a residual protic solvent. 

Electrospray ionization (ESI) mass spectrometry for small-molecule characterization was 

performed with a Micromass LCT at the Mass Spectrometry Facility in the Department of 

Chemistry at the University of Wisconsin–Madison. Matrix-assisted laser desorption ionization–

time-of-flight (MALDI–TOF) mass spectrometry for protein characterization was performed 

with a Voyager DE-Pro instrument at the Biophysics Instrumentation Facility at the University 

of Wisconsin–Madison.  Cell culture. HeLa cells were obtained from ATCC (Manassas, VA). 

Cells were cultured in DMEM supplemented with FBS (10% v/v) and penicillin/streptomycin 

(1% w/v) at 37 °C in the presence of 5% CO2(g). 

 

3.6.2 Experimental Procedures and Characterization Data 

3.6.2.1 Esterification Reactions in Acetonitrile 

3.6.2.1.1 Diazobenzylacetamide Reactions 

 

Diazobenzylacetamide (0.010 g, 0.057 mmol) was added to a solution of bromoacetic acid 

(0.008 g, 0.057 mmol) in anhydrous acetonitrile (0.57 mL), and the reaction mixture was stirred 

for 1 h, when the reaction was determined to be complete by thin-layer chromatography (Rf  = 

0.3 in 50% EtOAc, 50% hexanes). The reaction mixture was concentrated under reduced 

pressure and purified by silica gel chromatography to give N-benzyl-acetamidobromoacetate 

(0.012 g, 74%). 

1H NMR (400 MHz, CDCl3) δ 7.38–7.16 (m, 5H), 6.41 (bs, 1H), 4.70 (s, 2H), 4.50 (d, J  = 5.9 

Hz, 2H), 3.87 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 166.3, 165.9, 137.5, 129.1, 129.0, 128.0, 
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78.0, 64.1, 43.5, 25.2. HRMS (ESI) m/z 286.0074 [calc’d for C11H13BrNO3 (M+H+) 286.0074]. 

 

 

Diazobenzylacetamide (0.010 g, 0.057 mmol) was added to a solution of dichloroacetic acid 

(0.005 mL, 0.057 mmol) in anhydrous acetonitrile (0.57 mL), and the reaction mixture was 

stirred for 30 min, when the reaction was determined to be complete by thin-layer 

chromatography (Rf  = 0.3 in 30% EtOAc, 70% hexanes). The reaction mixture was concentrated 

under reduced pressure and purified by silica gel chromatography to give benzylacetamido-

dichloroacetate (0.008 g, 51%) 

1H NMR (500 MHz, CDCl3) δ 7.43–7.29 (m, 5H), 6.38 (bs, 1H), 6.05 (s, 1H), 4.83 (s, 2H), 4.56 

(d, J  = 5.8 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 165.5, 163.1, 137.3, 129.1, 128.1, 128.0, 

64.9, 63.9, 43.6. HRMS (ESI) m/z 293.0459 [calc’d for C11H15Cl2N2O3 (M+NH4
+) 293.0455]. 

 

 

Diazobenzylacetamide (0.010 g, 0.057 mmol) was added to a solution of benzoic acid (0.007 g, 

0.057 mmol) in anhydrous acetonitrile (0.57 mL), and the reaction mixture was stirred for 8 h, 

when the reaction was determined to be complete by thin-layer chromatography (Rf = 0.8 in 80% 

EtOAc, 20% hexanes). The reaction mixture was concentrated under reduced pressure and 

purified by silica gel chromatography to give benzyl-acetamido-benzoate (0.012 g, 78%). 

1H NMR (400 MHz, CDCl3) δ 8.02 (d, J  = 7.6 Hz, 2H), 7.59 (t, J  = 7.3 Hz, 1H), 7.45 (t, J  = 7.6 
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Hz, 2H), 7.39–7.21(m, 5H), 6.42 (bs, 1H), 4.87 (s, 2H), 4.53 (d, J  = 6.0 Hz, 2H). 13C NMR (126 

MHz, CDCl3) δ 167.3, 165.4, 137.8, 134.0, 134.0, 130.0, 129.0, 128.9, 127.9, 127.9, 63.7, 43.3. 

HRMS  (ESI) m/z  270.1133 [calc’d for C16H16NO3 (M+H+) 270.1125]. 

 

 

Diazobenzylacetamide (0.010 g, 0.057 mmol) was added to a solution of 4-hydroxybenzoic acid 

(0.008 g, 0.057 mmol) in anhydrous acetonitrile (0.57 mL), and the reaction mixture was stirred 

for 12 h, when the reaction was determined to be complete by thin-layer chromatography (Rf  = 

0.6 in 75% EtOAc, 25% hexanes). The reaction mixture was concentrated under reduced 

pressure and purified by silica gel chromatography to give benzylacetamido-4-hydroxybenzoate 

(0.011 g, 61%). 

1H NMR (700 MHz, CDCl3) δ 7.98 (d, J  = 8.7 Hz, 2H), 7.40–7.35 (m, 2H), 7.36–7.31 (m, 3H), 

6.90 (d, J  = 8.7 Hz, 2H), 6.45 (bs, 1H), 4.89 (s, 2H), 4.58 (d, J  = 5.9 Hz, 2H). 13C NMR (126 

MHz, CDCl3) δ 167.6, 165.0, 160.5, 137.8, 132.4, 129.0, 127.9, 127.9, 121.6, 115.7, 63.5, 43.3. 

HRMS  (ESI) m/z  286.1070 [calc’d for C16H16NO4 (M+H+) 286.1074]. 

 

 

Diazobenzylacetamide (0.010 g, 0.057 mmol) was added to a solution of Boc-protected glycine 

(0.010 g, 0.057 mmol) in anhydrous acetonitrile (0.57 mL), and the reaction mixture was stirred 

for 3 h, when the reaction was determined to be complete by thin-layer chromatography (Rf  = 
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0.7 in 75% EtOAc, 25% hexanes). The reaction mixture was concentrated under reduced 

pressure and purified by silica gel chromatography to give benzylacetamido-Boc-protected 

glycine (0.015 g, 82%). 

1H NMR (400 MHz, CDCl3) δ 7.38–7.25 (m, 5H), 7.07 (bs, 1H), 5.10 (bs, 1H), 4.71 (s, 2H), 4.48 

(d, J  = 6.0 Hz, 2H), 3.90 (d, J  = 5.9 Hz, 2H), 1.37 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 

169.1, 166.8, 156.4, 137.8, 128.7, 127.8, 127.5, 80.8, 63.2, 43.1, 42.9, 28.2. HRMS  (ESI) m/z 

340.1873 [calc’d for C16H26N3O5  (M+NH4
+) 340.1867]. 

 

 

Diazobenzylacetamide (0.010 g, 0.057 mmol) was added to a solution of 3-mercaptopropanoic 

acid (0.005 mL, 0.057 mmol) in anhydrous acetonitrile (0.57 mL), and the reaction mixture was 

stirred for 12 h, when the reaction was determined to be complete by thin-layer chromatography 

(Rf  = 0.6 in 70% EtOAc, 30% hexanes). The reaction mixture was concentrated under reduced 

pressure and purified by silica gel chromatography to give benzylacetamido-3-

mercaptopropanoate (0.011 g, 76%). 

1H NMR (400 MHz, CDCl3) δ 7.46–7.13 (m, 5H), 6.54 (bs, 1H), 4.69 (s, 2H), 4.50 (d, J  = 5.7 

Hz, 2H), 2.82–2.77 (m, 2H), 2.76–2.71 (m, 2H), 1.59 (t, J  = 8.1 Hz, 1H). 13C NMR (126 MHz, 

CDCl3) δ 170.5, 166.9, 137.7, 129.0, 128.1, 128.0, 63.4, 43.4, 38.3, 20.0. HRMS  (ESI) m/z  

271.1115 [calc’d for C12H19N2O3S (M+NH4
+) 271.1111]. 
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Diazobenzylacetamide (0.020 g, 0.114 mmol) was added to a solution of Boc-protected L-

aspartic acid (0.013 g, 0.057 mmol) in anhydrous acetonitrile (0.57 mL), and the reaction 

mixture was stirred for 12 h, when the reaction was determined to be complete by thin-layer 

chromatography (Rf  = 0.5 in 80% EtOAc, 20% hexanes). The reaction mixture was concentrated 

under reduced pressure and purified by silica gel chromatography to give bis-benzylacetamido-

Boc-protected aspartate (0.019 g, 63%). 

1H NMR (400 MHz, CDCl3) δ 7.38–7.20 (m, 10H), 7.04 (bs, 1H), 6.49 (bs, 1H), 5.53 (bs, 1H), 

4.73–4.55 (m, 3H), 4.53–4.35 (m, 6H), 3.03 (dd, J  = 16.9, 5.2 Hz, 1H), 2.94 (dd, J  = 16.9, 5.2 

Hz, 1H), 1.34 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 170.3, 170.3, 166.5, 166.2, 155.7, 137.7, 

137.5, 128.8, 128.6, 127.9, 127.8, 127.8, 127.5, 81.1, 63.8, 63.4, 50.3, 43.2, 43.1, 36.4, 28.2.  

HRMS (ESI) m/z 545.2632 [calc’d for C27H37N4O8 (M+NH4
+) 545.2606]. 

 

3.6.2.1.2 Diazofluorene Reactions 

 

Diazofluorene (0.003 g, 0.016 mmol) was added to a solution of bromoacetic acid (0.002 g, 

0.016 mmol) in anhydrous acetonitrile (0.16 mL), and the reaction mixture was stirred for 20 

min, when the reaction was determined to be complete by thin-layer chromatography (Rf  = 0.7 

in 30% EtOAc, 70% hexanes). The reaction mixture was concentrated under reduced pressure 

and purified by silica gel chromatography to give fluorenyl-bromoacetate (0.004 g, 94%). 
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1H NMR (400 MHz, CDCl3) δ 7.66 (d, J  = 7.5 Hz, 2H), 7.54 (d, J  = 7.5 Hz, 2H), 7.41 (t, J  = 

7.5 Hz, 2H), 7.29 (t, J = 7.5 Hz, 2H), 6.80 (s, 1H), 3.92 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 

168.4, 141.3, 141.3, 130.1, 128.2, 126.2, 120.4, 26.1. [Fluorenyl alkyl CH overlaps with a 

chloroform peak]. 13C NMR (126 MHz, CD3OD ) δ 170.1, 142.9, 142.5, 131.0, 129.2, 127.1, 

121.3, 77.9, 26.7. HRMS (EI) m/z 301.9926 [calc’d for C15H11BrO2 (M+) 301.9937]. 

 

 

Diazofluorene (0.003 g, 0.016 mmol) was added to a solution of dichloroacetic acid (0.002 g, 

0.016 mmol) in anhydrous acetonitrile (0.16 mL), and the reaction mixture was stirred for 1 min, 

when the reaction was determined to be complete by thin-layer chromatography (Rf  = 0.7 in 

30% EtOAc, 70% hexanes). The reaction mixture was concentrated under reduced pressure and 

purified by silica gel chromatography to give fluorenyl-dichloroacetate (0.004 g, 91%). 

1H NMR (400 MHz, CDCl3) δ 7.68 (d, J  = 7.5 Hz, 2H), 7.56 (d, J  = 7.5 Hz, 2H), 7.45 (t, J  = 

7.5 Hz, 2H), 7.32 (t, J = 7.5 Hz, 2H), 6.83 (s, 1H), 6.03 (s, 1H). 13C NMR (126 MHz, CDCl3) δ 

165.8, 141.4, 140.6, 130.3, 128.4, 126.2, 120.5, 78.1, 64.5. HRMS  (EI) m/z 292.0042 [calc’d for 

C15H10Cl2O2 (M+) 292.0053]. 
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Diazofluorene (0.006 g, 0.031 mmol) was added to a solution of benzoic acid (0.004 g, 0.031 

mmol) in anhydrous acetonitrile (0.31 mL), and the reaction mixture was stirred for 5 h, when 

the reaction was determined to be complete by thin-layer chromatography (Rf  = 0.9 in 30% 

EtOAc, 70% hexanes). The reaction mixture was concentrated under reduced pressure and 

purified by silica gel chromatography to give fluorenyl-benzoate (0.008 g, 90%). 

1H NMR (400 MHz, CDCl3) δ 8.09 (d, J = 7.5 Hz, 2H), 7.71 (d, J = 7.5 Hz, 2H), 7.63 (d, J = 7.5 

Hz, 2H), 7.57 (t, J = 7.7Hz, 1H), 7.43 (t, J = 7.7 Hz, 4H), 7.31 (t, J = 7.5 Hz, 2H), 7.05 (s, 1H). 

13C NMR (101 MHz, CDCl3) δ 167.5, 142.4, 141.3, 133.4, 130.2, 130.2, 129.7, 128.6, 128.1, 

126.3, 120.3, 75.8. HRMS (ESI) m/z 304.1338 [calc’d for C20H18NO2 (M + NH4
+) 304.1333]. 

 

 

Diazofluorene (0.012 g, 0.063 mmol) was added to a solution of 4-hydroxybenzoic acid (0.009 g, 

0.063 mmol) in anhydrous acetonitrile (0.60 mL), and the reaction mixture was stirred for 10 h 

before being concentrated under reduced pressure and the resulting residue was purified by silica 

gel chromatography to give fluorenyl-4-hydroxybenzoate (0.016 g, 85%). 

1H NMR (400 MHz, CDCl3) δ 7.98 (d, J = 8.6 Hz, 2H), 7.68 (d, J = 7.6 Hz, 2H), 7.60 (d, J = 7.6 

Hz, 2H), 7.41 (t, J = 7.6 Hz, 2H), 7.28 (t, J = 7.6 Hz, 2H), 7.00 (s, 1H), 6.82 (d, J = 8.6 Hz, 2H). 

13C NMR (126 MHz, CDCl3) δ 167.1, 160.0, 142.5, 141.3, 132.6, 129.7, 128.1, 126.3, 122.9, 

120.3, 115.4, 75.6. HRMS (ESI) m/z 320.1293 [calc’d for C20H18NO3 (M+NH4
+) 320.1282]. 
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Diazofluorene (0.006 g, 0.031 mmol) was added to a solution of Boc-protected glycine (0.006 g, 

0.031 mmol) in anhydrous acetonitrile (0.31 mL), and the reaction mixture was stirred for 2 h 

until determined to be complete by thin-layer chromatography (Rf  = 0.6 in 30% EtOAc, 70% 

hexanes). The reaction mixture was concentrated under reduced pressure and purified by silica 

gel chromatography to give fluorenyl-Boc-protected glycine (0.009 g, 85%). 

1H NMR (400 MHz, CDCl3) δ 7.65 (d, J  = 7.5 Hz, 2H), 7.52 (d, J  = 7.5 Hz, 2H), 7.40 (t, J  = 

7.5 Hz, 2H), 7.28 (t, J = 7.5 Hz, 2H), 6.81 (s, 1H), 5.03 (bs, 1H), 4.01 (d, J  = 5.7 Hz, 2H), 1.44 

(s, 9H). 13C NMR (126 MHz, CDCl3) δ 171.4, 155.9, 141.6, 141.3, 130.0, 128.2, 126.2, 120.3, 

80.4, 76.2, 43.0, 28.5. HRMS  (ESI) m/z 340.1535 [calc’d for C20H22NO4 (M+H+) 340.1544]. 

 

 

Diazofluorene (0.018 g, 0.094 mmol) was added to a solution of 3-mercaptopropanioc acid 

(0.010 g, 0.094 mmol) in anhydrous acetonitrile (0.94 mL), and the reaction mixture was stirred 

for 8 h before being concentrated under reduced pressure. The resulting residue was purified by 

silica gel chromatography to give fluorenyl-3-mercaptopropanoate (0.020 g, 80%). 

1H NMR (400 MHz, CDCl3) δ 7.65 (d, J = 7.5 Hz, 2H), 7.53 (d, J = 7.5 Hz, 2H), 7.40 (t, J = 7.5 
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Hz, 2H), 7.28 (t, J = 7.5 Hz, 2H), 6.83 (s, 1H), 2.83 (dd, J = 8.2, 6.3 Hz, 2H), 2.76 (t, J = 6.3 Hz, 

2H), 1.65 (t, J = 8.2 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 172.6, 142.0, 141.3, 129.8, 128.1, 

126.1, 120.3, 75.6, 39.0, 20.2. HRMS (ESI) m/z 288.1059 [calc’d for C16H18NO2S (M+NH4
+) 

288.1053]. 

 

Diazofluorene (0.012 g, 0.063 mmol) was added to a solution of Boc-aspartic acid (0.007 g, 

0.0315 mmol) in anhydrous acetonitrile (0.31 mL), and the reaction mixture was stirred for 5 h 

before being concentrated under reduced pressure and purified by silica gel chromatography to 

give bisfluorenyl-Boc-aspartate (0.019 g, 89%). 

1H NMR (500 MHz, CDCl3) δ 7.74–7.64 (m, 4H), 7.59–7.51 (m, 4H), 7.50–7.37 (m, 4H), 7.36–

7.15 (m, 4H), 6.90 (s, 1H), 6.77 (s, 1H), 5.70 (d, J  = 8.6 Hz, 1H), 4.83–4.72 (m, 1H), 3.14 (dd, J  

= 17.1, 4.5 Hz, 1H), 3.00 (dd, J  = 17.1, 4.7 Hz, 1H), 1.49 (s, 9H). 13C NMR (126 MHz, CDCl3) 

δ 172.0, 172.0, 155.7, 141.6, 141.5, 141.3, 141.2, 129.9, 129.8, 128.2, 128.1, 126.4, 126.1, 120.3, 

120.2, 80.5, 76.4, 75.9, 50.6, 37.2, 28.5. HRMS (ESI) m/z 579.2478 [calc’d for C35H35N2O6  

(M+NH4
+) 579.2490]. 

 

3.6.2.2 Esterification Screening in Acetonitrile/Buffer Solution 
!
Representative Procedure: Each mixture was reacted for 6 h and was analyzed at that time. 

Diazofluorene (0.0060 g, 0.0313 mmol) was added to a solution of bromoacetic acid (0.0044 g, 

0.0313 mmol) in a mixture of acetonitrile:buffer (10 mM MES–NaOH, pH 5.5) (0.4 mL), and the 
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reaction mixture was stirred for 6 h. The reaction mixture was concentrated under reduced 

pressure, and the ratio of products was determined by 1H NMR. The ester data was reported 

above for each compound and below are the data for the hydrolysis products used for 

comparison. 

 

N-Benzylacetamidyl Hydrolysis Product: 

1H NMR (400 MHz, CDCl3) δ 7.38–7.28 (m, 5H), 4.52 (d, J = 5.9 Hz, 2H), 4.19 (d, J = 5.2 Hz, 

2H), 2.24 (t, J = 5.2 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 171.2, 138.0, 129.0, 128.1, 127.9, 

62.5, 43.3. HRMS (ESI) m/z 166.0864 [calc’d for C9H12NO2 (M+H+) 166.0863]. 

 

 

Fluorenyl Hydrolysis Product: 

1H NMR (400 MHz, CDCl3) δ 7.66 (d, J = 7.6 Hz, 4H), 7.40 (t, J = 7.6 Hz, 2H), 7.33 (t, J = 7.6 

Hz, 2H), 5.60 (bs, 1H). 13C NMR (126 MHz, CDCl3) δ 145.8, 140.2, 129.3, 128.1, 125.4, 120.2, 

75.5. HRMS (EI) m/z 182.0724 [calc’d for C13H10O (M+) 182.0727]. 

 

3.6.2.3 Thioester versus Thionoester Formation with Thioacetic Acid 

 

Diazofluorene (0.017 g, 0.089 mmol) was added to a solution of thioacetic acid (0.007 g, 0.089 



!110!

mmol) in anhydrous acetonitrile (0.9 mL), and the reaction mixture was stirred for 1 min, when 

the reaction was determined to be complete by thin-layer chromatography (Rf  = 0.8 in 30% 

EtOAc, 70% hexanes). The reaction mixture was concentrated under reduced pressure and 

purified by silica gel chromatography to give fluorenyl-thioacetate (0.020 g, 94%) in which 

sulfur was incorporated exclusively. 

1H NMR (400 MHz, CDCl3) δ 7.73 (d, J  = 7.5 Hz, 2H), 7.54 (d, J  = 7.5 Hz, 2H), 7.40 (t, J  = 

7.5 Hz, 2H), 7.32 (t, J = 7.5 Hz, 2H), 5.88 (s, 1H), 2.52 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 

196.3, 144.0, 140.9, 128.5, 127.8, 125.6,120.2, 46.9, 30.7. HRMS (ESI) m/z 258.0953 [calc’d for 

C15H16NOS (M+NH4
+) 258.0948]. 

 

Diazobenzylacetamide (0.010 g, 0.057 mmol) was added to a solution of thioacetic acid (0.004 

mL, 0.057 mmol) in anhydrous acetonitrile (0.57 mL), and the reaction mixture was stirred for 1 

h, when the reaction was determined to be complete by thin-layer chromatography (Rf  = 0.6, 0.7 

in 70% EtOAc, 30% hexanes). The reaction mixture was concentrated under reduced pressure 

and purified by silica gel chromatography to give both benzyl acetamidethioacetate (0.008 g, 

62%) and benzyl-acetamido-thionoacetate (0.004 g, 31%). 

Sulfur Attack (Benzyl-acetamide-thioacetate [Rf = 0.6]): 

1H NMR (400 MHz, CDCl3) δ 7.40–7.17 (m, 5H), 6.47 (bs, 1H), 4.43 (d, J  = 5.8 Hz, 2H), 3.59 

(s, 2H), 2.39 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 195.9, 168.0, 137.8, 128.8, 127.6, 127.6, 

43.8, 33.0, 30.3. HRMS  (ESI) m/z 224.0746 [calc’d for C11H14NO2S (M+H+) 224.0740]. 

Oxygen Attack (Benzyl-acetamide-thionoacetate [Rf = 0.7]: 

1H NMR (400 MHz, CDCl3) δ 7.44–7.25 (m, 5H), 6.39 (bs, 1H), 4.98 (s, 2H), 4.54 (d, J  = 5.9 
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Hz, 2H), 2.64 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 217.5, 166.1, 137.5, 128.9, 127.9, 127.8, 

69.8, 43.2, 34.2. HRMS  (ESI) m/z 246.0552 [calc’d for C11H13NO2SNa (M+Na+) 246.0560]. 

 

3.6.3 RNase A-Esterification Experiments 

 

Ribonuclease A (0.001 g, 0.073 µmol) was dissolved in 100 µL of 10 mM MES–NaOH buffer, 

pH 5.5, and diazobenzylacetamide (1) (0.0026 g, 14.6 µmol) was dissolved in 100 µL of 

acetonitrile. The two solutions were combined, and the reaction mixture was stirred for 4 h at 37 

°C. Any remaining diazo compound was then quenched by adding 100 µL of 100 mM acetic 

acid, and the reaction mixture was concentrated under reduced pressure. The extent of 

esterification was determined to be <1 esters per RNase A by MALDI–TOF mass spectrometry. 

(Note: When the same conditions were employed with only 10 equiv of diazo compound, no 

esterification was observed). 

 

Ribonuclease A (0.001 g, 0.073 µmol) was dissolved in 100 µL of 10 mM MES–NaOH buffer, 

pH 5.5, and diazofluorene (2) (0.001 g, 5.2 µmol) was dissolved in 1.00 mL of acetonitrile. An 

aliquot (100 µL) of the latter solution was added to the former solution, and the reaction mixture 

was stirred for 4 h at 37 °C. Any remaining diazo compound was then quenched by adding 100 
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µL of 100 mM acetic acid, and the reaction mixture was concentrated under reduced pressure. 

The extent of esterification was determined to be ~3 esters per RNase A by MALDI–TOF mass 

spectrometry. 

 

3.6.4 Trypsin-Digestion and MS/MS Experiments to Identify Esterified Carboxyl Groups in 

RNase A 

Protein digestion and mass spectrometric analysis was performed at the Mass 

Spectrometry Facility of the Biotechnology Center at the University of Wisconsin–Madison. 

Briefly, crude RNase A (0.10 mg) was precipitated with three volumes of ice-cold acetone, 

incubated for 30 min at –20 °C, and subjected to centrifugation for 10 min at 16,000g.  The pellet 

was washed once with ice-cold acetone, subjected to centrifugation again, and then washed once 

more with ice-cold methanol. The pelleted protein was re-solubilized and denatured in 15 µL of 

8 M urea/50 mM NH4HCO3 (pH 8.5) for 10 min, then diluted with 60 µL containing 2.5 µL of 

25 mM dithiothreitol (DTT), 5 µL MeOH, 0.2 µL of 1.0 M Tris–HCl buffer, pH 7.5, and 37.3 µL 

of 25 mM NH4HCO3 (pH 8.5). The resulting solution was incubated at 50 °C for 15 min, and 

then cooled with ice to room temperature. A 3-µL aliquot of 55 mM iodoacetamide was added, 

and the resulting solution was incubated in darkness at room temperature for 15 min before the 

reaction was quenched by adding 8 µL of 25 mM DTT. Subsequently were added 14 µL of 25 

mM NH4HCO3, pH 8.5, and 15 µL of trypsin solution, which was 100 ng/µl Trypsin Gold from 

Promega (Madison, WI) in 25 mM NH4HCO3, to achieve a final volume of 100 µL. Digestion 

with trypsin was allowed to proceed for 1 h at 42 °C. Then, an additional 10 µL of trypsin 

solution was added such that the final enzyme/substrate w/w ratio was 1:40, and digestion was 

allowed to proceed overnight at 37 °C. Digestion was terminated by acidification with 2.5% w/v 
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trifluoroacetic acid to a final concentration of 0.3% w/v, and 8 µL (~6.5 µg RNase A) was used 

for nanoLC-MS/MS analysis.  

HPLC was performed using a 1100 series system from Agilent Technologies (Santa 

Clara, CA) equipped with an isocratic loading pump and nano-flow gradient pump at a flow rate 

of 15 µL/min. Samples of RNase A (~6.5 µg) were washed from the autosampler onto a 0.3 × 5 

mm Stablebond C18 trapping cartridge. For elution, the nano-flow pump was switched into line 

with the trapping cartridge, and peptides were eluted onto an in-house–fabricated 15-cm 

resolving C18 column from Bruker–Michrom (Auburn, CA) with a laser-pulled tip (P-2000) 

from Sutter Instrument (Novato, CA). Peptides were eluted with solvents comprised of 0.1 M 

acetic acid in water (solvent A) and 0.1 M acetic acid/95% v/v acetonitrile in water (solvent B). 

The gradient consisted of a 20-min loading and desalting period with column equilibration at 1% 

solvent B, an increase to 40% B over 195 min, a ramp to 60% B over 20 min, an increase to 

100% B in 5 min, and a hold for 3 min. The column was then re-equilibrated at 1% B for 30 min. 

The flow rate for peptide elution and re-equilibration was 200 nL/min.  

Peptides were analyzed by nanoLC-MS/MS using the 1100 series system connected to an 

LTQ-Orbitrap XL hybrid linear ion trap-orbitrap mass spectrometer from Thermo Fisher 

Scientific (Waltham, MA) equipped with a nanoelectrospray ion source. Capillary HPLC was 

performed using an in-house–fabricated 15-cm C18 column packed with Jupiter 4-µm C12 

particles from Phenomenex (Torrance, CA) and a laser-pulled tip (P-2000) from Sutter 

Instrument with 360 × 75 µm fused silica tubing. Sample loading (8 µL) and desalting were done 

at 10 µL/min using a trapping column in line with the autosampler (Zorbax 300SB-C18, 5 µM, 5 

× 0.3 mm from Agilent Technologies). Peptide elution used solvents comprised of 0.1% v/v 

formic acid in water (solvent A) and 0.1% v/v formic acid/95% v/v acetonitrile in water (solvent 



!114!

B). The gradient consisted of a 20-min loading and desalting period with column equilibration at 

1% solvent B, an increase to 40% B over 195 min, ramp to 60% B over 20 min, an increase to 

100% B in 5 min, and a hold for 3 min. The column was then re-equilibrated at 1% B for 30 min. 

The flow rate for peptide elution and re-equilibration was 200 nL/min.  

The LTQ-Orbitrap was set to acquire MS/MS spectra in data-dependent mode as follows. 

MS survey scans from m/z 300 to 2000 were collected in centroid mode at a resolving power of 

100,000. MS/MS spectra were collected on the five most-abundant signals in each survey scan. 

Dynamic exclusion was employed to increase dynamic range and maximize peptide 

identifications. This feature excluded precursors up to 0.55 m/z below and 1.05 m/z above 

previously selected precursors. Precursors remained on the exclusion list for 40 s. Peptide mass 

tolerance was set at 20 ppm and fragment mass at 0.8 Da. Singly-charged ions and ions for 

which the charge state could not be assigned were rejected from consideration. 

 

3.6.5 FLAG–RNase A-Esterification Experiments 

3.6.5.1 Preparation of FLAG–RNase A 

The FLAG sequence (DYKDDDDK) was inserted between the N-terminal methionine 

and Lys2 of RNase A in the pET22b(+) vector that directs the expression of wild-type RNase A 

in Escherichia coli. The protein was produced and purified by methods similar to those described 

previously.236 The protein was characterized by SDS–PAGE and MALDI–TOF (m/z 14816) 

(Figure 3.S11A). The purified protein was obtained at approximately 25 mg/L. 

3.6.5.2 Esterification of FLAG–RNase A 

The esterification of FLAG–RNase A with diazofluorene (2) was carried out as described 

above. Esterification was verified by MALDI–TOF, and determined to be of similar magnitude 
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to that of native RNase A (Figure 3.S11B and 3.S11C). 

3.6.5.3 Hydrolysis of Esterified Carboxyl Groups in FLAG–RNase A by a HeLa Cell Lysate 

HeLa cells were grown to confluence in a 10-cm2 dish before their collection and lysis 

with M-PER mammalian protein extraction reagent from Thermo Fisher Scientific. The presence 

of esterase activity in the lysate was verified by a colorimetric assay using p-nitrophenyl acetate. 

A solution of esterified FLAG–RNase A (10 µg) was added to 200 µL of HeLa cell lysate, and 

the reaction mixture was nutated at ambient temperature overnight. FLAG–RNase A was 

subsequently purified with Anti-FLAG® M2 Magnetic Beads (Sigma–Aldrich). The 

regeneration of native FLAG–RNase A was confirmed with MALDI–TOF mass spectrometry 

(Figure 3.S12) and assays of ribonucleolytic activity (Figure 3.S13). 

3.6.5.4 Ribonucleolytic Activity Assays 

  The ribonucleolytic activity of RNase A, FLAG–RNase A, FLAG–RNase A esterified 

with diazofluorene (2) (10 or 200 equiv), and esterified FLAG–RNase A exposed to HeLa cell 

lysate was determined by quantifying the cleavage of 6-FAM–dArUdAdA–6-TAMRA, as 

described previously.263  Assays were carried out in triplicate at ambient temperature in a black 

polystyrene 96-well plate in 200 µL of 0.10 M MES–NaOH buffer, pH 6.0, containing NaCl 

(0.10 M). The resulting fluorescence data were fitted to the equation: kcat /KM  = (ΔI /Δt )/(If  – I0 

)[E], in which ΔI /Δt  is the initial reaction velocity, I0  is the fluorescence intensity before 

addition of any ribonuclease, If  is the fluorescence intensity after complete substrate hydrolysis, 

and [E] is the total ribonuclease concentration. 
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3.6.6 His6–RFP-Esterification Experiments 

3.6.6.1 Preparation of His6–RFP 

 A gene encoding an mCherry variant of the red fluorescent protein (RFP)264  was 

inserted into a novel vector derived from the pET22b from Novagen (Madison, WI). The 

resulting vector encoded an N-terminal His6 tag followed by a spacer region and a TEV protease 

recognition sequence. The vector also contained a T7 promoter and ampicillin resistance gene, 

but not lacI. (As RFP is not toxic to E. coli, its leaky gene expression is not a concern.) The 

vector was modified to contain a StuI site immediately after the TEV cleavage sequence, 

allowing for facile insertion of target genes with an N-terminal tag. 

The expression vector was transformed into electrocompetent BL21(DE3) E. coli  cells 

from New England Biolabs (Ipswich MA), which were then plated on LB–agar containing 

ampicillin. On the following day, a single colony was used to inoculate 50 mL of LB medium, 

and the resulting culture was grown overnight at 37 °C in a shaking incubator. On the following 

day, 5 mL of starter culture was used to inoculate 1 L of Terrific Broth medium (Research 

Products International) prepared previously in a 3.8-L glass flask. Ampicillin was also added to 

each flask to a final concentration of 200 µg/mL. Flasks were shaken at 200 rpm at 37 °C in a 

large shaking incubator until cells reached log phase (OD  0.6–0.8 at 600 nm). The incubator 

temperature was then switched to 20 °C, and cells were equilibrated at the new temperature for 

20 min. The production of His6 –RFP was induced by adding IPTG from Research Products 

International (Mt. Prospect, IL) to 1 mM, and the cells were grown overnight at 20 °C in a 

shaking incubator.  

Cells were harvested by centrifugation for 20 min at 5,000 rpm at 4 °C. Cell pellets, 

which were bright magenta in color, were collected and resuspended in a lysis buffer, which was 
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50 mM Tris–HCl buffer, pH 7.0, containing NaCl (100 mM), imidazole (30 mM), Triton X-100 

(1% v/v), and sucrose (20% w/v). The buffer was filter sterilized, but not autoclaved, and 15 mL 

of buffer was used for every 2 L of liquid growth. Cell pellets were vortexed and stored frozen at 

–20 °C overnight. 

 Cells were lysed with a TS Series cell disrupter from Constant Systems (Kennesaw, GA), 

and the lysate was subjected to centrifugation immediately for 1 h at 11,000 rpm at 4 °C. The 

supernatant was filtered with either 5-µM syringe filters from EMD Millipore (Darmstadt, 

Germany) or glass fiber pre-filters from Sartorius AG (Göttingen, Germany). Solid, pelleted 

material was discarded. Filtered supernatants were stored on ice and protected from light prior to 

protein purification. 

Filtered cell lysates were purified by chromatography on Ni–NTA resin from GE 

Healthcare (Little Chalfont, UK) or Thermo Fisher Scientific, and elution using a linear gradient 

of imidazole. The binding (wash) buffer was 20 mM sodium phosphate buffer, pH 7.4, 

containing NaCl (500 mM) and imidazole (30 mM). The elution buffer was 20 mM sodium 

phosphate buffer, pH 7.4, containing NaCl (500 mM) and imidazole (500 mM). Eluted fractions 

were collected, pooled, and dialyzed against 4 L of 20 mM Tris–HCl buffer, pH 7.0, containing 

EDTA (1 mM). Dialyzed material was then purified again using anion-exchange 

chromatography on a hiTrap Q column. Protein was eluted by using a linear gradient of NaCl. 

The binding (wash) buffer was 20 mM Tris–HCl buffer, pH 7.0, containing EDTA (1 mM). The 

elution buffer was 20 mM Tris–HCl buffer, pH. 7.0, containing EDTA (1 mM), NaCl (1.0 M). 

Upon elution, colored fractions were pooled and concentrated if necessary. The yield of His6 –

RFP was 55 mg per L of culture. 
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3.6.6.2 Esterification of His6–RFP 

RFP (0.015 g, 0.51 µmol) was dissolved in 1.70 mL of 10 mM MES–NaOH buffer, pH 

5.5, and diazofluorene (2) (0.001 g, 5.21 µmol) was dissolved in 1.70 mL of acetonitrile. The 

two solutions were combined, and the reaction mixture was nutated for 12 h in the dark. Any 

remaining diazo compound was then quenched by adding 100 µL of 100 mM acetic acid. The 

extent of esterification was determined to be 1–3 esters per RFP by MALDI–TOF mass 

spectrometry. 

3.6.6.3 Hydrolysis of Esterified His6–RFP by a HeLa Cell Lysate 

HeLa cells were grown to confluence in a 10-cm2 dish before their collection and lysis 

with M-PER mammalian protein extraction reagent from Thermo Fisher Scientific. The presence 

of esterase activity in the lysate was verified by a colorimetric assay using p-nitrophenyl acetate. 

A solution of esterified His6–RFP (10 µg) was added to 200 µL of HeLa cell lysate, and the 

reaction mixture was nutated at ambient temperature overnight. His6–RFP was subsequently 

purified with HisPur Ni–NTA magnetic beads from Thermo Fisher Scientific. The regeneration 

of native His6–RFP was confirmed with MALDI–TOF mass spectrometry (Figure 3.S14). 
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Scheme 3.1  
 

 
 
 
 
 
 
 

 
  

with all three diazo compounds under any tested condition.
This acid alone exists as a zwitterion, and its lack of reactivity is
consistent with esterication occurring via a diazonium-
carboxylate salt (Fig. 1).27,28 Moreover, we noted that a carboxylic
acid (a–g) is acidic enough to promote the reaction, but a
phenolic hydroxyl (d), sulydryl (f), or ammonium group (h) is
not.

Next, we investigated the analogous reactions in an aqueous
environment (Scheme 2). Whereas diazo compound 1 was
competent for esterication in a 3 : 1 mixture of acetonitrile and
10 mM MES–NaOH buffer, pH 5.5, the major product was
alcohol 5 formed when water attacks the diazonium ion. On the
other hand, diazo compound 2 gave primarily the desired ester
4 in all cases. Interestingly, the ester : alcohol product ratios
with 1 were variable, whereas those with 2 were approximately
two.29 These data are consistent with the nascent diazonium-
carboxylate salt being maintained in a solvent cage by
Coulombic forces (Fig. 1), as described by others.28,30 Carrying
out the reaction in a 1 : 1 mixture of acetonitrile and 10 mM
MES–NaOH buffer resulted in greatly deleterious partitioning
with 1 but not 2. Diethyl 2-diazomalonate was found to be
unreactive in these aqueous conditions, as in neat acetonitrile.

What is the basis for this differential reactivity? The pKa

values of relevant acids have been measured in dimethyl sulf-
oxide.31 These pKa values correlate with the observed reactivity
via the mechanism of Fig. 1. Specically, the conjugate base of
diethylmalonate (pKa 16.4)32 is weak, and diethyl 2-diazo-
malonate cannot abstract a proton from a carboxylic acid. On

the other hand, the conjugate base of diethylacetamide (pKa

35)33 is strong, and diazo compound 1 lacks chemoselectivity in
an aqueous environment (Scheme 2). Only the conjugate base of
uorene (pKa 22.6)34 is matched to the task, enabling diazo
compound 2 access to the mechanism of Fig. 1 with high
chemoselectivity.

We used thioacetic acid to probe the mechanism of esteri-
cation. Its acidic proton resides primarily on sulfur,35 but an
intermediate diazonium-thiocarboxylate salt could lead to
either a thioester or thionoester product. In anhydrous aceto-
nitrile, complete selectivity for thioester formation was
obtained with diazo compound 2 (Scheme 3). This selectivity
rules out a cyclic transition state reminiscent of an ene reac-
tion,36,37 which would provide the thionoester as the product.
On the other hand, diazo compound 1 produced a mixture of
thio- and thionoester products. In an aqueous environment,
these same reactants led exclusively to a thio- rather than a
thionoester, along with the hydrolysis product from diazo
compound 1.38 The lack of thionoester formation can be
attributed to the greater nucleophilicity of sulfur on the diazo-
nium salt and the greater ability of oxygen to form a hydrogen
bond with solvent water,39 which would decrease its nucleo-
philicity still further.

Scheme 1 Chemoselective esterification in acetonitrile.

Fig. 1 Putative mechanism for the O-alkylation of carboxylic acids by
diazo compounds.27,28

Scheme 2 Chemoselective esterification in an aqueous environment.

Scheme 3 Thio- versus thionoester formation.
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Scheme 3.1 Chemoselective esterification in acetonitrile 
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Scheme 3.2  
 

 
 
 
 
 
 

 
  

with all three diazo compounds under any tested condition.
This acid alone exists as a zwitterion, and its lack of reactivity is
consistent with esterication occurring via a diazonium-
carboxylate salt (Fig. 1).27,28 Moreover, we noted that a carboxylic
acid (a–g) is acidic enough to promote the reaction, but a
phenolic hydroxyl (d), sulydryl (f), or ammonium group (h) is
not.

Next, we investigated the analogous reactions in an aqueous
environment (Scheme 2). Whereas diazo compound 1 was
competent for esterication in a 3 : 1 mixture of acetonitrile and
10 mM MES–NaOH buffer, pH 5.5, the major product was
alcohol 5 formed when water attacks the diazonium ion. On the
other hand, diazo compound 2 gave primarily the desired ester
4 in all cases. Interestingly, the ester : alcohol product ratios
with 1 were variable, whereas those with 2 were approximately
two.29 These data are consistent with the nascent diazonium-
carboxylate salt being maintained in a solvent cage by
Coulombic forces (Fig. 1), as described by others.28,30 Carrying
out the reaction in a 1 : 1 mixture of acetonitrile and 10 mM
MES–NaOH buffer resulted in greatly deleterious partitioning
with 1 but not 2. Diethyl 2-diazomalonate was found to be
unreactive in these aqueous conditions, as in neat acetonitrile.

What is the basis for this differential reactivity? The pKa

values of relevant acids have been measured in dimethyl sulf-
oxide.31 These pKa values correlate with the observed reactivity
via the mechanism of Fig. 1. Specically, the conjugate base of
diethylmalonate (pKa 16.4)32 is weak, and diethyl 2-diazo-
malonate cannot abstract a proton from a carboxylic acid. On

the other hand, the conjugate base of diethylacetamide (pKa

35)33 is strong, and diazo compound 1 lacks chemoselectivity in
an aqueous environment (Scheme 2). Only the conjugate base of
uorene (pKa 22.6)34 is matched to the task, enabling diazo
compound 2 access to the mechanism of Fig. 1 with high
chemoselectivity.

We used thioacetic acid to probe the mechanism of esteri-
cation. Its acidic proton resides primarily on sulfur,35 but an
intermediate diazonium-thiocarboxylate salt could lead to
either a thioester or thionoester product. In anhydrous aceto-
nitrile, complete selectivity for thioester formation was
obtained with diazo compound 2 (Scheme 3). This selectivity
rules out a cyclic transition state reminiscent of an ene reac-
tion,36,37 which would provide the thionoester as the product.
On the other hand, diazo compound 1 produced a mixture of
thio- and thionoester products. In an aqueous environment,
these same reactants led exclusively to a thio- rather than a
thionoester, along with the hydrolysis product from diazo
compound 1.38 The lack of thionoester formation can be
attributed to the greater nucleophilicity of sulfur on the diazo-
nium salt and the greater ability of oxygen to form a hydrogen
bond with solvent water,39 which would decrease its nucleo-
philicity still further.

Scheme 1 Chemoselective esterification in acetonitrile.

Fig. 1 Putative mechanism for the O-alkylation of carboxylic acids by
diazo compounds.27,28

Scheme 2 Chemoselective esterification in an aqueous environment.

Scheme 3 Thio- versus thionoester formation.
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Scheme 3.2 Chemoselective esterification in an aqueous environment 
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Scheme 3.3  
 

 
 
 
 
 
 
 
 
 
 
 
 

 
  

with all three diazo compounds under any tested condition.
This acid alone exists as a zwitterion, and its lack of reactivity is
consistent with esterication occurring via a diazonium-
carboxylate salt (Fig. 1).27,28 Moreover, we noted that a carboxylic
acid (a–g) is acidic enough to promote the reaction, but a
phenolic hydroxyl (d), sulydryl (f), or ammonium group (h) is
not.

Next, we investigated the analogous reactions in an aqueous
environment (Scheme 2). Whereas diazo compound 1 was
competent for esterication in a 3 : 1 mixture of acetonitrile and
10 mM MES–NaOH buffer, pH 5.5, the major product was
alcohol 5 formed when water attacks the diazonium ion. On the
other hand, diazo compound 2 gave primarily the desired ester
4 in all cases. Interestingly, the ester : alcohol product ratios
with 1 were variable, whereas those with 2 were approximately
two.29 These data are consistent with the nascent diazonium-
carboxylate salt being maintained in a solvent cage by
Coulombic forces (Fig. 1), as described by others.28,30 Carrying
out the reaction in a 1 : 1 mixture of acetonitrile and 10 mM
MES–NaOH buffer resulted in greatly deleterious partitioning
with 1 but not 2. Diethyl 2-diazomalonate was found to be
unreactive in these aqueous conditions, as in neat acetonitrile.

What is the basis for this differential reactivity? The pKa

values of relevant acids have been measured in dimethyl sulf-
oxide.31 These pKa values correlate with the observed reactivity
via the mechanism of Fig. 1. Specically, the conjugate base of
diethylmalonate (pKa 16.4)32 is weak, and diethyl 2-diazo-
malonate cannot abstract a proton from a carboxylic acid. On

the other hand, the conjugate base of diethylacetamide (pKa

35)33 is strong, and diazo compound 1 lacks chemoselectivity in
an aqueous environment (Scheme 2). Only the conjugate base of
uorene (pKa 22.6)34 is matched to the task, enabling diazo
compound 2 access to the mechanism of Fig. 1 with high
chemoselectivity.

We used thioacetic acid to probe the mechanism of esteri-
cation. Its acidic proton resides primarily on sulfur,35 but an
intermediate diazonium-thiocarboxylate salt could lead to
either a thioester or thionoester product. In anhydrous aceto-
nitrile, complete selectivity for thioester formation was
obtained with diazo compound 2 (Scheme 3). This selectivity
rules out a cyclic transition state reminiscent of an ene reac-
tion,36,37 which would provide the thionoester as the product.
On the other hand, diazo compound 1 produced a mixture of
thio- and thionoester products. In an aqueous environment,
these same reactants led exclusively to a thio- rather than a
thionoester, along with the hydrolysis product from diazo
compound 1.38 The lack of thionoester formation can be
attributed to the greater nucleophilicity of sulfur on the diazo-
nium salt and the greater ability of oxygen to form a hydrogen
bond with solvent water,39 which would decrease its nucleo-
philicity still further.

Scheme 1 Chemoselective esterification in acetonitrile.

Fig. 1 Putative mechanism for the O-alkylation of carboxylic acids by
diazo compounds.27,28

Scheme 2 Chemoselective esterification in an aqueous environment.

Scheme 3 Thio- versus thionoester formation.
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Scheme 3.3 Thio– versus thionoester formation 
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Figure 3.1  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
  

with all three diazo compounds under any tested condition.
This acid alone exists as a zwitterion, and its lack of reactivity is
consistent with esterication occurring via a diazonium-
carboxylate salt (Fig. 1).27,28 Moreover, we noted that a carboxylic
acid (a–g) is acidic enough to promote the reaction, but a
phenolic hydroxyl (d), sulydryl (f), or ammonium group (h) is
not.

Next, we investigated the analogous reactions in an aqueous
environment (Scheme 2). Whereas diazo compound 1 was
competent for esterication in a 3 : 1 mixture of acetonitrile and
10 mM MES–NaOH buffer, pH 5.5, the major product was
alcohol 5 formed when water attacks the diazonium ion. On the
other hand, diazo compound 2 gave primarily the desired ester
4 in all cases. Interestingly, the ester : alcohol product ratios
with 1 were variable, whereas those with 2 were approximately
two.29 These data are consistent with the nascent diazonium-
carboxylate salt being maintained in a solvent cage by
Coulombic forces (Fig. 1), as described by others.28,30 Carrying
out the reaction in a 1 : 1 mixture of acetonitrile and 10 mM
MES–NaOH buffer resulted in greatly deleterious partitioning
with 1 but not 2. Diethyl 2-diazomalonate was found to be
unreactive in these aqueous conditions, as in neat acetonitrile.

What is the basis for this differential reactivity? The pKa

values of relevant acids have been measured in dimethyl sulf-
oxide.31 These pKa values correlate with the observed reactivity
via the mechanism of Fig. 1. Specically, the conjugate base of
diethylmalonate (pKa 16.4)32 is weak, and diethyl 2-diazo-
malonate cannot abstract a proton from a carboxylic acid. On

the other hand, the conjugate base of diethylacetamide (pKa

35)33 is strong, and diazo compound 1 lacks chemoselectivity in
an aqueous environment (Scheme 2). Only the conjugate base of
uorene (pKa 22.6)34 is matched to the task, enabling diazo
compound 2 access to the mechanism of Fig. 1 with high
chemoselectivity.

We used thioacetic acid to probe the mechanism of esteri-
cation. Its acidic proton resides primarily on sulfur,35 but an
intermediate diazonium-thiocarboxylate salt could lead to
either a thioester or thionoester product. In anhydrous aceto-
nitrile, complete selectivity for thioester formation was
obtained with diazo compound 2 (Scheme 3). This selectivity
rules out a cyclic transition state reminiscent of an ene reac-
tion,36,37 which would provide the thionoester as the product.
On the other hand, diazo compound 1 produced a mixture of
thio- and thionoester products. In an aqueous environment,
these same reactants led exclusively to a thio- rather than a
thionoester, along with the hydrolysis product from diazo
compound 1.38 The lack of thionoester formation can be
attributed to the greater nucleophilicity of sulfur on the diazo-
nium salt and the greater ability of oxygen to form a hydrogen
bond with solvent water,39 which would decrease its nucleo-
philicity still further.

Scheme 1 Chemoselective esterification in acetonitrile.

Fig. 1 Putative mechanism for the O-alkylation of carboxylic acids by
diazo compounds.27,28

Scheme 2 Chemoselective esterification in an aqueous environment.

Scheme 3 Thio- versus thionoester formation.
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Figure 3.1 Putative mechanism for the O-alkylation of carboxylic acids by diazo 
compounds.27,28 
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Figure 3.2 
 

 
 
 
 
 
 
 
 
 
 
 

 
  

Finally, we assessed the ability of diazo compounds 1 and 2
to esterify the carboxyl groups present in a model protein,
bovine pancreatic ribonuclease (RNase A; Fig. 2A). The catalytic
activity of this well-characterized enzyme provides an extremely
sensitive measure of native structure and function.40 RNase A
was incubated for 4 h at 37 !C in a 1 : 1 mixture of 10 mMMES–
NaOH buffer, pH 5.5, and acetonitrile containing a diazo
compound (10 equiv.). Under these conditions, diazo
compound 1 proved incapable of labelling the protein. Only in
the presence of 200 equiv. was any esterication observed with
this reagent, consistent with its tendency towards hydrolysis in
an aqueous environment (Scheme 2). In contrast, diazo
compound 2 esteried, on average, three of the eleven carbox-
ylates (Fig. S1†). Using trypsin digestion coupled with mass
spectrometry, we were able to identify the esteried residues.
Diazo compound 2 (10 equiv.) labelled Asp14, Glu49, Glu111,
and Asp121, almost exclusively. Diazo compound 1 (200 equiv.)
labelled a similar subset of residues (Glu9, Asp14, Glu49,
Glu111, and the C terminus). The basis for reaction with these
particular residues is not clear, but likely integrates the reac-
tivity (i.e., high pKa) and accessibility of their carboxyl groups.

Most importantly, we probed the bioreversibility of our
protein esterication reaction (Fig. 2B). To enhance the rele-
vance of this experiment, we sought to employ esterases
endogenous to human cells rather than commercial enzymes.
Accordingly, we used recombinant DNA technology to add an 8-
residue FLAG tag to the N-terminus of RNase A, and we esteri-
ed the ensuing FLAG–RNase A with diazo compound 2 as
described above. We found labelling to be comparable to that of
wild-type RNase A (Fig. S12†), and we observed that the enzyme
lost half of its catalytic activity upon esterication (Fig. S13†).41

Then, we incubated the esteried protein with a HeLa cell
extract. We recovered the enzyme from this complex mixture
with an anti-FLAG antibody immobilized on magnetic beads.
We could not detect any esters in the extract-treated enzyme
with mass spectrometry (Fig. S12†),42 and we found that the
enzyme had recovered all of its catalytic activity (Fig. S13†).

These data indicate that the protein esterication reaction was
fully bioreversible.

Finally, we sought to demonstrate the generality of our
esterication method by employing a second protein substrate
with a different tag for its purication. Specically, we applied
diazo compound 2 (10 equiv.) and the conditions described
above to the mCherry variant of red uorescent protein (RFP)
from Discosoma sp. We found that His6–RFP became esteried
with 1–3 uorenyl groups. The protein did not lose its uores-
cence during the esterication reaction. As with RNase A, the
esterication of RFP was bioreversible. Incubation with a HeLa
cell extract followed by recovery with a Ni-affinity resin, yielded
unmodied His6–RFP (Fig. S13†). Success with both FLAG-
labeled RNase A and His6-labeled RFP indicates that our ester-
ication method has a broad scope.

Concluding remarks
We nd that a diazo compound can effect the efficient O-
alkylation of carboxylic acids in an aqueous environment near
neutral pH, and that this reactivity extends to proteins. The
esters in the ensuing protein can be hydrolysed by esterases that
are endogenous to human cells, thereby recreating the wild-type
protein and avoiding a compromise to function or the display of
an epitope. By enabling the facile semisynthesis of “propro-
teins” containing transitory pharmacokinetic enhancing, cell-
targeting, or cell-penetration moieties, we envision that O-
alkylation of carboxylic acids by diazo compounds could
broaden the utility of antibodies, enzymes, hormones, and
other proteins in chemical biology and pharmacology.
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Figure 3.2 (A) Three-dimensional structure of RNase A (PDB entry 6rsa) showing its eleven 

carboxyl groups. The four residues labeled primarily by diazo compound 2 are indicated 

explicitly. (B) Scheme for the bioreversible esterification of RNase A with diazo compound 2. 
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Figure 3.S1  
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Figure 3.S1 MALDI–TOF mass spectrometry data for RNase A-esterification experiments 
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Figure 3.S2 
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Figure 3.S2 MS/MS data for typsin-digestion experiments   
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Figure 3.S3
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Figure 3.S3 MS/MS data for trypsin-digestion experiments Benzylacetamidyl ester of aspartic 

acid 14 of RNase A. 
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Figure 3.S4  
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Figure 3.S4 Benzylacetamidyl ester of glutamic acid 49 of RNase A. 
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Figure 3.S5  
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Figure 3.S5 Benzylacetamidyl ester of glutamic acid 111 of RNase A. 
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Figure 3.S6  
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Figure 3.S6 Benzylacetamidyl ester of valine 124 at the C terminus of RNase A. 
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Figure 3.S7  
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Figure 3.S7 Fluorenyl ester of aspartic acid 14 of RNase A. 
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Figure 3.S8  
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Figure 3.S8 Fluorenyl ester of glutamic acid 49 of RNase A. 
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Figure 3.S9  
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Figure 3.S9 Fluorenyl ester of glutamic acid 111 of RNase A. 
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Figure 3.S10  
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Figure 3.S10 Fluorenyl ester of aspartic acid 121 of RNase A. 
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Figure 3.S11  

A.  

 

B.  

 

C.  
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9. MALDI–TOF Mass Spectrometry Data for FLAG–RNase A-Esterification Experiments 
 
A. Untreated FLAG–RNase A (expected m/z 14816) 

�

B. FLAG–RNase A esterified with diazofluorene (2) (10 equiv) (expected m/z 14816 + 164n) 
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9. MALDI–TOF Mass Spectrometry Data for FLAG–RNase A-Esterification Experiments 
 
A. Untreated FLAG–RNase A (expected m/z 14816) 

�

B. FLAG–RNase A esterified with diazofluorene (2) (10 equiv) (expected m/z 14816 + 164n) 
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C. FLAG–RNase A-esterification with diazofluorene (2) (200 equiv) (expected m/z 14816 + 164n) 

�

Figure S11. MALDI–TOF mass spectra of untreated FLAG–RNase A and FLAG–RNase A treated with 
diazofluorene (2). 

A. HeLa cell lysate-treated FLAG–RNase A esterified with diazofluorene (2) (10 equiv) (expected m/z 14816) 
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Figure 3.S11 MALDI–TOF mass spectra of untreated FLAG–RNase A and FLAG–RNase A 

treated with diazofluorene (2). A. Untreated FLAG–RNase A (expected m/z 14816). B. FLAG–

RNase A esterified with diazofluorene (2) (10 equiv) (expected m/z 14816 + 164n). C. FLAG–

RNase A-esterification with diazofluorene (2) (200 equiv) (expected m/z 14816 + 164n) 
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Figure 3.S12  

 
A.  

 
B. 
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C. FLAG–RNase A-esterification with diazofluorene (2) (200 equiv) (expected m/z 14816 + 164n) 

�

Figure S11. MALDI–TOF mass spectra of untreated FLAG–RNase A and FLAG–RNase A treated with 
diazofluorene (2). 

A. HeLa cell lysate-treated FLAG–RNase A esterified with diazofluorene (2) (10 equiv) (expected m/z 14816) 
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C. FLAG–RNase A-esterification with diazofluorene (2) (200 equiv) (expected m/z 14816 + 164n) 

�

Figure S11. MALDI–TOF mass spectra of untreated FLAG–RNase A and FLAG–RNase A treated with 
diazofluorene (2). 

A. HeLa cell lysate-treated FLAG–RNase A esterified with diazofluorene (2) (10 equiv) (expected m/z 14816) 
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B. HeLa cell lysate-treated FLAG–RNase A esterified with diazofluorene (2) (200 equiv) (expected m/z 14816) 

�

Figure S12. MALDI–TOF mass spectra of HeLa cell lysate-treated esterified FLAG–RNase A showing hydrolysis 
of all esters. 
 
 
10. Ribonucleolytic Activity Assay Data 
 

 
Figure S13. Enzymatic activity of RNase A and FLAG–RNase A (unesterified or esterified). When esterified with 
either a 10- or 200-fold molar excess of diazofluorene (2), the ribonucleolytic activity of FLAG–RNase A is 
decreased by ~50%. Upon exposure to a HeLa cell lysate and subsequent purification via the FLAG tag, the 
enzymatic activity is restored to original levels.  
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Figure 3.S12 MALDI–TOF mass spectra of HeLa cell lysate-treated esterified FLAG–RNase A 

showing hydrolysis of all esters. A. HeLa cell lysate-treated FLAG–RNase A esterified with 

diazofluorene (2) (10 equiv) (expected m/z 14816) B. HeLa cell lysate-treated FLAG–RNase A 

esterified with diazofluorene (2) (200 equiv) (expected m/z 14816) 
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Figure 3.S13  
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B. HeLa cell lysate-treated FLAG–RNase A esterified with diazofluorene (2) (200 equiv) (expected m/z 14816) 

�

Figure S12. MALDI–TOF mass spectra of HeLa cell lysate-treated esterified FLAG–RNase A showing hydrolysis 
of all esters. 
 
 
10. Ribonucleolytic Activity Assay Data 
 

 
Figure S13. Enzymatic activity of RNase A and FLAG–RNase A (unesterified or esterified). When esterified with 
either a 10- or 200-fold molar excess of diazofluorene (2), the ribonucleolytic activity of FLAG–RNase A is 
decreased by ~50%. Upon exposure to a HeLa cell lysate and subsequent purification via the FLAG tag, the 
enzymatic activity is restored to original levels.  
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Figure 3.S13 Enzymatic activity of RNase A and FLAG–RNase A (unesterified or esterified). 

When esterified with either a 10- or 200-fold molar excess of diazofluorene (2), the 

ribonucleolytic activity of FLAG–RNase A is decreased by ~50%. Upon exposure to a HeLa cell 

lysate and subsequent purification via the FLAG tag, the enzymatic activity is restored to 

original levels. 
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Figure 3.S14  
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11. MALDI–TOF Mass Spectrometry Data for His6–RFP-Esterification Experiments 
 

 
Figure S14. MALDI–TOF mass spectra. (A) Untreated His6–RFP (expected m/z 29244). (B) His6–RFP treated with 
diazofluorene (2) (10 equiv) (expected m/z 29244 + 164n). (C) HeLa cell lysate-treated esterified His6–RFP 
(expected m/z 29244) showing hydrolysis of all esters. 
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Figure 3.S14 MALDI–TOF mass spectra. (A) Untreated His6–RFP (expected m/z 29244). (B) 

His6–RFP treated with diazofluorene (2) (10 equiv) (expected m/z 29244 + 164n). (C) HeLa cell 

lysate-treated esterified His6–RFP (expected m/z 29244) showing hydrolysis of all esters. 
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3.7 NMR Spectra (All compounds were dissolved in CDCl3 unless indicated otherwise.)!
1H NMR (CDCl3) and 13C NMR (CDCl3)!
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Chapter 4 

Diazo Groups Endure Metabolism and Enable Chemoselectivity 

in Cellulo* 

 

*This chapter has been published in part, under the same title. Reference: Andersen, K.A.#, 

Aronoff, M.R.#, McGrath, N.A., Raines, R.T. Diazo Groups Endure Metabolism and Enable 

Chemoselectivity in Cellulo. J. Am. Chem. Soc. 137, 2412–2415 (2015). 

(#these authors contributed equally) 

 
Contributions: I performed all cell culture-related experiments in this study. I wrote the 

manuscript together with Matthew R. Aronoff. Synthesis was performed by Matthew R. Aronoff. 

Nicholas A. McGrath originally synthesized Ac4ManDiaz. 
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Abstract 

We introduce a stabilized diazo group as a reporter for chemical biology. ManDiaz, which is a 

diazo derivative of N-acetylmannosamine, is found to endure cellular metabolism and label the 

surface of a mammalian cell. There its diazo group can undergo a 1,3-dipolar cycloaddition with 

a strained alkyne, providing a signal comparable to that from the azido congener, ManNAz. The 

chemoselectivity of diazo and alkynyl groups enables dual labeling of cells that is not possible 

with azido and alkynyl groups. Thus, the diazo group, which is approximately half the size of an 

azido group, provides unique opportunities for orthogonal labeling of cellular components.!!
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4.1 Introduction 

Appreciation64,66,67 of the broad utility of the Huisgen azide−alkyne 1,3-dipolar 

cycloaddition68 has had a profound impact on chemical biology.1,61,62,265 The diazo group shares 

this reactivity with the azido group while conferring additional versatility. For example, 

cycloaddition with a diazo compound can be tuned to be much faster or much slower than that 

with its azide analogue.76,81 Diazo compounds offer other useful modes of reactivity, including 

the O-alkylation of carboxylic acids in water to form esters.227 Indeed, the utility of diazo 

compounds in chemical synthesis was established long ago46-49 and likely exceeds that of 

azides.266-271 Nevertheless, rightful concern about their toxicity and high, even explosive, 

reactivity52-54 has deterred the application of diazo compounds in chemical biology. While recent 

work has demonstrated their utility in biomolecular transformations in vitro,76,81 we are unaware 

of any application of diazo compounds in cellulo or in vivo. 

A diazo group has attributes of an ideal reporter for chemical biologists. Smaller than an 

azido group (Figure 4.1A), a diazo group has the same number of atoms as a methyl group 

(RCH3 versus RCHN2) or a methylene group (R1R2CH2 versus R1R2CN2). Moreover, a diazo 

compound can be prepared readily from its parent azide by simple deimidogenation, that is, loss 

of “NH” (Figure 4.1B).55,56 This deimidogenation reaction allows access to diazo compounds in 

aqueous solution via abstraction of an α-proton from an incipient acyl triazene with a mild base 

such as bicarbonate. The requisite acidity of that α-proton requires conjugation of the anion with, 

for example, an amidic carbonyl group.* We hypothesized that such mitigation of reactivity 

could allow diazo compounds to endure physiological conditions.  

We sought to assess the resilience of a diazo group in a meaningful context. To do so, we 

chose metabolic trafficking, which is more demanding than the mere demonstration of 
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chemoselective reactivity in a biomolecular milieu. The labeling of cell-surface glycans is an 

ideal theater for this test because of the high tolerance demanded by cellular biosynthetic 

machinery,73,272-274 the rigid constraint on size,275 and the precedent  for this labeling established 

by Reutter, Bertozzi, and others with derivatives of N-acetylmannosamine (ManNAc) (Figure 

4.2).88,276,277 

 

4. 2 Results & Discussion 

We began by examining the in vitro reactivity of a relevant diazo compound with strained 

functionalizable alkynes. Three cyclooctynes were reacted with a representative azide (1, R = 

Bn) and diazo compound (2, R = Bn). In acetonitrile, the reactions with the diazo compound 

were as fast or faster than those with the azide (Figure 4.1C). Notably, the addition of water 

augmented both the rates and their differential, likely as a result of stabilization of the especially 

polar transition state for cycloaddition with the diazo compound.76,278,279 On the basis of these 

data, we chose DIBAC as an optimal functionalizable alkyne for our experiments. 

Next, we sought to confirm the chemoselectivity of the diazo group in a biological 

context. First, we stirred a solution of N-benzyl-2-diazoacetamide (2, R = Bn) and glutathione for 

24 h and did not observe a reaction (Figure 4.3). Then we linked a diazoacetamide to biotin to 

probe for nonspecific labeling in cellulo. CHO K1 cells treated with the diazo−biotin conjugate 

or its parent azide showed no labeling on an immunoblot, in contrast to an analogous acrylate 

(Figure 4.4A). Likewise, nonspecific labeling with the diazo group was not detectable with flow 

cytometry or confocal microscopy at 24 h (Figure 4.4B,C). 

Next, we asked whether a diazo compound would be accepted by an endogenous 

biosynthetic pathway alongside extant biomolecules. To answer this question, we synthesized the 
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stabilized diazo compound Ac4ManDiaz (Figure 4.2) by deimidogenation of Ac4ManNAz. The 

four acetyl groups enhance cell permeability and are hydrolyzed by intracellular esterases.280 We 

added Ac4ManDiaz or Ac4ManNAz to medium containing live CHO K1 cells. After 2 days, any 

extracellular diazo or azido groups were reacted with a DIBAC−biotin conjugate and labeled 

with avidin−Alexa Fluor 488, which is green. Super-resolution images of cells exposed to 

Ac4ManDiaz and Ac4ManNAz were indistinguishable (Figure 4.5A). Quantification with flow 

cytometry revealed that labeling with Ac4ManDiaz was slightly less efficient (Figure 4.5B), 

despite its higher reaction rate (Figure 4.1C). The differential labeling is likely related to the 

instability of a diazo group at low pH. Most peracylated sugars are taken up by passive diffusion 

across the outer membrane, but some are taken up by endocytosis.280 The low pH of 

endosomes281  likely leads to C-protonation and hydrolysis of the ensuing diazonium salt.227 

Finally, we showed that Ac4ManDiaz is metabolized and displayed on the surface of three other 

cell types, though at different rates (Figure 4.5C). 

To confirm that Ac4ManDiaz was trafficked into sialic acid in the same manner as 

Ac4ManNAz, we grew CHO K1 cells in each peracylated sugar at 250 µM for 3 days and labeled 

them with DIBAC−biotin as described above. We then treated the cells with either 

neuraminidase (sialidase) or peptide-N glycosidase F (PNGase F). Both the azido and diazo 

sugars showed high levels of labeling with DIBAC−biotin in the absence of enzyme, with diazo 

labeling being (86 ± 3)% of the azido labeling. Exogenous addition of either enzyme decreased 

the labeling levels sharply (Figure 4.6), indicating that labeling was due to incorporation of the 

sugars.282 In addition, using the pendant biotin of the DIBAC conjugate, we isolated the cellular 

metabolites generated from the azido and diazo precursors and observed the expected sialic acid 

conjugates by mass spectrometry (Figure 4.7). 
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To ascertain the optimal conditions for labeling of CHO K1 cells that had metabolized 

Ac4ManDiaz, we exposed these cells to 0−20 µM DIBAC−biotin for 60 min or 10 µM 

DIBAC−biotin for 0−120 min. Although labeling continued to increase with increasing levels of 

DIBAC−biotin, concentrations in excess of 10 µM or times beyond 60 min began to elicit 

cytotoxicity (Figures 4.8 and 4.9). Accordingly, we chose labeling at 10 µM for 60 min as a 

compromise between high labeling efficiency and cell viability. Notably, the cytotoxic activities 

of Ac4ManDiaz and Ac4ManNAz were similar (LD50 ∼ 1 mM; Figure 4.10). 

Next, we sought to perform chemoselective dual labeling on the cell surface.283-286 Unlike 

azide 1  (R = Bn), diazo compound 2 (R = Bn) is a poor substrate for Cu(I)-catalyzed 

cycloaddition with a terminal alkyne in aqueous solution (data not shown). Hence, we reasoned 

that a cell surface displaying both diazo and terminal alkynyl groups could provide opportunities 

for orthogonal reactivity. To test this hypothesis, we allowed cells to metabolize Ac4ManDiaz, 

Ac4ManKyne, or both. We then probed for diazo groups by using strain-promoted cycloaddition 

with DIBAC−biotin and labeling with avidin−Alexa Fluor 594 (microscopy) or avidin−Alexa 

Fluor 647 (flow cytometry), which are red; we probed for alkynyl groups by using Cu(I)-

catalyzed cycloaddition with picolyl azide−Alexa Fluor 488,287,288  which is green. Both 

microscopy and flow cytometry indicated that the two cycloaddition reactions could be 

performed in either order without interfering cross-reactivity (Figure 4.11). In marked contrast, 

performing the same experiment with Ac4ManNAz and Ac4ManKyne resulted in diminished 

cell-surface labeling, especially when Cu(I)-catalyzed cycloaddition was performed first. We 

suspect that the labeling was diminished by the crosslinking of cell-surface azido and alkynyl 

groups, as these two functional groups are not orthogonal in the presence of Cu(I). The evident 

clumping of cells displaying both azido and alkynyl groups also suggests that the glycocalyx of 
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two cells can be in such close proximity that their sialic acid residues react to form covalent 

cross-links. The data in Figure 4.11 indicate that diazo compounds, unlike azides, are orthogonal 

to terminal alkynes in a cellular context, and this orthogonality enables novel dual labeling 

experiments. 

To provide another example of the chemoselectivity of the diazo group, we performed 

dual labeling with Ac4ManDiaz and Ac4GalKyne, which is a peracetylated galactosamine 

functionalized with an alkyne. Metabolism positions the galactosamine moiety in the core of 

mucin-type O-linked glycoproteins.289 Again, we probed for diazo groups by using strain-

promoted cycloaddition with DIBAC− biotin and subsequent labeling with avidin−Alexa Fluor 

594 (microscopy) or avidin−Alexa Fluor 647 (flow cytometry), and we probed for alkynyl 

groups by using Cu(I)-catalyzed cycloaddition with picolyl azide−Alexa Fluor 488.287,288 Both 

microscopy and flow cytometry data showed an orthogonal labeling pattern that colocalized at 

the cell surface (Figure 4.12A,C). Because of the lower abundance of the alkynyl sugar (Figure 

4.12B), the deleterious cross-reactivity with the Ac4ManNAz metabolite was even more apparent 

in this experiment. Labeling of the alkyne was diminished substantially in the presence of the 

azido sugar (Figure 4.12D). In contrast, labeling of the alkyne was not affected by the presence 

of the diazo group. These data highlight the importance of orthogonal labeling methods for the 

simultaneous analysis of more than one metabolite and how diazo and alkynyl groups can 

provide the requisite chemoselectivity. 

We conclude that stabilized diazo groups can rival azido groups as probes in chemical 

biology. The diazo group is smaller than an azido group and has overlapping but distinct 

reactivity. Remarkably, an α-diazo amide is able to survive complex metabolic transformations 

in a mammalian cell. Although other systems exist for dual labeling,283-285 we conclude that none 
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provide the small size, metabolic stability, and chemoselective reactivity of the diazo group. Our 

findings encourage the development of new biocompatible reactions for stabilized diazo 

compounds that could further manifest their potential. 

 

4.3 Materials & Methods 

4.3.1 Materials 

Silica gel (40 µm) was from SiliCycle (Québec City, Canada). All reagent-grade materials were 

from Sigma–Aldrich (St. Louis, MO) and were used without further purification, except for D-

mannosamine·HCl, which was from CarboSynth (San Diego, CA). Alexa Fluor® reagents, and 

cell culture medium and supplements were from Invitrogen (Carlsbad, CA). Instrumentation. 1H, 

13C NMR spectra for all compounds were acquired at ambient temperature on Bruker 

Spectrometers in the National Magnetic Resonance Facility at Madison (NMRFAM) at the 

University of Wisconsin–Madison operating at 400, 500, or 750 MHz for 1H and 126 or 189 

MHz for 13C. Chemical shift data are reported in units of δ (ppm) relative to residual solvent or 

TMS. Electrospray ionization (ESI) mass spectrometry was performed with a Micromass LCT at 

the Mass Spectrometry Facility in the Department of Chemistry at the University of Wisconsin–

Madison. Super-resolution structured illumination microscopy (SR-SIM) was performed with an 

Elyra PS.1 super-resolution system from Zeiss (Oberkochen, Germany). Confocal microscopy 

was carried out with an Eclipse TE2000-U laser scanning confocal microscope from Nikon 

(Tokyo, Japan), equipped with an AxioCam digital camera from Zeiss. Flow cytometry was 

performed at the University of Wisconsin–Madison Carbone Cancer Center Flow Cytometry 

Facility with a FACS Calibur instrument from BD Biosciences (San Jose, CA). Cytometry data 

were analyzed by using the program FlowJo 8.7 from Treestar (Ashland, Oregon). Absorbance 
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measurements were made with an infinite M1000 plate reader from Tecan (Männedorf, 

Switzerland). Immunoblots were imaged on an ImageQuant LAS4000 from GE Healthcare Bio-

Sciences (Pittsburgh, PA). Image quantification was performed with the program ImageJ. 

4.3.2 Statistics 

Calculations were performed with GraphPad Prism version 6 software from GraphPad Software 

(La Jolla, CA). 

4.3.3 Computational Methods 

Calculations were performed using Gaussian software (Wallingford, CT). Structures were first 

constructed and calculated for geometry optimization at routine HF/6-31G basis set. Optimized 

structures were then subjected to full natural bond order (NBO) computations. Output files were 

exported to PyMOL Molecular Graphics System, Version 1.5.0.4 Schrödinger, LLC. Solvent-

accessible surface areas were discretely approximated using the “get_area” selection command 

of PyMOL for each of the NBO output for the acetamide, diazoacetamide, and the 

azidoacetamide model compounds. 

Solvent-Accessible Surface Area 

acetamide  85.698 Å2 

diazoacetamide 101.109 Å2 

azidoacetamide 117.310 Å2 

4.3.4 Caution 

*Caution! The deimidogenation procedure cannot be used to produce an unstabilized diazo 

compound (e.g., a primary diazoalkane). Such unstabilized diazo compounds are dangerous, and 

their use should never be attempted in the context of chemical biology.  

Diazo compounds can be unstable and thus dangerous. The diazo-containing compounds 
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in our work are, however, stabilized by their conjugation with an acetamido group and do not 

pose the same dangers as do primary diazoalkanes such as diazomethane. Milligram quantities of 

diazo compound 2 (R=Bn) were subjected to (1) impact tests, (2) vigorous grinding with a 

mortar and pestle, and (3) heating to >150 °C, as described previously.290 None of these 

procedures led to an explosion. Moreover, diazoacetamide compounds used in this work have 

been stored as solids at –20 °C for >1 year with no apparent decomposition or deterioration. 

Nevertheless, caution should be invoked upon handling any diazo compound. 

4.3.5 Synthesis 

The phrase “concentrated under reduced pressure” refers to the removal of solvents and other 

volatile materials using a rotary evaporator at water aspirator pressure (<20 torr) while 

maintaining the water-bath temperature below 40 °C. Residual solvent was removed from 

samples at high vacuum (<0.1 torr). 

 

Ac4ManAc and Ac4ManNAz were synthesized as reported previously,291 as was 

Ac4ManKyne.292 N-Benzyl-2-azidoacetamide (1, R=Bn) and N-benzyl-2-diazoacetamide (2, 

R=Bn) were prepared as reported previously.55,76 The 1H and 13C NMR spectra of diazo 

compound 2 (R=Bn) were recorded in acetonitrile. 1H NMR (400 MHz, CD3CN) δ 7.38–7.21 

(m, 6H), 6.53 (s, 1H), 5.02 (s, 1H), 4.37 (d, J = 6.1 Hz, 2H). 13C NMR (101 MHz, CD3CN) δ 

166.48, 140.63, 129.50, 128.31, 128.04, 47.47, 43.96. Starting materials for the synthesis of 

biotinylated compounds (2-(acryloyloxy)ethanaminium trifluoroacetate293 and diazoacetamide–

NHS ester294,295 were also prepared as reported previously. NMR spectroscopy and mass 

spectrometry data matched those in the literature. 
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Tetra-O-acetyl-N-2-diazoacetyl mannosamine (ManDiaz). Tetra-O-acetyl-N-2-azidoacetyl 

mannosamine (Ac4ManNAz)2 (285 mg, 0.662 mmol) was dissolved in 90:10 THF/H2O (5 mL). 

N-Succinimidyl 3-(diphenylphosphino)propionate3 (247 mg, 0.695 mmol) was added, and the 

resulting solution was stirred for 5 h. A saturated solution of NaHCO3(aq) (4 mL) was added, 

and the resulting solution was stirred for an additional 6 h. The reaction mixture was diluted with 

brine (20 mL) and extracted with dichloromethane (4 × 30 mL), dried over Na2SO4(s), and 

concentrated under reduced pressure to a yellowish solid. The residue was purified by 

chromatography on silica gel (30:70 EtOAc/hexanes) to provide ManDiaz as a yellow solid 

(236 mg, 86%) (~1:1 mixture of α/β anomers). 1H NMR (750 MHz, CD3Cl) δ 6.03 (s, 1H), 5.98 

(d, J = 9.3 Hz, 1H), 5.86 (s, 1H), 5.73 (d, J = 9.1 Hz, 1H), 5.33 (dd, J = 10.3, 4.5 Hz, 1H), 5.17 (t, 

J = 10.3 Hz, 1H), 5.11 (t, J = 9.8 Hz, 1H), 5.06 (dd, J = 10.0, 3.9 Hz, 1H), 5.00 (s, 1H), 4.96 (s, 

1H), 4.88–4.81 (m, 1H), 4.71 (s, 1H), 4.29 (td, J = 12.1, 5.5 Hz, 2H), 4.09–4.01 (m, 3H), 3.81 

(ddd, J = 8.4, 5.3, 2.3 Hz, 1H), 2.18 (s, 3H), 2.12 (s, 3H), 2.09 (s, 6H), 2.06 (s, 6H), 2.03 (s, 6H). 

13C NMR (189 MHz, CDCl3) δ 170.64, 170.60, 170.18, 170.10, 169.77, 169.75, 168.45, 168.22, 

91.93, 90.82, 73.45, 71.47, 70.16, 69.02, 65.71, 65.44, 62.34, 62.11, 49.77, 47.58, 45.78, 42.22, 

20.87, 20.80, 20.77, 20.75, 20.73, 20.66, 20.64. HRMS (ESI) calc’d. for C16H21N3O10 [M + H]+ 

416.1300, found 416.1310. 
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N-Benzyl-2-diazoacetamide (2). N-Benzyl-2-azidoacetamide (1) and N-benzyl-2-

diazoacetamide (2) were prepared as reported previously.4 

1H NMR (400 MHz, CD3CN) δ 7.38–7.21 (m, 6H), 6.53 (s, 1H), 5.02 (s, 1H), 4.37 (d, J = 6.1 Hz, 

2H). 13C NMR (101 MHz, CD3CN) δ 166.48, 140.63, 129.50, 128.31, 128.04, 47.47, 43.96. 

 

 

DIBAC–biotin. DIBAC (0.022 g, 0.078 mmol) was dissolved in 1 mL of anhydrous DMF. 

Triethylamine (0.022 mL, 0.159 mmol) and biotin–NHS (0.03 g, 0.084 mmol) were added, and 

the resulting solution was stirred for 7 h. The reaction mixture was then concentrated under 

reduced pressure. The residue was dissolved in dichloromethane (5 mL), washed with brine (2 × 

5 mL), dried over Na2SO4(s), and concentrated under reduced pressure. The residue was purified 
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by chromatography on silica gel (90:10, DCM/MeOH) to give the DIBAC–biotin conjugate. 

(0.039 g, 97%). 1H NMR (750 MHz, DMSO-d6) δ 7.63 (d, J = 7.6 Hz, 1H), 7.59 (td, J = 7.8, 6.1, 

3.8 Hz, 2H), 7.51–7.49 (m, 1H), 7.48–7.44 (m, 2H), 7.39 (td, J = 7.5, 1.4 Hz, 1H), 7.35 (t, J = 

7.5 Hz, 1H), 7.30 (d, J = 7.5 Hz, 1H), 6.40–6.38 (s, 1H), 6.35 (s, 1H), 5.04 (d, J = 14.2 Hz, 1H), 

4.30 (t, J = 6.4 Hz, 1H), 4.10 (dt, J = 5.2, 2.4 Hz, 1H), 3.63 (d, J = 14.2 Hz, 1H), 3.1 –3.02 (m, 

2H), 2.94–2.88 (m, 1H), 2.81 (dd, J = 12.5, 5.2 Hz, 1H), 2.57 (d, J = 12.5 Hz, 1H), 2.44–2.38 (m, 

1H), 1.91 (t, J = 7.6 Hz, 2H), 1.85–1.79 (m, 1H), 1.55 (m, 1H), 1.44–1.33 (m, 3H), 1.26–1.15 (m, 

2H).13C NMR (126 MHz, DMSO) δ 171.91, 170.22, 162.75, 151.45, 148.44, 132.45, 129.59, 

129.00, 128.28, 128.13, 127.80, 126.88, 125.27, 122.50, 121.44, 114.34, 108.12, 61.03, 59.21, 

55.44, 54.87, 35.03, 34.94, 34.31, 28.19, 28.02, 27.99, 25.16. HRMS (ESI) calc’d. for 

C28H30N4O3S [M + H]+ 503.2112, found 503.2105. 

 

 

 

 

2-Aminoethyl Acrylate–biotin Conjugate (AEB). 2-(Acryloyloxy)ethanaminium 

trifluoroacetate6 (0.041 g, 0.176 mmol) was dissolved in 1.5 mL of anhydrous DMF and 

followed by the addition triethylamine (0.051 mL, 0.44 mmol). Biotin–NHS was added (0.05 g, 
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0.146 mmol), and the resulting solution was stirred at overnight. The reaction mixture was 

concentrated by rotary evaporation, and the residue was purified by chromatography on silica gel 

(DCM/MeOH 9:1) to give the acrylate–biotin conjugate. (0.049 g, 98%). 1H NMR (500 MHz, 

MeOD) � 6.37 (dd, J = 17.3, 1.5 Hz, 1H), 6.14 (dd, J = 17.3, 10.5 Hz, 1H), 5.86 (dd, J = 10.5, 

1.5 Hz, 1H), 4.45 (dd, J = 7.8, 4.9 Hz, 1H), 4.26 (dd, J = 7.9, 4.5 Hz, 1H), 4.17 (t, J = 5.4 Hz, 

2H), 3.43 (tt, J = 5.5, 3.1 Hz, 2H), 3.14 (d, J = 6.9 Hz, 1H), 2.88 (dd, J = 12.8, 5.0 Hz, 1H), 

2.69–2.62 (m, 2H), 2.17 (t, J = 8.1 Hz, 1H), 1.74–1.50 (m, 4H), 1.43–1.35 (m, 2H). 13C NMR 

(126 MHz, MeOD) � 177.62, 168.82, 167.38, 133.11, 130.65, 65.41, 64.61, 62.88, 58.26, 42.31, 

40.69, 37.94, 30.98, 30.74, 28.10. HRMS (ESI) calc’d. for C15H23N3O4S [M + H]+ 342.1483, 

found 342.1486. 

 

 

Azidoacetamide–biotin Conjugate (AB). Biotin ethylenediamine hydrobromide (0.040 g, 

0.109 mmol) was dissolved in 1 mL of anhydrous DMF followed by triethylamine (0.030 mL, 

0.22 mmol). The azidoacetamide–NHS ester (0.023 g, 0.114 mmol) was added, and the resulting 

solution was stirred overnight. The reaction mixture was concentrated under reduced pressure, 

and the residue was purified by chromatography on silica gel (DCM/MeOH 9:1) to give the 

azide–biotin conjugate. (0.033 g, 81%). 1H NMR (500 MHz, MeOD) � 4.46 (dd, J = 7.8, 4.8 Hz, 
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1H), 4.28 (dd, J = 7.9, 4.5 Hz, 1H), 3.87 (s, 2H), 3.28 (m, 5H), 2.90 (dd, J = 12.7, 5.0 Hz, 1H), 

2.67 (d, J = 12.7 Hz, 1H), 2.17 (td, J = 7.3, 2.3 Hz, 2H), 1.77–1.49 (m, 4H), 1.41 (m, 2H). 13C 

NMR (126 MHz, MeOD) � 177.78, 171.78, 167.41, 64.61, 62.90, 58.25, 54.29, 42.31, 41.54, 

41.06, 38.05, 31.03, 30.74, 28.02. HRMS (ESI) calc’d. for C14H23N7O3S [M + H]+ 370.1656, 

found 370.1658.  

 

 

Diazoacetamide–biotin Conjugate (DB). Biotin ethylenediamine hydrobromide (0.025 g, 

0.068 mmol) was dissolved in 0.7 mL of anhydrous DMF. The resulting solution was cooled to 

0 °C and stirred for 15 min before the addition of triethylamine (0.020 mL, 0.143 mmol). After 

stirring at 0 °C for 15 min, the diazo–NHS ester6 (0.014 g, 0.0715 mmol) was added, and the 

resulting mixture was stirred at 0 °C for 30 min before warming to room temperature and stirring 

for an additional 16 h. The reaction mixture was then concentrated under reduced pressure, and 

the residue was purified by chromatography on silice gel (DCM/MeOH 9:1) to give the diazo–

biotin conjugate (0.020 g, 83%). 1H NMR (500 MHz, MeOD) � 5.10 (s, 1H), 4.46 (dd, J = 7.8, 

4.9 Hz, 1H), 4.27 (dd, J = 7.8, 4.4 Hz, 1H), 3.33–3.28 (m, 1H), 3.24 (m 1H), 2.89 (dd, J = 12.7, 

5.0 Hz, 1H), 2.81 (d, J = 16.4 Hz, 1H), 2.70–2.64 (d, J = 12.7 Hz 1H), 2.63 (s, 2H), 2.17 (td, J = 

7.3, 1.7 Hz, 2H), 1.75–1.50 (m, 4H), 1.45–1.35 (m, 2H). 13C NMR (126 MHz, MeOD) � 
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177.66, 170.20, 167.40, 64.61, 62.90, 58.25, 42.33, 41.65, 38.05, 31.00, 30.74, 28.04, 27.69, 

27.54. HRMS (ESI) calc’d. for C14H22N6O3S [M + Na]+ 377.1367, found 377.1370.  

 

 

1,3,4,6-Tetra-O-acetyl-N-4-pentynoylgalactosamine (GalKyne) was prepared from 2-amino-

2-deoxy-D-galactopyranose·HCl by using the procedure reported for 1,3,4,6-tetra-O-acetyl-N-4-

pentynoylmannosamine (ManKyne).3 α/β Anomers ~10:1, α anomer: 1H NMR (500 MHz, 

CDCl3) � 6.23 (d, J = 3.5 Hz, 1H), 5.75–5.66 (d, J = 8.5 Hz 1H), 5.43 (dd, J = 3.4, 1.3 Hz, 1H), 

5.23 (dd, J = 11.6, 3.2 Hz, 1H), 4.82–4.71 (m, 1H), 4.29–4.21 (m, 1H), 4.15–4.04 (m, 2H), 2.50 

(td, J = 7.2, 6.4, 2.6 Hz, 2H), 2.36 (tt, J = 7.2, 3.0 Hz, 2H), 2.18 (s, 6H), 2.04 (s, 3H), 2.03 (s, 

3H).13C NMR (126 MHz, CDCl3) � 171.23, 171.21, 170.53, 170.36, 168.94, 91.37, 82.68, 

69.69, 68.64, 67.91, 66.75, 61.38, 46.88, 35.31, 21.12, 20.94, 20.83, 20.79, 14.87. HRMS (ESI) 

calc’d. for C19H25NO10 [M+H]+ 428.1552, found 428.1541. 

 

 

4.3.6 Reaction Rate Constants 

NMR spectroscopy was used to determine rate constants for cycloaddition reactions, as 

described previously.76 Briefly, an equimolar solution of reactants in CD3CN were mixed in an 

O
AcO

NH

OAcOAc

OAcOO
HO

ClH3N

OHOH

OH

O

NHS
1.

2. Ac2O, pyridine



!193!

