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Of the 30,000 or so genes encoded by the human genome, approximately 10% are
druggable by small molecules. Hence, the majority of disease states are likely intractable
to modulation by small molecule therapeutics. Macromolecular biologics, such as DNA,
RNA, and proteins, have shown great promise as curative therapies. Nevertheless, this
class of drugs is not readily translatable into clinical treatments. The main hurdle for
clinical use of biologics is efficient delivery to their site of action. This thesis describes
ways to address the issues of inefficient biologic delivery.
In Chapter Two, I detail the characterization of the interactions of nucleic acids
with the glycocalyx, which is one of the main barriers to entry inside the cell. In Chapters
Three and Four, I describe a method to take advantage of the anionic glycocalyx for a
timed-release prodrug strategy. By attaching a ribonucleoside 3′-phosphate to a drug of
interest, the biodistribution into the cytoplasm of cells is prevented until the parent drug
is released by a ribonuclease, which occurs in a time-dependent fashion. This strategy
allows for greater temporal modulation of the concentration of active drug. Finally, in
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Chapter Five I describe a method to take advantage of the glycocalyx to enhance the
delivery of proteins. Since protein therapeutics can be delivered into cells by endocytosis,
the delivery of a protein can be enhanced by increasing the affinity of that protein for the
cell surface. Boronic acids readily form boronate esters with the 1,2- and 1,3-diols of
saccharides, such as those that coat the surface of mammalian cells. Here, pendant
boronic acids are shown to enhance the cytosolic delivery of a protein toxin. Thus,
boronates are a non-cationic carrier that can deliver a polar macromolecule into
mammalian cells.
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Chapter One
Characterization and Exploitation of the Glycocalyx for Drug Delivery
Abstract: Of the 30,000 or so genes encoded by the human genome, approximately 10% are
druggable by small molecules. Hence, the majority of disease states are likely intractable to
modulation by small molecule therapeutics. Macromolecular biologics, such as DNA, RNA, and
proteins, have shown great promise as curative therapies. Nevertheless, this class of drugs is ot
readiliy translatable into clinical treatments. The main hurdle for clinical use of biologics is
efficient delivery to their site of action. This thesis describes ways to address the issues of
inefficient biologic delivery.
In Chapter Two, I detail the characterization of the interactions of nucleic acids with the
glycocalyx, which is one of the main barriers to entry inside the cell. In Chapters Three and Four,
I describe a method to take advantage of the anionic glycocalyx for a timed-release prodrug
strategy. By attaching a ribonucleoside 3′-phosphate to a drug of interest, the biodistribution into
the cytoplasm of cells is prevented until the parent drug is released by a ribonuclease, which
occurs in a time-dependent fashion. This strategy allows for greater temporal modulation of the
concentration of active drug. Finally, in Chapter Five I describe a method to take advantage of
the glycocalyx to enhance the delivery of proteins. Since protein therapeutics can be delivered
into cells by endocytosis, the delivery of a protein can be enhanced by increasing the affinity of
that protein for the cell surface. Boronic acids readily form boronate esters with the 1,2- and 1,3diols of saccharides, such as those that coat the surface of mammalian cells. Here, pendant
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boronic acids are shown to enhance the cytosolic delivery of a protein toxin. Thus, boronates are
a non-cationic carrier that can deliver a polar macromolecule into mammalian cells.

1.1

The Need for Biologic Therapeutics
Modern medicine is dominated by small-molecule drugs for the treatment of disease. Yet,

numerous disease states are undruggable by small molecules. The basic components of life, and
therefore the basic components of a diseased state, can be broken down into five classes of
molecules: carbohydrates, lipids, proteins, nucleic acids, and metabolites. Generally, small
molecules are only able to modulate the activity of proteins, significantly limiting their utility
towards most disease processes. Of the approximate 30,000 genes in the human genome it is
estimated that only 10% of those genes encode a protein that are “druggable,” meaning that the
protein has a predicted fold amenable to interacting with a small molecule.3,4 Consequently, only
a small fraction of the biomolecules that compose a diseased state are actually tractable to
modulation by a small molecule. To expand the arsenal of therapeutics for medicine,
macromolecular drugs need to be developed and enlisted for clinical use. In the past thirty years,
significant progress has been made towards improving the properties of biologics for therapeutic
use. Nevertheless, inefficient delivery of these macromolecular compounds into cells precludes
them from the clinic.5-7

1.2

The Advent of Gene Therapy
A little over 50 years ago, Francis Crick walked into the Eagle Pub in Cambridge, UK

and declared, “We have found the secret of life.”8,9 He was referring to having just discovered
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that DNA is a double helix. This was the final puzzle to be solved in understanding the basic
components of genetic inheritance. That same year, the Hershey–Chase experiment was
published, providing substantial evidence that DNA was the genetic material of a cell.10 Shortly
thereafter, in 1956, Vernon Ingram published the first description of a genetic disease by
demonstrating that sickle cell anemia was caused by a single point mutation.11 Consequently, the
race to treat genetic diseases through proper gene expression began.
The first attempts at gene therapy required two essential components: an efficient method
for gene transfer, and the ability to synthesize or clone genes. During the 1960s and 1970s, the
genetic code was deciphered, the first gene was synthesized, and modern cloning techniques
were developed.12-14 In 1973, calcium phosphate-mediated gene transfer was invented and led to
the second attempt at inserting a gene into a human for therapeutic benefit.13 Nevertheless, due to
the inefficiency of calcium phosphate transfection, this human gene therapy trial was ultimately
doomed for failure.13,15-17 The 1990s saw a renewed interest in gene therapy trials. During this era
of biotechnology, viral vectors were the most efficient method for inserting genes into
mammalian cells.13 Unfortunately, the use of viral vectors was shown to induce life-threatening
and sometimes lethal immunological responses,18 and at times, oncogenesis in the target cells.19
Only in recent years was the first successful gene therapy trial completed wherein two out of
three patients were cured of chronic lymphoid leukemia, with the third patient having a partial
remission.20 In summary, the promise of gene therapy as a therapeutic technique is quite enticing,
but a safe and efficient method of transferring genes into target cells continues to be the primary
hurdle towards its clinical adoption.
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Chemical Transfection Reagents
In 1973, calcium phosphate became the first effective chemical transfection reagent.21,22

During the 1980s, efficient delivery of DNA using cationic lipids23 and cationic polymers24 was
first reported. This technology still persists today and most contemporary transfection reagents
are some form of poly-cationic polymer. The currently understood mechanism of delivery is
described as a condensation of DNA by the cationic polymer, giving the overall complex a net
positive charge. This DNA-polymer complex can then associate with the anionic glycocalyx,
allowing for endocytosis and eventual delivery of the DNA inside the cell.25 Generally, reports
focus on the amount of positive charge required to mask the negative charge of the nucleic
acid.26-29 Prior to the publication described in Chapter Two, there was not a thorough analysis of
the unfavorable interaction between DNA and the glycocalyx.29

1.4

Barriers to Cytosolic Nucleic Acid Delivery
The “cell coat,” now commonly referred to as a glycocalyx, was first described by

electron microscopists as a carbohydrate-rich layer on the surface of cells containing acidic
groups.30 It is well established that sialic acids, which contain a carboxylic acid functional group,
and glycosaminoglycans (GAGs), which have carboxylic acid and sulfate functional groups, are
ubiquitously expressed in mammalian cells and impart a negative charge throughout the
glycocalyx.31,32 Although this anionic barrier is one of the major hindrances for efficient delivery
of anionic nucleic acids into cells, a thorough characterization of nucleic acid–glycocalyx
interactions had not yet been reported.
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Due to the significant Coulombic repulsive forces between nucleic acids and the cellular
surface, it is difficult to analyze any interaction between them. To characterize DNA–glycocalyx
interactions, one must imbue DNA with a greater affinity for the cell surface. As further
described in Chapter Two, I synthesized fluorescently-labeled lipid–oligonucleotide (LO)
conjugates (Figure 1.1) to create a sensitive probe to characterize glycocalyx–nucleic acid
interactions. I demonstrated that both sialic acids and GAGs provide a formidable barrier for the
uptake of nucleic acids by mammalian cells. This conclusion has implications for genomic
stability, as well as the delivery of genes and RNAs into mammalian cells.

Figure 1.1 Characterization of the interactions of nucleic acids with the glycocalyx. Depiction
of forces that govern the interaction of a LO conjugate with mammalian cells. The hydrophobic
effect mediated by the lipid tails stabilizes a LO in a cellular membrane, enabling analysis of the
consequences of Coulombic repulsion between an anionic nucleic acid and anionic sialic acid
and GAGs.
1.5

Anionic Glycocalyx Mediates Biodistribution of Drugs
As described in Chapter Two, due to Coulomb’s Law33,34 the anionic glycocalyx and

anionic phosphoryl groups of nucleic acids repel each other substantially.35 This has significant
implications for the biodistribution of drugs inside and outside of cells (Figure 1.2). Not only
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does a negative charge prevent passive diffusion across the hydrophobic lipid-bilayer of the
plasma membrane, but it also causes repulsion from the cell surface due to the anionic
glycocalyx.35 For example, phosphorylated drugs are not absorbed by the gut epithelial cells until
alkaline phosphatase dephosphorylates the molecule.36,37 If the drug then becomes neutrally
charged, it would be free to diffuse into the cells. Previous work had focused primarily on
masking the anionic phosphoryl groups of drugs to make phosphorylated drugs bioavailable
inside the cytoplasm of the cell.38-41 I envisioned a system in which prevention of a
phosphorylated drug’s uptake would be advantageous for the pharmacokinetics of anti-cancer
therapeutics.

Figure 1.2 The anionic glycocalyx and the plasma membrane compartmentalize anionic
molecules between the extracellular space and the cytoplasm of the cell.
Cancer is defined as the uncontrolled growth of a subset of cells in the human body.
There is only a subtle difference between the biology of healthy cells and malignant cells in any
given patient.42 Consequently, chemotherapeutic agents for cancer have little selection for cancer
cell death versus healthy cell death/toxicity, causing this class of drugs to have a narrow
therapeutic index.43 Since all pharmacological responses, including side effects, are relative to
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the dose given, maintaining tight control over the concentrations of antineoplastic drugs in the
body should help ameliorate the toxicities associated with this class of pharmaceuticals.
The ideal method to tightly control the plasma concentration of a drug would be to have a
continuous parenteral administration of the drug throughout the duration of treatment. Having a
constant intravenous (IV) administration of a drug for extended periods of time is, however,
inpractical from a financial standpoint (requiring expert caregivers to constantly monitor the
equipment), a patient safety standpoint (IV catheters are typical routes for bacteriemia, which
can lead to sepsis), and a patient compliance standpoint (most patients detest undergoing IV
administration of a drug for even a 2–5 h duration). By installing a pro-moiety, the
pharmacokinetics of a constant IV administration of a drug can be simulated by slowly activating
the drug over time. The ideal pro-moiety for timed release of an antineoplastic drug would be
negatively charged to prevent the uptake of the prodrug into the cytoplasm of cells (sight of
action of most drugs), easily and cheaply synthesized, and would be released slowly over time by
an endogenous, promiscuous enzyme in the plasma.
Fulfilling these criteria is difficult, as few enzymes have adequate plasma concentrations
and many that do have high specificity for a native substrate. Human pancreatic ribonuclease
(RNase 144; EC 3.1.27.5) is an exception. Contrary to its name, RNase 1 is expressed in tissues
other than the pancreas45 and circulates in human plasma at a concentration of ~0.4 mg/L.46
Moreover, like its renowned homolog bovine pancreatic ribonuclease (RNase A47,48), RNase 1
catalyzes the cleavage of RNA by a transphosphorylation reaction49-51 and has little specificity for
its leaving group.52-56 Due to the promiscuous activity of ribonucleases, I reasoned that a
chemotherapeutic drug condensed with a ribonucleoside 3′-phosphate pro-moiety would be
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released upon cleavage by RNase 1 slowly over time. In Chapters Three and Four, I outline a
method for taking advantage of the repulsive effects of the glycocalyx with anionic
ribonucleoside 3′-phosphate moieties for a timed-release prodrug strategy (Figure 1.3).

Figure 1.3 Rationale of the ribonucleoside 3′-phosphate pro-moiety to enhance the
pharmacokinetics of a parent drug. Attaching a ribonucleoside 3′-phosphate to a drug prevents
the drug’s cytoplasmic delivery until endogenous RNAse 1 liberates it. This process occurs
slowly over time, permitting this strategy to allow for the timed release of the parent drug.
1.6

Methods for Protein Delivery
The glycocalyx can not only prevent the delivery of molecules into a cell, but also be

used as a “receptor” to enhance the delivery of drugs into cells. Macromolecular therapeutics are
predominantly delivered into the cell by endocytosis. Therefore, increasing the affinity of the
therapeutic for the cell surface, which increases its rate of endocytosis, will ultimately enhance
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its cellular delivery.23,57-62 Previous efforts have focused on enhancing endocytotic delivery by
increasing cell-surface binding. For example, cationic polymers (peptidic: HIV TAT,
nonaarginine; and non-peptidic: dendrimers, polyethylimine) have been used to facilitate
Coulombic attraction between therapeutic agents and the anionic cell surface.60,62-64 Natural
ligands (e.g., folate, substance P, and the RGD tripeptide) have also been used to target
therapeutic agents to cell-surface protein receptors.65-67 While some of these methods have had
moderate clinical success, additional delivery strategies are needed. Due to the abundance of
glycans on the cell surface, I reasoned that targeting therapeutic agents to these abundant
saccharides would enhance their cellular delivery.

1.7

Boronic Acids Complex with Glycans
I envisioned using boronic acids to target a therapeutic to the saccharides that compose

the glycocalyx. Aryl boronic acids readily form boronic esters with the 1,2- and 1,3-diols found
in saccharides. Boronic acid complexation with diols is best illustrated by the thermodynamic
cycle depicted in Figure 1.4.68
The pKa of the labile hydroxyl (green) dictates whether boronates are in the tetrahedral or
trigonal planar geometry. Upon binding a diol (an entropically driven process) the 5-membered
cyclic boronic ester prefers a O-B-O angle of 113°. Therefore a sp3 hybridized boron, which
prefers a O-B-O angle of 109.5°, forms a more stable boronic ester than a sp2 hybridized center,
which prefers a O-B-O angle of 120°. From an enthalpy viewpoint, boronic acids prefer binding
to diols in the sp3 hybridization state versus the sp2 hybridization state. The enhancement of sp3
hybridization stabilization upon binding diols is reflected by a shift in the pKa of the labile
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hydroxyl, where pKa > pKa´. For example, the pKa of the labile hydroxyl of phenyl boronic acid
(PBA) is 8.8, but upon complexation with fructose, the pKa´ shifts to 5.3.68

Figure 1.4 Boronic acid–diol complexation. The labile hydroxyl group is colored green.
This ability for boronic acids to bind to diols in neutral and basic conditions, but release
the diol in acidic conditions, makes them perfect mediators for enhancing the cellular delivery of
cargo. The boronic acid should first complex with the glycocalyx saccharides in the neutral
extracellular environment. Upon endocytosis of the cargo, the endosomes will acidify to a pH of
4–5. I hypothesized that this acidification would encourage the dissociation of the boronic acid,
freeing the cargo to translocate into the cytosol. A further benefit is that these acidified boronic
acids would have a trigonal planar geometry and lose the formal negative charge, which is
known to increase their hydrophobicity,69 potentially allowing for them to destabilize the
endosomal lipid bilayer and enhance endosomal escape.
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The vast majority of biologically relevant boronic acid research has been aimed at either
developing high-affinity sensors for glycans or towards developing boron neutron capture
therapies for cancer.68,70,71 Additional studies have utilized boronic acids to transport nucleotides
across liposomal bilayers,72 to label liposomes for increased affinity for erythrocyte ghosts,73 to
fluorescently label tumor-specific glycans on cells,74 to enhance PEI–DNA complexation for
transfection reagents,75 and to function as glucose sensors for the controlled release of insulin.76
Furthermore, boronic acid polymers have been shown to inhibit HIV entry into cells,77 while
boronate-coated surfaces have demonstrated a high affinity for cell surfaces and have been used
as cancer cell detection devices.78-81 In Chapter Five, I describe the first use of boronic acids as
reagents for protein delivery (Figure 1.5).
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Figure 1.5 Premise for boronate-mediated biologic delivery. At the cell surface, boronates bind
to cell surface glycans and mediate the enhancement of their endocytosis. Upon acidification of
endosomes along the endocytotic pathway, boronates disassociate from glycans and become
hydrophobic due to the loss of a formal negative charge and adoption of sp2 hybridization. This
increase in hydrophobicity could destabilize endosomes, permitting the cargo of interest to more
readily escape from the endosome.
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Chapter Two
Interaction of Nucleic Acids with the Glycocalyx*
* This chapter has been published in part, under the same title. Reference: Palte, M.J. & Raines,
R.T. Interaction of nucleic acids with the glycocalyx. J. Am. Chem. Soc. 134 6218–6223 (2012).

2.1

Abstract

Mammalian cells resist the uptake of nucleic acids. The lipid bilayer of the plasma membrane
presents one barrier. Here we report on a second physicochemical barrier for uptake. To create a
sensitive probe for nucleic acid–cell interactions, we synthesized fluorescent conjugates in which
lipids are linked to DNA oligonucleotides. We found that these conjugates incorporate readily
into the plasma membrane but are not retained there. Expulsion of lipid–oligonucleotide
conjugates from the plasma membrane increases with oligonucleotide length. Conversely, the
incorporation of conjugates increases markedly in cells that lack the major anionic components
of the glycocalyx—sialic acid and glycosaminoglycans, and in cells that had incorporated highly
cationic lipids into their plasma membrane. We conclude that anionic oligosaccharides provide a
formidable barrier to the uptake of nucleic acids by mammalian cells. This conclusion has
implications for genomic stability, as well as the delivery of genes and siRNAs into mammalian
cells.
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Introduction
The efficient delivery of genes into cells could engender re-parative therapies for genetic

diseases.5,82 The advent of RNAi technology83,84 has provoked additional interest in the cellular
delivery of nucleic acids.85-87 Delivering genes and siRNAs into cells requires that nucleic acids
traverse the plasma membrane. A thorough understanding of the interaction of nucleic acids with
cell-surface molecules could inspire new strategies for efficient cellular internalization.88-93
The mammalian cell surface is analogous to a forest, wherein phospholipid head groups are the
floor, extracellular domains of transmembrane proteins are the understory, and oligosaccharides
of glycolipids and glycoproteins are the canopy. These oligosac-charides, known collectively as
the glycocalyx, constitute the bulk of the material on a cell surface.94 The glycoca-lyx is highly
anionic, due largely to the presence of sialic acid, which contains a carboxylate group, and
glycosaminoglycans (GAGs), which contain both carboxylate and sulfate groups. As expected
from Coulomb’s law,33,34 cationic and neutral molecules are delivered more readily into cells than
are anionic molecules.40,95-101 Masking the anionic charge of DNA with a highly cationic lipid
(such as Lipofectamine™) facilitates the delivery of DNA into cells.102
To analyze the interaction of nucleic acids with the cell surface, we sought to create an
equilibrating system in which nucleic acids could be localized near the glycocalyx without
disrupting the biophysical characteristics of either the nucleic acids or the cell surface. We
reasoned that the conjugation of a lipid tail onto a DNA oligonucleotide would enable such a
system (Figure 2.1). Here, we use fluorescently labeled lipid–oligonucleotide conjugates (LOs)
to characterize DNA–glycocalyx interactions. Such conjugates are known to incorporate into the
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plasma mem-brane.103-108 Our findings pro-vide insight on evolutionary imperatives and suggest
new strategies for the cellular delivery of nucleic acids.

Figure 2.1 Depiction of forces that govern the interaction of a lipid–oligonucleotide conjugate
(LO) with mammalian cells. The hydro-phobic effect mediated by the lipid tails stabilizes an LO
in a cellular membrane, enabling analysis of the consequences of Coulombic repulsion between
an anionic nucleic acid and anionic sialic acid and glycosaminoglycans (GAGs).
2.4

Results and Discussion

2.4.1 LO and Medium Attributes that Affect Incorporation.
Our initial experiments used confocal microscopy to observe the interaction of synthetic LOs
(Table 2.1) with live mammalian cells. We found that LOs were incorporated into the plasma
membrane in a concentration-dependent manner that relied on the presence of the lipid tail
(Figure 2.2, panel A). LO-incorporation occurred within an hour of incubation, regardless of the
presence of serum in the medium (Figure 2.2, panel B).
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Figure 2.2 Images of LOs incorporated into cell membranes. Cells incorporate a LO but not a
lipid-free oligonucleotide in their plasma membrane. Images were obtained by confocal
microscopy. LO (1) and oligonucleode 2 are green (fluorescein); cell nuclei are blue (Hoechst
33342). (A) LO (1) was suspended in DMEM containing 10% v/v FBS and incubated with HeLa
cells at the indicated concentration for 12 h. Oligonucleotide 2 was likewise incubated with
HeLa cells for 4 h. (B) LO (1) (0.1 mM) was incubated with or without 10% v/v FBS for the
indicated times. Scale bars: 10 µm.
Next, we used flow cytometry to obtain quantitative data on the interaction of LOs with
cells. We found the concentration-dependence of LO-incorporation to be indistinguishable in two
distinct cell types (Figure 2.3) and the rate of LO incorporation to decrease with time, indicative
of steady-state equilibration (Figure 2.4). The extent of LO-incorporation depends on the
medium, decreasing in the order: phosphate-buffered saline (PBS) > Dulbecco’s modified
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Table 2.1 Synthetic DNA oligonucleotides used in this work
Sequence (5′→3′)
LO 1 L18AAAAAAAAAAAAAAAAAAAAF
2
AAAAAAAAAAAAAAAAAAAAF
LO 3 L18GCGGCTAGCAAAAAAAAAAAAAAAF
LO 4 L18AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAF
LO 5 L18AAAAAAAAAAF
LO 6 L18AAAAAAAAAAAAAAAF
LO 7 L18AAGAACGAAAGAAAAGTAACCAAAF
LO 8 L18ATCTTAGGGAATCTATGCTCCTTGGGACAGAAACACTF
9
GCGGCTAGCAAAAAAAAAAAAAAAF
LO 10 L12GCGGCTAGCAAAAAAAAAAAAAAAF
LO 11 L26GCGGCTAGCAAAAAAAAAAAAAAAF
LO 12 TTTTTTTTTTTTTTTCCAAGCCGCL18
13
GCGGCTTGGAAAAAAAAAAAAAAAF
F = 6-carboxyfluorescein; Ln = alkyl chain with n carbons.

Eagle’s medium (DMEM) > PBS containing fetal bovine serum (FBS) (10% v/v) > DMEM
containing FBS (10% v/v) (Figure 2.5). To confirm that LOs partition between the aqueous
phase and the cell surface, we replaced the medium from LO-labeled cells and observed a
gradual loss of LO incorpo-rated/cell as LOs diffused out of the plasma membrane and into the
fresh medium to establish a new equilibrium (Figure 2.6). A LO containing 24 nucleotides and a
1,2-O-dioctadecyl-rac-glycerol lipid (which contains two C18 tails) was retained only ~3-fold
longer by HeLa cells than was LO3 (data not shown). We note that this intrinsic instability could
confound efforts to exploit LOs incorporated into cellular membranes.103-108
We sought to discern whether the anionic components of the cell surface repel LOs. We
did so by measuring the dependence of LO-incorporation on the length of the oligonucleotide.
Regardless of its sequence, the incorporation of a LO correlates inversely with the number of its
phosphoryl groups (Figure 2.7). Tan and coworkers observed a similar trend, concluding that
longer LOs form larger micelles and that larger micelles fuse less well with the cell surface.104

	
  
	
  

	
  

19

We favor an alternative explanation—longer oligonucleotides contain more anionic phosphoryl
groups that are repelled by the anionic glycocalyx. For example, we observed this correlation for
duplex oligonucleotides formed by preincubation of a LO (12) with its reverse-complement
oligonucleotide (13) (Figure 2.7).

Figure 2.3 Cellular incorporation of a LO depends on concentration. Fluoresent LO 3 was
incubated with HeLa cells (●; n = 3) and K-562 cells (○; n = 1) for 15 min, and incorporation
was measured by flow cytometry. Error bars: ±SD (which were all smaller than the “○”
symbols).

Figure 2.4 Cellular incorporation of a LO depends on time. LO (3) (10 mM) was incubated
with HeLa cells for the indicated times, and incorporation was measured by flow cytometry.
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Figure 2.5 Cellular incorporation of a LO is affected by the medium. LO (3) (1 or 10 µM) was
incubated with HeLa cells for 15 min in the indicated media, and incorporation was measured by
flow cytometry. n = 3; error bars: ±SD.

Figure 2.6 Cells release a LO after incorporation. Fluorescent LO (3) (10 µM) was incorporated
into the plasma membrane of HeLa cells (●; n = 3) and K-562 cells (○; n = 3). The cells were
then washed and incubated with cell medium containing FBS (10% v/v) for the indicated time.
Cellular retention was measured by flow cytometry. Error bars: ±SD.
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Figure 2.7 Cellular incorporation of LOs depends on charge but not sequence. LOs (10 µM, n =
3) of varying length and sequence were incubated with HeLa cells. (○) LOs (5), (6), (1), and (4)
contained poly(2′ deoxyadenylic acid) sequences of 10, 15, 20, and 37 nucleotides, respectively.
(□) LOs (7) and (8) contained random sequences of 24 and 37 nucleotides, respectively. () LO
(12) was co-incubated with oligonucleotide 13 to give a duplex with 48 phosphoryl groups. Error
bars: ±SD.
We also sought to determine whether the hydrophobic effect109,110 drives LO
incorporation into the plasma membrane. We found that LO-incorporation correlates strongly
with lipid length: no lipid < C12 < C18 << C26 (Figure 2.8). Moreover, an LO (11) containing a
long lipid tail (C26) still displays characteristic re-equilibration after medium replacement
(Figure 2.9).

2.4.2 Cellular Attributes that Affect Incorporation.
The major anionic components of the glycocalyx are sialic acid and GAGs. To assess
their effect on LO-incorporation into cellular membranes, we used mutant cell lines deficient in
sialic acid and GAG expression (Figure 2.10). Lec-2 cells are Pro-5 CHO cells with a mutation
in the gene encoding a sialyltransferase, the transporter of CMP–sialic acid from the cytosol to

	
  
	
  

	
  

22

Golgi vesicle.111 These cells have diminished sialic acid in their glycans. As shown in Figure
2.10A, sialic acid hinders LO incorporation into

Figure 2.8 Cellular incorporation of LOs is affected by hydrophobicity. LO (9) (no lipid), LO
(10) (C12), LO (3) (C18), and LO (11) (C26) at 10 µM were incubated with HeLa cells for 15
min, and incorporation was measured by flow cytometry. Error bars: ±SD.

Figure 2.9 Cells release a long LO after incorporation. Fluorescent LO 11 (10 µM), which has a
C26 lipid tail, was incorporated into the plasma membrane of HeLa cells, and retention was
measured by flow cytometry. Error bars: ±SD.
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cells.112 Likewise, CHO-745 cells have lowered expression of heparan sulfate and chondroitin
sulfate due to a mutation in xylosyltransferase, the enzyme that initiates the bio-synthesis of
these GAGs.113-115,116 As shown in Figure 2.10B, these GAGs diminish LO incorporation.112

Figure 2.10 Cellular incorporation of LOs is deterred by cell-surface sialic acid and GAGs. (A)
LO (4) (10 µM, n = 3) was incubated with CHO cells deficient in sialic acid (Lec-2) and wildtype cells (Pro-5). (B) LO (3) (10 µM, n = 3) was incubated with CHO cells deficient in heparan
sulfate and chondroitin sulfate (CHO-745) and wild-type cells (CHO-K1). Error bars: ±SD.
Student’s t-test gave two-tailed p-values of 0.0001 and 0.0371 for panels A and B, respectively.
To validate that the anionic glycocalyx repels LOs from the cell surface, we used a
chemical approach. Specifically, we reduced the net anionic charge of the glycocalyx by
preincubating HeLa cells with varying amounts of Lipofectamine™ 2000, and then observed LO
incorporation (Figure 2.11). We observed a direct correlation between the amounts of
Lipofectamine™ 2000 pre-incubated with the cells and LO incorporation.112 The results of this
chemical experiment, in addition to those from the genetic experiment, led us to conclude that
the anionic components of the glycocalyx deter nucleic acids from mammalian cells.
Finally, we were aware that cell-surface GAGs are known to diminish the efficiency of
transfection.116 To complete our analysis, we investigated the effect of sialic acid on the
efficiency of siRNA delivery. Even though these experiments were performed in the presence of
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a transfection reagent that masks deleterious Coulombic interactions, we found that sialic acid,
like GAGs (Figure 2.10), diminishes the efficiency of transfection (Figure 2.12).112

Figure 2.11 Cellular incorporation of LOs is facilitated by increasing the cationicity of the
glycocalyx. HeLa cells were incubated with various volumes of Lipofectamine™ 2000, a highly
cationic lipid. Then, the cells were washed with PBS and incubated with LO (4) (●; 10 µM, n =
3). Error bars: ±SD.

Figure 2.12 Sialic acid hinders siRNA delivery. Delivery of fluorescently labeled siRNA was
assessed with CHO cells deficient in sialic acid (Lec-2) and wild-type cells (Pro-5) using the
TransIT-TKO and TransIT-siQUEST transfection reagents, each tested in triplicate at two
concentrations. Error bars: ±SD.
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Many important biomolecules contain phosphoryl groups, which are hydrophilic and
anionic.117 The plasma membrane of mammalian cells presents two potential barriers to the entry
of such groups: a bilayer of lipids and anionic glycans (Figure 2.1). Our data indicate that the
anionic glycocalyx repels the phosphoryl groups of nucleic acids.
The “double barrier” encountered by extracellular DNA and RNA could serve to
facilitate the evolution and maintenance of stable genomes. Conversely, organisms that do not
express anionic components of the glycocalyx could have more vulnerable genomes and should
be more susceptible to gene knockdown by RNAi. Interestingly, Caenorhabditis elegans
nematodes do not express the enzymes necessary for sialic acid production. They also do not
express keratan sulfate, dermatan sulfate, or hyaluronan, and they lack the sulfotransferases and
epimerases necessary to add sulfuryl groups to chondroitin sulfate.94 Thus, the cells of C. elegans
could have a substantially less anionic glycocalyx than those of mammals. C. elegans is the
prototypical organism for gene knockdown by RNAi.118 This capability has been attributed to its
SID-1 protein, which shuttles siRNA across cellular membranes.119-122 We propose that C.
elegans is especially susceptible to RNAi because of diminished Coulombic repulsion between
its glycocalyx and RNA, enabling RNA to diffuse more readily to the SID-1 transporter.
Most species, including mice and humans, have orthologs to SID-1.123 Yet, systemic
knockdown of gene expression by RNAi is facile only in C. elegans, flatworms, and a few insect
species.118,124-127 The human SID-1 homologue SIDT1 is expressed in most tissues.45 When
overproduced in pancreatic ductal adenocarcinomacells, SIDT1 delivers siRNA into cells more
efficiently than do transfection reagents.128 Additionally, SIDT1 has been demonstrated to be
essential for siRNA delivery into human primary hepatocytes in vitro.129 To access SIDT1,

	
  
	
  

	
  

26

siRNA must diffuse through the anionic glycocalyx. Our data suggest that a small-molecule
inhibitor of sialic acid biosynthesis could enable siRNA to reach SIDT1 more efficiently.

2.5

Conslusions
We have provided a detailed analysis of the interaction of a nucleic acid with the canopy

of mammalian cells—the glycocalyx. We demonstrated that the anionic charge associated with a
nucleic acid correlates inversely with its affinity for the glycocalyx. Additionally, we established
that reduction of the anionic charge on the cell surface (genetically with the Lec-2 and CHO-745
cell lines, or chemically upon addition of Lipofec-tamine™ 2000) enhances LO incorporation
into cellular mem-branes, providing direct evidence that the anionic glycocalyx re-pels nucleic
acids. We propose that an evolutionary imperative of the anionic glycocalyx is to ensure
genomic stability by deterring the approach of exogenous nucleic acids while retaining
endogenous ones. Finally, we encourage a search for small-molecule inhibitors of sialic acid
biosynthesis, which could enhance the efficiency of the cellular delivery of nucleic acids.
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Materials and Methods

2.7.1 General.
2 Cyanoethyl N,N-diisopropylchlorophosphoramidite, anhydrous dichloromethane
(DCM), N,N diisopropylethylamine (DIEA), and octadecanol were from Sigma–Aldrich (St.
Louis, MO). A 2.0 M aqueous solution of triethylammonium acetate (TEAA) was from Glen
Research (Sterling, VA). “NH4OH solution” refers to a 30% v/v solution in H2O diluted as
specified. All other chemicals and reagents were obtained from commercial suppliers, and used
without further purification.
The removal of solvents and other volatile materials “under reduced pressure” refers to
the use of a rotary evaporator at water-aspirator pressure (<20 torr) and a water bath of <40 °C.

2.7.2 Instrumentation.
NMR spectra were acquired at ambient temperature with a Bruker DMX-400 Avance
spectrometer (Bruker AXS, Madison, WI, 1H, 400.1 MHz; 13C, 100.6 MHz; 31P, 162.0 MHz)
at the National Magnetic Resonance Facility at Madison (NMRFAM). 13C and 31P spectra were
proton-decoupled. Oligonucleotide A260 values were measured with a Varian Cary 50
ultraviolet–visible spectrometer (Agilent Technologies, Santa Clara, CA), Thermo Fisher NanoDrop 1000 instrument (Thermo Fisher Scientific, Walham, MA), or GE NanoVue instrument
(GE Healthcare, Piscataway, NJ). Confocal microscopy was performed with a Nikon Eclipse C1
laser scanning confocal microscope (Nikon, Melville, NY). Flow cytometry was done using a
LSRII (BD Biosciences, San Jose, CA) at the University of Wisconsin–Madison Carbone Cancer
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Center Flow Cytometry Facility. MALDI–TOF mass spectrometry was performed with a
Voyager DE-Pro MALDI–TOF instrument (Applied Biosystems, Carlsbad, CA) at the
University of Wisconsin–Madison Biophysics Instrumentation Facility.

Scheme 2.1 Synthesis of Alkylphosphoramidites

2.7.3 Synthesis of Alkylphosphoramidites.
Alkylphoshoramidites were synthesized by the route in Scheme 2.1.130,131 As an example,
2-cyanoethyl N,N diisopropyloctadecylphosphoramidite (R = C18H37) was syn-thesized as
follows. Octadecanol (294 mg, 1.09 mmol) was dissolved in anhydrous DCM (13 mL) in a flask
under Ar(g). DIEA (350 µL, 2 mmol) was added dropwise, and the reaction mixture was cooled
to 0 °C. 2-Cyanoethyl N,N-diisopropylchlorophosphoramidite (350 µL, 1.6 mmol) was added
dropwise using a glass luer-tipped syringe. After 15 min, the reac-tion mixture was allowed to
warm to room temperature, and then stirred for 3 h. The organic layer was washed with saturated
aqueous NaHCO3, dried over MgSO4(s), filtered, and concentrated under reduced pressure. The
product was purified by flash chromatography on silica gel (mesh: 230–400 ASTM), eluting with
10% ethyl acetate/1% triethylamine/hexanes, using silica packed with triethylamine (20% v/v) in
hexanes. The product was con-centrated under reduced pressure. 2-Cyanoethyl N,N
diisopropyloctadecylphosphoramidite (262 mg, 0.56 mmol, 51%) was isolated as a clear oil and
stored under Ar(g) at –20 °C until used. 1H NMR (400 MHz, CDCl3) δ = 3.90–3.78 (m, 2H),
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3.72–3.53 (m, 4H), 2.64 (t, 2H, J = 6.71 Hz), 1.60 (t, 2H, J = 6.68 Hz), 1.39–1.22 (m, 30H), 1.18
(t, 12H, J = 5.26 Hz), 0.88 (t, 3H, J = 6.45 Hz). 13C NMR (100 MHz, CDCl3) δ = 117.6, 63.6,
58.2, 43.0, 31.9, 31.2, 29.6, 29.4, 25.9, 24.6, 22.7, 20.3, 14.1. 31P NMR (162 MHz, CDCl3) δ =
146.3.
2.7.4 Synthesis, Purification, and Analysis of Lipid–Oligonucleotide Conjugates.
LOs and DNA oligonucleotides were synthesized with an Applied Biosystems ABI 394
DNA synthesizer at the University of Wisconsin–Madison Biotechnol-ogy Center, where an
alkylphosphoramidite was the last phosphoramidite to undergo coupling. Fluorescein-conjugated
oligonucleotides were synthesized by elongation on 1 dimethoxytrityloxy-3-[O-(N-carboxy-(diO-pivaloyl-fluorescein)-3-aminopropyl)]-propyl-2-O-succinoyl-long

chain

alkylamino-CPG

(which is 3′-(6-FAM) CPG from Glen Research, Sterling, VA). Reverse DNA synthesis was
required to conjugate lipids to the 3′ end. After synthesis, the controlled pore glass was placed in
a 4-mL glass vial with 1 mL of undiluted NH4OH solution and incubated at 70 °C for 2 h. The
solution was then passed through a 0.45-µm filter, and dried overnight with a SpeedVac
Concentrator (Thermo Scientific, Waltham, MA). The oligonucleotides were dissolved in 0.1 M
TEAA in NH4OH solution (5% v/v) and sonicated briefly to break up aggregates. The solution
was then passed through a 0.2 µm filter and purified by HPLC using an Ultimate 3000
instrument (Dionex Corporation, Sunnyvale, CA) equipped with a Varian PLRP-S column (100
Å, 8 µm, 300 × 75 mm) heated to 50 °C. Product was eluted at 3 mL/min with a linear gradient
(40–95%) of buffer A (MeOH con-taining 0.1 M aqueous TEAA) and buffer B (H2O containing
0.1 M aqueous TEAA and 1% v/v NH4OH solution). Each fraction was analyzed by mass
spectrometry to ensure that n – 1 “failure” sequences were not pooled with the intended product.
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Mass spectrometry was performed using 1 µL of DNA solution, 1 µL of 113 mg/mL ammonium
citrate in H2O, and 2 µL of 50 mg/mL 3-hydroxypicolinic acid in 1:1 H2O/acetonitrile. Each LO
had an observed mass within 30 Da of its expected mass. LOs and oligonucleotides were stored
at –20 °C as a lyophilized powder until used.