NMR tube (final concentration: 0.02 M). The tube was inverted once and inserted into a 

spectrometer, and scanning was initiated 60 s after the initial mixing. A 16-scan NMR spectrum 

was acquired every 77 s, and integrations were used to calculate concentrations from the known 

initial concentrations. The second-order rate constant was then determined from the slope of a 

plot of [octyne]–1 vs time. All NMR kinetics experiments were conducted in triplicate, and the 

reported rate constants are the mean (± SE) in Table 4.S1. 

 

4.3.7 Assay for the Reactivity of a Diazo Compound with Glutathione 
 

 

 

N-Benzyl-2-diazoacetamide (2) (1 equiv, 0.066 mmol, 1.16 mg) and reduced glutathione 

(1 equiv, 0.066 mmol, 2.0 mg) were dissolved in 10 mM sodium phosphate buffer, pH 7.3 

(deuterated)/MeOD 1:1 (0.33 mL, pH 7.3). The resulting solution was stirred for 24 h, then 

analyzed by 1H NMR spectroscopy. 

Diazo compound 2: 1H NMR (500 MHz, 10 mM sodium phosphate buffer, pH 7.3 

(deuterated)/MeOD 1:1) � 7.37–7.26 (m, 5H), 4.39 (s, 2H). 

GSH: 1H NMR (500 MHz, 10 mM sodium phosphate buffer, pH 7.3 (deuterated)/MeOD 1:1) � 

4.53 (dd, J = 7.2, 5.1 Hz, 1H), 3.79 (s, 2H), 3.71 (t, J = 6.3 Hz, 1H), 2.91 (qd, J = 14.1, 6.2 Hz, 

2H), 2.54 (t, J = 7.5 Hz, 2H), 2.14 (q, J = 7.6 Hz, 2H). 
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4.3.8 General Cell Culture  

Cell lines were obtained from American Type Culture Collection (Manassas, VA) and were 

maintained according to the recommended procedures. Cells were grown in a cell-culture 

incubator at 37 °C under CO2(g) (5% v/v) in flat-bottomed culture flasks. Cell medium was 

supplemented with GIBCO fetal bovine serum (FBS) (10% v/v), penicillin (100 units/mL), and 

streptomycin (100 µg/mL) in an appropriate cellular medium: Chinese hamster ovary (CHO K1), 

F12K nutrient medium; HeLa, DMEM; HEK293T, DMEM; and Jurkat, RPMI 1640. Cells were 

counted with a hemocytometer to determine their seeding density in 12-well plates from Corning 

Costar (Lowell, MA) or 8-well chambered glass slides from Ibidi (Madison, WI). 

 

4.3.9 Biotin Conjugates to Probe Chemoselectivity 

Microscopy. CHO K1 cells were seeded at a density of 50,000 cells/dish in 35-mm µ-dish 

microscopy imaging dishes from Ibidi. Cells were incubated with 1 mM acrylic ester–biotin, 25 

µM biotin–diazo, 25 µM biotin–azide, or DMSO in standard medium for 24–48 h. On the day of 

an experiment, cells were rinsed twice with wash buffer (DPBS containing 1% v/v FBS) and 

incubated with avidin–Alexa Fluor488® 
(20 µg/mL) for 20 min at 4 °C. After treatments, cell 

nuclei were stained with Hoechst 33342 (2 µg/mL) for 5 min at 37 °C. Cells were then washed 

twice with wash buffer, and examined using a scanning confocal microscope. 

Flow Cytometry. CHO K1 cells were seeded at a density of 50,000 cells/well in 12-well 

plates. Cells were incubated with 1 mM acrylic ester–biotin, 25 µM biotin–diazo, or 25 µM 

biotin–azide for 24–48 h. The medium was then removed, and the cells were washed twice with 

wash buffer (DPBS containing 1% v/v FBS) and incubated with avidin–Alexa Fluor488® 

(20 µg/mL) for 20 min at 4 °C. After these treatments, cells were rinsed twice with wash buffer 
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and released from the plate with 250 µL of trypsin/EDTA (0.25% w/v). Cells were resuspended 

in an additional 500 µL of medium and incubated on ice until analyzed by flow cytometry. The 

fluorescence intensity of at least 20,000 events was then measured by flow cytometry. Alexa 

Fluor488® was excited with a 488 nm solid- state laser, and the emission was measured through 

a 530/30 bandpass filter. 

Immunoblotting. CHO K1 cells were seeded at a density of 50,000 cells/well in 12-well 

plates. Cells were incubated in 1 mM acrylic ester–biotin, 25 µM biotin–diazo, 25 µM biotin–

azide, or DMSO for 24–48 h. After these treatments, cells were rinsed twice with DPBS and 

released from the plate with 250 µL of trypsin/EDTA (0.25% w/v). Cells were washed twice, 

pelleted by centrifugation, and resuspended in DPBS. SDS–PAGE sample buffer was added to 

cell suspensions, and samples were boiled for 5 min, subjected to brief centrifugation, and 

analyzed by SDS–PAGE on a 12% w/v gel before being transferred to a PVDF membrane. 

Membranes were analyzed for the presence of azido or diazo sugars by immunoblotting with α-

biotin (1:1000) from Cell Signaling Technology (Danvers, MA). To control for loading levels, 

membranes were analyzed for β-actin by immunoblotting with α–β-actin (1:1000) from Cell 

Signaling Technology. 

 

4.3.10 Metabolism of Ac4ManDiaz and Ac4ManNAz by CHO K1 Cells 

Microscopy. CHO K1 cells were seeded at a density of 100,000 cells/dish in 35-mm µ-dish 

microscopy imaging dishes from Ibidi, and grown in the presence of Ac4ManDiaz or 

Ac4ManNAz (25 µM) in standard medium for 2 d. On the day of the experiment, the cells were 

rinsed twice with wash buffer (DPBS containing 1% v/v FBS) and treated with DIBAC–biotin 

(10 µM) in standard medium for 1 h at 37 °C. Cells were again washed twice, and incubated with 
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avidin–Alexa Fluor488® (20 µg/mL) for 20 min at 4 °C. Cell nuclei were stained with Hoechst 

33342 (2 µg/mL) from Invitrogen for 5 min at 37 °C. Cells were again washed twice, and 

incubated on ice in standard medium until ready to be imaged by super-resolution microscopy. 

Cytometry. CHO K1 cells were seeded at a density of 50,000 cells/well in 12-well plates, and 

grown in the presence of Ac4ManDiaz (0–50 µM) for 2 days in standard medium. The cells were 

then rinsed twice with wash buffer (DPBS containing 1% v/v FBS) and treated with DIBAC–

biotin (10 µM) in standard medium for 1 h at 37 °C. Cells were again washed twice, and 

incubated with avidin–Alexa Fluor488® (20 µg/mL) for 20 min at 4 °C. Cells were again washed 

twice and released from the dish by treatment with trypsin/EDTA (0.25% w/v) for 5 min at 37 

°C. Cells were resuspended in standard medium, and incubated on ice. The fluorescence intensity 

of 20,000 events was then measured by flow cytometry. Alexa Fluor488® was excited with a 

488 nm solid-state laser, and the emission was measured through a 530/30 bandpass filter. 

 

4.3.11 Metabolism of Ac4ManDiaz by Multiple Cell Types  

CHO K1, HeLa, HEK293T, and Jurkat cells were seeded at a density of 50,000 cells/well in 12-

well plates, and grown in the presence of Ac4ManDiaz (0–50 µM) for 2 days in standard 

medium. Cells were then rinsed twice with wash buffer (DPBS containing 1% v/v FBS) and 

treated with DIBAC–biotin (10 µM) in standard medium for 1 h at 37 °C. Jurkat cells were 

washed by centrifugation at 1000g for 5 min; all other cell types are adherent. Cells were again 

washed twice, and incubated with avidin–Alexa Fluor488® (20 µg/mL) for 20 min at 4 °C. Cells 

were washed twice with wash buffer, and adherent cells were released from the dish by 

incubation with trypsin/EDTA (0.25% w/v) for 5 min at 37 °C. Cells were resuspended in 

standard medium, and incubated on ice until analysis. The fluorescence intensity of 20,000 
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events was then measured by flow cytometry. Alexa Fluor488® was excited with a 488 nm solid-

state laser, and the emission was measured through a 530/30 bandpass filter. 

 

4.3.12 Neuraminidase and Peptide-N-Glycosidase F treatment of CHO K1 cells  

CHO K1 cells were treated with Ac4ManNAc, Ac4ManNAz, or Ac4ManDiaz (250 µM) for 3 d. 

Cells were lifted from the plate with trypsin/EDTA (0.25% w/v), collected by centrifugation, and 

washed twice with DPBS. Cells were treated with DIBAC–biotin (20 µM) for 2 h at 37 °C. G7 

reaction buffer (New England Biolabs) was added, and the suspension was divided into three 

samples. Neuraminidase (acetyl-neuraminyl hydrolase) from New England Biolabs (Ipswich, 

MA) was added to one sample; peptide-N-glycosidase F (PNGase F) from New England Biolabs 

was added to another sample, and PBS was added to the remaining sample. Samples were 

incubated at 37 °C overnight. SDS–PAGE sample buffer was added, and samples were boiled for 

5 min, subjected to brief centrifugation, and analyzed by SDS–PAGE on a 12% w/v gel before 

being transferrred to a PVDF membrane. Membranes were analyzed for the presence of azido or 

diazo sugars by immunoblotting with α-biotin (1:1000) from Cell Signaling Technology. To 

control for loading levels, membranes were analyzed for β-actin by immunoblotting with α–β-

actin (1:1000) from Cell Signaling Technology. 

 

4.3.13 Mass Analysis of Sialic acids from Biological Samples 

Sialic acids were isolated for analysis by using a method reported by Hackenberger and 

coworkers.282 CHO K1 cells were seeded into 6-well plates and treated with Ac4ManDiaz or 

Ac4ManNAz (250 µM) for 3 d. Cells were released from the dish by incubation with 

trypsin/EDTA (0.25% w/v) for 5 min at 37 °C. Cells were washed twice in DPBS. The cells 
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were resuspended in 200 µL of H2O, and 500 µL of 3 M acetic acid was added. The resulting 

suspension was incubated at 90 °C for 90 min before being cooled to 0 °C for 15 min and 

neutralized by the addition of 650 µL of 3% v/v NH3 for 30 min at room temperature. Samples 

were lyophilized, and resuspended in 500 µL of EtOH/H2O 4:1. Samples were mixed with a 

vortex mixer and subjected to centrifugation at 10,000g for 2 min. The supernatant was 

lyophilized. The residue was suspended in 300 µL of EtOH/MeOH 2:1, and the resulting 

suspension was mixed with a vortex mixer and subjected to centrifugation at 10,000g for 2 min. 

The supernatant was lyophilized. The residue was dissolved in PBS, and enriched for biotin–

linked sugars by purification over SoftLinkTM Soft Release Avidin Resin from Promega. The 

biotin–linked sugars were eluted from the resin with 3 M acetic acid, and the eluent was 

concentrated by lyophilization. Enriched isolates were dissolved in 100 µL of MeOH, and 25 µL 

was injected directly onto a Shimadzu 2010A single quadrupole mass analyzer LCMS in single-

ion monitoring mode with a scanning width of 0.9 m/z so as to observe the sialic acid conjugates 

in the presence of excess DIBAC–biotin. 

 

4.3.14 Optimal Labeling of CHO K1 Cells with Ac4ManDiaz 

4.3.14.1 Increasing Amounts of DIBAC–Biotin. CHO K1 cells were seeded at a density of 

50,000 cells/well in 12-well plates, and grown in the presence of Ac4ManDiaz (25 µM) for 2 

days in standard medium. The cells were then rinsed twice with wash buffer (DPBS containing 

1% v/v FBS) and treated with DIBAC–biotin (0–20 µM) in standard medium for 1 h at 37 °C. 

Cells were again washed twice, and incubated with avidin–Alexa Fluor488® (20 µg/mL) for 20 

min at 4 °C. Cells were washed twice with wash buffer, and released from the dish by incubation 

with trypsin/EDTA (0.25% w/v) for 5 min at 37 °C. Cells were resuspended in standard medium, 
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and incubated on ice. The fluorescence intensity of 20,000 events was then measured by flow 

cytometry. The fluorescence intensity of 20,000 events was then measured by flow cytometry. 

Alexa Fluor488® was excited with a 488 nm solid-state laser, and the emission was measured 

through a 530/30 bandpass filter. 

4.3.14.2 Increasing Incubation Times with DIBAC–Biotin. CHO K1 cells were seeded at a 

density of 50,000 cells/well in 12-well plates, and grown in the presence of Ac4ManDiaz (25 

µM) for 2 days in standard medium. The cells were then rinsed twice with wash buffer (DPBS 

containing 1% v/v FBS) and treated with DIBAC–biotin (10 µM) in standard medium for 0–120 

min at 37 °C. Cells were again washed twice, and incubated with avidin–Alexa Fluor488® (20 

µg/mL) for 20 min at 4 °C. Cells were washed twice with wash buffer, and released from the 

dish by incubation with trypsin/EDTA (0.25% w/v) for 5 min at 37 °C. Cells were resuspended 

in standard medium, and incubated on ice. The fluorescence intensity of 20,000 events was then 

measured by flow cytometry. The fluorescence intensity of 20,000 events was then measured by 

flow cytometry. Alexa Fluor488® was excited with a 488 nm solid-state laser, and the emission 

was measured through a 530/30 bandpass filter. 

 

4.3.15 Cytotoxicity of Ac4ManDiaz and Ac4ManNAz for CHO K1 Cells. The cytotoxicity of 

the Ac4ManDiaz and Ac4ManNAz was determined using the CellTiter 96® AQueous One 

Solution Cell Proliferation Assay (MTS) from Promega (Madison, WI). Briefly, CHO K1 cells 

were plated at a concentration of 5000 cells/well in a clear 96-well plate. Cells were allowed to 

adhere for 4 h. The medium was removed, and varying concentrations of either Ac4ManDiaz or 

Ac4ManNAz in medium was added. Cells were incubated at 37 °C for 24 h. The medium was 

removed, and cells were washed with DPBS. The MTS reagent was added at a ratio of 1:5, and 
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cells were incubated at 37 °C for 2 h before measuring the absorbance at 490 nm. Reported data 

are the average of three measurements for each concentration, and the entire experiment was 

repeated in triplicate. The percentage of viable cells was determined by normalizing to a PBS 

control (100% viable), and a H2O2 control (0% viable). Values for LD50 were calculated by 

fitting the curves by nonlinear regression analysis. 

 

4.3.16 Dual-Color Labeling of Mannosamine in the Glycocalyx. Microscopy. CHO K1 cells 

were seeded at a density of 100,000 cells/dish in 35-mm µ-dish microscopy imaging dishes from 

Ibidi, and grown in the presence of a peracetylated sugar (25 µM) in standard medium for 2 d. 

On the day of an experiment, cells were rinsed twice with wash buffer (DPBS containing 1% v/v 

FBS). 

Alkyne treatment. Cells were treated with medium containing DIBAC–biotin (10 µM) for 

1 h at 37 °C. Cells were rinsed twice with wash buffer (DPBS containing 1% v/v FBS), 

and incubated with avidin–Alexa Fluor594® (20 µg/mL) for 20 min at 4 °C. 

Azide treatment. Cells were treated with medium containing picolyl azide–Alexa 

Fluor647® (5 µM), CuSO4 (50 µM), THPTA (250 µM), and sodium ascorbate (2.5 mM) 

for 5 min at room temperature.6 

In one experiment, cells were treated with azide and then alkyne; in another experiment, cells 

were treated with alkyne and then azide. After treatments, cell nuclei were stained with Hoechst 

33342 (2 µg/mL) for 5 min at 37 °C. Cells were then washed twice with wash buffer, and 

examined using a scanning confocal microscope. 

Cytometry. Two days prior to an experiment, CHO K1 cells were seeded in 12-well plates at 
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1 × 105 cells/well, and a sugar was added to a final concentration of 25 µM. On the day of an 

experiment, cells were rinsed twice with wash buffer (DPBS containing 1% v/v FBS). 

Alkyne treatment. Cells were treated with medium containing DIBAC–biotin (10 µM) for 

1 h at 37 °C. Cells were rinsed twice with wash buffer (DPBS containing 1% v/v FBS), 

and incubated with avidin–Alexa Fluor647® (20 µg/mL) for 20 min at 4 °C. 

Azide treatment. Cells were treated with medium containing picolyl azide–Alexa 

Fluor647® (5 µM), CuSO4 (50 µM), THPTA (250 µM), and sodium ascorbate (2.5 mM) 

for 5 min at room temperature.288 

In one experiment, cells were treated with azide and then alkyne; in another experiment, cells 

were treated with alkyne and then azide. After these treatments, cells were rinsed twice with 

wash buffer (DPBS containing 1% v/v FBS) and released from the plate with 250 µL of 

trypsin/EDTA (0.25% w/v). Cells were resuspended in an additional 500 µL of medium and 

incubated on ice until analyzed by flow cytometry. The fluorescence intensity of at least 20,000 

events was measured by flow cytometry. Alexa Fluor488® was excited with a 488 nm solid-state 

laser, and the emission was measured through a 530/30 bandpass filter. Alexa Fluor647® was 

excited with a 633 nm solid-state laser and the emission was collected with a 661/16 bandpass 

filter. 

4.3.17 Dual-Color Labeling of Mannosamine and Galactosamine in the Glycocalyx. 

Microscopy. CHO K1 cells were seeded at a density of 100,000 cells/dish in 35-mm µ-dish 

microscopy imaging dishes from Ibidi, and grown in the presence of a peracetylated sugar 

(25 µM) in standard medium for 2 d. On the day of an experiment, cells were rinsed twice with 

wash buffer (DPBS containing 1% v/v FBS). 
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Alkyne treatment. Cells were treated with medium containing DIBAC–biotin (10 µM) for 

1 h at 37 °C. Cells were rinsed twice with wash buffer (DPBS containing 1% v/v FBS), 

and incubated with avidin–Alexa Fluor594® 
(20 µg/mL) for 20 min at 4 °C. 

Azide treatment. Cells were treated with medium containing picolyl azide–Alexa 

Fluor647® 
(5 µM), CuSO4 (50 µM), THPTA (250 µM), and sodium ascorbate (2.5 mM) 

for 5 min at room temperature.288 

After treatments, cell nuclei were stained with Hoechst 33342 (2 µg/mL) for 5 min at 37 °C. 

Cells were then washed twice with wash buffer, and examined using a scanning confocal 

microscope. 

Cytometry. Two days prior to an experiment, CHO K1 cells were seeded in 12-well plates 

at 1 × 105 cells/well, and a sugar was added to a final concentration of 25 µM. On the day 

of an experiment, cells were rinsed twice with wash buffer (DPBS containing 1% v/v 

FBS). 

Alkyne treatment. Cells were treated with medium containing DIBAC–biotin (10 µM) for 

1 h at 37 °C. Cells were rinsed twice with wash buffer (DPBS containing 1% v/v FBS), 

and incubated with avidin–Alexa Fluor647® 
(20 µg/mL) for 20 min at 4 °C. 

Azide treatment. Cells were treated with medium containing picolyl azide–Alexa 

Fluor647® 
(5 µM), CuSO4 (50

 
µM), THPTA (250 µM), and sodium ascorbate (2.5 mM) 

for 5 min at room temperature.288 

Cells were treated with alkyne for 60 min and then azide for 5 min. After these treatments, 

cells were rinsed twice with wash buffer (DPBS containing 1% v/v FBS) and released from the 
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plate with 250 µL of trypsin/EDTA (0.25% w/v). Cells were resuspended in an additional 500 µL 

of medium and incubated on ice until analyzed by flow cytometry. The fluorescence intensity of 

at least 20,000 events was measured by flow cytometry. Alexa Fluor488® 
was excited with a 488 

nm solid-state laser, and the emission was measured through a 530/30 bandpass filter. Alexa 

Fluor647® 
was excited with a 633 nm solid-state laser, and the emission was collected with a 

661/16 bandpass filter. 
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Table 4.S1 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4.S1. Rate constants (M–1s–1) for the reaction of Diazo 1 and Azide 2 with strained 

cyclooctynes 

 
 BCNa DIBONEa DIBACa DIBACb 

Diazo 1 0.08 ± 0.02 0.34 ± 0.01 0.45 ± 0.09 2.6 ± 0.2 

Azide 2 0.11 ± 0.02 0.14 ± 0.04 0.23 ±0.06 0.40 ± 0.09 

aIn CD3CN. bIn 1:1 CD3CN/H2O. 

  



!205!

Figure 4.1 
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Figure 4.1 (A) Space-filling models of diazo and azido derivatives of acetamide. A diazo group 

and azido group add 15.4 and 31.6 Å of solvent-accessible surface area, respectively (Table 

4.S1). (B) Scheme for the deimidogenation of an azide to form a diazo compound. (C) Bar graph 

of the rate constants for the reaction of an azide (1) and diazo compound (2) with strained 

cyclooctynes in CD3CN or *CD3CN/H2O 1:1 as determined by 1H NMR spectroscopy. 
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Figure 4.2 
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Figure 4.2 Variations of N-acetylmannosamine used in this study that are trafficked into sialic 

acid. 

  



!209!

Figure 4.3 
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Figure 4.3 1H NMR spectra (500 MHz, 10 mM sodium phosphate buffer, pH 7.3 

(deuterated)/MeOD 1:1) of N-benzyl-2-diazoacetamide (2) (bottom, red), reduced glutathione 

(middle, green), and an equimolar mixture (0.20 M each) after a 24-h incubation in 10 mM 

sodium phosphate buffer, pH 7.3 (deuterated)/MeOD 1:1 (top, blue). There was no apparent 

reaction between the glutathione and diazo compound 2.  
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Figure 4.4 
 
 

 
 
 
 
 
 
 
 

 
&  



!212!

 

 

 

 

 

 

 

 

 

Figure 4.4 Chemoselectivity of diazo and azido groups. (A) Immunoblot of biotin signal of cell 

lysates grown in either DMSO (D), acrylic ester–biotin (AEB; 1 mM), azido–biotin (AB; 25 

µM), or diazo–biotin (DB; 25 µM) for 24 or 48 h. (B) Flow cytometry analysis of cells grown as 

in panel A for 24 h, p < 0.0001. (C) Microscopy of fixed and permeabilized cells grown as in 

panel A for 24 h. Cells were stained with avidin–Alexa Fluor488® and Hoechst 33342. Scale bars 

correspond to 25 µm. 
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Figure 4.5 
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Figure 4.5 Trafficking of diazo and azido sugars in mammalian cells. (A) Super-resolution 

images of CHO K1 cells grown in medium containing Ac4ManDiaz or Ac4ManNAz (25 µM) for 

2 d, washed, treated with DIBAC–biotin (10 µM) for 60 min and then avidin–Alexa Fluor488® 

and Hoechst 33342, and fixed. Scale bars: 10 µm. (B) Histogram of CHO K1 cells grown in 

medium containing Ac4ManNAc, Ac4ManDiaz, or Ac4ManNAz (25 µM) as in panel A. (C) 

Graph of the concentration-dependent fluorescence of Jurkat, CHO K1, HEK293T, and HeLa 

cells grown in medium containing Ac4ManDiaz (0–50 µM) as in panel A. Data in panels B and 

C were acquired by flow cytometry. 
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Figure 4.6 
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Figure 4.6 Metabolic incorporation of Ac4ManDiaz into sialic acid. Immunoblot analysis of cell 

lysates treated with DIBAC–biotin, after growth in the presence of Ac4ManNAc, Ac4ManNAz, 

or Ac4ManDiaz (250 µM) for 3 d, and (A) incubation in either PNGase F or buffer, and (B) 

incubation in either neuraminidase or buffer. Quantification was normalized to actin to control 

for loading, p < 0.05. Quantification of the azido and diazo untreated lanes from all experiments 

showed that expression of a diazo group from Ac4ManDiaz is (86 ± 3)% of the azido group from 

Ac4ManNAz. 
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Figure 4.7 
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Figure 4.7 Detection of sialic acid derivatives generated in cellulo from Ac4ManDiaz and 

Ac4ManNAz. Positive and negative ions were observed in independent LC-LRMS (ESI) 

analyses after cycloaddition with DIBAC–biotin and product isolation. 

  



!219!

Figure 4.8 
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Figure 4.8 Histogram of CHO K1 cells grown in medium containing Ac4ManDiaz (25 µM) and 

treated with increasing amounts of DIBAC–biotin and avidin–Alexa Fluor488®. Data were 

acquired by flow cytometry. At 20 µM, DIBAC–biotin begins to cause cytotoxicity.  
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Figure 4.9 
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Figure 4.9 Histogram of CHO K1 cells grown in medium containing Ac4ManDiaz (25 µM) and 

treated with 10 µM DIBAC–biotin for increasing time, then avidin–Alexa Fluor488®. Data were 

acquired by flow cytometry. At times >60 min, DIBAC–biotin begins to cause cytotoxicity.  
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Figure 4.10 
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Figure 4.10 Graph of the cytotoxicity of Ac4ManDiaz and Ac4ManNAz (10 µM–10 mM) for 

CHO K1 cells. LD50 values are (0.7 ± 0.1) mM for Ac4ManDiaz and (1.4 ± 0.1) mM for 

Ac4ManNAz. 
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Figure 4.11 
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Figure 4.11 Dual labeling of mammalian cells with diazo and alkynyl sugars. (A) Images of 

CHO K1 cells grown in medium containing derivatives of N-acetylmannosamine for 2 d, then 

labeled by cycloaddition with an alkyne (red) and azide (green), and visualized with confocal 

microscopy. Scale bars: 10 µm. (B) Plots demonstrating the dual labeling of cells that had 

metabolized Ac4ManDiaz and Ac4ManKyne. Data were acquired by flow cytometry. 
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Figure 4.12 
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Figure 4.12 Dual labeling of mammalian cells grown with derivatives of N-acetylmannosamine 

and N-acetylgalactosamine. (A) Images of CHO K1 cells grown in medium containing N-

acetylmannosamine or N-acetylgalactosamine derivatives (25 µM) for 2 d, then labeled by 

cycloaddition with an alkyne (red) and azide (green), and visualized with confocal microscopy. 

Scale bars: 5 µm. (B) Histogram showing the lesser labeling of cells exposed to Ac4GalKyne 

than Ac4ManKyne as measured by flow cytometry. (C) Plot demonstrating the dual labeling of 

cells that had metabolized Ac4GalKyne and either Ac4ManDiaz or Ac4ManNAz as measured by 

flow cytometry. (D) Quantification of the level of Ac4GalKyne labeling obtained in cells grown 

with derivatives of N-acetylmannosamine, p < 0.0001. 

 

  



!229!

4.4 NMR Spectra 

 
Spectra 1a. 1H NMR spectrum of tetra-O-acetyl ManNDiaz (mixed anomers) in CDCl3 (750 MHz) 

 
 

 
Spectra 1b. 13C NMR spectrum of tetra-O-acetyl ManNDiaz (mixed anomers) in CDCl3 (189 MHz) 
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Spectra 2a. 1H NMR spectrum of N-diazoacetamide benzylamine in CD3CN (400 MHz). 

 
 
 

 
Spectra 2b. 13C NMR spectrum of N-diazoacetamide benzylamine in CD3CN (101 MHz). 
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Spectra 3a. 1H NMR spectrum of DIBAC–biotin in DMSO (750 MHz). 

 

 
Spectra 3b. 13C NMR spectrum of DIBAC–biotin in DMSO (126 MHz). 
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Spectra 4a. 1H NMR spectrum of 2-aminoethyl acrylate-biotin in MeOD (500 MHz). 

 

 
Spectra 4b. 13C NMR spectrum of 2-aminoethyl acrylate-biotin in MeOD (126 MHz). 
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Spectra 5a. 1H NMR spectrum of azide–ethylenediamine–biotin conjugate (500 MHz). 

 

 
Spectra 5b.13C NMR spectrum of azide–ethylenediamine–biotin conjugate in MeOD (126 MHz). 
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Spectra 6a. 1H NMR spectrum of Diazo-ethylenediamine-biotin conjugate in MeOD (500 MHz). 

 

 
Spectra 6b. 13C NMR spectrum of Azide-ethylenediamine-biotin conjugate in MeOD (126 MHz). 

������������������������������������������	��	��
��
�����
�������

����������������	�
�������������������������	��
�������������
�������



!235!

 
Spectra 7a. 1H NMR spectrum of 1,3,4,6-tetra-O-acetyl-N-4-pentynoylgalactosamine (GalKyne) mixed anomers 
in CDCl3 (500 MHz). 

 
Spectra 7b. 13C NMR spectrum of 1,3,4,6-tetra-O-acetyl-N-4-pentynoylgalactosamine (GalKyne) mixed 
anomers in CDCl3 (126 MHz). 
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Chapter 5 

A Semisynthetic Route to Authentic Ubiquitin Chains 
!

Prepared as: Andersen, K.A., Aronoff, M.R., Martin, L.J., Raines, R.T. A semisynthetic route to 

authentic ubiquitin chains. In preparation. 

 
 
Contributions: I produced all proteins used in this study and all Staudinger ligation experiments 

involving proteins, and wrote the manuscript. Synthesis was performed by Matthew R. Aronoff. 

The ubiquitin-intein construct was cloned by Langdon J. Martin. 

Note: The general method detailed in this chapter was published in Methods in Molecular 

Biology and is included as Appendix 2.  
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Abstract!!

The traceless Staudinger ligation is a powerful chemoselective tool to form an amide bond 

without residual atoms or racemization. Here, we increase the compatibility of this reaction with 

biological systems by improving upon the water solubility and efficiency of the phosphinothiol 

component of the Staudinger ligation. Then, we utilize the Staudinger ligation to form an 

authentic isopeptide bond between ubiquitin monomers. The method developed here provides the 

basis for producing ubiquitin polymers of precise length and connectivity in a semisynthetic 

manner. This technology allows for the synthesis of chains containing any linkage—including 

mixed and branched linkages—in a highly controlled manner.  
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5.1 Introduction 

The Staudinger ligation, based on the Staudinger reaction, is a powerful chemoselective 

reaction that is compatible with biological systems. The Staudinger reaction occurs between an 

azide and a phosphine, wherein a phosphine reduces the azide to an amine via an 

iminophosphorane intermediate. Acylation of this iminophosphorane intermediate results in an 

amide, rather than an amine, in what is known as the Staudinger ligation. Importantly, this 

reaction has the potential to mediate the ligation of peptides at virtually any residue, without 

installing any additional atoms or causing racemization.104,296,297  

Previously, the Raines group developed (diphenylphosphino)methanethiol as the most 

efficient known phosphinothiol that will facilitate this ligation.100,101 Various functional groups, 

including tertiary amines and carboxylic acids, were added to the phenyl rings of this scaffold to 

improve water solubility. Ultimately, bis(m-N,N-dimethylaminomethylphenyl)-

phosphinothiomethanethiol (1) was determined to the best of the tested reagents for the aqueous 

Staudinger ligation.102 The use of this reaction in a completely aqueous environment is critical 

for its implementation in biomacromolecule ligations that are not able to withstand the presence 

of organic solvents. Yet, phosphinothiol 1 is challenging to synthesize, and the choice and 

placement of the N,N-dimethylamino groups could impart undesirable steric or electronic effects 

that are heretofore unappreciated, and could hinder the success of the ligation. We sought to 

investigate this hypothesis further by comparing the established phosphinothiol 1, against bis(p-

N,N-dimethylaminomethylphenyl)phosphinothiomethanethiol (2), which would mitigate steric 

hindrance, and an analogue utilizing the 2-methoxyethoxymethyl ether (MEM) group at the para 

position (3), which would increase water solubility without introducing a charge to the molecule 

(Figure 5.1). 
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We explore these three phosphinothiols, and their use in the Staudinger ligation at 

multiple levels. First, we examine the efficacy of these phosphinothiols to facilitate the 

Staudinger ligation at the small-molecule level. Next, we append these phosphinothiols to the C 

terminus of a protein as a phosphinothioester through expressed protein ligation (EPL), and 

examine the efficacy of the Staudinger ligation with a small-molecule azide. Ultimately, we seek 

to define the optimal phosphinothiol for protein–protein ligation, and with the isopeptide-linked 

ubiquitin–ubiquitin dimer as the goal.  

The synthesis of ubiquitin chains is an ideal system in which to apply the Staudinger 

ligation. Ubiquitin is a small, globular protein that serves as an important post-translational 

modifier in the eukaryotic cell, operating as a signal in the form of both mono- and polyubiquitin 

chains. Ubiquitin is typically attached to a target protein through an isopeptide bond between the 

C-terminal glycine residue of ubiquitin and the ε-nitrogen of a lysine on the substrate protein. In 

vivo, the formation of the isopeptide bond is accomplished enzymatically.106,115 Ubiquitin 

contains lysine residues at positions 6, 11, 27, 29, 33, 48, and 63, which are all known to serve as 

sites of attachment for additional ubiquitin molecules.116 Attachment of ubiquitin, either as a 

monomer or in a chain connected through any of the seven lysine residues of ubiquitin, 

designates substrates for a variety of fates including endocytosis, proteasomal degradation, and 

participation in other signal transduction pathways.115,118 Recent studies of ubiquitin polymers 

have found a diverse set of ubiquitin linkages to be present naturally, including all seven 

homopolymeric ubiquitin chains, branching at the proximal ubiquitin and mixed linkage 

chains.105,122-124  

The current understanding of the complexity of ubiquitin signaling pathways is 

incomplete due to the limitations of existing techniques used to study ubiquitin signaling, and a 
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lack of facile methods to synthesize ubiquitin chains. Previously, ubiquitin signaling has been 

studied either through genetic modification, or mass spectrometry; however, these techniques 

have limitations, particularly in delineating the roles of less abundant linkages (6, 27, 29, 33) and 

mixed or branched chains.  

A convenient and efficient method to assess specific ubiquitin chains in vitro—both in 

isolation and while attached to protein substrates—has become critical to the advancement of the 

ubiquitin-signaling field. This task has proven to be challenging due to the difficulty of creating 

the isopeptide bond between proteins with a high degree of specificity. Several groups have 

recently published syntheses of diubiquitin, as reviewed by Martin and Raines.137 Unfortunately, 

while innovative, these methods of native chain production remain mostly unrealistic for 

mainstream use in the biological community due to highly specialized techniques, harsh 

conditions, and low overall yields. 

Here, the Staudinger ligation will be used to ligate two ubiquitin molecules, produced 

recombinantly in Escherichia coli, via an amide linkage without any residual atoms or 

racemization (Figure 5.2).101,142 This traceless reaction will produce an isopeptide bond between 

an azide-labeled proximal ubiquitin and a distal ubiquitin labeled with a C-terminal 

phosphinothioester. The distal ubiquitin contains a C-terminal phosphinothioester, generated via 

expressed protein ligation, while the proximal ubiquitin contains an azide on the ε-nitrogen of the 

lysine to be modified, incorporated as azidonorleucine (ANL) with non-natural amino acid 

incorporation. This method is an improvement over current technologies because it creates an 

authentic isopeptide bond between recombinant proteins with highly selective chemistry that 

operates under mild aqueous conditions, allowing application to a wide variety of substrate 

proteins.  
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5.2 Results and Discussion 

5.2.1 Small–molecule ligations 

Phosphinothiol 2 was synthesized via the route reported previously for phosphinothiol 1, 

and with similar synthetic challenges. Phosphinothiol 3 was also synthesized analogously via the 

Grignard method, but the MEM groups facilitated the one-step reduction and protection of the 

phosphorous, which is the most challenging step in the N,N-dimethylamino synthetic route.298 As 

a net result, phosphinothiol 3 was obtained in dramatically higher overall yield (approximately 

10-fold) than phosphinothiol 1 or 2. 

Phosphinothiol 3 was significantly more soluble than phosphinothiol 1 or 2, dissolving 

readily in buffer at 5 mg/mL, while 1 and 2 required extended stirring to dissolve. 

Phosphinothiol 3 also outperformed phosphinothiol 1 or 2 in a small molecule Staudinger 

ligation test in buffer (Table 5.1). 

 

5.2.2 Protein Production 

The ubiquitin that was to serve as the substrate protein for ubiquitination required an 

azido group at the Nε of the lysine side chain at the point to be modified. To accomplish this 

modification, the non-natural amino acid incorporation system developed by the Tirrell group 

was utilized to incorporate ANL.299 This technique hijacks the methionyl t-RNA synthetase by 

modifying the amino acid-binding pocket, allowing for incorporation of ANL at the AUG codon 

in the absence of methionine. Ubiquitin does not contain any other methionine residues other 

than at the start codon. The ubiquitin construct was designed with a His6 tag and TEV protease 

recognition site inserted between the N-terminal AUG start codon, and the second codon. This 

tag enables purification with metal ion-affinity chromatography, and cleavage at the N terminus, 
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which could contain an additional ANL at position 1 (Figure 5.3A). The construct was expressed 

in methionine-auxotrophic E. coli cells with induction under conditions of methionine starvation 

and ANL supplementation. The incorporation of ANL was assessed by copper-catalyzed 

cycloaddition using an Alexa Fluor® 488 alkyne dye, with a fluorescent signal denoting a protein 

containing ANL (Figure 5.3B). The purified protein was also characterized via MALDI–TOF 

mass spectrometry, with a mass of 10344 Da representing a protein containing two ANL 

substitutions (positions 1 and the canonical 63 site) (Figure 5.3C). Subsequent cleavage of the 

tag with TEV Protease and purification resulted in the final protein of 8418 Da.  

The pendant ubiquitin to be attached to the substrate above requires a C-terminal 

phosphinothioester, which was accomplished by EPL (Figure 5.4A). The ubiquitin was 

expressed as a C-terminal intein fusion protein with a chitin-binding domain. During the 

subsequent purification over chitin resin a pH shift facilitated an N!S acyl transfer, and 

incubation with the small-molecule thiol 2-mercaptoethanesulfonate (MESNa) resulted in the 

elution of the ubiquitin from the resin with a C-terminal thioester (Figure 5.4B). A 

transthioesterification with an excess of the phosphinothiols resulted in the decoration of the 

ubiquitin with the final C-terminal phosphinothioester (Figure 5.4C). This phosphinothioester 

protein was highly sensitive to oxygen, with oxidation of the phosphine and hydrolysis of the 

phosphinothioester occurring within hours of air exposure. Due to this sensitivity, the 

phosphinothioester protein was kept under N2(g) whenever possible, and used for the ligation 

immediately. 
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5.2.3 Protein Ligations 

A reaction between the ubiquitin C-terminal phosphinothioester proteins and an azido-

biotin provided a simple system in which to observe the efficacy of the phosphinothiol in 

isolation, before transitioning into the protein–protein reaction in which the size of both reactants 

can introduce complications, including issues of diffusion rates and sterics. In a direct 

comparison between the ubiquitin phosphinothioesters with phosphinothiols 1 and 2, 

phosphinothioester 2 provided a higher ligation yield, which was found to be optimal at pH 8.5. 

These preliminary data would suggest that the meta ligands might have had a deleterious effect 

on the ligation reaction that is relieved when the substituents are moved to the para position.  

 

5.2.4 Protein–Protein Ligation 

The ubiquitin phosphinothioesters with phosphinothiols 1 and 2 were reacted with the 

K63M ANL-containing ubiquitin (Figure 5.6A). The products of the reaction were quantified 

from silver-stained SDS–PAGE, and showed a slightly higher yield with phosphinothiol 2, 

reinforcing the findings of the protein–small molecule ligation experiments. The products were 

characterized subsequently by MALDI–TOF mass spectrometry, which showed the formation of 

a ubiquitin–ubiquitin dimer at 18921 Da (Figure 5.6B, C). A lower product yield, in comparison 

to small-molecule studies is expected, due to the lower reactant concentrations and larger sizes of 

the reactants. The MALDI–TOF data, however, suggests that the major issue contributing to the 

lower yields is the oxidation and subsequent hydrolysis of the phosphinothiol from the C 

terminus. Once this process has occurred, this protein is no longer able to participate in the 

ligation reaction. Based on the relative sizes of ligation product peaks and oxidized/hydrolyzed 
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pendant ubiquitin, this side reaction appears to occur much more rapidly than does the desired 

ligation reaction.  

 

5.3 Future Directions 

The phosphinothioester is highly sensitive to oxygen. The phosphine reacts readily with 

oxygen to form a phosphine oxide, rendering the phosphine unable to participate in the 

Staudinger ligation and promoting subsequent hydrolysis of the thioester. This oxidation reaction 

is in direct competition with the Staudinger ligation, and occurs quickly, particularly at the 

elevated temperatures used to promote the ligation reaction. At the small-molecule level, the 

Staudinger ligation has classically been preformed in oxygen-free environments to limit this side 

reaction. Excluding oxygen is, however, far more challenging with proteins. In particular, once 

the distal ubiquitin has been adorned with the phosphinothioester, it must undergo further 

purification steps while in its highly oxygen-sensitive state. To limit this oxidation, future 

experiments with the phosphinothioester should be undertaken inside a glove box in an oxygen-

free environment. In theory, a glove box will allow for the purification of the ubiquitin-

phosphinothioester, and subsequent Staudinger ligation with minimal oxidation issues.  

 Additionally, phosphinothiol 3 will be tested side by side with phosphinothiols 1 and 2. 

Phosphinothiol 3 utilizes MEM groups to promote water solubility, while limiting effects due to 

charged side groups. This phosphinothiol was newly synthesized and characterized at the time of 

writing. In preliminary studies, this phosphine appears to be more water-soluble than 

phosphinothiols 1 and 2, which take several minutes to dissolve in buffer. This phosphinothiol 

will next be appended to the pendant ubiquitin, characterized and analyzed for its ability to 

facilitate the Staudinger ligation between two ubiquitin molecules. 
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Upon adaptation of the protocol described here to the glove box, and addition of phosphinothiol 

3, the following experiments should be performed at the protein–protein ligation level: 

1. Characterization of ubiquitin–phosphinothioester with phosphinothiol 3. 

2. SDS–PAGE of Staudinger ligation experiments with all three phosphines (1, 2, 3), at pH 

7.0, 7.5, 8.0, and 8.5 to determine optimal phosphine-stability and ligation-yield 

conditions. 

3. Immunoblot of Staudinger ligation products with a general ubiquitin antibody, as well as 

K48 and K63 specific antibodies. K48 and K63 dimers purchased from Boston Biochem 

will be used as controls.  

4. Digestion of the Staudinger ligation product with Isopeptidase T (USP5), examined by 

SDS–PAGE (Sypro Ruby or silver stain).  

5. Characterization of final dimer via MALDI–TOF mass spectrometry. 

6. Trypsin Digest, LC/MS/MS of final dimer to verify that the specific linkage was formed, 

with the correct fingerprint of an isopeptide bond. 
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5.4 Materials & Methods 

5.4.1 Materials 

Chemicals  

Silica gel (40 µm) was from SiliCycle (Québec City, Canada). All reagent-grade materials were 

from Sigma–Aldrich (St. Louis, MO) and were used without further purification. Ultrapure water 

with a resistivity of ≥18 MV cm–1 was generated with an Arium Pro water purification system 

from Sartorius (Bohemia, NY). The cDNA encoding Saccharomyces cerevisiae ubiquitin was 

codon-optimized for expression in Escherichia coli and synthesized by Bio Basic (Toronto, 

Canada). The vector pTXB, and NdeI and SapI restriction enzymes were from New England 

BioLabs (Ipswich, MA). 

 

Instrumentation  

1H, 13C, and 31P NMR spectra for all compounds were acquired at ambient temperature on 

Bruker spectrometers in the National Magnetic Resonance Facility at Madison (NMRFAM) at 

the University of Wisconsin–Madison operating at 400, 500, or 750 MHz for 1H and 126 or 189 

MHz for 13C, and 162 MHz for 31P NMR. Chemical shift data are reported in units of δ (ppm) 

relative to residual solvent or TMS. Electrospray ionization (ESI) mass spectrometry was 

performed with a Micromass LCT at the Mass Spectrometry Facility in the Department of 

Chemistry at the University of Wisconsin–Madison. The mass of each ubiquitin variant and 

dimer was confirmed by matrix-assisted laser desorption/ionization time-of-flight (MALDI–

TOF) mass spectrometry with a Voyager-DE-PRO Biospectrometry Workstation from Applied 

Biosystems (Foster City, CA). Absorbance measurements were made with an infinite M1000 

plate reader from Tecan (Männedorf, Switzerland).  
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5.4.2 Synthesis 

The phrase “concentrated under reduced pressure” refers to the removal of solvents and other 

volatile materials using a rotary evaporator at water aspirator pressure (<20 torr) while 

maintaining the water-bath temperature below 40 °C. Residual solvent was removed from 

samples at high vacuum (<0.1 torr). All reactions were performed at ambient temperature unless 

indicated otherwise. 

 
HSCH2P(C6H4-m-CH2NMe2)2 (1) was synthesized as reported previously.102  
 
 
Synthesis of HSCH2P(C6H4-p-CH2NMe2)2 (2): 
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1,1'-(4,4'-phosphorylbis(4,1-phenylene))bis(N,N-dimethylmethanamine): Freshly ground Mg 

turnings (0.354 g, 14.56 mmol) and I2 (cat) were added to a 2-neck 100-mL round-bottom flask 

that was fitted with a reflux condenser and sealed with a septum. The flask was purged by 

vacuum and filled with N2(g) (3 cycles) ending with a positive pressure of N2(g). Anhydrous 

THF (5 mL) was added to cover the Mg, and the resulting suspension was stirred. 1-(4-

bromophenyl)-N,N-dimethylmethanamine (3.1 g, 14.48 mmol) was dissolved in anhydrous THF 

(25 mL). The resulting solution was added through the septum, and the reaction mixture was 

heated at reflux for 4 h. The reaction progress was observed by the near complete consumption 

of the Mg turnings. The reaction mixture was then cooled to room temperature, and placed in an 

ice bath. Diethyl phosphite (0.465 mL, 3.62 mmol) was added dropwise, and the reaction 

mixture was allowed to warm to room temperature overnight. The reaction was then quenched 

with dH2O, and the reaction mixture concentrated under reduced pressure, leaving a white slurry. 

This slurry was dissolved in MeOH (100 mL) and filtered through a shallow pad of Celite® to 

remove undissolved solids. The residual solids were washed further with MeOH (100 mL), and 

the filtrate was concentrated under reduced pressure. The residue was purified by 

chromatography on silica gel (10–20% v/v gradient of MeOH in DCM containing 0.5% v/v 

TEA) to produce 1,1'-(4,4'-phosphorylbis(4,1-phenylene))bis(N,N-dimethylmethanamine) as a 

light yellow solid (1.1 g, 96%). 1H NMR (500 MHz, CDCl3) δ 8.08 (d, J = 480.1 Hz, 1H), 7.67 

(dd, J = 13.5, 7.8 Hz, 4H), 7.48 (dd, J = 8.0, 2.6 Hz, 4H), 3.51 (s, 4H), 2.27 (s, 11H). 13C NMR 

N
P
H

O

N N

Br 1. Mg, THF

2.

EtO P
H OEt

O
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(101 MHz, CDCl3) δ 144.05, z131.04, 130.93, 129.75, 129.62, 63.98, 45.46. 31P NMR (162 MHz, 

CDCl3) δ 20.09. HRMS (ESI) m/z calc’d for [C18H25N2OP+H]+ 317.1778, found 317.1781. 

 

 

 

 

Borane bis{4-[(dimethylamino)methyl]phenyl}phosphine complex: 1,1'-(4,4'-

phosphorylbis(4,1-phenylene))bis(N,N-dimethylmethanamine) (0.509 g, 1.61 mmol) was 

dissolved in anhydrous THF (8 mL) and the resulting solution was sparged and purged (3x) with 

N2(g). DIBAL-H as a 1.0 M solution in THF (10 mL, 10 mmol) was added dropwise, producing 

immediate gas evolution. The reaction mixture was stirred overnight. The reaction mixture was 

then cooled in an ice bath, and excess DIBAL-H was quenched with water (0.4 mL), 10% w/v 

NaOH (0.6 mL), and water (1 mL). The reaction mixture was removed from the ice bath, and 

stirred for 30 min. The resulting slurry was dried over MgSO4(s) and filtered, and the filtrate was 

concentrated under reduced pressure. The residue was dissolved in anhydrous DCM (20 mL), 

and the resulting solution was washed with brine (20 mL), dried over MgSO4(s), and filtered. 

The filtrate was concentrated to approximately half the volume. The solution was cooled in an 

ice bath, borane dimethylsulfide (0.52 mL, 5.15 mmol) was added dropwise, and the resulting 

solution was allowed to warm to ambient temperature and stir overnight. The reaction mixture 

was concentrated under reduced pressure, and the residue was purified by chromatography on 

silica gel (CH2Cl2) to yield a pure white solid (0.17 g, 30% overall from two steps) 1H NMR 

P
H

O

N N

P

N NH3B BH3

BH3

H
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2. (CH3)2S.BH3
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(500 MHz, CDCl3) δ 7.79 – 7.66 (m, 4H), 7.48 (dd, J = 8.0, 2.1 Hz, 4H), 6.37 (dq, J = 381.6, 7.0 

Hz, 1H), 3.98 (s, 4H), 2.55 (s, 12H). 13C NMR (126 MHz, CDCl3) δ 135.34, 135.31, 133.20, 

133.11, 133.03, 127.30, 126.85, 67.21, 50.49, 50.46.31P NMR (400MHz, CDCl3) δ -0.269. 

HRMS (ESI) m/z calculated for [C18H34B3N2P+NH4]+ 358.3151, found 358.3155. 

 

 

 

 

Borane bis{4-[(dimethylamino)methyl]phenyl}phosphine ethanethioate complex: Borane 

bis{4-[(dimethylamino)methyl]phenyl}phosphine (0.170 g, 0.5 mmol) was dissolved in DMF 

(2.5 mL) and the solution was cooled to 0 °C. NaH (0.02 g, 0.5 mmol) was added portionwise, 

and the reaction mixture was stirred until the evolution of gas was no longer observed. The 

bromothioester (0.17 g, 1 mmol) was added slowly, and the reaction mixture was removed from 

the ice bath and stirred overnight. The reaction mixture was concentrated by rotary evaporation 

and purified by chromatography on silica get (2% EtOAc, 28% Hexane, 70% DCM v/v/v) to 

yield the borane bis{4-[(dimethylamino)methyl]phenyl}phosphine ethanethioate complex as a 

white solid (0.1 g, 50%). 1H NMR (500 MHz, CDCl3) δ 7.74 (dd, J = 10.5, 7.9 Hz, 4H), 7.48 (dd, 

J = 8.1, 2.2 Hz, 4H), 3.98 (s, 4H), 3.73 (d, J = 6.7 Hz, 2H), 2.55 (d, J = 2.5 Hz, 13H), 2.27 (s, 

3H), 1.74 (bs, 6H). 13C NMR (126 MHz, CDCl3) δ 193.04, 193.02, 135.40, 135.38, 132.95, 

132.87, 132.61, 132.53, 128.75, 128.32, 67.22, 50.54, 50.52, 30.22, 23.75, 23.47. 31P NMR (202 

P

N NH3B BH3
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MHz, CDCl3) δ 19.29. HRMS (ESI) m/z calc’d for [C21H38B3OPS+NH4]+ 446.3134, found 

446.3136. 

 

 

 

 

Borane bis{4-[(dimethylamino)methyl]phenyl}phosphine methanethiol complex: Borane 

bis{4-[(dimethylamino)methyl]phenyl}phosphine thioester (0.01 g, 0.023 mmol) was dissolved 

in MeOH (1 mL) with stirring. To the resulting solution, an aqueous solution of 7 N KOH (0.05 

mL, 0.35 mmol) was added, and the reaction mixture was stirred overnight. The reaction mixture 

was quenched with saturated NH4Cl (10 mL) and the solution was concentrated by rotary 

evaporation. The resulting slurry was extracted with DCM (4 x 10 mL), and the combined 

organic extracts were dried over Na2SO4(s), and the solution concentrated under reduced 

pressure to yield the borane bis{4-[(dimethylamino)methyl] phenyl}phosphine ethanethiol 

complex as a yellowish solid (0.01 g, quant). 1H NMR (500 MHz, CDCl3) δ 7.74 (dd, J = 10.5, 

7.9 Hz, 4H), 7.48 (dd, J = 8.1, 2.2 Hz, 4H), 3.98 (s, 4H), 3.73 (d, J = 6.7 Hz, 2H), 2.55 (d, J = 2.5 

Hz, 13H), 1.74 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 156.87, 135.35, 133.07, 132.99, 132.78, 

132.67, 132.60, 132.23, 128.97, 128.54, 67.26, 50.59, 50.53, 34.07, 29.85, 25.73, 25.07. 31P 

NMR (202 MHz, CDCl3) δ 21.11. 
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(Bis{3-[(2-methoxyethoxy)-methoxymethyl]phenyl}phosphino)methanethiol: Borane bis{3-

[(2-methoxyethoxy)-methoxymethyl]phenyl}phosphine thiol complex (0.01 g, 0.02 mmol) was 

dissolved in anhydrous MeOH (10 mL) in a sealed vial and heated to 70 oC with stirring for 12 h. 

The reaction mixture was then concentrated by rotary evaporation and used directly (0.01 g, 

quant.). 1H NMR (500 MHz, CDCl3) δ 7.74 (dd, J = 10.5, 7.9 Hz, 4H), 7.48 (dd, J = 8.1, 2.2 Hz, 

4H), 3.98 (s, 4H), 3.73 (d, J = 6.7 Hz, 2H), 2.55 (d, J = 2.5 Hz, 13H). 13C NMR (P-coupled,126 

MHz, CDCl3) δ 193.04, 193.02, 135.40, 135.38, 132.95, 132.87, 132.61, 132.53, 128.75, 128.32, 

67.22, 50.54, 50.52, 30.22, 23.75, 23.47. 31P NMR (162 MHz, CDCl3) δ -10.02. 
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Synthesis of HSCH2P(C6H4-m-CH2OCH2OCH2CH2OCH3)2 (3): 
 

 

Borane bis{3-[(2-methoxyethoxy)-methoxymethyl]phenyl}phosphine complex: Synthesized 

as reported previously.56 

 

 

Borane bis{3-[(2-methoxyethoxy)-methoxymethyl]phenyl}phosphine thioester complex: 

Borane bis{3-[(2-methoxyethoxy)-methoxymethyl]phenyl}phosphine (0.52 g, 1.2 mmol) was 

dissolved in DMF (5 mL), and the resulting solution was cooled to 0 °C. To this solution NaH 

(0.048 g, 1.2 mmol) was added portionwise until the cessation of gas evolution was observed. 

The bromothioester (0.2 g, 3 mmol) was then added to the reaction mixture, and the resulting 

solution was allowed to warm to room temperature and was stirred overnight. The reaction 
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mixture was concentrated by rotary evaporation and purified by chromatography on silica gel to 

yield the borane bis{3-[(2-methoxyethoxy)-methoxymethyl]phenyl}phosphine thioester complex 

as a clear oil (0.234 g, 37%). 1H NMR (400 MHz, CDCl3) δ 7.68 (d, J = 11.2 Hz, 2H), 7.59 (t, 

2H), 7.51 (d, J = 7.6 Hz, 2H), 7.43 (td, J = 7.6, 2.5 Hz, 2H), 4.80 (s, 4H), 4.63 (s, 4H), 3.77 – 

3.68 (m, 6H), 3.56 (dd, J = 5.8, 3.5 Hz, 4H), 3.39 (s, 6H), 2.26 (s, 3H). 13C NMR (126 MHz, 

CDCl3) δ 193.29, 193.27, 139.11, 139.03, 131.70, 131.65, 131.63, 131.57, 131.21, 131.19, 

129.08, 129.00, 128.00, 127.57, 95.12, 71.80, 68.80, 67.12, 59.15, 30.16, 23.88, 23.59. 31P NMR 

(162 MHz, CDCl3) δ 18.24. HRMS (ESI) m/z calc’d for [C25H38BO7PS+Na]+ 546.2098, found 

546.2097. 

 

 
 

Borane (bis{3-[(2-methoxyethoxy)-methoxymethyl]phenyl}phosphine)methanethiol 

complex: Borane bis{3-[(2-methoxyethoxy)-methoxymethyl]phenyl}phosphine thioester 

complex (0.015 g, 0.03 mmol) was dissolved in MeOH (1 mL). To the resulting solution, an 

aqueous solution of 7 N KOH (0.05 mL, 0.35 mmol) was added, and the reaction mixture was 

stirred overnight. The reaction mixture was quenched with saturated NH4Cl (10 mL) and 

concentrated under reduced pressure. The suspension was then extracted into DCM (4 x 10 mL). 

The DCM solution was dried over Na2SO4(s), and concentrated under reduced pressure to yield 
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the borane bis{3-[(2-methoxyethoxy)-methoxymethyl]phenyl}phosphine thiol complex as a 

lightly colored oil (0.015 g, quant.). 1H NMR (500 MHz, CDCl3) δ 7.67 (dd, J = 10.4, 8.1 Hz, 

4H), 7.46 (dd, J = 8.1, 2.3 Hz, 5H), 4.82 (s, 4H), 4.66 (s, 4H), 3.79 – 3.69 (m, 6H), 3.60 – 3.52 

(m, 6H), 3.40 (d, J = 1.7 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 142.22, 142.20, 132.81, 132.73, 

128.16, 128.08, 127.22, 127.17, 126.73, 95.21, 71.85, 68.73, 67.19, 59.22, 59.20. 31P NMR (162 

MHz, CDCl3) δ 20.53. HRMS (ESI) m/z calc’d for [C23H36BO6PS+NH4]+ 499.2438, found 

499.2436. 

 

 

 
 
 
(Bis{3-[(2-methoxyethoxy)-methoxymethyl]phenyl}phosphino)methanethiol: The borane 

bis{3-[(2-methoxyethoxy)-methoxymethyl]phenyl}phosphine thiol complex (0.015 g, 0.03 

mmol) was dissolved in anhydrous MeOH (10 mL) in a sealed vial and the solution was heated 

to 70 oC for 12 h. The reaction mixture was then concentrated under reduced pressure and used 

directly (0.015 g, quant.). 1H NMR (500 MHz, CDCl3) δ 7.90 – 7.64 (m, 2H), 7.53 – 7.40 (m, 

3H), 7.36 (s, 0H), 4.84 – 4.78 (m, 4H), 4.69 – 4.63 (m, 3H), 3.74 (dd, J = 5.7, 3.6 Hz, 4H), 3.56 

(dd, J = 5.8, 3.4 Hz, 4H), 3.40 (s, 4H). 13C NMR (126 MHz, CDCl3) δ 143.04, 132.25, 132.16, 

132.09, 132.02, 131.95, 131.79, 131.71, 131.09, 131.01, 128.52, 128.19, 128.15, 128.09, 128.05, 

127.94, 127.45, 95.47, 95.45, 95.43, 72.10, 69.00, 68.89, 67.45, 67.44, 59.46. 31P NMR (162 

MHz, CDCl3) δ 28.49. 
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5.4.3 Small–Molecule Staudinger Ligation Testing 

The phosphinothioester (0.01 mmol) was combined with DABCO (0.01 mmol, or 0.03 

mmol), and the flask was evacuated, and purged with N2(g) for three cycles, ending with a 

positive pressure of N2(g). Anhydrous toluene (1 mL) was added, and the reaction mixture was 

heated to 40 oC for 4 h. The reaction mixture was returned to high vacuum and concentrated to 

dryness. 2-Azido-N-benzylacetamide56 was added to the deprotected phosphinothioester as a 

solution in 1 mL of either DMF or buffer (50 mM Tris–HCl buffer, pH 8.0). The flask was then 

evacuated again, and purged with N2(g) for three cycles (ending with a positive pressure of 

N2(g)), and sealed. The reaction mixture was stirred for 20 h at 40 oC, and then analyzed by 

LCMS. The percent conversions were determined by monitoring peak absorbance at 254 nm to 

provide the integration of the glycine amide product and the integration of the unreacted 2-azido-

N-benzylacetamide. 

Phosphinothioester reduction in situ was performed according to a previously reported 

procedure.300 The phosphinothioester (0.01 mmol) was combined with DABCO (0.01 mmol or 

0.03 mmol) and 2-Azido-N-benzylacetamide56 and the vessel was evacuated and purged with 

N2(g) for three cycles, ending with positive pressure of N2(g). Anhydrous DMF (1 mL) was 

added to the reagents, and the reaction mixture was stirred for 20 h at 40 oC, and analyzed by 

LCMS. 
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5.4.3.1 LCMS Chromatogram of glycine-coupling assay. Amide product is visible at 6.592 min., 

unreacted azide is observed at 7.817 min. 

 

5.4.4 Protein Production 

Site-directed mutagenesis with the QuickChange kit from Agilent Technologies (Santa Clara, 

CA) was used to generate all ubiquitin variants. Constructs were verified by Sanger sequencing 

at the University of Wisconsin–Madison Biotechnology Center Sequencing Facility.  

 

5.4.4.1 Distal Ubiquitin 

cDNA encoding S. cerevisiae ubiquitin was inserted into the pTXB expression vector between 

the NdeI and SapI sites. The ubiquitin protein was expressed as an intein fusion protein with a 

chitin binding domain in BL21(DE3) E. coli cells. Cells were grown and induced at 37 °C in 

autoinduction medium for 20 h. Cells were harvested by centrifugation at 5000g for 20 min. The 

cell pellet was resuspended in lysis buffer (30 mM HEPES–NaOH buffer, pH 8.0, containing 
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0.30 M NaCl and 1.0 mM EDTA) and lysed at 22 kPSI in a T Series Cell Disrupter 2.2 kW from 

Constant Systems Limited (Northants, UK). The debris was cleared by centrifugation at 15000g 

for 45 min at 4 °C. The supernatant was incubated for 4 h at 4 °C with chitin resin equilibrated in 

lysis buffer (10 mL resin/L liquid growth). The flowthrough was discarded, and the resin was 

washed with 5 column volumes of wash buffer (30 mM HEPES–NaOH buffer, pH 8.0, 

containing 0.50 M NaCl and 1.0 mM EDTA). The protein was eluted from the resin as a 

thioester with MESNa by incubation in elution buffer (30 mM potassium phosphate buffer, pH 

6.0, containing 0.20 M NaCl, 1.0 mM EDTA, and 0.10 M MESNa) for 48 h on a nutator at 4 °C. 

The ubiquitin–MESNa thioester solution was concentrated and purified further by gel–filtration 

chromatography on a Superdex G75 26/60 column, in 50 mM sodium acetate buffer pH 5.0, 0.1 

M NaCl, 0.05% NaN3). The protein solution was sparged with N2(g) for 10 min, before adding 

100-fold molar excess of the phosphinothiol. The solution was sparged with N2(g) for a further 10 

min, before stirring at 4 °C for 48 h to induce the transthioesterification. The protein was then 

purified by PD10 column (GE Healthcare) with 50 mM HEPES–NaOH buffer, pH 7.5. The final 

ubiquitin phosphinothioester was characterized by MALDI–TOF and SDS–PAGE. 

 

5.4.4.2 Proximal Ubiquitin 

The ubiquitin gene was ligated into the pQE60 vector (Qiagen), with an N-terminal His6 tag and 

TEV protease recognition sequence inserted between the start codon and the second amino acid 

in the protein. Site-directed mutagenesis was used to install a K!M mutation at the desired site 

of azidonorleucine incorporation. This plasmid was transformed into M15MA cells (Met 

auxotroph), also containing pREP4, to limit leaky expression. Cells were grown in 1 L Terrific 

Broth at 37 °C, shaking until OD600 reached 1.2 – 1.4. The cells were collected by centrifugation 
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at 5000g for 7 min, and resuspended gently in 1 L of M9 media (M9 salts, 0.2% w/v glucose, 1 

mM MgSO4, 25 mg/L thiamine) containing 19 amino acids (40 mg/L, excluding methionine). 

The culture was grown further at 37 °C, shaking for 20 min, and the centrifugation was repeated. 

The cells were again taken up in 1 L of M9 media, containing 19 amino acids (excluding 

methionine) but containing 1 mM azidonorleucine. The cells were grown at 37 °C with shaking 

for a further 20 min before IPTG was added to 1 mM to induce protein expression for 12 h. The 

cells were harvested at 5000g for 20 minutes, and resuspended in lysis buffer (30 mM sodium 

phosphate buffer, pH 8.0, containing 0.50 M NaCl and 20 mM imidazole). Cells were lysed at 22 

kPSI in a T Series Cell Disrupter 2.2 kW, and the supernatant was clarified by centrifugation at 

15000xg for 45 minutes. The supernatant was filtered through a 0.45–µm filter, before 

purification by immobilized metal ion affinity chromatography (IMAC) using a HisTrap SP HP 

column and an ÄKTA system from GE Healthcare (Piscataway, NJ) with a linear gradient of 

imidazole (0.02–0.5 M) in 30 mM sodium phosphate buffer, pH 8.0, containing NaCl (0.5 M). 

The purified protein was dialyzed into 50 mM HEPES–NaOH buffer, pH 7.5 and concentrated to 

100–200 µM. If the N-terminal tag needed to be removed, TEV Protease (Promega, Madison, 

WI), was utilized to cleave off the tag, and a further round of IMAC purified the ubiquitin 

variant from the enzyme and tag. Incorporation of azidonorleucine was verified by MALDI–TOF 

and by reaction of the azido group with Alexa Fluor® 488–alkyne.  

 

5.4.5 Ubiquitin–Biotin Staudinger Ligations 

A 50–µL solution of ubiquitin–phosphinothioester 1 or 2 (200 µM, 1 nmol) was combined with a 

100–fold molar excess of azide–PEG3–biotin (Sigma–Aldrich). The pH was adjusted with 

HEPES–NaOH buffer to 7.0, 7.5, 8.0, or 8.5. A control ubiquitin with no C-terminal 
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modification was also prepared at pH 8.0. The solutions were mixed and allowed to react at 40 

°C for 12 h. The reactions were quenched by the addition of SDS–PAGE sample buffer and 

boiling for 5 min. Samples were run on a 12% w/v SDS-PAGE gel, and transferred to PVDF for 

1.5 h at 100 V. The PVDF was blocked with 5% non-fat milk in 1X TBST for 1 h at room 

temperature. The blot was washed 3 x 5 min in 1X TBST, and incubated in anti-biotin-HRP 

antibody (Cell Signaling Technology) for 1 h at room temperature. The blot was washed 3 x 5 

min in 1X TBST, and HRP was detected by chemiluminescence, imaging using an ImageQuant 

LAS 4000 (GE Healthcare). 

 

5.4.6 Ubiquitin–Ubiquitin Staudinger ligations 

A 100–µL solution of ubiquitin–phosphinothioester 1 or 2 (200 µM, 2 nmol) was 

combined with 0.5 equivalents of the K63 ANL protein. The pH was adjusted with HEPES–

NaOH to 6.5, 7.0, 7.5, 8.0 or 8.5. A control ubiquitin with no C-terminal modification was also 

prepared at pH 7.0 and 8.0. The solutions were mixed and allowed to react at 40 °C for 18 h. A 

portion of the reaction mixture was removed at 18 h, and spotted on a MALDI–TOF plate with 

sinapinic acid matrix, for analysis by mass spectrometry. The remainder of the reaction mixture 

was quenched by the addition of SDS–PAGE sample buffer and boiling for 5 minutes. The 

samples were run on a 12% w/v SDS–PAGE gel, and then silver–stained.  
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Table 5.1  

 

 

 

 

 

 

Small–molecule Staudinger ligation testing (reported as % amide conversion) 

Phosphinothiol 
 

DMF 
(Reduced in situ) 

 
DMF 

 
50 mM Tris 

pH 8.0 
 
1 
 

 
n/a 

 

 
n/a 

 
56 

 
2 
 

 
64 
 

 
56 

 
62 

 
3 
 

 
88 
 

 
76 

 
91 
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Figure 5.1 
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Figure 5.1 Phosphinothiols compared directly in the aqueous Staudinger ligation. (1) bis(m-N,N-

dimethylaminomethylphenyl)-phosphinothiomethanethiol, (2) N,N-dimethylaminomethyl-

phenyl)phosphinothiomethanethiol and (3) (Bis{3-[(2-methoxyethoxy)-methoxymethyl]-

phenyl}phosphino)methanethiol. 
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Figure 5.2 
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Figure 5.2 Retrosynthetic scheme for the production of ubiquitin chains. The distal ubiquitin 

(blue) is produced by expressed protein ligation and decorated with a phosphinothiol (R= C6H4-

m-CH2NMe2 or C6H4-p-CH2NMe2 or (C6H4-p-CH2OCH2OCH2CH2OCH3)). The proximal 

ubiquitin contains an azido group installed through non-native amino acid incorporation. The 

final dimer is linked through an isopeptide bond formed by the Staudinger ligation.  
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Figure 5.3 
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Figure 5.3 Preparation of the proximal ubiquitin. (A) The proximal ubiquitin along with a 

polyhistidine tag and TEV protease recognition sequence is expressed in methionine auxotrophic 

E. coli cells, with a methionyl t-RNA synthetase variant that enables the incorporation of 

azidonorleucine at methionine codons. The protein is subsequently purified by metal ion-affinity 

chromatography (IMAC). The tag, including the azidonorleucine incorporated at the start codon, 

is removed with TEV protease. Both the TEV protease and the affinity tag are removed by a 

second round of IMAC. (B) SDS–PAGE of varying protein expression conditions of the K63M 

variant, stained with coomassie (top) and scanned for a 488-nm fluorescent signal after reaction 

with an Alexa Fluor® 488 alkyne and Cu(I). (C) MALDI–TOF of the purified K63M variant, 

after removal of the purification tag. 
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Figure 5.4 
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Figure 5.4 Preparation of the distal ubiquitin. (A) The distal ubiquitin is expressed 

recombinantly as an intein fusion protein with a chitin-binding protein. The protein is then bound 

to chitin resin, and a drop in pH facilitates an N!S acyl rearrangement. The protein is eluted 

from resin by cleavage with a thiol (typically MESNa). Transthioesterification results in 

generation of the final ubiquitin phosphinothioester that will be used in the Staudinger ligation. 

(B) Ubiquitin with a C-terminal MESNa thioester. (C) Ubiquitin with a C-terminal 

phosphinothioester.
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Figure 5.5 
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Figure 5.5 Protein–small-molecule ligations. (A) Reaction scheme of ubiquitin C-terminal 

phosphinothioester with an azido-biotin. (B) Immunoblot of Staudinger ligations with 

phosphinothiols 1 or 2 at varying pH’s (α-biotin).  
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Figure 5.6 
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Figure 5.6 Ubiquitin–ubiquitin dimer formation via the Staudinger ligation. (A) Reaction 

scheme for the formation of the ubiquitin–ubiquitin dimer. (B) Silver-stained SDS–PAGE of 

Staudinger ligations with the K63M variant at varying pH’s, with phosphinothioesters of 

phosphinothiols 1, or 2, or no C-terminal phosphinothioester on the proximal ubiquitin. Red 

arrows represent the band for the expected position of the ubiquitin–ubiquitin dimer product. (C) 

MALDI–TOF data of a Staudinger ligation of the K63M variant with phosphinothioester 2 at pH 

8.0.  
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5.5 NMR 
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31P NMR (400MHz, CDCl3) 
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1H NMR (500 MHz, CDCl3)  

 
13C NMR (126 MHz, CDCl3)  
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31P NMR (400MHz, CDCl3) 
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1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3)  
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31P NMR (202 MHz, CDCl3)  
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1H NMR (500 MHz, CDCl3) 

 

13C NMR (126 MHz CDCl3) 
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31P NMR (162 MHz, CDCl3) 
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13C NMR (126 MHz, CDCl3)  
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31P NMR (162 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 
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31P NMR (162 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 

 
 
13C NMR (126 MHz, CDCl3) 
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31P NMR (162 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 
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31P NMR (162 MHz, CDCl3) 
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Chapter 6 
!

Intrinsic site-selectivity of ubiquitin dimer formation* 
 
 

*This chapter has been published in part, under the same title. Reference: Andersen, K.A., 

Martin, L.J., Prince, J.M., Raines, R.T. Intrinsic site-selectivity of ubiquitin dimer formation. 

Protein Sci. 24, 182–189 (2015). 

 

Contributions: I produced all the proteins in this study, performed all kinetic assays and 

MALDI-TOF and wrote the manuscript. Lysine to cysteine mutants were cloned by Langdon J. 

Martin, with assistance from Joel M. Prince.  
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Abstract 

The post-translational modification of proteins with ubiquitin can take on many forms, including 

the decoration of substrates with polymeric ubiquitin chains. These chains are linked through one 

of the seven lysine residues in ubiquitin, with the potential to form a panoply of linkage 

combinations as the chain length increases. The ensuing structural diversity of modifications 

serves a variety of signaling functions. Still, some linkages are present at a much higher level 

than others in cellulo. Although ubiquitination is an enzyme-catalyzed process, the large 

disparity of abundancies led us to the hypothesis that some linkages might be intrinsically faster 

to form than others, perhaps directing the course of enzyme evolution. Herein, we assess the 

kinetics of ubiquitin-dimer formation in an enzyme-free system by measuring the rate constants 

for thiol–disulfide interchange between appropriate ubiquitin variants. Remarkably, we find that 

the kinetically expedient linkages correlate with those that are most abundant in cellulo. As the 

abundant linkages also appear to function more broadly in cellulo, this correlation suggests that 

the more accessible chains were selected for global roles. 
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6.1 Introduction 
!

Ubiquitin is a small, globular, and structurally robust protein that is highly conserved 

among eukaryotes. The structure, referred to as a β-grasp, consists of a five-stranded β-sheet and 

an α-helix, with a flexible tail of four residues protruding at the C terminus (Figure 6.1A).114 The 

addition of ubiquitin chains to proteins serves as an important post-translational modification in 

eukaryotic cells.301-305 Ubiquitin is attached to a target protein through an isopeptide bond 

between the C-terminal glycine residue of ubiquitin and the ε-nitrogen of a lysine residue on the 

target protein or another ubiquitin. In cellulo, the formation of the isopeptide bond occurs 

through the concerted actions of three enzymes, known generally as the ubiquitin-activating 

enzyme (E1), ubiquitin-conjugating enzymes (E2) and ubiquitin–protein ligases (E3). 

Ubiquitin contains seven lysine residues (K6, K11, K27, K29, K33, K48, and K63) that 

can serve as sites of attachment for additional ubiquitin molecules (Figure 6.1A).105,124 Recent 

studies of ubiquitin polymers have found a diverse set of ubiquitin linkages present in cellulo, 

including all seven homopolymeric ubiquitin chains.105 A comprehensive analysis revealed that 

the various linkages exist in vastly different abundances, with K48 (29%), K11 (28%) and K63 

(16%) being the most plentiful linkages, and K6 (11%), K27 (9%) K33 (4%), and K29 (3%) 

being more rare.124  

The consequences for a ubiquitin-modified target depend on the architecture of the 

attachment.116,131,147,306,307 Perhaps the most well-studied modification, K48-linked chains, are 

known to serve as potent signals for proteasomal degradation.126 In contrast, K63-linked chains 

are not related to proteasomal degradation, but instead serve roles in DNA repair and cytokine 

signaling.308,309 K11-linked chains are believed to play an important role in marking substrates 

for degradation in endoplasmic reticulum-associated degradation (ERAD), and in cell-cycle 
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regulation.123,124,310,311 Less is known about the functions of the rare linkages through K6, K27, 

K29, and K33. Formation of the K6 linkage is known to be catalyzed by the BRCA1, providing a 

potential function in DNA damage response.312,313 K27 has been linked tentatively to the protein 

kinase C signaling pathway.133 Relatedly, K29- and K33-linked chains have been associated with 

the regulation of AMP-activated protein kinase (AMPK)-related kinases.134 

The different isopeptide linkages impart different quaternary structure on the 

polyubiquitin chains. Known three-dimensional structures indicate that K63-linked chains take 

on an “extended” conformation, whereas K6-, K11-, and K48-linked chains adopt “compact” 

conformations in which the ubiquitin moieties packed together tightly.132,143-145 The different 

orientations of the ubiquitin chains display different surface patches to proteins containing 

ubiquitin-binding domains,146,147 and presumably enable linkages to play distinct roles. 

The variations in abundance and function associated with the isopeptide linkages raises 

the question: why are particular linkages used for particular functions? One possibility is that 

certain linkages are inherently accessible, and that cellular machinery evolved to use these 

linkages for functions of special importance. The process of ubiquitination is dictated by the 

concerted actions of the E1, E2, and E3 enzymes. Of these enzymes, E2 and E3 have the 

potential to impart linkage specificity. These enzymes do so by positioning the ubiquitins to 

favor the attachment of the donor ubiquitin to a particular lysine of the acceptor ubiquitin. 

Although some of these enzymes are known to impart only particular linkages, others are 

promiscuous. For example, E2 Ubc5 is known to catalyze the formation of all seven possible 

linkages.136 

We hypothesized that particular ubiquitin–ubiquitin linkages are inherently faster to form 

than others, and that these linkages are used preferentially by the cell to signal critical events. To 
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test this hypothesis, we developed an enzyme-free system to model dimer formation. As 

disulfide bonds had been used previously to mimic the covalent attachment of ubiquitin,149-152 we 

used disulfide bonds as a proxy for isopeptide linkages. Here, we measure the rate constants for 

the formation of all seven ubiquitin dimers. The resulting data support our hypothesis, and have 

implications for the evolution of ubiquitination. 

 

6.2 Results 

6.2.1 Rate constants of dimerization 

All seven lysine-to-cysteine ubiquitin variants were produced in E. coli and purified in a 

yield of 3–30 mg/L, with UbiquitinK27C providing the lowest yield. Purified variants were treated 

with DTNB and characterized by MALDI–TOF (Figure 6.2). We could not produce ubiquitin 

with an additional C-terminal cysteine residue in E. coli, even with the aid of a protease inhibitor 

cocktail (data not shown), suggesting an inherent instability of this variant. To overcome this 

problem, the C-terminal glycine residues were replaced with two alanine and a cysteine residue. 

The resulting protein, Ubiquitin77C, was purified from E. coli in a yield of 50 mg/L. Only the 

thiolate form of a cysteine residue is nucleophilic in water.314 Accordingly, we choose 

Ubiquitin77C as the nucleophile and UbiquitinK→C(NTB) as the electrophile (rather than the inverse) 

to keep the nucleophile constant and thereby eliminate the effect of nucleophile pKa on the 

reaction rate. The AlaAlaCys peptide was synthesized to mimic the C terminus of Ubiquitin77C, 

but control for issues of either favorable or unfavorable interactions that might arise with a 

globular protein. 

Plotting vo versus [Ubiquitin77C] (or [AlaAlaCys]) as in eq 2 generated statistically 

significant slopes for all UbiquitinK→C(NTB) variants, with R2 > 0.85 in all cases (Figure 6.3A). 
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The y-intercepts did not differ significantly from zero, indicating a good fit to eq 6.1. The high 

quality of the fit to a second-order rate equation precludes a first-order reaction from the 

noncovalent association of ubiquitin monomers under the experimental conditions. After the 

kinetic assays, the formation of each Ubiquitin77C–UbiquitinK→C dimer was verified by MALDI–

TOF mass spectrometry. 

The K63C variant showed the fastest rate of dimer formation of the seven (Figure 6.3A). 

K11C and K48C were also fast to dimerize. The K6C, K29C, K27C, and K33C variants were all 

appreciably slower to form dimers. Ubiquitin77C was faster to dimerize with each of the seven 

UbiquitinK→C(NTB) variants than was AlaAlaCys (Table S1). 

6.2.2 Comparing dimerization rate to abundance in cellulo 

Given the observation from the kinetics data that some linkages were significantly slower 

to form than others, we compared these rates to the percent abundance of these linkages in 

cellulo as determined by mass spectrometry. For this comparison, we used abundancies in 

yeast,124 as we used yeast ubiquitin in our experiments. Although linkage abundancies can vary 

between cell type and treatment conditions, other studies corroborate the data in yeast.105,315 

We observed that the linkages fall into two categories: fast/abundant, or slow/rare 

(Figure 6.3B). Our definition of “abundant” is based upon whether the proportion of each linkage 

in cellulo was above 14%, which is the occurrence that would be observed if the seven linkages 

were distributed evenly. The statistical partitioning of these linkages into these two groups was 

confirmed by a cluster analysis partitioning around medoids.316,317 

6.2.3 Solvent-accessible surface area 

To determine if the reactivity we observed was related to the accessibility of the residues, 

we calculated the solvent-accessible surface area (SASA) with of the native lysine residues as 
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well as the substituted cysteine residues (Figure 6.4A). For both types of residue, position 63 was 

calculated to be very highly exposed, which correlates with our observation that this residue was 

the most reactive. Positions 11 and 48 were likewise highly exposed and reactive. In contrast, 

although position 33 was calculated to be highly exposed, it was among the slowest to react. 

Positions 6 and 29 have an intermediate level of exposure, but showed reactivity similar to that 

of buried position 27. Interestingly, positions 27, 29, and 33 are located on the α-helix of 

ubiquitin (Figure 6.1A), and show similar reactivity despite having varying levels of solvent 

accessibility. 

6.2.4 Side-chain pKa values 

Values of pKa for the ammonium group of lysine residues and thiol group of cysteine 

residues were calculated with the program PROPKA.318 There was little variability in the 

calculated pKa values, aside from that of buried residue C27. 

 

6.3 Discussion 

 Using disulfide-bond formation to mimic ubiquitin dimerization, we find that certain 

linkages are inherently faster to form. This differential reaction rate could be attributed to several 

factors. Since ubiquitin is a globular protein, we suspected that accessibility of the seven 

positions would play an important role in the rate of linkage formation. SASA calculations on the 

crystalline protein do provide a partial explanation for the relative reaction rates. The nucleophile 

in the fastest (K63) and slowest (K27) reacting variants had the most and least solvent exposure 

in the solid state. Other linkages, however, adhered less well to this constraint. 

The seven UbiquitinK→C(NTB) variants reacted more quickly with Ubiquitin77C than with 

the AlaAlaCys peptide (Table 6.1). This finding is also consistent with unfavorable steric 
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interactions playing a minor role in dimer formation. Rather, the faster rate of each protein–

protein reaction is consistent with favorable interactions between the two ubiquitin monomers. 

Indeed, a noncovalent ubiquitin"ubiquitin complex has been detected in solution, and shown to 

have an equilibrium dissociation constant of Kd = 5 mM.319 Our experiments were performed at a 

ubiquitin concentration of 10 µM, which is the endogenous concentration of ubiquitin in human 

cells.320 Under our conditions, the rate of dimer formation did not deviate significantly from a 

second-order rate equation (eq 6.1), and we could not detect the formation of a noncovalent 

complex despite the intrinsic affinity.319 

The amino group of a lysine residue is the relevant nucleophile in cellulo. The relative 

rates of lysine Nε acetylation are known to be K6 ≈ K48 ≈ K63 > K33 > K11 > K27 ≈ K29.321 

Likewise, the K27C and K29C variants were slow to dimerize in our system (Figure 6.3A). K6 

was acetylated more readily than anticipated from our data, and K11 was less so. Calculated pKa 

values of both lysine and cysteine residues suggests little differentiation, aside from the high pKa 

for the unreactive K27C variant (Figure 6.4B). Although neither solvent exposure nor pKa 

provides a complete explanation for the reactivity observed in our study, each likely contributes 

to that reactivity.  

The covalent attachment of ubiquitin or ubiquitin-like proteins is the only known 

posttranslational modification of a protein with another protein.322 Thus, the formation of a 

ubiquitin dimer is constrained by unique steric demands. In hydrogen–deuterium exchange 

experiments, the main-chain amides of K11, K48, and K63 have been found to be more 

susceptible to exchange than those of the other four lysine residues.323,324 This finding is 

consistent with K11, K48, and K63 being in surface loops, whose flexibility could relieve steric 

constraints during a reaction with another ubiquitin monomer. In contrast, the other lysine 



!299!

residues reside in highly ordered elements of secondary structure (i.e., α-helices and β-sheets).325 

Accordingly, the kinetic data (Figure 6.3A) correlate with the accessibility of each lysine residue 

to solvent and thus its availability for a chemical reaction. 

We found another correlation, one between the rate of formation of a dimer and the 

abundance of its linkage in cellulo. Most notably, the linkages were clearly divisible into two 

groups: fast/abundant, or slow/rare (Figure 6.3B). Interestingly, these groupings relate to the 

types of functions that these linkages serve. For example, fast/abundant linkages serve global 

functions in the cell, with K11 and K48 playing large roles in directing substrates for 

proteasomal degradation, and K63 for repair pathways.106,115 The K11R variant results in 

hypersensitivity to ER stress, reflecting the important role K11-linked chains play in ERAD.124 

The K48R substitution is known to be lethal in budding yeast, evidencing the critical nature of 

this connectivity.127 The phenotype induced by the K63R variant is likewise prominent—a 

hypersensitivity to DNA damage.326 In comparison, the linkages categorized as slow/rare appear 

to have more specific functions. To date, linkages to K6, K27, K29, and K33 have been found in 

only a few substrates, and the biological function of these linkages appears to be less 

consequential than those to K11, K48, and K63.106,115  

The site-selectivity of the cellular ubiquitination machinery also supports our hypothesis. 

The human genome encodes ~35 E2 and >600 E3 enzymes. E2s are abundant in human cells (>4 

× 104 molecules/cell)327 and take on broad roles in comparison to E3s. Those E2s that act in a 

linkage-specific manner build K11, K48, and K63 linkages. In comparison, E3s tend to be less 

abundant, and known linkage-specific E3s forge rare isopeptide bonds. For example, the E3s 

BRCA1,312,313 Parkin,328 KIAA116,329 and Cul3-KLHL20330 generate K6-, K27-, K29-, and K33-

linked chains, respectively. 
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6.4 Conclusions 

We provide the first data on the intrinsic ability of a ubiquitin dimer to form without the 

imposition of an enzyme. Nonetheless, we do not ignore that ubiquitination is an enzyme-

catalyzed process in eukaryotic cells. In that light, we propose that the complex cellular 

ubiquitination machinery, comprising hundreds of enzymes, evolved to enhance differential 

native rates of dimerization. Further, the correlation between the rate at which a dimer forms and 

the natural abundance of its analogous isopeptide suggests that the more readily formed linkages 

were recruited for the most broadly important cellular functions, while other linkages were 

destined for more narrow roles. 

 

6.5 Methods 

6.5.1 Chemicals 

Ultrapure water with a resistivity of ≥18 MV.cm–1 was generated with an Arium Pro water 

purification system from Sartorius (Bohemia, NY). 5,5′-Dithiobis(2-nitrobenzoic acid) (DTNB) 

and HPLC-grade solvents were from Sigma–Aldrich (St. Louis, MO). cDNA encoding 

Saccharomyces cerevisiae ubiquitin was codon-optimized for expression in Escherichia coli and 

synthesized by Bio Basic (Toronto, Canada). The vector pTXB, and NdeI and SapI restriction 

enzymes were from New England BioLabs (Ipswich, MA). 

 

6.5.2 Instrumentation 

The mass of each ubiquitin variant and dimer was confirmed by matrix-assisted laser 

desorption/ionization time-of-flight (MALDI–TOF) mass spectrometry with a Voyager-DE-PRO 

Biospectrometry Workstation from Applied Biosystems (Foster City, CA). Absorbance 
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measurements were made with an infinite M1000 plate reader from Tecan (Mannedorf, 

Switzerland). Rate constants were calculated with Prism 6 software from GraphPad (La Jolla, 

CA). 

 

6.5.3 Protein production 

cDNA encoding S. cerevisiae ubiquitin was inserted into the pTXB expression vector between 

the NdeI and SapI sites. Site-directed mutagenesis with the QuickChange kit from Agilent 

Technologies (Santa Clara, CA) was used to generate Ubiquitin77C, in which Gly75 and Gly76 

are replaced with alanine residues and a cysteine residue is added to the C terminus. Site-directed 

mutagenesis was also used to create all seven individual lysine-to-cysteine variants, 

UbiquitinK→C. Constructs were verified by Sanger sequencing at the University of Wisconsin– 

Madison Biotechnology Center Sequencing Facility. For protein production, plasmids were 

transformed into competent BL21(DE3) cells and grown for 6 h at 37 °C and then 23 °C for 12 h 

in an autoinduction medium containing ampicillin (100 µg/mL).331 

 

6.5.4 Protein purification 

Proteins were purified by methods similar to those described previously.125 Briefly, E. coli cell 

pellets were resuspended in lysis buffer (which was 50 mM Tris–HCl buffer, pH 7.6, containing 

1 mM TCEP) and lysed at 22 kPSI in a T Series Cell Disrupter 2.2 kW from Constant Systems 

Limited (Northants, UK). The debris was cleared by centrifugation at 15000g for 45 min at 4 °C. 