2.7.5 Cell Culture.
Cell lines were obtained from American Type Culture Collection (Rockville, MD) and
were maintained according to the recommended guidelines. Cells were grown in flat-bottomed
culture flasks at 37 °C under 5% v/v CO2(g). Cell medium was supplemented with FBS from
Invitrogen (Carlsbad, CA) (10% v/v), penicillin (100 units/mL), and streptomycin (100 µg/mL)
in the appropriate cellular medium as follows: HeLa, DMEM; K-562, RPMI; Pro-5, MEM α +
ribonucleosides + deoxyribonucleosides; Lec-2, MEM α – ribonucleosides – deoxyribonucleosides; CHO-1, F-12; and CHO-745, F-12. Cells were counted by hemocytometry for
dispensing into 6-well plates, 12 well plates (Corning Costar, Lowell, MA), or 8-well chambered
coverglass slides (Nuc Lab-Tek II, Thermo Scientific).

2.7.6 Incorporation of LOs into the Plasma Membrane.
On the day prior to an experiment, lyophilized stocks of purified DNA were suspended in
autoclaved water, and DNA concentrations were determined by absorbance at 260 nm using
extinction coefficients calculated with the program SciTools OligoAnalyzer 3.1 (Integrated DNA
Technologies, Coralville, IA), with the assump-tion that the lipid tails do not alter the absorbance
of the conjugates. Aliquots of the DNA were put into microcentrifuge tubes and dried overnight
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with a SpeedVac Concentrator. Fifteen minutes prior to incubation with cells, LO aliquots were
suspended in 400 µL of cell medium giving a final concentration of 10 µM LO (unless indicated
otherwise), and these solutions were warmed to 37 °C.

2.7.6.1 Non-adherent Cells.
One day prior to the experiment, 6 × 105 cells were placed into each well of a 6-well
plate. On the day of the experiment, cells were washed twice with PBS, as follows. Cells were
removed from the well, and collected by centrifugation in a 1.7-mL tube for 5 min at 1000 rpm.
The supernatant was removed, and the cells were suspended in 1.5 mL of PBS. This process was
repeated once more. Then, cells were suspended in 400 µL of cell medium containing LO at the
indicated final concentration, and incubated for 10 min at 37 °C. The cells were collected by
centrifugation at 1000 rpm for 5 min, washed twice with PBS as described previously, suspended
in 400 µL of medium, added to flow cytometry tubes, and stored on ice until analyzed by flow
cytometry.

2.7.6.2 Adherent Cells.
One day prior to the experiment, approximately 2 × 105 cells were added to the wells of
6-well plates. On the day of the experiment, the medium was removed, and the cells were rinsed
twice with 1 mL of PBS. After the PBS was removed, a 400 µL suspension of LO in cell
medium (unless indicated otherwise) was incubated with the cells at 37 °C for 15 min. The LO
suspension was then removed, and the cells were rinsed twice with 1 mL of PBS, and incubated
with 400 µL of 0.05% w/v trypsin with EDTA for 10 min at 37 °C. The cell suspension was
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removed from the 6-well plate, added to flow cytometry tubes containing 80 µL of FBS, and
stored on ice until analyzed by flow cytometry.

2.7.7 Lipofectamine™.
LOs were incorporated into the plasma membrane of adherent cells as described above
except that after the first two PBS washings, the cells were incubated for 15 min with 400 µL of
cell medium and the indicated amount of Lipofecamine 2000 (Invitrogen), washed twice with
PBS, and then incu-bated with 400 µL of cell medium containing LO. The remainder of the
experiment was done as described above.

2.7.8 Retention of LOs in the Plasma Membrane.
Cells were labeled as described previously except that after the 15-min incubation period,
the cells were washed twice with 1 mL of PBS and incubated for the indicated time in medium
containing FBS (10% v/v). After the incubation period, the cells were washed twice with 1 mL
of PBS, placed directly in flow cytometry tubes, and stored on ice until analyzed by flow
cytometry. If the cells were adherent, then they were washed twice with 1 mL of PBS and
incubated with 400 µL of trypsin/EDTA (Invitrogen) for 10 min at 37 °C. The cell suspensions
were removed and added to flow cytometry tubes containing 80 µL of FBS, and stored on ice
until analyzed by flow cytometry.
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2.7.9 Confocal Microscopy.
HeLa cells were plated on Nunc Lab-tek II 8-well chambered coverglass 24 h before use
and grown to 80% confluency. Cells were incubated with the LO at the indicated concentrations,
medium conditions, and times. Cell nuclei were stained with Hoechst 33342 (Invitrogen; 2
µg/mL) for the final 15 min of incubation. Cells were then washed twice with PBS, suspended in
PBS, and examined with confocal microscopy.

2.7.10 Flow Cytometry.
Fluorescein was excited with a 488 nm solid-state laser, and the emission was collected
with a 530/30 band-pass filter. To collect comparable data in each flow cytometry experiment,
the sensitivity (i.e., voltage) of the photomultiplier tube was set for all data collections using
mid-range Rainbow beads (Spherotech, Lake Forest, IL) to give a predetermined fluorescence
target value of 2511. At least 10,000 cellular events were acquired for each sample. Additionally,
at least 5,000 events of Quantum™ FITC MESF (fluorescein isothiocyanate molecules of
equivalent soluble fluorochrome) high beads (Bangs Laboratories, Fishers, IN) were acquired for
each experiment. Data were analyzed with FlowJo 8.1.3 software (Treestar, Ashland, OR). The
relative fluorescence units (RFU) of the LO FITC fluorescence was normalized to MESF beads
to calculate how many FITC molecules were affiliated with each cell. There was one FITC
molecule per LO, enabling quantification of LOs/cell.
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2.7.11 siRNA Transfection.
The transfection efficiency of Lec-2 and Pro-5 cells was assessed with a TransIT®siPAK Plus Kit (Mirus Bio, Madison, WI). The day prior to the experiment, 105 cells/well were
plated in a 12-well plate, which gave ~80% cell confluency on the day of the experiment.
Transfection of fluorescently labeled siRNA (25 nM) was assessed by using TransIT-siQUEST
concentrations 1× (that is, 1 µL) and 6× (6 µL), and TransIT-TKO concentrations 1× (2 µL) and
4× (8 µL).
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Chapter Three
Ribonuclease-Activated Cancer Prodrug*
* This chapter has been published in part, under the same title. Reference: Ellis, G.A., McGrath,
N.A., Palte, M.J., & Raines, R.T. Ribonuclease-activated cancer prodrug. ACS Med. Chem. Lett.
3, 268–272 (2012).
3.1

Abstract
Cancer chemotherapeutic agents often have a narrow therapeutic index that challenges

the maintenance of a safe and effective dose. Consistent plasma concentrations of a drug can be
obtained by using a timed-release prodrug strategy. We reasoned that a ribonucleoside 3′phosphate could serve as a pro-moiety that also increases the hydrophilicity of a cancer
chemotherapeutic agent. Herein, we report an efficient route for the synthesis of the prodrug
uridine 3′-(4-hydroxytamoxifen phosphate) (UpHT). UpHT demonstrates timed-released
activation kinetics with a half-life of approximately 4 h at the approximate plasma concentration
of human pancreatic ribonuclease (RNase 1). MCF-7 breast cancer cells treated with UpHT
showed decreased proliferation upon co-incubation with RNase 1, consistent with the release of
the active drug—4-hydroxytamoxifen. These data demonstrate the utility of a human plasma
enzyme as a useful activator of a prodrug.

3.2
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Original idea for using ribonucleoside 3′-phosphate pro-moieties for timed-release was
from M.J.P. Attempted syntheses of other drugs attached to uridine 3′-phosphate were first done
by M.J. P. and G.A. E., then by N.A.M. and G.A.E. First attempted synthesis of UpHT was done
by G.A.E.; N.A.M. optimized conditions and synthesized UpHT synthesis in good yield. Final
product was HPLC purified by G.A.E. Full characterization of UpHT and intermediates were
done by N.A.M. HPLC kinetics were done by G.A.E., N.A.M., and M.J.P. Protein purification
and characterization, LogP and LogD calculations, and cytotoxicity experiments were done by
G.A.E. G.A.E. primarily drafted the manuscript and figures with assistance from N.A.M. and
M.J.P. G.A.E., N.A.M., M.J.P., and R.T.R. designed experiments, analysed data, and edited the
manuscript and figures.
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Introduction
Many drug candidates have demonstrable therapeutic potential in vitro but fail in vivo

because of poor pharmacokinetic behavior.132,133 The dosing of chemotherapeutic agents for
cancer, in particular, is made difficult by narrow therapeutic indices.134,135 Following parenteral
administration of a drug, there is a spike in drug plasma concentration, followed by a slow
decline in concentration as the drug is eliminated or metabolized, complicating maintenance of
the drug at a beneficial concentration.134,136 Timed-release prodrug technology provides one
potential means to overcome this problem. A pro-moiety renders the drug inactive until
liberation by an enzyme-catalyzed or non-enzymatic process. Ideally, such timed-release
modulates near-toxic peaks or near-ineffective troughs in the concentration of active drug in
plasma.133,134,136-138 Although many pro-moieties exist,132-138 few provide timed-release in plasma.
We sought a pro-moiety that would not only inactivate the parent drug, but also be
released during catalysis by an endogenous plasma enzyme. Fulfilling these criteria is difficult,
as few enzymes have adequate plasma concentrations and many that do have high specificity for
a native substrate. Human pancreatic ribonuclease (RNase 144; EC 3.1.27.5) is an exception.
Contrary to its name, RNase 1 is expressed in tissues other than pancreas,45 and circulates in
human plasma at a concentration of ~0.4 mg/L.139 Moreover, like its renowned homolog bovine
pancreatic ribonuclease (RNase A47,48), RNase 1 catalyzes the cleavage of RNA by a
transphosphorylation reaction49-51 and has little specificity for its leaving group.52-56 This
promiscuity is the basis for the tumor-targeted activation of a phenolic nitrogen mustard from a
ribonucleoside 3′-phosphate prodrug using an antibody–RNase 1 variant in an antibody-directed
enzyme prodrug therapy (ADEPT) strategy.54
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Due to the promiscuous activity of ribonucleases, we reasoned that a chemotherapeutic
drug condensed with a ribonucleoside 3′-phosphate pro-moiety would be released upon catalysis
by RNase 1. We were aware that the use of a ribonucleoside 3′-phosphate as a pro-moiety would
be facilitated by extant, highly optimized phosphoramidite chemistry,140,141 making the prodrug
readily accessible on a laboratory or industrial scale. A pendant ribonucleoside 3′-phosphate
could render inactive a small-molecule drug by hindering the interaction with its target. The
hydrophilicity of a ribonucleoside 3′-phosphate could impart improved pharmacokinetics to
hydrophobic drugs.142 Additionally, small molecules with anionic groups are endowed with
reduced rates of cytosolic uptake and glomerular filtration.38-41,143-146
For our proof-of-concept studies, we chose the model parent drug 4-hydroxytamoxifen
(HT). HT is the activated form of tamoxifen (oxidized by cytochrome P450 enzymes147) and is
significantly more potent than tamoxifen as an anti- proliferative agent against breast cancer
cells.148 Tamoxifen acts as an anti-estrogen and is one of the most commonly used hormonal
drugs for the prevention and treatment of breast cancer.149,150 Unfortunately, tamoxifen can have
off-target effects and is linked to an increased risk (2–3%) of endometrial carcinoma and
pulmonary embolism.151 Presumably, these side effects could be attenuated by delivering
tamoxifen at a consistent, low dose.152-156 Tamoxifen-encapsulated liposomes have been
developed for this purpose,153 but liposomal delivery has, in general, demonstrated only modest
efficacy in the clinic.157 Hence, we elected to attach HT to uridine 3′-phosphate and analyze the
activation of this model prodrug by RNase 1 (Figure 3.1).
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Figure 3.1 Scheme showing the cleavage of prodrug UpHT by RNase 1 to yield uridine 2′,3′cyclic phosphate (U>p) and HT.
3.4

Results and Discussion
Uridine 3′-(4-hydroxytamoxifen phosphate) (UpHT) was synthesized in five steps from

commercially available HT (≥70% Z isomer, which is the more active form158,159) and uridine
phosphoramidite (Scheme 1). Briefly, HT was coupled to uridine phosphoramidite by using
N-methylbenzimidazolium triflate as a catalyst.160 The coupled product was oxidized with iodine
and deprotected stepwise. The final product was purified by reverse-phase HPLC on C18 resin to
provide UpHT in an overall yield of 58%.
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Scheme 3.1 Synthesis of UpHT

We expected the uridine 3′-phosphate moiety of UpHT to endow the prodrug with greater
hydrophilicity than the parent drug, which could improve pharmacokinetic behavior. To
investigate this issue, we calculated the partition (logP) and distribution (logD) coefficients of
UpHT and HT.161 The calculated logP and logD values of UpHT were indeed significantly lower
than those of the parent drug HT (Table 3.1), indicative of increased hydrophilicity.
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Table 3.1 Calculated partition and distribution coefficients of HT
and UpHT
Coefficient

HT

UpHT

logP (non-ionized)

6.05

3.88

logP (ionized)

2.55

–2.00

logD (pH = 7.4)

4.66

0.12

5.69

−1.79

a

logD (pH = pI )
a

HT, pI 9.01; UpHT, pI 5.00.

To be the basis for an effective timed-release prodrug strategy, the pro-moiety needs to
be released by the activating enzyme over time. Hence, we assessed the RNase 1-catalyzed rate
of HT-release from UpHT. To do so, RNase 1 (final concentration: ~0.15 µg/mL) was added to
0.10 M MES–NaOH buffer, pH 6.0, containing NaCl (0.10 M) and UpHT (0.090 mM).162-164 The
reaction mixture was incubated at 37 °C, and aliquots were withdrawn at known times and
assayed for HT by HPLC. Under these conditions, which are typical for assays of ribonucleolytic
activity,48,163 HT was released with a half-life of ~4 h (Figure 3.2). Importantly, UpHT was stable
in the absence of RNase 1; after 11 h at 37 °C, <6% of UpHT had degraded to HT.

Figure 3.2 Progress curve for the release of HT from UpHT (0.090 mM) by RNase 1 (~0.15
µg/mL) in 0.10 M MES–NaOH buffer, pH 6.0, containing NaCl (0.10 M) at 37 °C. Inset: t < 1 h.
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To assess the unmasking of UpHT under more physiological conditions, HT-release from
UpHT was monitored in cell-culture medium (Figure 3.3A). In medium without added
ribonucleases, HT was released with a half-life of ~9 h. To validate that UpHT is inherently
unstable at pH 7.4 (as opposed to the medium containing contaminating ribonucleases), the
stability of UpHT was assessed in ribonuclease-free 0.10 M sodium phosphate buffer, pH 7.4,
containing NaCl (0.10 M). Again, the half-life was ~9 h. The instability of UpHT at pH 7.4 is
consistent with HT being a good leaving group, as its hydroxyl group has pKa ~9.3.161 By
comparison, the P–O5′ bond in RNA has a half-life of 4 y.165
To demonstrate the efficacy of UpHT in cellulo, we monitored its effect on the
proliferation of MCF-7 breast cancer cells, which are known to be vulnerable to HT.148 UpHT
was made more anti-proliferative by the presence of added RNase 1 (Figure 3.3B), indicating
that UpHT is a ribonuclease-activatable prodrug. Thus, we have demonstrated proof-of-concept
for a prodrug strategy that employs a human plasma enzyme to release a cancer
chemotherapeutic agent in a timed-release manner (Figure 3.1).