Precipitation with 0.5% v/v perchloric acid removed the majority of other proteins. The slurry 

was clarified by centrifugation at 8000g for 20 min at 4 °C, and the supernatant was dialyzed 

against 50 mM sodium acetate buffer, pH 5.0, overnight at 4 °C. Ubiquitin variants were purified 
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by cation-exchange chromatography using a HiTrap SP HP column and an AKTA system from 

GE Healthcare (Piscataway, NJ) with a linear gradient of NaCl (0.00–1.00 M) in 50 mM sodium 

acetate buffer, pH 5.0. Ubiquitin variants were characterized by SDS–PAGE and MALDI–TOF 

mass spectrometry, and were stored under Ar(g) at 4 °C until their use. 

 

6.5.5 Semisynthesis of UbiquitinK→C(NTB) variants 

The UbiquitinK→C variants contain a single cysteine residue, which was reacted with DTNB to 

form a mixed disulfide with 2-nitro-5-thiobenzoate (NTB). Purified UbiquitinK→C variants were 

incubated overnight at 4 °C with 1.25 mM DTNB in 125 mM HEPES–NaOH buffer, pH 8.0, 

containing EDTA (12.5 mM) before dialysis against 50 mM sodium acetate buffer, pH 5.0. The 

dialyzed solution of UbiquitinK→C(NTB) variants was purified via strong cation-exchange (vide 

supra) and stored under argon at 4 °C. 

 

6.5.6 Peptide synthesis 

The tripeptide AlaAlaCys was synthesized by segment condensation of the corresponding 

Fmocprotected amino acids on a solid phase using a Prelude peptide synthesizer from Protein 

Technologies (Tuscon, AZ) at the University of Wisconsin–Madison Biotechnology Center. The 

resin was preloaded Cys(Trt)-2-chlorotrityl resin (0.47 mmol/g). Fmoc-deprotection was 

achieved by treatment with a solution of piperidine (20% v/v) in N,N-dimethylformamide. The 

added amino acid (4 equiv) was converted to an activated ester with HCTU and N-

methylmorpholine. Each residue was double-coupled between Fmoc-deprotection steps. Peptide 

was cleaved from the resin with 5 mL of 85.5:5.0:5.0:5.0:2.5 trifluoroacetic 

acid/phenol/water/thioanisole/1,2-ethanedithiol, precipitated from ethyl ether at 0 °C, and 
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isolated by centrifugation. Semi-preparative HPLC was used to purify the peptide (gradient: 10– 

50% B over 60 min, where buffer A was H2O containing trifluoroacetic acid (0.1% v/v) and 

buffer B was acetonitrile containing trifluoroacetic acid (0.1% v/v). A 100-µM scale synthesis 

yielded 0.013 g (49.3%) of purified peptide. LC/MS [M+H]+: calc’d 264.31, found 264.05. 1H 

NMR (600 MHz, Methanol-d4) δ 8.29 (d, J = 7.9 Hz, 1H), 4.66–4.61 (m, 1H), 4.48 (q, J = 7.1 

Hz, 1H), 3.96 (q, J = 7.0 Hz, 1H), 3.01 (dd, J = 14.0, 4.4 Hz, 1H), 2.92 (dd, J = 14.0, 6.3 Hz, 

1H), 1.55 (d, J = 7.1 Hz, 3H), 1.43 (d, J = 7.2 Hz, 3H). 13C NMR (126 MHz, Methanol-d4) δ 

175.83, 174.01, 172.04, 57.12, 51.75, 51.33, 27.95, 19.14, 18.88. 

 

6.5.7 Kinetics assays of dimerization 

We developed a chromogenic assay for the formation of ubiquitin dimers (Figure 6.1B). This 

assay uses two types of ubiquitin variants. The nucleophilic variant (Ubiquitin77C) has a C-

terminal cysteine residue. The electrophilic variants (UbiquitinK→C(NTB)) were the seven 

individual lysine-to-cysteine variants as mixed disulfides with NTB. Attack of the nucleophilic 

thiolate forms a ubiquitin dimer in which the disulfide linker is only one atom longer than the 

isopeptide linker of native dimers. The simultaneous production of NTB enables monitoring by 

absorbance at 412 nm (ε = 14,150 M–1.cm–1),332 providing an expedient measurement of the rate 

of ubiquitin dimerization. 

Kinetic assays were performed at 25 °C in 50 mM HEPES–NaOH buffer, pH 8.0, 

containing EDTA (0.10 mM) and NaCl (100 mM). A UbiquitinK→C(NTB) variant (10 µM) was 

reacted with Ubiquitin77C (0–10 µM) or AlaAlaCys (0–10 µM) for 10 min, while the absorbance 

at 412 nm was recorded continuously. Assays were performed in duplicate, and data were 

averaged across three trials. 
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Data were assumed to fit to a second-order rate equation, as in eq 1. 

∂[NTB]/∂t = k[Ubiquitin77C][UbiquitinK→C(NTB)] (6.1) 

Eq 2 was used to determine the value of kobs as the slope of the line of the initial velocity (v0) for 

varying concentrations of Ubiquitin77C. 

v0 = kobs[Ubiquitin77C] (6.2) 

Finally, eq 3 was used to determine the value of the second-order rate constant k from those of 

kobs and [UbiquitinK→C(NTB)] = 10 µM. 

kobs = k[UbiquitinK→C(NTB)] (6.3) 

For the analysis of AlaAlaCys reactivity, [AlaAlaCys] replaced [Ubiquitin77C] in eq 1 and 2. 

 

6.5.8 Solvent-accessible surface area in ubiquitin 

The solvent-accessible surface area (SASA) of lysine residues in wild-type ubiquitin and 

cysteine residues (with a conserved χ1 angle) in UbiquitinK→C variants was calculated with the 

program PyMOL from Schrödinger (New York, NY) using PDB entry 1ubq325 and a probe size 

of 1.4 Å2. 
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Table S1. Values of k (M–1s–1) for the reaction of 
UbiquitinK�C(NTB) and UbiquitinC77 or AlaAlaCys 
UbiquitinK�C(NTB) UbiquitinC77 a AlaAlaCys b 

K6C 17 ± 1 15 ± 2 
K11C 90 ± 9 56 ± 4 
K27C 3 ± 2 2.4 ± 0.6 
K29C 6.9 ± 0.9 4.5 ± 1.0 
K33C 10.0 ± 0.3 2.4 ± 0.6 
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K63C 182 ± 20 122 ± 4 

aFrom data in Figure 2A and eq 3. 
bFrom data in Figure S1 and eq 3. 
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Figure 6.1 Ubiquitin dimer formation. (A) Ribbon diagram of ubiquitin showing the location of 

its 7 lysine residues and N- and C-termini. The translucent surface depicts electrostatic potential 

(blue: positive; red: negative). The image was created with the program PyMOL and PDB entry 

1ubq.325 (B) Scheme for a chromogenic assay of ubiquitin dimer formation. Thiol–disulfide 

interchange between a ubiquitin variant with a C-terminal cysteine residue and an NTB mixed 

disulfide of a K→C ubiquitin variant releases NTB. 
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Figure 6.2 
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Figure 6.2 Graph of the rates of formation of ubiquitin dimers between AlaAlaCys (10 µM) and 

varying concentrations of a UbiquitinK!C(NTB) variant (0–10 µM). Data are for the release of 5-

thio-2-nitrobenzoate during a reaction analogous to that shown in Figure 1B. 
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Figure 6.3 

 

 

 

  

  

 

 

Figure 2  
100x134mm (600 x 600 DPI)  

 
 

Page 28 of 34

John Wiley & Sons

Protein Science

This article is protected by copyright. All rights reserved.



!311!

 

 

 

 

 

 

 

 

Figure 6.3 Intrinsic rate of ubiquitin dimer formation. (A) Graph of the rates of formation of 

ubiquitin dimers between Ubiquitin77C (0–10 µM) and varying concentrations of a 

UbiquitinK→C(NTB) variant (10 µM). Data are for the release of 5-thio-2-nitrobenzoate during the 

reaction shown in Figure 1B. (B) Plot of the natural abundance of linkages124 versus dimerization 

rate constants. Green shading indicates linkages that form quickly and are common in cellulo; 

orange shading indicates linkages that form slowly and are rare in cellulo. 
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Figure 6.4 
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Figure 6.4 Parameters relevant for the intrinsic rate of ubiquitin dimer formation. (A) Calculated 

solvent accessible surface area (SASA) values for lysine side chains in wild-type ubiquitin and 

cysteine side chains in K→C variants. (B) Calculated values of pKa for lysine side chains in 

wild-type ubiquitin and cysteine side chains in K→C variants. 
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Figure 6.5 
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Figure S2. Characterization of monomeric ubiquitin variants by MALDI–TOF mass 
spectrometry. (A) A UbiquitinK�C(NTB) variant, K48C ubiquitin treated with DTNB (expected m/z 
8715). The disulfide bond is labile to cleavage during analysis by MALDI–TOF mass 
spectrometry. (B) Ubiquitin77C (expected m/z 8687). 
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Figure 6.5 Characterization of monomeric ubiquitin variants by MALDI–TOF mass 

spectrometry. (A) A UbiquitinK→C(NTB) variant, K48C ubiquitin treated with DTNB (expected 

m/z 8715). The disulfide bond is labile to cleavage during analysis by MALDI–TOF mass 

spectrometry. (B) Ubiquitin77C (expected m/z 8687).  
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Figure 6.6 
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Figure S3. Characterization of a ubiquitin dimer by MALDI–TOF mass spectrometry, 
Ubiquitin77C–UbiquitinK48C (expected m/z 17217). 
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Figure 6.6 Characterization of a ubiquitin dimer by MALDI–TOF mass spectrometry, 

Ubiquitin77C –UbiquitinK48C (expected m/z 17217).  
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6.7 NMR Spectra 
1H NMR Spectrum (Methanol-d4) of AlaAlaCys 

13C NMR Spectrum (Methanol-d4) of AlaAlaCys 
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Chapter 7 
 

Organocatalysts of oxidative protein folding inspired by protein 
disulfide isomerase* 

 

*This chapter has been published in part, under the same title. Reference: Andersen, K.A., 

Lukesh, J.C. III, Wallin, K.K., Raines, R.T. Organocatalysts of oxidative protein folding inspired 

by protein disulfide isomerase. Org. Biomol. Chem. 12, 8598–8602 (2014). 

!
Contributions: I produced all the proteins in this study, performed all refolding assays and 

MALDI-TOF. The manuscript was written together with John C. Lukesh. All synthesis and 

small-molecule analysis was performed by John C.Lukesh, with assistance from Kelly K. Wallin.  

! !
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!
Abstract 

Organocatalysts derived from diethylenetriamine effect the rapid isomerization of non-native 

protein disulfide bonds to native ones. These catalysts contain a pendant hydrophobic moiety to 

encourage interaction with the non-native state, and two thiol groups with low pKa values that 

form a disulfide bond with a high E°’ value. 
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7.1 Organocatalysts of oxidative protein folding inspired by protein disulfide isomerase 
!

The formation of native disulfide bonds is at the core of oxidative protein folding.333-336 

In oxidizing environments, reduced proteins with multiple cysteine residues tend to oxidize 

rapidly and nonspecifically. To attain a proper three-dimensional fold, any non-native disulfide 

bonds must isomerize to the linkages found in the native protein.337 In eukaryotic cells, this 

process is mediated by the enzyme protein disulfide isomerase (PDI; EC 5.3.4.1).166-169,336,338-342  

Catalysis of disulfide-bond isomerization by PDI involves thiol–disulfide interchange 

chemistry. A putative mechanism commences with the nucleophilic attack by a thiolate on a non-

native disulfide bond, generating a mixed-disulfide and a new substrate thiolate (Figure 6.1).343 

This thiolate can then attack another non-native disulfide bond, inducing further rearrangements 

to achieve the stable native state. The ability of PDI to catalyze disulfide-bond isomerization 

(rather than dithiol oxidation) makes the enzyme essential to the viability of the yeast 

Saccharomyces cerevisiae. 169,172  

PDI is abundant in the endoplasmic reticulum (ER) of eukaryotic cells. The enzyme 

contains four domains: a, a′, b, and b′.341 The a and a′ domains each contain one active-site 

CGHC motif—a pattern analogous to that in many other oxido-reductases, whereas the b and b′ 

domains appear to mediate substrate binding.341,344,345 The physicochemical properties of its 

active-site make PDI an ideal catalyst for the reshuffling of disulfide bonds in misfolded 

proteins. The deprotonated thiolate of its N-terminal active-site cysteine residue (CGHC) 

initiates catalysis (Figure 6.1).346 The amount of enzymic thiolate present is dependent on two 

factors.170,226 One is the pKa of the active-site cysteine residue; the other is the reduction potential 

(E°′) of the disulfide bond formed between the two active-site cysteine residues. In PDI, the 

cysteine pKa is 6.7, and the disulfide E°′ is −0.18 V.347,348 Given the properties of the ER (pH 
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7.0; Esolution = –0.18 V), 1/3 of PDI active sites contain a reactive thiolate.172,349 Moreover, the 

high (less negative) reduction potential of PDI renders the protein as a weak disulfide-reducing 

agent, ensuring that ample time is available for the catalyst to rearrange all of the disulfide bonds 

before reducing its protein substrate to “escape” (Figure 6.1). If necessary, however, the second 

active-site cysteine residue can engage to rescue the enzyme from non-productive mixed-

disulfide intermediates.169,350,351 

Efficient oxidative protein folding requires a redox environment that supports both thiol 

oxidation and disulfide-bond isomerization. In vitro and in cellulo, this environment can be 

provided by a redox buffer consisting of reduced and oxidized glutathione. For example, the 

oxidative folding of a favorite model protein, bovine pancreatic ribonuclease (RNase A; EC 

3.1.27.5), occurs readily in the presence of 1 mM glutathione (GSH) and 0.2 mM oxidized 

glutathione (GSSG).352 Adding PDI accelerates the process, but the large-scale use of PDI as a 

catalyst for folding proteins in vitro is impractical due to its high cost and conformational 

instability, and the complexity imposed by its separation from a substrate protein. Accordingly, 

the development of small-molecule PDI mimics has become a high priority. 

To date, most PDI mimics have been designed to replicate the physicochemical 

properties of the CGHC active site—low thiol pKa and high disulfide E°′.353 Previously, we 

reported on (±)-trans-1,2-bis(mercaptoacetamido)cyclohexane (1; BMC) (Figure 6.2), a small 

molecule that catalyzes the formation of native disulfide bonds in proteins, both in vitro and in 

cellulo.182 In 2005, other workers screened 14 reagents for their ability to fold a variety of 

proteins, and concluded that BMC was the best of known small-molecule catalysts.354 Though 

effective, BMC has shortcomings. For example, its low disulfide E°′ renders the compound too 

reducing for optimal catalysis of disulfide-bond isomerization. Subsequently, various CXXC and 
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CXC peptides, aromatic thiols, and selenium-based catalysts were developed and employed with 

some success.179-181,183-188,355-357 Nevertheless, these organocatalysts had non-optimal thiol pKa 

and disulfide E°′ values. Moreover, they did not mimic a hallmark of enzymic catalysts—binding 

to the substrate.358 

The b and b′ domains of PDI have an exposed hydrophobic patch. The two patches unite 

to form a continuous hydrophobic surface between the two active sites.168,340,341,359,360 This 

hydrophobic surface could entice PDI to bind to unfolded or misfolded proteins, which tend to 

expose more hydrophobic residues than do proteins in their native state.361 Accordingly, we set 

out to design organocatalysts that not only have low thiol pKa and high disulfide E°′ values but 

also emulate substrate binding by PDI. We were inspired by the demonstrated ability of the 

hydrophobic effect to induce proximity in aqueous solution and thereby accelerate a variety of 

chemical reactions, such as O→N acyl transfer,362,363 ester hydrolysis,364,365 and dithiol 

oxidation.366,367 We reasoned that analogous induced proximity could enhance disulfide-bond 

isomerization in a misfolded protein, which is the key step in oxidative protein folding.169,172  

We reasoned that dithiol 2 (Figure 6.2) would provide an appropriate scaffold for the 

development of useful catalysts. We were drawn to dithiol 2 for three reasons. First, its 

mercaptoacetamido groups are known to have low thiol pKa values.182,368 Secondly, the disulfide 

bond of its oxidized form resides in a large, 13-membered ring containing two secondary amides, 

which should lead to a high reduction potential. Finally, dithiol 2 has an amino group that can be 

condensed with hydrophobic carboxylic acids to mimic the b and b′ domains of PDI. 

Our experimental work commenced with the synthesis of dithiol 2 from 

diethylenetriamine in a few high-yielding steps. To determine its thiol pKa values, we monitored 

its A238 as a function of pH.182,369 We found pKa values of 8.0 ± 0.2 and 9.2 ± 0.1 (Table 6.1). 
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These values are slightly less than those of BMC, presumably due to the additional 

electronegative nitrogen atom. To determine the reduction potential of its oxidized form, we 

equilibrated equimolar amounts of dithiol 2 and oxidized β-mercaptoethanol, and quantified the 

amount of each reduced and oxidized species with analytical HPLC.182,370 We found a disulfide 

E°′ value of (−0.192 ± 0.003) V. This value indicates that dithiol 2 is a weaker reducing agent 

than is BMC, which is consistent with BMC being more preorganized for disulfide-bond 

formation. Finally, to probe the effect of increasing hydrophobicity on catalyzing the formation 

of native disulfide bonds in proteins, we synthesized dithiols 3–8. We isolated dithiols 3–6 as 

colorless oils, and dithiols 7 and 8 as white solids. None had a strong odor. 

Enzymatic catalysis provides an extremely sensitive measure of native protein 

structure.371 RNase A contains eight cysteine residues, which could form 105 (= 7 × 5 × 3 × 1) 

distinct fully oxidized species, only one of which gives rises to enzymatic activity (Figure 

6.3).161,262 Accordingly, we tested the ability of this panel of compounds to catalyze the 

isomerization of “scrambled” RNase A (sRNase A), which is a random mixture of oxidized 

species, to its native state. The isomerization reaction was monitored by measuring the gain of 

catalytic activity.263 Dithiol 8 was excluded from the analysis due to its low solubility in aqueous 

solution. 

Some, but not all, of the PDI mimics led to a significant increase in the yield of oxidative 

protein folding (Figure 6.4A). Most notably, the data with dithiols 2–7 revealed an overall trend 

toward higher yield with increasing hydrophobicity of the pendant carboxamide (Figure 6.4B). 

This trend culminated with dithiol 7, which increased the yield of folded RNase A by 47% 

compared to that in the absence of a catalyst. These data contrast markedly with those using 

monothiols (e.g., glutathione), which reduce the yield of properly folded protein by favoring the 
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accumulation of mixed-disulfide species.352 

The apparent correlation of catalytic efficacy with hydrophobicity could be due to a 

physicochemical property other than hydrophobicity. Accordingly, we determined the thiol pKa 

and disulfide E°′ values of the most efficacious dithiols containing an alkyl (5) and aryl (7) 

carboxamide. We found dithiol 5 to have thiol pKa values of 8.1 and 9.3 and a disulfide E°′ value 

of −0.203 V (Table 6.1). We found dithiol 7 to have similar physicochemical properties, with 

thiol pKa values of 8.1 and 9.4 and a disulfide E°′ value of −0.206 V. Both of these compounds 

possess thiol acidity and disulfide stability similar to those of parent dithiol 2, affirming that 

hydrophobicity is indeed correlative with catalytic efficacy. 

Our data are the first to indicate that adding a hydrophobic moiety to a small-molecule 

PDI mimic can have a profound effect on its ability to catalyze disulfide-bond isomerization. 

Still, none of the organocatalysts were as efficacious as PDI itself. We note, however, that the 

molecular mass of PDI (57 kDa) is >102-fold greater than any of its mimics, enabling 

optimization of substrate binding and turnover beyond that attainable with small-molecule 

catalysts. Also, each molecule of PDI has two active sites, and thus provides a higher 

concentration of dithiol than do the organocatalysts. 

Like the substrate-binding domains of PDI, the hydrophobicity of dithiols 4–7 likely 

encourages their interaction with unfolded or misfolded proteins.168,340,341,359,360,372,373 Dithiols 

having moieties with higher log P values perform better, and aromatic moieties seem to be 

especially efficacious (Figure 6.4B). We note that a more hydrophobic catalyst could also 

increase the rate of the underlying thiol–disulfide interchange chemistry, as nonpolar 

environments are known to lower the free energy of activation for this reaction.374 
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7.2 Conclusions 
!

We have designed, synthesized, and characterized novel organocatalysts that enhance the 

efficiency of oxidative protein folding. Moreover, we have demonstrated that increasing the 

hydrophobicity of the catalysts has a marked effect on their catalytic efficacy. The production of 

proteins that contain disulfide bonds by recombinant DNA technology often leads to the 

aggregation of misfolded proteins.177,178 These aggregates must be reduced, denatured, and 

solubilized to enable proper folding. Approximately 20% of all human proteins375 and many 

proteins of high pharmaceutical relevance376,377 contain at least one disulfide bond between 

cysteine residues. For example, antibodies contain at least 12 intrachain and 4 interchain 

disulfide bonds,378 and there are >300 distinct antibodies in clinical development,379 including 

∼30 antibody–drug conjugates.380 The ability to mimic the essential function of PDI169,172 in a 

small molecule could have a favorable impact on the production of antibodies and other 

biologics, and usher in a new genre of organocatalysts for oxidative protein folding. 

 

7.3 Materials and Methods 

7.3.1 General 

Commercial reagents were used without further purification. β-Mercaptoethanol (βME), oxidized 

β-mercaptoethanol (βMEox), and diethylenetriamine were from Sigma–Aldrich (St. Louis, MO). 

RNase A was from Sigma–Aldrich and purified further by cation-exchange chromatography. The 

RNase A substrate 6-FAM–dArUdAdA–6-TAMRA was from Integrated DNA Technologies 

(Coralville, IA). All glassware was oven- or flame-dried, and reactions were performed under 

N2(g) unless stated otherwise. Dichloromethane (DCM) and tetrahydrofuran (THF) were dried 

over a column of alumina. Triethylamine was dried over a column of alumina and purified 
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further by passage through an isocyanate scrubbing column. Flash chromatography was 

performed with columns of 40–63 Å silica, 230–400 mesh from Silicycle (Québec City, Canada). 

Thin-layer chromatography (TLC) was performed on plates of EMD 250-µm silica 60- F254.  The 

term “concentrated under reduced pressure” refers to the removal of solvents and other volatile 

materials using a rotary evaporator at water aspirator pressure (<20 torr) while maintaining the 

water-bath temperature below 40 °C. Residual solvent was removed from samples at high 

vacuum (<0.1 torr). The term “high vacuum” refers to vacuum achieved by a mechanical belt-

drive oil pump. Analytical samples of all protein folding catalysts were obtained with a 

preparative HPLC instrument from Shimadzu (Kyoto, Japan), which was equipped with a C18 

reverse-phase preparative column, a Prominence diode array detector, and fraction collector. 

Equilibrium and reduction potential assays were performed using an analytical HPLC instrument 

from Waters (Milford, MA), which was equipped with a Waters 996 photodiode array detector, 

Empower 2 software, and a Varian C18 reverse-phase column. Thiol pKa values were determined 

with a Varian Cary 60 UV–Vis spectrophotometer. Fluorescence was measured with an Infinite 

M1000 plate reader from Tecan (Männedorf, Switzerland). Calculations and rate constants were 

performed with Prism 6 software from GraphPad (La Jolla, CA). All NMR spectra were acquired 

at ambient temperature with a Bruker DMX-400 Avance spectrometer and Bruker III 500ii with 

cryoprobe spectrometer at the National Magnetic Resonance Facility at Madison (NMRFAM), 

and were referenced to TMS or residual solvent. 
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7.3.2 Chemical synthesis 

 

BMC (1) was synthesized as a racemate from (±)-trans-1,2-diaminocyclohexane as described 

previously.182 An analytically pure sample of BMC was obtained by reverse-phase HPLC using a 

preparatory C18 column and a linear gradient of 10–80% v/v acetonitrile (0.1% v/v TFA) in 

water (0.1% v/v TFA) over 45 min. BMC eluted at 23 min and, after lyophilization, was isolated 

as a white solid. 

1H NMR (400 MHz, DMSO-d6) δ = 7.83 (d, J = 5.3 Hz, 2H), 3.52–3.48 (m, 2H), 3.09–2.99 (m, 

4H), 2.60 (t, J = 7.9 Hz, 2H), 1.79–1.77 (m, 2H), 1.66–1.65 (m, 2H), 1.24–1.20 (m, 4H); 13C 

NMR (100 MHz, CDCl3) δ = 169.2, 52.2, 31.7, 27.3, 24.3; HRMS (ESI) calculated for 

[C10H19N2O2S2]+ (M + H+) requires m/z = 263.0883, found 263.0895. 

 

To a flame-dried round-bottom flask was added 9 (0.847 g, 4.166 mmol), which was synthesized 

as described previously.381 Fifty mL of dichloromethane was then added, and the resulting 

solution was cooled to 0 °C under an atmosphere of N2(g). Next, triethylamine (2.3 mL, 16.667 

mmol) and chloroacetic anhydride (1.567 g, 9.167 mmol) were added, and the reaction mixture 

was stirred for 30 min before being quenched by the addition of 50 mL of saturated 

NaHCO3(aq). The organic layer was extracted and washed with water (2 × 25 mL). The organic 

extract was then dried over MgSO4(s), filtered, and concentrated under reduced pressure, and the 
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cryoprobe spectrometer at the National Magnetic Resonance Facility at Madison (NMRFAM), 
and were referenced to TMS or residual solvent. 
 
II. Chemical synthesis 
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previously.1 An analytically pure sample of BMC was obtained by reverse-phase HPLC using a 
preparatory C18 column and a linear gradient of 10–80% v/v acetonitrile (0.1% v/v TFA) in 
water (0.1% v/v TFA) over 45 min. BMC eluted at 23 min and, after lyophilization, was isolated 
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NMR (100 MHz, CDCl3) � = 169.2, 52.2, 31.7, 27.3, 24.3; HRMS (ESI) calculated for 
[C10H19N2O2S2]+ (M + H+) requires m/z = 263.0883, found 263.0895 
 

�
To a flame-dried round-bottom flask was added 9 (0.847 g, 4.166 mmol), which was synthesized 
as described previously.2 Fifty mL of dichloromethane was then added, and the resulting solution 
was cooled to 0 °C under an atmosphere of N2(g). Next, triethylamine (2.3 mL, 16.667 mmol) 
and chloroacetic anhydride (1.567 g, 9.167 mmol) were added, and the reaction mixture was 
stirred for 30 min before being quenched by the addition of 50 mL of saturated NaHCO3(aq). 
The organic layer was extracted and washed with water (2 � 25 mL). The organic extract was 
then dried over MgSO4(s), filtered, and concentrated under reduced pressure, and the product 
was purified by column chromatography (silica, EtOAc) yielding 10 as a colorless oil (1.154 g, 
78%). 
 
1H NMR (400 MHz, CDCl3) � = 7.36 (br, s, 1H), 6.99 (br, s, 1H), 4.09–3.98 (m, 4H), 3.48–
3.38 (m, 8H), 1.49 (s, 9H); 13C NMR (100 MHz, CDCl3) � = 166.9, 166.4, 156.6, 81.0, 47.1, 
46.1, 42.5, 39.8, 38.8, 28.3; HRMS (ESI) calculated for [C13H23Cl2N3O4Na]+ (M + Na+) requires 
m/z = 378.0958, found 378.0938 
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product was purified by column chromatography (silica, EtOAc) yielding 10 as a colorless oil 

(1.154 g, 78%). 

1H NMR (400 MHz, CDCl3) δ = 7.36 (br, s, 1H), 6.99 (br, s, 1H), 4.09–3.98 (m, 4H), 3.48– 3.38 

(m, 8H), 1.49 (s, 9H); 13C NMR (100 MHz, CDCl3) δ = 166.9, 166.4, 156.6, 81.0, 47.1, 46.1, 

42.5, 39.8, 38.8, 28.3; HRMS (ESI) calculated for [C13H23Cl2N3O4Na]+ (M + Na+) requires m/z = 

378.0958, found 378.0938. 

 

Compound 10 (1.154 g, 3.239 mmol) was placed in a round-bottom flask and dissolved in 30 mL 

of dichloromethane, and the resulting solutions was placed under an atmosphere of N2(g). 

Triethylamine (2.3 mL, 16.208 mmol) and thioacetic acid (0.5 mL, 7.131 mmol) were then 

added, and the resulting solution was stirred under N2(g). After 16 h, the reaction mixture was 

concentrated, and the product was purified by column chromatography (silica, EtOAc), giving 11 

as a colorless oil (2.792 g, 86%). 

1H NMR (400 MHz, CDCl3) δ = 6.81 (br, s, 2H), 3.56 (s, 4H), 3.42–3.29 (m, 8H), 2.41 (s, 6H), 

1.49 (s, 9H); 13C NMR (100 MHz, CDCl3) δ = 195.1, 194.7, 168.2, 156.3, 80.3, 47.9, 47.1, 39.7, 

38.9, 32.9, 30.1, 28.3; HRMS (ESI) calculated for [C17H29N3O6S2Na]+ 
(M + Na+) requires m/z = 

458.1390, found 458.1405. 
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Compound 10 (1.154 g, 3.239 mmol) was placed in a round-bottom flask and dissolved in 30 mL 
of dichloromethane, and the resulting solutions was placed under an atmosphere of N2(g). 
Triethylamine (2.3 mL, 16.208 mmol) and thioacetic acid (0.5 mL, 7.131 mmol) were then 
added, and the resulting solution was stirred under N2(g). After 16 h, the reaction mixture was 
concentrated, and the product was purified by column chromatography (silica, EtOAc), giving 11 
as a colorless oil (2.792 g, 86%). 
 
1H NMR (400 MHz, CDCl3) � = 6.81 (br, s, 2H), 3.56 (s, 4H), 3.42–3.29 (m, 8H), 2.41 (s, 6H), 
1.49 (s, 9H); 13C NMR (100 MHz, CDCl3) � = 195.1, 194.7, 168.2, 156.3, 80.3, 47.9, 47.1, 39.7, 
38.9, 32.9, 30.1, 28.3; HRMS (ESI) calculated for [C17H29N3O6S2Na]+ (M + Na+) requires m/z = 
458.1390, found 458.1405 
 

�
A flame-dried round-bottom flask was charged with 11 (0.178 g, 0.409 mmol) and placed under 
an atmosphere of N2(g). Four mL of anhydrous methanol followed by 2 mL of 3 N HCl in 
methanol were then added, and the reaction mixture was stirred under N2(g). Upon confirmation 
by TLC that the Boc group had been removed, the reaction mixture was concentrated under 
reduced pressure, and the product was purified by reverse-phase HPLC using a preparatory C18 
column and a linear gradient of 10–50% v/v acetonitrile (0.1% v/v TFA) in water (0.1% v/v 
TFA) over 55 min. Dithiol 2 eluted as its TFA salt at 12.5 min and, after lyophilization, was 
isolated as a white solid (0.108 g, 72%). 
 
1H NMR (400 MHz, DMSO-d6) � = 8.76 (br, s, 2H), 8.33 (br, s, 2H), 3.5203.35 (m, 8H), 3.15 
(d, J = 7.7 Hz, 4H), 2.88 (t, J = 7.7 Hz, 2H); 13C NMR (100 MHz, DMSO-d6) � = 170.4, 46.1, 
35.5, 27.2; HRMS (ESI) calculated for [C8H18N3O2S2]+ (M + H+) requires m/z = 252.0835, 
found 252.0839 
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A flame-dried round-bottom flask was charged with 11 (0.178 g, 0.409 mmol) and placed under 

an atmosphere of N2(g). Four mL of anhydrous methanol followed by 2 mL of 3 N HCl in 

methanol were then added, and the reaction mixture was stirred under N2(g). Upon confirmation 

by TLC that the Boc group had been removed, the reaction mixture was concentrated under 

reduced pressure, and the product was purified by reverse-phase HPLC using a preparatory C18 

column and a linear gradient of 10–50% v/v acetonitrile (0.1% v/v TFA) in water (0.1% v/v 

TFA) over 55 min. Dithiol 2 eluted as its TFA salt at 12.5 min and, after lyophilization, was 

isolated as a white solid (0.108 g, 72%). 

1H NMR (400 MHz, DMSO- d6) δ = 8.76 (br, s, 2H), 8.33 (br, s, 2H), 3.5203.35 (m, 8H), 3.15 

(d, J = 7.7 Hz, 4H), 2.88 (t, J = 7.7 Hz, 2H); 13C NMR (100 MHz, DMSO-d6) δ = 170.4, 46.1, 

35.5, 27.2; HRMS (ESI) calculated for [C8H18N3O2S2]+ 
(M + H+) requires m/z = 252.0835, found 

252.0839. 

 

Synthesis of compound 12 was accomplished by closely following a procedure reported 

previously.382 Specifically, diethylenetriamine (2.003 g, 19.415 mmol) and triethylamine (8.1 

mL, 58.245 mmol) were dissolved in 100 mL of THF, and the resulting solutions was cooled to 0 

°C in an ice bath and placed under an atmosphere of N2(g). Next, a solution of 2-(boc-

oxyimino)-2-phenylacetonitrile (Boc-ON) (9.563 g, 38.832 mmol) in 40 mL of THF was added 
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Compound 10 (1.154 g, 3.239 mmol) was placed in a round-bottom flask and dissolved in 30 mL 
of dichloromethane, and the resulting solutions was placed under an atmosphere of N2(g). 
Triethylamine (2.3 mL, 16.208 mmol) and thioacetic acid (0.5 mL, 7.131 mmol) were then 
added, and the resulting solution was stirred under N2(g). After 16 h, the reaction mixture was 
concentrated, and the product was purified by column chromatography (silica, EtOAc), giving 11 
as a colorless oil (2.792 g, 86%). 
 
1H NMR (400 MHz, CDCl3) � = 6.81 (br, s, 2H), 3.56 (s, 4H), 3.42–3.29 (m, 8H), 2.41 (s, 6H), 
1.49 (s, 9H); 13C NMR (100 MHz, CDCl3) � = 195.1, 194.7, 168.2, 156.3, 80.3, 47.9, 47.1, 39.7, 
38.9, 32.9, 30.1, 28.3; HRMS (ESI) calculated for [C17H29N3O6S2Na]+ (M + Na+) requires m/z = 
458.1390, found 458.1405 
 

�
A flame-dried round-bottom flask was charged with 11 (0.178 g, 0.409 mmol) and placed under 
an atmosphere of N2(g). Four mL of anhydrous methanol followed by 2 mL of 3 N HCl in 
methanol were then added, and the reaction mixture was stirred under N2(g). Upon confirmation 
by TLC that the Boc group had been removed, the reaction mixture was concentrated under 
reduced pressure, and the product was purified by reverse-phase HPLC using a preparatory C18 
column and a linear gradient of 10–50% v/v acetonitrile (0.1% v/v TFA) in water (0.1% v/v 
TFA) over 55 min. Dithiol 2 eluted as its TFA salt at 12.5 min and, after lyophilization, was 
isolated as a white solid (0.108 g, 72%). 
 
1H NMR (400 MHz, DMSO-d6) � = 8.76 (br, s, 2H), 8.33 (br, s, 2H), 3.5203.35 (m, 8H), 3.15 
(d, J = 7.7 Hz, 4H), 2.88 (t, J = 7.7 Hz, 2H); 13C NMR (100 MHz, DMSO-d6) � = 170.4, 46.1, 
35.5, 27.2; HRMS (ESI) calculated for [C8H18N3O2S2]+ (M + H+) requires m/z = 252.0835, 
found 252.0839 
 

 

Lukesh, Andersen, Wallin, and Raines Supporting Information 

–S3– 
�

 
Compound 10 (1.154 g, 3.239 mmol) was placed in a round-bottom flask and dissolved in 30 mL 
of dichloromethane, and the resulting solutions was placed under an atmosphere of N2(g). 
Triethylamine (2.3 mL, 16.208 mmol) and thioacetic acid (0.5 mL, 7.131 mmol) were then 
added, and the resulting solution was stirred under N2(g). After 16 h, the reaction mixture was 
concentrated, and the product was purified by column chromatography (silica, EtOAc), giving 11 
as a colorless oil (2.792 g, 86%). 
 
1H NMR (400 MHz, CDCl3) � = 6.81 (br, s, 2H), 3.56 (s, 4H), 3.42–3.29 (m, 8H), 2.41 (s, 6H), 
1.49 (s, 9H); 13C NMR (100 MHz, CDCl3) � = 195.1, 194.7, 168.2, 156.3, 80.3, 47.9, 47.1, 39.7, 
38.9, 32.9, 30.1, 28.3; HRMS (ESI) calculated for [C17H29N3O6S2Na]+ (M + Na+) requires m/z = 
458.1390, found 458.1405 
 

�
A flame-dried round-bottom flask was charged with 11 (0.178 g, 0.409 mmol) and placed under 
an atmosphere of N2(g). Four mL of anhydrous methanol followed by 2 mL of 3 N HCl in 
methanol were then added, and the reaction mixture was stirred under N2(g). Upon confirmation 
by TLC that the Boc group had been removed, the reaction mixture was concentrated under 
reduced pressure, and the product was purified by reverse-phase HPLC using a preparatory C18 
column and a linear gradient of 10–50% v/v acetonitrile (0.1% v/v TFA) in water (0.1% v/v 
TFA) over 55 min. Dithiol 2 eluted as its TFA salt at 12.5 min and, after lyophilization, was 
isolated as a white solid (0.108 g, 72%). 
 
1H NMR (400 MHz, DMSO-d6) � = 8.76 (br, s, 2H), 8.33 (br, s, 2H), 3.5203.35 (m, 8H), 3.15 
(d, J = 7.7 Hz, 4H), 2.88 (t, J = 7.7 Hz, 2H); 13C NMR (100 MHz, DMSO-d6) � = 170.4, 46.1, 
35.5, 27.2; HRMS (ESI) calculated for [C8H18N3O2S2]+ (M + H+) requires m/z = 252.0835, 
found 252.0839 
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dropwise. The reaction mixture was stirred for 1 h on ice and then for another 1 h at room 

temperature. The solvent was removed under reduced pressure, and the residue was dissolved in 

200 mL of dichloromethane and washed with 5% w/v NaOH. The organic extract was then dried 

with MgSO4(s), filtered, concentrated under reduced pressure, and the product was purified by 

column chromatography (silica, 10% v/v methanol in dichloromethane, 1% ammonium 

hydroxide), yielding 12 as a colorless oil (5.184 g, 88%). 

1H NMR (400 MHz, CDCl3) δ = 4.95 (br, s, 2H), 3.22 (q, J = 5.9 Hz, 4H), 2.73 (t, J = 5.9 Hz, 4 

H), 1.45 (s, 18H); 13C NMR (100 MHz, CDCl3) δ = 156.3, 79.4, 49.0, 40.5, 28.6; HRMS (ESI) 

calculated for [C14H30N3O4]+ (M + H+) requires m/z = 304.2231, found 304.2230. 

 

 

Compound 12 (0.419 g, 1.381 mmol) was placed in a flame-dried round-bottom flask, dissolved 

in 15 mL of anhydrous dichloromethane, and cooled to 0 °C in an ice bath under an inert 

atmosphere. Triethylamine (0.72 mL, 5.17 mmol) and acetyl chloride (0.16 mL, 2.29 mmol) 

were then added, and the resulting solution was stirred at 0 °C for 1 h and at room temperature 

for another 2 h. The reaction mixture was then concentrated under reduced pressure, and the 

product was purified by column chromatography (silica, EtOAc), yielding 13 as a colorless oil 

(0.425 g, 89%). 

1H NMR (400 MHz, CDCl3) δ = 5.20 (br, s, 1H), 5.11 (br, s, 1H), 3.47–3.43 (m, 4H), 3.32–3.25 

(m, 4H), 2.12 (s, 3H), 1.43 (s, 18H); 13C NMR (100 MHz, CDCl3) δ = 172.2, 156.6, 156.2, 79.8, 

79.5, 49.4, 45.8, 39.7, 39.3, 28.6, 28.5, 21.6; HRMS (ESI) calculated for [C16H32N3O5]+ 
(M + 

H+) requires m/z = 346.2337, found 346.2338. 
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Synthesis of compound 12 was accomplished by closely following a procedure reported 
previously.3 Specifically, diethylenetriamine (2.003 g, 19.415 mmol) and triethylamine (8.1 mL, 
58.245 mmol) were dissolved in 100 mL of THF, and the resulting solutions was cooled to 0 °C 
in an ice bath and placed under an atmosphere of N2(g). Next, a solution of 2-(boc-oxyimino)-2-
phenylacetonitrile (Boc-ON) (9.563 g, 38.832 mmol) in 40 mL of THF was added dropwise. The 
reaction mixture was stirred for 1 h on ice and then for another 1 h at room temperature. The 
solvent was removed under reduced pressure, and the residue was dissolved in 200 mL of 
dichloromethane and washed with 5% w/v NaOH. The organic extract was then dried with 
MgSO4(s), filtered, concentrated under reduced pressure, and the product was purified by 
column chromatography (silica, 10% v/v methanol in dichloromethane, 1% ammonium 
hydroxide), yielding 12 as a colorless oil (5.184 g, 88%). 
 
1H NMR (400 MHz, CDCl3) � = 4.95 (br, s, 2H), 3.22 (q, J = 5.9 Hz, 4H), 2.73 (t, J = 5.9 Hz, 4 
H), 1.45 (s, 18H); 13C NMR (100 MHz, CDCl3) � = 156.3, 79.4, 49.0, 40.5, 28.6; HRMS (ESI) 
calculated for [C14H30N3O4]+ (M + H+) requires m/z = 304.2231, found 304.2230 
 

�
Compound 12 (0.419 g, 1.381 mmol) was placed in a flame-dried round-bottom flask, dissolved 
in 15 mL of anhydrous dichloromethane, and cooled to 0 °C in an ice bath under an inert 
atmosphere. Triethylamine (0.72 mL, 5.17 mmol) and acetyl chloride (0.16 mL, 2.29 mmol) 
were then added, and the resulting solution was stirred at 0 °C for 1 h and at room temperature 
for another 2 h. The reaction mixture was then concentrated under reduced pressure, and the 
product was purified by column chromatography (silica, EtOAc), yielding 13 as a colorless oil 
(0.425 g, 89%). 
 
1H NMR (400 MHz, CDCl3) � = 5.20 (br, s, 1H), 5.11 (br, s, 1H), 3.47–3.43 (m, 4H), 3.32–3.25 
(m, 4H), 2.12 (s, 3H), 1.43 (s, 18H); 13C NMR (100 MHz, CDCl3) � = 172.2, 156.6, 156.2, 79.8, 
79.5, 49.4, 45.8, 39.7, 39.3, 28.6, 28.5, 21.6; HRMS (ESI) calculated for [C16H32N3O5]+ (M + 
H+) requires m/z = 346.2337, found 346.2338 
 

�
Forty mL of 4 M HCl in dioxane was added to a round-bottom flask containing 13 (0.425 g, 
1.230 mmol). The resulting solution was stirred overnight and then concentrated under reduced 
pressure. The product was then partially dissolved in 20 mL of dichloromethane, and the 
resulting slurry was cooled to 0 °C in an ice bath and placed under an atmosphere of N2(g). 
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Forty mL of 4 M HCl in dioxane was added to a round-bottom flask containing 13 (0.425 g, 

1.230 mmol). The resulting solution was stirred overnight and then concentrated under reduced 

pressure. The product was then partially dissolved in 20 mL of dichloromethane, and the 

resulting slurry was cooled to 0 °C in an ice bath and placed under an atmosphere of N2(g). 

Triethylamine (1.1 mL, 7.9 mmol) and chloroacetic anhydride (0.463 g, 2.706 mmol) were then 

added, and the reaction mixture was stirred for 30 min before being quenched by the addition of 

50 mL of saturated NaHCO3(aq). The organic layer was extracted and washed with water (2 × 25 

mL). The organic extract was then dried with MgSO4(s), filtered, and concentrated under 

reduced pressure, and the product was purified by column chromatography (silica, 10% v/v 

methanol in dichloromethane), yielding 14 as a colorless oil (0.245 g, 67%). 

1H NMR (400 MHz, CDCl3) δ = 7.33 (br, s, 1H), 7.06 (br, s, 1H), 4.06 (s, 2H), 4.02 (s, 2H), 

3.60–3.56 (m, 2H), 3.52–3.47 (m, 6H), 2.15 (s, 3H); 13C NMR (100 MHz, CDCl3) δ = 172.5, 

167.2, 166.9, 48.7, 45.4, 42.6, 39.6, 38.8, 21.5; HRMS (ESI) calculated for [C10H18N3O3]+ 
 
(M + 

H+) requires m/z = 298.0713, found 298.0720. 

 

 

A round-bottom flask was charged with 14 (0.246 g, 0.824 mmol) dissolved in 15 mL of 

dichloromethane, and placed under an atmosphere of N2(g). Triethylamine (0.57 mL, 4.12 mmol) 
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Synthesis of compound 12 was accomplished by closely following a procedure reported 
previously.3 Specifically, diethylenetriamine (2.003 g, 19.415 mmol) and triethylamine (8.1 mL, 
58.245 mmol) were dissolved in 100 mL of THF, and the resulting solutions was cooled to 0 °C 
in an ice bath and placed under an atmosphere of N2(g). Next, a solution of 2-(boc-oxyimino)-2-
phenylacetonitrile (Boc-ON) (9.563 g, 38.832 mmol) in 40 mL of THF was added dropwise. The 
reaction mixture was stirred for 1 h on ice and then for another 1 h at room temperature. The 
solvent was removed under reduced pressure, and the residue was dissolved in 200 mL of 
dichloromethane and washed with 5% w/v NaOH. The organic extract was then dried with 
MgSO4(s), filtered, concentrated under reduced pressure, and the product was purified by 
column chromatography (silica, 10% v/v methanol in dichloromethane, 1% ammonium 
hydroxide), yielding 12 as a colorless oil (5.184 g, 88%). 
 
1H NMR (400 MHz, CDCl3) � = 4.95 (br, s, 2H), 3.22 (q, J = 5.9 Hz, 4H), 2.73 (t, J = 5.9 Hz, 4 
H), 1.45 (s, 18H); 13C NMR (100 MHz, CDCl3) � = 156.3, 79.4, 49.0, 40.5, 28.6; HRMS (ESI) 
calculated for [C14H30N3O4]+ (M + H+) requires m/z = 304.2231, found 304.2230 
 

�
Compound 12 (0.419 g, 1.381 mmol) was placed in a flame-dried round-bottom flask, dissolved 
in 15 mL of anhydrous dichloromethane, and cooled to 0 °C in an ice bath under an inert 
atmosphere. Triethylamine (0.72 mL, 5.17 mmol) and acetyl chloride (0.16 mL, 2.29 mmol) 
were then added, and the resulting solution was stirred at 0 °C for 1 h and at room temperature 
for another 2 h. The reaction mixture was then concentrated under reduced pressure, and the 
product was purified by column chromatography (silica, EtOAc), yielding 13 as a colorless oil 
(0.425 g, 89%). 
 
1H NMR (400 MHz, CDCl3) � = 5.20 (br, s, 1H), 5.11 (br, s, 1H), 3.47–3.43 (m, 4H), 3.32–3.25 
(m, 4H), 2.12 (s, 3H), 1.43 (s, 18H); 13C NMR (100 MHz, CDCl3) � = 172.2, 156.6, 156.2, 79.8, 
79.5, 49.4, 45.8, 39.7, 39.3, 28.6, 28.5, 21.6; HRMS (ESI) calculated for [C16H32N3O5]+ (M + 
H+) requires m/z = 346.2337, found 346.2338 
 

�
Forty mL of 4 M HCl in dioxane was added to a round-bottom flask containing 13 (0.425 g, 
1.230 mmol). The resulting solution was stirred overnight and then concentrated under reduced 
pressure. The product was then partially dissolved in 20 mL of dichloromethane, and the 
resulting slurry was cooled to 0 °C in an ice bath and placed under an atmosphere of N2(g). 
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Triethylamine (1.1 mL, 7.9 mmol) and chloroacetic anhydride (0.463 g, 2.706 mmol) were then 
added, and the reaction mixture was stirred for 30 min before being quenched by the addition of 
50 mL of saturated NaHCO3(aq). The organic layer was extracted and washed with water (2 � 25 
mL). The organic extract was then dried with MgSO4(s), filtered, and concentrated under 
reduced pressure, and the product was purified by column chromatography (silica, 10% v/v 
methanol in dichloromethane), yielding 14 as a colorless oil (0.245 g, 67%). 
 
1H NMR (400 MHz, CDCl3) � = 7.33 (br, s, 1H), 7.06 (br, s, 1H), 4.06 (s, 2H), 4.02 (s, 2H), 
3.60–3.56 (m, 2H), 3.52–3.47 (m, 6H), 2.15 (s, 3H); 13C NMR (100 MHz, CDCl3) � = 172.5, 
167.2, 166.9, 48.7, 45.4, 42.6, 39.6, 38.8, 21.5; HRMS (ESI) calculated for [C10H18Cl2N3O3]+ 
(M + H+) requires m/z = 298.0713, found 298.0720 
 

 
A round-bottom flask was charged with 14 (0.246 g, 0.824 mmol) dissolved in 15 mL of 
dichloromethane, and placed under an atmosphere of N2(g). Triethylamine (0.57 mL, 4.12 mmol) 
and thioacetic acid (0.13 mL, 1.81 mmol) were then added, and the reaction mixture was stirred 
under N2(g). After 16 h, the mixture was concentrated under reduced pressure, and the product 
was purified by column chromatography (silica, 10% v/v methanol in dichloromethane), 
providing 15 as a yellow oil (0.286 g, 92%).  
 
1H NMR (400 MHz, CDCl3) � = 6.91 (br, s, 2H), 3.58 (s, 2H), 3.54 (s, 2H), 3.52–3.35 (m, 8H), 
2.44 (s, 3H), 2.41 (s, 3H), 2.09 (s, 3H); 13C NMR (100 MHz, CDCl3) � = 195.8, 195.2, 172.6, 
168.9, 168.7, 48.8, 45.1, 39.4, 38.9, 33.1, 33.0, 30.5, 30.4, 21.6; HRMS (ESI) calculated for 
[C14H24N3O5S2]+ (M + H+) requires m/z = 378.1152, found 378.1150 
 

 
A flame-dried round-bottom flask was charged with 15 (0.159 g, 0.421 mmol) and placed under 
an atmosphere of N2(g). Four mL of anhydrous methanol followed by 2 mL of 3 N HCl in 
methanol were then added, and the resulting solution was stirred under N2(g). After 16 h, the 
reaction mixture was concentrated under reduced pressure, and the product was purified by 
reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10–80% v/v 
acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. Dithiol 3 eluted at 17 min 
and, after lyophilization, was isolated as a colorless oil (95.11 mg, 77%). 
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and thioacetic acid (0.13 mL, 1.81 mmol) were then added, and the reaction mixture was stirred 

under N2(g). After 16 h, the mixture was concentrated under reduced pressure, and the product 

was purified by column chromatography (silica, 10% v/v methanol in dichloromethane), 

providing 15 as a yellow oil (0.286 g, 92%). 

1H NMR (400 MHz, CDCl3) δ = 6.91 (br, s, 2H), 3.58 (s, 2H), 3.54 (s, 2H), 3.52–3.35 (m, 8H), 

2.44 (s, 3H), 2.41 (s, 3H), 2.09 (s, 3H); 13C NMR (100 MHz, CDCl3) δ = 195.8, 195.2, 172.6, 

168.9, 168.7, 48.8, 45.1, 39.4, 38.9, 33.1, 33.0, 30.5, 30.4, 21.6; HRMS (ESI) calculated for 

[C14H24N3O5S2] + (M + H+) requires m/z = 378.1152, found 378.1150 

 

 

A flame-dried round-bottom flask was charged with 15 (0.159 g, 0.421 mmol) and placed under 

an atmosphere of N2(g). Four mL of anhydrous methanol followed by 2 mL of 3 N HCl in 

methanol were then added, and the resulting solution was stirred under N2(g). After 16 h, the 

reaction mixture was concentrated under reduced pressure, and the product was purified by 

reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10–80% v/v 

acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. Dithiol 3 eluted at 17 min 

and, after lyophilization, was isolated as a colorless oil (95.11 mg, 77%). 

1H NMR (400 MHz, DMSO-d6) δ = 8.19 (t, J = 6.0 Hz, 1H), 8.07 (t, J = 5.9 Hz, 1H), 3.33–3.26 

(m, 4H), 3.24–3.16 (m, 4H), 3.11 (d, J = 8.6 Hz, 2H), 3.06 (d, J = 8.6 Hz, 2H), 2.74 (t, J = 8.6 

Hz, 1H), 2.71 (t, J = 8.6 Hz, 1H), 1.99 (s, 3H); 13C NMR (100 MHz, DMSO- d6) δ = 170.1, 

170.0, 169.9, 47.8, 44.65, 37.7, 36.9, 27.1, 27.0, 21.3; HRMS (ESI) calculated for 

[C10H20N3O3S2] + (M + H+) requires m/z = 294.0942, found 294.0941. 
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Triethylamine (1.1 mL, 7.9 mmol) and chloroacetic anhydride (0.463 g, 2.706 mmol) were then 
added, and the reaction mixture was stirred for 30 min before being quenched by the addition of 
50 mL of saturated NaHCO3(aq). The organic layer was extracted and washed with water (2 � 25 
mL). The organic extract was then dried with MgSO4(s), filtered, and concentrated under 
reduced pressure, and the product was purified by column chromatography (silica, 10% v/v 
methanol in dichloromethane), yielding 14 as a colorless oil (0.245 g, 67%). 
 
1H NMR (400 MHz, CDCl3) � = 7.33 (br, s, 1H), 7.06 (br, s, 1H), 4.06 (s, 2H), 4.02 (s, 2H), 
3.60–3.56 (m, 2H), 3.52–3.47 (m, 6H), 2.15 (s, 3H); 13C NMR (100 MHz, CDCl3) � = 172.5, 
167.2, 166.9, 48.7, 45.4, 42.6, 39.6, 38.8, 21.5; HRMS (ESI) calculated for [C10H18Cl2N3O3]+ 
(M + H+) requires m/z = 298.0713, found 298.0720 
 

 
A round-bottom flask was charged with 14 (0.246 g, 0.824 mmol) dissolved in 15 mL of 
dichloromethane, and placed under an atmosphere of N2(g). Triethylamine (0.57 mL, 4.12 mmol) 
and thioacetic acid (0.13 mL, 1.81 mmol) were then added, and the reaction mixture was stirred 
under N2(g). After 16 h, the mixture was concentrated under reduced pressure, and the product 
was purified by column chromatography (silica, 10% v/v methanol in dichloromethane), 
providing 15 as a yellow oil (0.286 g, 92%).  
 
1H NMR (400 MHz, CDCl3) � = 6.91 (br, s, 2H), 3.58 (s, 2H), 3.54 (s, 2H), 3.52–3.35 (m, 8H), 
2.44 (s, 3H), 2.41 (s, 3H), 2.09 (s, 3H); 13C NMR (100 MHz, CDCl3) � = 195.8, 195.2, 172.6, 
168.9, 168.7, 48.8, 45.1, 39.4, 38.9, 33.1, 33.0, 30.5, 30.4, 21.6; HRMS (ESI) calculated for 
[C14H24N3O5S2]+ (M + H+) requires m/z = 378.1152, found 378.1150 
 

 
A flame-dried round-bottom flask was charged with 15 (0.159 g, 0.421 mmol) and placed under 
an atmosphere of N2(g). Four mL of anhydrous methanol followed by 2 mL of 3 N HCl in 
methanol were then added, and the resulting solution was stirred under N2(g). After 16 h, the 
reaction mixture was concentrated under reduced pressure, and the product was purified by 
reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10–80% v/v 
acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. Dithiol 3 eluted at 17 min 
and, after lyophilization, was isolated as a colorless oil (95.11 mg, 77%). 
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Compound 12 (0.619 g, 2.040 mmol) was placed in a flame-dried round-bottom flask and 

dissolved in 20 mL of anhydrous dichlormethane, and the resulting solution was cooled to 0 °C 

in an ice bath under an atmosphere of N2(g). Triethylamine (1.4 mL, 10.2 mmol) and butyryl 

chloride (0.25 mL, 2.45 mmol) were then added, and the reaction mixture was stirred at 0 °C for 

1 h and at room temperature for another 2 h. The reaction mixture was then concentrated under 

reduced pressure, and the product was purified by column chromatography (silica, EtOAc) 

yielding 16 as a colorless oil (0.625 g, 82%). 

1H NMR (400 MHz, CDCl3) δ = 5.39 (br, s, 1H), 5.30 (br, s, 1H), 3.48–3.42 (m, 4H), 3.32– 3.25 

(m, 4H), 2.32 (t, J = 7.5Hz, 2H), 1.65 (sex, J = 7.5 Hz, 2H), 1.43 (s, 9H), 1.42 (s, 9H), 0.95 (t, J 

= 7.5 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ = 174.7, 156.6, 156.1, 79.6, 79.3, 48.4, 45.7, 39.6, 

39.3, 34.9, 28.4, 18.8, 13.9; HRMS (ESI) calculated for [C18H36N3O5] + (M + H+) requires m/z = 

374.2650, found 374.2655. 

 

Fifty mL of 4 M HCl in dioxane was added to a round-bottom flask containing 16 (0.625 g, 

1.673 mmol). The reaction mixture was left to stir overnight and then concentrated under 

reduced pressure. The compound was then partially dissolved in 20 mL of dichloromethane, 

cooled to 0 °C in an ice bath, and placed under an atmosphere of N2(g). Triethylamine (1.2 mL, 

8.4 mmol) and chloroacetic anhydride (0.629 g, 3.681 mmol) were then added, and the reaction 
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1H NMR (400 MHz, DMSO-d6) � = 8.19 (t, J = 6.0 Hz, 1H), 8.07 (t, J = 5.9 Hz, 1H), 3.33–3.26 
(m, 4H), 3.24–3.16 (m, 4H), 3.11 (d, J = 8.6 Hz, 2H), 3.06 (d, J = 8.6 Hz, 2H), 2.74 (t, J = 8.6 
Hz, 1H), 2.71 (t, J = 8.6 Hz, 1H), 1.99 (s, 3H); 13C NMR (100 MHz, DMSO-d6) � = 170.1, 
170.0, 169.9, 47.8, 44.65, 37.7, 36.9, 27.1, 27.0, 21.3; HRMS (ESI) calculated for 
[C10H20N3O3S2]+ (M + H+) requires m/z = 294.0942, found 294.0941 
 

 
Compound 12 (0.619 g, 2.040 mmol) was placed in a flame-dried round-bottom flask and 
dissolved in 20 mL of anhydrous dichlormethane, and the resulting solution was cooled to 0 °C 
in an ice bath under an atmosphere of N2(g). Triethylamine (1.4 mL, 10.2 mmol) and butyryl 
chloride (0.25 mL, 2.45 mmol) were then added, and the reaction mixture was stirred at 0 °C for 
1 h and at room temperature for another 2 h. The reaction mixture was then concentrated under 
reduced pressure, and the product was purified by column chromatography (silica, EtOAc) 
yielding 16 as a colorless oil (0.625 g, 82%). 
 
1H NMR (400 MHz, CDCl3) � = 5.39 (br, s, 1H), 5.30 (br, s, 1H), 3.48–3.42 (m, 4H), 3.32–
3.25 (m, 4H), 2.32 (t, J = 7.5Hz, 2H), 1.65 (sex, J = 7.5 Hz, 2H), 1.43 (s, 9H), 1.42 (s, 9H), 0.95 
(t, J = 7.5 Hz, 3H); 13C NMR (100 MHz, CDCl3) � = 174.7, 156.6, 156.1, 79.6, 79.3, 48.4, 45.7, 
39.6, 39.3, 34.9, 28.4, 18.8, 13.9; HRMS (ESI) calculated for [C18H36N3O5]+ (M + H+) requires 
m/z = 374.2650, found 374.2655 
 

 

Fifty mL of 4 M HCl in dioxane was added to a round-bottom flask containing 16 (0.625 g, 
1.673 mmol). The reaction mixture was left to stir overnight and then concentrated under 
reduced pressure. The compound was then partially dissolved in 20 mL of dichloromethane, 
cooled to 0 °C in an ice bath, and placed under an atmosphere of N2(g). Triethylamine (1.2 mL, 
8.4 mmol) and chloroacetic anhydride (0.629 g, 3.681 mmol) were then added, and the reaction 
mixture was stirred for 30 min before being quenched by the addition of 50 mL of saturated 
NaHCO3(aq). The organic layer was extracted and washed twice with 25 mL of water. The 
organic extract was then dried with anhydrous MgSO4(s), filtered, and concentrated under 
reduced pressure, and the product was purified by column chromatography (silica, 10% v/v 
methanol in dichloromethane), yielding 17 as a colorless oil (0.377 g, 69%). 
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1H NMR (400 MHz, DMSO-d6) � = 8.19 (t, J = 6.0 Hz, 1H), 8.07 (t, J = 5.9 Hz, 1H), 3.33–3.26 
(m, 4H), 3.24–3.16 (m, 4H), 3.11 (d, J = 8.6 Hz, 2H), 3.06 (d, J = 8.6 Hz, 2H), 2.74 (t, J = 8.6 
Hz, 1H), 2.71 (t, J = 8.6 Hz, 1H), 1.99 (s, 3H); 13C NMR (100 MHz, DMSO-d6) � = 170.1, 
170.0, 169.9, 47.8, 44.65, 37.7, 36.9, 27.1, 27.0, 21.3; HRMS (ESI) calculated for 
[C10H20N3O3S2]+ (M + H+) requires m/z = 294.0942, found 294.0941 
 

 
Compound 12 (0.619 g, 2.040 mmol) was placed in a flame-dried round-bottom flask and 
dissolved in 20 mL of anhydrous dichlormethane, and the resulting solution was cooled to 0 °C 
in an ice bath under an atmosphere of N2(g). Triethylamine (1.4 mL, 10.2 mmol) and butyryl 
chloride (0.25 mL, 2.45 mmol) were then added, and the reaction mixture was stirred at 0 °C for 
1 h and at room temperature for another 2 h. The reaction mixture was then concentrated under 
reduced pressure, and the product was purified by column chromatography (silica, EtOAc) 
yielding 16 as a colorless oil (0.625 g, 82%). 
 
1H NMR (400 MHz, CDCl3) � = 5.39 (br, s, 1H), 5.30 (br, s, 1H), 3.48–3.42 (m, 4H), 3.32–
3.25 (m, 4H), 2.32 (t, J = 7.5Hz, 2H), 1.65 (sex, J = 7.5 Hz, 2H), 1.43 (s, 9H), 1.42 (s, 9H), 0.95 
(t, J = 7.5 Hz, 3H); 13C NMR (100 MHz, CDCl3) � = 174.7, 156.6, 156.1, 79.6, 79.3, 48.4, 45.7, 
39.6, 39.3, 34.9, 28.4, 18.8, 13.9; HRMS (ESI) calculated for [C18H36N3O5]+ (M + H+) requires 
m/z = 374.2650, found 374.2655 
 

 

Fifty mL of 4 M HCl in dioxane was added to a round-bottom flask containing 16 (0.625 g, 
1.673 mmol). The reaction mixture was left to stir overnight and then concentrated under 
reduced pressure. The compound was then partially dissolved in 20 mL of dichloromethane, 
cooled to 0 °C in an ice bath, and placed under an atmosphere of N2(g). Triethylamine (1.2 mL, 
8.4 mmol) and chloroacetic anhydride (0.629 g, 3.681 mmol) were then added, and the reaction 
mixture was stirred for 30 min before being quenched by the addition of 50 mL of saturated 
NaHCO3(aq). The organic layer was extracted and washed twice with 25 mL of water. The 
organic extract was then dried with anhydrous MgSO4(s), filtered, and concentrated under 
reduced pressure, and the product was purified by column chromatography (silica, 10% v/v 
methanol in dichloromethane), yielding 17 as a colorless oil (0.377 g, 69%). 
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mixture was stirred for 30 min before being quenched by the addition of 50 mL of saturated 

NaHCO3(aq). The organic layer was extracted and washed twice with 25 mL of water. The 

organic extract was then dried with anhydrous MgSO4(s), filtered, and concentrated under 

reduced pressure, and the product was purified by column chromatography (silica, 10% v/v 

methanol in dichloromethane), yielding 17 as a colorless oil (0.377 g, 69%). 

1H NMR (400 MHz, CDCl3) δ = 7.48 (br, s, 1H), 7.26 (br, s, 1H), 4.06 (s, 2H), 4.00 (s, 2H), 3.58 

(t, J = 6.1 Hz, 2H), 3.52–3.46 (m, 6H), 2.34 (t, J = 7.4 Hz, 2H), 1.66 (sex, J = 7.4 Hz, 2H), 0.96 

(t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ = 175.0, 167.1, 166.9, 47.6, 45.2, 42.5, 39.5, 

38.7, 34.9, 18.9, 14.0; HRMS (ESI) calculated for [C12H22Cl2N3O3] + 
(M + H+) requires m/z = 

326.1033, found 326.1036. 

 

A round-bottom flask was charged with 17 (0.377 g, 1.154 mmol) dissolved in 20 mL of 

dichloromethane, and placed under an atmosphere of N2(g). Triethylamine (0.80 mL, 5.77 mmol) 

and thioacetic acid (0.18 mL, 2.54 mmol) were then added, and the resulting solution was stirred 

under N2(g). After 16 h, the reaction mixture was concentrated under reduced pressure, and the 

product was purified by column chromatography (silica, 10% v/v methanol in dichloromethane), 

providing 18 as a yellow oil (0.435 g, 93%). 

1H NMR (400 MHz, CDCl3) δ = 7.13 (br, s, 2H), 3.59 (s, 2H), 3.56 (s, 2H), 3.51–3.37 (m, 8H), 

2.42 (s, 3H), 2.41 (s, 3H), 2.32 (t, J = 7.5 Hz, 2H), 1.64 (sex, J = 7.5 Hz, 2H), 0.96 (t, J = 7.5 Hz, 

3H); 13C NMR (100 MHz, CDCl3) δ = 195.6, 195.0, 174.9, 168.8, 168.6, 47.6, 45.1, 39.4, 38.8, 

34.9, 33.0, 30.3, 30.2, 18.8, 13.9; HRMS (ESI) calculated for [C16H28N3O5S2] + (M + H+) 
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1H NMR (400 MHz, CDCl3) � = 7.48 (br, s, 1H), 7.26 (br, s, 1H), 4.06 (s, 2H), 4.00 (s, 2H), 
3.58 (t, J = 6.1 Hz, 2H), 3.52–3.46 (m, 6H), 2.34 (t, J = 7.4 Hz, 2H), 1.66 (sex, J = 7.4 Hz, 2H), 
0.96 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3) � = 175.0, 167.1, 166.9, 47.6, 45.2, 42.5, 
39.5, 38.7, 34.9, 18.9, 14.0; HRMS (ESI) calculated for [C12H22Cl2N3O3]+ (M + H+) requires m/z 
= 326.1033, found 326.1036 
 

 
A round-bottom flask was charged with 17 (0.377 g, 1.154 mmol) dissolved in 20 mL of 
dichloromethane, and placed under an atmosphere of N2(g). Triethylamine (0.80 mL, 5.77 mmol) 
and thioacetic acid (0.18 mL, 2.54 mmol) were then added, and the resulting solution was stirred 
under N2(g). After 16 h, the reaction mixture was concentrated under reduced pressure, and the 
product was purified by column chromatography (silica, 10% v/v methanol in dichloromethane), 
providing 18 as a yellow oil (0.435 g, 93%).  
 
1H NMR (400 MHz, CDCl3) � = 7.13 (br, s, 2H), 3.59 (s, 2H), 3.56 (s, 2H), 3.51–3.37 (m, 8H), 
2.42 (s, 3H), 2.41 (s, 3H), 2.32 (t, J = 7.5 Hz, 2H), 1.64 (sex, J = 7.5 Hz, 2H), 0.96 (t, J = 7.5 Hz, 
3H); 13C NMR (100 MHz, CDCl3) � = 195.6, 195.0, 174.9, 168.8, 168.6, 47.6, 45.1, 39.4, 38.8, 
34.9, 33.0, 30.3, 30.2, 18.8, 13.9; HRMS (ESI) calculated for [C16H28N3O5S2]+ (M + H+) 
requires m/z = 406.1465, found 406.1459 
 

 

�
A flame-dried round-bottom flask was charged with 18 (0.111 g, 0.274 mmol) and placed under 
an atmosphere of N2(g). Six mL of anhydrous methanol followed by 3 mL of 3 N HCl in 
methanol was then added, and the resulting solution was stirred under N2(g). After 16 h, the 
reaction mixture was concentrated under reduced pressure, and the product was purified by 
reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10–80% v/v 
acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. Dithiol 4 eluted at 22 min 
and, after lyophilization, was isolated as a colorless oil (63.42 mg, 72%). 
 
1H NMR (400 MHz, DMSO-d6) � = 8.19 (t, J = Hz, 1H), 8.05 (t, J = Hz, 1H), 3.34–3.28 (m, 
4H), 3.23–3.15 (m, 4H), 3.09 (d, J = 8.0 Hz, 2H), 3.06 (d, J = 8.0 Hz, 2H), 2.74 (t, J = 8.0 Hz, 
1H), 2.71 (t, J = 8.0 Hz, 1H), 2.27 (t, J = 7.4 Hz, 2H), 1.51 (sex, J = 7.4 Hz, 2H), 0.87 (t, J = 7.4 
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requires m/z = 406.1465, found 406.1459. 

 

A flame-dried round-bottom flask was charged with 18 (0.111 g, 0.274 mmol) and placed under 

an atmosphere of N2(g). Six mL of anhydrous methanol followed by 3 mL of 3 N HCl in 

methanol was then added, and the resulting solution was stirred under N2(g). After 16 h, the 

reaction mixture was concentrated under reduced pressure, and the product was purified by 

reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10–80% v/v 

acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. Dithiol 4 eluted at 22 min 

and, after lyophilization, was isolated as a colorless oil (63.42 mg, 72%). 

1H NMR (400 MHz, DMSO-d6) δ = 8.19 (t, J = Hz, 1H), 8.05 (t, J = Hz, 1H), 3.34–3.28 (m, 4H), 

3.23–3.15 (m, 4H), 3.09 (d, J = 8.0 Hz, 2H), 3.06 (d, J = 8.0 Hz, 2H), 2.74 (t, J = 8.0 Hz, 1H), 

2.71 (t, J = 8.0 Hz, 1H), 2.27 (t, J = 7.4 Hz, 2H), 1.51 (sex, J = 7.4 Hz, 2H), 0.87 (t, J = 7.4 Hz, 

3H); 13C NMR (100 MHz, DMSO-d6) δ = 172.3, 170.0, 169.7, 46.8, 45.0, 37.8, 37.0, 34.0, 27.1, 

27.0, 18.3, 13.8; HRMS (ESI) calculated for [C12H24N3O3S2] + 
(M + H+) requires m/z = 

322.1254, found 322.1258. 

 

Compound 12 (1.534 g, 5.056 mmol) was placed in a flame-dried round-bottom flask and 

dissolved in 50 mL of anhydrous dichloromethane, and the resulting solution was cooled to 0 °C 
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1H NMR (400 MHz, CDCl3) � = 7.48 (br, s, 1H), 7.26 (br, s, 1H), 4.06 (s, 2H), 4.00 (s, 2H), 
3.58 (t, J = 6.1 Hz, 2H), 3.52–3.46 (m, 6H), 2.34 (t, J = 7.4 Hz, 2H), 1.66 (sex, J = 7.4 Hz, 2H), 
0.96 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3) � = 175.0, 167.1, 166.9, 47.6, 45.2, 42.5, 
39.5, 38.7, 34.9, 18.9, 14.0; HRMS (ESI) calculated for [C12H22Cl2N3O3]+ (M + H+) requires m/z 
= 326.1033, found 326.1036 
 

 
A round-bottom flask was charged with 17 (0.377 g, 1.154 mmol) dissolved in 20 mL of 
dichloromethane, and placed under an atmosphere of N2(g). Triethylamine (0.80 mL, 5.77 mmol) 
and thioacetic acid (0.18 mL, 2.54 mmol) were then added, and the resulting solution was stirred 
under N2(g). After 16 h, the reaction mixture was concentrated under reduced pressure, and the 
product was purified by column chromatography (silica, 10% v/v methanol in dichloromethane), 
providing 18 as a yellow oil (0.435 g, 93%).  
 
1H NMR (400 MHz, CDCl3) � = 7.13 (br, s, 2H), 3.59 (s, 2H), 3.56 (s, 2H), 3.51–3.37 (m, 8H), 
2.42 (s, 3H), 2.41 (s, 3H), 2.32 (t, J = 7.5 Hz, 2H), 1.64 (sex, J = 7.5 Hz, 2H), 0.96 (t, J = 7.5 Hz, 
3H); 13C NMR (100 MHz, CDCl3) � = 195.6, 195.0, 174.9, 168.8, 168.6, 47.6, 45.1, 39.4, 38.8, 
34.9, 33.0, 30.3, 30.2, 18.8, 13.9; HRMS (ESI) calculated for [C16H28N3O5S2]+ (M + H+) 
requires m/z = 406.1465, found 406.1459 
 

 

�
A flame-dried round-bottom flask was charged with 18 (0.111 g, 0.274 mmol) and placed under 
an atmosphere of N2(g). Six mL of anhydrous methanol followed by 3 mL of 3 N HCl in 
methanol was then added, and the resulting solution was stirred under N2(g). After 16 h, the 
reaction mixture was concentrated under reduced pressure, and the product was purified by 
reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10–80% v/v 
acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. Dithiol 4 eluted at 22 min 
and, after lyophilization, was isolated as a colorless oil (63.42 mg, 72%). 
 
1H NMR (400 MHz, DMSO-d6) � = 8.19 (t, J = Hz, 1H), 8.05 (t, J = Hz, 1H), 3.34–3.28 (m, 
4H), 3.23–3.15 (m, 4H), 3.09 (d, J = 8.0 Hz, 2H), 3.06 (d, J = 8.0 Hz, 2H), 2.74 (t, J = 8.0 Hz, 
1H), 2.71 (t, J = 8.0 Hz, 1H), 2.27 (t, J = 7.4 Hz, 2H), 1.51 (sex, J = 7.4 Hz, 2H), 0.87 (t, J = 7.4 
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Hz, 3H); 13C NMR (100 MHz, DMSO-d6) � = 172.3, 170.0, 169.7, 46.8, 45.0, 37.8, 37.0, 34.0, 
27.1, 27.0, 18.3, 13.8; HRMS (ESI) calculated for [C12H24N3O3S2]+ (M + H+) requires m/z = 
322.1254, found 322.1258 
 

 
Compound 12 (1.534 g, 5.056 mmol) was placed in a flame-dried round-bottom flask and 
dissolved in 50 mL of anhydrous dichloromethane, and the resulting solution was cooled to 0 °C 
in an ice bath under an atmosphere of N2(g). Triethylamine (2.1 mL, 15.2 mmol) and hexanoyl 
chloride (0.78 mL, 5.56 mmol) were then added, and the reaction mixture was stirred at 0 °C for 
1 h and at room temperature for another 2 h. The reaction mixture was then concentrated under 
reduced pressure, and the product was purified by column chromatography (silica, 50% v/v 
EtOAc in Hexanes) yielding 19 as a colorless oil (1.848 g, 91%). 
 
1H NMR (400 MHz, CDCl3) � = 5.12 (br, s, 1H), 5.06 (br, s, 1H), 3.48–3.43 (m, 4H), 3.32–
3.24 (m, 4H), 2.32 (t, J = 7.6 Hz, 2H), 1.62 (quin, J = 7.6 Hz, 2H), 1.43 (s, 18H), 1.34–1.26 (m, 
4H), 0.90 (t, J = 6.7 Hz, 3H); 13C NMR (100 MHz, CDCl3) � = 174.7, 156.4, 156.0, 79.5, 79.2, 
48.3, 45.6, 39.5, 39.2, 32.9, 31.5, 28.3, 25.0, 22.5, 13.9; HRMS (ESI) calculated for 
[C20H40N3O5]+ (M + H+) requires m/z = 402.2963, found 402.2966 
 

 
Fifty mL of 4 M HCl in dioxane was added to a round-bottom flask containing 19 (0.867 g, 
2.159 mmol). The resulting solution was stirred overnight and then concentrated under reduced 
pressure. The product was then partially dissolved in 40 mL of dichloromethane, and the 
resulting slurry was cooled to 0 °C in an ice bath and placed under an atmosphere of N2(g). 
Triethylamine (1.8 mL, 12.9 mmol) and chloroacetic anhydride (0.923 g, 5.398 mmol) were then 
added, and the reaction mixture was stirred for 30 min before being quenched by the addition of 
50 mL of saturated NaHCO3(aq). The organic layer was extracted and washed with water (2 � 30 
mL). The organic extract was then dried over MgSO4(s), filtered, and concentrated under 
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in an ice bath under an atmosphere of N2(g). Triethylamine (2.1 mL, 15.2 mmol) and hexanoyl 

chloride (0.78 mL, 5.56 mmol) were then added, and the reaction mixture was stirred at 0 °C for 

1 h and at room temperature for another 2 h. The reaction mixture was then concentrated under 

reduced pressure, and the product was purified by column chromatography (silica, 50% v/v 

EtOAc in Hexanes) yielding 19 as a colorless oil (1.848 g, 91%). 

1H NMR (400 MHz, CDCl3) δ = 5.12 (br, s, 1H), 5.06 (br, s, 1H), 3.48–3.43 (m, 4H), 3.32– 3.24 

(m, 4H), 2.32 (t, J = 7.6 Hz, 2H), 1.62 (quin, J = 7.6 Hz, 2H), 1.43 (s, 18H), 1.34–1.26 (m, 4H), 

0.90 (t, J = 6.7 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ = 174.7, 156.4, 156.0, 79.5, 79.2, 48.3, 

45.6, 39.5, 39.2, 32.9, 31.5, 28.3, 25.0, 22.5, 13.9; HRMS (ESI) calculated for [C20H40N3O5] + 

(M + H+) requires m/z = 402.2963, found 402.2966. 

 

Fifty mL of 4 M HCl in dioxane was added to a round-bottom flask containing 19 (0.867 g, 

2.159 mmol). The resulting solution was stirred overnight and then concentrated under reduced 

pressure. The product was then partially dissolved in 40 mL of dichloromethane, and the 

resulting slurry was cooled to 0 °C in an ice bath and placed under an atmosphere of N2(g). 

Triethylamine (1.8 mL, 12.9 mmol) and chloroacetic anhydride (0.923 g, 5.398 mmol) were then 

added, and the reaction mixture was stirred for 30 min before being quenched by the addition of 

50 mL of saturated NaHCO3(aq). The organic layer was extracted and washed with water (2 × 30 

mL). The organic extract was then dried over MgSO4(s), filtered, and concentrated under 

reduced pressure, and the product was purified by column chromatography (silica, 10% v/v 

methanol in dichloromethane), yielding 20 as a colorless oil (0.558 g, 73%). 

Lukesh, Andersen, Wallin, and Raines Supporting Information 

–S8– 
�

Hz, 3H); 13C NMR (100 MHz, DMSO-d6) � = 172.3, 170.0, 169.7, 46.8, 45.0, 37.8, 37.0, 34.0, 
27.1, 27.0, 18.3, 13.8; HRMS (ESI) calculated for [C12H24N3O3S2]+ (M + H+) requires m/z = 
322.1254, found 322.1258 
 

 
Compound 12 (1.534 g, 5.056 mmol) was placed in a flame-dried round-bottom flask and 
dissolved in 50 mL of anhydrous dichloromethane, and the resulting solution was cooled to 0 °C 
in an ice bath under an atmosphere of N2(g). Triethylamine (2.1 mL, 15.2 mmol) and hexanoyl 
chloride (0.78 mL, 5.56 mmol) were then added, and the reaction mixture was stirred at 0 °C for 
1 h and at room temperature for another 2 h. The reaction mixture was then concentrated under 
reduced pressure, and the product was purified by column chromatography (silica, 50% v/v 
EtOAc in Hexanes) yielding 19 as a colorless oil (1.848 g, 91%). 
 
1H NMR (400 MHz, CDCl3) � = 5.12 (br, s, 1H), 5.06 (br, s, 1H), 3.48–3.43 (m, 4H), 3.32–
3.24 (m, 4H), 2.32 (t, J = 7.6 Hz, 2H), 1.62 (quin, J = 7.6 Hz, 2H), 1.43 (s, 18H), 1.34–1.26 (m, 
4H), 0.90 (t, J = 6.7 Hz, 3H); 13C NMR (100 MHz, CDCl3) � = 174.7, 156.4, 156.0, 79.5, 79.2, 
48.3, 45.6, 39.5, 39.2, 32.9, 31.5, 28.3, 25.0, 22.5, 13.9; HRMS (ESI) calculated for 
[C20H40N3O5]+ (M + H+) requires m/z = 402.2963, found 402.2966 
 

 
Fifty mL of 4 M HCl in dioxane was added to a round-bottom flask containing 19 (0.867 g, 
2.159 mmol). The resulting solution was stirred overnight and then concentrated under reduced 
pressure. The product was then partially dissolved in 40 mL of dichloromethane, and the 
resulting slurry was cooled to 0 °C in an ice bath and placed under an atmosphere of N2(g). 
Triethylamine (1.8 mL, 12.9 mmol) and chloroacetic anhydride (0.923 g, 5.398 mmol) were then 
added, and the reaction mixture was stirred for 30 min before being quenched by the addition of 
50 mL of saturated NaHCO3(aq). The organic layer was extracted and washed with water (2 � 30 
mL). The organic extract was then dried over MgSO4(s), filtered, and concentrated under 



!338!

1H NMR (400 MHz, CDCl3) δ = 7.36 (br, s, 1H), 7.08 (br, s, 1H), 4.06 (s, 2H), 4.00 (s, 2H), 3.58 

(t, J = 6.1 Hz, 2H), 3.52–3.46 (m, 6H), 2.35 (t, J = 7.4 Hz, 2H), 1.63 (quin, J = 7.4 Hz, 2H), 

1.34–1.26 (m, 4H), 0.90 (t, J = 6.7 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ = 175.2, 167.1, 

166.9, 47.7, 45.3, 42.6, 39.7, 38.8, 33.1, 31.7, 25.3, 22.7, 14.1; HRMS (ESI) calculated for 

[C14H26Cl2N3O3] + 
(M + H+) requires m/z = 354.1346, found 354.1342. 

 

A round-bottom flask charged with 20 (0.558 g, 1.575 mmol) was dissolved with 20 mL of 

dichloromethane and placed under N2(g). Triethylamine (1.1 mL, 7.9 mmol) and thioacetic acid 

(0.25 mL, 3.47 mmol) were then added, and the resulting solution was stirred under N2(g). After 

16 h, the reaction mixture was concentrated under reduced pressure, and the product was purified 

by column chromatography (silica, 10% v/v methanol in dichloromethane), providing 21 as a 

colorless oil (0.608 g, 89%). 

1H NMR (400 MHz, CDCl3) δ = 7.03–6.98 (m, 2H), 3.57 (s, 2H), 3.55 (s, 2H), 3.51–3.36 (m, 

8H), 2.42 (s, 2H), 2.41 (s, 2H), 2.32 (t, J = 7.4 Hz, 2H), 1.61 (quin, J = 7.4 Hz, 2H), 1.36–1.28 

(m, 4H), 0.90 (t, J = 6.7 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ = 195.7, 195.1, 175.2, 168.8, 

168.6, 47.8, 45.3, 39.6, 38.9, 33.1, 33.0, 32.9, 31.6, 30.4, 30.3, 25.2, 22.6, 14.1; HRMS (ESI) 

calculated for [C18H32N3O5S2]+ 
(M + H+) requires m/z = 434.1778, found 434.1780. 
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reduced pressure, and the product was purified by column chromatography (silica, 10% v/v 
methanol in dichloromethane), yielding 20 as a colorless oil (0.558 g, 73%). 
 
1H NMR (400 MHz, CDCl3) � = 7.36 (br, s, 1H), 7.08 (br, s, 1H), 4.06 (s, 2H), 4.00 (s, 2H), 
3.58 (t, J = 6.1 Hz, 2H), 3.52–3.46 (m, 6H), 2.35 (t, J = 7.4 Hz, 2H), 1.63 (quin, J = 7.4 Hz, 2H), 
1.34–1.26 (m, 4H), 0.90 (t, J = 6.7 Hz, 3H); 13C NMR (100 MHz, CDCl3) � = 175.2, 167.1, 
166.9, 47.7, 45.3, 42.6, 39.7, 38.8, 33.1, 31.7, 25.3, 22.7, 14.1; HRMS (ESI) calculated for 
[C14H26Cl2N3O3]+ (M + H+) requires m/z = 354.1346, found 354.1342 
 

 
A round-bottom flask charged with 20 (0.558 g, 1.575 mmol) was dissolved with 20 mL of 
dichloromethane and placed under N2(g). Triethylamine (1.1 mL, 7.9 mmol) and thioacetic acid 
(0.25 mL, 3.47 mmol) were then added, and the resulting solution was stirred under N2(g). After 
16 h, the reaction mixture was concentrated under reduced pressure, and the product was purified 
by column chromatography (silica, 10% v/v methanol in dichloromethane), providing 21 as a 
colorless oil (0.608 g, 89%).  
 
1H NMR (400 MHz, CDCl3) � = 7.03–6.98 (m, 2H), 3.57 (s, 2H), 3.55 (s, 2H), 3.51–3.36 (m, 
8H), 2.42 (s, 2H), 2.41 (s, 2H), 2.32 (t, J = 7.4 Hz, 2H), 1.61 (quin, J = 7.4 Hz, 2H), 1.36–1.28 
(m, 4H), 0.90 (t, J = 6.7 Hz, 3H); 13C NMR (100 MHz, CDCl3) � = 195.7, 195.1, 175.2, 168.8, 
168.6, 47.8, 45.3, 39.6, 38.9, 33.1, 33.0, 32.9, 31.6, 30.4, 30.3, 25.2, 22.6, 14.1; HRMS (ESI) 
calculated for [C18H32N3O5S2]+ (M + H+) requires m/z = 434.1778, found 434.1780 
 

 
A flame-dried round-bottom flask was charged with 21 (0.149 g, 0.344 mmol) and placed under 
an atmosphere of N2(g). Six mL of anhydrous methanol followed by 3 mL of 3 N HCl in 
methanol were then added, and the resulting solution was stirred under N2(g). After 24 h, the 
reaction mixture was concentrated under reduced pressure, and the product was purified by 
reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10–80% v/v 
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A flame-dried round-bottom flask was charged with 21 (0.149 g, 0.344 mmol) and placed under 

an atmosphere of N2(g). Six mL of anhydrous methanol followed by 3 mL of 3 N HCl in 

methanol were then added, and the resulting solution was stirred under N2(g). After 24 h, the 

reaction mixture was concentrated under reduced pressure, and the product was purified by 

reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10–80% v/v 

acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. Dithiol 5 eluted at 28 min 

and, after lyophilization, was isolated as a colorless oil (94.98 mg, 79%). 

1H NMR (400 MHz, DMSO-d6) δ = 8.21 (t, J = 5.8 Hz, 1H), 8.07 (t, J = 5.8 Hz, 1H), 3.31 (t, J = 

6.6 Hz, 2H), 3.29 (t, J = 6.6 Hz, 2H) 3.22=3.15 (m, 4H), 3.08 (d, J = 8.0 Hz, 2H), 3.06 (d, J = 8.0 

Hz, 2H), 2.75 (t, J = 8.0 Hz, 1H), 2.72 (t, J = 8.0 Hz, 1H), 2.27 (t, J = 7.5 Hz, 2H), 1.48 (quin, J 

= 7.5 Hz, 2H), 1.32–1.20 (m, 4H), 0.86 (t, J = 6.9 Hz, 3H); 13C NMR (100 MHz, DMSO-d6) δ = 

172.5, 170.0, 169.7, 46.8, 44.7, 37.8, 37.0, 32.0, 31.1, 27.2, 27.1, 24.6, 22.1, 14.0; HRMS (ESI) 

calculated for [C14H28N3O3S2]+ 
(M + H+) requires m/z = 350.1567, found 350.1565. 

 

Compound 12 (1.391 g, 4.585 mmol) was placed in a flame-dried round-bottom flask and 

dissolved in 50 mL of anhydrous dichloromethane, and the resulting solution was cooled to 0 °C 
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reduced pressure, and the product was purified by column chromatography (silica, 10% v/v 
methanol in dichloromethane), yielding 20 as a colorless oil (0.558 g, 73%). 
 
1H NMR (400 MHz, CDCl3) � = 7.36 (br, s, 1H), 7.08 (br, s, 1H), 4.06 (s, 2H), 4.00 (s, 2H), 
3.58 (t, J = 6.1 Hz, 2H), 3.52–3.46 (m, 6H), 2.35 (t, J = 7.4 Hz, 2H), 1.63 (quin, J = 7.4 Hz, 2H), 
1.34–1.26 (m, 4H), 0.90 (t, J = 6.7 Hz, 3H); 13C NMR (100 MHz, CDCl3) � = 175.2, 167.1, 
166.9, 47.7, 45.3, 42.6, 39.7, 38.8, 33.1, 31.7, 25.3, 22.7, 14.1; HRMS (ESI) calculated for 
[C14H26Cl2N3O3]+ (M + H+) requires m/z = 354.1346, found 354.1342 
 

 
A round-bottom flask charged with 20 (0.558 g, 1.575 mmol) was dissolved with 20 mL of 
dichloromethane and placed under N2(g). Triethylamine (1.1 mL, 7.9 mmol) and thioacetic acid 
(0.25 mL, 3.47 mmol) were then added, and the resulting solution was stirred under N2(g). After 
16 h, the reaction mixture was concentrated under reduced pressure, and the product was purified 
by column chromatography (silica, 10% v/v methanol in dichloromethane), providing 21 as a 
colorless oil (0.608 g, 89%).  
 
1H NMR (400 MHz, CDCl3) � = 7.03–6.98 (m, 2H), 3.57 (s, 2H), 3.55 (s, 2H), 3.51–3.36 (m, 
8H), 2.42 (s, 2H), 2.41 (s, 2H), 2.32 (t, J = 7.4 Hz, 2H), 1.61 (quin, J = 7.4 Hz, 2H), 1.36–1.28 
(m, 4H), 0.90 (t, J = 6.7 Hz, 3H); 13C NMR (100 MHz, CDCl3) � = 195.7, 195.1, 175.2, 168.8, 
168.6, 47.8, 45.3, 39.6, 38.9, 33.1, 33.0, 32.9, 31.6, 30.4, 30.3, 25.2, 22.6, 14.1; HRMS (ESI) 
calculated for [C18H32N3O5S2]+ (M + H+) requires m/z = 434.1778, found 434.1780 
 

 
A flame-dried round-bottom flask was charged with 21 (0.149 g, 0.344 mmol) and placed under 
an atmosphere of N2(g). Six mL of anhydrous methanol followed by 3 mL of 3 N HCl in 
methanol were then added, and the resulting solution was stirred under N2(g). After 24 h, the 
reaction mixture was concentrated under reduced pressure, and the product was purified by 
reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10–80% v/v 
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acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. Dithiol 5 eluted at 28 min 
and, after lyophilization, was isolated as a colorless oil (94.98 mg, 79%). 
 
1H NMR (400 MHz, DMSO-d6) � = 8.21 (t, J = 5.8 Hz, 1H), 8.07 (t, J = 5.8 Hz, 1H), 3.31 (t, J 
= 6.6 Hz, 2H), 3.29 (t, J = 6.6 Hz, 2H) 3.22=3.15 (m, 4H), 3.08 (d, J = 8.0 Hz, 2H), 3.06 (d, J = 
8.0 Hz, 2H), 2.75 (t, J = 8.0 Hz, 1H), 2.72 (t, J = 8.0 Hz, 1H), 2.27 (t, J = 7.5 Hz, 2H), 1.48 
(quin, J = 7.5 Hz, 2H), 1.32–1.20 (m, 4H), 0.86 (t, J = 6.9 Hz, 3H); 13C NMR (100 MHz, 
DMSO-d6) � = 172.5, 170.0, 169.7, 46.8, 44.7, 37.8, 37.0, 32.0, 31.1, 27.2, 27.1, 24.6, 22.1, 
14.0; HRMS (ESI) calculated for [C14H28N3O3S2]+ (M + H+) requires m/z = 350.1567, found 
350.1565 
 

 
Compound 12 (1.391 g, 4.585 mmol) was placed in a flame-dried round-bottom flask and 
dissolved in 50 mL of anhydrous dichloromethane, and the resulting solution was cooled to 0 °C 
in an ice bath under an atmosphere of N2(g). Triethylamine (1.9 mL, 13.8 mmol) and benzoyl 
chloride (0.64 mL, 5.50 mmol) were then added, and the resulting solution was stirred at 0 °C for 
1 h and at room temperature for another 2 h. The reaction mixture was then concentrated under 
reduced pressure, and the product was purified by column chromatography (silica, EtOAc), 
yielding 22 as a colorless oil (1.848 g, 91%). 
 
1H NMR (400 MHz, CDCl3) � = 7.40–7.35 (m, 5H), 5.12 (br, s, 1H), 5.06 (br, s, 1H), 3.67–
3.24 (m, 8H), 1.44 (s, 18H); 13C NMR (100 MHz, CDCl3) � = 173.4, 156.7, 155.8, 136.4, 129.6, 
128.7, 126.8, 50.0, 45.0, 39.5, 38.9, 28.6, 28.4; HRMS (ESI) calculated for [C21H34N3O5]+ (M + 
H+) requires m/z = 408.2493, found 408.2491 
 

 
Fifty mL of 4 M HCl in dioxane was added to a round-bottom flask containing 22 (0.713 g, 
1.750 mmol). The resulting solution was stirred under N2(g) overnight and then concentrated 
under reduced pressure. The product was then partially dissolved in 55 mL of dichloromethane, 
and the resulting slurry was cooled to 0 °C in an ice bath and placed under an atmosphere of 
N2(g). Triethylamine (1.5 mL, 10.5 mmol) and chloroacetic anhydride (0.748 g, 4.375 mmol) 
were then added, and the reaction mixture was stirred for 30 min before being quenched by the 
addition of 55 mL of saturated NaHCO3(aq). The organic layer was extracted and washed with 



!340!

in an ice bath under an atmosphere of N2(g). Triethylamine (1.9 mL, 13.8 mmol) and benzoyl 

chloride (0.64 mL, 5.50 mmol) were then added, and the resulting solution was stirred at 0 °C for 

1 h and at room temperature for another 2 h. The reaction mixture was then concentrated under 

reduced pressure, and the product was purified by column chromatography (silica, EtOAc), 

yielding 22 as a colorless oil (1.848 g, 91%). 

1H NMR (400 MHz, CDCl3) δ = 7.40–7.35 (m, 5H), 5.12 (br, s, 1H), 5.06 (br, s, 1H), 3.67– 3.24 

(m, 8H), 1.44 (s, 18H); 13C NMR (100 MHz, CDCl3) δ = 173.4, 156.7, 155.8, 136.4, 129.6, 

128.7, 126.8, 50.0, 45.0, 39.5, 38.9, 28.6, 28.4; HRMS (ESI) calculated for [C21H34N3O5]+ 
(M + 

H+) requires m/z = 408.2493, found 408.2491. 

 

Fifty mL of 4 M HCl in dioxane was added to a round-bottom flask containing 22 (0.713 g, 

1.750 mmol). The resulting solution was stirred under N2(g) overnight and then concentrated 

under reduced pressure. The product was then partially dissolved in 55 mL of dichloromethane, 

and the resulting slurry was cooled to 0 °C in an ice bath and placed under an atmosphere of 

N2(g). Triethylamine (1.5 mL, 10.5 mmol) and chloroacetic anhydride (0.748 g, 4.375 mmol) 

were then added, and the reaction mixture was stirred for 30 min before being quenched by the 

addition of 55 mL of saturated NaHCO3(aq). The organic layer was extracted and washed with 

water (2 × 40 mL). The organic extract was then dried with anhydrous MgSO4(aq), filtered, and 

concentrated under reduced pressure, and the product was purified by column chromatography 

(silica, 10% v/v methanol in dichloromethane), yielding 23 as a colorless oil (0.391 g, 62%). 

1H NMR (400 MHz, CDCl3) δ = 7.44–7.41 (m, 3H), 7.37–7.35 (m, 2H), 6.90 (br, s, 2H), 4.05 (s, 
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acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. Dithiol 5 eluted at 28 min 
and, after lyophilization, was isolated as a colorless oil (94.98 mg, 79%). 
 
1H NMR (400 MHz, DMSO-d6) � = 8.21 (t, J = 5.8 Hz, 1H), 8.07 (t, J = 5.8 Hz, 1H), 3.31 (t, J 
= 6.6 Hz, 2H), 3.29 (t, J = 6.6 Hz, 2H) 3.22=3.15 (m, 4H), 3.08 (d, J = 8.0 Hz, 2H), 3.06 (d, J = 
8.0 Hz, 2H), 2.75 (t, J = 8.0 Hz, 1H), 2.72 (t, J = 8.0 Hz, 1H), 2.27 (t, J = 7.5 Hz, 2H), 1.48 
(quin, J = 7.5 Hz, 2H), 1.32–1.20 (m, 4H), 0.86 (t, J = 6.9 Hz, 3H); 13C NMR (100 MHz, 
DMSO-d6) � = 172.5, 170.0, 169.7, 46.8, 44.7, 37.8, 37.0, 32.0, 31.1, 27.2, 27.1, 24.6, 22.1, 
14.0; HRMS (ESI) calculated for [C14H28N3O3S2]+ (M + H+) requires m/z = 350.1567, found 
350.1565 
 

 
Compound 12 (1.391 g, 4.585 mmol) was placed in a flame-dried round-bottom flask and 
dissolved in 50 mL of anhydrous dichloromethane, and the resulting solution was cooled to 0 °C 
in an ice bath under an atmosphere of N2(g). Triethylamine (1.9 mL, 13.8 mmol) and benzoyl 
chloride (0.64 mL, 5.50 mmol) were then added, and the resulting solution was stirred at 0 °C for 
1 h and at room temperature for another 2 h. The reaction mixture was then concentrated under 
reduced pressure, and the product was purified by column chromatography (silica, EtOAc), 
yielding 22 as a colorless oil (1.848 g, 91%). 
 
1H NMR (400 MHz, CDCl3) � = 7.40–7.35 (m, 5H), 5.12 (br, s, 1H), 5.06 (br, s, 1H), 3.67–
3.24 (m, 8H), 1.44 (s, 18H); 13C NMR (100 MHz, CDCl3) � = 173.4, 156.7, 155.8, 136.4, 129.6, 
128.7, 126.8, 50.0, 45.0, 39.5, 38.9, 28.6, 28.4; HRMS (ESI) calculated for [C21H34N3O5]+ (M + 
H+) requires m/z = 408.2493, found 408.2491 
 

 
Fifty mL of 4 M HCl in dioxane was added to a round-bottom flask containing 22 (0.713 g, 
1.750 mmol). The resulting solution was stirred under N2(g) overnight and then concentrated 
under reduced pressure. The product was then partially dissolved in 55 mL of dichloromethane, 
and the resulting slurry was cooled to 0 °C in an ice bath and placed under an atmosphere of 
N2(g). Triethylamine (1.5 mL, 10.5 mmol) and chloroacetic anhydride (0.748 g, 4.375 mmol) 
were then added, and the reaction mixture was stirred for 30 min before being quenched by the 
addition of 55 mL of saturated NaHCO3(aq). The organic layer was extracted and washed with 
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2H), 3.98 (s, 2H), 3.80–3.41 (m, 8H); 13C NMR (100 MHz, CDCl3) δ = 173.4, 167.1, 166.3, 

135.6, 129.9, 128.8, 126.5, 48.9, 44.6, 42.5, 39.0, 38.3; HRMS (ESI) calculated for 

[C15H20Cl2N3O3]+ 
(M + H+) requires m/z = 360.0877, found 360.0888. 

 

A round-bottom flask charged with 23 (0.391 g, 1.085 mmol) was dissolved with 15 mL of 

dichloromethane and placed under N2(g). Triethylamine (0.76 mL, 5.43 mmol) and thioacetic 

acid (0.17 mL, 2.39 mmol) were then added, and the reaction was stirred under N2(g). After 24 h, 

the reaction mixture was concentrated under reduced pressure, and the product was purified by 

column chromatography (silica, 10% v/v methanol in dichloromethane) providing 24 as a 

colorless oil (0.448 g, 94%). 

1H NMR (400 MHz, CDCl3) δ = 7.43–7.42 (m, 3H), 7.37–7.35 (m, 2H), 6.98 (br, s, 1H), 6.80 

(br, s, 1H), 3.72–3.32 (m, 12H), 2.37 (s, 6H); 13C NMR (100 MHz, CDCl3) δ = 195.6, 195.4, 

173.4, 168.9, 168.4, 135.8, 129.8, 128.6, 126.6, 49.3, 44.8, 39.2, 38.5, 32.9, 30.3; HRMS (ESI) 

calculated for [C19H26N3O5S2]+ 
(M + H+) requires m/z = 440.1309, found 440.1310. 

 

 

A flame-dried round-bottom flask was charged with 24 (0.131 g, 0.298 mmol) and placed under 

an atmosphere of N2(g). Six mL of anhydrous methanol followed by 3 mL of 3 N HCl in 

methanol was then added, and the resulting solution was stirred under N2(g). After 24 h, the 

Lukesh, Andersen, Wallin, and Raines Supporting Information 

–S11– 
�

water (2 � 40 mL). The organic extract was then dried with anhydrous MgSO4(aq), filtered, and 
concentrated under reduced pressure, and the product was purified by column chromatography 
(silica, 10% v/v methanol in dichloromethane), yielding 23 as a colorless oil (0.391 g, 62%). 
 
1H NMR (400 MHz, CDCl3) � = 7.44–7.41 (m, 3H), 7.37–7.35 (m, 2H), 6.90 (br, s, 2H), 4.05 
(s, 2H), 3.98 (s, 2H), 3.80–3.41 (m, 8H); 13C NMR (100 MHz, CDCl3) � = 173.4, 167.1, 166.3, 
135.6, 129.9, 128.8, 126.5, 48.9, 44.6, 42.5, 39.0, 38.3; HRMS (ESI) calculated for 
[C15H20Cl2N3O3]+ (M + H+) requires m/z = 360.0877, found 360.0888 
 

 
A round-bottom flask charged with 23 (0.391 g, 1.085 mmol) was dissolved with 15 mL of 
dichloromethane and placed under N2(g). Triethylamine (0.76 mL, 5.43 mmol) and thioacetic 
acid (0.17 mL, 2.39 mmol) were then added, and the reaction was stirred under N2(g). After 24 h, 
the reaction mixture was concentrated under reduced pressure, and the product was purified by 
column chromatography (silica, 10% v/v methanol in dichloromethane) providing 24 as a 
colorless oil (0.448 g, 94%).  
 
1H NMR (400 MHz, CDCl3) � = 7.43–7.42 (m, 3H), 7.37–7.35 (m, 2H), 6.98 (br, s, 1H), 6.80 
(br, s, 1H), 3.72–3.32 (m, 12H), 2.37 (s, 6H); 13C NMR (100 MHz, CDCl3) � = 195.6, 195.4, 
173.4, 168.9, 168.4, 135.8, 129.8, 128.6, 126.6, 49.3, 44.8, 39.2, 38.5, 32.9, 30.3; HRMS (ESI) 
calculated for [C19H26N3O5S2]+ (M + H+) requires m/z = 440.1309, found 440.1310 
 

�
A flame-dried round-bottom flask was charged with 24 (0.131 g, 0.298 mmol) and placed under 
an atmosphere of N2(g). Six mL of anhydrous methanol followed by 3 mL of 3 N HCl in 
methanol was then added, and the resulting solution was stirred under N2(g). After 24 h, the 
reaction mixture was concentrated under reduced pressure, and the product was purified by 
reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10–80% v/v 
acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. Dithiol 6 eluted at 25 min 
and, after lyophilization, was isolated as a colorless oil (87.92 mg, 83%). 
 
1H NMR (400 MHz, DMSO-d6) � = 8.23 (br, s, 1H), 8.08 (br, s, 1H), 7.42–7.40 (m, 3H), 7.36–
7.34 (m, 2H), 3.52–3.50 (m, 2H), 3.36–3.34 (m, 2H), 3.28–3.25 (m, 2H), 3.14–3.10 (m, 4H), 
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water (2 � 40 mL). The organic extract was then dried with anhydrous MgSO4(aq), filtered, and 
concentrated under reduced pressure, and the product was purified by column chromatography 
(silica, 10% v/v methanol in dichloromethane), yielding 23 as a colorless oil (0.391 g, 62%). 
 
1H NMR (400 MHz, CDCl3) � = 7.44–7.41 (m, 3H), 7.37–7.35 (m, 2H), 6.90 (br, s, 2H), 4.05 
(s, 2H), 3.98 (s, 2H), 3.80–3.41 (m, 8H); 13C NMR (100 MHz, CDCl3) � = 173.4, 167.1, 166.3, 
135.6, 129.9, 128.8, 126.5, 48.9, 44.6, 42.5, 39.0, 38.3; HRMS (ESI) calculated for 
[C15H20Cl2N3O3]+ (M + H+) requires m/z = 360.0877, found 360.0888 
 

 
A round-bottom flask charged with 23 (0.391 g, 1.085 mmol) was dissolved with 15 mL of 
dichloromethane and placed under N2(g). Triethylamine (0.76 mL, 5.43 mmol) and thioacetic 
acid (0.17 mL, 2.39 mmol) were then added, and the reaction was stirred under N2(g). After 24 h, 
the reaction mixture was concentrated under reduced pressure, and the product was purified by 
column chromatography (silica, 10% v/v methanol in dichloromethane) providing 24 as a 
colorless oil (0.448 g, 94%).  
 
1H NMR (400 MHz, CDCl3) � = 7.43–7.42 (m, 3H), 7.37–7.35 (m, 2H), 6.98 (br, s, 1H), 6.80 
(br, s, 1H), 3.72–3.32 (m, 12H), 2.37 (s, 6H); 13C NMR (100 MHz, CDCl3) � = 195.6, 195.4, 
173.4, 168.9, 168.4, 135.8, 129.8, 128.6, 126.6, 49.3, 44.8, 39.2, 38.5, 32.9, 30.3; HRMS (ESI) 
calculated for [C19H26N3O5S2]+ (M + H+) requires m/z = 440.1309, found 440.1310 
 

�
A flame-dried round-bottom flask was charged with 24 (0.131 g, 0.298 mmol) and placed under 
an atmosphere of N2(g). Six mL of anhydrous methanol followed by 3 mL of 3 N HCl in 
methanol was then added, and the resulting solution was stirred under N2(g). After 24 h, the 
reaction mixture was concentrated under reduced pressure, and the product was purified by 
reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10–80% v/v 
acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. Dithiol 6 eluted at 25 min 
and, after lyophilization, was isolated as a colorless oil (87.92 mg, 83%). 
 
1H NMR (400 MHz, DMSO-d6) � = 8.23 (br, s, 1H), 8.08 (br, s, 1H), 7.42–7.40 (m, 3H), 7.36–
7.34 (m, 2H), 3.52–3.50 (m, 2H), 3.36–3.34 (m, 2H), 3.28–3.25 (m, 2H), 3.14–3.10 (m, 4H), 
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reaction mixture was concentrated under reduced pressure, and the product was purified by 

reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10–80% v/v 

acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. Dithiol 6 eluted at 25 min 

and, after lyophilization, was isolated as a colorless oil (87.92 mg, 83%). 

1H NMR (400 MHz, DMSO-d6 δ = 8.23 (br, s, 1H), 8.08 (br, s, 1H), 7.42–7.40 (m, 3H), 7.36– 

7.34 (m, 2H), 3.52–3.50 (m, 2H), 3.36–3.34 (m, 2H), 3.28–3.25 (m, 2H), 3.14–3.10 (m, 4H), 

3.01 (d, J = 8.0Hz, 2H), 2.76 (t, J = 8.0 Hz, 1H), 2.68 (t, J = 8.0 Hz, 1H); 13C NMR (100 MHz, 

DMSO-d6) δ = 171.1, 169.9, 169.6, 136.9, 129.0, 128.3, 126.6, 48.3, 44.1, 37.3, 36.7, 27.2, 27.0; 

HRMS (ESI) calculated for [C15H22N3O3S2]+ 
(M + H+) requires m/z = 356.1098, found 356.1096. 

 

Compound 12 (1.592 g, 5.247 mmol) was placed in a flame-dried round-bottom flask and 

dissolved in 60 mL of anhydrous dichlormethane, and the resulting solution was cooled to 0 °C 

in an ice bath under an atmosphere of N2(g). Triethylamine (2.2 mL, 15.7 mmol) and 4-

ethylbenzoyl chloride (0.93 mL, 6.30 mmol) were then added, and the resulting solution was 

stirred at 0 °C for 1 h and at room temperature for another 2 h. The reaction mixture was then 

concentrated under reduced pressure, and the product was purified by column chromatography 

(silica, 50 % EtOAc v/v in hexanes), yielding 25 as a white solid (1.965 g, 86%). 

1H NMR (400 MHz, CDCl3) δ = 7.29 (d, J = 7.7 Hz, 2H), 7.20 (d, J = 7.7 Hz, 2H), 5.15 (br, s, 

1H), 5.07 (br, s, 1H), 3.65–3.25 (m, 8H), 2.65 (q, J = 7.6 Hz, 2H), 1.44 (2, 18H), 1.23 (t, J = 7.6 

Hz, 3H); 13C NMR (100 MHz, CDCl3) δ = 173.6, 156.6, 155.9, 133.7, 128.1, 126.9, 79.6, 50.0, 

45.0, 39.4, 39.1, 28.8, 28.5, 15.4; HRMS (ESI) calculated for [C23H38N3O5]+ 
(M + H+) requires 
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3.01 (d, J = 8.0Hz, 2H), 2.76 (t, J = 8.0 Hz, 1H), 2.68 (t, J = 8.0 Hz, 1H); 13C NMR (100 MHz, 
DMSO-d6) � = 171.1, 169.9, 169.6, 136.9, 129.0, 128.3, 126.6, 48.3, 44.1, 37.3, 36.7, 27.2, 27.0; 
HRMS (ESI) calculated for [C15H22N3O3S2]+ (M + H+) requires m/z = 356.1098, found 356.1096 
 

 
Compound 12 (1.592 g, 5.247 mmol) was placed in a flame-dried round-bottom flask and 
dissolved in 60 mL of anhydrous dichlormethane, and the resulting solution was cooled to 0 °C 
in an ice bath under an atmosphere of N2(g). Triethylamine (2.2 mL, 15.7 mmol) and 
4-ethylbenzoyl chloride (0.93 mL, 6.30 mmol) were then added, and the resulting solution was 
stirred at 0 °C for 1 h and at room temperature for another 2 h. The reaction mixture was then 
concentrated under reduced pressure, and the product was purified by column chromatography 
(silica, 50 % EtOAc v/v in hexanes), yielding 25 as a white solid (1.965 g, 86%). 
 
1H NMR (400 MHz, CDCl3) � = 7.29 (d, J = 7.7 Hz, 2H), 7.20 (d, J = 7.7 Hz, 2H), 5.15 (br, s, 
1H), 5.07 (br, s, 1H), 3.65–3.25 (m, 8H), 2.65 (q, J = 7.6 Hz, 2H), 1.44 (2, 18H), 1.23 (t, J = 7.6 
Hz, 3H); 13C NMR (100 MHz, CDCl3) � = 173.6, 156.6, 155.9, 133.7, 128.1, 126.9, 79.6, 50.0, 
45.0, 39.4, 39.1, 28.8, 28.5, 15.4; HRMS (ESI) calculated for [C23H38N3O5]+ (M + H+) requires 
m/z = 436.2806, found 436.2806 
 

 
Fifty mL of 4 M HCl in dioxane was added to a round-bottom flask containing 25 (0.689 g, 
1.584 mmol). The resulting solution was stirred overnight and then concentrated under reduced 
pressure. The product was then partially dissolved in 60 mL of dichloromethane, and the 
resulting slurry was cooled to 0 °C in an ice bath and placed under an atmosphere of N2(g). 
Triethylamine (1.1 mL, 7.9 mmol) and chloroacetic anhydride (0.677 g, 3.960 mmol) were then 
added, and the reaction mixture was stirred for 30 min before being quenched by the addition of 
60 mL of saturated NaHCO3(aq). The organic layer was extracted and washed twice with 40 mL 
of water. The organic extract was then dried with anhydrous MgSO4(s), filtered, and 
concentrated under reduced pressure, and the product was purified by column chromatography 
(silica, 10% v/v methanol in dichloromethane), yielding 26 as a colorless oil (0.437 g, 71%). 
 
1H NMR (400 MHz, CDCl3) � = 7.61 (br, s, 1H), 7.28 (d, J = 7.8 Hz, 2H), 7.23 (d, J = 7.8 Hz, 
2H), 7.10 (br, s, 1H), 3.97 (s, 4H), 3.73–3.41 (m, 8H), 2.67 (q, J = 7.7 Hz, 2H), 1.24 (t, J = 7.7 
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m/z = 436.2806, found 436.2806. 

 

 

Fifty mL of 4 M HCl in dioxane was added to a round-bottom flask containing 25 (0.689 g, 

1.584 mmol). The resulting solution was stirred overnight and then concentrated under reduced 

pressure. The product was then partially dissolved in 60 mL of dichloromethane, and the 

resulting slurry was cooled to 0 °C in an ice bath and placed under an atmosphere of N2(g). 

Triethylamine (1.1 mL, 7.9 mmol) and chloroacetic anhydride (0.677 g, 3.960 mmol) were then 

added, and the reaction mixture was stirred for 30 min before being quenched by the addition of 

60 mL of saturated NaHCO3(aq). The organic layer was extracted and washed twice with 40 mL 

of water. The organic extract was then dried with anhydrous MgSO4(s), filtered, and 

concentrated under reduced pressure, and the product was purified by column chromatography 

(silica, 10% v/v methanol in dichloromethane), yielding 26 as a colorless oil (0.437 g, 71%). 

1H NMR (400 MHz, CDCl3) δ = 7.61 (br, s, 1H), 7.28 (d, J = 7.8 Hz, 2H), 7.23 (d, J = 7.8 Hz, 

2H), 7.10 (br, s, 1H), 3.97 (s, 4H), 3.73–3.41 (m, 8H), 2.67 (q, J = 7.7 Hz, 2H), 1.24 (t, J = 7.7 

Hz, 3H); 13C NMR (100 MHz, CDCl3) δ = 173.6, 167.1, 166.5, 146.3, 132.9, 128.2, 126.7, 48.9, 

44.6, 42.5, 38.5, 28.7, 15.4; HRMS (ESI) calculated for [C17H24Cl2N3O3]+ 
(M + H+) requires m/z 

= 388.1190, found 388.1192. 
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3.01 (d, J = 8.0Hz, 2H), 2.76 (t, J = 8.0 Hz, 1H), 2.68 (t, J = 8.0 Hz, 1H); 13C NMR (100 MHz, 
DMSO-d6) � = 171.1, 169.9, 169.6, 136.9, 129.0, 128.3, 126.6, 48.3, 44.1, 37.3, 36.7, 27.2, 27.0; 
HRMS (ESI) calculated for [C15H22N3O3S2]+ (M + H+) requires m/z = 356.1098, found 356.1096 
 

 
Compound 12 (1.592 g, 5.247 mmol) was placed in a flame-dried round-bottom flask and 
dissolved in 60 mL of anhydrous dichlormethane, and the resulting solution was cooled to 0 °C 
in an ice bath under an atmosphere of N2(g). Triethylamine (2.2 mL, 15.7 mmol) and 
4-ethylbenzoyl chloride (0.93 mL, 6.30 mmol) were then added, and the resulting solution was 
stirred at 0 °C for 1 h and at room temperature for another 2 h. The reaction mixture was then 
concentrated under reduced pressure, and the product was purified by column chromatography 
(silica, 50 % EtOAc v/v in hexanes), yielding 25 as a white solid (1.965 g, 86%). 
 
1H NMR (400 MHz, CDCl3) � = 7.29 (d, J = 7.7 Hz, 2H), 7.20 (d, J = 7.7 Hz, 2H), 5.15 (br, s, 
1H), 5.07 (br, s, 1H), 3.65–3.25 (m, 8H), 2.65 (q, J = 7.6 Hz, 2H), 1.44 (2, 18H), 1.23 (t, J = 7.6 
Hz, 3H); 13C NMR (100 MHz, CDCl3) � = 173.6, 156.6, 155.9, 133.7, 128.1, 126.9, 79.6, 50.0, 
45.0, 39.4, 39.1, 28.8, 28.5, 15.4; HRMS (ESI) calculated for [C23H38N3O5]+ (M + H+) requires 
m/z = 436.2806, found 436.2806 
 

 
Fifty mL of 4 M HCl in dioxane was added to a round-bottom flask containing 25 (0.689 g, 
1.584 mmol). The resulting solution was stirred overnight and then concentrated under reduced 
pressure. The product was then partially dissolved in 60 mL of dichloromethane, and the 
resulting slurry was cooled to 0 °C in an ice bath and placed under an atmosphere of N2(g). 
Triethylamine (1.1 mL, 7.9 mmol) and chloroacetic anhydride (0.677 g, 3.960 mmol) were then 
added, and the reaction mixture was stirred for 30 min before being quenched by the addition of 
60 mL of saturated NaHCO3(aq). The organic layer was extracted and washed twice with 40 mL 
of water. The organic extract was then dried with anhydrous MgSO4(s), filtered, and 
concentrated under reduced pressure, and the product was purified by column chromatography 
(silica, 10% v/v methanol in dichloromethane), yielding 26 as a colorless oil (0.437 g, 71%). 
 
1H NMR (400 MHz, CDCl3) � = 7.61 (br, s, 1H), 7.28 (d, J = 7.8 Hz, 2H), 7.23 (d, J = 7.8 Hz, 
2H), 7.10 (br, s, 1H), 3.97 (s, 4H), 3.73–3.41 (m, 8H), 2.67 (q, J = 7.7 Hz, 2H), 1.24 (t, J = 7.7 
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Hz, 3H); 13C NMR (100 MHz, CDCl3) � = 173.6, 167.1, 166.5, 146.3, 132.9, 128.2, 126.7, 48.9, 
44.6, 42.5, 38.5, 28.7, 15.4; HRMS (ESI) calculated for [C17H24Cl2N3O3]+ (M + H+) requires m/z 
= 388.1190, found 388.1192 
 

 
A round-bottom flask was charged with 26 (0.437 g, 1.125 mmol) dissolved in 15 mL of 
dichloromethane and placed under an atmosphere of N2(g). Triethylamine (0.78 mL, 5.62 mmol) 
and thioacetic acid (0.18 mL, 2.48 mmol) were then added, and the resulting solution was stirred 
under N2(g). After 24 h, the reaction mixture was concentrated under reduced pressure, and the 
product was purified by column chromatography (silica, 10% v/v methanol in dichloromethane), 
providing 27 as a yellow solid (0.473 g, 90%).  
 
1H NMR (400 MHz, CDCl3) � = 7.29 (d, J = 8.0 Hz, 2H), 7.23 (d, J = 8.0 Hz, 2H), 7.02 (br, s, 
1H), 6.84 (br, s, 1H), 3.68–3.33 (m, 12H), 2.68 (q, J = 7.6 Hz, 2H), 2.37 (s, 6H), 1.25 (t, J = 7.6 
Hz, 3H); 13C NMR (100 MHz, CDCl3) � = 195.6, 173.7, 169.0, 168.5, 146.3, 133.2, 128.2, 
126.9, 49.5, 44.9, 39.3, 38.7, 33.0, 30.4, 28.8, 15.5; HRMS (ESI) calculated for [C21H30N3O5S2]+ 
(M + H+) requires m/z = 468.1622, found 468.1626 
 

 
A flame-dried round-bottom flask was charged with 27 (0.147 g, 0.314 mmol) and placed under 
an inert atmosphere. Six mL of anhydrous methanol followed by 3 mL of 3 N HCl in methanol 
were then added, and the resulting solution was stirred under N2(g). After 24 h, the reaction 
mixture was concentrated under reduced pressure, and the product was purified by reverse-phase 
HPLC using a preparatory C18 column and a linear gradient of 10–80% v/v acetonitrile 
(0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. Dithiol 7 eluted at 30 min and, after 
lyophilization, was isolated as a white solid (90.32 mg, 75%). 
 
1H NMR (400 MHz, DMSO-d6) � = 8.20 (br, s, 1H), 8.06 (br, s, 1H), 7.28 (d, J = 7.8 Hz, 2H), 
7.24 (d, J = 7.8 Hz, 2H), 3.54–3.46 (m, 2H), 3.35–3.29 (m, 4H), 3.14–3.02 (m, 6H), 2.74–2.60 
(m, 4H), 1.19 (t, J = 7.5 Hz, 3H); 13C NMR (100 MHz, DMSO-d6) � = 171.2, 169.8, 169.6, 
144.6, 134.2, 127.6, 126.7, 48.4, 44.1, 37.3, 36.8, 28.0, 27.1, 15.4; HRMS (ESI) calculated for 
[C17H26N3O3S2]+ (M + H+) requires m/z = 384.1411, found 384.1411 
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A round-bottom flask was charged with 26 (0.437 g, 1.125 mmol) dissolved in 15 mL of 

dichloromethane and placed under an atmosphere of N2(g). Triethylamine (0.78 mL, 5.62 mmol) 

and thioacetic acid (0.18 mL, 2.48 mmol) were then added, and the resulting solution was stirred 

under N2(g). After 24 h, the reaction mixture was concentrated under reduced pressure, and the 

product was purified by column chromatography (silica, 10% v/v methanol in dichloromethane), 

providing 27 as a yellow solid (0.473 g, 90%). 

1H NMR (400 MHz, CDCl3) δ = 7.29 (d, J = 8.0 Hz, 2H), 7.23 (d, J = 8.0 Hz, 2H), 7.02 (br, s, 

1H), 6.84 (br, s, 1H), 3.68–3.33 (m, 12H), 2.68 (q, J = 7.6 Hz, 2H), 2.37 (s, 6H), 1.25 (t, J = 7.6 

Hz, 3H); 13C NMR (100 MHz, CDCl3) δ = 195.6, 173.7, 169.0, 168.5, 146.3, 133.2, 128.2, 

126.9, 49.5, 44.9, 39.3, 38.7, 33.0, 30.4, 28.8, 15.5; HRMS (ESI) calculated for [C21H30N3O5S2]+ 

(M + H+) requires m/z = 468.1622, found 468.1626. 

 

A flame-dried round-bottom flask was charged with 27 (0.147 g, 0.314 mmol) and placed under 

an inert atmosphere. Six mL of anhydrous methanol followed by 3 mL of 3 N HCl in methanol 

were then added, and the resulting solution was stirred under N2(g). After 24 h, the reaction 

mixture was concentrated under reduced pressure, and the product was purified by reverse-phase 

HPLC using a preparatory C18 column and a linear gradient of 10–80% v/v acetonitrile (0.1% 

v/v TFA) in water (0.1% v/v TFA) over 45 min. Dithiol 7 eluted at 30 min and, after 

lyophilization, was isolated as a white solid (90.32 mg, 75%). 

1H NMR (400 MHz, DMSO-d6) δ = 8.20 (br, s, 1H), 8.06 (br, s, 1H), 7.28 (d, J = 7.8 Hz, 2H), 

7.24 (d, J = 7.8 Hz, 2H), 3.54–3.46 (m, 2H), 3.35–3.29 (m, 4H), 3.14–3.02 (m, 6H), 2.74–2.60 
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Hz, 3H); 13C NMR (100 MHz, CDCl3) � = 173.6, 167.1, 166.5, 146.3, 132.9, 128.2, 126.7, 48.9, 
44.6, 42.5, 38.5, 28.7, 15.4; HRMS (ESI) calculated for [C17H24Cl2N3O3]+ (M + H+) requires m/z 
= 388.1190, found 388.1192 
 

 
A round-bottom flask was charged with 26 (0.437 g, 1.125 mmol) dissolved in 15 mL of 
dichloromethane and placed under an atmosphere of N2(g). Triethylamine (0.78 mL, 5.62 mmol) 
and thioacetic acid (0.18 mL, 2.48 mmol) were then added, and the resulting solution was stirred 
under N2(g). After 24 h, the reaction mixture was concentrated under reduced pressure, and the 
product was purified by column chromatography (silica, 10% v/v methanol in dichloromethane), 
providing 27 as a yellow solid (0.473 g, 90%).  
 
1H NMR (400 MHz, CDCl3) � = 7.29 (d, J = 8.0 Hz, 2H), 7.23 (d, J = 8.0 Hz, 2H), 7.02 (br, s, 
1H), 6.84 (br, s, 1H), 3.68–3.33 (m, 12H), 2.68 (q, J = 7.6 Hz, 2H), 2.37 (s, 6H), 1.25 (t, J = 7.6 
Hz, 3H); 13C NMR (100 MHz, CDCl3) � = 195.6, 173.7, 169.0, 168.5, 146.3, 133.2, 128.2, 
126.9, 49.5, 44.9, 39.3, 38.7, 33.0, 30.4, 28.8, 15.5; HRMS (ESI) calculated for [C21H30N3O5S2]+ 
(M + H+) requires m/z = 468.1622, found 468.1626 
 

 
A flame-dried round-bottom flask was charged with 27 (0.147 g, 0.314 mmol) and placed under 
an inert atmosphere. Six mL of anhydrous methanol followed by 3 mL of 3 N HCl in methanol 
were then added, and the resulting solution was stirred under N2(g). After 24 h, the reaction 
mixture was concentrated under reduced pressure, and the product was purified by reverse-phase 
HPLC using a preparatory C18 column and a linear gradient of 10–80% v/v acetonitrile 
(0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. Dithiol 7 eluted at 30 min and, after 
lyophilization, was isolated as a white solid (90.32 mg, 75%). 
 
1H NMR (400 MHz, DMSO-d6) � = 8.20 (br, s, 1H), 8.06 (br, s, 1H), 7.28 (d, J = 7.8 Hz, 2H), 
7.24 (d, J = 7.8 Hz, 2H), 3.54–3.46 (m, 2H), 3.35–3.29 (m, 4H), 3.14–3.02 (m, 6H), 2.74–2.60 
(m, 4H), 1.19 (t, J = 7.5 Hz, 3H); 13C NMR (100 MHz, DMSO-d6) � = 171.2, 169.8, 169.6, 
144.6, 134.2, 127.6, 126.7, 48.4, 44.1, 37.3, 36.8, 28.0, 27.1, 15.4; HRMS (ESI) calculated for 
[C17H26N3O3S2]+ (M + H+) requires m/z = 384.1411, found 384.1411 
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(m, 4H), 1.19 (t, J = 7.5 Hz, 3H); 13C NMR (100 MHz, DMSO-d6) δ = 171.2, 169.8, 169.6, 

144.6, 134.2, 127.6, 126.7, 48.4, 44.1, 37.3, 36.8, 28.0, 27.1, 15.4; HRMS (ESI) calculated for 

[C17H26N3O3S2]+ 
(M + H+) requires m/z = 384.1411, found 384.1411. 

 

Compound 12 (0.203 g, 0.669 mmol) was placed in a flame-dried round-bottom flask and 

dissolved in 10 mL of anhydrous dichlormethane, and the resulting solution was cooled to 0 °C 

in an ice bath under an atmosphere of N2(g). Triethylamine (0.28 mL, 2.01 mmol) and 2-

naphthoyl chloride (0.153 g, 0.803 mmol) were then added, and the resulting solution was stirred 

at 0 °C for 1 h and at room temperature for another 2 h. The reaction mixture was then 

concentrated under reduced pressure, and the product was purified by column chromatography 

(silica, 50 % EtOAc v/v in Hexanes), yielding 28 as a white solid (0.251 g, 82%). 

1H NMR (400 MHz, CDCl3) δ = 7.90–7.87 (m, 1H), 7.85–7.82 (m, 3H), 7.53–7.49 (m, 2H), 

7.47–7.47 (d, J = 8.5 Hz, 1H), 5.35 (br, s, 1H), 5.11 (br, s, 1H), 3.73–3.65 (m, 2H), 3.51–3.40 

(m, 4H), 3.27–3.19 (m, 2H), 1.45 (s, 9H), 1.39 (s, 9H); 13C NMR (100 MHz, CDCl3) δ = 173.1, 

156.6, 155.8, 133.6, 133.5, 132.7, 128.4, 127.8, 127.0, 126.7, 126.5, 124.1, 79.4, 49.9, 45.1, 39.2, 

38.8, 28.5, 28.4; HRMS (ESI) calculated for [C25H36N3O5]+ 
(M + H+) requires m/z = 458.2650, 

found 458.2642. 
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Compound 12 (0.203 g, 0.669 mmol) was placed in a flame-dried round-bottom flask and 
dissolved in 10 mL of anhydrous dichlormethane, and the resulting solution was cooled to 0 °C 
in an ice bath under an atmosphere of N2(g). Triethylamine (0.28 mL, 2.01 mmol) and 
2-naphthoyl chloride (0.153 g, 0.803 mmol) were then added, and the resulting solution was 
stirred at 0 °C for 1 h and at room temperature for another 2 h. The reaction mixture was then 
concentrated under reduced pressure, and the product was purified by column chromatography 
(silica, 50 % EtOAc v/v in Hexanes), yielding 28 as a white solid (0.251 g, 82%). 
 
1H NMR (400 MHz, CDCl3) � = 7.90–7.87 (m, 1H), 7.85–7.82 (m, 3H), 7.53–7.49 (m, 2H), 
7.47–7.47 (d, J = 8.5 Hz, 1H), 5.35 (br, s, 1H), 5.11 (br, s, 1H), 3.73–3.65 (m, 2H), 3.51–3.40 
(m, 4H), 3.27–3.19 (m, 2H), 1.45 (s, 9H), 1.39 (s, 9H); 13C NMR (100 MHz, CDCl3) � = 173.1, 
156.6, 155.8, 133.6, 133.5, 132.7, 128.4, 127.8, 127.0, 126.7, 126.5, 124.1, 79.4, 49.9, 45.1, 39.2, 
38.8, 28.5, 28.4; HRMS (ESI) calculated for [C25H36N3O5]+ (M + H+) requires m/z = 458.2650, 
found 458.2642 
 

 
Fifteen mL of 4 M HCl in dioxane was added to a round-bottom flask containing 28 (0.251 g, 
0.549 mmol). The resulting solution was stirred overnight and then concentrated under reduced 
pressure. The product was then partially dissolved in 20 mL of dichloromethane, and the 
resulting slurry was cooled to 0 °C in an ice bath and placed under an atmosphere of N2(g). 
Triethylamine (0.46 mL, 3.28 mmol) and chloroacetic anhydride (0.235 g, 1.373 mmol) were 
then added, and the reaction mixture was stirred for 30 min before being quenched by the 
addition of 20 mL of saturated NaHCO3(aq). The organic layer was extracted and washed with 
water (2 � 10 mL). The organic extract was then dried over anhydrous MgSO4(s), filtered, and 
concentrated under reduced pressure, and the product was purified by column chromatography 
(silica, 10% v/v methanol in dichloromethane), yielding 29 as a colorless oil (0.171 g, 76%). 
 
1H NMR (400 MHz, CDCl3) � = 7.91–7.86 (m, 4H), 7.58–7.53 (m, 2H), 7.45–7.43 (m, 2H), 
6.90 (br, s, 1H), 4.06–3.43 (m, 12H); 13C NMR (100 MHz, CDCl3) � = 173.4, 167.1, 166.5, 
133.6, 133.0, 132.7, 128.8, 128.4, 128.0, 127.4, 127.1, 126.5, 123.7, 49.0, 44.7, 42.6, 38.8, 38.4; 
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Fifteen mL of 4 M HCl in dioxane was added to a round-bottom flask containing 28 (0.251 g, 

0.549 mmol). The resulting solution was stirred overnight and then concentrated under reduced 

pressure. The product was then partially dissolved in 20 mL of dichloromethane, and the 

resulting slurry was cooled to 0 °C in an ice bath and placed under an atmosphere of N2(g). 

Triethylamine (0.46 mL, 3.28 mmol) and chloroacetic anhydride (0.235 g, 1.373 mmol) were 

then added, and the reaction mixture was stirred for 30 min before being quenched by the 

addition of 20 mL of saturated NaHCO3(aq). The organic layer was extracted and washed with 

water (2 × 10 mL). The organic extract was then dried over anhydrous MgSO4(s), filtered, and 

concentrated under reduced pressure, and the product was purified by column chromatography 

(silica, 10% v/v methanol in dichloromethane), yielding 29 as a colorless oil (0.171 g, 76%). 

1H NMR (400 MHz, CDCl3) δ = 7.91–7.86 (m, 4H), 7.58–7.53 (m, 2H), 7.45–7.43 (m, 2H), 6.90 

(br, s, 1H), 4.06–3.43 (m, 12H); 13C NMR (100 MHz, CDCl3) δ = 173.4, 167.1, 166.5, 133.6, 

133.0, 132.7, 128.8, 128.4, 128.0, 127.4, 127.1, 126.5, 123.7, 49.0, 44.7, 42.6, 38.8, 38.4; HRMS 

(ESI) calculated for [C19H22Cl2N3O3]+ 
(M + H+) requires m/z = 410.1033, found 410.1033. 

 

A round-bottom flask was charged with 29 (0.171 g, 0.417 mmol) dissolved in 5 mL of 
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Compound 12 (0.203 g, 0.669 mmol) was placed in a flame-dried round-bottom flask and 
dissolved in 10 mL of anhydrous dichlormethane, and the resulting solution was cooled to 0 °C 
in an ice bath under an atmosphere of N2(g). Triethylamine (0.28 mL, 2.01 mmol) and 
2-naphthoyl chloride (0.153 g, 0.803 mmol) were then added, and the resulting solution was 
stirred at 0 °C for 1 h and at room temperature for another 2 h. The reaction mixture was then 
concentrated under reduced pressure, and the product was purified by column chromatography 
(silica, 50 % EtOAc v/v in Hexanes), yielding 28 as a white solid (0.251 g, 82%). 
 
1H NMR (400 MHz, CDCl3) � = 7.90–7.87 (m, 1H), 7.85–7.82 (m, 3H), 7.53–7.49 (m, 2H), 
7.47–7.47 (d, J = 8.5 Hz, 1H), 5.35 (br, s, 1H), 5.11 (br, s, 1H), 3.73–3.65 (m, 2H), 3.51–3.40 
(m, 4H), 3.27–3.19 (m, 2H), 1.45 (s, 9H), 1.39 (s, 9H); 13C NMR (100 MHz, CDCl3) � = 173.1, 
156.6, 155.8, 133.6, 133.5, 132.7, 128.4, 127.8, 127.0, 126.7, 126.5, 124.1, 79.4, 49.9, 45.1, 39.2, 
38.8, 28.5, 28.4; HRMS (ESI) calculated for [C25H36N3O5]+ (M + H+) requires m/z = 458.2650, 
found 458.2642 
 

 
Fifteen mL of 4 M HCl in dioxane was added to a round-bottom flask containing 28 (0.251 g, 
0.549 mmol). The resulting solution was stirred overnight and then concentrated under reduced 
pressure. The product was then partially dissolved in 20 mL of dichloromethane, and the 
resulting slurry was cooled to 0 °C in an ice bath and placed under an atmosphere of N2(g). 
Triethylamine (0.46 mL, 3.28 mmol) and chloroacetic anhydride (0.235 g, 1.373 mmol) were 
then added, and the reaction mixture was stirred for 30 min before being quenched by the 
addition of 20 mL of saturated NaHCO3(aq). The organic layer was extracted and washed with 
water (2 � 10 mL). The organic extract was then dried over anhydrous MgSO4(s), filtered, and 
concentrated under reduced pressure, and the product was purified by column chromatography 
(silica, 10% v/v methanol in dichloromethane), yielding 29 as a colorless oil (0.171 g, 76%). 
 
1H NMR (400 MHz, CDCl3) � = 7.91–7.86 (m, 4H), 7.58–7.53 (m, 2H), 7.45–7.43 (m, 2H), 
6.90 (br, s, 1H), 4.06–3.43 (m, 12H); 13C NMR (100 MHz, CDCl3) � = 173.4, 167.1, 166.5, 
133.6, 133.0, 132.7, 128.8, 128.4, 128.0, 127.4, 127.1, 126.5, 123.7, 49.0, 44.7, 42.6, 38.8, 38.4; 
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HRMS (ESI) calculated for [C19H22Cl2N3O3]+ (M + H+) requires m/z = 410.1033, found 
410.1033 
 

 
A round-bottom flask was charged with 29 (0.171 g, 0.417 mmol) dissolved in 5 mL of 
dichloromethane, and the resulting solution was placed under an atmosphere of N2(g). 
Triethylamine (0.29 mL, 2.08 mmol) and thioacetic acid (0.1 mL, 1.40 mmol) were then added, 
and the resulting solution was stirred under N2(g). After 24 h, the reaction mixture was 
concentrated under reduced pressure, and the product was purified by column chromatography 
(silica, 10% v/v methanol in dichloromethane), providing 30 as a yellow solid (0.184 g, 90%).  
 
1H NMR (400 MHz, CDCl3) � = 7.87–7.82 (m, 4H), 7.53–7.49 (m, 2H), 7.44 (d, J = 8.4 Hz, 
1H), 7.35 (br, s, 1H), 7.10 (br, s, 1H), 3.69–3.28 (m, 12H), 2.30 (s, 6H); 13C NMR (100 MHz, 
CDCl3) � = 195.5, 173.3, 168.9, 168.4, 133.5, 133.1, 132.6, 128.5, 127.9, 127.2, 126.9, 126.5, 
123.9, 49.3, 44.8, 39.2, 38.5, 32.9, 30.3; HRMS (ESI) calculated for [C23H28N3O5S2]+ (M + H+) 
requires m/z = 490.1465, found 490.1464 
 

 
A flame-dried round-bottom flask was charged with 30 (0.184 g, 0.376 mmol) and placed under 
an atmosphere of N2(g). Six mL of anhydrous methanol followed by 3 mL of 3 N HCl in 
methanol were then added, and the resulting solution was stirred under N2. After 24 h, the 
reaction mixture was concentrated under reduced pressure, and the product was purified by 
reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10–80% v/v 
acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. Dithiol 8 eluted at 32 min 
and, after lyophilization, was isolated as a white solid (103.69 mg, 68%). 
 
1H NMR (400 MHz, DMSO-d6) � = 8.29 (t, J = 5.7 Hz, 1H), 8.06 (t, J = 5.7 Hz, 1H), 7.97–7.93 
(m, 4H), 7.59–7.55 (m, 2H), 7.50 (dd, J = 8.5, 1.6 Hz, 1H), 3.59–3.57 (m, 2H), 3.43–3.34 (m, 
4H), 3.16 (m, 4H), 3.00 (d, J = 8.0 Hz, 2H), 2.80 (t, J = 8.0 Hz, 1H), 2.66 (t, J = 8.0 Hz, 1H); 13C 
NMR (100 MHz, DMSO-d6) � = 171.1, 170.0, 169.7, 134.3, 132.9, 132.3, 128.3, 128.0, 127.8, 
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dichloromethane, and the resulting solution was placed under an atmosphere of N2(g). 

Triethylamine (0.29 mL, 2.08 mmol) and thioacetic acid (0.1 mL, 1.40 mmol) were then added, 

and the resulting solution was stirred under N2(g). After 24 h, the reaction mixture was 

concentrated under reduced pressure, and the product was purified by column chromatography 

(silica, 10% v/v methanol in dichloromethane), providing 30 as a yellow solid (0.184 g, 90%). 

1H NMR (400 MHz, CDCl3) δ = 7.87–7.82 (m, 4H), 7.53–7.49 (m, 2H), 7.44 (d, J = 8.4 Hz, 1H), 

7.35 (br, s, 1H), 7.10 (br, s, 1H), 3.69–3.28 (m, 12H), 2.30 (s, 6H); 13C NMR (100 MHz, CDCl3) 

δ = 195.5, 173.3, 168.9, 168.4, 133.5, 133.1, 132.6, 128.5, 127.9, 127.2, 126.9, 126.5, 123.9, 

49.3, 44.8, 39.2, 38.5, 32.9, 30.3; HRMS (ESI) calculated for [C23H28N3O5S2]+ 
(M + H+) requires 

m/z = 490.1465, found 490.1464. 

 

 

A flame-dried round-bottom flask was charged with 30 (0.184 g, 0.376 mmol) and placed under 

an atmosphere of N2(g). Six mL of anhydrous methanol followed by 3 mL of 3 N HCl in 

methanol were then added, and the resulting solution was stirred under N2. After 24 h, the 

reaction mixture was concentrated under reduced pressure, and the product was purified by 

reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10–80% v/v 

acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. Dithiol 8 eluted at 32 min 

and, after lyophilization, was isolated as a white solid (103.69 mg, 68%). 

1H NMR (400 MHz, DMSO-d6) δ = 8.29 (t, J = 5.7 Hz, 1H), 8.06 (t, J = 5.7 Hz, 1H), 7.97–7.93 
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HRMS (ESI) calculated for [C19H22Cl2N3O3]+ (M + H+) requires m/z = 410.1033, found 
410.1033 
 

 
A round-bottom flask was charged with 29 (0.171 g, 0.417 mmol) dissolved in 5 mL of 
dichloromethane, and the resulting solution was placed under an atmosphere of N2(g). 
Triethylamine (0.29 mL, 2.08 mmol) and thioacetic acid (0.1 mL, 1.40 mmol) were then added, 
and the resulting solution was stirred under N2(g). After 24 h, the reaction mixture was 
concentrated under reduced pressure, and the product was purified by column chromatography 
(silica, 10% v/v methanol in dichloromethane), providing 30 as a yellow solid (0.184 g, 90%).  
 
1H NMR (400 MHz, CDCl3) � = 7.87–7.82 (m, 4H), 7.53–7.49 (m, 2H), 7.44 (d, J = 8.4 Hz, 
1H), 7.35 (br, s, 1H), 7.10 (br, s, 1H), 3.69–3.28 (m, 12H), 2.30 (s, 6H); 13C NMR (100 MHz, 
CDCl3) � = 195.5, 173.3, 168.9, 168.4, 133.5, 133.1, 132.6, 128.5, 127.9, 127.2, 126.9, 126.5, 
123.9, 49.3, 44.8, 39.2, 38.5, 32.9, 30.3; HRMS (ESI) calculated for [C23H28N3O5S2]+ (M + H+) 
requires m/z = 490.1465, found 490.1464 
 

 
A flame-dried round-bottom flask was charged with 30 (0.184 g, 0.376 mmol) and placed under 
an atmosphere of N2(g). Six mL of anhydrous methanol followed by 3 mL of 3 N HCl in 
methanol were then added, and the resulting solution was stirred under N2. After 24 h, the 
reaction mixture was concentrated under reduced pressure, and the product was purified by 
reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10–80% v/v 
acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. Dithiol 8 eluted at 32 min 
and, after lyophilization, was isolated as a white solid (103.69 mg, 68%). 
 
1H NMR (400 MHz, DMSO-d6) � = 8.29 (t, J = 5.7 Hz, 1H), 8.06 (t, J = 5.7 Hz, 1H), 7.97–7.93 
(m, 4H), 7.59–7.55 (m, 2H), 7.50 (dd, J = 8.5, 1.6 Hz, 1H), 3.59–3.57 (m, 2H), 3.43–3.34 (m, 
4H), 3.16 (m, 4H), 3.00 (d, J = 8.0 Hz, 2H), 2.80 (t, J = 8.0 Hz, 1H), 2.66 (t, J = 8.0 Hz, 1H); 13C 
NMR (100 MHz, DMSO-d6) � = 171.1, 170.0, 169.7, 134.3, 132.9, 132.3, 128.3, 128.0, 127.8, 
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(m, 4H), 7.59–7.55 (m, 2H), 7.50 (dd, J = 8.5, 1.6 Hz, 1H), 3.59–3.57 (m, 2H), 3.43–3.34 (m, 

4H), 3.16 (m, 4H), 3.00 (d, J = 8.0 Hz, 2H), 2.80 (t, J = 8.0 Hz, 1H), 2.66 (t, J = 8.0 Hz, 1H); 13C 

NMR (100 MHz, DMSO-d6) δ = 171.1, 170.0, 169.7, 134.3, 132.9, 132.3, 128.3, 128.0, 127.8, 

126.9, 126.7, 125.9, 124.5, 48.5, 44.2, 37.3, 36.8, 27.3, 27.1; HRMS (ESI) calculated for 

[C19H24N3O3S2]+ 
(M + H+) requires m/z = 406.1254, found 406.1256. 

 

7.3.3 Determination of thiol pKa values  
!
The thiol pKa values for 2 and 7 were determined by following closely a procedure reported 

previously that exploits the elevated absorbance of the deprotonated thiolate at 238 nm.383 A plot 

of A238 vs pH was recorded (Fig. 5), and pKa values were determined by fitting these data to eq 1, 

which was derived from Beer’s law and the definition of the acid dissociation constant.182,369 

   (1) 

In eq 1, CT is the total thiol concentration, !!"!"  is the extinction coefficient of the doubly 

protonated form of 2, 5, or 7, !!"!!is the extinction coefficient of the singly protonated form of 

2,5, or 7, and , !!!!!is the extinction coefficient of the doubly deprotonated form of 2, 5, or 7.  

 

7.3.4 Determination of disulfide E°' values  
!
The reduction potentials of BMC, 2, 5, and 7 were determined as described previously.182,369,370 

Briefly, an equilibrium was established between reduced BMC (or 2, 5, or 7) and βMEox, and 

analyzed with analytical HPLC. The equilibrium concentrations were determined by integration 

of the peaks corresponding to βME and βMEox. From these concentrations, the Keq for the 
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126.9, 126.7, 125.9, 124.5, 48.5, 44.2, 37.3, 36.8, 27.3, 27.1; HRMS (ESI) calculated for 
[C19H24N3O3S2]+ (M + H+) requires m/z = 406.1254, found 406.1256 
 
III. Determination of thiol pKa values 
The thiol pKa values for 2 and 7 were determined by following closely a procedure reported 
previously that exploits the elevated absorbance of the deprotonated thiolate at 238 nm.4 A plot 
of A238 vs pH was recorded (Fig. S1), and pKa values were determined by fitting these data to 
eq 1, which was derived from Beer’s law and the definition of the acid dissociation constant.1,5  
 

 A238 = CT
������� ������� �����������������������

�������������������������  (1) 

 
In eq 1, CT is the total thiol concentration, ����� is the extinction coefficient of the doubly 
protonated form of 2, 5, or 7, ����� is the extinction coefficient of the singly protonated form of 2, 
5, or 7, and ����� is the extinction coefficient of the doubly deprotonated form of 2, 5, or 7. 
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Fig. S1   Effect of pH on absorbance by 2 at 238 nm in 0.10 M potassium phosphate buffers. pKa values of 8.0 ± 0.2 
and 9.2 ± 0.1, and extinction coefficients of ����� = 9.20, ����� = 3996, ����� = 9296 M–1cm–1 with r2 > 0.99 were 
determined by fitting the data to eq 1. 
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reaction was determined and the reduction potential of BMC (or 2, 5, or 7) was then calculated 

using the Nernst equation and E βMEox °' = –0.260 V. The values reported are the mean (±SE) of 

three separate measurements for each compound 

 

7.3.5 Assay for disulfide-bond isomerization activity 
!
sRNase was prepared as described previously.384 Bovine liver PDI was from Sigma–Aldrich 

(product #P3818). The activation of sRNase A in the presence of refolding catalysts was 

determined as described previously.
182 

Refolding reactions were performed at 30 °C in 50 mM 

Tris–HCl buffer, pH 7.6, containing GSH (1.0 mM), GSSG (0.2 mM), and catalyst (1.0 mM). 

Organocatalysts were delivered from 100-fold concentrated stock solutions in DMSO. Reactions 

were initiated by the addition of sRNase A to a final concentration of 5 µg/mL. Reaction 

progress was monitored by quantifying the cleavage of the RNase A substrate 6-FAM– 

dArUdAdA–6-TAMRA at 493/515 nm, as described previously.263 Assays were performed in 

triplicate at ambient temperature in a black polystyrene 96-well plate, in 200 µL of 0.10 M MES- 

NaOH buffer, pH 6.0, containing NaCl (0.10 M). The resulting fluorescence data were fitted to 

the equation kcat/KM = (∆I/Δt)/(If – I0)[E], in which ΔI/Δt is the initial reaction velocity, I0 is the 

fluorescence intensity before addition of any ribonuclease, If is the fluorescence intensity after 

complete substrate hydrolysis, and [E] is the total ribonuclease concentration. Reaction progress 

was monitored every hour until the increase in activity leveled off (~5 h). In Fig. 4A, data were 

fitted to eq 2.182 
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IV. Determination of disulfide E°' values 
The reduction potentials of BMC, 2, 5, and 7 were determined as described previously.1,5,6 
Briefly, an equilibrium was established between reduced BMC (or 2, 5, or 7) and �MEox, and 
analyzed with analytical HPLC. The equilibrium concentrations were determined by integration 
of the peaks corresponding to �ME and �MEox. From these concentrations, the Keq for the 
reaction was determined and the reduction potential of BMC (or 2, 5, or 7) was then calculated 
using the Nernst equation and E�ME

ox°' = –0.260 V. The values reported are the mean (±SE) of 
three separate measurements for each compound 
 
V. Assay for disulfide-bond isomerization activity 
sRNase was prepared as described previously.7 Bovine liver PDI was from Sigma–Aldrich 
(product #P3818). The activation of sRNase A in the presence of refolding catalysts was 
determined as described previously.1 Refolding reactions were performed at 30 °C in 50 mM 
Tris–HCl buffer, pH 7.6, containing GSH (1.0 mM), GSSG (0.2 mM), and catalyst (1.0 mM). 
Organocatalysts were delivered from 100-fold concentrated stock solutions in DMSO. Reactions 
were initiated by the addition of sRNase A to a final concentration of 5 �g/mL. Reaction 
progress was monitored by quantifying the cleavage of the RNase A substrate 6-FAM–
dArUdAdA–6-TAMRA at 493/515 nm, as described previously.8 Assays were performed in 
triplicate at ambient temperature in a black polystyrene 96-well plate, in 200 �L of 0.10 M MES-
NaOH buffer, pH 6.0, containing NaCl (0.10 M). The resulting fluorescence data were fitted to 
the equation kcat/KM = (�I/�t)/(If – I0)[E], in which �I/�t is the initial reaction velocity, I0 is the 
fluorescence intensity before addition of any ribonuclease, If is the fluorescence intensity after 
complete substrate hydrolysis, and [E] is the total ribonuclease concentration. Reaction progress 
was monitored every hour until the increase in activity leveled off (~5 h). In Fig. 4A, data were 
fitted to eq 2.1 
 [active RNase A] = [sRNase A]t=0(�� � �������� �����) (2) 
 

 

Fig. S4. Yield of native RNase A achieved by PDI mimics 1–7 after 5 h 
(*p < 0.05, **p <0.01, ***p < 0.005). Values are listed in Table 1. �
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Table&7.1!Properties!of!PDI!and!mimics!1!–!8!
!
!
!
!
!
!
!
!

 
aValues were calculated for dimethylamine in dithiol 2 and the tertiary amide moiety in dithiols 

3–8 (e.g., N,N-dimethylacetamide for dithiol 3) with software from Molinspiration (Slovenský 

Grob, Slovak Republic), and are similar to known experimental values.
385 bValues are for the 

unscrambling of sRNase A to give native RNase A by 1 mM catalyst in 5 h, as in Fig. 4. cValue 

for the N-terminal cysteine residue in the active site of PDI.
349 dValues are from ref. 29. ND, not 

determined.

Efficient oxidative protein folding requires a redox environ-
ment that supports both thiol oxidation and disulfide-bond
isomerization. In vitro and in cellulo, this environment can be
provided by a redox buffer consisting of reduced and oxidized
glutathione. For example, the oxidative folding of a favorite
model protein, bovine pancreatic ribonuclease (RNase A; EC
3.1.27.5), occurs readily in the presence of 1 mM glutathione
(GSH) and 0.2 mM oxidized glutathione (GSSG).27 Adding PDI
accelerates the process, but the large-scale use of PDI as a
catalyst for folding proteins in vitro is impractical due to its
high cost and conformational instability, and the complexity
imposed by its separation from a substrate protein. Accord-
ingly, the development of small-molecule PDI mimics has
become a high priority.

To date, most PDI mimics have been designed to replicate
the physicochemical properties of the CGHC active site—low
thiol pKa and high disulfide E°′.28 Previously, we reported
on (±)-trans-1,2-bis(mercaptoacetamido)cyclohexane (1; BMC)
(Fig. 2), a small molecule that catalyzes the formation of native
disulfide bonds in proteins, both in vitro and in cellulo.29 In
2005, other workers screened 14 reagents for their ability to
fold a variety of proteins, and concluded that BMC was the
best of known small-molecule catalysts.30 Though effective,
BMC has shortcomings. For example, its low disulfide E°′
renders the compound too reducing for optimal catalysis of
disulfide-bond isomerization. Subsequently, various CXXC and
CXC peptides, aromatic thiols, and selenium-based catalysts
were developed and employed with some success.31–42 Never-
theless, these organocatalysts had non-optimal thiol pKa and

disulfide E°′ values. Moreover, they did not mimic a hallmark
of enzymic catalysts—binding to the substrate.43

The b and b′ domains of PDI have an exposed hydrophobic
patch. The two patches unite to form a continuous hydro-
phobic surface between the two active sites.10,12,13,44,45 This
hydrophobic surface could entice PDI to bind to unfolded or
misfolded proteins, which tend to expose more hydrophobic
residues than do proteins in their native state.46 Accordingly,
we set out to design organocatalysts that not only have low
thiol pKa and high disulfide E°′ values but also emulate sub-
strate binding by PDI. We were inspired by the demonstrated
ability of the hydrophobic effect to induce proximity in
aqueous solution and thereby accelerate a variety of chemical
reactions, such as O→N acyl transfer,47,48 ester hydrolysis,49,50

and dithiol oxidation.51,52 We reasoned that analogous
induced proximity could enhance disulfide-bond isomeriza-
tion in a misfolded protein, which is the key step in oxidative
protein folding.7,16

We reasoned that dithiol 2 (Fig. 2) would provide an appro-
priate scaffold for the development of useful catalysts. We were
drawn to dithiol 2 for three reasons. First, its mercaptoacet-
amido groups are known to have low thiol pKa values.29,53

Secondly, the disulfide bond of its oxidized form resides in a
large, 13-membered ring containing two secondary amides,
which should lead to a high reduction potential. Finally,
dithiol 2 has an amino group that can be condensed with
hydrophobic carboxylic acids to mimic the b and b′ domains
of PDI.

Our experimental work commenced with the synthesis of
dithiol 2 from diethylenetriamine in a few high-yielding steps
(see: ESI†). To determine its thiol pKa values, we monitored its
A238 nm as a function of pH.29,54 We found pKa values of 8.0 ±
0.2 and 9.2 ± 0.1 (Table 1). These values are slightly less than
those of BMC, presumably due to the additional electronega-
tive nitrogen atom. To determine the reduction potential of its

Fig. 2 Small-molecule PDI mimics synthesized and assessed in this
study.

Table 1 Properties of PDI and mimics 1–8

Catalyst pKa Disulfide E°′ log Pa
Folding
yieldb (%)

(None) — — — 45 ± 2
PDI 6.7c −0.180 V — 87 ± 2
1 (BMC) 8.3; 9.9d −0.232 V — 42 ± 2
2 8.0; 9.2 −0.192 V 0.10 50 ± 2
3 ND ND −0.74 45 ± 2
4 ND ND 0.66 54 ± 4
5 8.1; 9.3 −0.203 V 1.67 57 ± 1
6 ND ND 0.90 60 ± 2
7 8.1; 9.4 −0.206 V 1.82 66 ± 2
8 ND ND 2.06 ND

a Values were calculated for dimethylamine in dithiol 2 and the tertiary
amide moiety in dithiols 3–8 (e.g., N,N-dimethylacetamide for dithiol
3) with software from Molinspiration (Slovenský Grob, Slovak
Republic), and are similar to known experimental values.63 b Values are
for the unscrambling of sRNase A to give native RNase A by 1 mM
catalyst in 5 h, as in Fig. 4. c Value for the N-terminal cysteine residue
in the active site of PDI.24 d Values are from ref. 29. ND, not
determined.
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Figure 7.1 
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Organocatalysts of oxidative protein folding
inspired by protein disulfide isomerase†

John C. Lukesh III,‡a Kristen A. Andersen,‡b Kelly K. Wallinc and Ronald T. Raines*a,c

Organocatalysts derived from diethylenetriamine effect the rapid

isomerization of non-native protein disulfide bonds to native ones.

These catalysts contain a pendant hydrophobic moiety to encou-

rage interaction with the non-native state, and two thiol groups

with low pKa values that form a disulfide bond with a high E°’
value.

The formation of native disulfide bonds is at the core of oxi-
dative protein folding.1–4 In oxidizing environments, reduced
proteins with multiple cysteine residues tend to oxidize rapidly
and nonspecifically. To attain a proper three-dimensional fold,
any non-native disulfide bonds must isomerize to the linkages
found in the native protein.5 In eukaryotic cells, this process is
mediated by the enzyme protein disulfide isomerase (PDI; EC
5.3.4.1).4,6–14

Catalysis of disulfide-bond isomerization by PDI involves
thiol–disulfide interchange chemistry. A putative mechanism
commences with the nucleophilic attack by a thiolate on a
non-native disulfide bond, generating a mixed-disulfide and a
new substrate thiolate (Fig. 1).15 This thiolate can then attack
another non-native disulfide bond, inducing further rearrange-
ments to achieve the stable native state. The ability of PDI
to catalyze disulfide-bond isomerization (rather than dithiol
oxidation) makes the enzyme essential to the viability of the
yeast Saccharomyces cerevisiae.7,16

PDI is abundant in the endoplasmic reticulum (ER) of
eukaryotic cells. The enzyme contains four domains: a, a′, b,
and b′.12 The a and a′ domains each contain one active-site
CGHC motif—a pattern analogous to that in many other oxido-
reductases, whereas the b and b′ domains appear to mediate

substrate binding.12,17,18 The physicochemical properties of
its active-site make PDI an ideal catalyst for the reshuffling
of disulfide bonds in misfolded proteins. The deprotonated
thiolate of its N-terminal active-site cysteine residue (CGHC)
initiates catalysis (Fig. 1).19 The amount of enzymic thiolate
present is dependent on two factors.20,21 One is the pKa of the
active-site cysteine residue; the other is the reduction potential
(E°′) of the disulfide bond formed between the two active-site
cysteine residues. In PDI, the cysteine pKa is 6.7, and the
disulfide E°′ is −0.18 V.22,23 Given the properties of the ER
(pH 7.0; Esolution = –0.18 V), 1/3 of PDI active sites contain a
reactive thiolate.16,24 Moreover, the high (less negative)
reduction potential of PDI renders the protein as a weak
disulfide-reducing agent, ensuring that ample time is available
for the catalyst to rearrange all of the disulfide bonds before
reducing its protein substrate to “escape” (Fig. 1). If necessary,
however, the second active-site cysteine residue can engage
to rescue the enzyme from non-productive mixed-disulfide
intermediates.7,25,26

Fig. 1 Putative mechanism for catalysis of protein-disulfide isomeriza-
tion by protein disulfide isomerase (PDI) and small-molecule dithiol
catalysts.

†Electronic supplementary information (ESI) available: Synthetic and analytical
procedures. See DOI: 10.1039/c4ob01738b
‡These authors contributed equally to this work.
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Figure 7.1 Putative mechanism for catalysis of protein-disulfide isomerization by protein 

disulfide isomerase (PDI) and small-molecule dithiol catalysts. 
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Efficient oxidative protein folding requires a redox environ-
ment that supports both thiol oxidation and disulfide-bond
isomerization. In vitro and in cellulo, this environment can be
provided by a redox buffer consisting of reduced and oxidized
glutathione. For example, the oxidative folding of a favorite
model protein, bovine pancreatic ribonuclease (RNase A; EC
3.1.27.5), occurs readily in the presence of 1 mM glutathione
(GSH) and 0.2 mM oxidized glutathione (GSSG).27 Adding PDI
accelerates the process, but the large-scale use of PDI as a
catalyst for folding proteins in vitro is impractical due to its
high cost and conformational instability, and the complexity
imposed by its separation from a substrate protein. Accord-
ingly, the development of small-molecule PDI mimics has
become a high priority.

To date, most PDI mimics have been designed to replicate
the physicochemical properties of the CGHC active site—low
thiol pKa and high disulfide E°′.28 Previously, we reported
on (±)-trans-1,2-bis(mercaptoacetamido)cyclohexane (1; BMC)
(Fig. 2), a small molecule that catalyzes the formation of native
disulfide bonds in proteins, both in vitro and in cellulo.29 In
2005, other workers screened 14 reagents for their ability to
fold a variety of proteins, and concluded that BMC was the
best of known small-molecule catalysts.30 Though effective,
BMC has shortcomings. For example, its low disulfide E°′
renders the compound too reducing for optimal catalysis of
disulfide-bond isomerization. Subsequently, various CXXC and
CXC peptides, aromatic thiols, and selenium-based catalysts
were developed and employed with some success.31–42 Never-
theless, these organocatalysts had non-optimal thiol pKa and

disulfide E°′ values. Moreover, they did not mimic a hallmark
of enzymic catalysts—binding to the substrate.43

The b and b′ domains of PDI have an exposed hydrophobic
patch. The two patches unite to form a continuous hydro-
phobic surface between the two active sites.10,12,13,44,45 This
hydrophobic surface could entice PDI to bind to unfolded or
misfolded proteins, which tend to expose more hydrophobic
residues than do proteins in their native state.46 Accordingly,
we set out to design organocatalysts that not only have low
thiol pKa and high disulfide E°′ values but also emulate sub-
strate binding by PDI. We were inspired by the demonstrated
ability of the hydrophobic effect to induce proximity in
aqueous solution and thereby accelerate a variety of chemical
reactions, such as O→N acyl transfer,47,48 ester hydrolysis,49,50

and dithiol oxidation.51,52 We reasoned that analogous
induced proximity could enhance disulfide-bond isomeriza-
tion in a misfolded protein, which is the key step in oxidative
protein folding.7,16

We reasoned that dithiol 2 (Fig. 2) would provide an appro-
priate scaffold for the development of useful catalysts. We were
drawn to dithiol 2 for three reasons. First, its mercaptoacet-
amido groups are known to have low thiol pKa values.29,53

Secondly, the disulfide bond of its oxidized form resides in a
large, 13-membered ring containing two secondary amides,
which should lead to a high reduction potential. Finally,
dithiol 2 has an amino group that can be condensed with
hydrophobic carboxylic acids to mimic the b and b′ domains
of PDI.

Our experimental work commenced with the synthesis of
dithiol 2 from diethylenetriamine in a few high-yielding steps
(see: ESI†). To determine its thiol pKa values, we monitored its
A238 nm as a function of pH.29,54 We found pKa values of 8.0 ±
0.2 and 9.2 ± 0.1 (Table 1). These values are slightly less than
those of BMC, presumably due to the additional electronega-
tive nitrogen atom. To determine the reduction potential of its

Fig. 2 Small-molecule PDI mimics synthesized and assessed in this
study.

Table 1 Properties of PDI and mimics 1–8

Catalyst pKa Disulfide E°′ log Pa
Folding
yieldb (%)

(None) — — — 45 ± 2
PDI 6.7c −0.180 V — 87 ± 2
1 (BMC) 8.3; 9.9d −0.232 V — 42 ± 2
2 8.0; 9.2 −0.192 V 0.10 50 ± 2
3 ND ND −0.74 45 ± 2
4 ND ND 0.66 54 ± 4
5 8.1; 9.3 −0.203 V 1.67 57 ± 1
6 ND ND 0.90 60 ± 2
7 8.1; 9.4 −0.206 V 1.82 66 ± 2
8 ND ND 2.06 ND

a Values were calculated for dimethylamine in dithiol 2 and the tertiary
amide moiety in dithiols 3–8 (e.g., N,N-dimethylacetamide for dithiol
3) with software from Molinspiration (Slovenský Grob, Slovak
Republic), and are similar to known experimental values.63 b Values are
for the unscrambling of sRNase A to give native RNase A by 1 mM
catalyst in 5 h, as in Fig. 4. c Value for the N-terminal cysteine residue
in the active site of PDI.24 d Values are from ref. 29. ND, not
determined.
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Figure 7.2 Small-molecule PDI mimics synthesized and assessed in this study.  
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Figure 7.3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
  

oxidized form, we equilibrated equimolar amounts of dithiol 2
and oxidized β-mercaptoethanol, and quantified the amount
of each reduced and oxidized species with analytical
HPLC.29,55 We found a disulfide E°′ value of (−0.192 ± 0.003) V.
This value indicates that dithiol 2 is a weaker reducing
agent than is BMC, which is consistent with BMC being more
preorganized for disulfide-bond formation. Finally, to probe
the effect of increasing hydrophobicity on catalyzing the for-
mation of native disulfide bonds in proteins, we synthesized
dithiols 3–8. We isolated dithiols 3–6 as colorless oils, and
dithiols 7 and 8 as white solids. None had a strong odor.

Enzymatic catalysis provides an extremely sensitive measure
of native protein structure.56 RNase A contains eight cysteine
residues, which could form 105 (= 7 × 5 × 3 × 1) distinct fully
oxidized species, only one of which gives rises to enzymatic
activity (Fig. 3).57,58 Accordingly, we tested the ability of this
panel of compounds to catalyze the isomerization of
“scrambled” RNase A (sRNase A), which is a random mixture
of oxidized species, to its native state. The isomerization reac-
tion was monitored by measuring the gain of catalytic
activity.59 Dithiol 8 was excluded from the analysis due to its
low solubility in aqueous solution.

Some, but not all, of the PDI mimics led to a significant
increase in the yield of oxidative protein folding (Fig. 4A). Most
notably, the data with dithiols 2–7 revealed an overall trend
toward higher yield with increasing hydrophobicity of the
pendant carboxamide (Fig. 4B). This trend culminated with
dithiol 7, which increased the yield of folded RNase A by 47%
compared to that in the absence of a catalyst. These data con-
trast markedly with those using monothiols (e.g., glutathione),
which reduce the yield of properly folded protein by favoring
the accumulation of mixed-disulfide species.27

The apparent correlation of catalytic efficacy with hydropho-
bicity could be due to a physicochemical property other than
hydrophobicity. Accordingly, we determined the thiol pKa and
disulfide E°′ values of the most efficacious dithiols containing
an alkyl (5) and aryl (7) carboxamide. We found dithiol 5 to
have thiol pKa values of 8.1 and 9.3 and a disulfide E°′ value of
−0.203 V (Table 1). We found dithiol 7 to have similar physico-
chemical properties, with thiol pKa values of 8.1 and 9.4 and a
disulfide E°′ value of −0.206 V. Both of these compounds
possess thiol acidity and disulfide stability similar to those of
parent dithiol 2, affirming that hydrophobicity is indeed corre-
lative with catalytic efficacy.

Our data are the first to indicate that adding a hydrophobic
moiety to a small-molecule PDI mimic can have a profound
effect on its ability to catalyze disulfide-bond isomerization.
Still, none of the organocatalysts were as efficacious as PDI

itself. We note, however, that the molecular mass of PDI
(57 kDa) is >102-fold greater than any of its mimics, enabling
optimization of substrate binding and turnover beyond that
attainable with small-molecule catalysts. Also, each molecule
of PDI has two active sites, and thus provides a higher concen-
tration of dithiol than do the organocatalysts.

Like the substrate-binding domains of PDI, the hydrophobi-
city of dithiols 4–7 likely encourages their interaction
with unfolded or misfolded proteins.10,12,13,44,45,60,61 Dithiols
having moieties with higher log P values perform better, and
aromatic moieties seem to be especially efficacious (Fig. 4B).
We note that a more hydrophobic catalyst could also increase
the rate of the underlying thiol–disulfide interchange chemi-
stry, as nonpolar environments are known to lower the free
energy of activation for this reaction.62

Fig. 4 Catalysis of disulfide-bond isomerization by PDI and PDI mimics
1–7. (A) Graph of the time-course for the isomerization of sRNase A to
give native RNase A. All assays were performed in triplicate at 30 °C in
50 mM Tris–HCl buffer, pH 7.6, containing GSH (1.0 mM), GSSG
(0.2 mM), and PDI or dithiol 1–7 (1.0 mM). (B) Graph of the yield of
native RNase A achieved by PDI mimics 2–7 after 5 h as a function of the
log P value of its side chain (Table 1).

Fig. 3 Scheme showing the connectivity of the four disulfide bonds in
native RNase A. There are 104 other fully oxidized forms.
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Figure 7.3 Scheme showing the connectivity of the four disulfide bonds in native RNase A. 

There are 104 other fully oxidized forms. 
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Figure 7.4 

 

  

oxidized form, we equilibrated equimolar amounts of dithiol 2
and oxidized β-mercaptoethanol, and quantified the amount
of each reduced and oxidized species with analytical
HPLC.29,55 We found a disulfide E°′ value of (−0.192 ± 0.003) V.
This value indicates that dithiol 2 is a weaker reducing
agent than is BMC, which is consistent with BMC being more
preorganized for disulfide-bond formation. Finally, to probe
the effect of increasing hydrophobicity on catalyzing the for-
mation of native disulfide bonds in proteins, we synthesized
dithiols 3–8. We isolated dithiols 3–6 as colorless oils, and
dithiols 7 and 8 as white solids. None had a strong odor.

Enzymatic catalysis provides an extremely sensitive measure
of native protein structure.56 RNase A contains eight cysteine
residues, which could form 105 (= 7 × 5 × 3 × 1) distinct fully
oxidized species, only one of which gives rises to enzymatic
activity (Fig. 3).57,58 Accordingly, we tested the ability of this
panel of compounds to catalyze the isomerization of
“scrambled” RNase A (sRNase A), which is a random mixture
of oxidized species, to its native state. The isomerization reac-
tion was monitored by measuring the gain of catalytic
activity.59 Dithiol 8 was excluded from the analysis due to its
low solubility in aqueous solution.

Some, but not all, of the PDI mimics led to a significant
increase in the yield of oxidative protein folding (Fig. 4A). Most
notably, the data with dithiols 2–7 revealed an overall trend
toward higher yield with increasing hydrophobicity of the
pendant carboxamide (Fig. 4B). This trend culminated with
dithiol 7, which increased the yield of folded RNase A by 47%
compared to that in the absence of a catalyst. These data con-
trast markedly with those using monothiols (e.g., glutathione),
which reduce the yield of properly folded protein by favoring
the accumulation of mixed-disulfide species.27

The apparent correlation of catalytic efficacy with hydropho-
bicity could be due to a physicochemical property other than
hydrophobicity. Accordingly, we determined the thiol pKa and
disulfide E°′ values of the most efficacious dithiols containing
an alkyl (5) and aryl (7) carboxamide. We found dithiol 5 to
have thiol pKa values of 8.1 and 9.3 and a disulfide E°′ value of
−0.203 V (Table 1). We found dithiol 7 to have similar physico-
chemical properties, with thiol pKa values of 8.1 and 9.4 and a
disulfide E°′ value of −0.206 V. Both of these compounds
possess thiol acidity and disulfide stability similar to those of
parent dithiol 2, affirming that hydrophobicity is indeed corre-
lative with catalytic efficacy.

Our data are the first to indicate that adding a hydrophobic
moiety to a small-molecule PDI mimic can have a profound
effect on its ability to catalyze disulfide-bond isomerization.
Still, none of the organocatalysts were as efficacious as PDI

itself. We note, however, that the molecular mass of PDI
(57 kDa) is >102-fold greater than any of its mimics, enabling
optimization of substrate binding and turnover beyond that
attainable with small-molecule catalysts. Also, each molecule
of PDI has two active sites, and thus provides a higher concen-
tration of dithiol than do the organocatalysts.

Like the substrate-binding domains of PDI, the hydrophobi-
city of dithiols 4–7 likely encourages their interaction
with unfolded or misfolded proteins.10,12,13,44,45,60,61 Dithiols
having moieties with higher log P values perform better, and
aromatic moieties seem to be especially efficacious (Fig. 4B).
We note that a more hydrophobic catalyst could also increase
the rate of the underlying thiol–disulfide interchange chemi-
stry, as nonpolar environments are known to lower the free
energy of activation for this reaction.62

Fig. 4 Catalysis of disulfide-bond isomerization by PDI and PDI mimics
1–7. (A) Graph of the time-course for the isomerization of sRNase A to
give native RNase A. All assays were performed in triplicate at 30 °C in
50 mM Tris–HCl buffer, pH 7.6, containing GSH (1.0 mM), GSSG
(0.2 mM), and PDI or dithiol 1–7 (1.0 mM). (B) Graph of the yield of
native RNase A achieved by PDI mimics 2–7 after 5 h as a function of the
log P value of its side chain (Table 1).