3.5

Conslusions
In addition to the attributes evident in UpHT, the RNase 1/ribonucleoside 3′-phosphate

prodrug system has versatile modularity. For example, the leaving group need not be an aryloxy
group. Pancreatic-type ribonucleases catalyze the cleavage of P–O bonds to alkoxy groups,
which could include a self-immolative linker to an amino group.135 RNase 1 is known to cleave
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Figure 3. Stability of UpHT and effect of UpHT on the proliferation of MCF-7 cells. All data
points are the mean (±SE) of separate experiments carried out in triplicate. (A) Progress curves
for the release of HT from UpHT (40 µM) at 37 °C in ribonuclease-free 0.10 M sodium
phosphate buffer, pH 7.4, containing NaCl (0.10 M) (△, t½ = 9.4 h), and serum-free166 medium in
the absence (◯; t½ = 9.0 h) and presence (●; t½ = 4.4 h) of RNase 1 (0.4 µg/mL). (B) Proliferation
of MCF-7 cells in serum-free166 medium, monitored by the incorporation of [methyl3
H]thymidine into cellular DNA. UpHT in the absence (◯; IC50 = 16.7 ± 0.8 µM) and presence
(●; IC50 = 5.2 ± 0.2 µM) of RNase 1 (6.2 µg/mL). HT in the absence (□; IC50 = 2.7 ± 0.1 µM)
and presence (■; IC50 = 2.7 ± 0.4 µM) of RNase 1.
RNA faster after pyrimidine than purine nucleobases.167 Hence, cytidine- and uridine-masked
drugs are likely to be activated more rapidly than adenosine- and guanosine-masked drugs. In
addition, synergistic drugs could be conjugated to different ribonucleoside 3′-phosphates to
achieve simultaneous release of drugs at desired concentrations. These same effects could be
used to optimize simultaneous plasma concentrations of chemoprotective drugs and
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chemotherapeutic drugs. The pharmacokinetics of the drug could be tuned further by
modification of the ribose 5′-hydroxyl group. For instance, this hydroxyl group could be
PEGylated to enhance serum half-life, extended with additional nucleoside 3′-phosphates to
increase hydrophilicity, or alkylated with the intent of increasing hydrophobicity.168
Finally, we note that nucleoside 3′-phosphates pro-moities could impart selective
activation of chemotherapeutic agents near tumor sites. Although RNase 1 was employed herein
due to its abundance in plasma,44,45,169,170 RNase 1 homologues might also activate prodrugs like
UpHT in situ.44 One such homologue is eosinophil-derived neurotoxin (RNase 2), which is
carried and released by eosinophils.44 These cells are known to accumulate and degranulate at
tumor sites.171-173 We anticipate that, akin to prodrug monotherapy (PMT) in which prodrugs are
activated by endogenous enzymes found in abundance near tumors,174 a prodrug strategy reliant
on RNase 2 could be used to generate active drugs at adventitious sites. Studies to probe the
versatility of the RNase 1/ribonucleoside 3′-phosphate prodrug system are underway in our
laboratory.
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3.7

Materials and Methods

3.7.1 Materials
Uridine phosphoramidite and iodine oxidizing solution were from Glen Research
(Sterling, VA). Minimum 70% Z isomer of 4-hydroxytamoxifen (remainder, primarily E isomer),
3-Å molecular sieves, tetrabutylammonium fluoride (TBAF), methylbenzimidazole, and all other
commercial reagents were from Sigma–Aldrich (St. Louis, MO). Methylbenzimidazole triflate
was made according to literature precedent from methylbenzimidazole.160 Spectra/Por® dialysis
bags (3500 MWCO) were from Fisher Scientific (Thermo Fisher Scientific, Walham, MA).
Escherichia coli BL21(DE3) cells were from Novagen (Madison, WI). Cell-culture medium and
supplements, as well as Dulbecco’s phosphate-buffered saline (DPBS) were from Invitrogen
(Carlsbad, CA). [methyl-3H]Thymidine (6.7 Ci/mmol) was from Perkin–Elmer (Boston, MA).
HiTrap columns were from GE Biosciences (Piscataway, NJ). MES buffer was from Sigma–
Aldrich (St. Louis, MO) and purified by anion-exchange chromatography to remove trace
amounts of oligomeric vinylsulfonic acid.164 Ribonuclease substrate 6-FAM–dArUdAdA–6TAMRA was from Integrated DNA Technologies (Coralville, IA). Terrific Broth (TB) was from
Research Products International Corp (Mt. Prospect, IL). Gels for SDS–PAGE were from BioRad Laboratories (Hercules, CA). Ribonuclease-free 0.10 M sodium phosphate buffer, pH 7.4,
containing NaCl (0.10 M) was prepared by making an aqueous solution of NaH2PO4 and NaCl
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(final concentrations: 0.10 M), adjusting the pH to 7.4 with aliquots of 10 M NaOH, adding
diethylpyrocarbonate to 0.1% v/v, incubating for 1 h at 37 °C, and then autoclaving the resulting
solution.

3.7.2 Instrumentation and Statistical Calculations
1

H NMR spectra were acquired at the National Magnetic Resonance Facility at Madison

(NMRFAM) at 298 K with a Bruker DMX-400 Avance spectrometer (Bruker AXS, Madison,
WI, 1H, 400 MHz; 13C, 101 MHz; 31P, 162 MHz). 13C and 31P spectra were proton decoupled. All
1

H and 13C NMR spectra were referenced to TMS. All 31P NMR spectra were referenced to an

internal insert standard of H3PO4. Preparatory HPLC was performed on an instrument from
Shimadzu Prominence (Kyoto, Japan) equipped with two LC-20AP pumps, a SPD-M20A
photodiode array detector, and a CTO-20A column oven. Analytical HPLC was performed on an
instrument from Waters (Milford, MA) equipped with two 515 pumps, a 717 plus autosampler,
and a 996 photodiode array detector. Protein absorbance values were measured with a Varian
Cary

50

UV–Vis

Spectrometer

from

Agilent

Technologies

(Santa

Clara,

CA).

[methyl-3H]Thymidine incorporation into MCF-7 genomic DNA was quantified by scintillation
counting using a Microbeta TriLux liquid scintillation and luminescence counter (Perkin–Elmer,
Wellesley, MA). Fluorescence measurements were made with a QuantaMaster1 photon-counting
cuvette fluorometer from Photon Technology International (South Brunswick, NJ). Calculations
for cell proliferation assays were performed using Prism version 5.02 from GraphPad Software
(La Jolla, CA).
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3.7.3 Determination of Partition and Distribution Coefficients
Values of logP, logD, and pI were calculated with calculator plugins in the program
MartinView 5.4.1.1, 2011 from ChemAxon (Budapest, Hungary). LogP and logD values were
set at default: calculations used equal weights of VG, KLOP, and PHYS methods and electrolyte
concentrations (Na+,K+) and Cl– set to 0.1 mol/dm3. We did not consider tautomerization in our
calculations.

3.7.4 Recombinant Protein Production
Human pancreatic ribonuclease (RNase 1) was produced as described previously,162 except that
after purification by the two chromatographic steps, the protein was re-purified by both steps to
ensure purity. Following purification, purity and apparent molecular mass of RNase 1 was
verified with SDS–PAGE.

3.7.5 Fluorescence Assay for Ribonucleolytic Activity
The ribonucleolytic activity of RNase 1 was determined by quantitating its ability to cleave
6-FAM–dArUdAdA–6-TAMRA, as described previously.162,163 Assays were carried out at
ambient temperature in 2.0 mL of 0.10 M MES–NaOH buffer, pH 6.0, containing NaCl (0.10
M). Fluorescence data were fitted to eq 1, in which ΔI/Δt is the initial reaction velocity, I0 is the
fluorescence intensity before addition of ribonuclease, If is the fluorescence intensity after
complete substrate hydrolysis, and [E] is the total ribonuclease concentration. Data were the
average of three experiments. The activity of RNase 1 was (6.0 ± 0.7) × 106 M–1s–1. This value is
similar to previous values (29% of that in ref. 3, though that enzyme lacked residue 128; 21% of
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, though those assays were performed in a DPBS buffer containing 0.1 mg/mL

BSA).

kcat/KM = (ΔI/Δt) / (If – I0)[E]

(1)

3.7.6 HPLC Assay for Cleavage of Uridine 3′-(4-Hydroxytamoxifen phosphate) by RNase 1
Uridine 3´-(4-hydroxytamoxifen phosphate) (UpHT) was dissolved to a final concentration of
0.090 mM in 0.10 M MES–NaOH buffer, pH 6.0, containing NaCl (0.10 M NaCl). One aliquot
(900 µL) of this solution was placed in HPLC vial 1, and another aliquot (300 µL) was placed in
HPLC vial 2. Vials with UpHT were pre-incubated at 37 °C in an HPLC autosampler. Buffer A
was 0.10 M triethylammonium acetate (TEAA) in H2O; Buffer B was 0.10 M TEAA in
acetonitrile/H2O 95:5. RNase 1 was diluted in 0.10 M MES–NaOH buffer, pH 6.0, to a
concentration of 8.5 µM (~125 mg/L). A Varian 150/4.6 Microsorb-MV 100-5 C18 reversephase column was equilibrated with Buffer A/Buffer B 3:7. All samples were eluted isocratically
at 1 mL/min for 5 min with the same solution. First, 50 µL from vial 1 was analyzed to obtain a
baseline reading. Then, an aliquot (1 µL) of the RNase 1 solution was added to the remaining
850 µL of vial 1 (final RNase 1 concentration: 10 nM, ~0.15 mg/L). Twelve assays were thus
performed at known times. An aliquot (50 µL) of vial 2 was analyzed to assess the amount of
UpHT activated in the absence of RNase 1. An aliquot (9 µL) of a concentrated solution of
RNase 1 (144 µM) was then added to the remaining 250 µL in vial 1 to cleave >95% of the
UpHT. After ~1.5 h, an aliquot (50 µL) of this solution was analyzed to quantify the total
amount of attainable HT (after adjusting for dilution by RNase 1). The entire experiment was run
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in triplicate (for overlaid HPLC traces from one experiment, see: Figure S1). Baseline readings
were subtracted from the two HT peaks to obtain HT concentrations at each timepoint. Values
are the mean ± SE for each timepoint. All data accounted for the dilution that accompanies the
addition of RNase 1. These experiments were repeated to analyze the stability of UpHT (40 uM)
in ribonuclease-free 0.10 M sodium phosphate buffer, pH 7.4, containing NaCl (0.10 M); cell
medium in the absence of RNase 1; and cell medium in the presence of RNase 1 (0.4 mg/L).

3.7.7 Human Cell Culture
The MCF-7 cell line was a generous gift from Professor J. Wesley Pike (University of
Wisconsin–Madison). Cells were grown at 37 °C in a cell-culture incubator in flat-bottomed
culture flasks under CO2 (5% v/v). “Medium A” for the growth and initial plating of cells was
Dulbecco’s modified Eagle’s medium (DMEM) containing phenol red and supplemented with
fetal bovine serum (FBS; GIBCO; 10% v/v), penicillin (100 units/mL), streptomycin
(100 µg/mL), human recombinant insulin (10 µg/mL), and MEM non-essential amino acids
solution (100 µM). “Medium B” for assays of UpHT stability and effect on cell-proliferation was
DMEM without phenol red and without FBS, supplemented with penicillin (100 units/mL),
streptomycin (100 µg/mL), human recombinant insulin (10 µg/mL), MEM non-essential amino
acids solution (100 µM), and sodium pyruvate (1 mM).

3.7.8 Cell-Proliferation Assays
The effect of UpHT and HT on the proliferation of MCF-7 cells was assayed by
monitoring the incorporation of [methyl-3H]thymidine into cellular DNA, as described
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previously.176 The assay was also similar to that used in a previous study on the toxicity of
tamoxifen for MCF-7 cells.177 For assays, MCF-7 cells (100 μL of a solution of 5.0 × 104
cells/mL) in medium A were plated in each well of 96-well plates and incubated for 22 h to
allow for cell adherence. Medium was removed, cells were washed with DPBS, and medium B
(50 μL) was added. UpHT and HT were first dissolved in DMSO, and then diluted 1000-fold
with medium B, resulting in a final DMSO concentration of 0.1% v/v. This stock solution was
serial diluted with medium B containing DMSO (0.1% v/v). The highest concentration HT
dilutions appeared to be cloudy, indicating that these concentrations might be reaching the
solubility limit of HT in medium. Aliquots (50 μL) of these serial dilutions were added to wells
(final DMSO concentration: 0.05% v/v). RNase 1 was diluted in medium B, and wells received
either 1 μL of stock RNase 1 for a final concentration of 0.42 μM (~6.2 mg/L, ~15× plasma
concentration of ~0.4 mg/L) or 1 μL of medium B, and the analyzed drug concentrations take
into account this dilution. RNase 1 control wells received no drug, but did receive RNase 1.
After a 2 h incubation, MCF-7 cells were treated with [methyl-3H]thymidine for 4 h, and the
incorporation of radioactive thymidine into cellular DNA was quantified by liquid scintillation
counting. The results are shown as the percentage of [methyl-3H]thymidine incorporated relative
to control cells treated with medium B containing DMSO (final DMSO concentration 0.05%
v/v). Data are the average of three measurements for each concentration, excluding those
measurements that were determined to be outliers by the Grubb’s test for outliers178 with p =
0.05. The entire experiment was repeated in triplicate. Values for IC50 were calculated by fitting
the curves by nonlinear regression with eq 2, in which y is the total DNA synthesis following the
[methyl-3H]thymidine pulse, and h is the slope of the curve.
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y = 100% / (1 + 10(log(IC50) – log[ribonuclease])h)

(2)

3.7.9 Synthesis of UpHT
3.7.9.1 Protected Uridine 3′-(4-Hydroxytamoxifen phosphate)

O

O
O
O
+

N
OH

O

H
N

O
O

N

O
O Si
P O
N

O

1.

H
N

O

N

O

N
OTf
H
CH3CN, 3 Å MS

O

2. I2, Pyr, THF, H2O

O

O

N

Si
O
O O
P
O
O

N

N
N

O

A 20-mL scintillation vial was flame-dried under vacuum. To this vial were added 3-Å
molecular sieves (10 beads) followed by 4-hydroxytamoxifen (0.100 g, 0.258 mmol),
phosphoramidite (0.222 g, 0.258 mmol), and anhydrous acetonitrile (2.58 mL). After stirring for
5 min, N-methylbenzimidazolium triflate (0.073 g, 0.258 mmol) was added and the reaction
mixture was allowed to stir for an additional 2.5 h. The solution was then decanted from the
sieves into a new scintillation vial, concentrated to remove acetonitrile, and treated with a 0.02 M
solution of I2 (12.6 mL, 2.52 mmol) in tetrahydrofuran, pyridine, and water (Glen Research
Oxidizing Solution) for 1 h. The reaction mixture was then concentrated under vacuum and
purified by flash silica gel chromatography (MeOH/DCM 1:9) to give protected uridine
3´-(4-hydroxytamoxifen phosphate) as a mixture of isomers (0.279 g, 93%).
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H NMR (400 MHz, CD3OD) (Mixture of isomers) δ = 7.91–7.83 (m, 1H), 7.43–7.35

(m, 2H), 7.34–7.20 (m, 8H), 7.19–7.01 (m, 8H), 6.91–6.82 (m, 4H), 6.80–6.73 (m, 2H), 6.65–
6.56 (m, 2H), 6.00–5.85 (m, 1H), 5.43–5.31 (m, 1H), 5.08–4.96 (m, 1H), 4.64–4.50 (m, 1H),
4.48–4.36 (m, 2H), 4.34–4.21 (m, 1H), 4.15–4.01 (m, 2H), 3.76 (as, 6H), 3.65–3.45 (m, 2H),
3.40–3.10 (m, 2H), 2.95–2.85 (m, 2H), 2.74 (as, 6H), 2.51–2.30 (m, 2H), 0.95–0.82 (m, 12H),
0.20–0.06 (m, 6H).13C NMR (101 MHz, CD3OD) (Major Isomer) δ = 165.6, 160.3, 157.2,
152.1, 150.0, 145.8, 143.8, 143.3, 142.7, 141.7, 138.2, 137.6, 136.3, 133.2, 132.2, 131.5, 130.8,
129.3, 129.2, 129.0, 128.3, 127.4, 121.2, 118.2, 115.6, 114.7, 114.5, 103.3, 88.8, 83.4, 79.4, 75.7,
65.3, 63.7, 63.3, 57.9, 55.9, 44.3, 30.0, 26.2, 20.2, 19.0, 13.8, –4.7.

31

P NMR (162 MHz,

CD3OD) (Mixture of isomers) δ = –8.57, –8.82, –9.02. HRMS (ESI) m/z 1163.4998 [calc’d for
C65H76N4O12PSi (M+H) 1163.4962].	
  
	
  

3.7.9.2 Semi-protected Uridine 3′-(4-Hydroxytamoxifen phosphate)
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Acetic acid/H2O 60:40 (4.6 mL) was added to a 20-mL scintillation vial containing
4-hydroxytamoxifen phosphate (0.270 g, 0.232 mmol), and the reaction mixture was allowed to
stir at room temperature for 5 h until the starting material was consumed as determined by TLC
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(10% MeOH, 90% DCM). The reaction was then quenched by adding saturated sodium
bicarbonate (5 mL), extracted with ethyl acetate (4 × 5 mL), dried over sodium sulfate, and
concentrated under vacuum. The resulting residue was purified using flash silica gel
chromatography

(10%

MeOH,

90%

DCM)

to

give

semi-protected

uridine

3´-(4-hydroxytamoxifen phosphate) (0.180 g, 90%).

1

H NMR (400 MHz, CD3OD) (Mixture of isomers) δ = 8.17–7.95 (m, 1H), 7.35–7.21 (m, 3H),

7.20–6.90 (m, 6H), 6.81 (d, J = 8.6, 2H), 6.64 (d, J = 8.6, 2H), 6.09–5.89 (m, 1H), 5.82–5.66 (m,
1H), 4.63–4.25 (m, 4H), 4.20–4.07 (m, 2H), 3.87–3.53 (m, 2H), 3.43–3.26 (m, 3H), 2.97–2.90
(m, 2H), 2.87–2.74 (m, 6H), 2.50–2.40 (m, 2H), 0.97–0.79 (m, 12H), 0.15–0.01 (m, 6H)..13C
NMR (101 MHz, CD3OD) (Major Isomer) δ = 164.4, 156.1, 151.0, 148.7, 141.9, 140.7, 137.0,
136.1, 130.8, 130.3, 129.4, 127.6, 125.9, 119.9, 118.8, 116.8, 114.1, 113.3, 102.1, 87.2, 83.7,
78.9, 74.3, 63.9, 62.3, 60.7, 56.5, 42.9, 28.5, 24.8,18.8, 17.6, 12.4, –6.02. 31P NMR (162 MHz,
CD3OD) (Mixture of Isomers) δ = –8.53, –8.64, –8.71, –8.81. HRMS (ESI) m/z 861.3652
[calc’d for C44H58N4O10PSi (M+H) 861.3655].	
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3.7.9.3 Uridine 3′-(4-Hydroxytamoxifen phosphate)
H
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Anhydrous ethanol (1.2 mL) was added to a 20-mL scintillation vial containing semiprotected uridine 3´-(4-hydroxytamoxifen phosphate) (0.051 g, 0.059 mmol) at room
temperature followed by ammonium hydroxide (0.04 mL, 1.185 mmol) and the reaction was
allowed to stir for 3 h before concentrating under vacuum to give a crude residue that was used
directly in the next step.
A portion of the resulting crude residue (0.030 g, 0.037 mmol) was dissolved in
anhydrous acetonitrile (4.3 mL) at 0 °C, and a solution of tetrabutylammonium fluoride (0.04
mL, 0.040 mmol) was added in one portion. The reaction mixture was allowed to warm to room
temperature while stirring for 5 h. The reaction mixture was then diluted with 4.3 mL of H2O and
loaded onto a column of Macherey–Nagel VP 250/21 Nucleosil 100-5 C18 reverse-phase HPLC
resin that had been pre-equilibrated in a solution of acetonitrile (25% v/v) in H2O, and
maintained continually at 35 °C. Sample was washed with the same solution for 13 min. Product
was eluted with a linear gradient (25–100% v/v acetonitrile in H2O) for 68 min, providing
uridine 3´-(4-hydroxytamoxifen phosphate) (0.020 g, 69%, for Bu4N+ salt).