Fig. 3 Scheme showing the connectivity of the four disulfide bonds in
native RNase A. There are 104 other fully oxidized forms.
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Figure 7.4 Catalysis of disulfide-bond isomerization by PDI and PDI mimics 1–7. (A) Graph of 

the time-course for the isomerization of sRNase A to give native RNase A. All assays were 

performed in triplicate at 30 °C in 50 mM Tris–HCl buffer, pH 7.6, containing GSH (1.0 mM), 

GSSG (0.2 mM), and PDI or dithiol 1–7 (1.0 mM). (B) Graph of the yield of native RNase A 

achieved by PDI mimics 2–7 after 5 h as a function of the log P value of its side chain (Table 1). 
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126.9, 126.7, 125.9, 124.5, 48.5, 44.2, 37.3, 36.8, 27.3, 27.1; HRMS (ESI) calculated for 
[C19H24N3O3S2]+ (M + H+) requires m/z = 406.1254, found 406.1256 
 
III. Determination of thiol pKa values 
The thiol pKa values for 2 and 7 were determined by following closely a procedure reported 
previously that exploits the elevated absorbance of the deprotonated thiolate at 238 nm.4 A plot 
of A238 vs pH was recorded (Fig. S1), and pKa values were determined by fitting these data to 
eq 1, which was derived from Beer’s law and the definition of the acid dissociation constant.1,5  
 

 A238 = CT
������� ������� �����������������������

�������������������������  (1) 

 
In eq 1, CT is the total thiol concentration, ����� is the extinction coefficient of the doubly 
protonated form of 2, 5, or 7, ����� is the extinction coefficient of the singly protonated form of 2, 
5, or 7, and ����� is the extinction coefficient of the doubly deprotonated form of 2, 5, or 7. 
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Fig. S1   Effect of pH on absorbance by 2 at 238 nm in 0.10 M potassium phosphate buffers. pKa values of 8.0 ± 0.2 
and 9.2 ± 0.1, and extinction coefficients of ����� = 9.20, ����� = 3996, ����� = 9296 M–1cm–1 with r2 > 0.99 were 
determined by fitting the data to eq 1. 
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Figure 7.5 Effect of pH on absorbance by 2 at 238 nm in 0.10 M potassium phosphate buffers. 

pKa values of 8.0 ± 0.2 and 9.2 ± 0.1, and extinction coefficients of !!"!" != 9.20, !!"!! = 3996, 

!!!!! = 9296 M–1cm–1 with r2 > 0.99 were determined by fitting the data to eq 1.  
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Figure 7.6 

 

 

 

 

 

 

 

 

  

Lukesh, Andersen, Wallin, and Raines Supporting Information 

–S17– 
�

6 8 10 12
0.0

0.2

0.4

0.6

0.8

1.0

pH

Ab
so

rb
an

ce
23

8 
nm

�
Fig. S2   Effect of pH on absorbance by 5 at 238 nm in 0.10 M potassium phosphate buffers. pKa values of 8.1 ± 0.3 
and 9.3 ± 0.3, and extinction coefficients of ����� = 10.23, ����� = 4610, ����� = 9386 M–1cm–1 with r2 > 0.99 were 
determined by fitting the data to eq 1. 
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Fig. S3   Effect of pH on absorbance by 7 at 238 nm in 0.10 M potassium phosphate buffers. pKa values of 8.1 ± 0.2 
and 9.4 ± 0.2, and extinction coefficients of ����� = 8.13, ����� = 4940, ����� = 9390 M–1cm–1 with r2 > 0.99 were 
determined by fitting the data to eq 1. 
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Figure 7.6 Effect of pH on absorbance by 5 at 238 nm in 0.10 M potassium phosphate buffers. 

pKa values of 8.1 ± 0.3 and 9.3 ± 0.3, and extinction coefficients of !!"!" ! != 10.23, !!"!!!= 

4610, !!!!! = 9386 M–1cm–1 with r2 > 0.99 were determined by fitting the data to eq 1.  
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Figure 7.7 
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Fig. S2   Effect of pH on absorbance by 5 at 238 nm in 0.10 M potassium phosphate buffers. pKa values of 8.1 ± 0.3 
and 9.3 ± 0.3, and extinction coefficients of ����� = 10.23, ����� = 4610, ����� = 9386 M–1cm–1 with r2 > 0.99 were 
determined by fitting the data to eq 1. 
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Fig. S3   Effect of pH on absorbance by 7 at 238 nm in 0.10 M potassium phosphate buffers. pKa values of 8.1 ± 0.2 
and 9.4 ± 0.2, and extinction coefficients of ����� = 8.13, ����� = 4940, ����� = 9390 M–1cm–1 with r2 > 0.99 were 
determined by fitting the data to eq 1. 
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Figure 7.7 Effect of pH on absorbance by 7 at 238 nm in 0.10 M potassium phosphate buffers. 

pKa values of 8.1 ± 0.2 and 9.4 ± 0.2, and extinction coefficients of !!"!" != 8.13, !!"!!!= 4940, 

!!!!! = 9390 M–1cm–1 with r2 > 0.99 were determined by fitting the data to eq 1.  
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Figure 7.8 
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IV. Determination of disulfide E°' values 
The reduction potentials of BMC, 2, 5, and 7 were determined as described previously.1,5,6 
Briefly, an equilibrium was established between reduced BMC (or 2, 5, or 7) and �MEox, and 
analyzed with analytical HPLC. The equilibrium concentrations were determined by integration 
of the peaks corresponding to �ME and �MEox. From these concentrations, the Keq for the 
reaction was determined and the reduction potential of BMC (or 2, 5, or 7) was then calculated 
using the Nernst equation and E�ME

ox°' = –0.260 V. The values reported are the mean (±SE) of 
three separate measurements for each compound 
 
V. Assay for disulfide-bond isomerization activity 
sRNase was prepared as described previously.7 Bovine liver PDI was from Sigma–Aldrich 
(product #P3818). The activation of sRNase A in the presence of refolding catalysts was 
determined as described previously.1 Refolding reactions were performed at 30 °C in 50 mM 
Tris–HCl buffer, pH 7.6, containing GSH (1.0 mM), GSSG (0.2 mM), and catalyst (1.0 mM). 
Organocatalysts were delivered from 100-fold concentrated stock solutions in DMSO. Reactions 
were initiated by the addition of sRNase A to a final concentration of 5 �g/mL. Reaction 
progress was monitored by quantifying the cleavage of the RNase A substrate 6-FAM–
dArUdAdA–6-TAMRA at 493/515 nm, as described previously.8 Assays were performed in 
triplicate at ambient temperature in a black polystyrene 96-well plate, in 200 �L of 0.10 M MES-
NaOH buffer, pH 6.0, containing NaCl (0.10 M). The resulting fluorescence data were fitted to 
the equation kcat/KM = (�I/�t)/(If – I0)[E], in which �I/�t is the initial reaction velocity, I0 is the 
fluorescence intensity before addition of any ribonuclease, If is the fluorescence intensity after 
complete substrate hydrolysis, and [E] is the total ribonuclease concentration. Reaction progress 
was monitored every hour until the increase in activity leveled off (~5 h). In Fig. 4A, data were 
fitted to eq 2.1 
 [active RNase A] = [sRNase A]t=0(�� � �������� �����) (2) 
 

 

Fig. S4. Yield of native RNase A achieved by PDI mimics 1–7 after 5 h 
(*p < 0.05, **p <0.01, ***p < 0.005). Values are listed in Table 1. �
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Figure 7.8 Yield of native RNase A achieved by PDI mimics 1–7 after 5 h (*p < 0.05, **p 

<0.01, ***p < 0.005). Values are listed in Table 7.1. 
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7.4 NMR Spectra 
!
1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 1 (BMC) 
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VI. NMR spectra 
1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 1 (BMC) 
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VI. NMR spectra 
1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 1 (BMC) 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 10 in dichloromethane 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 10 in dichloromethane 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 10 in dichloromethane 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 11 in dichloromethane 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 11 in dichloromethane 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 11 in dichloromethane 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 2 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 2 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 2 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 12 in dichloromethane 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 12 in dichloromethane 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 12 in dichloromethane 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 13 in ethyl acetate 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 13 in ethyl acetate 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 13 in ethyl acetate 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 14 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 14  
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 14  
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 15 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 15 

 

�

Lukesh, Andersen, Wallin, and Raines Supporting Information 

–S26– 
�

1H NMR (CDCl3) and 13C NMR (CDCl3) of 15 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 3 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 3 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 3 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 16 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 16 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 16 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 17 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 17  
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 17  
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 18 in dichloromethane 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 18 in dichloromethane 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 18 in dichloromethane 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 4 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 4 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 4 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 19 in ethyl acetate 

 

Lukesh, Andersen, Wallin, and Raines Supporting Information 

–S32– 
�

1H NMR (CDCl3) and 13C NMR (CDCl3) of 19 in ethyl acetate 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 19 in ethyl acetate 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 20 

 

Lukesh, Andersen, Wallin, and Raines Supporting Information 

–S33– 
�

1H NMR (CDCl3) and 13C NMR (CDCl3) of 20 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 20 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 21 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 21 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 21 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 5 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 5 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 5 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 22 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 22 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 22 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 23 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 23 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 23 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 24 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 24 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 24 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 6 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 6 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 6 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 25 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 25 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 25 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 26 

 

Lukesh, Andersen, Wallin, and Raines Supporting Information 

–S41– 
�

1H NMR (CDCl3) and 13C NMR (CDCl3) of 26 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 26 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 27 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 27 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 27 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 7 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 7 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 7 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 28 in ethyl acetate 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 28 in ethyl acetate 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 28 in ethyl acetate 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 29 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 29 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 30 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 30 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 30 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 8 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 8 

�

 
 

Lukesh, Andersen, Wallin, and Raines Supporting Information 

–S47– 
�
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CHAPTER 8 

Future Directions 
 

8.1 Traceless Boronate-Mediated Protein Delivery 

In Chapter 2 the boronate trimethyl lock pendant was used to deliver two model proteins, 

GFP and RNase A, into CHO K1 cells. This technique was an important advancement over 

previous work because it introduced the boronic acid as a reversible modification, ultimately 

delivering a native protein into the cell.386 The trimethyl lock scaffold, however, is challenging to 

synthesize, so an alternative method of attachment is advantageous to facilitate more general use. 

One technique, explored in Chapter 3, is a diazo-mediated ester linkage.227 The diazo-mediated 

labeling method would still result in an ester label linkage, and depending upon the diazo 

compound used, may result in more overall labels per protein. Additionally, as the diazo targets 

carboxylic acids, rather than lysines, this method will result in a net increase in the positive 

charge of the labeled protein. A increase in the net positive charge of the protein would be 

beneficial during internalization, as a negatively charged protein is repulsed by the glycocalyx.  

Esterases found in the blood could result in unmasking of the protein prior to 

internalization, so the development of the boronic acid tag in conjuction with other modes of 

reversibility is also advantageous. Alternative types of bioreversible attachment include the 

connection of the boronic acid tag through pH–sensitive or oxidation-sensitive linkages.28 A pH–

sensitive linkage would result in unmasking of the protein as the endosome acidifies. The 

oxidation-sensitive linkage type would be particularly beneficial in unmasking proteins that 

mitigate oxidative stress. 
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8.2 Diazo-Mediated Protein Esterification 

 In Chapter 3, diazofluorene was used as an efficient, bioreversible protein labeling 

technique. The fluorenyl label was further explored as a tag to facilitate cytosolic delivery of 

proteins in Appendix 3. The ability of the fluorenyl label to endow cytosolic delivery is exciting, 

but unexpected. The mechanism by which the fluorenyl label facilitates apparent direct cytosolic 

entry (based in the observations of diffuse cytosolic labeling, with no endosomal labeling at 4 h) 

is unclear. To take full advantage of the fluorenyl group as an internalization tag, it would be 

desireable to understand the mechanism by which the fluorenyl group is facilitating 

internalization. The fluorenyl label could be functioning by increasing the hydrophobicity of the 

protein, or by diminishing net negative charge so much as to induce internalization of the ~29-

kDa protein. Still, the number of labels observed per protein (1–3) is small. An alternative 

hypothesis is that the three fused rings of the fluorenyl group are similar to structures in 

hormones, and could hijack a hormone receptor to achieve internalization.  

Determining the mechanism of entry via the fluorenyl tag is challenging due to the nature 

of the labeling. The level of labeling achieved with the diazo compound is highly dependent 

upon labeling conditions (molar excess of diazo, temperature, time, salt concentration, buffer 

pH). Additionally, the stability of the resultant labeled GFP is highly dependent upon how many 

of the hydrophobic fluorenyl groups are attached. If too many labels are appended, the GFP 

precipitates from solution. If too few (<2) labels are appended, the GFP is poorly internalized. To 

eliminate the complications related to using a hetergenous population of labeled protein, a simple 

peptide-dye system could be used. This consists of a non-cell permeable dye (Alexa Fluor® or 

similar), with a short linker sequence that serves to increase the molecular weight above the 

Lipinksi rule’s 500 Da, with a C-terminal fluorenyl group attached. Without the fluorenyl group, 
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the dye should be excluded from the cell. If the phenomenon observed with the GFP is 

generalizable, attachment of the fluorenyl group should enable the dye to be delivered to the 

cytosol. At this point, the hormone hypothesis postulated above can be easily tested by 

competition with various hormones or by genetic means.  

 

8.3 Diazo Compounds as Bioorthogonal Tools 

In Chapter 4, the diazo group was shown to be a viable bioorthogonal probe that can be 

used in live mammalian cells to monitor glycan metabolism. This initial work was a proof-of-

concept that the diazo could be used safely in mammalian cells, could survive an intensive 

metabolism pathway, and is comparable to the current state-of-the-art, the azido group. There are 

multiple directions this work can now be taken, which are subdivided here into chemical and 

biological categories.  

a. Developing Orthogonal Chemistries 

In Chapter 4, the diazo was selectively labeled using a strained cyclooctyne in a 1,3-

dipolar cycloaddition reaction. This reaction is orthogonal to the other reaction used in the dual 

labeling studies, between a terminal alkyne and a dye-labeled picolyl azide in the presence of 

Cu(I). The strain-promoted cycloaddition is an overlapping reactivity shared with the azido 

group. In order to use an azido compound and diazo compound side–by–side as a dual labeling 

system, a unique, biologically inert reactivity must be developed for the diazo group. The azido 

group can be selectively labeled in the presence of the diazo group utilizing either the copper-

mediated cycloaddition or the Staudinger ligation. Some research in the Raines group is focused 

on developing diazo-selective reactions, including some alkene-based reactions that are highly 
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selective for the diazo over the azido group. The challenge will be identifying reactions that will 

not cross-react with biological milieu.  

b. Exploring Biology with the Diazo Group 

The system developed in Chapter 4 validated the use of a diazo compound as a 

bioorthogonal probe, and demonstrated that is can be used simultaneously alongside the alkyne 

in a dual labeling experiment in living mammalian cells. In the initial experiments, the probes 

were utilized in the context of glycan metabolism. It is known that other components, including 

lipids, amino acids, and nucleic acids can be modified and tracked with the azido system. It is 

therefore reasonable to hypothesize that the diazo group can be expanded for use in the same 

systems. Hence, the diazo/alkyne system explored here could be utilized to study multiple 

metabolic pathways in living systems simultaneously. The ability to observe multiple metabolic 

pathways at the same time would expand the knowledge of basic biochemical pathways and 

illuminate alterations in metabolism in response to stimuli and disease states. Additionally, the 

azido group has been utilized in whole organisms to monitor glycan metabolism, suggesting that 

the diazo group is likely to be amenable to whole organism studies.1,387  

 

8.4 The Staudinger Ligation as a Method of Protein–Protein Ligation 

In Chapter 5, the Staudinger ligation was utilized to link ubiquitin monomers into dimers. 

In the process outlined, ubiquitin units are linked through an authentic isopeptide bond, in a 

highly specific and controlled way to produce well-defined chains. Longer chains can be made in 

the same manner, with an alteration in the production of the proximal ubiquitin. To produce 

longer chains, the proximal ubiquitin is expressed as both as the intein fusion protein to yield a 

C-terminal thioester with MESNa, as well as containing azidonorleucine at the site of 
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attachment. After the initial ligation to produce the dimer, the C-terminal MESNa thioester is 

exchanged for the phosphiniothioester and a new proximal ubiquitin (or a substrate protein 

containing azidonorleucine) is introduced for an additional round of the Staudinger ligation 

(Figure 8.1). This process allows for the production of any chain length and connectivity, 

including heterogeneously linked chains, with a high degree of control. The ability to access 

chains of any geometry is a vital tool for the field of ubiquitin signaling. In many cases, it is 

known that particular linkage patterns occur, however, the signaling role and structure of the 

modification are unknown.  

Some key initial work that can be undertaken with the presently more difficult-to-access 

chains would examine the three-dimensional structures of these chains through X-ray diffraction 

and develop antibodies to specific linkages. The structures of tetra-ubiquitin chains known thus 

far are vastly different. While chains linked through K6, K11, and K48 are known to be compact 

structures, K63 and linear chains are extended structures that have little contact between the 

ubiquitin molecules.145,306 The differences in packing result in significantly different surface 

regions being exposed, which can significantly impact protein–protein interactions and the 

ability of these different chains to participate in certain signaling pathways.  

The creation of chain-specific antibodies based on these designer chains will be 

beneficial in detecting particular linkages in the cell that are currently underappreciated. These 

antibodies will enable the enrichment of rare linkages in mass spectrometry studies that will help 

to identify which what proteins these chain types are naturally linked to, yielding insight into the 

signaling roles these chains play. Related to this, the affinity of certain ubiquitin binding domains 

to these chain types can also be explored to provide insight on signaling functions. 
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8.5 Conclusions 

This thesis has focused on the development of biologically compatible tools applicable in a wide 

range of applications. Much of the work described here has centered on the development and 

validation of these tools in biological systems, leaving many of these tools poised for application.   
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Figure 8.1 
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Figure 8.1 Iterative synthesis of ubiquitin chains. Expression of the proximal ubiquitin (purple) 

with both azidonorleucine and a C-terminal thioester with MESNA allows for the initial round of 

ligation to occur. It then becomes the distal ubiquitin by replacement of the MESNA with the 

phosphinothiol to facilitate an additional ligation with a new incoming proximal ubiquitin. 

Ubiquitin chains are thus built from distal to proximal end, ultimately enabling attachment to a 

substrate protein.  
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Appendix 1 
 

Cytotoxicity of paclitaxel in breast cancer is due to chromosome 
missegregation on multipolar spindles* 

 
 

*This chapter has been published in part, under the same title. Reference: Zasadil, L.M., 

Andersen, K.A., Yeum, D., Rocque, G.B., Wilke, L.G., Tevaarwerk, A.J., Raines, R.T., Burkard, 

M.E., Weaver, B.A. Cytotoxicity of paclitaxel in breast cancer is due to chromosome 

missegregation on multipolar spindles. Sci. Trans. Med. 6, 229ra43 (2014).  

 

Additionally, this article was featured in Science News: With Taxol, chromosomes divide and 

get conquered. 2014 Mar 26.  

 

 

Contributions 

I performed cell-culture related HPLC and analysis. The manuscript was written by L.M.Z., 

M.E.B., and B.A.W. K.A.A., D.Y., G.B.R., L.G.W., A.J.T., and R.T.R. edited the manuscript. 

Experiments were performed by L.M.Z. and K.A.A. D.Y. assisted with the experiments. Patient 

biopsies were obtained by G.B.R., L.G.W., A.J.T., and M.E.B. Experiments were designed by 

R.T.R., M.E.B., and B.A.W. 
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Abstract 
 
The blockbuster chemotherapy drug paclitaxel is widely presumed to cause cell death in tumors 

as a consequence of mitotic arrest, as it does at concentrations routinely used in cell culture. 

However, we determine here that paclitaxel levels in primary breast tumors are well below those 

required to elicit sustained mitotic arrest. Instead, cells in these lower concentrations of drug 

proceed through mitosis without substantial delay and divide their chromosomes on multipolar 

spindles, resulting in chromosome missegregation and cell death. Consistent with these cell 

culture data, most mitotic cells in primary human breast cancers contain multipolar spindles after 

paclitaxel treatment. Contrary to the previous hypothesis, we find that mitotic arrest is 

dispensable for tumor regression in patients. These results demonstrate that mitotic arrest is not 

responsible for the efficacy of paclitaxel, which occurs because of chromosome missegregation 

on highly abnormal, multipolar spindles. This mechanistic insight may be used to improve 

selection of future antimitotic drugs and to identify a biomarker with which to select patients 

likely to benefit from paclitaxel. 
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A1.1 Introduction 
!

Paclitaxel is the best-selling chemotherapy drug in history and is currently used to treat 

patients with a variety of cancers, including those of the breast, lung, and ovaries.388,389 Paclitaxel 

is a microtubule poison390 that arrests cells in mitosis391,392 because of activation of the mitotic 

checkpoint (also known as the spindle assembly checkpoint), the major cell cycle checkpoint that 

regulates progress through mitosis.393-395 Unlike previously identified microtubule toxins, which 

result in microtubule depolymerization, paclitaxel promotes microtubule assembly and 

stabilization.390,392,396 Lower concentrations of paclitaxel suppress the rate at which microtubules 

grow and shrink, without substantially increasing microtubule polymer mass, while still arresting 

cells in mitosis on bipolar spindles.391,397,398 

Cells arrested in mitosis can either die during that mitosis or undergo a process known as 

mitotic slippage, in which they enter G1 without undergoing anaphase or cytokinesis to produce a 

single, tetraploid cell. Cells may arrest, cycle, or die after slippage.399-401 What determines the 

outcome of mitotic arrest currently remains unknown. In an elegant series of experiments, 

chromosomally stable, nontransformed cells were followed by time-lapse microscopy to identify 

daughter cells that originated from the same parent through a division that did not include 

chromosome missegregation. Even these genetically identical daughters exhibited differing 

responses to mitotic arrest.402 

Although serum concentrations of paclitaxel have been measured,403-405 paclitaxel is 

known to accumulate intracellularly at levels up to and exceeding 1000-fold, depending on cell 

type and concentration.391,398,406 Thus, the clinically relevant, intratumoral concentration of 

paclitaxel in breast cancer has never been determined. 

Here, we measured the intratumoral paclitaxel concentration in naïve breast tumors from 



!

!

408!

patients receiving neoadjuvant paclitaxel and correlated it with treatments used in cell culture to 

establish a clinically relevant concentration range. At clinically relevant paclitaxel 

concentrations, cells did not show a substantial mitotic arrest. Instead, they completed mitosis on 

multipolar spindles, resulting in chromosome missegregation. Patient tumors treated with 

paclitaxel exhibited multipolar spindles, and mitotic arrest was not required for tumor regression. 

These results demonstrate that paclitaxel-mediated cell death in patient tumors is due to 

chromosome missegregation on abnormal mitotic spindles. 

A1.2 Results 

A1.2.1 Paclitaxel has concentration-dependent effects in cell culture  

Because the concentration of paclitaxel that mimics the intratumoral concentration was 

unknown, we initially sought to determine whether paclitaxel exerted similar effects over a broad 

concentration range in breast cancer cells in culture. The triple-negative breast cancer cell lines 

MDA- MB-231 and Cal51, which are negative for the estrogen receptor, the progesterone 

receptor, and the human epithelial growth factor receptor 2 (HER2), were treated with paclitaxel 

concentrations spanning five orders of magnitude. Bipolar spindles have previously been 

reported after paclitaxel treatment.391,397,407 However, we observed multipolar spindles in all 

concentrations of paclitaxel tested (Fig. A1.1A), the incidence of which rose with increasing 

drug concentration (Fig. A1.1, B and C). 

Distinct concentrations of paclitaxel also differed in their ability to induce mitotic arrest. 

After micromolar paclitaxel treatment, both MDA-MB-231 and Cal51 cells displayed a 

substantial increase in mitotic index, indicative of mitotic arrest, as expected (Fig. A1.1, D and 

E). In even higher concentrations of paclitaxel, the mitotic index was reduced, as has been 

previously reported to occur because of the ability of the large mass of polymerized tubulin to 
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satisfy the mitotic checkpoint through syntelic chromosome attachments.408,409 More subtle 

effects on mitotic index were observed in low nanomolar concentrations of paclitaxel (Fig. A1.1, 

D and E). 

Time-lapse videomicroscopy was used to determine the influence of paclitaxel on the 

duration of mitosis (measured as the time from cell rounding to the flattening of the first 

daughter cell). Similar to mitotic index, the duration of mitosis rose, peaked, and then declined in 

response to increasing concentrations of paclitaxel (Fig. A1.1, F and G). Thus, paclitaxel exhibits 

concentration-dependent effects in cell culture, emphasizing the need to identify the clinically 

relevant dose(s) to study in cell culture and animal models. 

A1.2.2 Mitotic arrest is not required for response to paclitaxel 

To determine the clinically relevant concentration range of paclitaxel, we designed a 

clinical trial to enroll six female patients with newly diagnosed, locally advanced breast cancer, 

who had not received previous treatment. One patient was excluded from analysis because of 

insufficient tumor tissue in the post-paclitaxel biopsy. Enrolled patients ranged in age from 42 to 

65 years and had Nottingham grade 2 or 3 tumors (Table A1.1). To minimize confounding 

variables, we did not enroll patients with HER2-amplified tumors, because these patients receive 

HER2-targeted antibody therapy in combination with chemotherapy. 

The research protocol is depicted in Fig. A1.2A. After diagnostic core needle biopsy, 

initial tumor measurements were obtained using mammography, ultrasound, or both. Patients 

were then treated with neoadjuvant paclitaxel (175 mg/m2) infused over 3 hours. A second tumor 

biopsy was obtained 20 hours after initiation of the paclitaxel infusion and was divided into two 

parts. One part was flash-frozen to measure paclitaxel levels, whereas the other was fixed for 

histological analysis. Blood was also collected at this time point to measure the concentration of 
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paclitaxel in serum. The 20-hour time point was selected because breast cancer cells in culture 

mounted a robust mitotic arrest after 20 hours of treatment (Fig. A1.1, A to E). Mitotic index was 

elevated ≥15-fold from 16 hours through at least 32 hours after paclitaxel administration in both 

cell lines (Fig. A1.S1). Therefore, we predict that an increase in mitotic index as a consequence 

of paclitaxel would be apparent at 20 hours. 

After the initial infusion of paclitaxel and the second biopsy, patients completed an 

additional three standard cycles of paclitaxel administered every 2 weeks. Tumors were again 

evaluated by mammography, ultrasound, or both, about 2 weeks after the final dose of paclitaxel. 

Finally, patients received four cycles of the DNA-damaging drugs Adriamycin/doxorubicin and 

cyclophosphamide (AC) before surgery. 

To determine whether patients responded to paclitaxel treatment, we obtained tumor 

measurements at baseline and after the completion of paclitaxel therapy (before initiation of AC) 

using mammogram (Fig. A1.2B) and/or ultrasound (Fig. A1.2, C and D). Tumor response was 

evaluated according to Response Evaluation Criteria in Solid Tumors (RECIST) 1.1 

guidelines.410 Partial tumor response, determined as ≥30% decrease in the largest tumor 

diameter, was observed in patients 1 to 3, but not in patients 4 to 6 (Fig. A1.2E). 

To determine whether patient response correlated with mitotic arrest, we analyzed tumor 

sections before and after paclitaxel therapy using immunofluorescence. Phosphorylated histone 

H3 (pH3) and DAPI were used to identify mitotic cells. Tumor sections were co-stained for 

cytokeratin to distinguish breast tumor epithelial cells from stroma (Fig. A1.2, F and G). Mitotic 

cells were detected in all tumor samples. Tumors from patients 4 and 6 exhibited an increase in 

mitotic index in response to paclitaxel treatment (Fig. A1.2F), consistent with mitotic arrest, 

although these tumors only minimally regressed in response to paclitaxel (Fig. A1.2, D and E). 
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In contrast, the tumor from patient 3 shrank markedly in response to paclitaxel (Fig. A1.2, B, C, 

and E), despite a decline in mitotic index (Fig. 2F). Thus, mitotic arrest is not a prerequisite for 

efficacy of paclitaxel. 

A1.2.3 Clinically relevant doses of paclitaxel are in the low nanomolar range  

Paclitaxel is known to accumulate intracellularly at levels that vary from 67- to more than 

1000-fold, depending on cell type and concentration.391,398,406 To determine the amount of 

intratumoral accumulation in breast cancer patients, we measured paclitaxel concentrations using 

high-performance liquid chromatography (HPLC) analysis in patient plasma and tumor samples 

obtained 20 hours after initiation of the first paclitaxel infusion (Table A1.2). Patient plasma 

concentrations of paclitaxel ranged from 80 to 280 nM, in good agreement with previous 

measurements.403-405 Paclitaxel concentrations in patient tumors were measured both by volume 

and by weight, which gave consistent results (Table A1.2 and table A1.S1). Intratumoral 

concentrations ranged from 1.1 to 9.0 mM as calculated using tumor weight, representing a 

degree of concentration of 4- to 70-fold (Table A1.2). 

To identify the concentration(s) of paclitaxel with which to treat MDA-MB-231 and 

Cal51 cells to mimic the clinically relevant intratumoral concentration, we added a range of 

paclitaxel concentrations to the media of MDA-MB-231 and Cal51 breast cancer cells. Cells 

were collected 20 hours later. Intracellular paclitaxel concentration was measured using HPLC. 

The uptake of paclitaxel ranged from 8- to 1600-fold (Table A1.3). In both cell lines, lower 

amounts of added paclitaxel resulted in higher degrees of concentration (Table A1.3), as has 

been observed previously.391,398,406 Also consistent with previous reports, the different cell lines 

varied in their level of paclitaxel uptake, resulting in distinct intracellular concentrations (Table 

A1.3).406 Addition of low concentrations of paclitaxel, which were not sufficient to cause 
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substantial mitotic arrest (Fig. A1.1, D to G), resulted in intracellular concentrations analogous to 

those in patient tumors in both MDA-MB-231 and Cal51 cells (Table A1.3). 

A1.2.4 Low concentrations of paclitaxel are sufficient to cause cell death  

Paclitaxel-mediated cell death is generally studied at concentrations that cause mitotic 

arrest, in part because higher levels of drug produce death more rapidly.398,411 To test whether 

low concentrations of paclitaxel are sufficient to cause cell death, we added ≤100 nM paclitaxel 

to MDA- MB-231 and Cal51 cells, which were incubated for an additional 24, 72, or 120 hours. 

Indeed, clinically relevant paclitaxel concentrations were sufficient to cause a substantial 

reduction in live cells (Fig. A1.3A) and an increase in dead cells (Fig. A1.3B). These effects 

were particularly apparent over the longest time course of 120 hours. To assess the impact of 

clinically relevant concentrations of paclitaxel on colony-forming ability, we plated the cells at 

low density and grew them in the presence or absence of paclitaxel for 14 days. Colony 

formation was substantially inhibited by paclitaxel concentrations ≥5 nM in both MDA-MB-231 

and Cal51 cells (Fig. A1.3C). Thus, clinically relevant concentrations of paclitaxel induce cell 

death and inhibit proliferation in cell culture. 

A1.2.5 Clinically relevant concentrations of paclitaxel cause chromosome missegregation  

The analysis of fixed cells in Fig. A1.1 (A to C) suggested that cells entering mitosis in 

intratumoral concentrations of paclitaxel would develop multipolar spindles, which, upon DNA 

segregation, are predicted to give rise to aneuploid progeny. To test this hypothesis, we analyzed 

chromosome number per cell by counting chromosomes in metaphase/chromosome spreads. 

Cal51 cells were used for this analysis because they are a near-diploid, chromosomally stable 

cell line, whereas MDA-MB-231 cells are chromosomally unstable. Forty-eight hours of 

treatment with 5, 10, or 50 nM paclitaxel substantially increased the incidence of near-diploid 

aneuploidy, with little evidence of tetraploidy, in the mitotic populations analyzed (Fig. A1.4, A 
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to C). 

These data suggested that, in clinically relevant concentrations of drug, cells proceed 

through mitosis after only a brief delay on multipolar spindles to produce aneuploid progeny. To 

test this directly, we observed cell lines expressing green fluorescent protein (GFP)–tubulin and 

red fluorescent protein (RFP)–histone H2B using time-lapse microscopy in the presence or 

absence of low nanomolar paclitaxel (Fig. A1.4D, fig. A1.S2A, and videos A1.S1 to A1.S6). 

Indeed, whereas cells often initially assembled a bipolar mitotic spindle in the presence of low 

concentrations of paclitaxel, additional spindle poles frequently developed before anaphase onset 

(Fig. A1.4D, fig. A1.S2A, videos A1.S5 and A1.S6). In some cases, multipolar spindles 

coalesced before anaphase onset into bipolar spindles, as reflected by the difference between 

incidences of multipolar spindle formation and >2-way DNA divisions (Fig. A1.4E and fig. 

A1.S2B). However, many cells divided their chromosomes in three or more directions once they 

entered anaphase (Fig. A1.4, D and E, fig. A1.S2, A and B, and videos A1.S2, A1.S3, A1.S5, 

and A1.S6). The number of directions in which the chromosomes were separated was not 

necessarily predictive of the number of cells generated, because DNA segregated to two or more 

spindle poles could be incorporated into the same daughter cell (Fig. A1.4D, fig. A1.S2A, and 

videos A1.S2, A1.S3, A1.S5, and A1.S6). 

In Cal51 cells, 10 and 50 nM paclitaxel increased the percentage of abnormal mitoses 

from 5.5% to 34.5% and 54.5%, respectively, pre-dominantly because of multipolar spindles and 

divisions, rather than lagging chromosomes (Fig. A1.4E and videos A1.S1 to A1.S3). In the 

portion of Cal51 cells in which nuclear envelope breakdown (NEB) was observed, 4 of the 14 

cells that initially established a bipolar spindle developed additional spindle poles before 

anaphase onset. Only two of the seven cells that formed multipolar spindles upon NEB focused 
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them to become bipolar. 

MDA-MB-231 cells, like a large percentage of human breast cancers, exhibit 

chromosomal instability. Even for this cell line, in which 53% of unperturbed cells underwent an 

abnormal division, primarily because of lagging chromosomes during anaphase or the failure to 

align all chromosomes at the metaphase plate (Fig. A1.S2B),412 addition of 5 or 10 nM paclitaxel 

increased the percentage of mitoses exhibiting at least one mitotic abnormality to 100% (Fig. 

A1.S2B and videos A1.S4 to A1.S6). 

To test whether spindle multipolarization occurs as a generic consequence of mitotic 

delay, we arrested Cal51 cells in mitosis using the proteasome inhibitor MG132. Zero of 16 cells 

developed multipolar spindles during an arrest of ≥3 hours. Twelve of these cells were arrested 

for ≥10 hours without the formation of additional poles, demonstrating that the additional spindle 

poles seen in paclitaxel-treated cells are not simply a result of delayed mitosis. 

A1.2.6 Clinically relevant concentrations of paclitaxel cause death in interphase only after a 

perturbed mitosis  

Our data suggest that clinically relevant concentrations of paclitaxel result in cell death 

after chromosome missegregation. High rates of chromosome missegregation have previously 

been shown to result in rapid cell death in tumor cells, independent of p53 status.413-415 However, 

a proposed alternate hypothesis is that paclitaxel kills cells in interphase, without passing through 

mitosis, because of altered microtubule transport.416 Microtubules have known functions in 

maintaining proper Golgi structure and a functional secretory pathway. We therefore tested 

whether this could explain our findings. Depolymerization of microtubules with vinblastine 

resulted in dispersion of the Golgi (Fig. A1.S3, A and B).417 However, Golgi structure appeared 

unaffected by clinically relevant concentrations of paclitaxel, and higher concentrations had only 
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a subtle effect compared with vinblastine (Fig. A1.S3, C and D). 

To directly test whether paclitaxel- mediated cell death occurred in interphase, we 

observed the cells using time-lapse microscopy to determine in which stage of the cell cycle 

death occurred. In clinically relevant concentrations of paclitaxel, most cell death was seen 

during or after mitosis in both MDA-MB-231 and Cal51 cells (Fig. A1.S4, A and B). In higher 

concentrations of the drug, cell death was also predominantly seen during or after mitosis, 

although there was a minor increase in cell death in interphase cells that had not passed through 

mitosis in the presence of paclitaxel (Fig. A1.S4, A and B). 

To test whether paclitaxel could induce cell death in interphase cells before division, we 

arrested cells in S phase for 72 hours using thymidine in the presence or absence of paclitaxel 

(Fig. A1.S4C). The addition of any concentration of paclitaxel did not cause substantial 

decreases in the live cell population of MDA-MB-231 cells (Fig. A1.S4D). Only micromolar 

concentrations of paclitaxel caused substantial cell death from interphase in Cal51 cells (Fig. 

A1.S4E). 

Levels of proliferation in patient tumors, as scored by Ki67 reactivity, were substantial 

enough to be congruent with an antimitotic effect of paclitaxel, and were unchanged by 20 hours 

of paclitaxel therapy (Fig. A1.S5), suggesting that paclitaxel did not cause widespread 

quiescence in interphase cells. This evidence suggests that, at clinically relevant concentrations, 

death from interphase occurs only when a preceding mitosis is perturbed by paclitaxel. 

A1.2.7 Paclitaxel induces multipolar spindles in patient tumors  

To verify that effects observed on mitosis in cell culture also occurred in patient tumors, 

we analyzed tumor sections using immunofluorescence to determine spindle pole number (Fig. 

A1.5A). Spindle poles were labeled with nuclear matrix apparatus protein (NuMA), and 
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centrosomes were identified with γ-tubulin. Most mitotic cells in patient tumors exhibited more 

than two NuMA-labeled spindle poles (Fig. A1.5, A and B). This occurred even in cells with 

only two γ-tubulin–labeled centrosomes (Fig. A1.5A), and additional spindle poles did not 

colocalize with γ-tubulin, demonstrating that centrosome amplification and/or splitting are not 

necessary for paclitaxel to induce multipolar spindles in patients. Misaligned chromosomes were 

also observed in cells containing bipolar spindles (Fig. A1.5A, asterisks in bottom row), 

suggesting that initially multipolar spindles had later clustered their spindle poles to become 

bipolar, as has been reported previously in cell culture.418 

A portion of patient samples exhibited multipolar spindles before paclitaxel treatment, as 

has been previously re- ported in cancers and malignant cell lines.419,420 However, paclitaxel 

resulted in an increase in the incidence of multipolar spindles in all patient samples observed 

(Fig. A1.5B), consistent with our findings in cell culture (Figs. A1.1, B and C, and A1.4, D and 

E, and fig. A1.S2, A and B). The highest percentages of multipolar spindles were reached in 

patients 1 and 3, who also had the largest level of tumor regression (Figs. A1.2E and 5B). 

A1.3 Discussion 
!

Paclitaxel entered human trials in 1984 and has since become a widely used 

chemotherapeutic agent. Extensive studies have been performed to delineate its effects on 

purified tubulin and cultured cells, as well as its efficacy in a wide range of tumors. Although it 

is considered a highly effective agent in breast cancer, a substantial proportion of treated patients 

are primarily resistant to paclitaxel therapy. Biomarkers predicting which patients will respond to 

paclitaxel would be indispensable, yet remain elusive. In part, this may be because most studies 

have focused on concentrations of paclitaxel that cause mitotic arrest and rapid cell death, but are 

unlikely to be achieved in patient tumors. Here, we demonstrate that, contrary to the predominant 
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hypothesis that paclitaxel causes cell death as a consequence of mitotic arrest, intratumoral 

concentrations result in chromosome segregation on multipolar spindles, producing aneuploid 

progeny. Cell death occurs with slower kinetics than when higher concentrations of drug are 

used, and presumably occurs because of loss of both copies of one or more essential 

chromosomes. This is likely to account for the time delay between the formation of abnormal 

mitotic spindles and the onset of substantial cell death in a population, suggesting that sufficient 

time must be spent in the presence of paclitaxel for a large proportion of the cell population to 

have undergone aberrant, lethal mitoses, which may not occur during the first division in the 

presence of the drug. Consistent with this, the percentage of cell death increases with time spent 

in paclitaxel. Although passage through mitosis on multipolar spindles can and does result in cell 

death, a portion of cells may also arrest or slow their cell cycle progression after a multipolar 

division, as suggested by stronger effects on live cell number and colony-forming ability than on 

cell death in Cal51 cells treated with 5 nM paclitaxel. These mechanistic insights may enable the 

development of a biomarker to predict paclitaxel response. 

Previous reports of intratumoral paclitaxel concentrations in humans are exceedingly 

limited given the large body of paclitaxel literature. Measurements that have been reported are in 

microgram per gram of tumor tissue, and the density of the tumor is required to convert these 

measurements into concentrations used in cell culture (mM or mg/ml). Before this study, we 

were uncertain whether the density of tumors differed significantly from that of water. 

Encouraged by the agreement in our measurements of paclitaxel concentration by weight and by 

volume, we converted previous studies’ measured levels of paclitaxel in tumors to molar 

concentrations. Paclitaxel concentrations measured in brain tumors 2 to 3 hours after a 3-hour 

administration of the drug (175 mg/m2) were about 3 mM,421 which is in the range of 1 to 9 mM 
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we measured 20 hours after administration of the same dose to breast cancer patients. Uterine 

cervical cancer patients treated with paclitaxel (60 mg/m2 per week) for 2 to 4 weeks had about 

400 nM paclitaxel remaining in their tumors 6 days after the final dose was administered.422 

These results suggest that paclitaxel levels are not appreciably higher at earlier time points than 

at 20 hours, and indicate that paclitaxel is retained in tumor tissue (at least in uterine cervical 

tumors) for a substantial period of time. 

Before this work, the major alternative to the hypothesis that paclitaxel causes anticancer 

effects as a consequence of mitotic arrest was that it causes cell death in interphase without 

affecting mitosis.416,423 A key argument for the alternate hypothesis of interphase action is that 

human tumors have a slow doubling time, suggesting that an insufficient proportion of cells pass 

through mitosis in the presence of paclitaxel for mitosis to be its target. However, tumor 

doubling time is a measure of both proliferation and cell death, which is prevalent in untreated 

tumors. Indeed, tumor doubling times have been estimated to be <5% of what would be 

predicted based on proliferative rates.424-427 Patient samples obtained in this study displayed rates 

of proliferation sufficient for the antimitotic effects of paclitaxel to account for its cytotoxicity. 

The mitotic index (the percentage of mitotic epithelial cells) in patient tumors before paclitaxel 

administration was 0.4, 1.3, 2.2, 2.3, and 3.9%. This is in the range of primary murine embryonic 

fibroblasts, which have a mitotic index of 2.0 to 2.5%, and are commonly used for mitotic 

analysis.428-431 The extended retention of paclitaxel in uterine cervical cancers,422 coupled with 

the failure of paclitaxel to reduce the proliferative index of breast tumors, strongly suggests that a 

sufficient number of dividing cells pass through mitosis in the presence of paclitaxel to allow for 

substantial cytotoxic effects in sensitive tumors. 

A second argument for paclitaxel enacting cell death from interphase is that paclitaxel-
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induced mitotic arrest does not necessarily lead to response to paclitaxel in syngeneic murine432 

or human cancers.433 However, patients with tumors containing a higher mitotic index before 

chemotherapy are more likely to respond to paclitaxel than those with a lower mitotic index.434 

Our results offer the unifying explanation that paclitaxel produces cell death in patients by 

inducing chromosome missegregation without mitotic arrest. 

The success of paclitaxel and other microtubule poisons is limited by peripheral 

neuropathy, which presumably occurs because of deficits in axonal transport on the longest 

axons in the body. Because the activity of paclitaxel was attributed to its ability to induce mitotic 

arrest, this limitation led to the development of novel antimitotic drugs that arrest cells in mitosis 

without disrupting microtubules.435 Antimitotic drugs directed against a variety of targets, 

including Eg5/KSP and the kinases polo and Aurora A, have entered clinical trials 

(NCT01034553, NCT01510405, and NCT01065025). Some have concluded that these drugs 

lack efficacy,423 although others have argued that this conclusion is premature.436,437 Our data 

suggest that inducing mitotic arrest is unlikely to mimic the full range of effects of paclitaxel on 

mitosis. Although some portion of cell death and tumor regression in response to paclitaxel 

treatment may arise as a consequence of mitotic arrest, this is clearly not the only mechanism by 

which paclitaxel exerts its effects. However, these newer antimitotic agents may still be able to 

mimic the chromosome missegregation caused by paclitaxel if dosed continuously at low levels. 

This effect occurs, for example, from partial loss of polo-like kinase 1 activity.438 

In higher concentrations of paclitaxel, cells frequently slip out of mitosis into G1 without 

segregating their chromosomes or completing cytokinesis, to produce a tetraploid cell with two 

centrosomes. After centriole duplication in S phase, this can result in the formation of multipolar 

spindles. However, patient tumors treated with paclitaxel show multipolar spindles without 
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supernumerary centrosomes. Additionally, only two of seven Cal51 cells that initially established 

multipolar spindles were able to focus these to become bipolar. Together, these data suggest that 

multipolar spindles in clinically relevant doses of paclitaxel occur as a consequence of a failure 

to efficiently cluster de novo spindle poles rather than because of mitotic slippage. 

Recently, two groups used state-of-the-art, high-resolution intravital imaging to observe 

mitosis in xenograft or isograft tumors.439,440 This is a powerful technique that permits 

visualization of cell division and death before, during, and after treatment with chemotherapy. 

By using a photoconvertible fluorophore, the same cells can be marked and imaged over multiple 

days.440 Hopefully, this powerful technique can now be applied to mammary tumors containing 

clinically relevant concentrations of paclitaxel. 

This study is limited by the small number of patients and the acquisition of biopsies at a 

single time point after paclitaxel administration. Future studies of paclitaxel concentrations in 

breast cancer will ideally include a time course of biopsies to determine the kinetics of drug 

retention in breast tumor tissue. Larger sample sizes will permit a more robust test of the 

prevalence of multipolar spindles/divisions and whether this correlates with patient response to 

paclitaxel. 

Understanding the mechanism of taxane therapy is crucial to make rational improvements 

in cancer treatments targeting mitosis. Many efforts have focused on new drugs that elicit mitotic 

arrest and slippage.441 Our data suggest, instead, that new antimitotics might optimally 

bedesigned to dysregulate mitosis without eliciting prolonged arrest. Moreover, our study 

indicates that taxane resistance is primarily related to an enhanced ability to withstand irregular 

chromosome segregations. Thus, identifying tumors that are more or less susceptible to 

missegregation is the key to selection of patients who will and will not benefit from paclitaxel. 
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A1.4 Materials and Methods 
!
A1.4.1 Study design 
!

This was a six-subject nonrandomized study of paclitaxel effect on human breast cancer 

and on breast cancer cell lines MDA-MB-231 and Cal51. The patient sample size was selected to 

provide a sufficient number of replicates for sampling intratumoral drug concentrations. All 

subjects had newly diagnosed breast cancer for which neoadjuvant chemotherapy was 

recommended per standard of care. Subjects received initial chemotherapy with paclitaxel (175 

mg/m2) dosed every 2 weeks with filgrastim support. Biopsy was obtained 18 to 22 hours after 

start of the first infusion. After four cycles of paclitaxel, follow-up imaging or exam was 

performed to assess response to therapy, and patients continued with standard anthracycline-

based chemotherapy before surgery. One patient was excluded from tissue analysis because of 

insufficient sample collected by biopsy. The objectives were to measure intratumoral paclitaxel 

concentrations and effects on mitosis and cell proliferation and compare with response to 

treatment. 

A1.4.2 Patients 
!

Patients who volunteered were enrolled in a clinical trial specifying the treatment, biopsy, 

and analysis plan. The protocol was approved by the University of Wisconsin Health Sciences 

Institutional Re- view Board, ID 2010-0357, assigned UWCCC (University of Wisconsin 

Comprehensive Cancer Center) protocol number OS10103, conducted in accordance with the 

ethical standards established in the 1964 Declaration of Helsinki and registered on 

ClinicalTrials.gov (NCT01263613). All subjects provided written informed consent before 

enrollment. Patients were enrolled if they had previously untreated locally advanced breast 

cancer for which neoadjuvant chemotherapy was indicated. All subjects received four cycles of 
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standard- dose paclitaxel (175 mg/m2) infused over 3 hours with biopsy and treatment as outlined 

in Fig. 2A. Biopsies and serum collection were scheduled for 20 hours after initiation of 

paclitaxel infusion. Actual times between initiation of paclitaxel infusion and tumor biopsies in 

hours:minutes were 21:06, 19:14, 19:54, 19:39, 18:41, and 19:42 for patients 1 to 6, respectively. 

There were no major complications from protocol therapy. 

A1.4.3 Cell culture 
!

MDA-MB-231 and Cal51 breast cancer cells were grown in Dulbecco’s modified Eagle’s 

medium supplemented with 10% (v/v) fetal bovine serum, 2 mM L-glutamine, and 

penicillin/streptomycin (50 mg/ml) at 37°C and 5% (Cal51) or 10% (MDA-MB-231) CO2. RFP-

tagged histone H2B and GFP-tagged α-tubulin were stably integrated into MDA-MB-231 cells 

by transfection in a pBabe vector, and into Cal51 cells by lentiviral infection (Millipore 

LentiBrite). Single clones were isolated with cloning cylinders (MDA-MB-231) or by single-cell 

sorting (Cal51). All paclitaxel and MG132 used in cell culture were dissolved in DMSO. Final 

con- centration of DMSO in medium was 0.1%. Chromosome spreads and immunofluorescence 

were performed as in Ryan et al.412 Staining was performed with antibodies to α-tubulin (YL1/2; 

Serotec) and Golgin-97 (Life Technologies). 

A1.4.4 Thymidine block 
!

Cells (1 × 105 per well) were seeded in 12-well plates. After 24 hours, thymidine (2.5 

mM for MDA-MB-231 and 5 mM for Cal51) ± indicated concentrations of paclitaxel was added. 

Seventy-two hours after drug treatment, cells were collected and scored by trypan blue 

exclusion. 

A1.4.5 High-performance liquid chromatography 
!
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Cells in 10- and 15-cm (5 nM paclitaxel condition only) dishes were treated with the 

indicated concentrations of paclitaxel in 20-ml total volume (50 ml for 15 cm). After 20 hours, 

cells were pelleted, resuspended in 1 ml of ddH2O, and stored at −80°C. Thawed cells were 

sonicated in water, and patient biopsies were homogenized in water before application to the 

column. Cell, tumor biopsy, or patient plasma samples were applied to C18 Bond Elut solid-

phase extraction columns (Agilent). Paclitaxel was eluted from the Bond Elut columns with 

acetonitrile. Solvent was removed with a SpeedVac, and samples were reconstituted in 100 ml of 

HPLC mobile phase. Analysis was performed by monitoring the signal of a 50 µl injection at 227 

nm during an isocratic elution with 60% of 35 mM acetic acid and 40% acetonitrile on an 

analytical HPLC instrument (Waters system equipped with Waters 996 photodiode array 

detector, Empower 2 software, and a Waters Nova-Pak C18 4-mm 4.6 × 150–mm column). 

A1.4.6 Immunohistochemistry 
!

Five-micrometer sections of formalin-fixed, paraffin-embedded tissue sections were 

subjected to antigen retrieval in citrate buffer, serum-blocked, and stained with rabbit anti-

NuMA antibody (a gift from D. Compton)442, γ-tubulin (Sigma), Ki67 (Dako), cytokeratin (to 

mark epithelial cells; Abcam), and/or pH3 (Cell Signaling) antibodies overnight at 4°C. Alexa 

Fluor–conjugated secondary antibodies (Invitrogen) were used. DNA was stained with DAPI. 

A1.4.7 Microscopy 
!

Images were acquired on a Nikon Ti-E inverted microscope with focus drift 

compensation with a CoolSNAPHQ2 camera driven by Nikon Elements software. Images are 

single z planes acquired with a 100×/1.4 numerical aperture (NA) (Fig. 4A) or a 20×/0.1 NA 

objective (Fig. 2G and fig. S5A). Multipolar spindle examples were acquired with high–dynamic 

range imaging and a 100×/1.4 NA objective. Images in Fig. A1.5A and fig. A1.S3 are maximum 
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projections from 0.2-mm z-stacks collected with a 100×/1.4 NA objective after deconvolution 

with the AQI 3D Deconvolution module in Elements. Overlays were generated in Photoshop. 

For phase-contrast time-lapse analysis, cells were placed under 10% CO2 flow at ~30 ml/min in a 

heated chamber at 37°C. Images were acquired at 10-min intervals with a 10×/0.13 NA 

objective. For fluorescence time-lapse analysis, five 2.5-mm (MDA-MB-231) or seven 2-mm 

(Cal51) z planes were acquired every 2 min with a 60×/1.4 NA objective. Maximum projections 

of in-focus planes (MDA-MB-231) or the maximally focused single z plane (Cal51) were 

assembled in Elements, exported as .jpg files, and converted to .mov files in QuickTime. Cal51 

cells were treated with paclitaxel for 20 hours before observation. 

A1.4.8 Statistical analysis 
!

Statistical analysis was performed with Mstat 5.5 software (http://www. 

mcardle.wisc.edu/mstat/index.html). Sample sizes were chosen on the basis of previously 

published work. Outliers were determined using Grubbs’ method and excluded from analysis. 

Two outliers were removed from the data in Table A1.3 (one measurement of Cal51 + 10 nM 

and one measurement of MDA-MB-231 + 10 mM paclitaxel were removed). Fixed data analysis 

was blinded by concealment of slide labels. P values are listed in Table A1.S2. 
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Table A1.1 Patient characteristics. Note that all patients were Caucasian, not Hispanic or Latino, 

and were diagnosed with HER2-negative invasive ductal carcinoma. 

 

 

 

 

 

 

 

  therapy using immunofluorescence. Phos-
phorylated histone H3 (pH3) and DAPI
were used to identify mitotic cells. Tumor
sections were costained for cytokeratin to
distinguishbreast tumorepithelial cells from
stroma (Fig. 2, F and G). Mitotic cells were
detected in all tumor samples. Tumors from
patients 4 and6 exhibited an increase inmi-
totic index in response to paclitaxel treat-
ment (Fig. 2F), consistent with mitotic
arrest, although these tumors only mini-
mally regressed in response to paclitaxel
(Fig. 2, D and E). In contrast, the tumor
frompatient 3 shrankmarkedly in response
to paclitaxel (Fig. 2, B, C, and E), despite a
decline inmitotic index (Fig. 2F). Thus,mi-
totic arrest is not a prerequisite for efficacy
of paclitaxel.

Clinically relevant doses
of paclitaxel are in the low
nanomolar range
Paclitaxel is known to accumulate intra-
cellularly at levels that vary from 67- to
more than 1000-fold, depending on cell
type and concentration (4, 11, 19). To de-
termine the amount of intratumoral accu-
mulation in breast cancer patients, we
measured paclitaxel concentrations using
high-performance liquid chromatography
(HPLC) analysis in patient plasma and
tumor samples obtained 20 hours after
initiation of the first paclitaxel infusion
(Table 2). Patient plasma concentrations
of paclitaxel ranged from 80 to 280 nM,
in good agreement with previous mea-
surements (16–18). Paclitaxel concentra-
tions in patient tumors were measured
both by volume and by weight, which
gave consistent results (Table 2 and table
S1). Intratumoral concentrations ranged
from 1.1 to 9.0 mM as calculated using

Table 1. Patient characteristics. Note that all patients were Caucasian, not Hispanic or Latino, and were diagnosed with HER2-negative invasive
ductal carcinoma.

Patient no. Age (years) Estrogen
receptor status

Progesterone
receptor status

No. of positive lymph
nodes/no. sampled*

Nottingham
grade

1 42 Positive Positive 0/17 3

2 53 Negative Negative 14/14 2

3 65 Negative Negative 1/22 3

4 45 Negative Negative 1/11 3

5 57 Positive Negative 0/20 3

6 49 Positive Positive 22/23 2

*At surgery.
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Fig. 2. Mitotic arrest is not required for response to paclitaxel. (A) Schematic showing the trial design.
Research biopsy and serum were obtained 20 hours after the start of the first 3-hour paclitaxel infusion.
Tumormeasurements were obtained bymammogram and/or ultrasound, depending on patient insurance.
(B to D) Mammograms (B) and ultrasounds (C and D) used to measure tumor response. Yellow lines in (C)
and (D) indicate tumor measurements. (E) Waterfall plot showing change in largest tumor diameter. Re-
sponse to paclitaxel is determined as a decrease of ≥30% in largest tumor diameter, according to RECIST
1.1 criteria (23). The gray line indicates this threshold. *Note that the second tumor measurement was ob-
tained after cycle 1 of AC in patient 1, but before AC in all other patients. (F) Mitotic index before (open
square) and after 20 hours of paclitaxel treatment (arrowhead; the direction indicates increase or decrease
in mitotic index in response to paclitaxel). n ≥ 500 cells. (G) Patient 5 tumor stained with phosphorylated
histone H3 (pH3; to mark mitotic cells), 4′,6-diamidino-2-phenylindole (DAPI), and cytokeratin (to identify
epithelial cells). Insets, enlargements of mitotic cells. Scale bar, 50 mm.
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Table A1.2 Paclitaxel measurements in patients by tumor weight. —, not tested. 

 

 

 

 

 

 

 

 

  

tumor weight, representing a degree of concentration of 4- to 70-fold
(Table 2).

To identify the concentration(s) of paclitaxel with which to treat
MDA-MB-231 and Cal51 cells to mimic the clinically relevant intratu-
moral concentration, we added a range of paclitaxel concentrations to
the media of MDA-MB-231 and Cal51 breast cancer cells. Cells were
collected 20 hours later. Intracellular paclitaxel concentration was
measured using HPLC. The uptake of paclitaxel ranged from 8- to
1600-fold (Table 3). In both cell lines, lower amounts of added paclitaxel
resulted in higher degrees of concentration (Table 3), as has been ob-
served previously (4, 11, 19). Also consistent with previous reports, the
different cell lines varied in their level of paclitaxel uptake, resulting in
distinct intracellular concentrations [Table 3; (19)]. Addition of low
concentrations of paclitaxel, which were not sufficient to cause substan-
tial mitotic arrest (Fig. 1, D to G), resulted in intracellular concentra-
tions analogous to those in patient tumors in both MDA-MB-231
and Cal51 cells (Table 3).

Low concentrations of paclitaxel are sufficient
to cause cell death
Paclitaxel-mediated cell death is generally studied at concentrations that
cause mitotic arrest, in part because higher levels of drug produce death
more rapidly (11, 24). To test whether low concentrations of paclitaxel

are sufficient to cause cell death, we added≤100 nMpaclitaxel toMDA-
MB-231 and Cal51 cells, which were incubated for an additional 24, 72,
or 120 hours. Indeed, clinically relevant paclitaxel concentrations were
sufficient to cause a substantial reduction in live cells (Fig. 3A) and an
increase in dead cells (Fig. 3B). These effects were particularly apparent
over the longest time course of 120 hours. To assess the impact of clini-
cally relevant concentrations of paclitaxel on colony-forming ability, we
plated the cells at low density and grew them in the presence or absence
of paclitaxel for 14 days. Colony formation was substantially inhibited
by paclitaxel concentrations ≥5 nM in both MDA-MB-231 and Cal51
cells (Fig. 3C). Thus, clinically relevant concentrations of paclitaxel induce
cell death and inhibit proliferation in cell culture.

Clinically relevant concentrations of paclitaxel cause
chromosome missegregation
The analysis of fixed cells in Fig. 1 (A to C) suggested that cells entering
mitosis in intratumoral concentrations of paclitaxel would develop
multipolar spindles, which, upon DNA segregation, are predicted to
give rise to aneuploid progeny. To test this hypothesis, we analyzed
chromosome number per cell by counting chromosomes in metaphase/
chromosome spreads. Cal51 cells were used for this analysis because
they are a near-diploid, chromosomally stable cell line, whereas MDA-
MB-231 cells are chromosomally unstable. Forty-eight hours of treatment

Table 2. Paclitaxel measurements in patients by tumor weight. —, not tested.

Patient no. Plasma [paclitaxel] (mM) Tumor [paclitaxel] (mM) Degree of concentration

1 0.08 2.6 32×

2* — — —

3 0.14 9.0 64×

4 0.11 7.7 70×

5 0.28 1.1 4×

6 0.15 2.5 17×

*Skin biopsy of superficial tumor that yielded minimal tumor tissue.

Table 3. Paclitaxel concentration in breast cancer cells. ND, not detected; —, not tested.

[Paclitaxel] in medium (mM)

MDA-MB-231 Cal51

Nonfluorescent GFP-tub RFP-H2B Nonfluorescent GFP-tub RFP-H2B

[Paclitaxel],
mM (n) ± SE

Fold
uptake

[Paclitaxel],
mM (n) ± SE

Fold
uptake

[Paclitaxel],
mM (n) ± SE

Fold
uptake

[Paclitaxel],
mM (n) ± SE

Fold
uptake

DMSO ND ND ND ND

0.005 3.8 (4) ± 0.68 760× — 0.35 (4) ± 0.07 70× — —

0.01 7.0 (4) ± 0.93 700× 16 (3) ± 3.8 1600× 0.77 (4) ± 0.01 77× 1.7 (3) ± 0.15 170×

0.02 24 (3) ± 6.0 1200× — — 1.5 (4) ± 0.08 75× — —

0.05 33 (5) ± 3.6 660× — — 3.2 (5) ± 0.74 64× 3.3 (3) ± 1.7 66×

0.1 29 (3) ± 6.1 290× 89 (2) ± 10 890× 4.6 (4) ± 1.5 46× 9.7 (3) ± 1.1 97×

1 75 (3) ± 12 75× 140 (2) ± 9.6 140× 11 (4) ± 2.2 11× 21 (3) ± 0.70 21×

10 420 (2) ± 11 42× — — 80 (4) ± 13 8× — —
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Table A1.3 Paclitaxel concentration in breast cancer cells. ND, not detected; —, not tested. 

 

 

 

 

 

 

 

 

  

tumor weight, representing a degree of concentration of 4- to 70-fold
(Table 2).

To identify the concentration(s) of paclitaxel with which to treat
MDA-MB-231 and Cal51 cells to mimic the clinically relevant intratu-
moral concentration, we added a range of paclitaxel concentrations to
the media of MDA-MB-231 and Cal51 breast cancer cells. Cells were
collected 20 hours later. Intracellular paclitaxel concentration was
measured using HPLC. The uptake of paclitaxel ranged from 8- to
1600-fold (Table 3). In both cell lines, lower amounts of added paclitaxel
resulted in higher degrees of concentration (Table 3), as has been ob-
served previously (4, 11, 19). Also consistent with previous reports, the
different cell lines varied in their level of paclitaxel uptake, resulting in
distinct intracellular concentrations [Table 3; (19)]. Addition of low
concentrations of paclitaxel, which were not sufficient to cause substan-
tial mitotic arrest (Fig. 1, D to G), resulted in intracellular concentra-
tions analogous to those in patient tumors in both MDA-MB-231
and Cal51 cells (Table 3).

Low concentrations of paclitaxel are sufficient
to cause cell death
Paclitaxel-mediated cell death is generally studied at concentrations that
cause mitotic arrest, in part because higher levels of drug produce death
more rapidly (11, 24). To test whether low concentrations of paclitaxel

are sufficient to cause cell death, we added≤100 nMpaclitaxel toMDA-
MB-231 and Cal51 cells, which were incubated for an additional 24, 72,
or 120 hours. Indeed, clinically relevant paclitaxel concentrations were
sufficient to cause a substantial reduction in live cells (Fig. 3A) and an
increase in dead cells (Fig. 3B). These effects were particularly apparent
over the longest time course of 120 hours. To assess the impact of clini-
cally relevant concentrations of paclitaxel on colony-forming ability, we
plated the cells at low density and grew them in the presence or absence
of paclitaxel for 14 days. Colony formation was substantially inhibited
by paclitaxel concentrations ≥5 nM in both MDA-MB-231 and Cal51
cells (Fig. 3C). Thus, clinically relevant concentrations of paclitaxel induce
cell death and inhibit proliferation in cell culture.

Clinically relevant concentrations of paclitaxel cause
chromosome missegregation
The analysis of fixed cells in Fig. 1 (A to C) suggested that cells entering
mitosis in intratumoral concentrations of paclitaxel would develop
multipolar spindles, which, upon DNA segregation, are predicted to
give rise to aneuploid progeny. To test this hypothesis, we analyzed
chromosome number per cell by counting chromosomes in metaphase/
chromosome spreads. Cal51 cells were used for this analysis because
they are a near-diploid, chromosomally stable cell line, whereas MDA-
MB-231 cells are chromosomally unstable. Forty-eight hours of treatment

Table 2. Paclitaxel measurements in patients by tumor weight. —, not tested.

Patient no. Plasma [paclitaxel] (mM) Tumor [paclitaxel] (mM) Degree of concentration

1 0.08 2.6 32×

2* — — —

3 0.14 9.0 64×

4 0.11 7.7 70×

5 0.28 1.1 4×

6 0.15 2.5 17×

*Skin biopsy of superficial tumor that yielded minimal tumor tissue.

Table 3. Paclitaxel concentration in breast cancer cells. ND, not detected; —, not tested.

[Paclitaxel] in medium (mM)

MDA-MB-231 Cal51

Nonfluorescent GFP-tub RFP-H2B Nonfluorescent GFP-tub RFP-H2B

[Paclitaxel],
mM (n) ± SE

Fold
uptake

[Paclitaxel],
mM (n) ± SE

Fold
uptake

[Paclitaxel],
mM (n) ± SE

Fold
uptake

[Paclitaxel],
mM (n) ± SE

Fold
uptake

DMSO ND ND ND ND

0.005 3.8 (4) ± 0.68 760× — 0.35 (4) ± 0.07 70× — —

0.01 7.0 (4) ± 0.93 700× 16 (3) ± 3.8 1600× 0.77 (4) ± 0.01 77× 1.7 (3) ± 0.15 170×

0.02 24 (3) ± 6.0 1200× — — 1.5 (4) ± 0.08 75× — —

0.05 33 (5) ± 3.6 660× — — 3.2 (5) ± 0.74 64× 3.3 (3) ± 1.7 66×

0.1 29 (3) ± 6.1 290× 89 (2) ± 10 890× 4.6 (4) ± 1.5 46× 9.7 (3) ± 1.1 97×

1 75 (3) ± 12 75× 140 (2) ± 9.6 140× 11 (4) ± 2.2 11× 21 (3) ± 0.70 21×

10 420 (2) ± 11 42× — — 80 (4) ± 13 8× — —
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Table A1.S1 Paclitaxel measurements in patients by tumor volume. 

 

 

 

 

 

 

 

 

 

  

 
 

Table S1. Paclitaxel measurements in patients by tumor volume. 
patient 

# 
plasma 

[paclitaxel], 
µM 

tumor 
[paclitaxel], 

µM 

degree of 
concentration 

1 0.08 2.5 31× 
  2* - - - 

3 0.14       12.0  86× 
4 0.11 7.8 71× 
5 0.28 1.3  5× 
6 0.15 2.2 15× 

*skin biopsy of superficial tumor that yielded minimal tumor tissue 
- = not tested. 
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Table A1.S2 Statistical P values from Figs. 3 and 4.  
 

  

Table S2. Statistical P values from Figs. 3 and 4. 
Fig 3A 

MDA-MB-231 
  5 nM 10 nM 20 nM 50 nM 100 nM 

24 hr n/s n/s 1.17E-02 1.06E-03 4.15E-03 
72 hr 2.66E-02 2.66E-02 2.70E-03 2.70E-03 1.67E-02 

120 hr 2.68E-03 1.73E-03 1.75E-03 1.73E-03 8.15E-03 
Cal51 

 5 nM 10 nM 20 nM 50 nM 100 nM 
24 hr n/s n/s 1.33E-02 9.38E-03 1.36E-02 
72 hr 4.72E-02 8.74E-03 4.00E-03 2.66E-03 1.64E-02 

120 hr 2.50E-02 3.95E-03 3.95E-03 3.95E-03 2.01E-02 
Fig 3B 

MDA-MB-231 

 5 nM 10 nM 20 nM 50 nM 100 nM 
24 hr 4.38E-02 2.63E-03 n/s 2.00E-06 9.17E-05 
72 hr 3.60E-02 5.33E-06 5.39E-11 8.30E-20 9.86E-13 

120 hr 4.41E-06 5.41E-18 3.44E-27 3.68E-37 2.65E-25 
Cal51 

 5 nM 10 nM 20 nM 50 nM 100 nM 
24 hr n/s 2.86E-02 4.20E-03 1.38E-04 1.26E-04 
72 hr n/s 9.50E-03 7.17E-07 6.86E-12 8.79E-22 

120 hr 1.62E-02 1.83E-04 7.86E-06 1.39E-09 4.22E-16 
Fig 3C 

MDA-MB-231 

 
5 nM 10 nM 20 nM 50 nM 100 nM 

4.95E-02 4.63E-02 4.63E-02 4.63E-02 4.63E-02 
Cal51 

 
5 nM 10 nM 20 nM 50 nM 100 nM 

4.95E-02 4.95E-02 4.95E-02 4.95E-02 4.63E-02 
Fig 4B 

 
5 nM 10 nM 50 nM 

 4.84E-03 5.79E-03 4.50E-05 
*all values are 2-sided 
n/s = not statistically significant 
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Figure A1.1 
 

 

 

 

  

increasing concentrations of paclitaxel (Fig. 1, F andG). Thus, paclitaxel
exhibits concentration-dependent effects in cell culture, emphasizing
the need to identify the clinically relevant dose(s) to study in cell culture
and animal models.

Mitotic arrest is not required for response to paclitaxel
To determine the clinically relevant concentration range of paclitaxel,
we designed a clinical trial to enroll six female patients with newly di-

agnosed, locally advanced breast cancer, who had not received pre-
vious treatment. One patient was excluded from analysis because of
insufficient tumor tissue in the post-paclitaxel biopsy. Enrolled pa-
tients ranged in age from 42 to 65 years and had Nottingham grade
2 or 3 tumors (Table 1). To minimize confounding variables, we did
not enroll patients with HER2-amplified tumors, because these pa-
tients receive HER2-targeted antibody therapy in combination with
chemotherapy.

The research protocol is depicted in
Fig. 2A. After diagnostic core needle
biopsy, initial tumor measurements were
obtained using mammography, ultrasound,
or both. Patients were then treated with
neoadjuvant paclitaxel (175mg/m2) infused
over 3 hours. A second tumor biopsy was
obtained 20 hours after initiation of the
paclitaxel infusion and was divided into
two parts. One part was flash-frozen to
measure paclitaxel levels, whereas the other
was fixed for histological analysis. Blood
was also collected at this time point to
measure the concentration of paclitaxel in
serum. The 20-hour time point was selected
becausebreast cancercells inculturemounted
a robust mitotic arrest after 20 hours of treat-
ment (Fig. 1, A to E). Mitotic index was
elevated ≥15-fold from 16 hours through
at least 32 hours after paclitaxel adminis-
tration in both cell lines (fig. S1). Therefore,
we predict that an increase in mitotic index
as a consequence of paclitaxel would be ap-
parent at 20 hours.

After the initial infusion of paclitaxel
and the second biopsy, patients com-
pleted an additional three standard cycles
of paclitaxel administered every 2 weeks.
Tumorswere again evaluatedbymammog-
raphy, ultrasound, or both, about 2 weeks
after the final dose of paclitaxel. Finally,
patients received four cycles of the DNA-
damaging drugs Adriamycin/doxorubicin
and cyclophosphamide (AC) before surgery.

To determinewhether patients responded
to paclitaxel treatment, we obtained tumor
measurements at baseline and after the
completion of paclitaxel therapy (before
initiation of AC) using mammogram (Fig.
2B) and/orultrasound (Fig. 2,CandD).Tu-
mor response was evaluated according to
Response Evaluation Criteria in Solid Tu-
mors (RECIST) 1.1 guidelines (23). Partial
tumor response, determined as ≥30% de-
crease in the largest tumor diameter, was
observed in patients 1 to 3, but not in pa-
tients 4 to 6 (Fig. 2E).

To determine whether patient response
correlated with mitotic arrest, we analyzed
tumor sections before and after paclitaxel

0

20

40

60

80
MDA-MB-231 

10 10
0

10
00

10
,00

0

10
0,0

000

P
er

ce
nt

 o
f s

pi
nd

le
s 

(%
)

P
er

ce
nt

 o
f s

pi
nd

le
s 

(%
)

D
ur

at
io

n 
of

 m
ito

si
s 

(h
)

1

0

5

10

15

20

25

30

10 10
0

10
00

10
,00

0

10
0,0

00
0
5

10
15
20
25
30
35

M
ito

tic
 in

de
x 

(%
) 

MDA-MB-231 Cal51 

A

B C

D E

GF

0

0

25

50

75

100
Cal51

Spindle 
pole #

0 5 10 20 50 50
0
50

00

50
,00

0

5+
4
3
2
1

10 10
0

10
00

10
,00

0

10
0,0

000

0

20

40

60

80
Cal51

10 10
0

10
00

10
,00

0

10
0,0

000

0

25

50

75

100

[Paclitaxel], nM 

Spindle 
pole #

DNA  microtubules

2 3 4 5+

MDA-MB-231 

M
ito

tic
 in

de
x 

(%
) 

D
ur

at
io

n 
of

 m
ito

si
s 

(h
)

[Paclitaxel], nM 

[Paclitaxel], nM 

[Paclitaxel], nM [Paclitaxel], nM 

[Paclitaxel], nM 

5+
4
3
2
1

0 5 10 20 50 50
0
50

00
50

,00
0

Fig. 1. Paclitaxel has concentration-dependent effects. (A) Paclitaxel-treated cells exhibit mitotic
spindles containing the indicated number of spindle poles as assessed by staining for microtubules (red)
and DNA (teal) in MDA-MB-231 cells. (B and C) MDA-MB-231 (B) and Cal51 (C) triple-negative breast cancer
cell lines both show a direct relationship between number of poles per spindle and paclitaxel concentration.
n ≥ 100 cells from each of three independent experiments. (D and E) In response to increasing concentra-
tions of paclitaxel, mitotic index in both MDA-MB-231 (D) and Cal51 (E) cells peaks and then declines. n ≥
1500 cells from three separate experiments. (F and G) Duration of mitosis in response to paclitaxel in both
MDA-MB-231 (F) and Cal51 (G) cells closely mimics mitotic index. Duration of mitosis was measured as
length of time from rounding to flattening of the first daughter cell in 10× phase-contrast movies acquired
every 10 min for 65 hours. n ≥ 30 cells per condition.

R E S EARCH ART I C L E

www.ScienceTranslationalMedicine.org 26 March 2014 Vol 6 Issue 229 229ra43 2

 o
n 

D
ec

em
be

r 1
8,

 2
01

4
st

m
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 



!

!

431!

 

 

 

 

 

Figure A1.1 Paclitaxel has concentration-dependent effects. (A) Paclitaxel-treated cells exhibit 

mitotic spindles containing the indicated number of spindle poles as assessed by staining for 

microtubules (red) and DNA (teal) in MDA-MB-231 cells. (B and C) MDA-MB-231 (B) and 

Cal51 (C) triple-negative breast cancer cell lines both show a direct relationship between number 

of poles per spindle and paclitaxel concentration. n ≥ 100 cells from each of three independent 

experiments. (D and E) In response to increasing concentrations of paclitaxel, mitotic index in 

both MDA-MB-231 (D) and Cal51 (E) cells peaks and then declines. n ≥ 1500 cells from three 

separate experiments. (F and G) Duration of mitosis in response to paclitaxel in both MDA-MB-

231 (F) and Cal51 (G) cells closely mimics mitotic index. Duration of mitosis was measured as 

length of time from rounding to flattening of the first daughter cell in 10× phase-contrast movies 

acquired every 10 min for 65 hours. n ≥ 30 cells per condition. 
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Figure A1.2 

 

 

 

 

  

therapy using immunofluorescence. Phos-
phorylated histone H3 (pH3) and DAPI
were used to identify mitotic cells. Tumor
sections were costained for cytokeratin to
distinguishbreast tumorepithelial cells from
stroma (Fig. 2, F and G). Mitotic cells were
detected in all tumor samples. Tumors from
patients 4 and6 exhibited an increase inmi-
totic index in response to paclitaxel treat-
ment (Fig. 2F), consistent with mitotic
arrest, although these tumors only mini-
mally regressed in response to paclitaxel
(Fig. 2, D and E). In contrast, the tumor
frompatient 3 shrankmarkedly in response
to paclitaxel (Fig. 2, B, C, and E), despite a
decline inmitotic index (Fig. 2F). Thus,mi-
totic arrest is not a prerequisite for efficacy
of paclitaxel.

Clinically relevant doses
of paclitaxel are in the low
nanomolar range
Paclitaxel is known to accumulate intra-
cellularly at levels that vary from 67- to
more than 1000-fold, depending on cell
type and concentration (4, 11, 19). To de-
termine the amount of intratumoral accu-
mulation in breast cancer patients, we
measured paclitaxel concentrations using
high-performance liquid chromatography
(HPLC) analysis in patient plasma and
tumor samples obtained 20 hours after
initiation of the first paclitaxel infusion
(Table 2). Patient plasma concentrations
of paclitaxel ranged from 80 to 280 nM,
in good agreement with previous mea-
surements (16–18). Paclitaxel concentra-
tions in patient tumors were measured
both by volume and by weight, which
gave consistent results (Table 2 and table
S1). Intratumoral concentrations ranged
from 1.1 to 9.0 mM as calculated using

Table 1. Patient characteristics. Note that all patients were Caucasian, not Hispanic or Latino, and were diagnosed with HER2-negative invasive
ductal carcinoma.

Patient no. Age (years) Estrogen
receptor status

Progesterone
receptor status

No. of positive lymph
nodes/no. sampled*

Nottingham
grade

1 42 Positive Positive 0/17 3

2 53 Negative Negative 14/14 2

3 65 Negative Negative 1/22 3

4 45 Negative Negative 1/11 3

5 57 Positive Negative 0/20 3

6 49 Positive Positive 22/23 2

*At surgery.
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Fig. 2. Mitotic arrest is not required for response to paclitaxel. (A) Schematic showing the trial design.
Research biopsy and serum were obtained 20 hours after the start of the first 3-hour paclitaxel infusion.
Tumormeasurements were obtained bymammogram and/or ultrasound, depending on patient insurance.
(B to D) Mammograms (B) and ultrasounds (C and D) used to measure tumor response. Yellow lines in (C)
and (D) indicate tumor measurements. (E) Waterfall plot showing change in largest tumor diameter. Re-
sponse to paclitaxel is determined as a decrease of ≥30% in largest tumor diameter, according to RECIST
1.1 criteria (23). The gray line indicates this threshold. *Note that the second tumor measurement was ob-
tained after cycle 1 of AC in patient 1, but before AC in all other patients. (F) Mitotic index before (open
square) and after 20 hours of paclitaxel treatment (arrowhead; the direction indicates increase or decrease
in mitotic index in response to paclitaxel). n ≥ 500 cells. (G) Patient 5 tumor stained with phosphorylated
histone H3 (pH3; to mark mitotic cells), 4′,6-diamidino-2-phenylindole (DAPI), and cytokeratin (to identify
epithelial cells). Insets, enlargements of mitotic cells. Scale bar, 50 mm.
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Figure A1.2 Mitotic arrest is not required for response to paclitaxel. (A) Schematic showing the 

trial design. Research biopsy and serum were obtained 20 hours after the start of the first 3-hour 

paclitaxel infusion. Tumor measurements were obtained by mammogram and/or ultrasound, 

depending on patient insurance. (B to D) Mammograms (B) and ultrasounds (C and D) used to 

measure tumor response. Yellow lines in (C) and (D) indicate tumor measurements. (E) 

Waterfall plot showing change in largest tumor diameter. Response to paclitaxel is determined as 

a decrease of ≥30% in largest tumor diameter, according to RECIST 1.1 criteria (23). The gray 

line indicates this threshold. *Note that the second tumor measurement was obtained after cycle 

1 of AC in patient 1, but before AC in all other patients. (F) Mitotic index before (open square) 

and after 20 hours of paclitaxel treatment (arrowhead; the direction indicates increase or decrease 

in mitotic index in response to paclitaxel). n ≥ 500 cells. (G) Patient 5 tumor stained with 

phosphorylated histone H3 (pH3; to mark mitotic cells), 4′,6-diamidino-2-phenylindole (DAPI), 

and cytokeratin (to identify epithelial cells). Insets, enlargements of mitotic cells. Scale bar, 50 

µm. 
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with 5, 10, or 50 nM paclitaxel substantially increased the incidence of
near-diploid aneuploidy, with little evidence of tetraploidy, in the mitotic
populations analyzed (Fig. 4, A to C).

These data suggested that, in clinically relevant concentrations of
drug, cells proceed throughmitosis after only a brief delay onmultipolar
spindles to produce aneuploid progeny. To test this directly, we ob-
served cell lines expressing green fluorescent protein (GFP)–tubulin
and red fluorescent protein (RFP)–histone H2B using time-lapse mi-
croscopy in the presence or absence of low nanomolar paclitaxel (Fig.
4D, fig. S2A, and videos S1 to S6). Indeed, whereas cells often initially
assembled a bipolar mitotic spindle in the presence of low concentra-
tions of paclitaxel, additional spindle poles frequently developed before
anaphase onset (Fig. 4D, fig. S2A, videos S5 and S6). In some cases,
multipolar spindles coalesced before anaphase onset into bipolar
spindles, as reflected by the difference between incidences of multipolar
spindle formation and >2-way DNA divisions (Fig. 4E and fig. S2B).
However, many cells divided their chromosomes in three or more
directions once they entered anaphase (Fig. 4, D and E, fig. S2, A and
B, and videos S2, S3, S5, and S6). The number of directions in which the
chromosomes were separated was not necessarily predictive of the
number of cells generated, because DNA segregated to two or more
spindle poles could be incorporated into the same daughter cell (Fig.
4D, fig. S2A, and videos S2, S3, S5, and S6).

In Cal51 cells, 10 and 50 nM paclitaxel increased the percentage of
abnormal mitoses from 5.5% to 34.5% and 54.5%, respectively, pre-

dominantly because of multipolar spindles and divisions, rather than
lagging chromosomes (Fig. 4E and videos S1 to S3). In the portion of
Cal51 cells in which nuclear envelope breakdown (NEB) was observed, 4
of the 14 cells that initially established a bipolar spindle developed addi-
tional spindle poles before anaphase onset. Only two of the seven cells that
formed multipolar spindles upon NEB focused them to become bipolar.

MDA-MB-231 cells, like a large percentage of human breast cancers,
exhibit chromosomal instability. Even for this cell line, in which 53% of
unperturbed cells underwent an abnormal division, primarily because
of lagging chromosomes during anaphase or the failure to align all chro-
mosomes at the metaphase plate [fig. S2B; (25)], addition of 5 or 10 nM
paclitaxel increased the percentage ofmitoses exhibiting at least onemi-
totic abnormality to 100% (fig. S2B and videos S4 to S6).

To test whether spindle multipolarization occurs as a generic conse-
quence of mitotic delay, we arrested Cal51 cells in mitosis using the
proteasome inhibitor MG132. Zero of 16 cells developed multipolar
spindles during an arrest of ≥3 hours. Twelve of these cells were ar-
rested for≥10 hours without the formation of additional poles, demon-
strating that the additional spindle poles seen in paclitaxel-treated cells
are not simply a result of delayed mitosis.

Clinically relevant concentrations of paclitaxel cause death
in interphase only after a perturbed mitosis
Our data suggest that clinically relevant concentrations of paclitaxel
result in cell death after chromosome missegregation. High rates

of chromosome missegregation have
previously been shown to result in rapid
cell death in tumor cells, independent of
p53 status (26–28). However, a proposed
alternate hypothesis is that paclitaxel
kills cells in interphase, without passing
through mitosis, because of altered mi-
crotubule transport (29). Microtubules
have known functions in maintaining
proper Golgi structure and a functional
secretory pathway. We therefore tested
whether this could explain our findings.
Depolymerization of microtubules with
vinblastine resulted in dispersion of the
Golgi [(30); fig. S3, A and B]. However,
Golgi structure appeared unaffected
by clinically relevant concentrations of
paclitaxel, and higher concentrations had
only a subtle effect compared with vinblas-
tine (fig. S3, C and D).

To directly test whether paclitaxel-
mediated cell death occurred in interphase,
we observed the cells using time-lapse
microscopy to determine in which stage
of the cell cycle death occurred. In clini-
cally relevant concentrations of paclitaxel,
most cell death was seen during or after
mitosis in bothMDA-MB-231 andCal51
cells (fig. S4, A and B). In higher con-
centrations of the drug, cell death was
also predominantly seen during or after
mitosis, although there was a minor in-
crease in cell death in interphase cells

D
ea

d 
ce

lls
 (%

)

0

20

40

60

80

0 5 10 20 50
[Paclitaxel], nM

Cal51 24 h
72 h
120 h

MDA-MB-231

D
ea

d 
ce

lls
 (%

)

0

20

40

60

80

0 5 10 20 50
[Paclitaxel], nM

24 h
72 h
120 h

MDA-MB-231

0 5 10 20 50 100

Li
ve

 c
el

ls
 x

 1
06

1.2

1.6

0.8

2.0

0

24 h
72 h
120 h

[Paclitaxel], nM
6

Li
ve

 c
el

ls
 x

 1
0

Cal51 

0 5 10 20 50 100

8

6

4

2

0

24 h
72 h
120 h

B

C

A

0

20

40

60

80

100

0

20

40

60

80

100

5 10 20 50 100
[Paclitaxel], nM

0
 

5 10 20 50 100
[Paclitaxel], nM

C
ol

on
y 

fo
rm

at
io

n
 (n

or
m

al
iz

ed
 to

 D
M

S
O

)

C
ol

on
y 

fo
rm

at
io

n
 (n

or
m

al
iz

ed
 to

 D
M

S
O

)

* * * * *
0
 

*

*

* * *

** ** *** *** ***
*

*

**

*

*
*

*** ***

**
*

*
*
* *

*

*

*
*

*

*

*

* * * *** *** *
*
*

0.4

[Paclitaxel], nM

100 100
*

Fig. 3. Clinically relevant concentrations of paclitaxel cause cell death. (A) Low nanomolar concentra-
tions of paclitaxel cause a decrease in live cell number over 120 hours inMDA-MB-231 (left) and Cal51 (right)
cells. (B) Trypan blue assay showing an increase in the proportion of dead cells in both MDA-MB-231
(left) and Cal51 (right) cell lines by 120 hours of paclitaxel treatment. (C) Low nanomolar paclitaxel in-
hibits the ability of cells to form colonies after 14 days of paclitaxel treatment. No colony formation was
observed at concentrations greater than 100 nM paclitaxel in either cell line. (A to C) n ≥ 3 independent
experiments. *P < 0.05 compared to dimethyl sulfoxide (DMSO) control by Wilcoxon (A and C) or Mantel-
Haenszel (B) statistical analysis. Exact P values are listed in table S2.
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Figure A1.3 Clinically relevant concentrations of paclitaxel cause cell death. (A) Low 

nanomolar concentrations of paclitaxel cause a decrease in live cell number over 120 hours in 

MDA-MB-231 (left) and Cal51 (right) cells. (B) Trypan blue assay showing an increase in the 

proportion of dead cells in both MDA-MB-231 (left) and Cal51 (right) cell lines by 120 hours of 

paclitaxel treatment. (C) Low nanomolar paclitaxel inhibits the ability of cells to form colonies 

after 14 days of paclitaxel treatment. No colony formation was observed at concentrations 

greater than 100 nM paclitaxel in either cell line. (A to C) n ≥ 3 independent experiments. *P < 

0.05 compared to dimethyl sulfoxide (DMSO) control by Wilcoxon (A and C) or Mantel-

Haenszel (B) statistical analysis. Exact P values are listed in table S2. 
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that had not passed through mitosis in the presence of paclitaxel
(fig. S4, A and B).

To test whether paclitaxel could induce cell death in interphase
cells before division, we arrested cells in S phase for 72 hours using

thymidine in the presence or absence of paclitaxel (fig. S4C). The
addition of any concentration of paclitaxel did not cause substantial
decreases in the live cell population ofMDA-MB-231 cells (fig. S4D).
Only micromolar concentrations of paclitaxel caused substantial

cell death from interphase in Cal51 cells
(fig. S4E).

Levels of proliferation in patient tu-
mors, as scored by Ki67 reactivity, were
substantial enough to be congruent with
an antimitotic effect of paclitaxel, and
were unchanged by 20 hours of paclitaxel
therapy (fig. S5), suggesting that paclitaxel
did not cause widespread quiescence in
interphase cells. This evidence suggests
that, at clinically relevant concentrations,
death from interphase occurs only when a
precedingmitosis is perturbed by paclitaxel.

Paclitaxel induces multipolar
spindles in patient tumors
To verify that effects observed onmitosis in
cell culture also occurred in patient tumors,
we analyzed tumor sections using immu-
nofluorescence to determine spindle pole
number (Fig. 5A). Spindle poles were
labeled with nuclear matrix apparatus pro-
tein (NuMA), and centrosomes were iden-
tified with g-tubulin. Most mitotic cells in
patient tumors exhibited more than two
NuMA-labeled spindle poles (Fig. 5, A
andB). This occurred even in cellswith only
two g-tubulin–labeled centrosomes (Fig.
5A), and additional spindle poles did not
colocalize with g-tubulin, demonstrating
that centrosome amplification and/or split-
ting are not necessary for paclitaxel to
induce multipolar spindles in patients.
Misaligned chromosomes were also ob-
served in cells containing bipolar spindles
(Fig. 5A, asterisks in bottom row), sug-
gesting that initially multipolar spindles
had later clustered their spindle poles to
become bipolar, as has been reported pre-
viously in cell culture (31).

A portion of patient samples exhib-
ited multipolar spindles before paclitaxel
treatment, as has been previously re-
ported in cancers and malignant cell lines
(32, 33). However, paclitaxel resulted in
an increase in the incidence of multipolar
spindles in all patient samples observed
(Fig. 5B), consistent with our findings
in cell culture (Figs. 1, B and C, and 4,
D and E, and fig. S2, A and B). The high-
est percentages of multipolar spindles were
reached in patients 1 and 3, who also had
the largest level of tumor regression (Figs.
2E and 5B).
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Fig. 4. Low concentrations of paclitaxel increase aneuploidy and chromosome missegregation. (A)
Chromosomespread fromaCal51 cell containing 46 chromosomes. (B andC) Cal51 cells treated for 48hours
with 5, 10, or 50 nM paclitaxel show an increase in aneuploidy (B) that is predominantly near diploid with
little effect on triploidy or tetraploidy (C). n= 50 cells from each of three independent experiments. (D and E)
Low-dose paclitaxel increases abnormal mitotic events. (D) Cal51 cells expressing H2B-RFP (red) and GFP-
tubulin (green)were filmed at 60×with 2-min intervals duringmitosis in DMSO (top row) or 10 nMpaclitaxel
(middle and bottom rows). Shown are still frames fromvideos S1 to S3. Time is shown in hours:minutes. Cells
are able to divide in the presence of drug onmultipolar spindles. (E) Quantitation of mitotic defects in Cal51
cells. The increase in defects ismainly due tomultipolar spindles and>2-wayDNAdivisions. n=20 to 36 cells
per condition. *P < 0.05 compared to DMSO control byWilcoxon statistical analysis. Exact P values are listed
in table S2.
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Figure A1.4 Low concentrations of paclitaxel increase aneuploidy and chromosome 

missegregation. (A) Chromosome spread from a Cal51 cell containing 46 chromosomes. (B and 

C) Cal51 cells treated for 48 hours with 5, 10, or 50 nM paclitaxel show an increase in 

aneuploidy (B) that is predominantly near diploid with little effect on triploidy or tetraploidy (C). 

n = 50 cells from each of three independent experiments. (D and E) Low-dose paclitaxel 

increases abnormal mitotic events. (D) Cal51 cells expressing H2B-RFP (red) and GFP- tubulin 

(green) were filmed at 60× with 2-min intervals during mitosis in DMSO (top row) or 10 nM 

paclitaxel (middle and bottom rows). Shown are still frames from videos S1 to S3. Time is 

shown in hours:minutes. Cells are able to divide in the presence of drug on multipolar spindles. 

(E) Quantitation of mitotic defects in Cal51 cells. The increase in defects is mainly due to 

multipolar spindles and >2-way DNA divisions. n = 20 to 36 cells per condition. *P < 0.05 

compared to DMSO control by Wilcoxon statistical analysis. Exact P values are listed in Table 

A1.S2. 
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now be applied tomammary tumors containing clinically relevant con-
centrations of paclitaxel.

This study is limited by the small number of patients and the acqui-
sition of biopsies at a single time point after paclitaxel administration.
Future studies of paclitaxel concentrations in breast cancer will ideally
include a time course of biopsies to determine the kinetics of drug re-
tention in breast tumor tissue. Larger sample sizes will permit a more
robust test of the prevalence of multipolar spindles/divisions and
whether this correlates with patient response to paclitaxel.

Understanding the mechanism of taxane therapy is crucial to make
rational improvements in cancer treatments targetingmitosis. Many ef-
forts have focused on new drugs that elicit mitotic arrest and slippage
(54).Our data suggest, instead, that new antimitoticsmight optimally be

designed to dysregulate mitosis without eliciting prolonged arrest.
Moreover, our study indicates that taxane resistance is primarily related
to an enhanced ability to withstand irregular chromosome segregations.
Thus, identifying tumors that are more or less susceptible to missegre-
gation is the key to selection of patients who will and will not benefit
from paclitaxel.

MATERIALS AND METHODS

Study design
This was a six-subject nonrandomized study of paclitaxel effect on hu-
man breast cancer and on breast cancer cell lines MDA-MB-231 and

Cal51. The patient sample size was se-
lected to provide a sufficient number of
replicates for sampling intratumoral drug
concentrations. All subjects had newly di-
agnosed breast cancer for which neoadju-
vant chemotherapy was recommended
per standard of care. Subjects received initial
chemotherapywith paclitaxel (175mg/m2)
dosed every 2 weeks with filgrastim sup-
port. Biopsy was obtained 18 to 22 hours
after start of the first infusion. After four
cycles of paclitaxel, follow-up imaging or
examwas performed to assess response to
therapy, and patients continuedwith stan-
dard anthracycline-based chemotherapy
before surgery. One patient was excluded
from tissue analysis because of insufficient
sample collected by biopsy. The objectives
were to measure intratumoral paclitaxel
concentrations and effects on mitosis and
cell proliferation and compare with re-
sponse to treatment.

Patients
Patients who volunteered were enrolled in
a clinical trial specifying the treatment,
biopsy, and analysis plan. The protocol
was approved by the University of Wis-
consin Health Sciences Institutional Re-
view Board, ID 2010-0357, assigned
UWCCC (University of Wisconsin Com-
prehensive Cancer Center) protocol num-
ber OS10103, conducted in accordance
with the ethical standards established in
the 1964 Declaration of Helsinki and regis-
tered on ClinicalTrials.gov (NCT01263613).
All subjects provided written informed
consent before enrollment. Patients were
enrolled if they had previously untreated
locally advanced breast cancer for which
neoadjuvant chemotherapywas indicated.
All subjects received four cycles of standard-
dose paclitaxel (175 mg/m2) infused over
3 hourswithbiopsyandtreatmentasoutlined
in Fig. 2A. Biopsies and serum collection
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Fig. 5. Paclitaxel causes multipolar spindles in patient tumors. (A) Immunofluorescence of patient tu-
mors reveals additional spindle poles, indicated by NuMA staining. Not all poles contain g-tubulin. Asterisks
in bottom rowdenotemisaligned chromosomes, which occur evenonbipolar spindles. Scale bar, 2.5 mm. (B)
The incidence of multipolar spindles, defined as containing more than two NuMA foci, increased in every
patient after paclitaxel treatment. Samples sizes for patients 1, 3, 4, 5, and 6, respectively, are 9, 9, 25, 53, and
19 mitotic cells before treatment and 11, 31, 29, 35, and 26 mitotic cells after paclitaxel treatment.
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Figure A1.5 Paclitaxel causes multipolar spindles in patient tumors. (A) Immunofluorescence of 

patient tumors reveals additional spindle poles, indicated by NuMA staining. Not all poles 

contain g-tubulin. Asterisks in bottom row denote misaligned chromosomes, which occur even 

on bipolar spindles. Scale bar, 2.5 µm. (B) The incidence of multipolar spindles, defined as 

containing more than two NuMA foci, increased in every patient after paclitaxel treatment. 

Samples sizes for patients 1, 3, 4, 5, and 6, respectively, are 9, 9, 25, 53, and 19 mitotic cells 

before treatment and 11, 31, 29, 35, and 26 mitotic cells after paclitaxel treatment. 
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Supplementary Figures 
 

 
Figure S1. Mitotic index is >15-fold elevated between 16 and 32 hours after 
paclitaxel administration in breast cancer cells in culture. In response to increasing 
time in 10 µM paclitaxel, mitotic index in both MDA-MB-231 (blue) and Cal51 (red) 
cells peaks and then declines. n ≥ 1500 cells from 3 separate experiments. 
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Figure A1.S1 Mitotic index is >15-fold elevated between 16 and 32 hours after paclitaxel 

administration in breast cancer cells in culture. In response to increasing time in 10 µM 

paclitaxel, mitotic index in both MDA-MB-231 (blue) and Cal51 (red) cells peaks and then 

declines. n ≥ 1500 cells from 3 separate experiments. 
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Figure S2.   Clinically relevant concentrations of paclitaxel cause abnormal mitoses 
in MDA-MB-231 cells.  (A) MDA-MB-231 cells expressing H2B-RFP (red) and GFP-
tubulin (green) were filmed at 60× with 2-minute intervals during mitosis in DMSO (top 
row), 5 nM (center row), and 10 nM (bottom row) paclitaxel.  Shown are still frames 
from Videos 4-6.  Time is shown in hours:minutes.  Cells are able to divide in drug 
although mitotic spindles accumulate additional spindle poles before anaphase onset.  (B) 
Quantitation of mitotic defects in MDA-MB-231 cells. The increase in defects is mainly 
due to multipolar spindles and >2–way DNA divisions. n ≥ 20 cells per condition. 
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Figure A1.S2 Clinically relevant concentrations of paclitaxel cause abnormal mitoses in MDA-

MB-231 cells. (A) MDA-MB-231 cells expressing H2B-RFP (red) and GFP- tubulin (green) 

were filmed at 60× with 2-minute intervals during mitosis in DMSO (top row), 5 nM (center 

row), and 10 nM (bottom row) paclitaxel. Shown are still frames from Videos 4-6. Time is 

shown in hours:minutes. Cells are able to divide in drug although mitotic spindles accumulate 

additional spindle poles before anaphase onset. (B) Quantitation of mitotic defects in MDA-MB-

231 cells. The increase in defects is mainly due to multipolar spindles and >2–way DNA 

divisions. n ≥ 20 cells per condition. 
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Figure S3. Clinically relevant doses of paclitaxel do not disrupt Golgi structure.  
Representative images of MDA-MB-231 cells stained with antibody against Golgin-97 
(green) and DAPI (blue). (A) Normal Golgi distribution in cells treated with vehicle 
alone (DMSO). (B) Vinblastine treatment disperses the Golgi due to microtubule 
depolymerization. (C) Golgi distribution is unaffected by treatment with a clinically 
relevant dose of paclitaxel (5 nM).  (D) 5 µM paclitaxel has subtle effects on Golgi 
distribution as compared to vinblastine.   
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Figure A1.S3 Clinically relevant doses of paclitaxel do not disrupt Golgi structure.  

Representative images of MDA-MB-231 cells stained with antibody against Golgin-97 (green) 

and DAPI (blue). (A) Normal Golgi distribution in cells treated with vehicle alone (DMSO). (B) 

Vinblastine treatment disperses the Golgi due to microtubule depolymerization. (C) Golgi 

distribution is unaffected by treatment with a clinically relevant dose of paclitaxel (5 nM). (D) 5 

µM paclitaxel has subtle effects on Golgi distribution as compared to vinblastine. 
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Figure S4. Clinically relevant doses of paclitaxel do not cause substantial cell death 
in interphase.  (A and B) Cells were observed by phase-contrast timelapse microscopy 
for 65 hours to ascertain the frequency of cell death and the cell cycle stage at the time of 
death.  In both MDA-MB-231 (A) and Cal51 (B) cells, death in paclitaxel occurs 
primarily during or after exit from mitosis, not in cells that remained in interphase during 
the duration of paclitaxel treatment. (C) Schematic of experiment to test whether 
paclitaxel can kill interphase cells without passage through mitosis.  (D-E) Clinically 
relevant paclitaxel concentrations do not cause substantial cell death in MDA-MB-231 
(D) or Cal51 (E) cells arrested in S phase.  High doses of paclitaxel cause cell death in 
interphase Cal51, but not MDA-MB-231, cells. 
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Figure A1.S4 Clinically relevant doses of paclitaxel do not cause substantial cell death in 

interphase. (A and B) Cells were observed by phase-contrast timelapse microscopy for 65 hours 

to ascertain the frequency of cell death and the cell cycle stage at the time of death. In both 

MDA-MB-231 (A) and Cal51 (B) cells, death in paclitaxel occurs primarily during or after exit 

from mitosis, not in cells that remained in interphase during the duration of paclitaxel treatment. 

(C) Schematic of experiment to test whether paclitaxel can kill interphase cells without passage 

through mitosis. (D-E) Clinically relevant paclitaxel concentrations do not cause substantial cell 

death in MDA-MB-231 (D) or Cal51 (E) cells arrested in S phase. High doses of paclitaxel cause 

cell death in interphase Cal51, but not MDA-MB-231, cells. 
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Figure A1.S5 

 

 

 

 

 

 
 
Figure S5. The proliferative index in patient tumors is unchanged by paclitaxel 
treatment.  (A) Immunofluorescence images of a 5 µm section from a diagnostic biopsy 
of a patient tumor.  Ki67 staining, green, is used as a marker to distinguish G1, S and G2 
cells from quiescent cells.  Cytokeratin, red, is used to identify epithelial cells.  Nuclei are 
stained with DAPI, blue.  (B) Percentage of epithelial cells positive for Ki67 before or 
after 20 hours of paclitaxel treatment. Most tumors, including those that responded to 
paclitaxel, showed a proportion of Ki67 positive cells substantial enough for paclitaxel to 
exert its cytotoxic effects on mitotic, rather than interphase, cells.  n > 500 cells per 
condition. 



!

!

449!

 

 

 

 

 

 

 

Figure A1.S5 The proliferative index in patient tumors is unchanged by paclitaxel treatment.  

(A) Immunofluorescence images of a 5 µm section from a diagnostic biopsy of a patient tumor. 

Ki67 staining, green, is used as a marker to distinguish G1, S and G2 cells from quiescent cells. 

Cytokeratin, red, is used to identify epithelial cells. Nuclei are stained with DAPI, blue. (B) 

Percentage of epithelial cells positive for Ki67 before or after 20 hours of paclitaxel treatment. 

Most tumors, including those that responded to paclitaxel, showed a proportion of Ki67 positive 

cells substantial enough for paclitaxel to exert its cytotoxic effects on mitotic, rather than 

interphase, cells. n > 500 cells per condition. 
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Supplementary Videos 

www.sciencetranslationalmedicine.org/cgi/content/full/6/229/229ra43/DC1  

Video S1. Normal bipolar division in a control Cal51 breast cancer cell. In the 
chromosomally stable, triple negative Cal51 breast cancer cell treated with vehicle alone 
(DMSO), a bipolar division results in the formation of 2 daughter cells. 

Video S2. Abnormal division in a Cal51 cell treated with 10 nM paclitaxel. A pseudo-bipolar 
spindle segregates DNA to four distinct poles. Two daughter cells are produced. 

Video S3. Abnormal division in a Cal51 cell treated with 10 nM paclitaxel. After a brief 
delay on a highly multipolar spindle, DNA is segregated in multiple directions. Cytokinesis fails 
altogether and a single cell is ultimately generated. 

Video S4. Normal division in an MDA-MB-231 cell. A triple negative, chromosomally 
unstable MDA-MB-231 breast cancer cell proceeding through mitosis after treatment with 
vehicle alone (DMSO). The cells enter anaphase with a bipolar mitotic spindle producing a 2-
way DNA division and 2 daughter cells. 

Video S5. Abnormal division in an MDA-MB-231 cell treated with 5 nM paclitaxel. 

After the cell initially forms a bipolar spindle, additional spindle poles arise. At anaphase onset, 
the DNA divides in four directions and the resulting DNA masses coalesce to form two daughter 
cells. 

Video S6. Abnormal division in an MDA-MB-231 cell treated with 10 nM paclitaxel. The 
initially bipolar spindle becomes multipolar over time. A 4-way DNA division during anaphase 
ultimately produces three daughter cells. 
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Appendix 2 
 

Creating Site-Specific Isopeptide Linkages Between Proteins with 
the Traceless Staudinger Ligation* 

 

*This chapter has been published in part, under the same title. Reference: Kristen A. Andersen 

and Ronald T. Raines. Creating site-specific isopeptide linkages between proteins with the 

traceless Staudinger ligation. Method Mol. Biol. 1248, 55–65 (2015). 

 

Contributions 

I developed the protocol and wrote the manuscript. 
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Abstract 

Site-specific isopeptide linkages between the ε-amino group of a lysine residue in one protein 

and a carboxyl group in another are central to ubiquitin-mediated protein degradation and other 

cellular processes. These linkages are inaccessible with common recombinant DNA techniques. 

Here, we describe a method to link two proteins by an authentic isopeptide bond. The method 

unites three techniques at the forefront of molecular biology. An azidonorleucine residue is 

installed at a desired site in a substrate protein by non-natural amino acid incorporation, and a 

phosphinothioester is installed at the C terminus of a pendant protein by expressed protein 

ligation. Then, the traceless Staudinger ligation is used to link the substrate and pendant proteins 

via an isopeptide bond. This method facilitates the study of otherwise intractable protein 

structure–function relationships. 

 

 

Key words Azidonorleucine, Expressed protein ligation, Isopeptide bond, Nonnatural amino 

acid incorporation, Traceless Staudinger ligation, Ubiquitin 
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A2.1 Introduction 
 

An isopeptide bond is an amide bond between an amino group of one amino acid and a 

carboxyl group of another amino acid in which at least one of these groups is not attached to the 

α-carbon. The most common isopeptide bonds are formed between the ε-amino group of a lysine 

residue in one protein and a carboxyl group in a second protein. These isopeptide bonds play 

many biological roles, which are generally classified as either signaling or structural in nature. 

These bonds are typically generated in cellulo by multiple enzyme-catalyzed reactions and are 

thus difficult to recapitulate in vitro.  

Isopeptide bond-linked ubiquitin and ubiquitin-like proteins (ULPs) such as SUMO or 

Atg8 participate in a multitude of signaling pathways. These proteins become linked to substrate 

proteins through an isopeptide bond generated by the concerted actions of three groups of 

enzymes, known generally as E1, E2, and E3 ligases.106,116 Moreover, these single appendages 

are often decorated further by ubiquitin or ULPs through isopeptide bonds to form chains. The 

proteins thus modified participate in a multitude of intracellular signaling pathways, depending 

upon the architecture of the modification.115 Due to the complexity of these libraries, much of the 

encoded signals are not yet known. The preparation of chains of precise length and connectivity 

and attachment of these signals to target proteins could expedite the understanding of these 

various signals. 

In contrast, the isopeptide bonds formed by transglutaminases typically serve structural 

roles. Enzymes of the transglutaminase family catalyze the formation of isopeptide bonds 

between the ε-amino group of lysine and the γ-carboxyl group of glutamic acid in a wide variety 

of proteins.443 The ensuing cross-linked proteins play important roles in the extracellular matrix, 

stabilization of tissue, and processes like wound healing and blood clotting.444-447 The ability to 
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control the extent and specificity of cross-linking could provide a more comprehensive 

understanding of the purpose of these species. 

The creation of an isopeptide bond between two proteins in a site-specific manner has 

proven to be a major challenge to the field of chemical biology. Several synthetic strategies have 

been executed in recent years.138,448-453 These strategies have limitations, due to highly 

specialized techniques, nonnative linkage products, harsh conditions, or low yields, predicating 

the need for additional methodological development.137 

Since its discovery in 2000, the traceless Staudinger ligation has evolved into an 

important tool for the chemoselective production of peptide bonds.98,99,296,454-456 The traceless 

Staudinger ligation uses a phosphine to reduce an azide via an iminophosphorane intermediate, 

which undergoes S → N acyl rearrangement.100 Subsequent hydrolysis yields an amide linkage 

without any residual atoms or racemization.104 This approach has proven useful in peptide 

chemistry, even allowing for the convergent synthesis of a whole protein.103,457 Here, we describe 

the use of the traceless Staudinger ligation to link two proteins through an authentic isopeptide 

bond. The chemical reactions occur under mild conditions in aqueous buffers, making them 

applicable to a wide variety of proteins. 

The nitrogen of the nascent isopeptide bond derives from an azido group in the 

“substrate” protein (Figure A2.1). The azido group can be introduced in the form of l-

azidonorleucine by using a method for nonnatural amino acid incorporation developed by Tirrell 

and coworkers.299 This method requires the use of a modified methionyl-tRNA synthetase that 

incorporates azidonorleucine into AUG codons in methionine auxotrophic Escherichia coli cells 

grown in the absence of methionine. 

The carbon of the nascent isopeptide bond derives from a phosphinothioester in the 
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“pendant” protein. A C-terminal phosphinothioester can be installed with expressed protein 

ligation, a method developed by Muir, Cole, and coworkers.458 In particular, the pendant protein 

is expressed as a C-terminal fusion protein with the Mxe GyrA intein and transthioesterification 

with a watersoluble phosphinothiol that generates the requisite C-terminal phosphinothioester. 

Incubation of the substrate and pendant proteins engenders the traceless Staudinger 

ligation, generating an authentic isopeptide bond (Figure A2.1). The application of this method 

to whole proteins allows access to heretofore unattainable protein conjugates, including those in 

the ubiquitin signaling pathways and products of transglutaminases. Hence, this method provides 

a useful tool for chemical biologists to explore the biological functions of proteins. 

A2.2 Materials 

1. LB (Luria–Bertani medium): 10 g tryptone, 5 g yeast extract, and 10 g NaCl in 1.00 L 

ddH2O (autoclaved). 

2. TB (Terrific Broth): 12 g tryptone, 24 g yeast extract, 4 mL glycerol, 2.31 g KH2PO4, and 

12.54 g K2HPO4 in 1.00 L ddH2O (autoclaved). 

3. LB agar plates: 10 g tryptone, 5 g yeast extract, 10 g NaCl, and 15 g agar in 1.00 L 

ddH2O (autoclaved). 

4. IPTG (isopropyl β-d-1-thiogalactopyranoside): Prepared as a 1 M stock solution in water. 

Final concentration for induction is 1 mM. Filter-sterilize, and store at −20 °C until use. 

5. Chitin resin (New England Biolabs, Ipswich, MA, USA). 

6. Intein lysis buffer (30 mM HEPES–NaOH buffer, pH 8.0, containing 0.30 M NaCl and 

1.0 mM EDTA). 

7. Intein wash buffer (30 mM HEPES–NaOH buffer, pH 8.0, containing 0.50 M NaCl and 

1.0 mM EDTA). 
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8. Intein elution buffer (30 mM potassium phosphate buffer, pH 6.0, containing 0.20 M 

NaCl, 1.0 mM EDTA, and 0.10 M MESNa). 

9. Phosphinothiol 1, synthesized as described previously.102 

10. Dialysis tubing appropriate to protein size. 

11. Spin concentrators appropriate to protein size. 

12. Superdex G75 26/60 gel-filtration column or similar column appropriate to protein size. 

13. 10x M9 salts (60 g Na2HPO4, 30 g KH2PO4, 5 g NaCl, and 10 g NH4Cl in 1.00 L ddH2O 

(autoclaved)). 

14. 0.10 M CaCl2 (autoclaved). 

15. 1.0 M MgSO4 (autoclaved). 

16. 40 % w/v glucose: 40 g glucose in water to a total volume of 100 mL; filter-sterilize with 

a 0.2-µm filter. 

17. 1,000x thiamine: 140 mg thiamine in 4.0 mL ddH2O; filter-sterilize with a 0.2-µm filter. 

Store at −20 °C, protected from light until ready to use. 

18. 19 AA solution: 1 g/L of each of the canonical amino acids, excluding methionine, in 

ddH2O. Adjust the pH gradually with 1 M NaOH until all amino acids dissolve. Filter-

sterilize with a 0.2-µm filter. Store at 4 °C until ready to use. 

19. Azidonorleucine, synthesized as described previously.459 

20. Ni2+ Buffer A (30 mM HEPES–NaOH buffer, pH 8.0, containing 0.50 M NaCl and 20 

mM imidazole). 

21. Ni2+ Buffer B (30 mM HEPES–NaOH buffer, pH 8.0, containing 0.50 M NaCl and 0.40 

M imidazole). 

22. 5 mL HisTrap HP column (GE Healthcare Biosciences, Pittsburgh, PA, USA). 
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23. ProTEV protease, which is a modified tobacco etch virus protease (Promega, Madison, 

WI, USA). 

24. 0.5 M HEPES–NaOH buffer, pH 8.0. 

A2.3 Methods 

The methods detailed below describe the production of an isopeptide bond between two 

proteins using the traceless Staudinger ligation. The key reagents are a substrate protein with a 

site-specifically incorporated azidonorleucine and a pendant protein with a C-terminal 

phosphinothioester (Figure A2.1). The preparation of these two proteins is described in 

Subheadings A2.3.1 and A2.3.2. They can be prepared concurrently and combined after 

purification to produce the final ligation product linked by an isopeptide bond. 

A2.3.1 Substrate Protein: Incorporation of Azidonorleucine 

This section describes the incorporation of azidonorleucine into a specific site in the 

substrate protein, as directed by an AUG codon. The use of azidonorleucine allows for the 

formation of an authentic isopeptide bond and is accomplished by the co-expression of the 

protein with a modified methionyl-tRNA synthetase in cells that are auxotrophic for methionine. 

The methionyl-tRNA synthetase requires three substitutions (G13N, Y260L, H301L) to 

accommodate the azidonorleucine into its active site. The enzyme still maintains a preference for 

methionine, so depleting any methionine before inducing expression in the presence of 

azidonorleucine is necessary to maximize the incorporation of azidonorleucine. 

The expression vector is a modified version of plasmid pQE60 (Qiagen, Venlo, the 

Netherlands). The gene is inserted into the open reading frame, with a His6 tag between the 

initial start codon and the remainder of the protein. Within the protein-encoding sequence, any 

native methionine codons have been replaced with codons for other amino acids to prevent 
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additional sites of azidonorleucine incorporation. The codon at the site of incorporation has been 

altered to AUG, to allow for the specific incorporation of azidonorleucine. The AUG start codon 

could be translated to azidonorleucine, which is undesirable in the final product. One of the two 

methods can be used to remove this additional site of incorporation. A leucine can be 

incorporated immediately following the first amino acid residue. Then, digestion with leucine 

aminopeptidase can remove the first two amino acid residues. Alternatively, a TEV protease 

cleavage site can be incorporated after a His6 tag, which can be used for protein purification 

(Figure A2.2). That method will be described here. 

A2.3.1.1 Protein Production 

1. Day 1: Transform modified pQE60 vector into the M15MA E. coli or similar methionine 

auxotrophic strain, which will allow for recombinant expression. Spread transformed 

cells on plates of LB agar containing 200 mg/L ampicillin and 35 mg/L kanamycin (see 

Note 1). 

2. Day 2: Prepare an overnight culture by adding 200 mg/L ampicillin and 35 mg/L 

kanamycin to 50 mL LB and inoculating with the transformed M15MA cells. Incubate 

overnight at 37 °C with shaking. 

3. Day 3: Inoculate 2 L of LB with the overnight culture to an OD of 0.05 at 600 nm. Grow 

cultures in 37 °C shaker at 160 rpm for 4–5 h until the OD reaches 1.2–1.4 at 600 nm. 

4. Prepare 4 L of 1x M9 media by combining (per liter of medium): 100 mL 10x M9 salts, 

890 mL ddH2O, 10 mL 40 % w/v glucose, 1.0 mL 0.10 M CaCl2, 1.0 mL MgSO4, and 1.0 

mL 1,000x thiamine stock. 

5. Collect cells by centrifugation at 5,000 x g for 7 min. Resuspend in 2 L of 1x M9 media 

with 19 AA solution, and continue to grow at 37 °C with shaking for an additional 20 
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min. 

6. Repeat the centrifugation step, and resuspend in M9 media with 1.0 mM azidonorleucine. 

Allow cells to continue to grow at 37 °C for 15 min, before adding 1.0 M IPTG to a final 

concentration of 1.0 mM. Allow cells to induce overnight at 25 °C with shaking. 

A2.3.1.2 Protein Purification 

1. Day 4: Harvest the cells by centrifugation at 7,000 x g for 20 min at 4 °C. Decant the 

medium. 

2. Resuspend the cell pellets in ice-cold Ni2+ Buffer A. 

3. Lyse cells using a French pressure cell or similar method. 

4. Collect debris by centrifugation at 15,000 x g for 45 min at 4 °C. Transfer the supernatant 

to a fresh tube. Filter the lysate through a glass fiber syringe filter. 

5. Load the filtered lysate onto a 5 mL HisTrap HP column, and then wash the column with 

5 column volumes of Ni2+ Buffer A. 

6. Perform a gradient elution with Ni2+ Buffers A and B (0 → 100 % Ni2+ Buffer B) over 20 

column volumes, collecting 4 mL fractions. Analyze the fractions with SDS–PAGE to 

determine which fractions contain the target protein (see Note 2). 

7. Dialyze (2x) the protein into 4 L of 50 mM HEPES–NaOH buffer, pH 7.5, at 4 °C. 

8. Cleave the initial peptide (Met–His6–TEV) from the target protein with ProTEV protease 

by combining 5 µL of 20x ProTEV Buffer, 1 µL of 10 mM DTT, 20 µg of fusion protein, 

1 µL of ProTEV protease, and water up to 100 µL. Incubate the reaction mixture at 30 °C 

for 1–8 h. Analyze cleavage efficiency by SDS–PAGE or mass spectrometry (see Note 

3). 

9. Dialyze (2x) the cleaved protein into 4 L of Ni2+ Buffer A at 4 °C. 
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10. Load the dialyzed protein onto a 5-mL HisTrap HP column, and collect the flow-through. 

The column will retain the cleaved peptide but not the protein. Analyze fractions by 

SDS–PAGE to identify those that contain the target protein. 

11. Dialyze the target protein into 50 mM HEPES–NaOH buffer, pH 8.0. Concentrate the 

protein to 100–200 µM. 

12. The extent of azidonorleucine incorporation can be estimated by mass spectrometry (see 

Note 4). 

A2.3.2 Pendant Protein: Creation of the C-Terminal Phosphinothioester 

This section describes the production and purification of a protein with a C-terminal 

phosphinothioester. This water-soluble phosphinothioester will react with the azido group of the 

substrate protein to produce an authentic isopeptide bond without any residual atoms. The 

pendant protein is produced as a C-terminal Mxe GyrA intein fusion protein with a chitin-

binding domain (CBD) in plasmid pTXB1. The protein is then purified by chromatography on a 

chitin resin, and a pH shift in the presence of the sodium salt of mercaptoethanesulfonate 

(MESNa) induces an S → N acyl transfer and entrapment of a C-terminal thioester (Figure 

A2.3). Transthioesterification with a water-soluble phosphinothiol produces the final C-terminal 

phosphinothioester protein. 

A2.3.2.1 Protein Production 

1. Day 1: Transform the modified pTXB1 vector into BL21(DE3) E. coli or similar strain 

that allows for recombinant expression. Spread transformed cells on plates of LB agar 

containing 200 mg/L ampicillin. 

2. Day 2: Prepare an overnight culture by adding 200 mg/L ampicillin to 50 mL LB and 

inoculating with the transformed cells. Incubate overnight at 37 °C with shaking. 
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3. Day 3: Inoculate 2 L of TB with the overnight culture to an OD600 of 0.05. Grow cultures 

in 37 °C shaker at 160 rpm for 4–5 h until the OD reaches 1.6–1.8 at 600 nm. 

4. Induce the culture by adding IPTG to 1 mM and grow for 4 h to overnight at 25 °C with 

shaking. 

A2.3.2.2 Protein Purification 

1. Day 4: Harvest the cells by centrifugation at 7,000 x g for 20 min at 4 °C. Decant 

medium. 

2. Resuspend the cell pellet in intein lysis buffer. 

3. Lyse cells using a French pressure cell or similar method. 

4. Remove debris by centrifugation of the cell lysate at 15,000 x g for 45 min at 4 °C. Filter 

the lysate supernatant through a glass fiber syringe filter. 

5. Equilibrate 20 mL chitin resin with 10 column volumes of intein lysis buffer in a plastic 

fritted column. 

6. Resuspend chitin resin in the filtered cell lysate supernatant. Incubate on a tube tumbler 

for 3–4 h at 4 °C to allow for maximal binding of protein to the resin. 

7. Transfer the resin–lysate slurry back to the fritted column. Collect a sample of the flow-

through for subsequent analysis by SDS–PAGE. 

8. Wash the resin with 2 column volumes of intein wash buffer. 

9. Resuspend the resin in intein elution buffer. Place on tube tumbler at 4 °C for 2–3 days. 

10. Transfer resin to the fritted column and collect the eluent. Wash resin with 1 column 

volume of intein elution buffer without thiol. 

11. Transfer eluent to dialysis tubing appropriate for the size of the protein, and dialyze into a 

buffer appropriate for subsequent purification of the protein by gel-filtration 
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chromatography (see Note 5). 

12. Concentrate the dialyzed protein sample to <10 % of the gel-filtration column volume for 

maximal resolution. 

13. Purify the cleaved protein thioester from the intein–chitin-binding domain and uncleaved 

fusion protein by gel-filtration chromatography using a Superdex G75 26/60 column or 

similar. Collect 5-mL fractions, and analyze with SDS–PAGE to determine which 

fractions contain target protein. 

14. Concentrate the protein to 100–200 µM and exchange the buffer to 50 mM HEPES–

NaOH buffer, pH 7.5, with a spin concentrator or analogous technique. 

A2.3.2.3 Transthioesterification 

1. Add 100x molar excess of the phosphinothiol, and sparge the solution with N2(g) for 10 

min. 

2. Stir the solution for 1–2 days at 4 °C to allow for transthioesterification. 

3. Confirm the success of transthioesterification by mass spectrometry. 

4. Dialyze (2x) the protein into 4 L degassed 50 mM HEPES–NaOH buffer, pH 8.0, at 4 °C 

to remove excess phosphinothiol (see Note 6). 

A2.3.3 Ligation 

A2.3.3.1 Ligation Reaction 

1. Prepare the ligation reaction mixture by adding the two protein components in equimolar 

amounts, in 100 mM HEPES–NaOH buffer, pH 8.0. Place the reaction mixture on a 

nutator overnight at 37 °C, for 12–24 h. The reaction is complete when no pendant 

protein phosphinothioester is detected by mass spectrometry. 

2. The theoretical yield for the ligation efficiency with equimolar substrate and pendant 



!

!

463!

proteins can be calculated with the equation:460 

 

where the second-order rate constant for the fastest known traceless Staudinger ligation at 

room temperature is k = 7.7 x 10−3 M−1 s−1 and [protein] refers to the concentration of 

substrate (or pendant) protein.100 

A2.3.3.2 Product Identification and Purification 

1. The ligation products can be identified by SDS–PAGE, mass spectrometry, or 

immunoblotting. 

2. The ligation products can be separated by cation-exchange, anion-exchange, or gel-

filtration chromatography, depending upon the attributes of the input proteins. 

A2.4 Notes 

1. M15MA cells contain the pREP4 vector, which encodes lacI and kanamycin resistance. 

This vector limits leaky expression prior to induction. 

2. At this stage the protein is quite pure, but can be purified further by cation- or anion-

exchange chromatography. 

3. The temperature and time of ProTEV cleavage can be modified based on the stability of 

the target protein. The cleavage efficiency will also depend upon how well exposed the 

cleavage site is which will vary from protein to protein. 

4. The incorporation of azidonorleucine can be verified by performing a click reaction with 

a fluorescent alkyne in the presence of Cu(I). To do so, collect 300 µL of cells grown to 

OD 1.8 at 600 nm by centrifugation at 10,000 x g for 5 min. Resuspend the cell pellet in 

100 µL of BugBuster Master Mix cocktail (Merck KGaA, Darmstadt, Germany), and 

 1. Prepare the ligation reaction mixture by adding the two  protein 
components in equimolar amounts, in 100 mM HEPES–
NaOH buffer, pH 8.0. Place the reaction mixture on a nutator 
overnight at 37 °C, for 12–24 h. The reaction is complete 
when no pendant protein phosphinothioester is detected by 
mass spectrometry.

 2. The theoretical yield for the ligation efficiency with equimolar 
substrate and pendant proteins can be calculated with the 
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where the second-order rate constant for the fastest  
known traceless Staudinger ligation at room temperature is 
k = 7.7 × 10−3 M−1 s−1 [23] and [protein] refers to the concen-
tration of substrate (or pendant) protein.

 1. The ligation products can be identified by SDS–PAGE, mass 
spectrometry, or immunoblotting.

 2. The ligation products can be separated by cation-exchange, 
anion-exchange, or gel-filtration chromatography, depending 
upon the attributes of the input proteins.

4 Notes

 1. M15MA cells contain the pREP4 vector, which encodes lacI 
and kanamycin resistance. This vector limits leaky expression 
prior to induction.

 2. At this stage the protein is quite pure, but can be purified 
 further by cation- or anion-exchange chromatography.

 3. The temperature and time of ProTEV cleavage can be  modified 
based on the stability of the target protein. The cleavage effi-
ciency will also depend upon how well exposed the cleavage 
site is which will vary from protein to protein.

 4. The incorporation of azidonorleucine can be verified by per-
forming a click reaction with a fluorescent alkyne in the pres-
ence of Cu(I). To do so, collect 300 μL of cells grown to OD 
1.8 at 600 nm by centrifugation at 10,000 × g for 5 min. 
Resuspend the cell pellet in 100 μL of BugBuster Master Mix 
cocktail (Merck KGaA, Darmstadt, Germany), and place on a 
nutator at room temperature for 20 min. Remove debris by 
centrifugation at 14,000 × g for 10 min, and transfer the superna-
tant to a fresh tube. Combine 10–20 μL of cell lysate super-
natant with 4 μL of 50 mM TCEP, 2 μL of 50 mM CuSO4, 
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place on a nutator at room temperature for 20 min. Remove debris by centrifugation at 

14,000 x g for 10 min, and transfer the supernatant to a fresh tube. Combine 10–20 µL of 

cell lysate supernatant with 4 µL of 50 mM TCEP, 2 µL of 50 mM CuSO4, and 0.5 nmol 

of Alexa Fluor. 488 alkyne (Life Technologies, Grand Island, NY, USA) in DMF in 50 

mM phosphate buffer, pH 8.0. Place on nutator in foil for 2–4 h. Analyze the completed 

reaction by SDS–PAGE using the fluorescent signal at 488 nm on a Typhoon scanner 

(GE Healthcare Biosciences) to assess the azidonorleucine incorporation efficiency. 

5. This buffer will depend upon the stability of the protein. 

6. The C-terminal phosphinothioester will hydrolyze slowly in solution, so it should be 

prepared as close to the time of use as possible. Typically, a batch will be sufficiently 

labeled for 1–2 weeks after preparation. 

 

A2.5 Acknowledgements 

We are grateful to Drs. L. J. Martin and I. C. Tanrikulu for contributive discussions. This work 

was supported by Grant R01 GM044783 (NIH). K.A.A. was supported by the Molecular and 

Cellular Pharmacology Training Grant T32 GM008688 (NIH) and a predoctoral fellowship from 

the PhRMA Foundation. 

  



!

!

465!

Figure A2.1 
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Figure A2.1 Traceless Staudinger ligation between a substrate and pendant protein  
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Figure A2.2  
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Figure A2.2 Key features of the pQE60 vector that encodes the substrate protein 
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Figure A2.3 
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Figure A2.3 Scheme for the installation of a phosphinothioester on the C terminus of a pendant 

protein. Phosphinothiol 1: R = C6H4-m-CH2N(CH3)2 102 
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Appendix 3 
 

Cytosolic Delivery of Proteins using Diazofluorene* 
 

 

*This chapter has been submitted in part as a patent in September 2014 under the title “Protein 

Esterification to Endow Cell Penetration” with Ronald T. Raines. 

 

Contributions 

I produced the GFP, performed the labeling, MALDI-TOF and cell culture-related experiments 

and prepared the method for the patent. The patent application was produced by Ronald T. 

Raines in conjuction with Lathrop & Gage LLP and the Wisconsin Alumni Research Foundation 

(WARF). 
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A3.1 Introduction 

The utility of many biologic drugs is limited by inefficient cellular delivery.461-463 

Previous efforts to overcome this limitation have focused largely on the use of cationic domains, 

including peptidic cationic species (e.g., HIV-TAT, penetratin, and nonaarginine and more 

generally cell penetrating peptides (CPP)) or non-peptidic cationic species (e.g., PAMAM 

dendrimers and polyethylenimine), to enhance the attraction between a chemotherapeutic agent 

and the anionic cell surface.464-467 Natural ligands (e.g., folic acid, substance P, and the RGD 

tripeptide) have also been used to facilitate cellular delivery by targeting agents to specific cell-

surface receptors.468-470 Such methods have been applied, for example, to delivery of peptides, 

proteins, nucleic acids and analogs thereof, reporters and labels, various pharmaceuticals and 

drugs and various small molecules as well as particles. Although some of these methods have 

had some success, there remains a need in the art for additional delivery strategies.  There is a 

particular need for methods and reagents that facilitate delivery of biologic drugs, particularly 

peptides and proteins, to the cytosol of cells.  Many delivery strategies that exist today operate 

via endocytosis. However, only a small percentage (<10%) of the extracellular biologics, such as 

peptides and proteins, that enter endosomes ever get to the cytosol. Therefore, there is little value 

in entering endosomes without entering the cytosol.  

There are no known methods for modifying a peptide or protein (which does not naturally 

enter a cell, such as CPP, which are also called protein transduction domains (PTDs)) to enable 

its efficient uptake into the cytosol of cells in a bioreversible manner. Being able to do so has 

many implications for biological research as well as the clinic. For example, dysfunctional 

proteins could be replaced with functional ones, and misbehaving proteins could be antagonized 

with specific antibodies. The targeting of antibodies to the cytoplasm is of particular interest.471 
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A3.2 Results & Discussion 

Here, we describe a method to endow delivery of a native protein to the cytosol of 

mammalian cells. To accomplish this, we employed the labeling technique described in Chapter 

3, using diazofluorene to modify another protein, GFP. The protein labeling protocol described 

for RNase A and RFP was applied to GFP, to achieve 1-3 labels per protein (Figure A3.1). 

Additionally, this labeling was bioreversible as expected when exposed to CHO K1 cell lysate 

(Figure A3.2). The ability of this diazofluoene-labeled GFP (DzGFP) to be taken up by 

mammalian cells was then compared against wildtype GFP. At 10 µM DzGFP is taken up much 

more efficiently than wildtype GFP (Figure A3.3). Most striking, the DzGFP appears to be 

diffusely distributed in the cytosol at 4 h. This is in contrast to cell penetrating GFP  (CpGFP), 

which is taken up at high levels through endocytosis due to its genetically installed arginine 

patch, however it remains mostly trapped in the endosomes at 4 h yielding bright punctate 

staining. The diffuse staining of the DzGFP at 4 h suggests that the GFP may be taken up via 

routes other than endocytosis. The small number of modifications that yield this change in 

uptake make it unlikely that a change in charge or hydrophobicity is a major contributor to this 

phenomenon. One possible alternative is that the fused ring structure of the fluorene mimics a 

hormone closely enough such that the labeled protein can enter via a hormone receptor 

mechanism and is deposited in the cytosol.  

 

A3.3 Materials and Methods 

A3.3.1 General Methods 

Reagent chemicals were obtained from commercial sources and used without further purification 

unless otherwise noted. Matrix-assisted laser desorption ionization–time-of-flight (MALDI–
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TOF) mass spectrometry for protein characterization was performed with a Voyager DE-Pro 

instrument at the Biophysics Instrumentation Facility at the University of Wisconsin–Madison.  

Cell culture. CHO K1 cells were obtained from ATCC (Manassas, VA). Cells were cultured in 

F12K supplemented with FBS (10% v/v) and penicillin/streptomycin (1% w/v) at 37 °C in the 

presence of 5% CO2(g). Confocal microscopy was carried out with an Eclipse TE2000-U laser 

scanning confocal microscope from Nikon (Tokyo, Japan), equipped with an AxioCam digital 

camera from Zeiss. 

 

A3.3.2 Experimental Procedures 

A3.3.2.1 General Reagent Preparation 

Diazofluorene was made as in Chapter 3.227 Green Fluorenscent Protein was made as in Chapter 

2. The CpGFP was made as described previously (Lomax thesis). 

A3.3.2.2 Labeling of GFP with Diazofluorene 

1.25 µmol of diazofluorene in acetonitrile was added to GFP (250 µM, 0.125 µmol) in 10 mM 

MES (pH 5.5). The final solution was 1:1 acetonitrile/buffer, with a 10-fold molar excess of 

diazofluorene over protein. This was incubated at room temperature for 24 h in the dark on a 

nutator. Any remaining diazo compound was then quenched by adding 100 µL of 100 mM acetic 

acid. The protein was subsequently dialyzed into 1X PBS pH 7.3 and filtered through a 0.45 µm 

filter. The extent of esterification was determined to be 1–3 esters per GFP by MALDI–TOF 

mass spectrometry. 

A3.3.2.3 Hydrolysis of Esterified GFP by a CHO K1 Cell Lysate 

CHO K1 cells were grown to confluence in a 10-cm2 dish before their collection and lysis with 

M-PER mammalian protein extraction reagent from Thermo Fisher Scientific. The presence of 
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esterase activity in the lysate was verified by a colorimetric assay using p-nitrophenyl acetate. A 

solution of esterified DzGFP (10 µg) was added to 200 µL of CHO K1 cell lysate, and the 

reaction mixture was nutated at ambient temperature overnight. GFP was subsequently purified 

with HisPur Ni–NTA magnetic beads from Thermo Fisher Scientific. The regeneration of native 

GFP was confirmed with MALDI–TOF mass spectrometry. 

A3.3.2.4 Uptake of DzGFP into CHO K1 Cells 

Microscopy. CHO K1 cells were seeded at a density of 50,000 cells/dish in 8 µwell microscopy 

imaging dishes from Ibidi. Cells were incubated with 10 µM GFP, 10 µM DzGFP, or 5 µM 

CpGFP for 4 h. Cells were then rinsed twice with DPBS and cell nuclei were stained with 

Hoechst 33342 (2 µg/mL) for 5 min at 37 °C. Cells were then washed twice with wash buffer, 

and examined live using a scanning confocal microscope. 

 



!

!

476!

Figure A3.1  
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Figure A3.1 MALDI-TOF of fluorenyl labeled GFP showing that labeling with diazofluorene 

for 24 h at room temperature yielded 1-3 fluorenyl groups per GFP.  
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Figure A3.2  
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Figure A3.2 MALDI-TOF of fluorenyl labeled GFP after exposure to CHO K1 cell lysate and 

purification, showing no residual labels present, indicating that labeling with diazofluorene is 

reversible upon exposure to cellular esterases. 
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Figure A3.3  
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Figure A3.3 Confocal microscopy images of CHO K1 cells treated with GFP (top), CpGFP 

(middle) or DzGFP (bottom) for 4 h at 37 °C. Scale bars represent 20 µm. Blue staining 

represents the nucleus. Punctate staining of CpGFP indicates a high concentration of CpGFP in 

the endosomes. Diffuse green staining of the DzGFP indicates the presence of GFP in the 

cytosol. 
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Appendix 4 

Development of Selective and Bioavailable Inhibitors 

of Human Collagen Prolyl 4-Hydroxylase* 
 

*This chapter has been prepared for publication under the same title. Reference: James D. Vasta, 

Kristen A. Andersen, Kathryn M. Deck, Christopher P. Nizzi,c Richard S.Eisenstein and Ronald 

T. Raines. Development of Selective and Bioavailable Inhibitors of Human Collagen Prolyl 4-

Hydroxylase. In preparation. 

 

Contributions 

I performed all of the cell culture-related experiments. All chemical synthesis and CP4H in vitro 

experiments were performed by James D. Vasta. The manuscript was written by James D. Vasta.  
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Abstract 

Collagen is the most abundant protein in animals. A variety of diseases are associated with the 

overproduction of collagen including fibrosis and cancer metastasis. The stability of collagen 

relies on post-translational modifications that occur throughout the secretory pathway. One of the 

most important modifications is the hydroxylation of collagen strands by collagen prolyl 4-

hydroxylases (CP4Hs). Catalysis by CP4Hs converts proline residues to hydroxyproline residues, 

which are essential for the stability of mature collagen strands. Importantly, CP4Hs are validated 

targets for the treatment of metastatic breast cancer, a significant unmet clinical need. 

Nonetheless, a therapy based upon this strategy has yet to be established. Two previously 

identified dicarboxylate inhibitors based upon the classic 2,2´- bipyridine (bipy) scaffold are 

arguably the most potent CP4H inhibitors known, but suffer from undesirable properties such as 

poor solubility and a high affinity for free iron. Herein, we redesign the bipy scaffold using a 

chemical approach, and identify multiple alternative biheteroaryl scaffolds such as 2-(thiazol-2-

yl)pyridine and 2-(1H-imidazol-2-yl)pyridine, that have improved chemical properties compared 

to that of bipy. We find that many of these scaffolds retain inhibitory potency and selectivity 

when used to replace the bipy core of known bipydicarboxylate inhibitors. Evaluations of diethyl 

ester prodrug analogues of these inhibitors in cell culture suggest that they are bioavailable and 

inhibit collagen synthesis at concentrations that do not disrupt iron homeostasis or cause general 

cytotoxicity. These results suggest the use of these inhibitors as potential leads for the 

development of antimetastatic therapeutics and as chemical probes that could replace the 

commonly used P4H inhibitor ethyl dihydroxybenzoate. 
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A4.1 Introduction 

Collagen is the principle component of bone, connective tissues, and the extracellular 

matrix in animals.472 The overproduction of collagen is associated with a variety of diseases, 

including fibrotic diseases473 and cancers.474-478 The stability of collagen relies on 

posttranslational modifications that occur throughout the secretory pathway.479 The most 

prevalent of these modifications is the hydroxylation of collagen strands by collagen prolyl 4-

hydroxylases (CP4Hs), which are Fe(II)- and α-ketoglutarate (AKG)-dependent dioxygenases 

(FAKGDs) located in the lumen of the endoplasmic reticulum.480 Catalysis by CP4Hs converts 

(2S)-proline (Pro) residues in protocollagen strands into (2S,4R)-4-hydroxyproline (Hyp) 

residues (Figure A4.1A), which are essential for the conformational stability of mature collagen 

triple helices.481 Importantly, CP4Hs are validated targets for treating both fibrotic diseases482 

and metastatic breast cancer,477 which represent a massive unmet clinical need. 

Like all enzymes of the FAKGD superfamily, catalysis by CP4Hs requires Fe(II), and the 

cosubstrates AKG and dioxygen.483 The Fe(II) is bound by a conserved His-XAsp/ 

Glu…Xn…His motif, and AKG chelates to enzyme-bound Fe(II) using its C-1 carboxylate and 

C-2 keto groups, while the C-5 carboxylate group engages in Coulombic interactions with a 

basic residue (typically arginine or lysine) and additional hydrogen bonds.483 FAKGDs are 

believed to effect catalysis through a similar two-stage mechanism in which AKG is first 

oxidatively decarboxlated to generate a highly reactive Fe(IV)=O species (ferryl ion), after 

which the ferryl ion interacts with a hydrocarbon substrate and effects hydroxylation via a radical 

rebound process.483  

In vertebrates, CP4Hs are known to exist as α2β2 tetramers. In these tetramers, the α- 

subunit contains the catalytic and substrate-binding domains, and the β-subunit is protein 
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disulfide isomerase, which is a multifunctional protein that is responsible for maintaining the α-

subunit in a soluble and active conformation.480 Three isoforms of the α-subunit, α(I), α(II), and 

α(III), have been identified in humans.480 All α-subunit isoforms form tetramers with the β- 

subunit, which we refer to herein as the CP4H1, CP4H2, and CP4H3 holoenzymes. As the most 

prevalent of the isoforms, CP4H1 has been extensively characterized. Whereas the structure of 

the tetrameric complex is unknown, those of the individual domains of the α(I)-subunit have 

provided insight into the manner in which CP4Hs interact with the protocollagen substrate, as 

well as the means by which the α(I)-subunits dimerize to facilitate formation of the tetramer.484-

487 

The development of CP4H inhibitors has been of interest since the mid 1970s. Like many 

FAKGDs, human CP4Hs are inhibited by simple metal chelators, such as 2,2ʹ′-bipyridine (bipy), 

as well as AKG mimics (Figure A4.1B), such as N-oxalyl glycine (NOG), pyridine-2,4-

dicarboxylic acid (24PDC), and pyridine-2,5-dicarboxylic acid (25PDC),488 which are thought to 

bind and inhibit competitively in the AKG binding site.489 While the simple AKG mimics 

initially looked like promising scaffolds for the development of cell-active CP4H inhibitors, no 

analogues based upon these simple scaffolds have yielded a promising therapeutic lead due to 

either insufficient selectivity, poor activity in cultured cells, or intolerable cytotoxicity.490,491 

The most potent inhibitors of human CP4Hs identified to date belong to the 

bipyridinedicarboxylic acid (bipyDC) family of compounds (Figure A4.1B), two of which were 

reported to inhibit human CP4Hs with nanomolar potency. 2,2ʹ′-Bipyridine-5,5ʹ′-dicarboxylic 

acid (bipy55ʹ′DC), was originally identified by Hales and Beattie,492 and in subsequent 

evaluations of the bipyDC family, we identified 2,2ʹ′-bipyridine-4,5ʹ′-dicarboxylic acid 

(bipy45ʹ′DC) as a similarly potent inhibitor of human CP4H1.493 Importantly, we found that both 
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of these bipyDCs inhibit human CP4H competitively with respect to AKG, while other factors 

such as inhibitor geometry and interactions with both carboxyl groups contribute to the 

selectivity of these compounds for human CP4H1 compared to other P4Hs such as PHD2.493 

With high potency and selectivity for human CP4H, the bipyDCs represent an intriguing 

class of compounds for the development of antifibrotic or antimetastatic therapeutics. However, 

these compounds possess a variety of undesirable chemical properties that have limited their 

development thus far. First, the bipyDCs as a class are not cell permeable, requiring the 

preparation of suitable cell permeable prodrugs. Second, similar to their parent bipy, the 

bipyDCs are capable of binding and forming complexes with free iron493 and likely other 

biologically relevant metals. 

 

A4.2 Results and Discussion 

To address the cell permeability problem, we performed in silico calculations, which 

suggested that the diethyl ester analogues of the bipyDCs would have acceptable LogP values 

(Table A4.1) for use in cell culture experiments. Next, we sought to determine the extent to 

which the iron binding properties of these compounds is biologically detrimental. Thus, we 

prepared a set of bipyDC diethyl esters (Figure A4.1C) and investigated the effect of these 

compounds on iron metabolism in human cells. Because human CP4Hs are validated therapeutic 

targets for breast cancer, we chose to use the MDA-MB-231 breast cancer cell line (231s) as a 

primary model system, with additional analyses in human embryonic kidney cells (HEKs). To 

probe iron metabolism, we performed immunoblots for ferritin, the transferrin receptor (TfR), 

and the transcription factor HIF-1α, all of which give distinct phenotypes depending on the iron 

status of the cell.494 More specifically, levels of ferritin and TfR are regulated by iron regulatory 
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proteins 1 and 2 (IRPs), which have iron-dependent RNA-binding activity that can modulate the 

expression of target genes at the level of translation.495 Secondly, the stability of HIF-1α is 

dependent on the prolyl 4-hydroxylase activity of PHD2, which is an activity that is inherently 

sensitive to the iron status of the cell. Thus, it is expected that iron deficient cells will show 

ferritin levels that are lower and TFR and HIF-1α levels that are higher than those of untreated 

cells. 

After treating both 231s (Figure A4.1D) and HEKs (Figure A4.13), we found that bipy 

and diethyl bipy44ʹ′DC (also a known CP4H inhibitor493) at 100 µM caused a distinct iron 

deficient phenotype similar to the deferroxamine (DFO) control. Given the similarity to diethyl 

bipy44ʹ′DC, we found it interesting that diethyl bipy45ʹ′DC and diethyl bipy55ʹ′DC did not cause 

iron deficiency at this moderate concentration. However, we noted previously that the iron-

affinity of bipy45ʹ′DC and bipy55ʹ′DC is marginally weaker than that of bipy44ʹ′DC and the 

parent bipy.493 Thus, we attempted to test these prodrugs at higher concentrations, but we 

observed marked precipitation/crystallization of these compounds above 100 µM (with 

associated cell death), preventing us from determining the concentration at which the iron 

binding properties of bipy45ʹ′DC and bipy55ʹ′DC become problematic. Given the inherent iron 

binding ability of bipy45ʹ′DC and bipy55ʹ′DC and the similarity of these compounds to bipy and 

bipy44ʹ′DC, we suspected that iron-binding properties of these compounds would be biologically 

detrimental if their aqueous solubility was not already a problem. 

With the above results in mind, we reasoned that many of these problems are likely due 

not to the carboxylic acid groups, but rather the bipy scaffold itself. We hypothesized that 

replacement of the bipy core with an alternative biheteroaryl scaffold might allow the 

construction of a dicarboxylate analogue with improved solubility and iron binding properties, 
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yet that still allows for potent and selective inhibition of human CP4H. To approach this 

problem, we hypothesized that replacement of one of pyridine rings of bipy with another 5- or 6- 

membered aromatic ring containing an alkaloid nitrogen might generate a more suitable scaffold. 

Specifically, we thought that replacement with a 5-membered ring heterocycle would create a 

scaffold with an asymmetric chelate, which could help to discourage the formation of complexes 

with free Fe(II). Moreover, due to the myriad 5- and 6-membered ring heterocycles available, the 

affect of altering the pKa of the second ring could be examined systematically. 

To begin our analysis, we prepared a library of biheteroaryl scaffolds (Figure A4.2A) and 

evaluated these compounds as iron chelators in vitro and in cultured cells. The library was 

assembled either by purchase (pyim and pypyr) or synthesis using palladium-catalyzed 

crosscoupling chemistry (pypyrid, pypyraz, pythi, and pyox). To evaluate the iron affinity of 

these compounds in vitro, we performed titration experiments to determine the half-maximal 

concentration required to form a complex with 20 µM Fe(II) (Fe20-EC50) at pH 7.0. The Fe20-

EC50 has been used recently to compare iron affinities for bipyDC analogues and in conjunction 

with an estimation of stoichiometry (Figure A4.5), provides a comparative metric for iron 

affinity.493 With the exception of pyox, all members of the library were observed to form distinct 

colored Fe(Ligand)3
2+ complexes under these conditions (Figure A4.5). However, the Fe20-EC50 

values of the library members varied substantially over two orders of magnitude, and all were 

higher than that of the parent bipy (Figure A4.2B). Moreover, the Fe20-EC50 value appeared 

dependent upon both the ring size and pKa of the alternative heterocycle, where scaffolds with 5-

membered rings were substantially weaker iron chelators than those with 6-membered rings, and 

pKa appeared positively correlated with iron affinity (Figure A4.2B). 

Next, we evaluated the library in cultured cells, looking to determine if treatment of 231s 



!

!

489!

with these compounds (100 µM) caused apparent iron deficiency. Unlike bipy and the control 

DFO, most of the alternative biheteroaryls did not cause an iron deficient phenotype (Figure 

A4.2C). Cells treated with pypyrid showed an intermediate phenotype characterized by 

significantly reduced ferritin levels, but without the accompanying increase in TfR and HIF-1α. 

These results, combined with the measurements of iron affinity in vitro (above), suggest that 

many of the library members have significantly reduced iron affinity compared to that of bipy 

and could serve as useful scaffolds for constructing human CP4H inhibitors with a reduced 

affinity for free iron. 

Encouraged by the above results, we next prepared a library of biheteroaryl 

dicarboxylates based upon these scaffolds (Figure A4.3A) and investigated these compounds as 

iron chelators and inhibitors of human CP4H. Despite the fact that most of the target compounds 

were unknown in the chemical literature, recent expansions in the scope of palladium-catalyzed 

crosscoupling chemistry have made most library members accessible. With the exception of 

pyimDC, which was synthesized via a more classical route to substituted imidazoles,496 and 

pypyrDC, which was synthesized by a 1,3-dipolar cycloaddition of a 2-ethynylpyridine with 

ethyl diazoacetate,497 all library members were synthesized by palladium-catalyzed direct 

arylation of an appropriate heterocycle (pypyridDC, pypyrazDC, pythiDC, pythiDC*, pyoxDC, 

and pyoxDC*) with a functionalized 2-bromopyridine,498-502 or palladium-catalyzed oxidative 

cross coupling (pypyrroleDC) between a functionalized pyridine N-oxide and an N-protected 

pyrrole partner.503 In most cases, direct arylation using methyl or ethyl protected carboxylate 

esters allowed synthesis of the target in 2–4 steps in acceptable yield. In the case of pyoxDC and 

pythiDC, cross coupling yields using the typical inner sphere base pivalic acid (PivOH) were 

prohibitively low (< 5%, data not shown). We found that the addition of 1-adamantanecarboxylic 
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acid (Ad-COOH) rather than PivOH greatly improved yields and encourage the continued 

investigation of Ad-COOH as a putative inner sphere base in palladium catalyzed 

direct arylation reactions. 

 With the library in hand, we next investigated these compounds as iron chelators in a 

similar manner to that performed for the parent scaffolds. To our surprise, we were not able to 

detect complex formation spectroscopically for any of the library members at ligand 

concentrations up to 1 mM, either suggesting that the iron affinity of these compounds is 

sufficiently low (as desired), or that the complexes of interest are not observable by UV-Vis 

spectroscopy. 

 We next investigated these compounds as inhibitors of human CP4H1. To separate the 

effects of possible iron sequestration from inhibition through enzymic binding, we employed 

previously described assay conditions under which potent chelators like bipy do not cause 

inhibition (10 µM compound and 50 µM FeSO4).493 In this initial screen (Figure A4.3B), we 

found that most members of the library showed low or no inhibition of human CP4H1, 

suggesting the importance of iron affinity for interaction with the CP4H iron center and/or the 

inability of hydrogen bonding atoms to participate in an enzymic interaction. Interestingly, both 

pypyridDC and pypyrDC showed low level apparent activation under these conditions, although 

the mechanism of such activation is unclear and will not be discussed further herein. Notably, we 

found that pyimDC, pythiDC, and pyoxDC still served as inhibitors of human CP4H1, with 

pyimDC and pythiDC demonstrating high potency in between that of the bipyDCs and the 

simple AKG mimic 25PDC. Importantly, the controls pythiDC* and pyoxDC* did not show 

inhibition, suggesting the necessity of a chelating geometry for inhibition. In subsequent dose 

response experiments, the inhibition curves for pyimDC, pythiDC, and pyoxDC were found to be 
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sigmoidal with IC50 values in the mid to low micromolar range (Figure A4.3C), with the potency 

correlating positively with pKa of the 5-membered ring (i.e. potency of pyimDC > pythiDC, 

pyoxDC. Lastly, a Lineweaver-Burke analysis of pythiDC as a model compound demonstrated 

competitive inhibition with respect to the AKG cosubstrate (Figure A4.10). Taken together, these 

results suggest that pyimDC, pythiDC, and pyoxDC serve as inhibitors of human CP4H1 in a 

manner that likely involves competition in the AKG binding pocket, with pyimDC and pythiDC 

the best candidates for further development. 

The above findings are consistent with the hypothesis that these biheteroaryl 

dicarboxylates serve as analogues of bipy45ʹ′DC and bipy55ʹ′DC, which are also thought to bind 

in the AKG binding pocket and take advantage of additional hydrogen bonding interactions with 

the second carboxyl group.492,493 If correct, these inhibitors should also show similar structure 

activity relationships for the inhibition of PHD2, another model P4H enzyme that has been 

extensively characterized crystallographically. It was previously demonstrated that bipy55ʹ′DC 

does not serve as an inhibitor of PHD2 even up to high micromolar concentrations, while 

bipy45ʹ′DC serves as a mild inhibitor of PHD2 that is no more potent than simple AKG mimics, 

likely because the second carboxyl group is not engaged in an enzymic interaction.22 After 

screening pyimDC, pythiDC, and pyoxDC as inhibitors of human PHD2 (Figure A4.11), we 

found that all three served as modest inhibitors that were no more potent than the simple AKG 

mimics NOG and 24PDC, with pythiDC showing markedly weaker potency. These data provide 

further support that these biheteroaryl dicarboxylates are analogues of the bipyDCs (likely closer 

in geometry to bipy45ʹ′DC) and serve as potent and selective inhibitors of human CP4H. 

Encouraged by the investigations above, we next sought to determine if pyimDC and 

pythiDC could be suitable lead compounds for use in biological applications. First, we noted that 
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cell culture models. However, this compound is not selective for CP4H over PHD2 in a cellular 

context,494,504 has been shown to cause iron deficiency at the mid to high micromolar 

concentrations (> 100 µM) required to inhibit the P4Hs,494 and is a member of the catechol 

family, one of many families of pan assay interference compounds (PAINs)505 that rarely prove 

clinically useful due to intolerable side effects. Due to the lack of any other bioavailable CP4H 

inhibitor that is more potent than EDHB (without off target effects or cytotoxicity), this prodrug 

serves as an important benchmark in our studies. We hypothesized that prodrug esters of 

pyimDC and pythiDC could provide a much-needed replacement for EDHB and serve as useful 

lead compounds for the selective inhibition of human CP4H in cells without causing iron 

deficiency. In silico calculations suggested that the diethyl ester analogues of these compounds 

should have acceptable LogP values for use in cell culture experiments (Table A4.1), so we 

prepared the diethyl esters for subsequent investigations. Because of the importance of CP4Hs in 

breast cancer, we continued our analyses using 231s. It has been previously shown that 231s 

secrete large amounts of collagen under typical cell culture conditions. Due to the importance of 

CP4H-dependent hydroxylation for collagen stability, the level of collagen secreted by 231s is 

dependent on the activity of this enzyme. Thus, 231s provide an ideal model system in which one 

can investigate both iron deficiency and CP4H activity under similar assay conditions. 

Toward this end, we treated 231s with our prodrug esters at concentrations in the 

micromolar range, and subsequently analyzed the cells for indicators of iron deficiency by 

western blot (Figures A4.4A and A4.4B). Cells treated with EDHB demonstrated a strong iron 

deficient phenotype as expected, while cells treated with diethyl pythiDC appeared 

phenotypically normal at concentrations as high as 500 µM. Interestingly, diethyl pyimDC 

showed an intermediate phenotype characterized by a significant decrease in ferritin levels, but 
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without an associated accumulation of HIF-1α or TfR. Further examinations of diethyl pyimDC 

suggested that this phenotype was dose-dependent and no longer observable below ~50 µM. 

However, we were curious as to whether the ferritin phenotype caused by diethyl pyimDC was 

indicative of an underlying mechanism that is independent of the IRPs (described above). To 

probe this hypothesis, we performed IRP EMSAs on lysates from 231s that had been treated with 

our biheteroaryl prodrugs (Figure A4.16). While the controls DFO, EDHB, and Bipy were all 

found to cause statistically significant increases in IRP RNA binding activity, none of the diethyl 

ester prodrugs, including diethyl pyimDC, caused a change in RNA binding. This result is 

consistent with the notion that the ferritin phenotype caused by high concentrations of pro 

pyimDC may arise via an IRP-independent mechanism. 

However, given the possible tautomerization of imidazoles, we were still curious as to 

whether pyimDC could form a complex with free iron that is not observable by UV-Vis 

spectroscopy. To address this question, we performed competition experiments with bipy in vitro 

and found that pyimDC was able to prevent the formation of the Fe(bipy)3
2+ complex in a 

manner that was dose dependent and required a free carboxylate on the imidazole ring (Figure 

A4.7). These data are consistent with pyimDC serving as an iron chelator, likely forming the 

Fe(pyimDC)2 type complex with the alternative tautomer of pyimDC  but potentially with an 

affinity that is not significant enough to set off the IRP pathway. In an attempt to fix this 

tautomerization problem, we prepared and tested an N-methylated analogue of pyimDC 

(NMepyimDC, Figure A4.3A). While this compound did serve as an inhibitor of human CP4H in 

vitro, unfortunately the inhibitory potency was greatly reduced relative to that of pyimDC 

(Figure A4.3B) and the compound was not considered further. The underlying mechanism of the 

ferritin phenotype caused by diethyl pyimDC is under investigation, but will not be discussed 
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further herein. 

Lastly, we examined the effect of treating 231s with our prodrug esters on collagen 

secretion by western blot (Figure A4.4C), using collagen I as a representative marker. We found 

that treatment with both diethyl pythiDC and diethyl pyimDC significantly reduced the levels of 

collagen I secreted into the media, and required substantially lower dosing than treatment with 

EDHB. Moreover, the efficacy of these prodrug esters was statistically equivalent to that of 

diethyl bipy55ʹ′DC, which was also observed to reduce collagen I secretion. Lastly, treatment 

with these prodrug esters does not appear to affect the levels of human CP4H1 (Figure A4.17), 

providing support that the observed reduction in collagen secretion is most likely due to 

inhibition of CP4H rather than changes in the expression level. 

Taken together, the above results suggest that the diethyl prodrug analogues of pythiDC 

and pyimDC serve as bioavailable inhibitors of human CP4H that are effective at concentrations 

that do not perturb iron metabolism. Importantly, treatment with both of these compounds is at 

least as efficacious as treatment with diethyl bipy55ʹ′DC, but does not cause iron deficiency as 

observed during treatment with EDHB. Given the poor solubility properties of the diethyl 

bipyDCs and the measurable ferritin phenotype caused by higher concentrations of diethyl 

pyimDC, we put forth diethyl pythiDC as a replacement for EDHB and a putative lead 

compound for the development of a bioavailable inhibitor of human CP4Hs with antimetastatic 

potential. Lastly, we note that diethyl pythiDC, diethyl pyimDC, and even the diethyl bipyDCs 

could serve as useful chemical genetic probes for the study of CP4H function in cell culture 

models, and we advocate for their use as replacements for EDHB in these types of experiments. 
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A4.3 Materials and Methods 

A4.3.1 General 

2,4-Pyridinedicarboxylic acid (24PDC), 2,5-pyridinedicarboxylic acid (25PDC), 2,2´-bipyridine 

(bipy), 2-(1H-Imidazol-2-yl)pyridine (pyim), and 2,2´-bipyridine-5,5´-dicarboxylic acid 

(bipy55´DC) were obtained from Sigma-Aldrich (St. Louis, MO). 2,2´-bipyridine-4,4´- 

dicarboxylic acid (bipy44´DC) was obtained from TCI America (Portland, OR). 2-(1H-pyrazol- 

3-yl)pyridine was from Combi-Blocks (San Diego, CA). Phosphine ligands and phosphonium 

salts were obtained from either Sigma–Aldrich or Strem (Newberryport, MA), stored in a 

dessicator, and used without further purification. Pd(OAc)2 was obtained from Sigma–Aldrich, 

stored in a dessicator, and used without further purification. Deferroxamine mesylate was 

obtained from Santa Cruz Biotechnology (Dallas, TX). Ethyl dihydroxybenzoate (EDHB) was 

obtained from Combi-Blocks (San Diego, CA) and recrystallized from EtOAc before use in cell 

culture experiments. All other reagent chemicals were obtained from commercial sources 

(Sigma–Aldrich, Acros, Combi-Blocks, Oakwood Products, Enamine, Bachem, or 

Novabiochem) and used without further purification. The HIF-1α peptide556-575 was from 

AnaSpec (Fremont, CA) and used without further purification. All glassware was flame- or 

oven-dried, and reactions were performed under N2(g) unless indicated otherwise. DCM and 

toluene were dried over a column of alumina. Dimethylformamide was dried over alumina and 

further purified through an isocyanate scrubbing column. Other anhydrous solvents were 

obtained in septum-sealed bottles. Flash chromatography was performed with columns of 40-63 

Å silica gel, 230–400 mesh (Silicycle, Québec City, Canada). Thin-layer chromatography (TLC) 

was performed on plates of EMD 250 µm silica 60-F254 with visualization by UV light or 

staining with KMnO4. The phrase “concentrated under reduced pressure” refers to the removal of 
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solvents and other volatile materials using a rotary evaporator at water aspirator pressure (<20 

torr) while maintaining water-bath temperature below 40°C. Residual solvent was removed from 

samples at high vacuum (<0.1 torr). The term “high vacuum” refers to vacuum achieved by a 

mechanical belt-drive oil pump. All reported yields are unoptimized. 

 

A4.3.2 Instrumentation 

NMR spectra were acquired at ambient temperature with a Bruker DMX-400 Avance 

spectrometer or a Bruker Avance 500i spectrometer at the National Magnetic Resonance Facility 

at Madison (NMRFAM) and were referenced to TMS or a residual protic solvent. Some 

compounds exist as either mixtures of rotomers or tautomers that do not interconvert on the 

NMR timescale at ambient temperature and therefore exhibit multiple sets of NMR signals (as 

indicated). Electrospray ionization (ESI) and electron ionization (EI) mass spectrometry were 

performed with a Micromass LCT® or Micromass AutoSpec® instruments, respectively, from 

Waters (Milford, MA) at the Mass Spectrometry Facility in the Department of Chemistry at the 

University of Wisconsin–Madison. The progress of reactions catalyzed by prolyl 4-hydroxylases 

was determined by analytical HPLC (Waters system equipped with a Waters 996 photodiode 

array detector, Empower 2 software). Preparative HPLC was performed using a Prominence 

HPLC instrument from Shimadzu (Kyoto, Japan) equipped with two LC-20AP pumps, a 

SPDM20A photodiode array detector, and a CTO-20A column oven. Iron complexes with 

biheteroaryl ligands were analyzed by spectrophotometry using a Cary 60 UV–Vis Spectrometer 

from Agilent Technologies (Santa Clara, CA) Protein concentrations were calculated from their 

absorbance at 280 nm as measured with a NanoVue Plus spectrophotometer from GE Healthcare 

using an extinction coefficient1 of 290,000 M-1cm-1 for human CP4H1 and 36,9000 M-1cm-1 for 
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human PHD2.2 IC50-, EC50-, and LD50-values were calculated from experimental data with 

Prism version 6.0 from GraphPad Software (La Jolla, CA). 

 

A4.3.3 Production of Recombinant Human CP4H1 

Human CP4H containing the α(I) isoform was produced heterologously in Origami B(DE3) 

Escherichia coli cells and purified as described previously.506 

 

A4.3.4 Assay of Human CP4H1 Activity in the Presence of Inhibitors 

The catalytic activity of human CP4H1 was assayed as described previously.1 Briefly, activity 

assays were carried out at 30 °C in 100 µL Tris–HCl buffer, pH 7.8, containing human CP4H1 

(100 nM), inhibitor (0–500 µM), substrate (dansylGlyProProGlyOEt, 500 µM), FeSO4 (50 µM), 

BSA (1 mg/mL), catalase (0.1 mg/mL), ascorbate (2 mM), DTT (100 µM), and α-ketoglutarate 

(100 µM). Reactions were pre-incubated with or without inhibitor for 2 min at 30 °C, after which 

the reaction was initiated by the addition of α-ketoglutarate. After 15 min, reactions were 

quenched by boiling for 45 s and centrifuged at 10,000g. The supernatant (20–50 µL) was 

injected into a Nucleodur® C18 Gravity reversed-phase column (4.6 × 250 mm, 5 µm particle 

size) from Macherey–Nagel (Bethlehem, PA). The column was eluted at 1 mL/min with a 

gradient (20 min) of 20%–45% aqueous acetonitrile containing 0.1% v/v TFA. The absorbance 

of the eluent was monitored at 289 nm. All assays were performed in triplicate. Data is reported 

as activity relative to control reactions lacking inhibitor, where activity is determined from the 

percent conversion of substrate to product. Dose-response curves were generated for each 

inhibitor by plotting the relative activity versus the log of the inhibitor concentration. IC50-values 

for each inhibitor were interpolated from the dose-response curves by non-linear regression using 
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the sigmoidal dose-response function available in Prism. 

 

A4.3.5 Production of Recombinant Human PHD2 

A cDNA encoding human PHD2181-426 possessing an N-terminal hexahistidine (His6) tag (N-

His6-PHD2181-426) was cloned using the Gibson strategy507 and the encoded protein was 

produced and purified as described previously.508 

 

A4.3.6 Assay of Human PHD2 Activity in the Presence of Inhibitors 

The catalytic activity of human PHD2 was assayed as described previously.508 Briefly, activity 

assays were carried out at 30 °C in 100 µL Tris–HCl buffer, pH 7.8, containing human NHis6- 

PHD2181–426 (5 µM), inhibitor (0–50 µM), substrate (HIF-1α peptide556–574, 50 µM), FeSO4 

(50 µM), BSA (1 mg/mL), catalase (0.3 mg/mL), ascorbate (2 mM), DTT (1 mM), and α- 

ketoglutarate (35 µM). Reactions were pre-incubated with or without inhibitor for 2 min at 30 

°C, after which the reaction was initiated by the addition of α-ketoglutarate. After 10 minutes, 

reactions were quenched by boiling for 60 s and centrifuged at 10,000g. The supernatant (50 µL) 

was injected into a Nucleodur® C18 Gravity reversed-phase column (4.6 × 250 mm, 5 µm 

particle size) from Macherey-Nagel (Bethlehem, PA). The column was eluted at 1 mL/min with 

a gradient (34 min) of 5–56% aqueous acetonitrile containing 0.1% v/v TFA. The absorbance of 

the eluent was monitored at 218 nm. All assays were performed in triplicate. Data is reported as 

activity relative to control reactions lacking inhibitor, where activity is determined from the 

percent conversion of substrate to product. 
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A4.3.7 Assay of Fe(II)-Affinity for Biheteroaryl Ligands 

The affinity of biheteroaryl ligands for Fe(II) was determined comparatively by measuring the 

half maximal concentration (EC50) required for binding 20 µM Fe(II) (Fe20-EC50) in sodium 

phosphate buffer, pH 7. Stock solutions of ligands were prepared in either water for high affinity 

ligands (typically Fe20-EC50 < 1000 µM) or DMSO for low affinity ligands (typically Fe20-EC50 

> 1000 µM). Stock solutions of FeSO4 were prepared in H2O and used within 3 hours of 

preparation. Ligand solutions (3–18000 µM depending on affinity) were prepared in 10 mM 

sodium phosphate buffer, pH 7, after which Fe(II) stock solution was added to initiate complex 

formation. For high affinity ligands, solutions were allowed to equilibrate for 15 min, after which 

the absorbance was recorded at the λmax for the complex under study. For most low affinity 

ligands, the corresponding Fe(II) complexes were unstable and observed to dissociate over time. 

Therefore, the absorbance value was determined within 30 s of mixing, where the absorbance 

was measured at the λmax for the complex under study. Complexes with pyox were not observed 

under these conditions. Absorbance values were corrected by subtracting the absorbance value in 

the absence of ligand. Dose-response curves were generated for each ligand by plotting the 

absorbance versus the log of the ligand concentration. Fe20-EC50 values for each ligand were 

interpolated from the dose-response curves by non-linear regression using the sigmoidal dose 

response function in Prism. All experiments were performed in triplicate. For competitive 

experiments used to study pyimDC, experiments were performed as described above except that 

bipy was added last to a final concentration of 300 µM, and the absorbance of the Fe(bipy)3
2+ 

complex was measured at 523 nm. 
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A4.3.8 Determination of Fe(II) Complex Stoichiometry 

The stoichiometry of biheteroaryl complexes with Fe(II) was estimated via Job’s method. 

Briefly, reactions were prepared such that the total moles of Fe(II) and ligand was kept constant, 

but the mole fraction of the ligand was varied from 0 to 1. The total concentration of ligand and 

Fe(II) used for each individual ligand was based upon the iron affinity and extinction coefficient 

and ranged from 0.4 mM to 2 mM. Stock solutions of ligands were prepared in water. Stock 

solutions of FeSO4 were prepared in water and used within 3 hours of preparation. Reactions 

were prepared in 10 mM sodium phosphate buffer, pH 7, and complex formation was initiated by 

the addition of Fe(II) solution. For high affinity ligands (typically Fe20-EC50 < 1000 µM), 

solutions were allowed to equilibrate for 15 min, after which the absorbance was recorded at the 

λmax for the complex under study. For most low affinity ligands (typically Fe20-EC50 > 1000 µM), 

the corresponding Fe(II) complexes were unstable and observed to dissociate over time. 

Therefore, the absorbance value was determined within 30 s of mixing, where the absorbance 

was measured at the λmax for the complex under study. Complexes with pyox were not observed 

under these conditions. Absorbance values were corrected by subtracting the absorbance value of 

a blank solution in absence of FeSO4, after which the values were normalized relative to the 

reaction with the highest absorbance value. All experiments were performed in at least duplicate. 

Job’s plots were constructed by plotting the normalized absorbance versus the mole fraction of 

biheteroaryl ligand, after which the stoichiometry of the complex was estimated from the mole 

fraction of the reaction with the highest absorbance value. If necessary, blank titrations using 

only Fe(II) were used to correct the Job’s plots. 
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A4.3.9 General Mammalian Cell Culture 

The HEK293T cell line was obtained from American Type Culture Collection (ATCC, 

Manassas, VA), and the MDA-MB-231 cell line was a generous gift from Dr. Beth Weaver. Cell 

lines were maintained according to the procedures recommended by the ATCC. Cells were 

grown in a cell culture incubator at 37 °C under CO2 (5% v/v) in flat-bottomed culture flasks. 

The culture medium was DMEM supplemented with GIBCO fetal bovine serum (FBS) (10% 

v/v), penicillin (100 units/mL), streptomycin (100 µg/mL) and L-glutamine (2 mM). Cells were 

counted by hemocytometry with Trypan Blue prior to use in assays. 

 

A4.3.10 Determining the Affects of CP4H Inhibitors on Collagen Production in 

Mammalian Cells 

MDA-MB-231 cells were plated at 50,000 cells/well into 12-well plates and grown to confluence 

(~24 h) as described in the General Mammalian Cell Culture section. The cells were washed with 

DPBS and the medium was replaced with 1.5 mL of serum-free medium containing 50 µg/mL of 

sodium ascorbate. Stock solutions of all test compounds were prepared at 100x in DMSO and 

added to a final concentration of 1x (as denoted). After addition of the test compound or DMSO 

vehicle, cells were incubated for 48 h, after which 1.0 mL of conditioned medium was removed 

and added to 4.0 mL of chilled acetone (–20 °C). The resultant mixtures were incubated for 3 hr 

at –20 °C, after which the precipitated protein was pelleted by centrifugation at 10,000g for 30 

min. The supernatants were discarded and the pellets dried briefly in a fume hood. Pellets were 

stored at –20 °C prior to analysis by Western Blot. 
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A4.3.11 Determining the Affects of CP4H Inhibitors on Iron Metabolism in Mammalian 

Cells 

MDA-MB-231 or HEK293T cells were plated at 50,000 cells/well into 12-well plates and grown 

to confluence (~24 h) as described in the General Mammalian Cell Culture section. The cells 

were washed with DPBS and the medium was replaced with 1.0 mL serum-free medium. Stock 

solutions of all test compounds were prepared at 100x in DMSO and added to a final 

concentration of 1x (0.1–1 mM). After addition of the test compound or DMSO vehicle, cells 

were incubated for 24 h. The cells were then washed twice with DPBS and collected with 100 µL 

MPER solution (Thermo). Protein concentrations were determined by the BCA assay (Thermo) 

and samples corresponding to 40 µg total protein were analyzed by Western Blot. 

 

A4.3.12 Determining the Affects of CP4H Inhibitors on the Binding of Iron Responsive 

Elements by IRPs 

MDA-MB-231 cells were plated at 3x106 cells/dish into 10 cm2 dishes and grown to confluence 

(~24 h) as described in the General Mammalian Cell Culture section. The cells were washed and 

the medium was replaced with 10 mL of serum-free medium. Stock solutions of all test 

compounds were prepared at 100x in DMSO and added to a final concentration of 1x (as 

denoted). After addition of the test compound or DMSO vehicle, cells were incubated for 24 h, 

after which they were harvested by trypsinization and centrifugation. The resultant pellets (~50 

µL) were washed with PBS and then lysed using a previously described protocol.5094 Briefly, 

cell pellets were resuspended in 200 µL cell lysis buffer (20 mM Hepes, pH 7.4, 10 mM sodium 

pyrophosphate, 50 mM sodium fluoride, 50 mM β-glycerophosphate, 5 mM EDTA, 1 mM GTP, 

1 mM sodium ortho-vanadate, 2 mM benzamidine, 0.5% NP-40, 25 mg/mL p-
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nitroguanidinobenzoate, 1 mM DTT, 40 µg/mL leupeptin, 4 µg/mL pepstatin, 100 µg/mL SBTI, 

10 µM MG132, 200 µM PMSF, and 5 µg/mL BHT) by vortexing and lysed on ice by vortexing 

every few min. After 15 min, the lysates were centrifuged at 14,000 rpm and the supernatants 

aliquoted and stored at −80 °C until analysis by EMSA. 

 

A4.3.13 Western Blot 

For all western analyses, protein samples where boiled in SDS-PAGE buffer, separated using a 

Tris-glycine SDS-PAGE gel (Bio-Rad Laboratories, Hercules, CA), and subsequently transferred 

to a PVDF membrane for immunoblotting. All primary antibodies were used at the working 

dilution specified by the manufacturer. Primary antibodies were visualized using a 

complementary secondary antibody fused to horseradish peroxidase (HRP), with detection of 

HRP by chemiluminescence, imaging using an ImageQuant LAS 4000 (GE Healthcare), and 

quantification by densitometry (ImageJ software). The anti-rabbit antibody (Promega, Madison, 

WI) and the anti-mouse antibody (Abbiotec, San Diego, CA) were used at the working dilution 

specified by the manufacturer. Statistical comparisons were performed using the t-test or oneway 

ANOVA functions available in Prism. For investigations of iron metabolism or levels of P4HA1 

(CP4H1), protein samples (40 µg) were separated by 12% SDS-PAGE and blots were probed 

with primary antibodies to human ferritin (rabbit monoclonal, Abcam, Cambridge, MA), human 

transferrin receptor (mouse monoclonal, Invitrogen), human HIF-1α (mouse monoclonal, BD 

Biosciences), human β-Actin (rabbit monoclonal, Cell Signaling Technology) and human 

P4HA1 (rabbit polyclonal, Thermo). Quantifications were normalized to the signal from β-Actin, 

after which treated samples were compared to vehicle-treated controls. For investigations of 

collagen secretion, protein samples were separated by 7.5% SDS-PAGE. Blots were first stained 
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for total protein using Ponceau S, after which they were probed with a primary antibody to 

human Collagen I (rabbit polyclonal, Novus Biologicals). Quantifications were normalized to the 

total protein signal obtained from Ponceau S staining, after which treated samples were 

compared to vehicle-treated controls. 

 

A4.3.14 Electrophoretic Mobility Shift Assay for IRE Binding by IRPs 

Electrophoretic mobility shift assays (EMSAs) were performed and quantified essentially as 

described previously.5 Briefly [32P] L-Ferritn IRE (1nM RNA, specific radioactivity ~ 7,000 

dpm/fmol) was incubated with 2.5 µg lysate protein (as determined by the Bradford assay) in 

binding buffer for 10 min on ice. Heparin was added (0.5 mg/mL), and the reaction incubated an 

additional 5 min on ice before separating bound and free RNA on a nondenaturing 

polyacrylamide gel at room temperature. 

 

A4.3.15 Synthetic Procedures 

3-Methoxycarbonylpyridine N-oxide 

 

3-Methoxycarbonylpyridine N-oxide was prepared by oxidation of methyl nicotinate as 

described previously.493 The spectral data and yields matched those reported previously. 

Methyl pyrazine-3-carboxylate-1-oxide  
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Methyl pyrazine-2-carboxylate (3.0 g, 21.7 mmoles) and m-chloroperoxybenzoic acid (7.3 g, 

32.6 mmoles) were dissolved in dry DCM (43 mL) in a flame-dried flask. The reaction was 

stirred at room temperature for 48 h. The solvent was evaporated under reduced pressure, and the 

resulting residue was purified by chromatography on silica (40–50% acetone in hexanes 

followed by 80−100% EtOAc in hexanes) to afford the title compound as a white solid (751 mg, 

22%). 1H NMR (400 MHz, CDCl3) δ 8.76 (dd, J = 0.8, 1.6 Hz, 1 H), 8.57 (dd, J = 0.4, 4.0 Hz, 1 

H), 8.22 (dd, J = 2.0, 4.0 Hz, 1 H), 4.05 (s, 3 H); 13C NMR (100 MHz, CDCl3) δ 162.6, 147.6, 

147.3, 136.0, 135.9, 53.7; HRMS (ESI) m/z 155.0451 [calc’d for C6H7N2O3 (M + H)+ 155.0452]. 

Methyl pyridazine-3-carboxylate-1-oxide 

 

Methyl pyridazine-3-carboxylate (2.0 g, 14.5 mmoles) and m-chloroperoxybenzoic acid (3.9 g, 

17.4 mmoles) were dissolved in dry DCM (29 mL) in a flame-dried flask. The reaction was 

stirred at room temperature for 5 h. The solvent was evaporated under reduced pressure, and the 

resulting residue was purified by chromatography on silica (30% acetone in hexanes) to afford 

the title compound as an off-white solid (1.97 g, 88%). 1H NMR (400 MHz, CDCl3) δ 8.28 (dd, J 

= 2.4, 5.2 Hz, 1 H), 7.79–7.75 (m, 2 H), 4.03 (s, 3 H); 13C NMR (100 MHz, CDCl3) δ 162.2, 

150.2, 136.9, 134.4, 116.8, 53.6; HRMS (ESI) m/z 155.0452 [calc’d for C6H7N2O3 (M + H)+ 

155.0452]. 
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acid (7.3 g, 32.6 mmoles) were dissolved in dry DCM (43 mL) in a flame-dried flask. The 

reaction was stirred at room temperature for 48 h. The solvent was evaporated under reduced 

pressure, and the resulting residue was purified by chromatography on silica (40–50% acetone in 

hexanes followed by 80−100% EtOAc in hexanes) to afford the title compound as a white solid 
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147.6, 147.3, 136.0, 135.9, 53.7; HRMS (ESI) m/z 155.0451 [calc’d for C6H7N2O3 (M + H)+ 

155.0452]. 
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Methyl 1-pivaloyloxymethyl-1H-pyrrole-3-carboxylate 

 

NaH (60% w/v in mineral oil, 267 mg, 6.7 mmoles) was added to a dry flask. The flask was 

evacuated and purged with nitrogen (~ 5 times). Dry DMF (3 mL) was added and the flask was 

cooled on ice. A degassed solution of methyl 1H-pyrrole-3-carboxylate (836 mg, 6.7 mmoles) in 

dry DMF (4 mL) was added dropwise over 5 min with stirring. The reaction was stirred on ice 

for 45 min until gas evolution was complete, after which chloromethyl pivalate (0.97 mL, 6.7 

mmoles) was added dropwise. The reaction was allowed to come to room temperature overnight, 

after which the reaction was concentrated under reduced pressure to a crude oil. The oil was 

taken up in H2O (25 mL) and the aqueous layer extracted with DCM (5 x 25 mL). The combined 

organics were dried over Na2SO4(s) and concentrated under reduced pressure, after which the 

crude product was purified by chromatography on silica (25% EtOAc in hexanes) to afford the 

title compound (1.20 g, 75%) as a golden oil. 1H NMR (400 MHz, CDCl3) δ 7.46 (dd, J = 0.4, 

2.0 Hz, 1 H), 6.79 (dd, J = 0.4, 2.4 Hz, 1 H), 6.60 (dd, J = 1.2, 1.6 Hz, 1 H), 5.79 (s, 2 H), 3.81, 

(s, 3 H), 1.18 (s, 9 H); 13C NMR (100 MHz, CDCl3) δ 177.7, 164.9, 126.9, 122.6, 117.4, 111.0, 

70.8, 51.2, 38.8, 26.8; HRMS (ESI) m/z 240.1233 [calc’d for C12H18NO4 (M + H)+ 240.1231]. 