	
  
	
  

	
  

1

H NMR (400 MHz, CD3OD) (Both Olefin Isomers) δ = 8.03 (d, J = 8.1, 0.77H), 7.99 (d, J =

60

8.2, 0.23H), 7.23 (d, J = 8.2, 1.54H), 7.17–7.03 (m, 7.00H), 6.97 (d, J = 8.5, 0.46H), 6.87 (d, J =
8.5, 0.46H), 6.77 (at, J = 8.6, 2.00H), 6.61 (d, J = 8.6, 1.54H), 5.96 (d, J = 5.5, 0.77H), 5.90 (d, J
= 5.5, 0.23H), 5.69 (at, J = 6.8, 1H), 4.77–4.66 (m, 0.77H), 4.64–4.56 (m, 0.23H), 4.35–4.0 (m,
4.00H), 3.80–3.66 (m, 2.00H), 3.63–3.48 (m, 0.46H), 3.31–3.17 (m, 2.00H), 2.80 (s, 1.38H),
2.74 (s, 4.62H), 2.46 (q, J = 7.3, 2.00H), 0.90 (t, J = 7.3, 3.00H). 13C NMR (101 MHz, CD3OD)
(Major Isomer Peaks + 4 Bu4N+ Salt Signals) δ = 164.7, 155.9, 151.4, 151.0, 142.3, 141.6, 141.1,
138.8, 137.7, 136.5, 131.7, 130.0, 129.5, 127.5, 125.8, 119.8, 113.1, 101.4, 88.5, 84.0, 74.6, 73.9,
62.4, 60.8, 58.1, 56.6, 42.9, 28.5,23.4, 19.3, 12.5, 12.4. 31P NMR (162 MHz, CD3OD) (Both
Olefin Isomers) δ = –5.90, –6.09. HRMS (ESI) m/z 716.2324 [calc’d for C35H40N3O10PNa
(M+Na) 716.2344].
	
  

	
  
	
  

	
  

	
  

61

	
  
	
  

	
  

62

	
  
	
  

	
  

63

	
  
	
  

	
  

64

	
  
	
  

	
  

65

	
  
	
  

	
  

66

	
  
	
  

	
  

67

	
  
	
  

	
  

68

	
  
	
  

	
  

69

	
  
	
  

	
  

70

Chapter Four
Ribonucleotide 3′-Phosphate as a Pro-Moiety for an Orally Administrable Drug

4.1

Abstract
Safe and efficient oral administration of therapeutics is crucial for modern medicine.

Extended release formulations maintain therapeutic concentrations of a drug over time. Pendant
phosphate esters are commonly used to overcome poor oral bioavailability of drugs due to poor
aqueous solubility. We reasoned that a ribonucleoside 3′-phosphate could serve as a pro-moiety
that releases a drug of interest over time, analogous to an extended release formulation, but also
simultaneously enhances the hydrophilicity of a drug to enhance its oral bioavailability. Herein,
we report on the efficient synthesis of ribonucleoside 3′-(metronidazol phosphate) (RpMet).
RpMets demonstrate enhanced aqueous solubility compared to the parent drug as well as timedrelease kinetics based upon the nucleobase. Additionally, the RpMets were inactive
antimicrobials against Bacteroides fragilis until unmasked by human pancreatic ribonuclease.
These data demonstrate the utility of a human pancreatic enzyme as a useful activator of a
prodrug.

4.2

Author Contributions
Original idea for using ribonucleoside 3′-phosphate pro-moieties for timed-release was

from M.J.P. A.K.F.D. and N.A.M. synthesized and characterized the prodrugs. N.A.M. ran TrisHCl buffered kinetics. M.J.P. ran all other kinetics and analyzed the data. M.J.P., under the
guidance of and in collaboration with C.A.S., established tested the MIC of the prodrugs. M.J.P.
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drafted the original manuscript and figures. M.J.P., N.A.M., C.A.S., and R.T.R. planed
experiments, analyzed data, and edited the manuscript and figures.
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Introduction
Oral administration of therapeutics is the mainstay for the treatment of disease. Sustained

release formulations have been crucial for the safe and effective dosing of orally available
drugs.179-183 They allow for the prolonged maintenance of therapeutic concentrations of a drug,
reducing the required dosages per day, which enhances patient compliance. Additionally,
sustained release formulations allow for tighter control over the pharmacokinetics of a drug,
helping minimize side effects.179-183 Traditional sustained release formulations have been
premised on diffusion of a drug out of a matrix. The pore sizes and composition of the matrix
dictates the timed-release properties of the formulation.179,180,182,183 One major drawback to
sustained release matrix formulations is that they do not allow for improved properties of the
drug.
Aqueous solubility is a crucial property for any orally available drug.36,37,184 Robust
absorption across the intestinal epithelium relies upon a high concentration of the drug on the
apical side of an enterocyte to drive diffusion into the cell and, eventually, into the circulatory
system. On average, 35–40% of lead compounds have aqueous solubilities less than 5 mg/mL,
which is defined by the U.S. Pharmacopeia as slightly soluble or worse.185 Therefore, many
compounds must be modified for improved aqueous solubility in order for them to become
bioavailable and therefore efficacious.37
Phosphate esters have been used to improve the oral bioavailability of poorly water
soluble therapeutics.36,37,186-188 Alkaline phosphatase catalyzes the rapid hydrolysis of phosphoryl
groups near the surface of enterocytes, releasing the lipophilic drug and allowing for efficient
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absorption into the body. There are several U.S. Food and Drug Administration (FDA) approved
drugs that use this strategy to improve oral bioavailability, including estramustine,
fosamprenavir, and prednisolone phosphate.186-188
Recently, we reported the use of ribonucleoside 3′-phosphate as a pro-moiety for the
timed-release of hydroxytamoxifen.189 Ribonucleoside 3′-phosphates not only instill desirable
release kinetics, mediated by human pancreatic ribonuclease (RNase 144; EC 3.1.27.5), but also
increase the aqueous-solubility of the parent drug. RNase 1 is an ideal endogenous enzyme for
pro-moiety release. It is one of the main digestive enzymes excreted from the pancreas and is
estimated to have a concentration of 0.9 mg/mL in human pancreatic juice.139 Moreover, like its
renowned homologue bovine pancreatic ribonuclease (RNase A47,48), RNase 1 catalyzes the
cleavage of RNA by a transphosphorylation reaction49-51 and has little specificity for its leaving
group.52-56 Herein, we demonstrate the use of ribonucleoside 3´-phosphates as a pro-moiety for
enhanced solubility and timed-release kinetics of a model orally available drug, metronidazole.
Metronidazole is a commonly used antibiotic for a variety of protozoa and anaerobic
bacterial infections, including: Trichomonas vaginalis, Entamoeba histolytica, Bacteroides
fragilis, Clostridium difficile, and Helicobacter pylori.190 In 1997, Flagyl ER, an extended release
formulation of metronidazole, was approved by the FDA as a superior treatment for bacterial
vaginosis.191 Still, metronidazole has several common side effects, such as nausea, diarrhea, and
metallic taste. Additionally, metronidazole therapy can occasionally cause more severe side
effects, such as pancreatitis, neutropenia, neuropathies, or CNS toxicities.192 Better control over
the pharmacokinetics of metronidazole could attenuate these adverse side effects.193 Many
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prodrugs of metronidazole have been synthesized to improve water solubility, while attempting
to decrease toxicity.193 Hence, as a proof of concept study, we elected to attach metronidazole to
ribonucleoside 3´-phosphates to assess the potential of this pro-moiety for orally available drugs
(Figure 4.1).
	
  

Figure 4.1	
   Due to the anionic charge of the ribonucleotide 3´ phosphate, diffusion of the drug

into the intestinal enterocytes is prevented. Upon cleave by RNase 1, which occurs over time, the
parent drug is free to diffuse into the body and becomes bioavailable.

4.4

Results and Discussion
Ribonucleoside 3´- (metronidazole phosphate) (RpMet) was synthesized in four steps

from commercially available metronidazole (Met) and the ribonucleoside phosphoramidite
(Scheme

1).

Briefly,

Met

was

coupled

to

the

phosphoramidite

by

using

N-

methylbenzimidazolium triflate (MBIT) as a catalyst.160 The coupled product was oxidized
subsequently with iodine and deprotected stepwise. The final products were purified by silica-gel
chromatography. Using this route, three RpMets were synthesized: uridine 3′-(metronidazole
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phosphate) (UpMet), cytidine 3′-(metronidazole phosphate) (CpMet), and adenosine 3′(metronidazole phosphate) (ApMet).

	
  
	
  

Scheme 4.1 Synthesis of RpMet
We expected the ribonucleoside 3′-phosphate moiety of a RpMet to endow the prodrug
with greater hydrophilicity than the parent drug, which could improve its oral bioavailability. To
investigate this issue, we calculated the partition (log P) and distribution (log D) coefficients of
CpMet, UpMet, ApMet, and Met.161 The calculated log P and log D values for the RpMets were
indeed significantly lower than those of the parent drug, Met (Table 1), indicative of increased
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hydrophilicity. This increase in hydrophilicity could rescue drugs that do not readily
disaggregate in water and thus make them more orally bioavailable.

Table 4.1 Calculated partition and distribution coefficients of Met and RpMets
Met

CpMet

UpMet

ApMet

logP

-0.46

-2.48

-2.10

-1.78

logD (pH = 7.5)

-0.46

-4.86

-4.48

-4.15

logD (pH = 1.1)

-1.49

-3.73

-3.20

-5.57

Coefficient

To be the basis for an effective timed-release prodrug strategy, the pro-moiety needs to
be released by the activating enzyme over time. Hence, we assessed the RNase 1-catalyzed rate
of Met-release from RpMet. Wada and co-workers quantified the amount of RNase 1 from
human pancreatic juice to be approximately 0.9 mg/mL.139 We reasoned that pancreatic juice
probably gets diluted by ten- to one-hundred fold in the intestine, which was the basis for using
0.1 mg/mL and 0.01 mg/mL RNase 1 for our Met-release studies. Inorganic phosphate inhibits
ribonuclease A with a Ki of 2.3 mM,194 so we initially investigated the contribution of phosphate
buffer inhibition from simulated intestinal fluid (SIF) on the rates of UpMet unmasking (Figure
4.2A). Compared to a buffer with no inorganic phosphate (19.5 mM Tris-HCl, pH 7.4, 2.5%
D2O), rates of Met release were marginally slower in SIF. Next, we assessed the tunability of the
rate of the RpMet hydrolysis based upon the base attached to Met. RNase A catalyzes the
cleavage of RNA after cytidine residues more than after uridine residues and has significantly
reduced rates of cleavage with purines as the 5’ nucleotide.195 Accordingly, we predicted that
RNase 1 would unmask CpMet faster than UpMet, and unmask ApMet slowly or not at all.
Gratifyingly, for both concentrations of RNase 1, we observed that the cytidine prodrug was
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indeed unmasked faster than was the uridine prodrug (Figure 4.2B). The adenosine conjugate did
not unmask at all, even when incubated for over 4 days at 37 ºC. Unlike our uridine
hydroxytamoxifen conjugates that hydrolyzed in aqueous solutions (pH 7.4) lacking
ribonucleases, our RpMet conjugates were stable in ribonuclease free SIF, which has pH 7.5, and
in simulated gastric fluid (SGF), which has pH 1.1. We did not observe any appreciable
degradation (< 5%) in either medium (Figure 4.4). This stability is attributable to the
significantly higher pKa of the metronidazole alkoxy group compared to the 4hydroxytamoxiphen aryloxy group, making the alkoxy group a poorer leaving group, and
therefore a more stable conjugate to a nucleotide.
Finally, we wanted to assess the antimicrobial activity of our RpMet prodrugs on
Bacteroides fragilis (B. fragilis). Minimum inhibitory concentrations (MIC) of UpMet and
ApMet were assessed compared to Met (Table 4.2). The MIC values are reported in µM
concentrations along with the equivalent values of Met in µg/mL for literature comparative
purposes. The culture medium was treated with 0.1% diethylpyrocarbonate (DEPC) in an effort
to eradicate any residual ribonuclease activity in the medium, and DEPC-treatment was
determined to have no effect on the MIC of Met (Figure 4.5). Both UpMet and ApMet had
considerably higher MIC values than did Met, demonstrating that the prodrugs were inactive. It
is unclear if residual ribonucleolytic activity in the culture medium unmasked a small portion of
UpMet to make it active at 171 µM, if the UpMet stock had a small amount of contaminating
Met, or if UpMet itself has a lower baseline antimicrobial activity compared to ApMet. As a
control, UpMet was incubated with 0.1 mg/mL RNase 1 overnight to unmask the drug fully,
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Figure 4.2	
   Progress curves for the release of Met from RpMets under various conditions. (A)

Comparison of UpMet hydrolysis rates in Tris-HCl buffer vs SIF. (B) Comparison of CpMet,
UpMet, and ApMet hydrolysis rates in SIF. (C) Half-life values of various RpMet conjugates.
Note: Uridine SIF data is reported in both (A) and (B) for comparison.	
  
	
  
	
  

which resulted in a MIC similar to that of Met. Additionally, to demonstrate slow release of the
drug over time, UpMet was put in culture medium containing 0.01 mg/mL RNase 1. Even after
the 48-h incubation time of the experiment, UpMet was not fully unmasked because it had a MIC
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of 11 µM, compared to 3 µM for the fully unmasked UpMet or 171 µM for the prodrug. Thus,
we have demonstrated proof-of-concept for a prodrug strategy that employs a human pancreatic
enzyme to release an orally available agent in a timed- release manner (Figure 4.1).
Table 4.2. MIC values of RpMets
compound

RNase 1
(mg/mL)

MIC
(µM)

M

----

5–3

MIC
(equivalents of
Met in µg/mL)
1–0.5

ApM

----

> 684

> 128

UpM

----

171

32

M

0.1 ON

5–3

1–0.5

UpM

0.1 ON

3

0.5

M

0.01

5–3

1–0.5

UpM

0.01

11

2

ON = incubation of RNase 1 with the compound over night prior to the MIC experiment
	
  
4.5

Conclusions

The primary advantage of this prodrug strategy is its modularity. As described here, the
rate of hydrolysis of this prodrug strategy is based upon the nucleobase attached to the ribose and
RNase 1 can only hydrolyze prodrugs attached to pyrimidine nucleotides. Expanding the
attainable rates of hydrolysis for this system requires testing the pyrimidine nucleobase
analogues. Upon development of a series of cleavable ribonucleotides, this system should allow
for substantial modulation of the rate of activation of drugs.
As described previously, RNase 1 can cleave aryloxy drugs attached to the 3´-phosphate
of a ribonucleotide and herein we demonstrated that it can also cleave an alkoxy group
containing drug.189 This system can be expanded even further with self-immolative linkers,
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which could liberate amine-containing chemotherapeutic agents. Additionally, the 5´ hydroxyl
group of the nucleotide can be modified for enhanced aqueous solubility or any other property
that is desirable to impart on the prodrug. Finally, another added benefit of this system is that the
product of prodrug hydrolysis, a nucleotide, is a native, non-toxic metabolite, which should not
alter the toxicity profile of the parent drug.
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4.7

Materials and Methods

4.7.1 Materials
Uridine phosphoramidite and iodine oxidizing solution were from Glen Research
(Sterling, VA). Metronidazole, 3-Å molecular sieves, tetrabutylammonium fluoride (TBAF),
methylbenzimidazole, Brucella broth powder, vitamin K, Hemin, and all other commercial
reagents were from Sigma–Aldrich (St. Louis, MO). Methylbenzimidazole triflate was made
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according to literature precedent from methylbenzimidazole.160 Spectra/Por® dialysis bags (3500
MWCO) and lysed horse blood were from Fisher Scientific (Thermo Fisher Scientific, Walham,
MA). Escherichia coli BL21(DE3) cells were from Novagen (Madison, WI). Simulated intestinal
fluid was from RICCA Chemical Company (Arlington, TX). HiTrap columns were from GE
Biosciences (Piscataway, NJ). MES buffer was from Sigma–Aldrich (St. Louis, MO) and was
purified by anion-exchange chromatography to remove trace amounts of oligomeric
vinylsulfonic acid.164 Terrific Broth (TB) was from Research Products International (Mt.
Prospect, IL). Gels for SDS–PAGE were from Bio-Rad Laboratories (Hercules, CA). Quartz
NMR tubes were from Wilmad-LabGlass (Vineland, NJ). Bacteroides fragilis was from ATCC®
(strain 25285, Manassas, VA). Round, 96-well, U-bottom plates and 95-pin inoculator
assemblies were from Evergreen Scientific (Los Angeles, CA).
	
  
4.7.2 Instrumentation and statistical calculations
	
  
1
H NMR spectra were acquired at the National Magnetic Resonance Facility at Madison
(NMRFAM) at 298 K with a Bruker DMX-400 Avance spectrometer (Bruker AXS, Madison,
WI, 1H, 400 MHz; 13C, 101 MHz; 31P, 162 MHz). 13C NMR spectra were also acquired on an
Avance III 500 MHz spectrometer with a 13C/15N{1H} 5-mm cryogenic probe from Bruker AXS
(Madison, WI, 13C, 126 MHz). 13C and 31P spectra were proton decoupled. All 1H and 13C NMR
spectra were referenced to TMS. All

31

P NMR spectra were referenced to an internal insert

standard of H3PO4. Protein absorbance values were measured with a Varian Cary 50 UV–Vis
Spectrometer from Agilent Technologies (Santa Clara, CA). 1H NMR spectra for the RpMet
release kinetics were acquired at the NMRFAM at 310 K on an Avance III 500 MHz
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spectrometer with a TCI 500 H-C/N-D cryogenic probe from Bruker AXS (Madison, WI, 1H,
500 MHz). Photos of 96 well plates to determine the MIC values of various compounds were
taken using an iPhone 4S from Apple Computer (Cupertino, CA).
	
  
4.7.3 Production and purification of RNase 1
RNase 1 was expressed and purified as reported previously.162 RNase 1 was concentrated
to 6.98 mg/mL in the elution buffer, which consisted of 65% buffer A (50 mM NaOAc and 10
mM EDTA, pH 5.0) and 35% buffer B (50 mM NaOAc, 370 mM NaCl, and 10 mM EDTA, pH
5.0). RNase 1 was diluted subsequently into the appropriate buffer for any given assay.
	
  
4.7.4 Representative procedure for kinetic analysis of prodrug hydrolysis
	
  
The degradation of RpMet by RNase 1 was assessed by 1H NMR spectroscopy. Reactions
consisted of 2.1 µmoles of prodrug and the indicated amount of added RNase 1. NMR
experiments were conducted in simulated intestinal fluid (USP XXII formulation, without
pancreatin, pH 7.5, with 2% D2O added v/v), a 19.5 mM Tris–HCl buffer, pH 7.4, containing
D2O (2.5% v/v), or 0.1 N HCl, pH 1.1, containing D2O (2% v/v) in a quartz NMR tube (WilmadLabglass). 1H NMR experiments consisted of the first increment of a 2D NOESY with gradients
for improved water suppression.
The NMR experiments were setup as follows. First, the spectrometer was shimmed using
3D shimming for solvent suppression to a 700 µL sample of the buffer with no added RpMet.
The RpMet to be tested was dissolved in 350 µL of buffer, placed in the NMR tube, and
incubated at 37 °C for five min. Simultaneously, a 2× concentrated solution of RNase 1 in the
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same buffer was warmed to 37 °C for 5 min. At t = 0, 350 µL of the RNase 1 solution was put in
the NMR tube and mixed, giving the final concentration of reaction components as described
above. The NMR tube was inserted into the spectrometer, and spectra were recorded. The methyl
group on the imidazole ring for the prodrug and free metronidazole were distinguishable;
therefore, the degradation reaction was monitored by integrating this methyl peak throughout the
course of the reaction.	
  

Figure 4.3	
  Representative 1H NMR spectra for assessing the rate of prodrug hydrolysis. Degree
of degradation was assessed by following the methyl imidazole peak integrations of UpMet
(2.55) and Met (2.52). The assay solution contained RNase 1 (0.1 mg/mL) in simulated intestinal
fluid. (A) 6 min, (B) 64 min, and (C) 193 min.
4.7.5 Preparation of culture medium	
  
	
  
Guidelines for MIC determination of metronidazole with the quality control anaerobic
bacterial strain Bacteroides fragilis (ATCC® 25285, Manassas, VA) were followed from the
Clinical and Laboratory Standards Institute.196 B. fragilis was cultured in supplemented Brucella
broth, which consisted of Brucella broth powder (28 g), Hemin stock solution (1.0 mL), and
vitamin K1 (1.0 mL of a working solution in 900 mL of water). After the solution was sterilized
at 121 °C for 15 min in an autoclave and allowed to cool to <50 °C, sterile lysed horse blood
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Figure 4.4	
  Representative 1H NMR spectra for 3-h incubations in simulated gastric fluid (0.10
N HCl, 2% v/v D2O, pH 1.1, United States Pharmacopeia) to assess the stability of these
molecules in a stomach. Degree of degradation was assessed by following the methyl imidazole
peak integrations of UpMet (2.80) and Met (2.78). (A) Spectrum of UpMet at 0 min. (B)
Spectrum of UpMet at 3 h. (C) Control spectrum of Met. (D) Spectrum of UpMet after the 3-h
incubation with added Met to confirm that the minor peak at 2.78 ppm as indeed Met. After 3 h,
there was no increase in the amount of Met present; therefore UpMet is stable under these
conditions. (Note: For spectra in panels C and D, the spectrometer was re-shimmed, which
allowed for better resolution of the peaks compared to those in panels A and B.)
	
  
(100 mL of a 50% v/v solution) was added. Hemin stock solution was prepared by dissolving
0.1 g hemin into 2 mL of 1.0 NaOH, bringing the final volume to 20 mL with distilled water, and
sterilizing at 121 °C for 15 min. Vitamin K1 working solution was prepared by adding vitamin K1
(0.20 mL) to 95% ethanol (20 mL). Then, 1 mL of this solution was added to 9 mL of sterile,
distilled water, resulting in a 1.0 mg/mL working solution of vitamin K1. Lysed horse blood
(50% v/v) was prepared by diluting lysed horse blood (50% v/v) with sterile, distilled water. The
solution was clarified by centrifugation at 12,000g for 20 min. The supernatant was decanted
through a 40-µm, nylon cell strainer (BD, Franklin Lakes, NJ).
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Diethylpyrocarbonate (DEPC) treated B. fragilis culture medium was prepared as
described previously, except the 900-mL solution also contained DEPC (0.1% v/v) and was
stirred at 37 °C for 1 h prior to sterilization by autoclave. Additionally, the 100 mL of lysed
horse blood contained DEPC (0.1% v/v) and was stirred at 37 °C for 1 h prior to being added to
the 900 mL solution. DEPC treatment was done to eliminate any ribonucleolytic activity in the
culture medium.	
  
	
  
4.7.6 Inoculation of 96-well plates to determine the MIC	
  	
  
	
  
	
  
After their preparation, test plates were equilibrated in an anaerobic chamber for 3 h prior
to inoculation. B. fragilis was grown on Reducible Blood Agar plates from Remel (Lenexa, KS)
and suspended in sterile Brucella broth to the turbidity equivalent of a 0.5 McFarland standard,
which equates to ~1.5 × 108 colony forming units (CFU)/mL. This suspension of B. fragilis was
diluted with sterile Brucella broth to a concentration of ~1.0 x 107 CFU/mL, and 10 µL/well of
this B. fragilis suspension was used to inoculate each well using a 95-pin inoculator. The final
volume of solution in each well was 100 µL, with the indicated final concentration of test
compound and ~106 CFUs/mL of B. fragilis. The plates were incubated for 48 h in a 37 °C,
anaerobic incubator. The anaerobic chamber was maintained under an atmosphere of 80% v/v
N2(g), 10% v/v H2(g), and 10% v/v CO2(g). Any O2(g) was transformed into H2O by Pd on
alumina pellets, and the water was removed from the atmosphere using silica gel. The MIC was
defined as the lowest concentration of test compound at which no bacterial growth was observed.
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4.7.7 Effect of DEPC-treatment on the MIC of metronidazole for B. fragilis
	
  
Metronidazole is marginally soluble in aqueous solutions (~10 mg/mL).197 Accordingly,
for the initial dissolution of metronidazole, dimethyl sulfoxide (DMSO, 10% v/v) was added to
the medium. For MIC test solutions used in the 96-well plates, <0.5% of the final volume of
liquid was DMSO. For each plate, ~10 mg of metronidazole, taking note of the exact mass to
make the appropriate dilutions, was added to a 4-mL glass vial, and then 1 mL of culture
medium containing DMSO (10% v/v) was added. Serial dilutions (log 2) were made according to
guidelines from the Clinical and Laboratory Standards Institute196 in the indicated medium and
dispensed in triplicate wells (90 µL per well) into a 96-well, U bottom plate. DEPC-treatment of
the medium had no affect on the MIC of metronidazole for B. fragilis.
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Figure 4.5	
   Effect of DEPC-treatment on the MIC of metronidazole for B. fragilis. The MIC for
normal medium and DEPC-treated medium was 0.5 µg/mL, indicating that treatment with DEPC
did not interfere with the proper MIC determination. For quality control purposes, the Clinical
and Laboratory Standards Institute196 defines the acceptable MIC of this strain of B. fragilis to be
2.00–0.25 µg/mL.

4.7.8 Determination of the MIC for RpMet prodrugs
	
  
To most accurately normalize the concentrations of metronidazole and prodrug, precise
concentrations of each were measured using NMR spectroscopy. A standard solution of CD3OD
with 7.2 mM dimethylformamide (DMF) was prepared and the methyl imidazole peak (3H, 2.52
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ppm) of metronidazole was integrated and compared to the DMF peaks (2.99 and 2.86 ppm) to
determine the solution concentration of Met and the RpMets (Figure 4.6).
	
  

Figure 4.6 Representative NMR spectrum for determination of Met (or RpMet) concentration.
DMF methyl peaks corresponded to the peaks at 2.99 and 2.86 ppm, and the methyl imidazole
peak of metronidazole corresponded to the peak at 2.52 ppm.
	
  
Upon determination of the concentration of Met or the RpMet in the NMR solution,
aliquots of the compounds for the initial stock solution for the serial dilution of a given plate
were made into plastic 1.7-mL microcentrifuge tubes. The methanol and DMF were evaporated
from the aliquots using a SpeedVac Concentrator from Thermo Scientific (Waltham, MA), and
the compounds were stored at –20 °C until use. On the day of the MIC experiment, dried stock
aliquots of Met or RpMets were dissolved into DEPC-treated, B. fragilis culture medium and
diluted to create solutions with the indicated concentration of Met or an equivalent molar
concentration of the RpMet. Compounds were either incubated in medium only, pre-incubated
overnight with RNase 1 (0.1 mg/mL) overnight and then diluted in DEPC medium, or diluted in
DEPC-treated medium containing RNase 1 (0.01 mg/mL). Upon dilution of the compounds into
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a 96-well plate, the plates were incubated in the anaerobic chamber for 4 h, then inoculated as
described previously. The results are depicted in Figure 4.7. (Note: These photographs were
taken with a different light source than those in Figure 4.5 and were in an oxygen environment
for several hours prior to taking the photograph, causing oxygenation of the media and an
ensuing divergence of color.)
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Figure 4.7 Photographs of the plates used to determine the MIC values. Assays followed the
protocols of the CLSI. Methods for Antimicrobial Susceptibility Testing of Anaerobic Bacteria;
Approved Standard—Seventh Edition. CLSI document M11-A7. Wayne, PA: Clinical and
Laboratory Standards Institute; 2007.
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4.7.9 Synthesis of RpMet prodrugs
4.7.9.1 Synthesis of uridine 3′-(4-metronidazole phosphate)

Metronidazole (0.100 g, 0.585 mmol) and phosphoramidite (0.554 g, 0.643 mmol) were
added to a round-bottom flask that had been charged with 3-Å molecular sieves (approximately
20 beads) under Ar(g), and that contained 5 mL of CH3CN. After 10 min, methylbenzimidazole
triflate (MBIT) (0.165 g, 0.585 mmol) was added, and the reaction mixture was stirred for 3 h.
The CH3CN was removed by vacuum, and the reaction mixture was filtered through a plug of
silica (100% ethyl acetate). Ethyl acetate was removed by vacuum, and 29.0 mL of I2 in
THF/H2O/pyridine (0.02M) was added. The reaction mixture turned from brown to clear yellow
after 1 h. The solvent was removed by vacuum and the resulting solid was purified with silica gel
chromatography (ethyl acetate and then 10% methanol/90% dichloromethane) to yield pure
product (0.542 g, 98% over 2 steps).

1

H NMR (400 MHz, CD3OD) (Mixture of isomers) δ = 7.95 (s, 0.38H), 7.91–7.84 (m, 1.62H),

7.39 (d, J = 7.6, 2H), 7.34–7.06 (m, 7H), 6.88 (d, J = 8.8, 4H), 5.91 (t, J = 4.9, 1H), 5.33–5.27
(m, 1H), 4.68–4.56 (m, 2H), 4.53 (t, J = 4.8, 1H), 4.50–4.28 (m, 3H), 4.26–4.12 (m, 2H), 4.11–
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3.99 (m, 1H), 3.76 (s, 6H), 3.61–3.52 (m, 1H), 3.49–3.40 (m, 1H), 2.80 (t, J = 5.8, 1.25H), 2.68
(dd, J = 5.8, 10.2, 0.75H), 2.50 (s, 1.1H), 2.47 (s, 1.9H), 0.88 (s, 5.6H), 0.86 (s, 3.4H), 0.12 (s,
1.9H), 0.10–0.07 (m, 4.1H);

13

C NMR (101 MHz, CD3OD) (Mixture of isomers. When the

diastereomer peaks resolve, the peaks are listed in parentheses) δ = 165.7, 160.4, (153.0 &
152.9), 152.0, 145.7, 141.7, 140.1, (136.2 & 136.2), (133.1 & 133.0), 131.5, 129.4, 129.1, 128.3,
118.3, 114.4, 103.1, (89.3 & 89.2), 88.8, (83.4 & 83.2), 78.4, 75.7, (68.2 & 68.0), (64.6 & 64.4),
63.4, 55.8, (47.1 & 47.0), 26.2, 20.1, 19.0, 14.4, (–4.6 & –4.7); 31P NMR (162 MHz, CD3OD)
(Mixture of isomers) δ = –3.32, –3.73; HRMS (ESI) m/z 969.3218 [calc’d for C45H55N6O13PSiNa
(M+Na) 969.3227].

The oxidized metronidazole adduct (0.180 g, 0.190 mmol) was added to NH4OH (0.13
mL, 3.800 mmol) in ethanol (3.8 mL). The resulting reaction mixture was stirred at room
temperature for 3h. The solvent was removed by vacuum. Et3N·HF (0.310 mL, 1.900 mmol) was
added in CH3CN (3.8 mL), and the reaction mixture was stirred at 65 °C for an additional 8 h.
The reaction mixture was then cooled to room temperature and quenched with aqueous
bicarbonate solution, and the solvent was removed by vacuum. The resulting solid was purified
by flash chromatography (10% methanol/90% dichloromethane to 100% methanol) to yield
product (0.075 g, 82% over 2 steps).

	
  
	
  

	
  

1

H NMR (400 MHz, CD3OD) δ = 8.02 (d, J = 8.1, 1H), 7.93 (s, 1H), 5.90 (d, J = 5.4, 1H), 5.69
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(d, J = 8.1, 1H), 4.62 (t, J = 4.7, 2H), 4.45–4.37 (m, 1H), 4.24 (dt, J = 4.3, 8.4, 2H), 4.20 (t, J =
5.2, 1H), 4.12 (dd, J = 2.5, 3.6, 1H), 3.81–3.67 (m, 2H), 2.57 (s, 3H); 13C NMR (126 MHz,
CD3OD) δ 152.0, 141.0, 138.6, 131.3, 129.1, 127.8, 127.2, 112.4, 101.5, 88.6, 84.1, 74.0, 64.1,
60.7, 13.1; 31P NMR (162 MHz, CD3OD) δ = –1.14; HRMS (ESI) m/z 476.0845 [calc’d for
C15H19N5O11P (M–H) 476.0824].

4.7.9.2	
  Synthesis of adenosine 3′-(4-metronidazole phosphate)

Metronidazole (0.076 g, 0.447 mmol) and phosphoramidite (0.500 g, 0.491 mmol) were
added to a round-bottom flask that had been charged with 3-Å molecular sieves (approximately
20 beads) under Ar(g), and that contained 5 mL of CH3CN. After 10 min, methylbenzimidazole
triflate (MBIT) (0.126 g, 0.447 mmol) was added, and the reaction mixture was stirred for 3 h.
The CH3CN was removed by vacuum, and the reaction mixture was filtered through a plug of
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silica (100% v/v ethyl acetate). Ethyl acetate was removed by vacuum, and 22.4 mL of I2 (0.02
M) in THF/H2O/pyridine was added. The reaction mixture turned from brown to clear yellow
after 1 h. The solvent was removed by vacuum and the resulting solid was purified with silica gel
chromatography (ethyl acetate) to yield pure product (0.407 g, 75% over 2 steps).

1

H NMR (400 MHz, CD3OD) (Mixture of isomers) δ 8.57–8.51 (m, 2H), 7.99 (s, 0.39H), 7.88

(s, 0.61H), 7.46 (d, J = 6.3, 2H), 7.36–7.20 (m, 9H), 7.07 (d, J = 8.3, 2H), 7.00 (t, J = 7.4, 1H),
6.85 (d, J = 6.7, 4H), 6.07 (d, J = 6.2, 0.61H), 6.02 (d, J = 6.2, 0.39H), 5.21 (t, J = 4.9, 1H), 4.99
(s, 2H), 4.73–4.66 (m, 1H), 4.63 (t, J = 5.2, 0.78H), 4.58 (t, J = 5.2, 1.22H), 4.33–4.15 (m, 3H),
4.03–3.80 (m, 2H), 3.77 (s, 6H), 3.62–3.55 (m, 1H), 3.42 (td, J = 10.0, 3.8, 1H), 2.70 (t, J = 5.9,
1.22H), 2.60 (t, J = 5.8, 0.78H), 2.54 (s, 1.17H), 2.48 (s, 1.83H), 0.75 (s, 5.49H), 0.72 (s, 3.51H),
–0.06 to –0.10 (m, 3H), –0.25 (s, 1.83H), –0.30 (s, 1.17H);

13

C NMR (101 MHz, CD3OD)

(Mixture of isomers. When the diastereomer peaks resolve, the peaks are listed in parentheses) δ
170.1, 160.4, 159.3, (153.4 & 153.2), (150.4 & 150.2), 146.3, (145.5 & 145.3), 140.3, 138.6,
(137.0 & 136.9), 133.2, (131.6 & 131.5), 130.8, 129.5, 129.1, 128.2, 125.7, 124.7, 123.1, 118.5,
116.1, 114.4, 89.8, 88.3, 84.6, 79.7, 74.3, 69.2, 68.4, (64.8 & 64.6), 61.7, 55.9, 47.3, 21.0, 20.3,
18.9, 14.6, (–4.4 & –5.0); 31P NMR (162 MHz, CD3OD) (Mixture of isomers) δ = –3.42, –3.58;
HRMS (ESI) m/z 1126.3859 [calc’d for C54H62N9O13PSiNa (M+Na) 1126.3867].
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The oxidized metronidazole adduct (0.468 g, 0.424 mmol) was added to NH4OH (29.72
µL, 0.848 mmol) in ethanol (8.5 mL). The resulting reaction mixture was stirred at room
temperature for 3 h. The solvent was removed by vacuum and Et3N·HF (1.38 mL, 8.480 mmol)
was added in CH3CN (7.36 mL) and the reaction mixture was stirred at 65 °C for an additional 8
h. The reaction mixture was then cooled to room temperature and quenched with aqueous
bicarbonate solution, and the solvent was removed by vacuum. The resulting solid was purified
by flash chromatography (10% methanol/90% dichloromethane to 100% methanol) to yield
product (0.180 g, 85% over 2 steps).