Ethyl 2-(2-trimethylsilylethynyl)pyridine-5-carboxylate 

 

Pd(PPh)2Cl2 (21 mg, 0.030 mmoles), CuI (142 mg, 0.089 mmoles), and ethyl 2- bromonicotinate 
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mmoles) in dry DMF (4 mL) was added dropwise over 5 min with stirring. The reaction was 

stirred on ice for 45 min until gas evolution was complete, after which chloromethyl pivalate 

(0.97 mL, 6.7 mmoles) was added dropwise. The reaction was allowed to come to room 

temperature overnight, after which the reaction was concentrated under reduced pressure to a 

crude oil. The oil was taken up in H2O (25 mL) and the aqueous layer extracted with DCM (5 × 

25 mL). The combined organics were dried over Na2SO4(s) and concentrated under reduced 

pressure, after which the crude product was purified by chromatography on silica (25% EtOAc in 

hexanes) to afford the title compound (1.20 g, 75%) as a golden oil.  

1H NMR (400 MHz, CDCl3) δ 7.46 (dd, J = 0.4, 2.0 Hz, 1 H), 6.79 (dd, J = 0.4, 2.4 Hz, 1 H), 

6.60 (dd, J = 1.2, 1.6 Hz, 1 H), 5.79 (s, 2 H), 3.81, (s, 3 H), 1.18 (s, 9 H); 13C NMR (100 MHz, 

CDCl3) δ 177.7, 164.9, 126.9, 122.6, 117.4, 111.0, 70.8, 51.2, 38.8, 26.8; HRMS (ESI) m/z 

240.1233 [calc’d for C12H18NO4 (M + H)+ 240.1231]. 

 

Ethyl 2-(2-trimethylsilylethynyl)pyridine-5-carboxylate 
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Procedure: Pd(PPh)2Cl2 (21 mg, 0.030 mmoles), CuI (142 mg, 0.089 mmoles), and ethyl 2-

bromonicotinate (532 mg, 2.3 mmoles) were added to a dried flask on ice. The flask was 

evacuated and purged with nitrogen  (~ 5 times). A degassed solution of trimethylsilylacetylene 

(420  µL, 3.0 mmoles) in DCM (5 mL) was added to the flask while stirring on ice. 

Triethylamine (1.4 mL, 10.0 mmoles) was added the flask while stirring, after which the flask 

was allowed to come to room temperature overnight. The reaction mixture was diluted with 

hexanes (5 mL) and filtered through Celite®, and the filtrate was washed with H2O (50 mL) and 

brine (50 mL). The organic layer was dried over Na2SO4(s) and concentrated under reduced 

pressure to afford a crude solid, after which the crude product was purified by chromatography 

on silica (5% EtOAc in hexanes) to afford the title compound (544 mg, 95%) as a pale yellow 

solid. 1H NMR (500 MHz, CDCl3) δ 9.17 (d, J = 1.6 Hz, 1 H), 8.26 (dd, J = 2.0, 8.0 Hz, 1 H), 

7.54 (d, J = 7.6 Hz, 1 H), 4.43 (q, J = 7.2 Hz, 2 H), 1.43 (t, J = 7.2 Hz, 3 H), 0.30 (s, 9 H); 13C 

NMR (125 MHz, CDCl3) δ 167.5, 153.7, 149.2, 139.8, 129.4, 127.8, 105.8, 101.0, 64.3, 17.0, 

2.3; HRMS (ESI) m/z 248.1102 [calc’d for C13H18NO2Si (M + H)+ 248.1102]. 

DCM, 0 oC to rt
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(532 mg, 2.3 mmoles) were added to a dried flask on ice. The flask was evacuated and purged 

with nitrogen (~ 5 times). A degassed solution of trimethylsilylacetylene (420 µL, 3.0 mmoles) 

in DCM (5 mL) was added to the flask while stirring on ice. Triethylamine (1.4 mL, 10.0 

mmoles) was added the flask while stirring, after which the flask was allowed to come to room 

temperature overnight. The reaction mixture was diluted with hexanes (5 mL) and filtered 

through Celite®, and the filtrate was washed with H2O (50 mL) and brine (50 mL). The organic 

layer was dried over Na2SO4(s) and concentrated under reduced pressure to afford a crude solid, 

after which the crude product was purified by chromatography on silica (5% EtOAc in hexanes) 

to afford the title compound (544 mg, 95%) as a pale yellow solid. 1H NMR (500 MHz, CDCl3) 

δ 9.17 (d, J = 1.6 Hz, 1 H), 8.26 (dd, J = 2.0, 8.0 Hz, 1 H), 7.54 (d, J = 7.6 Hz, 1 H), 4.43 (q, J = 

7.2 Hz, 2 H), 1.43 (t, J = 7.2 Hz, 3 H), 0.30 (s, 9 H); 13C NMR (125 MHz, CDCl3) δ 167.5, 

153.7, 149.2, 139.8, 129.4, 127.8, 105.8, 101.0, 64.3, 17.0, 2.3; HRMS (ESI) m/z 248.1102 

[calc’d for C13H18NO2Si (M + H)+ 248.1102]. 

Ethyl 2-ethynylpyridine-5-carboxylate 

 

Ethyl 2-(2-trimethylsilylethynyl)pyridine-5-carboxylate (400 mg, 1.6 mmoles) was added to a 

flame dried flask. The flask was evacuated and purged with nitrogen, after which THF (1.6 mL) 

was added on ice. A solution of TBAF in THF (1.0 M, 1.9 mL) was added dropwise while 

stirring on ice, after which the reaction was allowed to come to room temperature while stirring. 

After 20 min, the reaction was concentrated in vacuo and the crude residue was partitioned 

between EtOAc (10 mL) and 10 % NaHCO3 (10 mL). The organic layer was collected, and the 

aqueous layer extracted with EtOAc (10 mL). The combined organic extracts were dried over 

Ethyl 2-ethynylpyridine-5-carboxylate 

 

Procedure: Ethyl 2-(2-trimethylsilylethynyl)pyridine-5-carboxylate (400 mg, 1.6 mmoles) was 

added to a flame dried flask. The flask was evactuated and purged with nitrogen, after which 

THF (1.6 mL) was added on ice. A solution of TBAF in THF (1.0 M, 1.9 mL) was added 

dropwise while stirring on ice, after which the reaction was allowed to come to room temperature 

while stirring. After 20 min, the reaction was concentrated in vacuo and the crude residue was 

partitioned between EtOAc (10 mL) and 10 % NaHCO3 (10 mL). The organic layer was 

collected, and the aqueous layer extracted with EtOAc (10 mL). The combined organic extracts 

were dried over Na2SO4(s) and concentrated under reduced pressure to afford a crude solid, after 

which the crude product was purified by chromatography on silica (20% EtOAc in hexanes) to 

afford the title compound (144 mg, 51%) as a pale yellow solid. 1H NMR (400 MHz, CDCl3) δ 

9.19 (d, J = 1.6 Hz, 1 H), 8.29 (dd, J = 2.0, 8.0 Hz, 1 H), 7.56 (d, J = 8.4 Hz, 1 H), 4.43 (q, J = 

7.2 Hz, 2 H), 3.33 (s, 1 H), 1.43 (t, J = 7.2 Hz, 3 H); 13C NMR (100 MHz, CDCl3) δ 164.6, 

151.0, 145.7, 137.2, 126.9, 125.6, 82.3, 79.8, 61.7, 14.2; HRMS (ESI) m/z 176.0708 [calc’d for 

C10H10NO2 (M + H)+ 176.0707]. 
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Na2SO4(s) and concentrated under reduced pressure to afford a crude solid, after which the crude 

product was purified by chromatography on silica (20% EtOAc in hexanes) to afford the title 

compound (144 mg, 51%) as a pale yellow solid. 1H NMR (400 MHz, CDCl3) δ 9.19 (d, J = 1.6 

Hz, 1 H), 8.29 (dd, J = 2.0, 8.0 Hz, 1 H), 7.56 (d, J = 8.4 Hz, 1 H), 4.43 (q, J = 7.2 Hz, 2 H), 3.33 

(s, 1 H), 1.43 (t, J = 7.2 Hz, 3 H); 13C NMR (100 MHz, CDCl3) δ 164.6, 151.0, 145.7, 137.2, 

126.9, 125.6, 82.3, 79.8, 61.7, 14.2; HRMS (ESI) m/z 176.0708 [calc’d for C10H10NO2 (M + H)+ 

176.0707]. 

5-Methoxycarbonyl-2-(4-methoxycarbonylpyridin-2-yl)pyridine N-oxide 

 

Dimethyl 2,2´-bipyridine-4,5´-dicarboxylate was synthesized as described previously.493 The 

spectral data and yield matched that reported previously. 

2-(Thiazol-2-yl)pyridine 

 

Dimethyl 2,2´-bipyridine-4,5´-dicarboxylate was synthesized as described previously.493 The 

spectral data and yield matched that reported previously. 

2-(Thiazol-2-yl)pyridine 

 

5-Methoxycarbonyl-2-(4-methoxycarbonylpyridin-2-yl)pyridine N-oxide 

 

5-Methoxycarbonyl-2-(4-methoxycarbonylpyridin-2-yl)pyridine N-oxide was synthesized as 

described previously.6 The spectral data and yields matched those reported previously. 

 

Dimethyl 2,2´-bipyridine-4,5´-dicarboxylate 

 

 

 

 

Dimethyl 2,2´-bipyridine-4,5´-dicarboxylate was synthesized as described previously.6 The 

spectral data and yield matched that reported previously. 

 

2-(Thiazol-2-yl)pyridine 

 

 

 

 

Procedure: Pd(OAc)2 (35.5 mg, 0.16 mmoles), [P(t-Bu)3H]BF4 (137.5 mg,  0.47 mmoles), and 

K2CO3 (874 mg,  6.3 mmoles) were added to a dried flask. The flask was fitted with a reflux 

condenser capped with a septum, evacuated, and purged with nitrogen  (~ 5 times). A degassed 
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5-Methoxycarbonyl-2-(4-methoxycarbonylpyridin-2-yl)pyridine N-oxide 

 

5-Methoxycarbonyl-2-(4-methoxycarbonylpyridin-2-yl)pyridine N-oxide was synthesized as 

described previously.6 The spectral data and yields matched those reported previously. 

 

Dimethyl 2,2´-bipyridine-4,5´-dicarboxylate 

 

 

 

 

Dimethyl 2,2´-bipyridine-4,5´-dicarboxylate was synthesized as described previously.6 The 

spectral data and yield matched that reported previously. 
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Procedure: Pd(OAc)2 (35.5 mg, 0.16 mmoles), [P(t-Bu)3H]BF4 (137.5 mg,  0.47 mmoles), and 

K2CO3 (874 mg,  6.3 mmoles) were added to a dried flask. The flask was fitted with a reflux 

condenser capped with a septum, evacuated, and purged with nitrogen  (~ 5 times). A degassed 
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5-Methoxycarbonyl-2-(4-methoxycarbonylpyridin-2-yl)pyridine N-oxide 

 

5-Methoxycarbonyl-2-(4-methoxycarbonylpyridin-2-yl)pyridine N-oxide was synthesized as 

described previously.6 The spectral data and yields matched those reported previously. 

 

Dimethyl 2,2´-bipyridine-4,5´-dicarboxylate 

 

 

 

 

Dimethyl 2,2´-bipyridine-4,5´-dicarboxylate was synthesized as described previously.6 The 

spectral data and yield matched that reported previously. 

 

2-(Thiazol-2-yl)pyridine 

 

 

 

 

Procedure: Pd(OAc)2 (35.5 mg, 0.16 mmoles), [P(t-Bu)3H]BF4 (137.5 mg,  0.47 mmoles), and 

K2CO3 (874 mg,  6.3 mmoles) were added to a dried flask. The flask was fitted with a reflux 

condenser capped with a septum, evacuated, and purged with nitrogen  (~ 5 times). A degassed 
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Pd(OAc)2 (35.5 mg, 0.16 mmoles), [P(t-Bu)3H]BF4 (137.5 mg, 0.47 mmoles), and K2CO3 (874 

mg, 6.3 mmoles) were added to a dried flask. The flask was fitted with a reflux condenser capped 

with a septum, evacuated, and purged with nitrogen (~ 5 times). A degassed solution of thiazole 

(1.08 g, 12.7 mmoles) and 2-bromopyridine (500 mg, 3.2 mmoles) in dry DMF (16 mL) was 

added via syringe, and the reaction was stirred at 110 °C for 24 hours. The reaction mixture was 

cooled, H2O (60 mL) was added, and the aqueous layer was extracted with ether (4 x 60 mL). 

The combined organics were washed with H2O (1 x 100 mL) and brine (1 x 100 mL), dried over 

Na2SO4(s), and concentrated under reduced pressure. The crude product was then purified by 

silica gel chromatography (20–40% EtOAc in hexanes followed by 2% acetone in 1:1 

DCM/hexanes) to afford the title compound (142 mg, 28%) as a white solid. 1H NMR (400 

MHz, CDCl3) δ 8.58 (d, J = 4.8 Hz, 1 H), 8.16 (d, J = 8.0 Hz, 1 H), 7.89 (d, J = 3.2 Hz, 1 H), 

7.75 (td, J = 1.6, 8.0 Hz, 1 H), 7.41 (d, J = 3.2 Hz, 1 H), 7.26 (ddd, J = 1.2, 4.8, 8.0 Hz, 1 H); 13C 

NMR (100 MHz, CDCl3) δ 169.3, 151.3, 149.4, 144.0, 137.0, 124.4, 121.4, 119.6; HRMS (EI) 

m/z 162.0247 [calc’d for C8H7N2S (M)+162.0247]. 

2-(Oxazol-2-yl)pyridine 

 

Pd(OAc)2 (33 mg, 0.15 mmoles), RuPhos (135 mg, 0.29 mmoles), pivalic acid (119 mg, 1.2 

mmoles) and K2CO3 (1.2 g, 8.7 mmoles) were added to a dried flask. The flask was fitted with a 

reflux condenser capped with a septum, evacuated, and purged with nitrogen (~ 5 times). A 

degassed solution of oxazole (400 mg, 5.8 mmoles) and 2-bromopyridine (457 mg, 2.9 mmoles) 

in dry toluene (14.5 mL) was added via syringe, and the reaction was stirred at 110 °C for 24 

hours. The reaction mixture was cooled and filtered through Celite®, and the filtrate 

solution of thiazole (1.08 g, 12.7 mmoles) and 2-bromopyridine (500 mg, 3.2 mmoles) in dry 

DMF (16 mL) was added via syringe, and the reaction was stirred at 110 °C for 24 hours. The 

reaction mixture was cooled, H2O (60 mL) was added, and the aqueous layer was extracted with 

ether (4 × 60 mL). The combined organics were washed with H2O (1 × 100 mL) and brine (1 × 

100 mL), dried over Na2SO4(s), and concentrated under reduced pressure. The crude product was 

then purified by silica gel chromatography (20–40% EtOAc in hexanes followed by 2% acetone 

in 1:1 DCM/hexanes) to afford the title compound (142 mg, 28%) as a white solid. 1H NMR 

(400 MHz, CDCl3) δ 8.58 (d, J = 4.8 Hz, 1 H), 8.16 (d, J = 8.0 Hz, 1 H), 7.89 (d, J = 3.2 Hz, 1 

H), 7.75 (td, J = 1.6, 8.0 Hz, 1 H), 7.41 (d, J = 3.2 Hz, 1 H), 7.26 (ddd, J = 1.2, 4.8, 8.0 Hz, 1 H); 

13C NMR (100 MHz, CDCl3) δ 169.3, 151.3, 149.4, 144.0, 137.0, 124.4, 121.4, 119.6; HRMS 

(EI) m/z 162.0247 [calc’d for C8H7N2S (M)+162.0247]. 

 

2-(Oxazol-2-yl)pyridine 

 

 

 

Procedure: Pd(OAc)2 (33 mg, 0.15 mmoles), RuPhos (135 mg,  0.29 mmoles), pivalic acid (119 

mg, 1.2 mmoles) and K2CO3 (1.2 g,  8.7 mmoles) were added to a dried flask. The flask was 

fitted with a reflux condenser capped with a septum, evacuated, and purged with nitrogen  (~ 5 

times). A degassed solution of oxazole (400 mg, 5.8 mmoles) and 2-bromopyridine (457 mg, 2.9 

mmoles) in dry toluene (14.5 mL) was added via syringe, and the reaction was stirred at 110 °C 

for 24 hours. The reaction mixture was cooled and filtered through Celite®, and the filtrate 

concentrated under reduced pressure. The crude product was then purified by chromatography on 
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concentrated under reduced pressure. The crude product was then purified by chromatography on 

silica (20–75% EtOAc in hexanes followed by 10% acetone in DCM/hexanes) to afford the title 

compound (62 mg, 7%) as a golden oil. 1H NMR (500 MHz, CDCl3) δ 8.67 (d, J = 5.0 Hz, 1 H), 

8.08 (d, J = 8.0 Hz, 1 H), 7.78–7.74 (m, 2 H), 7.30 (ddd, J = 1.0, 5.0, 8.0 Hz, 1 H), 7.25 (s, 1 H); 

13C NMR (125 MHz, CDCl3) δ 160.7, 149.9, 146.0, 139.8, 137.0, 128.8, 124.7, 122.0; HRMS 

(EI) m/z 146.0472 [calc’d for C8H7N2O (M)+ 146.0475]. 

2-(Pyridin-2-yl)pyrazine-1-oxide 

 

Pd(OAc)2 (39.0 mg, 0.17 mmoles), [P(t-Bu)3H]BF4 (151 mg, 0.52 mmoles), pyrazine-1-oxide 

(1.0 g, 10.4 mmoles), and K2CO3 (959 mg, 6.9 mmoles) were added to a dried flask. The flask 

was fitted with a reflux condenser capped with a septum, evacuated, and purged with nitrogen (~ 

5 times). A degassed solution of 2-bromopyridine (548 mg, 3.5 mmoles) in dry dioxane (17 mL) 

was added via syringe, and the reaction was stirred at 110 °C for 18 hours. The reaction mixture 

was cooled and filtered through Celite®, and the filtrate was concentrated under reduced 

pressure. The crude product was then purified by chromatography on silica (30% acetone in 

hexanes) to afford the title compound (312 mg, 52%) as a pale yellow solid. 1H NMR (400 MHz, 

CDCl3) δ 9.35 (s, 1H), 8.75–8.72 (m, 2 H), 8.38 (d, J = 4.0 Hz, 1 H), 8.15 (dd, J = 0.4, 4.0 Hz, 1 

H), 7.81 (ddd, J = 1.6, 2.0, 8.0 Hz, 1 H), 7.25 (ddd, J = 0.8, 4.8, 8.0 Hz, 1 H); 13C NMR (100 

MHz, CDCl3) δ 149.9, 149.7, 147.3, 145.8, 142.2, 136.5, 134.5, 125.4, 124.8; HRMS (ESI) m/z 

174.0662 [calc’d for C9H8N3O (M + H)+ 174.0662]. 

6-(Pyridin-2-yl)pyridazine-1-oxide 

silica (20–75% EtOAc in hexanes followed by 10% acetone in DCM/hexanes) to afford the title 

compound (62 mg, 7%) as a golden oil. 1H NMR (500 MHz, CDCl3) δ 8.67 (d, J = 5.0 Hz, 1 H), 

8.08 (d, J = 8.0 Hz, 1 H), 7.78–7.74 (m, 2 H), 7.30 (ddd, J = 1.0, 5.0, 8.0 Hz, 1 H), 7.25 (s, 1 H); 

13C NMR (125 MHz, CDCl3) δ 160.7, 149.9, 146.0, 139.8, 137.0, 128.8, 124.7, 122.0; HRMS 

(EI) m/z 146.0472 [calc’d for C8H7N2O (M)+ 146.0475]. 

 

2-(Pyridin-2-yl)pyrazine-1-oxide 

 

 

 

 

Procedure: Pd(OAc)2 (39.0 mg, 0.17 mmoles), [P(t-Bu)3H]BF4 (151 mg,  0.52 mmoles), 

pyrazine-1-oxide (1.0 g, 10.4 mmoles), and K2CO3 (959 mg,  6.9 mmoles) were added to a dried 

flask. The flask was fitted with a reflux condenser capped with a septum, evacuated, and purged 

with nitrogen  (~ 5 times). A degassed solution of 2-bromopyridine (548 mg, 3.5 mmoles) in dry 

dioxane (17 mL) was added via syringe, and the reaction was stirred at 110 °C for 18 hours. The 

reaction mixture was cooled and filtered through Celite®, and the filtrate was concentrated under 

reduced pressure. The crude product was then purified by chromatography on silica (30% 

acetone in hexanes) to afford the title compound (312 mg, 52%) as a pale yellow solid. 1H NMR 

(400 MHz, CDCl3) δ 9.35 (s, 1H), 8.75–8.72 (m, 2 H), 8.38 (d, J = 4.0 Hz, 1 H), 8.15 (dd, J = 

0.4, 4.0 Hz, 1 H), 7.81 (ddd, J = 1.6, 2.0, 8.0 Hz, 1 H), 7.25 (ddd, J = 0.8, 4.8, 8.0 Hz, 1 H); 13C 

NMR (100 MHz, CDCl3) δ 149.9, 149.7, 147.3, 145.8, 142.2, 136.5, 134.5, 125.4, 124.8; 

HRMS (ESI) m/z 174.0662 [calc’d for C9H8N3O (M + H)+ 174.0662]. 
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Pd(OAc)2 (29.0 mg, 0.13 mmoles), [P(t-Bu)3H]BF4 (113 mg, 0.39 mmoles), pyridazine-1-oxide 

(500 mg, 5.2 mmoles), and K2CO3 (719 mg, 5.2 mmoles) were added to a dried flask. The flask 

was fitted with a reflux condenser capped with a septum, evacuated, and purged with nitrogen (~ 

5 times). A degassed solution of 2-bromopyridine (411 mg, 2.6 mmoles) in dry toluene (13 mL) 

was added via syringe, and the reaction was stirred at 110 °C for 18 hours. The reaction mixture 

was cooled, filtered through Celite®, and the filtrate was concentrated under reduced pressure. 

The crude product was then purified by chromatography on silica (35% acetone in hexanes) to 

afford the title compound (206 mg, 46%) as a grey solid. 1H NMR (400 MHz, CDCl3) δ 8.90 (d, 

J = 8.0 Hz, 1H), 8.70 (d, J = 4.0 Hz, 1 H), 8.63 (dd, J = 1.6, 8.0 Hz, 1 H), 8.47 (s, 1 H), 7.84 (t, J 

= 7.6 Hz, 1 H), 7.36 (dd, J = 5.2, 7.2 Hz, 1 H), 7.19 (dd, J = 5.2, 8.0 Hz, 1 H); 13C NMR (100 

MHz, CDCl3) δ 149.8, 149.5, 148.2, 142.5, 136.7, 135.6, 125.0, 124.7, 116.5; HRMS (ESI) m/z 

174.0658 [calc’d for C9H8N3O (M + H)+ 174.0662]. 

2-(Pyridin-2-yl)pyrazine 

 

2-(Pyridin-2-yl)pyrazine-1-oxide (200 mg, 1.2 mmoles) was dissolved in dry CHCl3 (23 mL) and 

cooled to 0 °C in an ice bath, after which PCl3 (360 µL, 4.2 mmoles) was added dropwise with 

stirring. The reaction was stirred at 60 °C until the starting material was completely consumed, 

as judged by TLC. The reaction was quenched by the dropwise addition of saturated Na2CO3 (20 

mL) while stirring on ice. The product was extracted with CHCl3 (4 x 20 mL), and the combined 

 

6-(Pyridin-2-yl)pyridazine-1-oxide 

 

 

 

 

Procedure: Pd(OAc)2 (29.0 mg, 0.13 mmoles), [P(t-Bu)3H]BF4 (113 mg,  0.39 mmoles), 

pyridazine-1-oxide (500 mg, 5.2 mmoles), and K2CO3 (719 mg,  5.2 mmoles) were added to a 

dried flask. The flask was fitted with a reflux condenser capped with a septum, evacuated, and 

purged with nitrogen  (~ 5 times). A degassed solution of 2-bromopyridine (411 mg, 2.6 

mmoles) in dry toluene (13 mL) was added via syringe, and the reaction was stirred at 110 °C for 

18 hours. The reaction mixture was cooled, filtered through Celite®, and the filtrate was 

concentrated under reduced pressure. The crude product was then purified by chromatography on 

silica (35% acetone in hexanes) to afford the title compound (206 mg, 46%) as a grey solid. 1H 

NMR (400 MHz, CDCl3) δ 8.90 (d, J = 8.0 Hz, 1H), 8.70 (d, J = 4.0 Hz, 1 H), 8.63 (dd, J = 1.6, 

8.0 Hz, 1 H), 8.47 (s, 1 H), 7.84 (t, J = 7.6 Hz, 1 H), 7.36 (dd, J = 5.2, 7.2 Hz, 1 H), 7.19 (dd, J = 

5.2, 8.0 Hz, 1 H); 13C NMR (100 MHz, CDCl3) δ 149.8, 149.5, 148.2, 142.5, 136.7, 135.6, 

125.0, 124.7, 116.5; HRMS (ESI) m/z 174.0658 [calc’d for C9H8N3O (M + H)+ 174.0662]. 

 

2-(Pyridin-2-yl)pyrazine 
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6-(Pyridin-2-yl)pyridazine-1-oxide 

 

 

 

 

Procedure: Pd(OAc)2 (29.0 mg, 0.13 mmoles), [P(t-Bu)3H]BF4 (113 mg,  0.39 mmoles), 

pyridazine-1-oxide (500 mg, 5.2 mmoles), and K2CO3 (719 mg,  5.2 mmoles) were added to a 

dried flask. The flask was fitted with a reflux condenser capped with a septum, evacuated, and 

purged with nitrogen  (~ 5 times). A degassed solution of 2-bromopyridine (411 mg, 2.6 

mmoles) in dry toluene (13 mL) was added via syringe, and the reaction was stirred at 110 °C for 

18 hours. The reaction mixture was cooled, filtered through Celite®, and the filtrate was 

concentrated under reduced pressure. The crude product was then purified by chromatography on 

silica (35% acetone in hexanes) to afford the title compound (206 mg, 46%) as a grey solid. 1H 

NMR (400 MHz, CDCl3) δ 8.90 (d, J = 8.0 Hz, 1H), 8.70 (d, J = 4.0 Hz, 1 H), 8.63 (dd, J = 1.6, 

8.0 Hz, 1 H), 8.47 (s, 1 H), 7.84 (t, J = 7.6 Hz, 1 H), 7.36 (dd, J = 5.2, 7.2 Hz, 1 H), 7.19 (dd, J = 

5.2, 8.0 Hz, 1 H); 13C NMR (100 MHz, CDCl3) δ 149.8, 149.5, 148.2, 142.5, 136.7, 135.6, 

125.0, 124.7, 116.5; HRMS (ESI) m/z 174.0658 [calc’d for C9H8N3O (M + H)+ 174.0662]. 
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organics were dried over Na2SO4(s) and concentrated under reduced pressure. The crude product 

was then purified by chromatography on silica (30% EtOAc in hexanes) to afford the title 

compound (103 mg, 57%) as a pale yellow solid. 1H NMR (400 MHz, CDCl3) δ 9.63 (d, J = 1.2 

Hz, 1H), 8.71–8.69 (m, 1 H), 8.60–8.58 (m, 2 H), 8.34 (d, J = 8.0 Hz, 1 H), 7.82 (ddd, J = 1.6, 

2.0, 8.0 Hz, 1 H), 7.34 (ddd, J = 1.2, 4.8, 7.6 Hz, 1 H); 13C NMR (100 MHz, CDCl3) δ 154.2, 

151.1, 149.4, 144.4, 143.5, 143.3, 137.0, 124.4, 121.4; HRMS (ESI) m/z 158.0708 [calc’d for 

C9H8N3 (M + H)+ 158.0713]. 

2-(Pyridin-2-yl)pyridazine 

 

6-(Pyridin-2-yl)pyridazine-1-oxide (150 mg, 0.87 mmoles) was dissolved in dry CHCl3 4.3 mL) 

and cooled to 0 °C in an ice bath, after which PCl3 (230 µL, 2.6 mmoles) was added dropwise 

with stirring. The reaction was stirred at 60 °C until the starting material was completely 

consumed, as judged by TLC. The reaction was quenched by the dropwise addition of saturated 

Na2CO3 (10 mL) while stirring on ice. The product was extracted with CHCl3 (4 x 10 mL), and 

the combined organics were dried over Na2SO4(s) and concentrated under reduced pressure. The 

crude product was then purified by chromatography on silica (40% EtOAc in hexanes) to afford 

the title compound (50 mg, 37%) as a brown solid. 1H NMR (400 MHz, CDCl3) δ 9.19 (dd, J = 

1.6, 5.2 Hz, 1H), 8.70–8.67 (m, 2 H), 8.55 (dd, J = 1.6, 8.8 Hz, 1 H), 7.87 (td, J = 1.6, 8.0 Hz, 1 

H), 7.59 (dd, J = 4.8, 8.8 Hz, 1 H), 7.38 (ddd, J = 1.2, 4.8, 7.6 Hz, 1 H); 13C NMR (100 MHz, 

CDCl3) δ 158.6, 153.5, 151.2, 149.4, 137.2, 127.0, 124.7, 124.4, 121.6; HRMS (ESI) m/z 

158.0714 [calc’d for C9H8N3 (M + H)+ 158.0713]. 

Methyl 2-(5-methoxycarbonylthiazol-2-yl)pyridine-5-carboxylate 

 

Procedure: 2-(Pyridin-2-yl)pyrazine-1-oxide (200 mg, 1.2 mmoles) was dissolved in dry CHCl3 

(23 mL) and cooled to 0 °C in an ice bath, after which PCl3 (360 µL, 4.2 mmoles) was added 

dropwise with stirring. The reaction was stirred at 60 °C until the starting material was 

completely consumed, as judged by TLC. The reaction was quenched by the dropwise addition 

of saturated Na2CO3 (20 mL) while stirring on ice. The product was extracted with CHCl3 (4 × 

20 mL), and the combined organics were dried over Na2SO4(s) and concentrated under reduced 

pressure. The crude product was then purified by chromatography on silica (30% EtOAc in 

hexanes) to afford the title compound (103 mg, 57%) as a pale yellow solid. 1H NMR (400 MHz, 

CDCl3) δ 9.63 (d, J = 1.2 Hz, 1H), 8.71–8.69 (m, 1 H), 8.60–8.58 (m, 2 H), 8.34 (d, J = 8.0 Hz, 

1 H), 7.82 (ddd, J = 1.6, 2.0, 8.0 Hz, 1 H), 7.34 (ddd, J = 1.2, 4.8, 7.6 Hz, 1 H); 13C NMR (100 

MHz, CDCl3) δ 154.2, 151.1, 149.4, 144.4, 143.5, 143.3, 137.0, 124.4, 121.4; HRMS (ESI) m/z 

158.0708 [calc’d for C9H8N3 (M + H)+ 158.0713]. 

 

2-(Pyridin-2-yl)pyridazine 

 

 

Procedure: 6-(Pyridin-2-yl)pyridazine-1-oxide (150 mg, 0.87 mmoles) was dissolved in dry 

CHCl3 4.3 mL) and cooled to 0 °C in an ice bath, after which PCl3 (230 µL, 2.6 mmoles) was 

added dropwise with stirring. The reaction was stirred at 60 °C until the starting material was 

completely consumed, as judged by TLC. The reaction was quenched by the dropwise addition 

of saturated Na2CO3 (10 mL) while stirring on ice. The product was extracted with CHCl3 (4 × 

10 mL), and the combined organics were dried over Na2SO4(s) and concentrated under reduced 
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Pd(OAc)2 (3.9 mg, 0.017 mmoles), [P(t-Bu)3H]BF4 (10.0 mg, 0.035 mmoles), 1- 

adamantanecarboxylic acid (18.4 mg, 0.10 mmoles), K2CO3 (96.5 mg, 0.70 mmoles), methyl 

thiazole-5-carboxylate (50 mg, 0.35 mmoles), and methyl 6-bromonicotinate (113 mg, 0.52 

mmoles) were added to a dried flask. The flask was fitted with a reflux condenser capped with a 

septum, evacuated, and purged with nitrogen (~ 5 times). Dry toluene (1.7 mL) was added via 

syringe, and the reaction was stirred at 110 °C for 48 h. The reaction mixture was cooled and 

filtered through Celite®, and the filtrate was concentrated under reduced pressure. The crude 

product was then purified by chromatography on silica (3% acetone in 1:1 DCM/hexanes) to 

afford the title compound (28 mg, 29%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 9.22 (s, 

1 H), 8.51 (s, 1 H), 8.43 (dd, J = 2.0, 8.0 Hz, 1 H), 8.29 (d, J = 8.0 Hz, 1 H), 4.00 (s, 3 H), 3.96 

(s, 3 H); 13C NMR (100 MHz, CDCl3) δ 172.7, 165.1, 161.8, 153.6, 150.9, 149.7, 138.4, 131.7, 

127.1, 119.6, 52.6, 52.6; HRMS (ESI) m/z 279.0439 [calc’d for C12H11N2O4S (M + H)+ 

279.0435]. 

Ethyl 2-(5-ethoxycarbonylthiazol-2-yl)pyridine-5-carboxylate (Diethyl pythiDC) 

 

Pd(OAc)2 (150 mg, 0.67 mmoles), [P(t-Bu)3H]BF4 (388 mg, 1.34 mmoles), 1- 

adamantanecarboxylic acid (723 mg, 4.01 mmoles), K2CO3 (3.7 g, 27 mmoles), and ethyl 6- 

bromonicotinate (4.6 g, 20 mmoles) were added to a dried flask. The flask was fitted with a 

reflux condenser capped with a septum, evacuated, and purged with nitrogen (~ 5 times). A 

pressure. The crude product was then purified by chromatography on silica (40% EtOAc in 

hexanes) to afford the title compound (50 mg, 37%) as a brown solid. 1H NMR (400 MHz, 

CDCl3) δ 9.19 (dd, J = 1.6, 5.2 Hz, 1H), 8.70–8.67 (m, 2 H), 8.55 (dd, J = 1.6, 8.8 Hz, 1 H), 7.87 

(td, J = 1.6, 8.0 Hz, 1 H), 7.59 (dd, J = 4.8, 8.8 Hz, 1 H), 7.38 (ddd, J = 1.2, 4.8, 7.6 Hz, 1 H); 

13C NMR (100 MHz, CDCl3) δ 158.6, 153.5, 151.2, 149.4, 137.2, 127.0, 124.7, 124.4, 121.6; 

HRMS (ESI) m/z 158.0714 [calc’d for C9H8N3 (M + H)+ 158.0713]. 

 

Methyl 2-(5-methoxycarbonylthiazol-2-yl)pyridine-5-carboxylate 

 

Procedure: Pd(OAc)2 (3.9 mg, 0.017 mmoles), [P(t-Bu)3H]BF4 (10.0 mg,  0.035 mmoles), 1-

adamantanecarboxylic acid (18.4 mg, 0.10 mmoles), K2CO3 (96.5 mg,  0.70 mmoles), methyl 

thiazole-5-carboxylate (50 mg, 0.35 mmoles), and methyl 6-bromonicotinate (113 mg,  0.52 

mmoles) were added to a dried flask. The flask was fitted with a reflux condenser capped with a 

septum, evacuated, and purged with nitrogen  (~ 5 times). Dry toluene (1.7 mL) was added via 

syringe, and the reaction was stirred at 110 °C for 48 h. The reaction mixture was cooled and 

filtered through Celite®, and the filtrate was concentrated under reduced pressure. The crude 

product was then purified by chromatography on silica (3% acetone in 1:1 DCM/hexanes) to 

afford the title compound (28 mg, 29%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 9.22 (s, 

1 H), 8.51 (s, 1 H), 8.43 (dd, J = 2.0, 8.0 Hz, 1 H), 8.29 (d, J = 8.0 Hz, 1 H), 4.00 (s, 3 H), 3.96 (s, 

3 H); 13C NMR (100 MHz, CDCl3) δ 172.7, 165.1, 161.8, 153.6, 150.9, 149.7, 138.4, 131.7, 

K2CO3, toluene, 110 oC
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127.1, 119.6, 52.6, 52.6; HRMS (ESI) m/z 279.0439 [calc’d for C12H11N2O4S (M + H)+ 

279.0435]. 

 

Ethyl 2-(5-ethoxycarbonylthiazol-2-yl)pyridine-5-carboxylate (Diethyl pythiDC) 

 

Procedure: Pd(OAc)2 (150 mg, 0.67 mmoles), [P(t-Bu)3H]BF4 (388 mg,  1.34  mmoles), 1-

adamantanecarboxylic acid (723 mg, 4.01 mmoles), K2CO3 (3.7 g,  27 mmoles), and ethyl 6-

bromonicotinate (4.6 g,  20 mmoles) were added to a dried flask. The flask was fitted with a 

reflux condenser capped with a septum, evacuated, and purged with nitrogen  (~ 5 times). A 

solution of ethyl thiazole-5-carboxylate (2.1 g, 13 mmoles) in dry toluene (65 mL) was added, 

and the reaction was stirred at 110 °C for 72 h. The reaction mixture was cooled and filtered 

through Celite®, and the filtrate was concentrated under reduced pressure. The crude product was 

then purified by chromatography on silica (25% EtOAc/hexanes followed by 3% acetone in 1:1 

DCM/hexanes) and recrystallized from EtOAc/hexanes (1:1) to afford the title compound (1.48 g, 

40%) as a white crystalline solid. 1H NMR (400 MHz, CDCl3) δ 9.22 (s, 1 H), 8.51 (s, 1 H), 

8.43 (dd, J = 2.0, 8.0 Hz, 1 H), 8.29 (d, J = 8.0 Hz, 1 H), 4.00 (s, 3 H), 3.96 (s, 3 H); 13C NMR 

(100 MHz, CDCl3) δ 172.7, 165.1, 161.8, 153.6, 150.9, 149.7, 138.4, 131.7, 127.1, 119.6, 52.6, 

52.6; HRMS (ESI) m/z 279.0439 [calc’d for C12H11N2O4S (M + H)+ 279.0435]. 
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solution of ethyl thiazole-5-carboxylate (2.1 g, 13 mmoles) in dry toluene (65 mL) was added, 

and the reaction was stirred at 110 °C for 72 h. The reaction mixture was cooled and filtered 

through Celite®, and the filtrate was concentrated under reduced pressure. The crude product 

was then purified by chromatography on silica (25% EtOAc/hexanes followed by 3% acetone in 

1:1 DCM/hexanes) and recrystallized from EtOAc/hexanes (1:1) to afford the title compound 

(1.48 g, 40%) as a white crystalline solid. 1H NMR (400 MHz, CDCl3) δ 9.22 (s, 1 H), 8.51 (s, 1 

H), 8.43 (dd, J = 2.0, 8.0 Hz, 1 H), 8.29 (d, J = 8.0 Hz, 1 H), 4.00 (s, 3 H), 3.96 (s, 3 H); 13C 

NMR (100 MHz, CDCl3) δ 172.7, 165.1, 161.8, 153.6, 150.9, 149.7, 138.4, 131.7, 127.1, 119.6, 

52.6, 52.6; HRMS (ESI) m/z 279.0439 [calc’d for C12H11N2O4S (M + H)+ 279.0435]. 

Methyl 2-(4-methoxycarbonylthiazol-2-yl)pyridine-5-carboxylate 

 

Pd(OAc)2 (15.7 mg, 0.070 mmoles), [P(t-Bu)3H]BF4 (60.7 mg, 0.21 mmoles), pivalic acid (28.5 

mg, 0.28 mmoles), K2CO3 (386 mg, 2.8 mmoles), methyl thiazole-4-carboxylate (200 mg, 1.4 

mmoles), and methyl 6-bromonicotinate (603 mg, 2.8 mmoles) were added to a dried flask. The 

flask was fitted with a reflux condenser capped with a septum, evacuated, and purged with 

nitrogen (~ 5 times). Dry DMF (7 mL) was added via syringe, and the reaction was stirred at 110 

°C for 6 h. The reaction mixture was cooled and filtered through Celite®, and the filtrate was 

concentrated under reduced pressure. The crude product was then purified by chromatography on 

silica (1% acetone in DCM) to afford the title compound (39 mg, 10%) as a white solid. 1H NMR 

(400 MHz, CDCl3) δ 9.18 (dd, J = 0.8, 2.0 Hz, 1 H), 8.41 (dd, J = 2.0, 8.4 Hz, 1 H), 8.38 (dd, J = 

0.8, 8.4 Hz, 1 H), 8.33 (s, 1 H), 3.99 (s, 3 H), 3.98 (s, 3 H); 13C NMR (100 MHz, CDCl3) δ 

 

Procedure: Pd(OAc)2 (15.7 mg, 0.070 mmoles), [P(t-Bu)3H]BF4 (60.7 mg,  0.21 mmoles), 

pivalic acid (28.5 mg, 0.28 mmoles), K2CO3 (386 mg,  2.8 mmoles), methyl thiazole-4-

carboxylate (200 mg, 1.4 mmoles), and methyl 6-bromonicotinate (603 mg,  2.8 mmoles) were 

added to a dried flask. The flask was fitted with a reflux condenser capped with a septum, 

evacuated, and purged with nitrogen  (~ 5 times). Dry DMF (7 mL) was added via syringe, and 

the reaction was stirred at 110 °C for 6 h. The reaction mixture was cooled and filtered through 

Celite®, and the filtrate was concentrated under reduced pressure. The crude product was then 

purified by chromatography on silica (1% acetone in DCM) to afford the title compound (39 mg, 

10%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 9.18 (dd, J = 0.8, 2.0 Hz, 1 H), 8.41 (dd, J 

= 2.0, 8.4 Hz, 1 H), 8.38 (dd, J = 0.8, 8.4 Hz, 1 H), 8.33 (s, 1 H), 3.99 (s, 3 H), 3.98 (s, 3 H); 13C 

NMR (100 MHz, CDCl3) δ 168.7, 165.1, 161.7, 153.3, 150.7, 148.3, 138.3, 130.7, 126.9, 119.6, 

52.6, 52.6; HRMS (ESI) m/z 279.0423 [calc’d for C12H11N2O4S (M + H)+ 279.0435]. 

 

Methyl 2-(5-ethoxycarbonyloxazol-2-yl)pyridine-5-carboxylate 
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168.7, 165.1, 161.7, 153.3, 150.7, 148.3, 138.3, 130.7, 126.9, 119.6, 52.6, 52.6; HRMS (ESI) m/z 

279.0423 [calc’d for C12H11N2O4S (M + H)+ 279.0435]. 

Methyl 2-(5-ethoxycarbonyloxazol-2-yl)pyridine-5-carboxylate 

 

Pd(OAc)2 (31.8 mg, 0.14 mmoles), [P(t-Bu)3H]BF4 (123.2 mg, 0.42 mmoles), 1- 

adamantanecarboxylic acid (153 mg, 0.85 mmoles), K2CO3 (782 mg, 5.7 mmoles), and methyl 

6-bromonicotinate (918 mg, 4.3 mmoles) were added to a dried flask. The flask was fitted with a 

reflux condenser capped with a septum, evacuated, and purged with nitrogen (~ 5 times). A 

degassed solution of ethyl oxazole-5-carboxylate (400 mg, 2.8 mmoles) in dry toluene (7 mL) 

was added via syringe, and the reaction was stirred at 110 °C for 8 h. The reaction mixture was 

cooled and filtered through Celite®, and the filtrate was concentrated under reduced pressure. 

The crude product was then purified by chromatography on silica (30% EtOAc in hexanes 

followed by 2% acetone in 1:1 DCM:hexanes) to afford the title compound (183 mg, 23%) as a 

white solid. 1H NMR (400 MHz, CDCl3) δ 9.37 (dd, J = 0.8, 2.0 Hz, 1 H), 8.47 (dd, J = 2.0, 8.0 

Hz, 1 H), 8.30 (dd, J = 0.8, 8 Hz, 1 H), 7.96 (s, 1 H), 4.46 (q, J = 7.2 Hz, 2 H), 4.00 (s, 3 H), 1.43 

(t, J = 7.2 Hz, 3 H); 13C NMR (100 MHz, CDCl3) δ 164.9, 161.6, 157.5, 151.5, 148.0, 143.8, 

138.3, 135.5, 127.3, 122.5, 61.9, 52.7, 14.3; HRMS (ESI) m/z 277.0823 [calc’d for C13H13N2O5 

(M + H)+ 279.0819]. 

Methyl 2-(4-ethoxycarbonyloxazol-2-yl)pyridine-5-carboxylate 

 

 

Procedure: Pd(OAc)2 (15.7 mg, 0.070 mmoles), [P(t-Bu)3H]BF4 (60.7 mg,  0.21 mmoles), 

pivalic acid (28.5 mg, 0.28 mmoles), K2CO3 (386 mg,  2.8 mmoles), methyl thiazole-4-

carboxylate (200 mg, 1.4 mmoles), and methyl 6-bromonicotinate (603 mg,  2.8 mmoles) were 

added to a dried flask. The flask was fitted with a reflux condenser capped with a septum, 

evacuated, and purged with nitrogen  (~ 5 times). Dry DMF (7 mL) was added via syringe, and 

the reaction was stirred at 110 °C for 6 h. The reaction mixture was cooled and filtered through 

Celite®, and the filtrate was concentrated under reduced pressure. The crude product was then 

purified by chromatography on silica (1% acetone in DCM) to afford the title compound (39 mg, 

10%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 9.18 (dd, J = 0.8, 2.0 Hz, 1 H), 8.41 (dd, J 

= 2.0, 8.4 Hz, 1 H), 8.38 (dd, J = 0.8, 8.4 Hz, 1 H), 8.33 (s, 1 H), 3.99 (s, 3 H), 3.98 (s, 3 H); 13C 

NMR (100 MHz, CDCl3) δ 168.7, 165.1, 161.7, 153.3, 150.7, 148.3, 138.3, 130.7, 126.9, 119.6, 

52.6, 52.6; HRMS (ESI) m/z 279.0423 [calc’d for C12H11N2O4S (M + H)+ 279.0435]. 

 

Methyl 2-(5-ethoxycarbonyloxazol-2-yl)pyridine-5-carboxylate 
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Procedure: Pd(OAc)2 (31.8 mg, 0.14 mmoles), [P(t-Bu)3H]BF4 (123.2 mg,  0.42 mmoles), 1-

adamantanecarboxylic acid (153 mg, 0.85 mmoles), K2CO3 (782 mg,  5.7 mmoles), and methyl 

6-bromonicotinate (918 mg,  4.3 mmoles) were added to a dried flask. The flask was fitted with a 

reflux condenser capped with a septum, evacuated, and purged with nitrogen  (~ 5 times). A 

degassed solution of ethyl oxazole-5-carboxylate (400 mg, 2.8 mmoles) in dry toluene (7 mL) 

was added via syringe, and the reaction was stirred at 110 °C for 8 h. The reaction mixture was 

cooled and filtered through Celite®, and the filtrate was concentrated under reduced pressure. 

The crude product was then purified by chromatography on silica (30% EtOAc in hexanes 

followed by 2% acetone in 1:1 DCM:hexanes) to afford the title compound (183 mg, 23%) as a 

white solid. 1H NMR (400 MHz, CDCl3) δ 9.37 (dd, J = 0.8, 2.0 Hz, 1 H), 8.47 (dd, J = 2.0, 8.0 

Hz, 1 H), 8.30 (dd, J = 0.8, 8 Hz, 1 H), 7.96 (s, 1 H), 4.46 (q, J = 7.2 Hz, 2 H), 4.00 (s, 3 H), 1.43 

(t, J = 7.2 Hz, 3 H); 13C NMR (100 MHz, CDCl3) δ 164.9, 161.6, 157.5, 151.5, 148.0, 143.8, 

138.3, 135.5, 127.3, 122.5, 61.9, 52.7, 14.3; HRMS (ESI) m/z 277.0823 [calc’d for C13H13N2O5 

(M + H)+ 279.0819]. 

 

Methyl 2-(4-ethoxycarbonyloxazol-2-yl)pyridine-5-carboxylate 

 

 

Procedure: Pd(OAc)2 (15.9 mg, 0.071 mmoles), [P(t-Bu)3H]BF4 (61.8 mg,  0.21 mmoles), 

pivalic acid (29.0 mg, 0.28 mmoles), K2CO3 (391 mg,  2.8 mmoles), ethyl oxazole-4-carboxylate 

K2CO3, toluene, 110 oC
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Pd(OAc)2 (15.9 mg, 0.071 mmoles), [P(t-Bu)3H]BF4 (61.8 mg, 0.21 mmoles), pivalic acid (29.0 

mg, 0.28 mmoles), K2CO3 (391 mg, 2.8 mmoles), ethyl oxazole-4-carboxylate (200 mg, 1.4 

mmoles), and methyl 6-bromonicotinate (612 mg, 2.8 mmoles) were added to a dried flask. The 

flask was fitted with a reflux condenser capped with a septum, evacuated, and purged with 

nitrogen (~ 5 times). Dry toluene (7 mL) was added via syringe, and the reaction was stirred at 

110 °C for 24 h. The reaction mixture was cooled and filtered through Celite®, and the filtrate 

was concentrated under reduced pressure. The crude product was then purified via 

chromatography on silica (2% acetone in DCM followed by 10% acetone 1:1 DCM:hexanes) to 

afford the title compound (113 mg, 29%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 9.31 

(dd, J = 0.8, 2.0 Hz, 1 H), 8.46 (dd, J = 2.0, 8.4 Hz, 1 H), 8.42 (s, 1 H), 8.38 (dd, J = 0.8, 8.4 Hz, 

1 H), 4.45 (q, J = 7.2 Hz, 2 H), 4.00 (s, 3 H), 1.42 (t, J = 7.2 Hz, 3 H); 13C NMR (100 MHz, 

CDCl3) δ 164.9, 160.8, 160.2, 151.1, 148.0, 145.2, 138.3, 135.3, 127.1, 122.3, 61.6, 52.7, 14.3; 

HRMS (ESI) m/z 277.0815 [calc’d for C13H13N2O5 (M + H)+ 277.0823]. 

Methyl 2-(5-methoxycarbonyl-1-methyl-1H-imidazol-2-yl)pyridine-5-carboxylate 

 

Pd(OAc)2 (32 mg, 0.14 mmoles), [P(Cy)3H]BF4 (158 mg, 0.43 mmoles), 1- 

adamantanecarboxylic acid (258 mg, 1.4 mmoles), Cs2CO3 (1.9 g, 5.7 mmoles), methyl 6- 

bromonicotinate (618 mg, 2.9 mmoles) and methyl 1-methyl-1H-imidazole-5-carboxylate (400 

mg, 2.9 mmoles) were added to a dried flask. The flask was fitted with a reflux condenser capped 

with a septum, evacuated, and purged with nitrogen (~ 5 times). Dry toluene (4.8 mL) was added 

via syringe, and the reaction was stirred at 110 °C for 48 h. The reaction mixture was cooled and 

filtered through Celite®, and the filtrate was concentrated under reduced pressure. The crude 

(200 mg, 1.4 mmoles), and methyl 6-bromonicotinate (612 mg,  2.8 mmoles) were added to a 

dried flask. The flask was fitted with a reflux condenser capped with a septum, evacuated, and 

purged with nitrogen  (~ 5 times). Dry toluene (7 mL) was added via syringe, and the reaction 

was stirred at 110 °C for 24 h. The reaction mixture was cooled and filtered through Celite®, and 

the filtrate was concentrated under reduced pressure. The crude product was then purified via 

chromatography on silica (2% acetone in DCM followed by 10% acetone 1:1 DCM:hexanes) to 

afford the title compound (113 mg, 29%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 9.31 

(dd, J = 0.8, 2.0 Hz, 1 H), 8.46 (dd, J = 2.0, 8.4 Hz, 1 H), 8.42 (s, 1 H), 8.38 (dd, J = 0.8, 8.4 Hz, 

1 H), 4.45 (q, J = 7.2 Hz, 2 H), 4.00 (s, 3 H), 1.42 (t, J = 7.2 Hz, 3 H); 13C NMR (100 MHz, 

CDCl3) δ 164.9, 160.8, 160.2, 151.1, 148.0, 145.2, 138.3, 135.3, 127.1, 122.3, 61.6, 52.7, 14.3; 

HRMS (ESI) m/z 277.0815 [calc’d for C13H13N2O5 (M + H)+ 277.0823]. 

 

Methyl 2-(5-methoxycarbonyl-1-methyl-1H-imidazol-2-yl)pyridine-5-carboxylate 

 

Procedure: Pd(OAc)2 (32 mg, 0.14 mmoles), [P(Cy)3H]BF4 (158 mg,  0.43 mmoles), 1-

adamantanecarboxylic acid (258 mg, 1.4 mmoles), Cs2CO3 (1.9 g,  5.7 mmoles), methyl 6-

bromonicotinate (618 mg,  2.9 mmoles) and methyl 1-methyl-1H-imidazole-5-carboxylate (400 

mg, 2.9 mmoles) were added to a dried flask. The flask was fitted with a reflux condenser capped 

with a septum, evacuated, and purged with nitrogen  (~ 5 times). Dry toluene (4.8 mL) was 

added via syringe, and the reaction was stirred at 110 °C for 48 h. The reaction mixture was 

cooled and filtered through Celite®, and the filtrate was concentrated under reduced pressure. 

The crude product was then purified by chromatography on silica (30% EtOAc in hexanes) to 

Cs2CO3, toluene, 110 oC
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product was then purified by chromatography on silica (30% EtOAc in hexanes) to afford the 

title compound (40 mg, 5%) as a pale yellow solid. 1H NMR (400 MHz, CDCl3) δ 9.23 (d, J = 

1.2 Hz, 1 H), 8.38 (dd, J = 2.0, 8.4 Hz, 1 H), 8.28 (d, J = 8.4 Hz, 1 H), 7.84 (s, 1 H), 4.43 (s, 3 

H), 3.98 (s, 3 H), 3.89 (s, 3 H); 13C NMR (100 MHz, CDCl3) δ 165.4, 160.8, 153.2, 149.8, 148.2, 

137.6, 137.3, 125.6, 125.1, 123.8, 52.5, 51.6, 35.0; HRMS (ESI) m/z 298.0796 [calc’d for 

C13H13N3O4Na (M + Na)+ 298.0799]. 

Methyl 2-(5-methoxycarbonylpyridin-2-yl)pyrazine-5-carboxylate-1-oxide 

 

Pd(OAc)2 (21 mg, 0.09 mmoles), [P(t-Bu)3H]BF4 (81 mg, 0.28 mmoles), K2CO3 (511 mg, 3.7 

mmoles), methyl 6-bromonicotinate (400 mg, 1.9 mmoles), and methyl pyrazine-3-carboxylate-

1-oxide (571 mg, 3.7 mmoles) were added to a dried flask. The flask was fitted with a reflux 

condenser capped with a septum, evacuated, and purged with nitrogen (~ 5 times). Dry toluene 

(9 mL) was added via syringe, and the reaction was stirred at 110 °C for 24 h. The reaction 

mixture was cooled and filtered through Celite®, and the filtrate was concentrated under reduced 

pressure. The crude product was then further purified by chromatography on silica (45% EtOAc 

in hexanes) to afford the title compound (100 mg) as a pale orange solid. Due to the presence of 

minor contaminants that were difficult to remove by chromatography or recrystallization, the 

slightly crude product was used directly in the next reaction before further purification and 

characterization. 1H NMR (400 MHz, CDCl3) δ 9.63 (s, 1 H), 9.38 (dd, J = 0.4, 2.0, Hz, 1 H), 

9.06 (dd, J = 0.8, 8.4 Hz, 1 H), 8.89 (d, J = 0.4 Hz, 1 H), 8.48 (dd, J = 2.0, 8.4 Hz, 1 H), 4.10 (s, 

3 H), 4.03 (s, 3 H); HRMS (ESI) m/z 290.0770 [calc’d for C13H12N3O5 (M + H)+ 290.0772]. 

Methyl 2-(5-methoxycarbonylpyridin-2-yl)pyrazine-5-carboxylate 

afford the title compound (40 mg, 5%) as a pale yellow solid. 1H NMR (400 MHz, CDCl3) δ 

9.23 (d, J = 1.2 Hz, 1 H), 8.38 (dd, J = 2.0, 8.4 Hz, 1 H), 8.28 (d, J = 8.4 Hz, 1 H), 7.84 (s, 1 H), 

4.43 (s, 3 H), 3.98 (s, 3 H), 3.89 (s, 3 H); 13C NMR (100 MHz, CDCl3) δ 165.4, 160.8, 153.2, 

149.8, 148.2, 137.6, 137.3, 125.6, 125.1, 123.8, 52.5, 51.6, 35.0; HRMS (ESI) m/z 298.0796 

[calc’d for C13H13N3O4Na (M + Na)+ 298.0799]. 

 

Methyl 2-(5-methoxycarbonylpyridin-2-yl)pyrazine-5-carboxylate-1-oxide 

 

 

Procedure: Pd(OAc)2 (21 mg, 0.09 mmoles), [P(t-Bu)3H]BF4 (81 mg, 0.28 mmoles), K2CO3 

(511 mg, 3.7 mmoles), methyl 6-bromonicotinate (400 mg, 1.9 mmoles), and methyl pyrazine-3-

carboxylate-1-oxide (571 mg, 3.7 mmoles) were added to a dried flask. The flask was fitted with 

a reflux condenser capped with a septum, evacuated, and purged with nitrogen  (~ 5 times). Dry 

toluene (9 mL) was added via syringe, and the reaction was stirred at 110 °C for 24 h. The 

reaction mixture was cooled and filtered through Celite®, and the filtrate was concentrated under 

reduced pressure. The crude product was then further purified by chromatography on silica (45% 

EtOAc in hexanes) to afford the title compound (100 mg) as a pale orange solid. Due to the 

presence of minor contaminants that were difficult to remove by chromatography or 

recrystallization, the slightly crude product was used directly in the next reaction before further 

purification and characterization. 1H NMR (400 MHz, CDCl3) δ 9.63 (s, 1 H), 9.38 (dd, J = 0.4, 

2.0, Hz, 1 H), 9.06 (dd, J = 0.8, 8.4 Hz, 1 H), 8.89 (d, J = 0.4 Hz, 1 H), 8.48 (dd, J = 2.0, 8.4 Hz, 
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Methyl 2-(5-methoxycarbonylpyridin-2-yl)pyrazine-5-carboxylate-1-oxide (100 mg, 0.35 

mmoles) was dissolved in dry CHCl3 (1.5 mL) and cooled to 0 °C in an ice bath, after which 

PCl3 (100 µL, 1.0 mmoles) was added dropwise with stirring. The reaction was stirred at 60 °C 

until the starting material was consumed completely, as judged by TLC. The reaction was 

quenched by the dropwise addition of saturated Na2CO3 (10 mL) while stirring on ice. The 

product was extracted with CHCl3 (3 x 10 mL), and the combined organics were dried over 

Na2SO4(s) and concentrated under reduced pressure. The crude product was then recrystallized 

from CHCl3 and then EtOAc to afford the title compound (28 mg, 6% over two steps) as a pale 

yellow solid. 1H NMR (500 MHz, CDCl3) δ 9.84 (d, J = 1.5 Hz, 1 H), 9.38 (d, J = 1.0 Hz, 1 H), 

9.36 (dd, J = 0.5, 2.0 Hz, 1 H), 8.58 (d, J = 0.5, 8.0 Hz, 1 H), 8.50 (dd, J = 2.0, 8.5 Hz, 1 H), 4.11 

(s, 3H), 4.03 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 165.4, 164.4, 156.4, 152.4, 150.8, 145.2, 

143.3, 143.0, 138.4, 126.9, 121.9, 53.3, 52.7; HRMS (ESI) m/z 274.0824 [calc’d for C13H12N3O4 

(M + H)+ 274.0823]. 

Methyl 6-(5-methoxycarbonylpyridin-2-yl)pyridazine-3-carboxylate-1-oxide 

 

Pd(OAc)2 (7.3 mg, 0.033 mmoles), [P(t-Bu)3H]BF4 (28 mg, 0.098 mmoles), K2CO3 (180 mg, 1.3 

mmoles), ethyl 6-bromonicotinate (150 mg, 0.65 mmoles), and methyl pyridazine-3-carboxylate-

1-oxide (200 mg, 1.3 mmoles) were added to a dried flask. The flask was fitted with a reflux 

condenser capped with a septum, evacuated, and purged with nitrogen (~ 5 times). Dry dioxane 

1 H), 4.10 (s, 3 H), 4.03 (s, 3 H); HRMS (ESI) m/z 290.0770 [calc’d for C13H12N3O5 (M + H)+ 

290.0772]. 

 

Methyl 2-(5-methoxycarbonylpyridin-2-yl)pyrazine-5-carboxylate 

 

 

Procedure: Methyl 2-(5-methoxycarbonylpyridin-2-yl)pyrazine-5-carboxylate-1-oxide (100 mg, 

0.35 mmoles) was dissolved in dry CHCl3 (1.5 mL) and cooled to 0 °C in an ice bath, after 

which PCl3 (100 µL, 1.0 mmoles) was added dropwise with stirring. The reaction was stirred at 

60 °C until the starting material was consumed completely, as judged by TLC. The reaction was 

quenched by the dropwise addition of saturated Na2CO3 (10 mL) while stirring on ice. The 

product was extracted with CHCl3 (3 × 10 mL), and the combined organics were dried over 

Na2SO4(s) and concentrated under reduced pressure. The crude product was then recrystallized 

from CHCl3 and then EtOAc to afford the title compound (28 mg, 6% over two steps) as a pale 

yellow solid. 1H NMR (500 MHz, CDCl3) δ 9.84 (d, J = 1.5 Hz, 1 H), 9.38 (d, J = 1.0 Hz, 1 H), 

9.36 (dd, J = 0.5, 2.0 Hz, 1 H), 8.58 (d, J = 0.5, 8.0 Hz, 1 H), 8.50 (dd, J = 2.0, 8.5 Hz, 1 H), 4.11 

(s, 3H), 4.03 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 165.4, 164.4, 156.4, 152.4, 150.8, 145.2, 

143.3, 143.0, 138.4, 126.9, 121.9, 53.3, 52.7; HRMS (ESI) m/z 274.0824 [calc’d for C13H12N3O4 

(M + H)+ 274.0823]. 

 

Methyl 6-(5-methoxycarbonylpyridin-2-yl)pyridazine-3-carboxylate-1-oxide 

N

N

N+

O

MeO
O–

O

OMe N

N

N

O

MeO

O

OMeCHCl3, 0 oC to 60 oC

PCl3

 

Procedure: Pd(OAc)2 (7.3 mg, 0.033 mmoles), [P(t-Bu)3H]BF4 (28 mg, 0.098 mmoles), K2CO3 

(180 mg, 1.3 mmoles), ethyl 6-bromonicotinate (150 mg, 0.65 mmoles), and methyl pyridazine-

3-carboxylate-1-oxide (200 mg, 1.3 mmoles) were added to a dried flask. The flask was fitted 

with a reflux condenser capped with a septum, evacuated, and purged with nitrogen  (~ 5 times). 

Dry dioxane (4 mL) was added via syringe, and the reaction was stirred at 110 °C for 18 h. The 

reaction mixture was cooled and filtered through Celite®, and the filtrate concentrated under 

reduced pressure. The crude product was then further purified by chromatography on silica  

(40% EtOAc in hexanes) to afford the title compound (82 mg) as a pale orange solid. Due to the 

presence of minor contaminants that were difficult to remove by chromatography or 

recrystallization, the slightly crude product was used directly in the next reaction before further 

purification and characterization.1H NMR (500 MHz, CDCl3) δ 9.26 (d, J = 2.0 Hz, 1 H), 9.06 

(d, J = 8.5, Hz, 1 H), 8.85 (d, J = 8.5 Hz, 1 H), 8.42 (dd, J = 2.0, 8.5 Hz, 1 H), 7.85 (dd, J = 8.5 

Hz, 1 H), 4.41 (q, J = 7.0 Hz, 2 H), 4.00 (s, 3 H), 1.40 (t, J = 7.0 Hz, 3 H); HRMS (ESI) m/z 

304.0931 [calc’d for C14H14N3O5 (M + H)+ 304.0928]. 

 

Methyl 6-(5-ethoxycarbonylpyridin-2-yl)pyridazine-3-carboxylate 
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(4 mL) was added via syringe, and the reaction was stirred at 110 °C for 18 h. The reaction 

mixture was cooled and filtered through Celite®, and the filtrate concentrated under reduced 

pressure. The crude product was then further purified by chromatography on silica (40% EtOAc 

in hexanes) to afford the title compound (82 mg) as a pale orange solid. Due to the presence of 

minor contaminants that were difficult to remove by chromatography or recrystallization, the 

slightly crude product was used directly in the next reaction before further purification and 

characterization. 1H NMR (500 MHz, CDCl3) δ 9.26 (d, J = 2.0 Hz, 1 H), 9.06 (d, J = 8.5, Hz, 1 

H), 8.85 (d, J = 8.5 Hz, 1 H), 8.42 (dd, J = 2.0, 8.5 Hz, 1 H), 7.85 (dd, J = 8.5 Hz, 1 H), 4.41 (q, 

J = 7.0 Hz, 2 H), 4.00 (s, 3 H), 1.40 (t, J = 7.0 Hz, 3 H); HRMS (ESI) m/z 304.0931 [calc’d for 

C14H14N3O5 (M + H)+ 304.0928]. 

Methyl 6-(5-ethoxycarbonylpyridin-2-yl)pyridazine-3-carboxylate 

 

Methyl 6-(5-methoxycarbonylpyridin-2-yl)pyridazine-3-carboxylate-1-oxide (80 mg, 0.28 

mmoles) was dissolved in dry CHCl3 (1.3 mL) and cooled to 0 °C in an ice bath, after which 

PCl3 (370 µL, 3.7 mmoles) was added dropwise with stirring. The reaction was stirred at 60 °C 

until the starting material was consumed completely, as judged by TLC. The reaction was 

quenched by the dropwise addition of saturated Na2CO3 (10 mL) while stirring on ice. The 

product was extracted with CHCl3 (4 x 10 mL), and the combined organics were dried over 

Na2SO4(s) and concentrated under reduced pressure. The crude product was then purified by 

chromatography on silica (35% EtOAc in hexanes) to afford the title compound (37 mg, 20% 

over two steps) as a pale yellow solid. 1H NMR (500 MHz, CDCl3) δ 9.12 (d, J = 1.5 Hz, 1 H), 

8.66 (d, J = 8.0 Hz, 1 H), 8.57 (d, J = 8.5 Hz, 1 H), 8.30 (dd, J = 2.0, 8.0 Hz, 1 H), 8.14 (d, J = 

 

Procedure: Methyl 6-(5-methoxycarbonylpyridin-2-yl)pyridazine-3-carboxylate-1-oxide (80 mg, 

0.28 mmoles) was dissolved in dry CHCl3 (1.3 mL) and cooled to 0 °C in an ice bath, after 

which PCl3 (370 µL, 3.7 mmoles) was added dropwise with stirring. The reaction was stirred at 

60 °C until the starting material was consumed completely, as judged by TLC. The reaction was 

quenched by the dropwise addition of saturated Na2CO3 (10 mL) while stirring on ice. The 

product was extracted with CHCl3 (4 × 10 mL), and the combined organics were dried over 

Na2SO4(s) and concentrated under reduced pressure. The crude product was then purified by 

chromatography on silica (35% EtOAc in hexanes) to afford the title compound (37 mg, 20% 

over two steps) as a pale yellow solid. 1H NMR (500 MHz, CDCl3) δ 9.12 (d, J = 1.5 Hz, 1 H), 

8.66 (d, J = 8.0 Hz, 1 H), 8.57 (d, J = 8.5 Hz, 1 H), 8.30 (dd, J = 2.0, 8.0 Hz, 1 H), 8.14 (d, J = 

8.5 Hz, 1 H), 4.26 (q, J = 7.0 Hz, 2H), 3.92 (s, 3H), 1.25 (t, J = 7.0 Hz, 3H); 13C NMR (125 

MHz, CDCl3) δ 164.7, 164.3, 158.9, 155.5, 151.1, 150.6, 138.2, 128.2, 127.2, 125.3, 121.6, 61.5, 

53.3, 14.1; HRMS (ESI) m/z 288.0982 [calc’d for C14H14N3O4 (M + H)+ 288.0979]. 

 

Methyl 2-(4-methoxycarbonyl-1-pivaloyloxymethyl-1H-pyrrol-2-yl)pyridine-5-carboxylate-

1-oxide 
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8.5 Hz, 1 H), 4.26 (q, J = 7.0 Hz, 2H), 3.92 (s, 3H), 1.25 (t, J = 7.0 Hz, 3H); 13C NMR (125 

MHz, CDCl3) δ 164.7, 164.3, 158.9, 155.5, 151.1, 150.6, 138.2, 128.2, 127.2, 125.3, 121.6, 61.5, 

53.3, 14.1; HRMS (ESI) m/z 288.0982 [calc’d for C14H14N3O4 (M + H)+ 288.0979]. 

Methyl 2-(4-methoxycarbonyl-1-pivaloyloxymethyl-1H-pyrrol-2-yl)pyridine-5-carboxylate- 

1-oxide 

 

Pd(OAc)2 (9.2 mg, 0.041 mmoles), Ag2CO3 (450 mg, 1.6 mmoles), and 3-

methoxycarbonylpyridine-1-oxide (125 mg, 0.82 mmoles) were added to a dried flask. The flask 

was fitted with a reflux condenser capped with a septum, evacuated, and purged with nitrogen (~ 

5 times). A degassed solution of methyl 1-pivaloyloxymethyl-1H-pyrrole-3-carboxylate (215 

mg, 0.90 mmoles), 2,6-lutidine (29 µL, 0.25 mmoles), and DMSO (275 µL, 5% [v/v]) in dry 

dioxane (5.2 mL) was added via syringe, and the reaction was stirred at 110 °C for 48 h. The 

reaction mixture was cooled and filtered through Celite®, and the filtrate was concentrated under 

reduced pressure. The crude product was then purified by chromatography on silica (60–100% 

EtOAC in hexanes) to afford the title compound (30 mg, 9.4%) as a yellow solid. 1H NMR (400 

MHz, CDCl3) δ 8.88 (d, J = 1.2 Hz, 1 H), 7.87 (dd, J = 1.2, 8.0 Hz, 1 H), 7.67 (d, J = 2.0 Hz, 1 

H), 7.50 (d, J = 8.0 Hz, 1 H), 6.87 (d, J = 1.6 Hz, 1 H), 6.03 (s, 2 H), 3.99 (s, 3 H), 3.83 (s, 3 H), 

1.03 (s, 9 H); 13C NMR (100 MHz, CDCl3) δ 177.1, 164.1, 163.2, 145.5, 141.2, 130.6, 128.9, 

128.4, 125.9, 125.4, 117.4, 115.8, 71.5, 53.1, 51.4, 38.6, 26.7; HRMS (ESI) m/z 391.15041 

[calc’d for C19H23N2O7 (M + H)+ 391.1500]. 

Methyl 2-(4-methoxycarbonyl-1-pivaloyloxymethyl-1H-pyrrol-2-yl)pyridine-5-carboxylate 

 

Procedure: Methyl 6-(5-methoxycarbonylpyridin-2-yl)pyridazine-3-carboxylate-1-oxide (80 mg, 

0.28 mmoles) was dissolved in dry CHCl3 (1.3 mL) and cooled to 0 °C in an ice bath, after 

which PCl3 (370 µL, 3.7 mmoles) was added dropwise with stirring. The reaction was stirred at 

60 °C until the starting material was consumed completely, as judged by TLC. The reaction was 

quenched by the dropwise addition of saturated Na2CO3 (10 mL) while stirring on ice. The 

product was extracted with CHCl3 (4 × 10 mL), and the combined organics were dried over 

Na2SO4(s) and concentrated under reduced pressure. The crude product was then purified by 

chromatography on silica (35% EtOAc in hexanes) to afford the title compound (37 mg, 20% 

over two steps) as a pale yellow solid. 1H NMR (500 MHz, CDCl3) δ 9.12 (d, J = 1.5 Hz, 1 H), 

8.66 (d, J = 8.0 Hz, 1 H), 8.57 (d, J = 8.5 Hz, 1 H), 8.30 (dd, J = 2.0, 8.0 Hz, 1 H), 8.14 (d, J = 

8.5 Hz, 1 H), 4.26 (q, J = 7.0 Hz, 2H), 3.92 (s, 3H), 1.25 (t, J = 7.0 Hz, 3H); 13C NMR (125 

MHz, CDCl3) δ 164.7, 164.3, 158.9, 155.5, 151.1, 150.6, 138.2, 128.2, 127.2, 125.3, 121.6, 61.5, 

53.3, 14.1; HRMS (ESI) m/z 288.0982 [calc’d for C14H14N3O4 (M + H)+ 288.0979]. 

 

Methyl 2-(4-methoxycarbonyl-1-pivaloyloxymethyl-1H-pyrrol-2-yl)pyridine-5-carboxylate-

1-oxide 
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Methyl 2-(4-methoxycarbonyl-1-pivaloyloxymethyl-1H-pyrrol-2-yl)pyridine-5- carboxylate-1-

oxide (30 mg, 0.077 mmoles) was dissolved in dry CHCl3 (800 µL) and cooled to 0 °C in an ice 

bath, after which PCl3 (8.1 µL, 0.092 mmoles) was added. The reaction was stirred at 60 °C until 

starting material was consumed completely, as judged by TLC. The reaction was quenched by 

the dropwise addition of saturated Na2CO3 (3 mL) while stirring on ice. The product was 

extracted with DCM (4 x 3 mL), and the combined organics were dried over Na2SO4(s) and 

concentrated under reduced pressure to afford the title compound (28 mg, 97%) as a brown solid. 

1H NMR (400 MHz, CDCl3) δ 9.14 (d, J = 0.8, 2.0 Hz, 1 H), 8.28 (dd, J = 2.4, 8.4 Hz, 1 H), 7.66 

(dd, J = 0.8, 8.4 Hz, 1 H), 7.63 (d, J = 2.0 Hz, 1 H), 7.19 (d, J = 1.6 Hz, 1 H), 6.49 (s, 2 H), 3.97 

(s, 3 H), 3.86 (s, 3 H), 1.08 (s, 9 H); 13C NMR (100 MHz, CDCl3) δ 177.5, 165.7, 164.4, 154.2, 

150.2, 137.5, 132.1, 131.6, 123.2, 120.3, 116.6, 114.3, 71.5, 52.3, 51.4, 38.7, 26.8; HRMS (ESI) 

m/z 375.1550 [calc’d for C19H23N2O6 (M + H)+ 375.1551]. 

Ethyl 2-(5-ethoxycarbonyl-1H-pyrrol-3-yl)pyridine-5-carboxylate 

 

Ethyl 2-ethynylpyridine-5-carboxylate (91 mg, 0.52 mmoles) was dissolved in toluene (5 mL) in 

a glass vial and the solution was chilled on ice with stirring. A 73% (w/w) solution of ethyl 

diazoacetate in DCM (162 mg, 1.04 mmoles) was added dropwise, after which the vial was 

purged with N2(g) and stirred at 95 °C. After 24 h, the reaction was chilled on ice and a second 

Procedure: Pd(OAc)2 (9.2 mg, 0.041 mmoles), Ag2CO3 (450 mg, 1.6 mmoles), and 3-

methoxycarbonylpyridine-1-oxide (125 mg, 0.82 mmoles) were added to a dried flask. The flask 

was fitted with a reflux condenser capped with a septum, evacuated, and purged with nitrogen  (~ 

5 times). A degassed solution of methyl 1-pivaloyloxymethyl-1H-pyrrole-3-carboxylate (215 mg, 

0.90 mmoles), 2,6-lutidine (29 µL, 0.25 mmoles), and DMSO (275  µL, 5% [v/v]) in dry dioxane 

(5.2 mL) was added via syringe, and the reaction was stirred at 110 °C for 48 h. The reaction 

mixture was cooled and filtered through Celite®, and the filtrate was concentrated under reduced 

pressure. The crude product was then purified by chromatography on silica (60–100% EtOAC in 

hexanes) to afford the title compound (30 mg, 9.4%) as a yellow solid. 1H NMR (400 MHz, 

CDCl3) δ 8.88 (d, J = 1.2 Hz, 1 H), 7.87 (dd, J = 1.2, 8.0 Hz, 1 H), 7.67 (d, J = 2.0 Hz, 1 H), 

7.50 (d, J = 8.0 Hz, 1 H), 6.87 (d, J = 1.6 Hz, 1 H), 6.03 (s, 2 H), 3.99 (s, 3 H), 3.83 (s, 3 H), 1.03 

(s, 9 H); 13C NMR (100 MHz, CDCl3) δ 177.1, 164.1, 163.2, 145.5, 141.2, 130.6, 128.9, 128.4, 

125.9, 125.4, 117.4, 115.8, 71.5, 53.1, 51.4, 38.6, 26.7; HRMS (ESI) m/z 391.15041 [calc’d for 

C19H23N2O7 (M + H)+ 391.1500]. 

 

Methyl 2-(4-methoxycarbonyl-1-pivaloyloxymethyl-1H-pyrrol-2-yl)pyridine-5-carboxylate 

 

Procedure: Methyl 2-(4-methoxycarbonyl-1-pivaloyloxymethyl-1H-pyrrol-2-yl)pyridine-5-

carboxylate-1-oxide (30 mg, 0.077 mmoles) was dissolved in dry CHCl3 (800 µL) and cooled to 

0 °C in an ice bath, after which PCl3 (8.1 µL, 0.092 mmoles) was added. The reaction was stirred 
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at 60 °C until starting material was consumed completely, as judged by TLC. The reaction was 

quenched by the dropwise addition of saturated Na2CO3 (3 mL) while stirring on ice. The 

product was extracted with DCM (4 × 3 mL), and the combined organics were dried over 

Na2SO4(s) and concentrated under reduced pressure to afford the title compound (28 mg, 97%) 

as a brown solid. 1H NMR (400 MHz, CDCl3) δ 9.14 (d, J = 0.8, 2.0 Hz, 1 H), 8.28 (dd, J = 2.4, 

8.4 Hz, 1 H), 7.66 (dd, J = 0.8, 8.4 Hz, 1 H), 7.63 (d, J = 2.0 Hz, 1 H), 7.19 (d, J = 1.6 Hz, 1 H), 

6.49 (s, 2 H), 3.97 (s, 3 H), 3.86 (s, 3 H), 1.08 (s, 9 H); 13C NMR (100 MHz, CDCl3) δ 177.5, 

165.7, 164.4, 154.2, 150.2, 137.5, 132.1, 131.6, 123.2, 120.3, 116.6, 114.3, 71.5, 52.3, 51.4, 38.7, 

26.8; HRMS (ESI) m/z 375.1550 [calc’d for C19H23N2O6 (M + H)+ 375.1551]. 

 

Ethyl 2-(5-ethoxycarbonyl-1H-pyrrol-3-yl)pyridine-5-carboxylate 

 

Procedure: Ethyl 2-ethynylpyridine-5-carboxylate (91 mg, 0.52 mmoles) was dissolved in 

toluene (5 mL) in a glass vial and the solution was chilled on ice with stirring. A 73% (w/w) 

solution of ethyl diazoacetate in DCM (162 mg, 1.04 mmoles) was added dropwise, after which 

the vial was purged with N2(g) and stirred at 95 °C. After 24 h, the reaction was chilled on ice 

and a second portion of ethyl diazoacetate (162 mg, 1.04 mmoles) was added. The reaction was 

stirred at 95 °C for an addition 24 h, after which the reaction was concentrated under reduced 

pressure to afford a crude solid. The crude product was then purified by chromatography on 

silica (30% EtOAc in hexanes) to afford the title compound (125 mg, 83%) as a pale yellow solid. 

1H NMR (500 MHz, CDCl3) δ 12.06 (bs, 1 H), 9.29 (dd, J = 0.5, 2.0 Hz, 1 H), 8.43 (dd, J = 2.0, 
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portion of ethyl diazoacetate (162 mg, 1.04 mmoles) was added. The reaction was stirred at 95 

°C for an addition 24 h, after which the reaction was concentrated under reduced pressure to 

afford a crude solid. The crude product was then purified by chromatography on silica (30% 

EtOAc in hexanes) to afford the title compound (125 mg, 83%) as a pale yellow solid. 1H NMR 

(500 MHz, CDCl3) δ 12.06 (bs, 1 H), 9.29 (dd, J = 0.5, 2.0 Hz, 1 H), 8.43 (dd, J = 2.0, 8.5 Hz, 1 

H), 7.91 (d, J = 8.5 Hz, 1 H), 7.46 (s, 1 H), 4.483 (q, J = 7.0 Hz, 2 H), 4.480 (q, J = 7.0 Hz, 2 H), 

1.47 (t, J = 7.0 Hz, 6 H); 13C NMR (125 MHz, CDCl3) δ 167.6, 164.0, 154.4, 153.6, 148.4 (br), 

144.8 (br), 141.1, 128.3, 122.5, 110.2, 64.3, 64.1, 17.0 (2 signals); HRMS (ESI) m/z 312.0952 

[calc’d for C14H15N3O4Na (M + Na)+ 312.0955]. 

2,2´-Bipyridine-4,5´-dicarboxylic Acid (bipy45´DC) 

 

Bipy45´DC was synthesized as described previously.493 The spectral data and yields matched 

those reported previously. 

2-(5-Carboxythiazol-2-yl)pyridine-5-carboxylic Acid 

 

Methyl 2-(5-methoxycarbonylthiazol-2-yl)-pyridine-5-carboxylate (70 mg, 0.25 mmoles) and 

KOH (63.1 mg, 1.0 mmoles) were added to a vial. MeOH (7.0 mL) was added to the vial and the 

reaction mixture was heated to 60 °C with stirring until the starting material was completely 

consumed, as judged by TLC. The reaction mixture was cooled and concentrated under reduced 

pressure. The crude product was dissolved in water (4 mL). The aqueous layer was washed with 

8.5 Hz, 1 H), 7.91 (d, J = 8.5 Hz, 1 H), 7.46 (s, 1 H), 4.483 (q, J = 7.0 Hz, 2 H), 4.480 (q, J = 7.0 

Hz, 2 H), 1.47 (t, J = 7.0 Hz, 6 H); 13C NMR (125 MHz, CDCl3) δ 167.6, 164.0, 154.4, 153.6, 

148.4 (br), 144.8 (br), 141.1, 128.3, 122.5, 110.2, 64.3, 64.1, 17.0 (2 signals); HRMS (ESI) m/z 

312.0952 [calc’d for C14H15N3O4Na (M + Na)+ 312.0955]. 

 

2,2´-Bipyridine-4,5´-dicarboxylic Acid (bipy45´DC) 

 

 

 

Bipy45´DC was synthesized as described previously.6 The spectral data and yields matched 

those reported previously. 

 

2-(5-Carboxythiazol-2-yl)pyridine-5-carboxylic Acid 

 

 

 

 

Procedure: Methyl 2-(5-methoxycarbonylthiazol-2-yl)-pyridine-5-carboxylate (70 mg, 0.25 

mmoles) and KOH (63.1 mg, 1.0 mmoles) were added to a vial. MeOH (7.0 mL) was added to 

the vial and the reaction mixture was heated to 60 °C with stirring until the starting material was 

completely consumed, as judged by TLC. The reaction mixture was cooled and concentrated 

under reduced pressure. The crude product was dissolved in water (4 mL). The aqueous layer 

was washed with EtOAc (1 × 4 mL), after which the product was precipitated from the aqueous 
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8.5 Hz, 1 H), 7.91 (d, J = 8.5 Hz, 1 H), 7.46 (s, 1 H), 4.483 (q, J = 7.0 Hz, 2 H), 4.480 (q, J = 7.0 

Hz, 2 H), 1.47 (t, J = 7.0 Hz, 6 H); 13C NMR (125 MHz, CDCl3) δ 167.6, 164.0, 154.4, 153.6, 

148.4 (br), 144.8 (br), 141.1, 128.3, 122.5, 110.2, 64.3, 64.1, 17.0 (2 signals); HRMS (ESI) m/z 

312.0952 [calc’d for C14H15N3O4Na (M + Na)+ 312.0955]. 

 

2,2´-Bipyridine-4,5´-dicarboxylic Acid (bipy45´DC) 

 

 

 

Bipy45´DC was synthesized as described previously.6 The spectral data and yields matched 

those reported previously. 

 

2-(5-Carboxythiazol-2-yl)pyridine-5-carboxylic Acid 

 

 

 

 

Procedure: Methyl 2-(5-methoxycarbonylthiazol-2-yl)-pyridine-5-carboxylate (70 mg, 0.25 

mmoles) and KOH (63.1 mg, 1.0 mmoles) were added to a vial. MeOH (7.0 mL) was added to 

the vial and the reaction mixture was heated to 60 °C with stirring until the starting material was 

completely consumed, as judged by TLC. The reaction mixture was cooled and concentrated 

under reduced pressure. The crude product was dissolved in water (4 mL). The aqueous layer 

was washed with EtOAc (1 × 4 mL), after which the product was precipitated from the aqueous 
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EtOAc (1 x 4 mL), after which the product was precipitated from the aqueous layer by adjusting 

to pH 2 with 1M HCl. After cooling to 4 °C, the product was filtered, washed with water (3 x 1 

mL), and dried in vacuo to afford the title compound (38 mg, 61%) as a pale yellow solid. 1H 

NMR (500 MHz, DMSO-d6) δ 13.80 (bs, 1 H), 13.73 (bs, 1 H), 9.15 (dd, J = 0.5, 2.0 Hz, 1 H), 

8.56 (s, 1 H), 8.48 (dd, J = 2.0, 8.0 Hz, 1 H), 8.31 (dd, J = 0.5, 8.0 Hz, 1 H); 13C NMR (125 

MHz, DMSO-d6) δ 172.1, 166.1, 162.6, 153.1, 151.2, 149.9, 139.5, 133.6, 128.6, 120.1; HRMS 

(ESI) m/z 248.9977 [calc’d for C10H5N2O4S (M – H)– 248.9975]. 

2-(4-Carboxythiazol-2-yl)pyridine-5-carboxylic Acid 

 

Methyl 2-(4-methoxycarbonylthiazol-2-yl)-pyridine-5-carboxylate (30 mg, 011 mmoles) and 

KOH (27.8 mg, 0.43 mmoles) were added to a vial. MeOH (3.1 mL) was added to the vial and 

the reaction mixture was heated to 60 °C with stirring until the starting material was completely 

consumed, judged by TLC. The reaction mixture was cooled and concentrated under reduced 

pressure. The crude product was dissolved in water (2 mL). The aqueous layer was washed with 

EtOAc (1 x 2 mL), after which the product was precipitated from the aqueous layer by adjusting 

to pH 3–4 with 1M HCl. After cooling to 4 °C, the product was filtered, washed with water (3 x 

1 mL), and dried in vacuo to afford the title compound (21 mg, 78%) as a white solid. 1H NMR 

(500 MHz, DMSO-d6) δ 13.51 (bs, 2 H), 9.13 (dd, J = 0.5, 2.0 Hz, 1 H), 8.67 (s, 1 H), 8.47 (dd, 

J = 2.0, 8.5 Hz, 1 H), 8.28 (dd, J = 0.5, 8.5 Hz, 1 H); 13C NMR (125 MHz, DMSO-d6) δ 168.0, 

166.2, 162.5, 153.0, 151.1, 149.4, 139.4, 132.2, 128.6, 119.8; HRMS (ESI) m/z 248.9975 [calc’d 

for C10H5N2O4S (M – H)– 248.9975]. 