1

H NMR (400 MHz, CD3OD) δ 8.31 (s, 1H), 8.18 (s, 1H), 7.93 (s, 1H), 5.93 (d, J = 6.9, 1H),

4.79–4.75 (m, 1H), 4.66–4.61 (m, 3H), 4.32–4.24 (m, 3H), 3.83 (d, J = 12.7, 1H), 3.75 (d, J =
12.7, 1H), 2.60 (s, 3H); 13C NMR (126 MHz, CD3OD) δ 156.2, 152.1, 152.0, 148.6, 140.7,
138.6, 131.3, 119.7, 89.6, 85.9, 75.4, 73.5, 64.1, 61.8, 21.6, 13.1; 31P NMR (162 MHz, CD3OD)
δ = –1.08; HRMS (ESI) m/z 501.1259 [calc’d for C16H22N8O9P (M+H) 501.1242].
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4.7.9.3 Synthesis of cytidine 3′-(4-metronidazole phosphate)

Metronidazole (0.173 g, 1.010 mmol) and phosphoramidite (1.000 g, 1.110 mmol) were
added to a round-bottom flask that had been charged with 3-Å molecular sieves (approximately
20 beads) under Ar(g), and that contained 11 mL of CH3CN. After 10 min, methylbenzimidazole
triflate (MBIT) (0.285 g, 1.010 mmol) was added, and the reaction mixture was stir for 3 h. The
CH3CN was removed by vacuum, and the reaction mixture was filtered through a plug of silica
(100% v/v ethyl acetate). Ethyl acetate was removed by vacuum, and 55.0 mL of I2 (0.02 M) in
THF/H2O/pyridine was added. The reaction mixture turned from brown to clear yellow after 1 h.
The solvent was removed by vacuum, and the resulting solid was purified with silica gel
chromatography (ethyl acetate and then 10% methanol/90% dichloromethane) to yield pure
product (1.026 g, 93% over 2 steps).

1

H NMR (400 MHz, CD3OD) δ (Mixture of isomers) 8.46–8.39 (m, 1H), 7.95 (s, 0.39H), 7.90

(s, 0.61H), 7.42 (d, J = 7.6, 2H), 7.38–7.25 (m, 7H), 7.05 (d, J = 7.6, 0.39H), 7.00 (d, J = 7.5,
0.61H), 6.90 (d, J = 8.7, 4H), 5.91–5.86 (m, 1H), 4.95–4.90 (m, 1H), 4.69–4.52 (m, 3H), 4.45–
4.26 (m, 3H), 4.2–4.05 (m, 2H), 3.81 (s, 6H), 3.71 (t, J = 11.2, 1H), 3.51 (t, J = 10.4, 1H), 2.79
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(t, J = 5.8, 1.22H), 2.66 (s, 0.78H), 2.49 (s, 1.17H), 2.46 (s, 1.83H), 2.16 (s, 3H), 0.92–0.87 (m,
9H), 0.18–0.07 (m, 6H);

13

C NMR (126 MHz, CD3OD) (Mixture of isomers. When the

diastereomer peaks resolve, the peaks are listed in parentheses) δ 173.0, 164.5, (160.6 & 160.6),
(158.1 & 158.0), (153.1 & 153.0), (146.0 & 145.9), (145.7 & 145.7), 140.3, (136.5 & 136.4),
(133.1 & 133.1), 131.7, (129.8 & 129.7), 129.3, 128.6, (118.5 & 118.5), 114.5, 98.5, (92.2 &
92.0), (89.0 & 88.9), (82.8 & 82.6), (76.7 & 76.4), (68.5 & 68.4), (68.2 & 68.2), (64.8 & 64.7),
62.4, 55.9, (47.2 & 47.1), 26.4, 24.7, (20.3 & 20.3), 19.2, (14.5 & 14.5), (-4.3 & -4.7); 31P NMR
(162 MHz, CD3OD) (Mixture of isomers) δ = –3.10, –3.76; HRMS (ESI) m/z 988.3672 [calc’d
for C47H59N7O13PSi (M+H) 988.3673].

The oxidized metronidazole adduct (1.026 g, 1.035 mmol) was added to NH4OH (72.5
µL, 2.071 mmol) in ethanol (20.7 mL). The reaction mixture was stirred ture for 3 h. Solvent was
removed by vacuum, Et3N·HF (3.37 mL, 20.7 mmol) was added in CH3CN (20.7 mL), and the
reaction mixture was stirred at 65 °C for an additional 8 h. The reaction mixture was then cooled
to room temperature and quenched with aqueous sodium bicarbonate solution, and the solvent
was removed by vacuum. The resulting solid was purified by flash chromatography (10%
methanol/90% dichloromethane to 100% methanol) to yield product (0.083 g, 17% over 2 steps).

	
  
	
  

	
  

1

H NMR (400 MHz, CD3OD) δ 8.04 (d, J = 7.5, 1H), 7.92 (s, 1H), 5.90–5.85 (m, 2H), 4.61 (t, J

98

= 4.7, 2H), 4.45–4.38 (m, 1H), 4.27–4.18 (m, 3H), 4.14–4.10 (m, 1H), 3.82 (dd, J = 10.4, 2.5,
1H), 3.74 (dd, J = 10.4, 2.5, 1H), 2.56 (s, 3H); 13C NMR (126 MHz, CD3OD) δ 166.3, 157.0,
152.0, 141.5, 138.6, 131.2, 94.5, 90.2, 83.3, 74.2, 73.0, 64.1, 60.2, 29.4, 13.1; 31P NMR (162
MHz, CD3OD) δ = –1.10; HRMS (ESI) m/z 475.0968 [calc’d for C15H20N6O10P (M–H)
475.0984].
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Chapter Five
Boronate-Mediated Biologic Delivery*
* This chapter has been published in part, under the same title. Reference: Ellis, G.A.†, Palte,
M.J. †, & Raines, R.T. Boronate-mediated biologic delivery. J. Am. Chem. Soc. 134, 3631-3634
(2012). († denotes equal contribution)
Additionally, of note was that this work was featured in Chemical & Engineering News: Drug
Delivery Hooked On Sugar. 2012 Feb 15 and in Nature, 484, 9 (2012): Community Choice
Highlight, Proteins’ ticket into the cell.

5.1

Abstract
Inefficient cellular delivery limits the landscape of macromolecular drugs. Boronic acids

readily form boronate esters with the 1,2- and 1,3-diols of saccharides, such as those that coat the
surface of mammalian cells. Here pendant boronic acids are shown to enhance the cytosolic
delivery of a protein toxin. Thus, boronates are a non-cationic carrier that can deliver a polar
macromolecule into mammalian cells.

5.2

Author Contributions
Original idea for using boronic acids for drug delivery was from M.J.P. Original idea to

couple boronic acids to RNase A to demonstrate delivery was from G.A.E. 1H Determination of
Ka values between boronates and glycans was performed by M.J.P. Flow cytometry assays and
confocal microscopy were performed by M.J.P. Coupling conditions were determined jointly by
G.A.E. and M.J.P. Protein purification and characterization was done by G.A.E. Heparin affinity
assays, fluorescence polarization assays, ribonucleolytic activity assays, RI-evasion assays, and
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cytotoxicity assays were performed by G.A.E. Preliminary cytotoxicity assays were done by
M.L.H. The original manuscript and figures were jointly drafted by M.J.P. and G.A.E. M.J.P.,
G.A.E., and R.T.R. planed experiments, analyzed data, and edited the manuscript and figures.
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Introduction

	
  

The utility of many biologic drugs is limited by inefficient cellular delivery.58,59,61
Previous efforts to overcome this limitation have focused largely on the use of cationic
domains—peptidic (e.g., HIV–TAT, penetratin, and nonaarginine) or non-peptidic (e.g.,
PAMAM

dendrimers

and

polyethylenimine)—to

enhance

the

attraction

between

a

chemotherapeutic agent and the anionic cell surface.60,62-64 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.65-67 Although these methods have achieved
some success, additional delivery strategies are desirable.
The cell surface is coated with a dense forest of polysaccharides known as the
glycocalyx.198 We anticipated that targeting therapeutic agents to the glycocalyx would enhance
their cellular delivery, as has been demonstrated with lectin conjugates.199 Boronic acids readily
form boronate esters with the 1,2- and 1,3-diols of saccharides,68 including those in the
glycocalyx.73,74,78-81 In addition, boronate groups are compatible with human physiology,
appearing in chemotherapeutic agents and other remedies.70,72,76,77,200 Further, pendant boronic
acids conjugated to polyethylenimine have been shown to enhance DNA transfection.75 Here we
demonstrate the use of pendant boronic acids to mediate the delivery of a protein into the cytosol
of mammalian cells.
Bovine pancreatic ribonuclease (RNase A) is a small, well-characterized enzyme that has
been the object of much seminal work in protein chemistry.48,201-203 If this ribonuclease can gain
access to the RNA that resides in the cytosol, then its prodigious catalytic activity can lead to cell
death.204-209 Hence, RNase A can serve as an ideal model for assessing the delivery of a protein
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into the cytosol (rather than an endosome) because success can be discerned with assays of
cytotoxic activity.

5.4

Results and Discussion
Initially, we quantified the affinity of simple boronic acids to relevant saccharides. Sialic

acid is of particular interest because of its abundance in the glycocalyx of cancer cells.210
Phenylboronic acid (PBA) binds with higher affinity to sialic acid than to other pyranose
saccharides,211-213 suggesting that simple boronic acids could target chemotherapeutic agents
selectively to tumors. 2-Hydroxymethylphenylboronic acid (benzoxaborole214-216) has the highest
reported affinity for pyranose saccharides,211-213,217,218 which are abundant in the glycocalyx;
hence, we reasoned that benzoxaborole could be an ideal boronate for drug delivery. We used 1H
NMR spectroscopy to evaluate directly the affinity of PBA and benzoxaborole for fructose,
glucose, and N-acetylneuraminic acid (Neu5Ac), which contains a sialic acid moiety, under
physiological conditions. Our Ka values (Table 5.1) are in accord with values determined by
other workers using competition and other assays (Table 2).211,213,217,218 We found that
benzoxaborole has greater affinity than PBA for each saccharide in our panel, and that
benzoxaborole like PBA has a greater	
   affinity for Neu5Ac than for glucose. Accordingly, we
chose benzoxaborole for our boronate-mediated delivery studies.
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Table 5.1 Values of Ka (M–1) for boronic acids and saccharides.a

D-fructose

D-glucose

Neu5Ac

128 ± 20

5±1

13 ± 1

336 ± 43

28 ± 4

43 ± 5

	
  

Table 5.2 Literature values of Ka (M–1) for boronic acids and
saccharides.

D-fructose

D-glucose

Neu5Ac

128 ± 20

5±1

160

Method

Reference

13 ± 1

H NMR in H2O containing D2O
(2% v/v) a

This work

4.6

21

Competition with alizarin red S a

—

—

11.6 ± 1.9

79

0

—

1

160

6

11

1

21

1

a

336 ± 43

28 ± 4

43 ± 5

606

17

—

—

31

—

664

21

160

211

B NMR in H2O/D2O/MeOH
mixture

218

H NMR in D2O (100% v/v) a

Competition with alizarin red S

213

219
a

H NMR in H2O containing D2O
(2% v/v) a

This work
218

1

H NMR in D2O (100% v/v) a
217

Competition with alizarin red S a
219

Competition with alizarin red S a

Values were determined in 0.10 M sodium phosphate buffer, pH 7.4.

To

display

benzoxaborole

moieties

on

RNase

A,

we

conjugated

5-amino-2-hydroxymethylphenylboronic acid (1) to protein carboxyl groups by condensation
using a carbodiimide (Figure 5.1). Of the 11 carboxyl groups of RNase A, 7.5 ± 2.0 were
condensed with boronate 1, as determined by mass spectrometry.
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Figure 5.1 Boronation of RNase A. The location of each carboxyl group of RNase A is depicted
in the ribbon diagram (PDB entry 7rsa220).

Boronation should increase the affinity of a protein for oligosaccharides. To test this
hypothesis qualitatively, we measured the retention of boronated and unmodified RNase A on a
column of heparin, a common physiological polysaccharide. Boronated RNase A was indeed
retained longer on the column (Figure 5.2). If the prolonged retention were due to boron–
saccharide complexation, then fructose in the buffer should compete with immobilized heparin
for boron complexation. When these conditions were employed, the retention of boronated
RNase A was indeed diminished (Figure 5.2).
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Figure 5.2 Elution profile of a mixture of unmodified RNase A (eluting in region “A”) and
boronated RNase A (eluting in region “B”) from a column of immobilized heparin in the absence
(solid line) or presence (dashed line) of fructose (0.10 M). Black lines,
A280 nm; gray lines, conductivity.
To evaluate the enhanced affinity of boronated RNase A for oligosaccharides, we
measured its affinity for ganglioside GD3 within a 1,2-dioleoyl-sn-glycero-3-phosphocholine
liposome. This ganglioside has two sialic acid residues and is overexpressed on the surface of
cancer cells.221 By using fluorescence polarization to analyze binding, we found that boronation
increased the affinity of the protein for the ganglioside, an effect that was abrogated by fructose
(Figure 5.3). The Kd value of boronated protein for GD3 ganglioside liposomes was (53 ± 11)
µM. This affinity is ~440-fold greater than that for the binding of a single benzoxaborole to
Neu5Ac (Table 5.1), consistent with a multivalent interaction between the boronated protein and
the ganglioside.
Encouraged by the enhanced affinity of the boronated protein for oligosaccharides in
vitro, we sought to test our hypothesis that boronate conjugation increases cellular uptake. To
quantify cellular internalization, we used fluorophore-labeled protein and flow cytometry. To
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Figure 5.3 Fluorescence polarization assay of ribonucleases binding ganglioside-labeled
liposomes in the presence or absence of 10 mM fructose. Data was normalized to polarization of
each ribonuclease incubated with non-extruded DOPC lipids. Data points represent the mean
(±SD) of triplicate experiments. Asterisks indicate values with p < 0.05.
determine concurrently if the pendant boronates elicited selectivity for cells with higher
quantities of cell-surface sialic acid, we employed a line of Chinese hamster ovary cells (Lec-2)
that have lower levels of sialic acid in their glycocalyx than their progenitor line (Pro-5).222 We
found that boronation of RNase A increased its cellular uptake by 4- to 5-fold (Figure 5.4). This
enhancement was eliminated by fructose. Cell-surface sialic acid-content did not affect uptake
significantly, consistent with the modest (1.5-fold) increase in the Ka value for benzoxaborole
with sialic acid versus glucose (Table 5.1). Confocal microscopy of	
   boronated protein revealed
punctate staining (Figure 5.4, insert), which is consistent with uptake by endocytosis following
complexation with cell-surface saccharides.
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Figure 5.4 Internalization of unmodified and boronated RNase A into Pro-5 and Lec-2 cells in
the absence or presence of fructose (0.25 M). Flow cytometry data were normalized to the
internalization of unmodified RNase A into Pro-5 cells. Error bars represent the SD. Insert:
Confocal microscopy image of live Pro-5 cells incubated for 4 h with boronated RNase A
(5 µM) that had been labeled covalently with a green fluorophore. Nuclei were stained blue with
Hoechst 33322 (2 µg/mL). Scale bar: 10 µm.
Although flow cytometry can quantify protein internalization into a cell, it does not
differentiate between proteins in endosomes versus those in the cytosol. Delivery into the cytosol
is essential for the efficacy of numerous putative chemotherapeutic agents. Boronated RNase A
retained 17% of its ribonucleolytic activity.223 Accordingly, boronated RNase A has the potential
to be cytotoxic if it can gain entry to the cytosol. We found that boronated RNase A inhibited the
proliferation of human erythroleukemia cells (Figure 5.5). The addition of fructose diminished
cytotoxic activity, presumably by decreasing overall internalization. Chemically inactivated,
boronated RNase A was much less cytotoxic, indicating that ribonucleolytic activity induced
toxicity, not the pendant boronates. We conclude that boronation not only facilitates cellular
uptake of a protein, but also enhances its delivery to the cytosol.

	
  
	
  

	
  

126

Figure 5.5 Inhibition of K-562 cell proliferation by unmodified and boronated RNase A. (●)
Unmodified RNase A (IC50 >50 µM); (◆) boronated RNase A (IC50 4.1 ± 0.4 µM); (◇) boronated
RNase A in the presence of fructose (50 mM) (IC50 9 ± 1 µM); (□) boronated RNase A alkylated
with 2-bromoacetate (IC50 >50 µM). The proliferation of K-562 cells was measured by the
incorporation of [methyl-3H]thymidine. Data points represent the mean (±SEM) of three separate
experiments performed in triplicate.
5.5

Conclusions
Boronates have attributes that make them attractive as mediators of drug delivery. First,

endosomes become more acidic as they mature. In synergy, the affinity of boronates for
saccharides decreases with decreasing pH.213 Moreover, the ensuing loss of complexation causes
boronates to become more hydrophobic.69 These attributes could facilitate translocation to the
cytosol. Second, boronates are not cationic,224 averting the non-specific Coulombic interactions
elicited by cationic domains,60,62-64 which can lead to high rates of glomerular filtration and
opsonization in vivo.225,226 Finally, we note that numerous diseases are associated with changes in
cell-surface glycosylation,210,227 and we anticipate that boronic acids with specificity for particular
glycans could serve as the basis for targeted delivery strategies.228

	
  
	
  

	
  

5.6

127

Acknowledgments
M.J.P. was supported by Molecular and Cellular Pharmacology Training Grant T32

GM008600 (NIH) and predoctoral fellowship 09PRE2260125 (American Heart Association).
This work was supported by Grants R01 GM044783 and R01 CA073808 (NIH).