2-(5-Carboxyoxazol-2-yl)pyridine-5-carboxylic Acid 

layer by adjusting to pH 2 with 1M HCl. After cooling to 4 °C, the product was filtered, washed 

with water (3 × 1 mL), and dried in vacuo to afford the title compound (38 mg, 61%) as a pale 

yellow solid. 1H NMR (500 MHz, DMSO-d6) δ 13.80 (bs, 1 H), 13.73 (bs, 1 H), 9.15 (dd, J = 

0.5, 2.0 Hz, 1 H), 8.56 (s, 1 H), 8.48 (dd, J = 2.0, 8.0 Hz, 1 H), 8.31 (dd, J = 0.5, 8.0 Hz, 1 H); 

13C NMR (125 MHz, DMSO-d6) δ 172.1, 166.1, 162.6, 153.1, 151.2, 149.9, 139.5, 133.6, 128.6, 

120.1; HRMS (ESI) m/z 248.9977 [calc’d for C10H5N2O4S (M – H)– 248.9975]. 

 

2-(4-Carboxythiazol-2-yl)pyridine-5-carboxylic Acid 

 

 

 

Procedure: Methyl 2-(4-methoxycarbonylthiazol-2-yl)-pyridine-5-carboxylate (30 mg, 011 

mmoles) and KOH (27.8 mg,  0.43 mmoles) were added to a vial. MeOH (3.1 mL) was added to 

the vial and the reaction mixture was heated to 60 °C with stirring until the starting material was 

completely consumed, judged by TLC. The reaction mixture was cooled and concentrated under 

reduced pressure. The crude product was dissolved in water (2 mL). The aqueous layer was 

washed with EtOAc (1 × 2 mL), after which the product was precipitated from the aqueous layer 

by adjusting to pH 3–4 with 1M HCl. After cooling to 4 °C, the product was filtered, washed 

with water (3 × 1 mL), and dried in vacuo to afford the title compound (21 mg, 78%) as a white 

solid. 1H NMR (500 MHz, DMSO-d6) δ 13.51 (bs, 2 H), 9.13 (dd, J = 0.5, 2.0 Hz, 1 H), 8.67 (s, 

1 H), 8.47 (dd, J = 2.0, 8.5 Hz, 1 H), 8.28 (dd, J = 0.5, 8.5 Hz, 1 H); 13C NMR (125 MHz, 

DMSO-d6) δ 168.0, 166.2, 162.5, 153.0, 151.1, 149.4, 139.4, 132.2, 128.6, 119.8; HRMS (ESI) 

m/z 248.9975 [calc’d for C10H5N2O4S (M – H)– 248.9975]. 
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Methyl 2-(5-ethoxycarbonyloxazol-2-yl)-pyridine-5-carboxylate (45 mg, 0.16 mmoles) and 

KOH (42 mg, 0.65 mmoles). MeOH (4.7 mL) was added to the vial and the reaction mixture was 

heated to 60 °C with stirring until the starting material was completely consumed, as judged by 

TLC. The reaction mixture was cooled and concentrated under reduced pressure. The crude 

product was dissolved in water (2 mL). The aqueous layer was washed with EtOAc (1 x 2 mL), 

after which the product was precipitated from the aqueous layer by adjusting to pH 3–4 with 1M 

HCl. After cooling to 4 °C, the product was filtered, washed with water (3 x 1 mL), and dried in 

vacuo to afford the title compound (24.6 mg, 64%) as a light green solid. 1H NMR (500 MHz, 

DMSO-d6) δ 13.96 (bs, 1 H), 13.78 (bs, 1 H), 9.22 (dd, J = 1.0, 2.0 Hz, 1 H), 8.48 (dd, J = 2.0, 

8.5 Hz, 1 H), 8.23 (dd, J = 1.0, 8.5 Hz, 1 H), 8.16 (s, 1 H); 13C NMR (125 MHz, DMSO-d6) δ 

166.1, 161.6, 158.9, 151.2, 147.9, 144.6, 139.1, 135.7, 128.4, 123.3; HRMS (ESI) m/z 233.0203 

[calc’d for C10H5N2O5 (M – H)– 233.0203]. 

2-(4-Carboxyoxazol-2-yl)pyridine-5-carboxylic Acid 

 

Methyl 2-(4-ethoxycarbonyloxazol-2-yl)-pyridine-5-carboxylate (50 mg, 0.18 mmoles) and 

KOH (46.7 mg, 0.72 mmoles) were added to a vial. MeOH (5.0 mL) was added to the vial and 

the reaction mixture was heated to 60 °C with stirring until the starting material was completely 

consumed, as judged by TLC. The reaction mixture was cooled and concentrated under reduced 

pressure, after which the crude product was dissolved in water (2 mL). The aqueous layer was 

 

2-(5-Carboxyoxazol-2-yl)pyridine-5-carboxylic Acid 

 

 

 

 

Procedure: Methyl 2-(5-ethoxycarbonyloxazol-2-yl)-pyridine-5-carboxylate (45 mg, 0.16 

mmoles) and KOH (42 mg, 0.65 mmoles). MeOH (4.7 mL) was added to the vial and the 

reaction mixture was heated to 60 °C with stirring until the starting material was completely 

consumed, as judged by TLC. The reaction mixture was cooled and concentrated under reduced 

pressure. The crude product was dissolved in water (2 mL). The aqueous layer was washed with 

EtOAc (1 × 2 mL), after which the product was precipitated from the aqueous layer by adjusting 

to pH 3–4 with 1M HCl. After cooling to 4 °C, the product was filtered, washed with water (3 × 

1 mL), and dried in vacuo to afford the title compound (24.6 mg, 64%) as a light green solid. 1H 

NMR (500 MHz, DMSO-d6) δ 13.96 (bs, 1 H), 13.78 (bs, 1 H), 9.22 (dd, J = 1.0, 2.0 Hz, 1 H), 

8.48 (dd, J = 2.0, 8.5 Hz, 1 H), 8.23 (dd, J = 1.0, 8.5 Hz, 1 H), 8.16 (s, 1 H); 13C NMR (125 

MHz, DMSO-d6) δ 166.1, 161.6, 158.9, 151.2, 147.9, 144.6, 139.1, 135.7, 128.4, 123.3; HRMS 

(ESI) m/z 233.0203 [calc’d for C10H5N2O5 (M – H)– 233.0203]. 

 

2-(4-Carboxyoxazol-2-yl)pyridine-5-carboxylic Acid 
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2-(5-Carboxyoxazol-2-yl)pyridine-5-carboxylic Acid 

 

 

 

 

Procedure: Methyl 2-(5-ethoxycarbonyloxazol-2-yl)-pyridine-5-carboxylate (45 mg, 0.16 

mmoles) and KOH (42 mg, 0.65 mmoles). MeOH (4.7 mL) was added to the vial and the 

reaction mixture was heated to 60 °C with stirring until the starting material was completely 

consumed, as judged by TLC. The reaction mixture was cooled and concentrated under reduced 

pressure. The crude product was dissolved in water (2 mL). The aqueous layer was washed with 

EtOAc (1 × 2 mL), after which the product was precipitated from the aqueous layer by adjusting 

to pH 3–4 with 1M HCl. After cooling to 4 °C, the product was filtered, washed with water (3 × 

1 mL), and dried in vacuo to afford the title compound (24.6 mg, 64%) as a light green solid. 1H 

NMR (500 MHz, DMSO-d6) δ 13.96 (bs, 1 H), 13.78 (bs, 1 H), 9.22 (dd, J = 1.0, 2.0 Hz, 1 H), 

8.48 (dd, J = 2.0, 8.5 Hz, 1 H), 8.23 (dd, J = 1.0, 8.5 Hz, 1 H), 8.16 (s, 1 H); 13C NMR (125 

MHz, DMSO-d6) δ 166.1, 161.6, 158.9, 151.2, 147.9, 144.6, 139.1, 135.7, 128.4, 123.3; HRMS 

(ESI) m/z 233.0203 [calc’d for C10H5N2O5 (M – H)– 233.0203]. 
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washed with EtOAc (1 x 2 mL), after which the product was precipitated from the aqueous layer 

by adjusting to pH 3–4 with 1M HCl. After cooling to 4 °C, the product was filtered, washed 

with water (3 x 1 mL), and dried in vacuo to afford the title compound (30 mg, 71%) as a white 

solid. 1H NMR (500 MHz, DMSO-d6) δ 13.72 (bs, 1 H), 13.40 (bs, 1 H), 9.19 (dd, J = 0.5, 2.0 

Hz, 1 H), 9.02 (s, 1 H), 8.47 (dd J = 2.0, 8.5 Hz, 1 H), 8.28 (dd, J = 0.5, 8.5 Hz, 1 H); 13C NMR 

(125 MHz, DMSO-d6) δ 166.1, 162.2, 160.1, 151.1, 148.0, 147.4, 139.1, 135.4, 128.2, 122.8; 

HRMS (ESI) m/z 233.0195 [calc’d for C10H5N2O5 (M – H)– 233.0203]. 

2-(5-Carboxy-1-methyl-1H-imidazol-2-yl)pyridine-5-carboxylic Acid 

 

Methyl 2-(5-methoxycarbonyl-1-methyl-1H-imidazol-2-yl)pyridine-5-carboxylate (30 mg, 0.11 

mmoles) and KOH (28 mg, 0.44 mmoles) were added to a vial. MeOH (3 mL) was added to the 

vial and the reaction mixture was heated to 60 °C with stirring until the starting material was 

completely consumed, as judged by TLC. The reaction mixture was cooled and concentrated 

under reduced pressure, after which the crude product was dissolved in water (2 mL). The 

aqueous layer was washed with EtOAc (1 x 2 mL), after which the product was precipitated from 

the aqueous layer by adjusting to pH 3–4 with 1M HCl. After cooling to 4 °C, the product was 

filtered, washed with water (3 x 1 mL), and dried in vacuo to afford the title compound (16 mg, 

58%) as a pale yellow solid. 1H NMR (500 MHz, DMSO-d6) δ 13.49 (bs, 1 H), 13.2 (bs, 1 H), 

9.16 (d, J = 2.0 Hz, 1 H), 8.41 (dd, J = 2.0, 8.5 Hz, 1 H), 8.25 (d, J = 8.5 Hz, 1 H), 7.79 (s, 1 H), 

4.33 (s, 3 H); 13C NMR (125 MHz, DMSO-d6) δ 166.4, 161.7, 153.1, 149.9, 148.0, 138.5, 137.2, 

126.7, 126.3, 124.3, 35.1; HRMS (EI) m/z 247.0583 [calc’d for C11H9N3O4 (M)+ 247.0588]. 

2-(5-Carboxypyridin-2-yl)pyrazine-5-carboxylic Acid 

 

Procedure: Methyl 2-(4-ethoxycarbonyloxazol-2-yl)-pyridine-5-carboxylate (50 mg, 0.18 

mmoles) and KOH (46.7 mg, 0.72 mmoles) were added to a vial. MeOH (5.0 mL) was added to 

the vial and the reaction mixture was heated to 60 °C with stirring until the starting material was 

completely consumed, as judged by TLC. The reaction mixture was cooled and concentrated 

under reduced pressure, after which the crude product was dissolved in water (2 mL). The 

aqueous layer was washed with EtOAc (1 × 2 mL), after which the product was precipitated 

from the aqueous layer by adjusting to pH 3–4 with 1M HCl. After cooling to 4 °C, the product 

was filtered, washed with water (3 × 1 mL), and dried in vacuo to afford the title compound (30 

mg, 71%) as a white solid. 1H NMR (500 MHz, DMSO-d6) δ 13.72 (bs, 1 H), 13.40 (bs, 1 H), 

9.19 (dd, J = 0.5, 2.0 Hz, 1 H), 9.02 (s, 1 H), 8.47 (dd J = 2.0, 8.5 Hz, 1 H), 8.28 (dd, J = 0.5, 8.5 

Hz, 1 H); 13C NMR (125 MHz, DMSO-d6) δ 166.1, 162.2, 160.1, 151.1, 148.0, 147.4, 139.1, 

135.4, 128.2, 122.8; HRMS (ESI) m/z 233.0195 [calc’d for C10H5N2O5 (M – H)– 233.0203]. 

 

2-(5-Carboxy-1-methyl-1H-imidazol-2-yl)pyridine-5-carboxylic Acid 

 

Procedure: Methyl 2-(5-methoxycarbonyl-1-methyl-1H-imidazol-2-yl)pyridine-5-carboxylate 

(30 mg, 0.11 mmoles) and KOH (28 mg, 0.44 mmoles) were added to a vial. MeOH (3 mL) was 

added to the vial and the reaction mixture was heated to 60 °C with stirring until the starting 

material was completely consumed, as judged by TLC. The reaction mixture was cooled and 

concentrated under reduced pressure, after which the crude product was dissolved in water (2 

mL). The aqueous layer was washed with EtOAc (1 × 2 mL), after which the product was 
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Methyl 2-(5-methoxycarbonylpyridin-2-yl)pyrazine-5-carboxylate (28 mg, 0.10 mmoles) and 

KOH (26 mg, 0.41 mmoles) were added to a vial. MeOH (3 mL) was added to the vial and the 

reaction mixture was heated to 60 °C with stirring until the starting material was completely 

consumed, as judged by TLC. The reaction mixture was cooled and concentrated under reduced 

pressure. The crude product was dissolved in water (2 mL). The aqueous layer was washed with 

EtOAc (1 x 2 mL), after which the product was precipitated from the aqueous layer by adjusting 

to pH 3–4 with 1M HCl. After cooling to 4 °C, the product was filtered, washed with water (3 x 

1 mL), and dried in vacuo to afford the title compound (17 mg, 68%) as a light brown solid. 1H 

NMR (500 MHz, DMSO-d6) δ 13.84 (bs, 2H), 9.69 (d, J = 1.5 Hz, 1 H), 9.30 (d, J = 1.0 Hz, 1 

H), 9.25 (dd, J = 0.5, 2.0 Hz, 1 H), 8.54 (d, J = 7.5 Hz, 1 H), 8.50 (dd, J = 2.0, 8.0 Hz, 1 H); 13C 

NMR (125 MHz, DMSO-d6) δ 168.8, 165.9, 156.8, 152.1, 151.4, 146.0, 145.3, 143.3, 139.7, 

128.7, 122.7; HRMS (ESI) m/z 246.0505 [calc’d for C11H8N3O4 (M + H)+ 246.0510]. 

6-(5-Carboxypyridin-2-yl)pyridazine-3-carboxylic Acid 

 

Methyl 6-(5-ethoxycarbonylpyridin-2-yl)pyridazine-3-carboxylate (37 mg, 0.13 mmoles) and 

KOH (34 mg, 0.52 mmoles) were added to a vial. MeOH (1.3 mL) was added to the vial and the 

reaction mixture was heated to 60 °C with stirring until the starting material was completely 

consumed, as judged by TLC. The reaction mixture was cooled and concentrated under reduced 

pressure. The crude product was dissolved in water (2 mL). The aqueous layer was washed with 

precipitated from the aqueous layer by adjusting to pH 3–4 with 1M HCl. After cooling to 4 °C, 

the product was filtered, washed with water (3 × 1 mL), and dried in vacuo to afford the title 

compound (16 mg, 58%) as a pale yellow solid. 1H NMR (500 MHz, DMSO-d6) δ 13.49 (bs, 1 

H), 13.2 (bs, 1 H), 9.16 (d, J = 2.0 Hz, 1 H), 8.41 (dd, J = 2.0, 8.5 Hz, 1 H), 8.25 (d, J = 8.5 Hz, 1 

H), 7.79 (s, 1 H), 4.33 (s, 3 H); 13C NMR (125 MHz, DMSO-d6) δ 166.4, 161.7, 153.1, 149.9, 

148.0, 138.5, 137.2, 126.7, 126.3, 124.3, 35.1; HRMS (EI) m/z 247.0583 [calc’d for C11H9N3O4 

(M)+ 247.0588]. 

 

2-(5-Carboxypyridin-2-yl)pyrazine-5-carboxylic Acid 

 

 

Procedure: Methyl 2-(5-methoxycarbonylpyridin-2-yl)pyrazine-5-carboxylate (28 mg, 0.10 

mmoles) and KOH (26 mg,  0.41 mmoles) were added to a vial. MeOH (3 mL) was added to the 

vial and the reaction mixture was heated to 60 °C with stirring until the starting material was 

completely consumed, as judged by TLC. The reaction mixture was cooled and concentrated 

under reduced pressure. The crude product was dissolved in water (2 mL). The aqueous layer 

was washed with EtOAc (1 × 2 mL), after which the product was precipitated from the aqueous 

layer by adjusting to pH 3–4 with 1M HCl. After cooling to 4 °C, the product was filtered, 

washed with water (3 × 1 mL), and dried in vacuo to afford the title compound (17 mg, 68%) as 

a light brown solid. 1H NMR (500 MHz, DMSO-d6) δ 13.84 (bs, 2H), 9.69 (d, J = 1.5 Hz, 1 H), 

9.30 (d, J = 1.0 Hz, 1 H), 9.25 (dd, J = 0.5, 2.0 Hz, 1 H), 8.54 (d, J = 7.5 Hz, 1 H), 8.50 (dd, J = 

2.0, 8.0 Hz, 1 H); 13C NMR (125 MHz, DMSO-d6) δ 168.8, 165.9, 156.8, 152.1, 151.4, 146.0, 
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145.3, 143.3, 139.7, 128.7, 122.7; HRMS (ESI) m/z 246.0505 [calc’d for C11H8N3O4 (M + H)+ 

246.0510]. 

 

6-(5-Carboxypyridin-2-yl)pyridazine-3-carboxylic Acid 

 

 

 

 

Procedure: Methyl 6-(5-ethoxycarbonylpyridin-2-yl)pyridazine-3-carboxylate (37 mg, 0.13 

mmoles) and KOH (34 mg, 0.52 mmoles) were added to a vial. MeOH (1.3 mL) was added to 

the vial and the reaction mixture was heated to 60 °C with stirring until the starting material was 

completely consumed, as judged by TLC. The reaction mixture was cooled and concentrated 

under reduced pressure. The crude product was dissolved in water (2 mL). The aqueous layer 

was washed with EtOAc (1 × 2 mL), after which the product was precipitated from the aqueous 

layer by adjusting to pH 3–4 with 1M HCl. After cooling to 4 °C, the product was filtered, 

washed with water (3 × 1 mL), and dried in vacuo to afford the title compound (23 mg, 73%) as 

a pale yellow solid. 1H NMR (500 MHz, DMSO-d6) δ 13.73 (bs, 2H), 9.11 (dd, J = 1.0, 2.0 Hz, 

1 H), 8.63 (dd, J = 1.0, 8.5 Hz, 1 H), 8.60 (d, J = 9.0 Hz, 1 H), 8.40 (dd, J = 2.0, 8.5 Hz, 1 H), 

8.24 (d, J = 9.0 Hz, 1 H); 13C NMR (125 MHz, DMSO-d6) δ 166.2, 165.3, 158.8, 155.7, 152.5, 

150.9, 139.1, 129.2, 128.2, 126.0, 121.9; HRMS (ESI) m/z 246.0517 [calc’d for C11H8N3O4 (M 

+ H)+ 246.0510]. 

 

2-(4-Carboxy-1H-pyrrol-2-yl)pyridine-5-carboxylic Acid 

NN N

O

MeO

O

OEt MeOH, 60 oC

KOH

NN N

O

HO

O

OH



!

!

527!

EtOAc (1 x 2 mL), after which the product was precipitated from the aqueous layer by adjusting 

to pH 3–4 with 1M HCl. After cooling to 4 °C, the product was filtered, washed with water (3 x 

1 mL), and dried in vacuo to afford the title compound (23 mg, 73%) as a pale yellow solid. 1H 

NMR (500 MHz, DMSO-d6) δ 13.73 (bs, 2H), 9.11 (dd, J = 1.0, 2.0 Hz, 1 H), 8.63 (dd, J = 1.0, 

8.5 Hz, 1 H), 8.60 (d, J = 9.0 Hz, 1 H), 8.40 (dd, J = 2.0, 8.5 Hz, 1 H), 8.24 (d, J = 9.0 Hz, 1 H); 

13C NMR (125 MHz, DMSO-d6) δ 166.2, 165.3, 158.8, 155.7, 152.5, 150.9, 139.1, 129.2, 128.2, 

126.0, 121.9; HRMS (ESI) m/z 246.0517 [calc’d for C11H8N3O4 (M + H)+ 246.0510]. 

2-(4-Carboxy-1H-pyrrol-2-yl)pyridine-5-carboxylic Acid 

 

Methyl 2-(4-methoxycarbonyl-1-pivaloyloxymethyl-1H-pyrrol-2-yl)pyridine-5-carboxylate (28 

mg, 0.075 mmoles) and 2 M NaOH (1.0 mL) were added to a vial. The reaction mixture was 

heated to reflux with stirring until the starting material was completely consumed, as judged by 

TLC. The reaction mixture was cooled and concentrated under reduced pressure. The crude 

product was dissolved in water (2 mL). The aqueous layer was washed with EtOAc (1 x 2 mL), 

after which the product was precipitated from the aqueous layer by adjusting to pH 3–4 with 1M 

HCl. After cooling to 4 °C, the product was filtered, washed with water (3 x 1 mL), and dried in 

vacuo to afford the title compound (20 mg, 78%) as a grey solid. 1H NMR (500 MHz, DMSO-d6) 

δ 13.23 (bs, 1 H), 12.30 (s, 1 H), 12.13, (bs, 1 H), 9.00 (dd, J = 1.0, 2.5 Hz, 1 H), 8.21 (dd, J = 

2.5, 8.5 Hz, 1 H), 7.91 (d, J = 8.5 Hz, 1 H), 7.46 (dd, J = 2.5, 3.5 Hz, 1 H), 7.26 (dd, J = 1.5, 2.5 

Hz, 1 H); 13C NMR (125 MHz, DMSO-d6) δ 169.3, 168.4, 156.1, 153.3, 140.8, 134.7, 129.9, 

126.8, 121.1 (2 signals), 114.0; HRMS (EI) m/z 232.0474 [calc’d for C11H8N2O4 (M)+ 

 

Procedure: Methyl 2-(4-methoxycarbonyl-1-pivaloyloxymethyl-1H-pyrrol-2-yl)pyridine-5-

carboxylate (28 mg, 0.075 mmoles) and 2 M NaOH (1.0 mL) were added to a vial. The reaction 

mixture was heated to reflux with stirring until the starting material was completely consumed, 

as judged by TLC. The reaction mixture was cooled and concentrated under reduced pressure. 

The crude product was dissolved in water (2 mL). The aqueous layer was washed with EtOAc (1 

× 2 mL), after which the product was precipitated from the aqueous layer by adjusting to pH 3–4 

with 1M HCl. After cooling to 4 °C, the product was filtered, washed with water (3 × 1 mL), and 

dried in vacuo to afford the title compound (20 mg, 78%) as a grey solid. 1H NMR (500 MHz, 

DMSO-d6) δ 13.23 (bs, 1 H), 12.30 (s, 1 H), 12.13, (bs, 1 H), 9.00 (dd, J = 1.0, 2.5 Hz, 1 H), 

8.21 (dd, J = 2.5, 8.5 Hz, 1 H), 7.91 (d, J = 8.5 Hz, 1 H), 7.46 (dd, J = 2.5, 3.5 Hz, 1 H), 7.26 (dd, 

J = 1.5, 2.5 Hz, 1 H); 13C NMR (125 MHz, DMSO-d6) δ 169.3, 168.4, 156.1, 153.3, 140.8, 

134.7, 129.9, 126.8, 121.1 (2 signals), 114.0; HRMS (EI) m/z 232.0474 [calc’d for C11H8N2O4 

(M)+ 232.0479]. 

 

2-(5-Carboxy-1H-pyrazol-3-yl)pyridine-5-carboxylic Acid 
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232.0479]. 

2-(5-Carboxy-1H-pyrazol-3-yl)pyridine-5-carboxylic Acid 

 

Ethyl 2-(5-ethoxycarbonyl-1H-pyrazol-3-yl)pyridine-5-carboxylate (38 mg, 0.13mmoles) and 

KOH (34 mg, 0.525 mmoles) were added to a vial. H2O (1.75 mL) was added tothe vial and the 

reaction mixture was heated to 80 °C and stirred for 2 hr. The reaction mixture was cooled and 

washed with EtOAc (1 x 3 mL), after which the product was precipitated from the aqueous layer 

by adjusting to pH 3–4 with 1M HCl. After cooling to 4 °C, the product was filtered, washed 

with water (3 x 2 mL), and dried in vacuo to afford the title compound (24 mg, 78%) as a white 

solid. 1H NMR (500 MHz, DMSO-d6) δ 14.16−13.60 (m, 2 H), 9.10 (dd, J = 1.0, 2.5 Hz, 1 H), 

8.33 (dd, J = 2.0, 8.0 Hz, 1 H), 8.10 (d, J = 8.5 Hz, 1 H), 7.37 (s, 1 H); 13C NMR (125 MHz, 

DMSO-d6)a δ 169.2, 164.6 (br), 161.4 (q, J = 37 Hz, TFA), 160.0 (br), 153.4, 150.4 (br), 143.0 

(br), 141.3, 128.6, 122.7, 118.4 (q, J = 287 Hz, TFA), 110.5; HRMS (ESI) m/z 235.0509 [calc’d 

for C10H8N3O4 (M+H)+ 234.0509]. 

aA small drop of TFA was added to the NMR sample prior to recording the 13C spectrum in 

order to sharpen the peaks corresponding to the pyrazole C3, C4, C5, and carbonyl carbons as is 

common with many free NH pyrazoles.510 

Diethyl 2,2´-bipyridine-5,5´-dicarboxylate 

 

Bipy55ʹ′DC (200 mg, 0.82 mmoles) and EtOH (13 mL) were added to a dried flask and stirred 

 

Procedure: Methyl 2-(4-methoxycarbonyl-1-pivaloyloxymethyl-1H-pyrrol-2-yl)pyridine-5-

carboxylate (28 mg, 0.075 mmoles) and 2 M NaOH (1.0 mL) were added to a vial. The reaction 

mixture was heated to reflux with stirring until the starting material was completely consumed, 

as judged by TLC. The reaction mixture was cooled and concentrated under reduced pressure. 

The crude product was dissolved in water (2 mL). The aqueous layer was washed with EtOAc (1 

× 2 mL), after which the product was precipitated from the aqueous layer by adjusting to pH 3–4 

with 1M HCl. After cooling to 4 °C, the product was filtered, washed with water (3 × 1 mL), and 

dried in vacuo to afford the title compound (20 mg, 78%) as a grey solid. 1H NMR (500 MHz, 

DMSO-d6) δ 13.23 (bs, 1 H), 12.30 (s, 1 H), 12.13, (bs, 1 H), 9.00 (dd, J = 1.0, 2.5 Hz, 1 H), 

8.21 (dd, J = 2.5, 8.5 Hz, 1 H), 7.91 (d, J = 8.5 Hz, 1 H), 7.46 (dd, J = 2.5, 3.5 Hz, 1 H), 7.26 (dd, 

J = 1.5, 2.5 Hz, 1 H); 13C NMR (125 MHz, DMSO-d6) δ 169.3, 168.4, 156.1, 153.3, 140.8, 

134.7, 129.9, 126.8, 121.1 (2 signals), 114.0; HRMS (EI) m/z 232.0474 [calc’d for C11H8N2O4 

(M)+ 232.0479]. 

 

2-(5-Carboxy-1H-pyrazol-3-yl)pyridine-5-carboxylic Acid 
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Procedure: Ethyl 2-(5-ethoxycarbonyl-1H-pyrazol-3-yl)pyridine-5-carboxylate (38 mg,  0.13 

mmoles) and KOH (34 mg, 0.525  mmoles) were added to a vial. H2O (1.75 mL) was added to 

the vial and the reaction mixture was heated to 80 °C and stirred for 2 hr. The reaction mixture 

was cooled and washed with EtOAc (1 × 3 mL), after which the product was precipitated from 

the aqueous layer by adjusting to pH 3–4 with 1M HCl. After cooling to 4 °C, the product was 

filtered, washed with water (3 × 2 mL), and dried in vacuo to afford the title compound (24 mg, 

78%) as a white solid. 1H NMR (500 MHz, DMSO-d6) δ 14.16−13.60 (m, 2 H), 9.10 (dd, J = 

1.0, 2.5 Hz, 1 H), 8.33 (dd, J = 2.0, 8.0 Hz, 1 H), 8.10 (d, J = 8.5 Hz, 1 H), 7.37 (s, 1 H); 13C 

NMR (125 MHz, DMSO-d6)a δ 169.2, 164.6 (br), 161.4 (q, J = 37 Hz, TFA), 160.0 (br), 153.4, 

150.4 (br), 143.0 (br), 141.3, 128.6, 122.7, 118.4 (q, J = 287 Hz, TFA), 110.5; HRMS (ESI) m/z 

235.0509 [calc’d for C10H8N3O4 (M+H)+ 234.0509]. 

 

aA small drop of TFA was added to the NMR sample prior to recording the 13C spectrum in order 

to sharpen the peaks corresponding to the pyrazole C3, C4, C5, and carbonyl carbons as is 

common with many free NH pyrazoles.7 

Diethyl 2,2´-bipyridine-5,5´-dicarboxylate 

 

 

Procedure: Bipy55&DC (200 mg, 0.82 mmoles) and EtOH (13 mL) were added to a dried flask 

and stirred on ice. Thionyl chloride (1.3 mL) was added dropwise on ice, after which the flask 

was fitted with a reflux condenser and heated at reflux. After 24 hr, the reaction was cooled on 

ice and quenched by the dropwise addition of saturated Na2CO3 (20 mL). The aqueous layer was 
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on ice. Thionyl chloride (1.3 mL) was added dropwise on ice, after which the flask was fitted 

with a reflux condenser and heated at reflux. After 24 hr, the reaction was cooled on ice and 

quenched by the dropwise addition of saturated Na2CO3 (20 mL). The aqueous layer was 

extracted with CH2Cl2 (4 x 20 mL) and the combined organics were dried over Na2SO4(s), and 

concentrated under reduced pressure. The crude product was then purified by chromatography on 

silica (3% acetone in 1:1 DCM/hexanes) to afford the title compound (190 mg, 77%) as a white 

solid. 1H NMR (500 MHz, CDCl3) δ 9.32 (dd, J = 0.5, 2.0 Hz, 1 H), 8.59 (dd, J = 0.5, 8.5 Hz, 1 

H), 8.46 (dd, J = 2.0, 8.5 Hz, 1 H), 4.47 (q, J = 7.5 Hz, 2 H), 1.46 (t, J = 7.5 Hz, 3 H); 13C NMR 

(125 MHz, CDCl3) δ 165.2, 158.3, 150.6, 138.1, 126.6, 121.3, 61.6, 14.3; HRMS (ESI) m/z 

301.1193 [calc’d for C16H17N2O4 (M + H)+ 301.1183]. 

Diethyl 2,2´-bipyridine-4,5´-dicarboxylate 

 

Bipy45ʹ′DC (200 mg, 0.82 mmoles) and EtOH (13 mL) were added to a dried flask and stirred 

on ice. Thionyl chloride (1.3 mL) was added dropwise on ice, after which the flask was fitted 

with a reflux condenser and heated at reflux. After 24 hr, the reaction was cooled on ice and 

quenched by the dropwise addition of saturated Na2CO3 (20 mL). The aqueous layer was 

extracted with CH2Cl2 (4 x 20 mL) and the combined organics were dried over Na2SO4(s), and 

concentrated under reduced pressure. The crude product was then purified by chromatography on 

silica (3% acetone in 1:1 DCM/hexanes) to afford the title compound (189 mg, 77%) as a white 

solid. 1H NMR (400 MHz, CDCl3) δ 9.28 (dd, J = 1.2, 2.0 Hz, 1 H), 8.96 (dd, J = 0.5, 1.2 Hz, 1 

H), 8.81 (dd, J = 0.5, 5.2 Hz, 1 H), 8.48 (dd, J = 0.5, 8.0 Hz, 1 H), 8.39 (dd, J = 2.0, 8.0 Hz, 1 H), 

extracted with CH2Cl2 (4 x 20 mL) and the combined organics were dried over Na2SO4(s), and 

concentrated under reduced pressure. The crude product was then purified by chromatography on 

silica (3% acetone in 1:1 DCM/hexanes) to afford the title compound (190 mg, 77%) as a white 

solid. 1H NMR (500 MHz, CDCl3) δ 9.32 (dd, J = 0.5, 2.0 Hz, 1 H), 8.59 (dd, J = 0.5, 8.5 Hz, 1 

H), 8.46 (dd, J = 2.0, 8.5 Hz, 1 H), 4.47 (q, J = 7.5 Hz, 2 H), 1.46 (t, J = 7.5 Hz, 3 H); 13C NMR 

(125 MHz, CDCl3) δ 165.2, 158.3, 150.6, 138.1, 126.6, 121.3, 61.6, 14.3; HRMS (ESI) m/z 

301.1193 [calc’d for C16H17N2O4 (M + H)+ 301.1183]. 

 

Diethyl 2,2´-bipyridine-4,5´-dicarboxylate 

 

 

 

 

Procedure: Bipy45&DC (200 mg, 0.82 mmoles) and EtOH (13 mL) were added to a dried flask 

and stirred on ice. Thionyl chloride (1.3 mL) was added dropwise on ice, after which the flask 

was fitted with a reflux condenser and heated at reflux. After 24 hr, the reaction was cooled on 

ice and quenched by the dropwise addition of saturated Na2CO3 (20 mL). The aqueous layer was 

extracted with CH2Cl2 (4 x 20 mL) and the combined organics were dried over Na2SO4(s), and 

concentrated under reduced pressure. The crude product was then purified by chromatography on 

silica (3% acetone in 1:1 DCM/hexanes) to afford the title compound (189 mg, 77%) as a white 

solid. 1H NMR (400 MHz, CDCl3) δ 9.28 (dd, J = 1.2, 2.0 Hz, 1 H), 8.96 (dd, J = 0.5, 1.2 Hz, 1 

H), 8.81 (dd, J = 0.5, 5.2 Hz, 1 H), 8.48 (dd, J = 0.5, 8.0 Hz, 1 H), 8.39 (dd, J = 2.0, 8.0 Hz, 1 H), 

7.89 (dd, J = 1.6, 5.2 Hz, 1 H), 4.44 (q, J = 7.2 Hz, 2 H), 4.42 (q, J = 7.2 Hz, 2 H), 1.43 (t, J = 
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7.89 (dd, J = 1.6, 5.2 Hz, 1 H), 4.44 (q, J = 7.2 Hz, 2 H), 4.42 (q, J = 7.2 Hz, 2 H), 1.43 (t, J = 7.2 

Hz, 3 H), 1.42 (t, J = 7.2 Hz, 3 H); 13C NMR (100 MHz, CDCl3) δ 165.1, 165.0, 158.5, 156.2, 

150.5, 150.0, 138.9, 137.96, 126.2, 123.5, 121.0, 120.6, 61.9, 61.4, 14.3 (2 signals); HRMS (ESI) 

m/z 301.1183 [calc’d for C16H17N2O4 (M + H)+ 301.1183]. 

Ethyl 2-(5-ethoxycarbonylthiazol-2-yl)pyridine-5-carboxylate (Diethyl pythiDC) 

 

2-(5-Carboxythiazol-2-yl)pyridine-5-carboxylic acid (38 mg, 0.15 mmoles) and EtOH (7 mL) 

were added to a dried flask and stirred on ice. Thionyl chloride (300 µL) was added dropwise on 

ice, after which the flask was fitted with a reflux condenser and heated at reflux. After 24 hr, the 

reaction was cooled on ice and quenched by the dropwise addition of saturated Na2CO3 (10 mL). 

The aqueous layer was extracted with CH2Cl2 (3 x 10 mL) and the combined organics were dried 

over Na2SO4(s) and concentrated under reduced pressure. The crude product was then purified 

by chromatography on silica (2% acetone in 1:1 DCM/hexanes) to afford the title compound (40 

mg, 86 %) as a pale yellow solid. The spectral data for diethyl pythiDC synthesized by this 

method matched that reported above for the same compound synthesized by direct cross 

coupling. Diethyl pythiDC was recrystallized from EtOAc to a white crystalline solid prior to use 

in mammalian cell culture experiments. 

Dimethyl 2,5-pyridinedicarboxylate 

 

Thionyl chloride (2.2 mL) was added dropwise to MeOH (14 mL) while stirring on ice. 2,5-

7.2 Hz, 3 H), 1.42 (t, J = 7.2 Hz, 3 H); 13C NMR (100 MHz, CDCl3) δ 165.1, 165.0, 158.5, 

156.2, 150.5, 150.0, 138.9, 137.96, 126.2, 123.5, 121.0, 120.6, 61.9, 61.4, 14.3 (2 signals); 

HRMS (ESI) m/z 301.1183 [calc’d for C16H17N2O4 (M + H)+ 301.1183]. 

 

Ethyl 2-(5-ethoxycarbonylthiazol-2-yl)pyridine-5-carboxylate (Diethyl pythiDC) 

 

 

Procedure: 2-(5-Carboxythiazol-2-yl)pyridine-5-carboxylic acid (38 mg, 0.15 mmoles) and 

EtOH (7 mL) were added to a dried flask and stirred on ice. Thionyl chloride (300 µL) was 

added dropwise on ice, after which the flask was fitted with a reflux condenser and heated at 

reflux. After 24 hr, the reaction was cooled on ice and quenched by the dropwise addition of 

saturated Na2CO3 (10 mL). The aqueous layer was extracted with CH2Cl2 (3 x 10 mL) and the 

combined organics were dried over Na2SO4(s) and concentrated under reduced pressure. The 

crude product was then purified by chromatography on silica (2% acetone in 1:1 DCM/hexanes) 

to afford the title compound (40 mg, 86 %) as a pale yellow solid. The spectral data for diethyl 

pythiDC synthesized by this method matched that reported above for the same compound 

synthesized by direct cross coupling. 

 

Diethyl pythiDC was recrystallized from EtOAc to a white crystalline solid prior to use in 

mammalian cell culture experiments. 
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Dimethyl 2,5-pyridinedicarboxylate 

 

 

Procedure: Thionyl chloride (2.2 mL) was added dropwise to MeOH (14 mL) while stirring on 

ice.  2,5-Pyridinedicarboxylic acid (1.0 g, 6.0 mmoles) was added and the reaction heated at 

reflux for 3 hr. The reaction was cooled and the solvent removed under reduced pressure. The 

resulting residue was dissolved in DCM (15 mL), after which saturated Na2CO3 (15 mL) was 

added while stirring on ice. The aqueous layer was extracted with DCM (3 × 15 mL), and the 

combined organics were washed with saturated Na2CO3 (2 × 40 mL), dried over Na2SO4(s), and 

concentrated under reduced pressure to afford the title compound (915 mg, 78%) as a pale 

yellow solid. 1H NMR (500 MHz, CDCl3) δ 9.32 (dd, J = 0.5, 2.0 Hz, 1 H), 8.47 (dd, J = 2.0, 

8.0 Hz, 1 H), 8.23 (dd, J = 0.5, 8.0 Hz, 1 H), 4.06 (s, 3 H), 4.01 (s, 3 H); 13C NMR (125 MHz, 

CDCl3) δ 165.0, 164.9, 150.8, 150.8, 138.4, 128.6, 124.7, 53.3, 52.8; HRMS (ESI) m/z 196.0600 

[calc’d for C9H10NO4 (M + H)+ 196.0605]. 

 

Methyl 6-formylnicotinate 

 

Procedure: Dimethyl-2,5-pyridinedicarboxylate (960 mg, 4.9 mmoles) and CaCl2 (2.198 g, 19.7 

mmoles) were added to a dried flask. THF (11 mL) and EtOH (12 mL) were added, and the 

resulting suspension was stirred on ice for 30 minutes. NaBH4 (465 mg, 12.3 mmoles) was added 

portion wise with stirring. The reaction was allowed to come to room temperature overnight. 
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Pyridinedicarboxylic acid (1.0 g, 6.0 mmoles) was added and the reaction heated at reflux for 3 

hr. The reaction was cooled and the solvent removed under reduced pressure. The resulting 

residue was dissolved in DCM (15 mL), after which saturated Na2CO3 (15 mL) was added while 

stirring on ice. The aqueous layer was extracted with DCM (3 Å~ 15 mL), and the combined 

organics were washed with saturated Na2CO3 (2 x 40 mL), dried over Na2SO4(s), and 

concentrated under reduced pressure to afford the title compound (915 mg, 78%) as a pale 

yellow solid. 1H NMR (500 MHz, CDCl3) δ 9.32 (dd, J = 0.5, 2.0 Hz, 1 H), 8.47 (dd, J = 2.0, 8.0 

Hz, 1 H), 8.23 (dd, J = 0.5, 8.0 Hz, 1 H), 4.06 (s, 3 H), 4.01 (s, 3 H); 13C NMR (125 MHz, 

CDCl3) δ 165.0, 164.9, 150.8, 150.8, 138.4, 128.6, 124.7, 53.3, 52.8; HRMS (ESI) m/z 196.0600 

[calc’d for C9H10NO4 (M + H)+ 196.0605]. 

Methyl 6-formylnicotinate 

 

Dimethyl-2,5-pyridinedicarboxylate (960 mg, 4.9 mmoles) and CaCl2 (2.198 g, 19.7 mmoles) 

were added to a dried flask. THF (11 mL) and EtOH (12 mL) were added, and the resulting 

suspension was stirred on ice for 30 minutes. NaBH4 (465 mg, 12.3 mmoles) was added portion 

wise with stirring. The reaction was allowed to come to room temperature overnight. After 18 h, 

the reaction was quenched by the dropwise addition of an aqueous solution of NH4Cl (saturated 

aqueous NH4Cl [20 mL] plus H2O [40 mL]) while stirring on ice. The aqueous layer was 

extracted with DCM (4 Å~ 30 mL) and the combined organics were dried over Na2SO4(s) and 

concentrated under reduced pressure to afford the crude alcohol (678 mg) as a pale yellow solid. 

The crude alcohol was dissolved in dry DCM (45 mL), after which Dess-Martin periodinane (2.6 

g, 6.1 mmoles) was added portion wise while stirring on ice. After 6 h, the reaction was 

quenched by the dropwise addition of a solution of 5% Na2S2O3 in half saturated NaHCO3 (80 

 

Dimethyl 2,5-pyridinedicarboxylate 

 

 

Procedure: Thionyl chloride (2.2 mL) was added dropwise to MeOH (14 mL) while stirring on 

ice.  2,5-Pyridinedicarboxylic acid (1.0 g, 6.0 mmoles) was added and the reaction heated at 

reflux for 3 hr. The reaction was cooled and the solvent removed under reduced pressure. The 

resulting residue was dissolved in DCM (15 mL), after which saturated Na2CO3 (15 mL) was 

added while stirring on ice. The aqueous layer was extracted with DCM (3 × 15 mL), and the 

combined organics were washed with saturated Na2CO3 (2 × 40 mL), dried over Na2SO4(s), and 

concentrated under reduced pressure to afford the title compound (915 mg, 78%) as a pale 

yellow solid. 1H NMR (500 MHz, CDCl3) δ 9.32 (dd, J = 0.5, 2.0 Hz, 1 H), 8.47 (dd, J = 2.0, 

8.0 Hz, 1 H), 8.23 (dd, J = 0.5, 8.0 Hz, 1 H), 4.06 (s, 3 H), 4.01 (s, 3 H); 13C NMR (125 MHz, 

CDCl3) δ 165.0, 164.9, 150.8, 150.8, 138.4, 128.6, 124.7, 53.3, 52.8; HRMS (ESI) m/z 196.0600 

[calc’d for C9H10NO4 (M + H)+ 196.0605]. 

 

Methyl 6-formylnicotinate 

 

Procedure: Dimethyl-2,5-pyridinedicarboxylate (960 mg, 4.9 mmoles) and CaCl2 (2.198 g, 19.7 

mmoles) were added to a dried flask. THF (11 mL) and EtOH (12 mL) were added, and the 

resulting suspension was stirred on ice for 30 minutes. NaBH4 (465 mg, 12.3 mmoles) was added 

portion wise with stirring. The reaction was allowed to come to room temperature overnight. 
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mL). The aqueous layer was extracted with DCM (3 x 40 mL). The combined organics were 

dried over Na2SO4(s) and concentrated under reduced pressure to afford the title compound (504 

mg, 62%) as a pale yellow solid. 1H NMR (400 MHz, CDCl3) δ 10.16 (s, 1 H), 9.38 (dd, J = 0.5, 

2.0 Hz, 1 H), 8.49 (dd, J = 2.0, 8.0 Hz, 1 H), 8.05 (dd, J = 0.5, 8.0 Hz, 1 H), 4.02 (s, 1 H); 13C 

NMR (100 MHz, CDCl3) δ 192.6, 164.8, 154.9, 151.2, 138.3, 121.1, 52.9; HRMS (EI) m/z 

165.0415 [calc’d for C8H7NO3 (M+) 165.0421]. 

Methyl 2-(5-trifluoromethyl-1H-imidazol-2-yl)pyridine-5-carboxylate 

 

NaOAc (277 mg, 3.4 mmoles) and 2,2-dibromo-1,1,1-trifluoroacetone (454 mg, 1.7 mmoles) 

were dissolved in H2O (770 µL) and stirred at 100 °C for 30 min. The reaction was cooled to 

room temperature, after which a solution of methyl 6-formylnicotinate (250 mg, 1.5 mmoles) and 

concentrated NH4OH (1.5 mL) in MeOH (4.6 mL), was added dropwise while stirring. The 

reaction was stirred overnight, after which the solvent was removed under reduced pressure. 

CHCl3 (25 mL) and 10% NaHCO3 (25 mL) were added to the residue. The aqueous layer was 

extracted with CHCl3 (2 x 25 mL), and the combined organics were dried over Na2SO4(s) and 

concentrated under reduced pressure. The crude product was then purified by chromatography on 

silica (25% EtOAc in hexanes) and recrystallized from 1:1 hexanes/EtOAc to afford the title 

compound (128 mg, 47%) as a pale yellow crystalline solid. 1H NMR (500 MHz, CD3OD) δ 9.13 

(dd, J = 1.0, 2.0 Hz, 1 H), 8.38 (dd, J = 2.0, 8.5 Hz, 1 H), 8.15 (dd, J = 1.0, 8.5 Hz, 1 H), 7.72 (d, 

J = 1.0 Hz, 1 H), 3.96 (s, 3 H); 13C NMR (125 MHz, CD3OD) δ 165.2, 150.5, 150.2, 146.7, 

137.9, 132.6 (q, J = 155 Hz), 125.7, 121.7 (q, J = 1059 Hz), 119.3, 119.1, 51.6; HRMS (ESI) m/z 

272.0630 [calc’d for C11H9F3N3O2 (M + H)+ 272.0642]. 

After 18 h, the reaction was quenched by the dropwise addition of an aqueous solution of NH4Cl 

(saturated aqueous NH4Cl [20 mL] plus H2O [40 mL]) while stirring on ice. The aqueous layer 

was extracted with DCM (4 × 30 mL) and the combined organics were dried over Na2SO4(s) and 

concentrated under reduced pressure to afford the crude alcohol (678 mg) as a pale yellow solid. 

The crude alcohol was dissolved in dry DCM (45 mL), after which Dess-Martin periodinane (2.6 

g, 6.1 mmoles) was added portion wise while stirring on ice. After 6 h, the reaction was 

quenched by the dropwise addition of a solution of 5% Na2S2O3 in half saturated NaHCO3 (80 

mL). The aqueous layer was extracted with DCM (3 × 40 mL). The combined organics were 

dried over Na2SO4(s) and concentrated under reduced pressure to afford the title compound (504 

mg, 62%) as a pale yellow solid. 1H NMR (400 MHz, CDCl3) δ 10.16 (s, 1 H), 9.38 (dd, J = 0.5, 

2.0 Hz, 1 H), 8.49 (dd, J = 2.0, 8.0 Hz, 1 H), 8.05 (dd, J = 0.5, 8.0 Hz, 1 H), 4.02 (s, 1 H); 13C 

NMR (100 MHz, CDCl3) δ 192.6, 164.8, 154.9, 151.2, 138.3, 121.1, 52.9; HRMS (EI) m/z 

165.0415 [calc’d for C8H7NO3 (M+) 165.0421] 

 

Methyl 2-(5-trifluoromethyl-1H-imidazol-2-yl)pyridine-5-carboxylate 

 

Procedure: NaOAc (277 mg, 3.4 mmoles) and 2,2-dibromo-1,1,1-trifluoroacetone (454 mg, 1.7 

mmoles) were dissolved in H2O (770 µL) and stirred at 100 °C for 30 min. The reaction was 

cooled to room temperature, after which a solution of methyl 6-formylnicotinate (250 mg, 1.5 

mmoles) and concentrated NH4OH (1.5 mL) in MeOH (4.6 mL), was added dropwise while 

stirring. The reaction was stirred overnight, after which the solvent was removed under reduced 

pressure. CHCl3 (25 mL) and 10% NaHCO3 (25 mL) were added to the residue. The aqueous 
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2-(5-Methoxycarbonyl-1-H-imidazol-2-yl)pyridine-5-carboxylic Acid 

 

Methyl 2-(5-trifluoromethyl-1H-imidazol-2-yl)pyridine-5-carboxylate (103 mg, 0.38 mmoles) 

and KOH (147 mg, 2.28 mmoles) were added to a vial. MeOH (11 mL) was added to the vial and 

the reaction mixture was heated to 60 °C until the starting material was completely consumed, as 

judged by TLC. The reaction mixture was cooled and concentrated under reduced pressure. The 

crude product was dissolved in water (3 mL). The aqueous layer was washed with EtOAc (1 x 3 

mL), after which the product was precipitated from the aqueous layer by adjusting to pH 3–4 

with 1M HCl. After cooling to 4 °C, the product was filtered, washed with water (3 x 1 mL), and 

dried in vacuo to afford the title compound (84 mg, 94%) as a white solid. 1H NMR (500 MHz, 

DMSO-d6) δ 13.74 (s, 1 H), 13.56 (s, 1 H), 9.12 (d, J = 2.0 Hz, 1 H), 8.40 (dd, J = 2.0, 8.0 Hz, 1 

H), 8.22 (d, J = 8.0 Hz, 1 H), 7.99 (d, J = 2.5 Hz, 1 H), 3.81 (s, 3 H); 13C NMR (125 MHz, 

DMSO-d6) δ 166.4, 163.1, 151.4, 150.5, 146.4, 138.9, 134.2, 126.6 (2 signals), 120.3, 51.7; 

HRMS (ESI) m/z 248.0671 [calc’d for C11H10N3O4 (M + H)+ 248.0666]. 

2-(5-Carboxy-1-H-imidazol-2-yl)pyridine-5-carboxylic Acid 

 

2-(5-Methoxycarbonyl-1H-imidazol-2-yl)pyridine-5-carboxylic acid (50 mg, 0.20 mmoles), 1M 

NaOH (400 µL), and water (3.6 mL) were added to a vial. The reaction mixture was heated to 65 

°C with stirring. After 24 hr, the reaction mixture was cooled and washed with EtOAc (1 x 3 

mL), after which the product was precipitated from the aqueous layer by adjusting to pH 3–4 

layer was extracted with CHCl3 (2 × 25 mL), and the combined organics were dried over 

Na2SO4(s) and concentrated under reduced pressure. The crude product was then purified by 

chromatography on silica (25% EtOAc in hexanes) and recrystallized from 1:1 hexanes/EtOAc 

to afford the title compound (128 mg, 47%) as a pale yellow crystalline solid. 1H NMR (500 

MHz, CD3OD) δ 9.13 (dd, J = 1.0, 2.0 Hz, 1 H), 8.38 (dd, J = 2.0, 8.5 Hz, 1 H), 8.15 (dd, J = 1.0, 

8.5 Hz, 1 H), 7.72 (d, J = 1.0 Hz, 1 H), 3.96 (s, 3 H); 13C NMR (125 MHz, CD3OD) δ 165.2, 

150.5, 150.2, 146.7, 137.9, 132.6 (q, J = 155 Hz), 125.7, 121.7 (q, J = 1059 Hz), 119.3, 119.1, 

51.6; HRMS (ESI) m/z 272.0630 [calc’d for C11H9F3N3O2 (M + H)+ 272.0642]. 

 

2-(5-Methoxycarbonyl-1-H-imidazol-2-yl)pyridine-5-carboxylic Acid 

 

 

 

Procedure: Methyl 2-(5-trifluoromethyl-1H-imidazol-2-yl)pyridine-5-carboxylate (103 mg, 0.38 

mmoles) and KOH (147 mg, 2.28 mmoles) were added to a vial. MeOH (11 mL) was added to 

the vial and the reaction mixture was heated to 60 °C until the starting material was completely 

consumed, as judged by TLC. The reaction mixture was cooled and concentrated under reduced 

pressure. The crude product was dissolved in water (3 mL). The aqueous layer was washed with 

EtOAc (1 × 3 mL), after which the product was precipitated from the aqueous layer by adjusting 

to pH 3–4 with 1M HCl. After cooling to 4 °C, the product was filtered, washed with water (3 × 

1 mL), and dried in vacuo to afford the title compound (84 mg, 94%) as a white solid. 1H NMR 

(500 MHz, DMSO-d6) δ 13.74 (s, 1 H), 13.56 (s, 1 H), 9.12 (d, J = 2.0 Hz, 1 H), 8.40 (dd, J = 

2.0, 8.0 Hz, 1 H), 8.22 (d, J = 8.0 Hz, 1 H), 7.99 (d, J = 2.5 Hz, 1 H), 3.81 (s, 3 H); 13C NMR 
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(125 MHz, DMSO-d6) δ 166.4, 163.1, 151.4, 150.5, 146.4, 138.9, 134.2, 126.6 (2 signals), 120.3, 

51.7; HRMS (ESI) m/z 248.0671 [calc’d for C11H10N3O4 (M + H)+ 248.0666]. 

 

2-(5-Carboxy-1-H-imidazol-2-yl)pyridine-5-carboxylic Acid 

 

 

 

 

Procedure: 2-(5-Methoxycarbonyl-1H-imidazol-2-yl)pyridine-5-carboxylic acid 

 (50 mg, 0.20 mmoles), 1M NaOH (400 µL), and water (3.6 mL) were added to a vial. The 

reaction mixture was heated to 65 °C with stirring. After 24 hr, the reaction mixture was cooled 

and washed with EtOAc (1 × 3 mL), after which the product was precipitated from the aqueous 

layer by adjusting to pH 3–4 with 1M HCl. After cooling to 4 °C, the product was filtered, 

washed with water (3 × 1 mL), and dried in vacuo to afford the title compound (44 mg, 93%) as 

a pale yellow solid. 1H NMR (500 MHz, DMSO-d6) δ 13.62 (s, 1 H), 13.30 (bs, 1 H), 12.74 (bs, 

1 H), 9.11 (dd, J = 0.5, 1.0 Hz, 1 H), 8.39 (dd, J = 2.0, 8.5 Hz, 1 H), 8.20 (d, J = 8.0 Hz, 1 H), 

7.88 (d, J = 2.5 Hz, 1 H); 13C NMR (125 MHz, DMSO-d6) δ 166.4, 164.0, 151.5, 150.5, 146.1, 

138.9, 135.3, 126.5, 126.2, 120.2; HRMS (EI) m/z 233.0432 [calc’d for C10H7N3O4 (M)+ 233.18]. 

 

Methyl 2-(5-methoxycarbonyl-1H-imidazol-2-yl)pyridine-5-carboxylate 
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with 1M HCl. After cooling to 4 °C, the product was filtered, washed with water (3 x 1 mL), and 

dried in vacuo to afford the title compound (44 mg, 93%) as a pale yellow solid. 1H NMR (500 

MHz, DMSO-d6) δ 13.62 (s, 1 H), 13.30 (bs, 1 H), 12.74 (bs, 1 H), 9.11 (dd, J = 0.5, 1.0 Hz, 1 

H), 8.39 (dd, J = 2.0, 8.5 Hz, 1 H), 8.20 (d, J = 8.0 Hz, 1 H), 7.88 (d, J = 2.5 Hz, 1 H); 13C NMR 

(125 MHz, DMSO-d6) δ 166.4, 164.0, 151.5, 150.5, 146.1, 138.9, 135.3, 126.5, 126.2, 120.2; 

HRMS (EI) m/z 233.0432 [calc’d for C10H7N3O4 (M)+ 233.18]. 

Methyl 2-(5-methoxycarbonyl-1H-imidazol-2-yl)pyridine-5-carboxylate 

 

2-(5-Methoxycarbonyl-1H-imidazol-2-yl)pyridine-5-carboxylic acid (100 mg, 0.41 mmoles) and 

MeOH (7.0 mL) was added to a round bottom flask and stirred on ice. Thionyl chloride (750 µL) 

was added dropwise on ice, after which the flask was fitted with a reflux condenser and heated at 

reflux. After 24 hr, the reaction was cooled on ice and quenched by the dropwise addition of 

saturated Na2CO3 (20 mL). The aqueous layer was extracted with CH2Cl2 (5 x 20 mL) and the 

combined organics were dried over Na2SO4(s), and concentrated under reduced pressure. The 

crude product was then purified by chromatography on silica (50% EtOAc in hexanes), to afford 

a pale yellow solid. The solid was dissolved in minimal DCM, precipitated by the dropwise 

addition of cold hexanes, and filtered in vacuo to afford the title compound (50 mg, 48%) as a 

white solid. 1H NMR (500 MHz, CDCl3, ~5:2 ratio of 2 tautomers) δ 11.01 (bs, 1.4 H), 9.18–

9.15 (m, 1.4 H), 8.44–8.38 (m, 2.4 H), 8.29 (d, J = 8 Hz, 0.4 H), 7.91 (s, 1 H), 7.84 (s, 0.4 H), 

3.99–3.94 (m, 8.4 H); 13C NMR (125 MHz, CDCl3, ~5:2 ratio of 2 tautomers) δ 165.3 (2 

signals), 163.2, 160.2, 150.7, 150.4 (2 signals), 150.3, 147.8, 146.2, 138.4 (2 signals), 136.7, 

135.4, 126.1, 125.9, 124.3 (2 signals), 120.2, 120.0, 52.6 (2 signals), 52.1 (2 signals); HRMS 

 

Procedure: 2-(5-Methoxycarbonyl-1H-imidazol-2-yl)pyridine-5-carboxylic acid (100 mg, 0.41 

mmoles) and MeOH (7.0 mL) was added to a round bottom flask and stirred on ice. Thionyl 

chloride (750 µL) was added dropwise on ice, after which the flask was fitted with a reflux 

condenser and heated at reflux.  After 24 hr, the reaction was cooled on ice and quenched by the 

dropwise addition of saturated Na2CO3 (20 mL). The aqueous layer was extracted with CH2Cl2 

(5 × 20 mL) and the combined organics were dried over Na2SO4(s), and concentrated under 

reduced pressure. The crude product was then purified by chromatography on silica (50% EtOAc 

in hexanes), to afford a pale yellow solid. The solid was dissolved in minimal DCM, precipitated 

by the dropwise addition of cold hexanes, and filtered in vacuo to afford the title compound (50 

mg, 48%) as a white solid. 1H NMR (500 MHz, CDCl3, ~5:2 ratio of 2 tautomers) δ 11.01 (bs, 

1.4 H), 9.18–9.15 (m, 1.4 H), 8.44–8.38 (m, 2.4 H), 8.29 (d, J = 8 Hz, 0.4 H), 7.91 (s, 1 H), 7.84 

(s, 0.4 H), 3.99–3.94 (m, 8.4 H); 13C NMR (125 MHz, CDCl3, ~5:2 ratio of 2 tautomers) δ 

165.3 (2 signals), 163.2, 160.2, 150.7, 150.4 (2 signals), 150.3, 147.8, 146.2, 138.4 (2 signals), 

136.7, 135.4, 126.1, 125.9, 124.3 (2 signals), 120.2, 120.0, 52.6 (2 signals), 52.1 (2 signals); 

HRMS (ESI) m/z 262.0829 [calc’d for C12H12N3O4 (M + H)+ 262.0823]. 

 

Ethyl 2-(5-ethoxycarbonyl-1H-imidazol-2-yl)pyridine-5-carboxylate (Diethyl pyimDC) 
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(ESI) m/z 262.0829 [calc’d for C12H12N3O4 (M + H)+ 262.0823]. 

Ethyl 2-(5-ethoxycarbonyl-1H-imidazol-2-yl)pyridine-5-carboxylate (Diethyl pyimDC) 

 

2-(5-Carboxy-1H-imidazol-2-yl)pyridine-5-carboxylic acid (85 mg, 0.36 mmoles) and EtOH (6.3 

mL) were added to a round bottom flask and stirred on ice. Thionyl chloride (710 µL) was added 

dropwise on ice, after which the flask was fitted with a reflux condenser and heated at reflux. 

After 24 hr, the reaction was cooled on ice and quenched by the dropwise addition of saturated 

Na2CO3 (10 mL). The aqueous layer was extracted with CH2Cl2 (6 x 10 mL) and the combined 

organics were dried over Na2SO4(s) and concentrated under reduced pressure. The crude product 

was then purified by chromatography on silica (2% MeOH in 1:1 DCM/hexanes) to afford the 

title compound (95 mg, 90 %) as a pale yellow solid. 1H NMR (500 MHz, CDCl3, ~5:4 ratio of 

two tautomers) δ 11.16 (bs, 1 H), 11.02 (bs, 0.8 H), 9.19 (dd, J = 1.0, 2.0 Hz, 0.8 H); 9.15–9.14 

(m, 1 H), 8.44–8.38 (m, 2.8 H), 8.28 (dd, J = 1.0, 8.0 Hz, 0.8 H), 7.90–7.86 (m, 1.8 H), 4.48 4.38 

(m, 7.2 H), 1.46–1.39 (m, 10.8 H); 13C NMR (125 MHz, CDCl3) δ 164.9, 164.8 162.8, 159.8, 

150.7, 150.4 (2 signals), 150.3, 147.8, 146.3, 138.4, 138.3, 136.5, 135.7, 126.3, 126.1, 124.7, 

124.1, 120.1, 120.0, 61.7 (2 signals), 61.3, 61.0, 14.5, 14.4, 14.3 (2 signals); HRMS (ESI) m/z 

290.1136 [calc’d for C14H16N3O4 (M + H)+ 290.1132].  

Diethyl pyimDC was precipitated from DCM by the dropwise addition of cold hexanes and the 

precipitate filtered and dried in vacuo to afford a white solid that was used in subsequent 

mammalian cell culture experiments. 

N-(Methoxyoxalyl)glycine ethyl ester 

 

Procedure: 2-(5-Methoxycarbonyl-1H-imidazol-2-yl)pyridine-5-carboxylic acid (100 mg, 0.41 

mmoles) and MeOH (7.0 mL) was added to a round bottom flask and stirred on ice. Thionyl 

chloride (750 µL) was added dropwise on ice, after which the flask was fitted with a reflux 

condenser and heated at reflux.  After 24 hr, the reaction was cooled on ice and quenched by the 

dropwise addition of saturated Na2CO3 (20 mL). The aqueous layer was extracted with CH2Cl2 

(5 × 20 mL) and the combined organics were dried over Na2SO4(s), and concentrated under 

reduced pressure. The crude product was then purified by chromatography on silica (50% EtOAc 

in hexanes), to afford a pale yellow solid. The solid was dissolved in minimal DCM, precipitated 

by the dropwise addition of cold hexanes, and filtered in vacuo to afford the title compound (50 

mg, 48%) as a white solid. 1H NMR (500 MHz, CDCl3, ~5:2 ratio of 2 tautomers) δ 11.01 (bs, 

1.4 H), 9.18–9.15 (m, 1.4 H), 8.44–8.38 (m, 2.4 H), 8.29 (d, J = 8 Hz, 0.4 H), 7.91 (s, 1 H), 7.84 

(s, 0.4 H), 3.99–3.94 (m, 8.4 H); 13C NMR (125 MHz, CDCl3, ~5:2 ratio of 2 tautomers) δ 

165.3 (2 signals), 163.2, 160.2, 150.7, 150.4 (2 signals), 150.3, 147.8, 146.2, 138.4 (2 signals), 

136.7, 135.4, 126.1, 125.9, 124.3 (2 signals), 120.2, 120.0, 52.6 (2 signals), 52.1 (2 signals); 

HRMS (ESI) m/z 262.0829 [calc’d for C12H12N3O4 (M + H)+ 262.0823]. 

 

Ethyl 2-(5-ethoxycarbonyl-1H-imidazol-2-yl)pyridine-5-carboxylate (Diethyl pyimDC) 
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N-(Methoxyoxalyl)glycine ethyl ester was synthesized as reported previously.493 The spectral 

data and yield matched that reported previously. 

N-Oxalylglycine 

 

N-Oxalylglycine was synthesized as described previously.493 The spectral data and yield matched 

that reported previously. 

N-Benzyloxycarbonyl-(2S)-prolyl-(2S)-prolylglycine ethyl ester (CbzProProGlyOEt) 

 

CBbzProProGlyOEt was synthesized as described previously.493 The spectral data and yield 

matched that reported previously. 

N-Dansylglycyl-(2S)-prolyl-(2S)-prolylglycine ethyl ester (DansylGlyProProGlyOEt): 

 

DansylGlyProProGlyOEt was synthesized as described previously.493
 The spectral data and yield 

matched that reported previously. 

Procedure: 2-(5-Carboxy-1H-imidazol-2-yl)pyridine-5-carboxylic acid (85 mg, 0.36 mmoles) 

and EtOH (6.3 mL) were added to a round bottom flask and stirred on ice. Thionyl chloride (710 

 µL) was added dropwise on ice, after which the flask was fitted with a reflux condenser and 

heated at reflux. After 24 hr, the reaction was cooled on ice and quenched by the dropwise 

addition of saturated Na2CO3 (10 mL). The aqueous layer was extracted with CH2Cl2 (6 x 10 

mL) and the combined organics were dried over Na2SO4(s) and concentrated under reduced 

pressure. The crude product was then purified by chromatography on silica (2% MeOH in 1:1 

DCM/hexanes) to afford the title compound (95 mg, 90 %) as a pale yellow solid. 1H NMR (500 

MHz, CDCl3, ~5:4 ratio of two tautomers) δ 11.16 (bs, 1 H), 11.02 (bs, 0.8 H), 9.19 (dd, J = 

1.0, 2.0 Hz, 0.8 H); 9.15–9.14 (m, 1 H), 8.44–8.38 (m, 2.8 H), 8.28 (dd, J = 1.0, 8.0 Hz, 0.8 H), 

7.90–7.86 (m, 1.8 H), 4.48–4.38 (m, 7.2 H), 1.46–1.39 (m, 10.8 H); 13C NMR (125 MHz, 

CDCl3) δ 164.9, 164.8 162.8, 159.8, 150.7, 150.4 (2 signals), 150.3, 147.8, 146.3, 138.4, 138.3, 

136.5, 135.7, 126.3, 126.1, 124.7, 124.1, 120.1, 120.0, 61.7 (2 signals), 61.3, 61.0, 14.5, 14.4, 

14.3 (2 signals); HRMS (ESI) m/z 290.1136 [calc’d for C14H16N3O4 (M + H)+ 290.1132]. 

 

Diethyl pyimDC was precipitated from DCM by the dropwise addition of cold hexanes and the 

precipitate filtered and dried in vacuo to afford a white solid that was used in subsequent 

mammalian cell culture experiments. 
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N-(Methoxyoxalyl)glycine ethyl ester was synthesized as reported previously.6 The spectral data 

and yield matched that reported previously. 

 

N-Oxalylglycine 

 

 

 

 

N-Oxalylglycine was synthesized as described previously.6 The spectral data and yield matched 

that reported previously. 

 

N-Benzyloxycarbonyl-(2S)-prolyl-(2S)-prolylglycine ethyl ester (CbzProProGlyOEt) 

 

 

 

 

 

CBbzProProGlyOEt was synthesized as described previously.6 The spectral data and yield 

matched that reported previously. 

N-Dansylglycyl-(2S)-prolyl-(2S)-prolylglycine ethyl ester (DansylGlyProProGlyOEt): 
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N-(Methoxyoxalyl)glycine ethyl ester was synthesized as reported previously.6 The spectral data 

and yield matched that reported previously. 
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N-Oxalylglycine was synthesized as described previously.6 The spectral data and yield matched 

that reported previously. 
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CBbzProProGlyOEt was synthesized as described previously.6 The spectral data and yield 

matched that reported previously. 
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DansylGlyProProGlyOEt was synthesized as described previously.6 The spectral data and yield 

matched that reported previously. 

 

XVI. NMR Spectra 

1H NMR (CDCl3) and 13C NMR (CDCl3) of Methyl pyrazine-3-carboxylate-1-oxide 
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 Table A4.1 Estimated LogP and Topological Polar Surface Area (TPSA) values 

Values were estimated using the Molinspiration molecular properties calculator freely available 

via the internet at http://www.molinspiration.com/ 

 

 

 

 

 

XVII. Estimated LogP and Topological Polar Surface Area (TPSA) Values 

Values were estimated using the Molinspiration molecular properties calculator freely available 

via the internet at http://www.molinspiration.com/ 

Compound Est. LogP TPSA 
Bipy 1.442 25.784 

Bipy44'DC 1.167 100.382 
Diethyl Bipy44'DC 2.439 78.394 

Bipy45'DC 0.881 100.382 
Diethyl Bipy45'DC 2.153 78.394 

Bipy55'DC 0.595 100.382 
Diethyl Bipy55'DC 1.867 78.394 

Pypyrid 0.737 38.676 
Pypyraz 0.759 38.676 

Pyim 0.897 41.575 
Pypyr 0.846 41.575 
Pythi 1.642 25.784 
Pyox 1.000 38.924 

PyimDC 0.285 116.173 
Diethyl PyimDC 1.557 94.185 

PythiDC 1.029 100.382 
Diethyl PythiDC 2.301 78.394 
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Figure A4.1 
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Figure 1. Enzymatic reaction and inhibition of collagen prolyl 4-hydroxylases (CP4Hs).
(A) In an Fe(II)- and AKG-dependent manner, CP4Hs catalyze the hydroxylation of specific 
Pro residues in collagenous peptides to form Hyp residues. (B) Examples of previously 
reported human CP4H inhibitors. (C) A library of 2,2´-bipyridinedicarboxylate (bipyDC) 
prodrugs (diethyl esters). (D) The effects of bipyDC prodrugs on iron metabolism. 
MDA-MB-231 breast cancer cells were treated with deferoxamine (DFO, 100 +M), bipy 
(100 +M), bipyDC prodrug (100 +M), or DMSO vehicle and then analyzed by western blot.
Blots are representative of at least 4 replicates. Quantitations are normalized to `-Actin 
and statistical analyses (* indicates p < 0.05) were performed on at least 4 replicates.
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Figure A4.1 Enzymatic reaction and inhibition of collagen prolyl 4-hydroxylases (CP4Hs). (A) 

In an Fe(II)- and AKG-dependent manner, CP4Hs catalyze the hydroxylation of specific Pro 

residues in collagenous peptides to form Hyp residues. (B) Examples of previously reported 

human CP4H inhibitors. (C) A library of 2,2´-bipyridinedicarboxylate (bipyDC) prodrugs 

(diethyl esters). (D) The effects of bipyDC prodrugs on iron metabolism. MDA-MB-231 breast 

cancer cells were treated with deferoxamine (DFO, 100 µM), bipy (100 µM), bipyDC prodrug 

(100 µM), or DMSO vehicle and then analyzed by western blot. Blots are representative of at 

least 4 replicates. Quantitations are normalized to β-Actin and statistical analyses (* indicates p < 

0.05) were performed on at least 4 replicates. 
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Figure A4.2 
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Figure 2. Examining the iron binding properties of a library of bipy analogues.(A) A 

focused library of bipy analogues. (B) Some chemical properties of the library members 

shown in panel A, including those pertaining to complexation with Fe(II) in vitro. (C) The 

effects of the library members shown in panel A on iron metabolism in cultured cells. 

MDA-MB-231 breast cancer cells were treated with deferoxamine (DFO), bipy analogues, 

or DMSO vehicle and then analyzed by western blot. Blots are representative of at least 4 

replicates. Quantitations are normalized to `-Actin and statistical analyses (* indicates 

p < 0.05) were performed on at least 4 replicates.
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Figure A4.2 Examining the iron binding properties of a library of bipy analogues. (A) A focused 

library of bipy analogues. (B) Some chemical properties of the library members shown in panel 

A, including those pertaining to complexation with Fe(II) in vitro. (C) The effects of the library 

members shown in panel A on iron metabolism in cultured cells. MDA-MB-231 breast cancer 

cells were treated with deferoxamine (DFO), bipy analogues, or DMSO vehicle and then 

analyzed by western blot. Blots are representative of at least 4 replicates. Quantitations are 

normalized to β-Actin and statistical analyses (* indicates p < 0.05) were performed on at least 4 

replicates. 
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Figure A4.3 
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Figure 3. Investigation of a library of biheteroaryl dicarboxylates as inhibitors of
human CP4H1. (A) A library of biheteroaryl dicarboxylates. All compounds are 
based upon the parent scaffolds examined in Figure 2. (B) The library presented 
in panel A was screened as inhibitors of human CP4H1 in vitro. All compounds 
were screened (10 µM). (Cite Vasta and Raines for 25PDC and BipyDC data).
Relative activity values are the mean (± SD) of three replicates. (C) Select
inhibitors were examined further in dose-response experiments.
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Figure A4.3 Investigation of a library of biheteroaryl dicarboxylates as inhibitors of human 

CP4H1. (A) A library of biheteroaryl dicarboxylates. All compounds are based upon the parent 

scaffolds examined in Figure 2. (B) The library presented in panel A was screened as inhibitors 

of human CP4H1 in vitro. All compounds were screened (10 µM). Relative activity values are 

the mean (± SD) of three replicates. (C) Select inhibitors were examined further in dose-response 

experiments. 
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Figure A4.4 

 

  

TfR

HIF-1_

Ferritin

`-Actin

Dose (+M) N/A 100 100 100 300 500 100 100 56 30 18 10 5.6

Veh
icl

e

EDHB

Pro
 B

ipy
55

'D
C

Pro
 P

yth
iD

C

DFO
Pro

 P
yim

DC

0

50

100

150

0

50

150

200

100

R
el

at
iv

e 
F

er
rit

in
 L

ev
el

 (
%

)

R
el

at
iv

e 
T

fR
 L

ev
el

 (
%

)

Lane 1 2 3 4 5 6 7 8 9 10 11 12 13

Treatment (Lane #)

1 2 3 4 5 6 7 8 9 10 11 12 13

Treatment (Lane #)

1 2 3 4 5 6 7 8 9 10 11 12 13

* *
*

* *

Dose (+M) N/A 500 50 5 50 50

Veh
icl

e

EDHB

Pro
 B

ipy
55

'D
C

Pro
 P

yth
iD

C

5 5

Pro
 P

yim
DC

Col(I)

Ponceau

0

25

75

100

50

N
or

m
al

iz
ed

 C
ol

(I
) 

Le
ve

l (
%

)

Lane 14 15 17 18 19 2116 20

Treatment (Lane #)

14 15 16 17 18 19 20 21

*

*
* *

*
*

*

A

B

C

Figure 4. The effects of ethyl ester prodrugs on iron metabolism and collagen secretion. 
MDA-MB-231 breast cancer cells were treated (as denoted) with deferoxamine (DFO), 
ethyl dihydroxybenzoate (EDHB), biheteroaryl prodrugs, or DMSO vehicle and then 
analyzed by western blot. An asterisk (*) is indicative of statistical significance (p < 0.05). 
(A) The effect of treatments (denoted) on iron metabolism. Blots are representative of at 
least 3 replicates. (B) Densitometric quantitations corresponding to the blots in panel A. 
Quantitations (n * 3	 are normalized to `-Actin. (C) The effect of treatments (denoted) on 
collagen secretion into conditioned media. Blots are representative of at least 5 replicates 
and quantitations (right) are normalized to total protein using the Ponceau S stained blot.
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Figure A4.4 The effects of ethyl ester prodrugs on iron metabolism and collagen secretion. 

MDA-MB-231 breast cancer cells were treated (as denoted) with deferoxamine (DFO), ethyl 

dihydroxybenzoate (EDHB), biheteroaryl prodrugs, or DMSO vehicle and then analyzed by 

western blot. An asterisk (*) is indicative of statistical significance (p < 0.05). (A) The effect of 

treatments (denoted) on iron metabolism. Blots are representative of at least 3 replicates. (B) 

Densitometric quantitations corresponding to the blots in panel A. Quantitations (n ≥ 3) are 

normalized to β-Actin. (C) The effect of treatments (denoted) on collagen secretion into 

conditioned media. Blots are representative of at least 5 replicates and quantitations (right) are 

normalized to total protein using the Ponceau S stained blot. 
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Figure A4.5  
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Figure A4.5 Absorption spectra of ligands and complexes. 

(A) Pypyrid and Fe(Pypyrid)3:300 µM Pypyrid ± 100 µM Fe(II)SO4 in 10 mM sodium 

phosphate, pH 7.0, λmax = 522 nm. (B) Pypyraz and Fe(Pypyraz)3: 300 µM Pypyraz ± 100 µM 

Fe(II)SO4 in 10 mM sodium phosphate, pH 7.0, λmax = 523 nm. (C) Pyim and Fe(Pyim)3: 600 

µM Pyim ± 200 µM Fe(II)SO4 in 10 mM sodium phosphate, pH 7.0, λmax = 484 nm. (D) Pypyr 

and Its Complex with Fe(II): 3000 µM Pypyr ± 100 µM Fe(II)SO4 in 10 mM sodium phosphate, 

pH 7.0, , λmax = 441 nm. (E) Pythi and Fe(Pythi)3: 3000 µM Pythi ± 1000 µM Fe(II)SO4 in 10 

mM sodium phosphate, pH 7.0, , λmax = 524 nm. 
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Figure A4.6 
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Figure A4.6 Ligand titrations for iron complexes. 

Absorbance values were measured at the λmax of the complex under study. R2 values were > 0.99 

in all cases. The titration curve for bipy was reproduced from previous work.493 
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Figure A4.7 
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Figure A4.7 Job’s plots for Fe(II) complexes. 

(A) Fe(Pypyrid)3, (B) Fe(Pypyraz)3, (C) Fe(Pyim)3, (D) Fe(Pythi)3 
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Figure A4.8 
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Figure A4.8 pH Titration curves for biheteroaryl ligands. 

(A) Water Blank (B) Pypyrid (C) Pypyraz (D) Pyim (E) Pypyr (F) Pythi (G) Pyox 
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Figure A4.9 
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Figure A4.9 Dose-response curves for inhibition of human CP4H1. 

Dose-response curves for selected inhibitors. Dose-response curves were determined as 

described in the Experimental Procedures section. Individual points represent the mean (± SD) of 

three independent experiments. Data were fitted to the dose-response equation to determine the 

IC50 values. 
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Figure A4.10  
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Figure A4.10 Lineweaver-Burke analysis of PythiDC. 

Lineweaver-Burke analysis for inhibition of human CP4H1 by PythiDC. The Lineweaver-Burke 

plot for PythiDC suggests competitive inhibition with respect to the AKG cosubstrate, as 

evidenced by the intersecting pattern that converges on the ordinate (left) and linearity in the 

slope replot (right). The rate of CP4H catalysis with increasing AKG concentration (10-100 µM) 

was determined in the presence of fixed PythiDC concentrations (denoted). Individual points 

represent the mean (± SE) of two independent experiments. 
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Figure A4.11  
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Figure A4.11 Inhibition screen for PHD2 activity. 

Screen of selected inhibitors against PHD2 in vitro. All compounds were screened (10 µM) for 

inhibition of human PHD2 as described in the Experimental Procedures section. Relative activity 

values are the mean (± SD) of three replicates. Data for Bipy, NOG, 24PDC, 25PDC, 

bipy55´DC, and bipy45´DC was adapted from Vasta and Raines.  
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Figure A4.12  
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Figure A4.12 Competitive iron binding experiments for PyimDC and derivatives. 

Probing Fe-complexation with pyimDC by competition. (Top) It was found that high 

concentrations of pyimDC can outcompete bipy complexation with Fe(II). This phenomenon wa 

dose-dependent (A) and confined to the free diacid (B). These results cumulatively suggest that 

PyimDC forms a 2:1 complex with iron, likely as the alternative tautomer. 
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Figure A4.13  
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Figure A4.13 Effects of Pro BipyDCs on iron metabolism in Human Embryonic Kidney Cells. 

Examining the iron binding properties of a library of bipyDCs in human cells. The effects of the 

library members depicted in Figure 1C on iron metabolism in human embryonic kidney cells 

(HEKs). HEKs were treated with deferoxamine (DFO, 100 µM), bipy (100 µM), bipyDCs (100 

µM) or DMSO vehicle and then analyzed by western blot. Blots are representative of at least 2 

replicates. 
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Figure A4.14  
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Figure A4.14 Effects of Bipy analogues on iron metabolism in Human Embryonic Kidney Cells. 

Examining the iron binding properties of a library of bipy analogues in human cells. (A) The 

effects of the library members depicted in Figure 2A on iron metabolism in human embryonic 

kidney cells (HEKs). HEKs were treated with deferoxamine (DFO, 100 µM), bipy (100 µM), 

bipy analogues (100 µM), or DMSO vehicle and then analyzed by western blot. Blots are 

representative of at least 2 replicates. 
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Figure A4.15  
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Figure A4.15 Effects of biheteroaryl prodrugs on iron metabolism in Human Embryonic 

Kidney Cells. The effects of ethyl ester prodrugs on iron metabolism in human cells. Human 

embryonic kidney cells (HEKs) were treated (as denoted) with deferoxamine (DFO), ethyl 

dihydroxybenzoate (EDHB), biheteroaryl prodrugs, or DMSO vehicle and then analyzed by 

western blot. Blots are representative of at least 2 replicates. 
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Figure A4.16  
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Figure A4.16 Effects of biheteroaryl prodrugs on IRE binding by IRPs 

MDA-MB-231 breast cancer cells were treated (as denoted) with deferoxamine (DFO), ethyl 

dihydroxybenzoate (EDHB), biheteroaryl prodrugs, or DMSO vehicle and then analyzed by an 

electrophoretic mobility shift assay (EMSA) using a 32P-labeled RNA substrate for IRPs. 

Asterisks (***,**,*) are indicative of statistical significance (p < 0.05, < 0.01, < 0.001, 

respectively). (A) An EMSA representative of 3 replicates. (B) Quantitations of the EMSAs 

represented in Panel A. Quantitations (n = 3) were obtained by densitometry and derived from 

the digital light units using a calibration curve obtained by scintillation counting and normalized 

to total protein and total RNA. 
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Figure A4.17  
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Figure A4.17 Effects of biheteroaryl prodrugs on P4HA1 Levels in MDA-MB-231 breast cancer 

cells. The effects of ethyl ester prodrugs on P4HA1 levels in human cells. MDA-MB-231 cells 

were treated (as denoted) with deferoxamine (DFO), ethyl dihydroxybenzoate (EDHB), 

biheteroaryl prodrugs, or DMSO vehicle and then analyzed by western blot. Blots are 

representative of at least 2 replicates. 
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A4.4 NMR Spectra 
1H NMR (CDCl3) and 13C NMR (CDCl3) of Methyl pyrazine-3-carboxylate-1-oxide 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of Methyl pyridazine-3-carboxylate-1-oxide 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of Methyl 1-pivaloyloxymethyl-1H-pyrrole-3- 
carboxylate 

 

 

 

 

 



!

!

575!

1H NMR (CDCl3) and 13C NMR (CDCl3) of Ethyl 2-(2-trimethylsilylethynyl)pyridine-5- 
carboxylate 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of Ethyl 2-ethynylpyridine-5-carboxylate 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 2-(Thiazol-2-yl)pyridine 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 2-(Oxazol-2-yl)pyridine 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 2-(Pyridin-2-yl)pyrazine-1-oxide 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 6-(Pyridin-2-yl)pyridazine-1-oxide 

 

 

 

 

 

 

 



!

!

581!

1H NMR (CDCl3) and 13C NMR (CDCl3) of 2-(Pyridin-2-yl)pyrazine 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of 3-(Pyridin-2-yl)pyridazine 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of Methyl 2-(5-methoxycarbonylthiazol-2-yl)pyridine-
5-carboxylate 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of Methyl 2-(4-methoxycarbonylthiazol-2-yl)pyridine-
5-carboxylate 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of Methyl 2-(5-ethoxycarbonyloxazol-2-yl)pyridine-5-
carboxylate 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of Methyl 2-(4-ethoxycarbonyloxazol-2-yl)pyridine-5-
carboxylate 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of Methyl 2-(5-methoxycarbonyl-1-methyl-1-H 
imidazol-2-yl)pyridine-5-carboxylate 
 

 

 

 

 



!

!

588!

1H NMR (CDCl3) of Crude Methyl 2-(5-methoxycarbonylpyridin-2-yl)pyrazine-5-carboxylate 

 
 

 

1H NMR (CDCl3) of Crude Methyl 6-(ethoxycarbonylpyridin-2-yl)pyridazine-3-carboxylate-1-
oxide 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of Methyl 2-(5-methoxycarbonylpyridin-2-yl)pyrazine-
5-carboxylate 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of Methyl 3-(5-ethoxycarbonylpyridin-2-yl)pyridazine-
6-carboxylate 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of Methyl 2-(4-methoxycarbonyl-1-
pivaloyloxymethyl-1H-pyrrol-2-yl)pyridine-5-carboxylate-1-oxide 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of Methyl 2-(4-methoxycarbonyl-1- 
pivaloyloxymethyl-1H-pyrrol-2-yl)pyridine-5-carboxylate 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of Ethyl 2-(5-ethoxycarbonyl-1H-pyrazol-3-
yl)pyridine-5-carboxylate 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 2-(5-Carboxythiazol-2-yl)pyridine-5- 
carboxylic Acid 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 2-(4-Carboxythiazol-2-yl)pyridine-5- 
carboxylic Acid 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 2-(5-Carboxyoxazol-2-yl)pyridine-5- 
carboxylic Acid 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 2-(4-Carboxyoxazol-2-yl)pyridine-5- 
carboxylic Acid 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 2-(5-Carboxy-1-methyl-1H-imidazol-2-
yl)pyridine-5-carboxylic Acid 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 2-(5-Carboxypyridin-2-yl)pyrazine-5-
carboxylic Acid 
 

 

 

 

 

 



!

!

600!

1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 3-(5-Carboxypyridin-2-yl)pyridazine-6- 
carboxylic Acid 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 2-(4-Carboxy-1H-pyrrol-2-yl)pyridine-5- 
carboxylic Acid 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 2-(3-Carboxy-1H-pyrazol-5-yl)pyridine-5-
carboxylic Acid 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of Diethyl Bipy55ʹ′DC 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of Diethyl Bipy45ʹ′DC 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of Ethyl 2-(5-eethoxycarbonylthiazol-2-yl)pyridine-5-
carboxylate 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of Dimethyl 25PDC 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of Methyl 2-formylnicotinate 
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1H NMR (CD3OD) and 13C NMR (CD3OD) of Methyl 2-(5-trifluoromethyl-1H-imidazol-2- 
yl)pyridine-5-carboxylate 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 2-(5-Methoxycarbonyl-1H-imidazol-2-
yl)pyridine-5-carboxylic Acid 
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1H NMR (DMSO-d6) and 13C NMR (DMSO-d6) of 2-(5-Carboxy-1H-imidazol-2-yl)pyridine-5-
carboxylic Acid 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of Methyl 2-(5-methoxycarbonyl-1H-imidazol-2-
yl)pyridine-5-carboxylate 
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1H NMR (CDCl3) and 13C NMR (CDCl3) of Ethyl 2-(5-ethoxycarbonyl-1H-imidazol-2-
yl)pyridine-5-carboxylate 
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