5.7

Materials and Methods

5.7.1 Materials
N-Acetylneuraminic acid was from Carbosynth (Berkshire, UK). Phenylboronic acid,
2-hydroxymethylphenylboronic acid, and 5-amino-2-hydroxymethylphenylboronic acid were
from Combi-Blocks (San Diego, CA). BODIPY® FL, STP ester was from Molecular Probes
(Eugene, OR). N-(3-Dimethylaminopropyl)-N´-ethylcarbodiimide hydrochloride (EDC) and
wild-type RNase A (Type III-A) were from Sigma–Aldrich (St. Louis, MO) and used without
further purification. MES buffer was from Sigma–Aldrich and purified by anion-exchange
chromatography to remove trace amounts of oligomeric vinylsulfonic acid.229 Spectra/Por®
dialysis bags (3500 MWCO) were from Fisher Scientific (Thermo Fisher Scientific, Walham,
MA). Escherichia coli BL21(DE3) cells were from Novagen (Madison, WI). [methyl3

H]Thymidine (6.7 Ci/mmol) was from Perkin–Elmer (Boston, MA). Columns of HiTrap

Heparin HP resin for protein purification and analytical resins were from GE Biosciences
(Piscataway, NJ). Ribonuclease substrate 6-FAM–dArUdAdA–6-TAMRA was from Integrated
DNA Technologies (Coralville, IA). Non-binding surface (NBS) 96-well plates were from
Corning (Corning, NY). Terrific Broth (TB) was from Research Products International Corp (Mt.
Prospect, IL). Bovine Serum Albumin (BSA) was from Thermo Scientific (Rockfield, IL). SDS–
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PAGE gels were from Bio-Rad Laboratories (Hercules, CA). GD3 Ganglioside (bovine milk;
ammonium salt), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and an extruder were from
Avanti Polar Lipids (Alabaster, Alabama). Cell culture medium and supplements were from
Invitrogen (Carlsbad, CA). Phosphate-buffered saline was either Dulbecco’s PBS (DPBS) from
Invitrogen or the same solution made in the laboratory (PBS), containing (in 1.0 L): 0.2 g KCl,
0.2 g KH2PO4, 8 g NaCl, and 2.16 g Na2HPO4·7H2O at pH 7.4. All other chemicals used were of
commercial reagent grade or better, and were used without further purification.

5.7.2 Instrumentation and Statistics
1

H NMR spectra were acquired at the National Magnetic Resonance Facility at Madison

at 298 K on an Avance III 500 MHz spectrometer with a TCI 500 H-C/N-D cryogenic probe
from Bruker AXS (Madison, WI, 1H, 500 MHz). Protein absorbance values were measured on a
Varian Cary 50 UV–Vis Spectrometer (Agilent Technologies, Santa Clara, CA) and/or a
NanoVue spectrometer (GE Healthcare, Piscataway, NJ). Confocal microscopy was carried out
using an Eclipse C1 laser scanning confocal microscope from Nikon (Melville, NY). Flow
cytometry was done using a LSRII (BD Biosciences, San Jose, CA) at the University of
Wisconsin–Madison Carbone Cancer Center Flow Cytometry Facility. The mass of RNase A and
boronated RNase A conjugates were confirmed at the University of Wisconsin–Madison
Biophysics Instrumentation Facility 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). [methyl-3H]Thymidine incorporation into K-562 genomic
DNA was quantified by scintillation counting using a Microbeta TriLux liquid scintillation and
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luminescence counter from Perkin–Elmer. Fluorescence measurements were made with an
infinite M1000 plate reader from Tecan (Männedorf, Switzerland). Calculations for statistical
significance were performed with GraphPad Prism version 5.02 software from GraphPad
Software (La Jolla, CA), and a value of p < 0.05 was considered to be significant.

5.7.3 Determination of Ka Values by 1H NMR Spectroscopy
Methodology to determine the values of Ka for boronic acids and saccharides was adapted
from work by Hall and coworkers.217,218 A boronic acid (B) and a saccharide (S) were assumed to
bind in one modality, B·S:
(1) B + S

BS

(2) Ka = [BS]
[S][B]
The [B·S]/[B] ratio was determined by the integration of aryl protons of the boronic
acid·saccharide complex and the free boronic acid. The individual [B], [B·S], and [S] can be
calculated from eq 1–5.
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[BS] + [B] = [BT]
[BS]
[B]

[BT]

+1=

[B]

(3) [B] = [BT]
[BS]
[B]
(4) [BS] =

+1

[BS] [B]

where [B] is calculated from eq 3.

[B]
[BS] + [S] = [ST]
(5) [S] = [ST] - [BS]

where [BS] is calculated from eq 4.

Each value of Ka arose from at least two independent experiments with freshly prepared
solutions, and each experiment consisted of a titration with 6–9 different concentrations. All
NMR spectra were analyzed with Topspin 3.0 software from Bruker AXS. NMR experiments
were done in a 0.10 M NaH2PO4 buffer, pH 7.4, containing D2O (2% v/v). 1H NMR experiments
consisted of the first increment of a 2D NOESY with gradients for improved water suppression.

5.7.3.1 Representative Procedure for Making a Boronic Acid Solution	
  
	
  

NaH2PO4 (3.0 g, 25 mmol) and PBA (458 mg, 3.75 mmol) were dissolved in distilled,
deionized water in a volumetric flask (~200 mL H2O, 5 mL D2O). The pH was adjusted carefully
to 7.4 using 10 M NaOH, and additional water was added for a final volume of 250 mL. Final
solutions were 15 mM boronic acid (PBA = solution 1; benzoxaborole = solution 2) in 0.10 M
sodium phosphate monobasic buffer, pH 7.4, containing D2O (2% v/v).
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5.7.3.2 Determination of the Value of Ka for PBA and Fructose	
  
	
  

To a 25-mL volumetric flask, D-fructose (674 mg, 3.75 mmol) and ~20 mL of solution 1
was added. The solution was adjusted carefully to pH 7.4 by the addition of 10 M NaOH. (The
volume of added NaOH was used in the calculation of the boronic acid concentration.) The
volume was then increased to 25 mL by adding solution 1. This procedure resulted in a pH 7.4
solution of PBA (15 mM),

D-fructose

(150 mM), NaH2PO4 (0.10 M), and D2O (2% v/v)

(solution A). Mixing various volumes of solution 1 and solution A generated

D-fructose

concentrations in the range of 4–14 mM. The [B·S]/[B] ratio was determined for every
concentration as follows.
	
  

5.7.3.3 Representative Procedure for Determining the Chemical Shifts of Aryl Protons in
Bound and Free Boronic Acids	
  
	
  

A 1H NMR spectra of solution 1 (Figure 5.6A) and solution A (Figure 5.6B) were
acquired. The two spectra were overlaid to determine which peaks belonged to the bound
boronic acid and free boronic acid (Figure 5.6C). This analysis was used to interpret the spectra
from the titrations with sugars (Figure 5.6D).
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Figure 5.6 Determination of the peaks corresponding to the aryl protons in bound and free boronic acid.
(A) 1H NMR spectrum of solution 1. (B) 1H NMR spectrum of solution A. (C) Overlay of aromatic region
of spectra from panels A and B. (D) Example of a spectrum that was interpreted using the overlay from
panel C, and used to determine the value of Ka for fructose with PBA. The [B·S]/[B] ratio was calculated
from the isolated peaks for the complex (3H, 7.01–7.11 ppm) and the isolated peaks for the free boronic
acid (2H, 7.54–7.58 ppm).
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5.7.3.4 Determination of the Value of Ka for Benzoxaborole and Fructose	
  
	
  

To a 25-mL volumetric flask, D-fructose (674 mg, 3.75 mmol) and ~20 mL of solution 2
was added. The solution was adjusted carefully to pH 7.4 by the addition of 10 M NaOH. (The
volume of added NaOH was used in the calculation of the boronic acid concentration.) The
volume was then increased to 25 mL by adding solution 2. This procedure resulted in a pH 7.4
solution of benzoxaborole (15 mM), D-fructose (150 mM), NaH2PO4 (0.10 M), and D2O (2% v/v)
(solution B). Mixing various volumes of solution 2 and solution B generated fructose
concentrations in the range of 4–14 mM. The [B·S]/[B] ratio was determined as depicted in
Figure 5.7. A value for Ka was calculated for every concentration as described above.

Figure 5.7 Example of a 1H NMR spectrum that was used to determine the Ka value for
benzoxaborole and D-fructose (10.3 mM). Peaks corresponding to the aryl protons in bound and
free boronic acid were determined a described above. The [B·S]/[B] ratio was calculated from
the isolated peaks for the complex (1H, 7.31–7.38 ppm, a mixture of isomeric species) and the
isolated peaks for the free boronic acid (1H, 7.43–7.53 ppm, a mixture of isomeric species).
Additional saccharide decreased the integration of the small peak at 7.44 ppm equally with that
at 7.49 ppm, which arise from free boronic acid; and the shoulder peak at 7.31 ppm increased
equally with that at 7.35 ppm, which arises from the complex.
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5.7.3.5 Determination of the Value of Ka for PBA and Glucose
	
  

To a 25-mL volumetric flask, D-glucose (2.25 g, 12.5 mmol) and ~20 mL of solution 1
was added. The solution was adjusted carefully to pH 7.4 by the addition of 10 M NaOH. (The
volume of added NaOH was used in the calculation of the boronic acid concentration.) The
volume was then increased to 25 mL by adding solution 1. This procedure resulted in pH 7.4
solution of PBA (15 mM), D-glucose (500 mM), 0.1 M NaH2PO4 (0.10 M), and D2O (2% v/v)
(solution C). Mixing various volumes of solution 1 and solution C generated

D-glucose

concentrations in the range of 20–70 mM. The [B·S]/[B] ratio was determined as depicted in
Figure 5.8. A value for Ka was calculated for every concentration as described above.

Figure 5.8 Example of a 1H NMR spectrum that was used to determine the Ka value for PBA
and D-glucose (44.9 mM). Peaks corresponding to the aryl protons in bound and free boronic
acid were determined a described above. The [B·S]/[B] ratio was calculated from the isolated
peaks for the complex (3H, 7.09–7.21 ppm) and the peaks for the free boronic acid (2H, 7.64–
7.68 ppm).
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5.7.3.6 Determination of the Value of Ka for Benzoxaborole and Glucose
To a 25-mL volumetric flask, D-glucose (2.25 g, 12.5 mmol) and ~20 mL of solution 2
was added. The solution was adjusted carefully to pH 7.4 by the addition of 10 M NaOH. (The
volume of added NaOH was used in the calculation of the boronic acid concentration.) The
volume was then increased to 25 mL by adding solution 2. This procedure resulted in a pH 7.4
solution of benzoxaborole (15 mM), D-glucose (500 mM), NaH2PO4 (0.10 M), and D2O (2% v/v)
(solution D). Mixing various volumes of solution 2 and solution D generated

D-glucose

concentrations in the range of 20–70 mM. The [B·S]/[B] ratio was determined as depicted in
Figure 5.9. A value for Ka was calculated for every concentration as described above.

Figure 5.9 Example of a 1H NMR spectrum that was used to determine the Ka value for
benzoxaborole and D-glucose (32.9 mM). Peaks corresponding to the aryl protons in bound and
free boronic acid were determined a described above. The [B·S]/[B] ratio was calculated from
the isolated peaks for the complex (1H, 7.29–7.34 ppm) and the isolated peaks for the free
boronic acid (1H, 7.45–7.51 ppm). Note the broadening of the aryl protons, which had been
reported for NMR spectra of boronic acids in the presence of pyranose sugars.217
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5.7.3.7 Determination of the Value of Ka for PBA and Neu5Ac	
  
	
  

To a 10-mL volumetric flask, Neu5Ac (1.53 g, 5.0 mmol) and ~20 mL of solution 1 was
added. The solution was adjusted carefully to pH 7.4 by the addition of 10 M NaOH. (The
volume of added NaOH was used in the calculation of the boronic acid concentration.) The
volume was then increased to 25 mL by adding solution 1. This procedure resulted in a pH 7.4
solution of PBA (14.2 mM), Neu5Ac (500 mM), NaH2PO4 (0.10 M), and D2O (2% v/v) (solution
E). Mixing various volumes of solution 1 and solution E, generated Neu5Ac concentrations in
the range of 7–65 mM. The [B·S]/[B] ratio was determined as depicted in Figure 5.10. A value
for Ka was calculated for every concentration as described above.

Figure 5.10 Example of a 1H spectrum that was used to determine the Ka value for PBA with
Neu5Ac (35.4 mM). Peaks corresponding to the aryl protons in bound and free boronic acid were
determined a described above. The [B·S]/[B] ratio was calculated from the isolated peaks for the
complex (3H, 7.15–7.26 ppm) and the isolated peaks for the free boronic acid (2H, 7.6–7.69
ppm). Note that the aryl peaks have been broadened by the addition of the saccharide.
5.7.3.8 Determination of the Value of Ka for Benzoxaborole and Neu5Ac	
  
	
  

To a 10-mL volumetric flask, Neu5Ac (1.56 g, 5.0 mM) and ~20 mL of solution 2 was
added. The solution was adjusted carefully to pH 7.4 by the addition of 10 M NaOH. (The
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volume of added NaOH was used in the calculation of the boronic acid concentration.) The
volume was then increased to 25 mL by adding solution 2. This procedure resulted in a pH 7.4
solution of benzoxaborole (14.2 mM), Neu5Ac (500 mM), NaH2PO4 (0.10 M), and D2O (2% v/v)
(solution F). Mixing various volumes of solution 2 and solution F generated Neu5Ac
concentrations in the range of 7–65 mM. The Ka value was calculated for every concentration as
previously described. F The [B·S]/[B] ratio was determined as depicted in Figures 5.11 and 5.12.
A value for Ka was calculated for every concentration as described above.

Figure 5.11 Apparent in the 1H NMR spectrum of Neu5Ac is a small peak that overlapped with
the aromatic regions of the boronic acids. This peak was subtracted out of all NMR spectra used
to evaluate the interaction of benzoxaborole and Neu5Ac.
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Figure 5.12 Example of a 1H spectrum that was used to determine the Ka value for
benzoxaborole with Neu5Ac (14.4 mM). Peaks corresponding to the aryl protons in bound and
free boronic acid were determined a described above. The [B·S]/[B] ratio was determined from
the isolated peaks for the free boronic acid (1H, 7.44–7.51 ppm) and the remainder of the
aromatic region (7.15–7.36 ppm), which represented 3H from the free boronic acid and all 4
aromatic protons from the complex. Unlike D-fructose and D-glucose, the single isolated proton
of the complexed species (7.33 ppm) was too broad to integrate accurately, and the entire region
was used instead.
5.7.4 Preparation of Boronated RNase A	
  
	
  

5-Amino-2-hydroxymethylphenylboronic acid (320 mg, 1.70 mmol) was added to 30 mL
of distilled, deionized H2O, and the resulting solution was adjusted to pH 5.0 with NaOH. To this
solution was added RNase A (200 mg, 15 µmol), followed by EDC (640 mg, 3.30 mmol), and
the pH was adjusted again to 5.0 with NaOH. The reaction mixture was incubated at ambient
temperature overnight on a nutating mixer by BD (Franklin Lakes, NJ). Additional EDC
(360 mg, 1.9 mmol) was added, and the solution was incubated at the same conditions for 3.5 h
(24 h total). The solution was then subjected to centrifugation (5 min at 1000 rpm, and 5 min at
5000 rpm) to remove insoluble boronic acid, and dialyzed (3500 molecular weight cutoff)
against distilled, deionized H2O for 3 d at 4 °C, with daily water exchanges. The solution was
then passed through a 0.45-µm filter and loaded onto a 5-mL column of HiTrap Heparin HP
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resin. To prepare a high-salt buffer, NaCl (58.4 g, 1.00 mol) was added to 100 mL of a 10× stock
solution of PBS. This solution was diluted with distilled, deionized H2O to a final volume of 1 L,
and adjusted to pH 7.4, making a buffer of PBS plus an additional 1 M NaCl. The resin was
washed with 75 mL of PBS buffer, and protein was eluted with a linear gradient of 225 mL of
additional NaCl (0.0–1.0 M) in PBS buffer. Fractions were collected, pooled, concentrated,
stored at 4 °C, and analyzed by MALDI–TOF mass spectrometry. The mass spectrum between
13–16 kDa was fitted to a Gaussian curve with GraphPad Prism version 5.02 software to
determine the average mass. Conjugation to 5-amino-2-hydroxymethylboronic acid was
confirmed by trypsin-digest mass spectrometry, which revealed the additional mass (113 Da,
corresponding to dehydrated 5-amino-2-hydroxymethylboronic acid) of carboxylic acid
containing peptide fragments. The ribonucleolytic activity of boronated RNase A (kcat/KM = 1.6 ±
0.2 × 107 M–1·s–1) was 17% that of unmodified RNase A (kcat/KM = 9.6 ± 0.7 × 107 M–1·s–1).
5.7.5 Preparation of Inactivated, Boronated RNase A	
  
	
  

RNase A (38 mg, 2.8 µmol) was dissolved in 575.5 µL of 0.10 M sodium acetate buffer,
pH 4.9. In a separate solution, 2-bromoacetic acid (123 mg, 883 µmol) was dissolved in 9.2 mL
of 0.10 M sodium acetate buffer and the resulting solution was adjusted to pH 5.2. An aliquot
(288 µL) of the 2-bromoacetic acid solution was added to the RNase A solution to generate a
final concentration of 32 mM 2-bromoacetic acid and 3.2 mM RNase A. The reaction mixture
was incubated at ambient temperature for 24 h on a nutating mixer, after which the reaction was
dialyzed overnight against distilled, deionized H2O. The inactivated RNase A was then loaded
onto a column of Mono S HR 16/10 cation-exchange resin from Pharmacia. The resin was
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Figure 5.13 MALDI–TOF spectra of (A) unmodified RNase A and (B) boronated RNase A.
Data were fitted to a Gaussian curve (red line). The observed molecular mass of unmodified
RNase A (13,659 Da) was subtracted from the observed molecular mass of boronated RNase A
(14,641 Da) to give 982 Da. This value was divided by the molecular mass of 5-amino-2hydroxymethylphenylboronic acid after correcting for the water lost during conjugation (148.95
Da – 18.02 Da = 130.93 Da) to give 7.5 ± 2.0 boronic acids conjugated to RNase A, where SD =
2.0 arises from the SD of the Gaussian fit, 265.2 Da, divided by 130.93 Da.

washed with a 40-mL linear gradient of NaCl (0.00–0.05 M) in 10 mM sodium phosphate buffer,
pH 6.0, and eluted with a 603-mL linear gradient of NaCl (0.05–0.40 M) in 10 mM sodium
phosphate buffer, pH 6.0. Fractions were collected, pooled, and dialyzed overnight at 4 °C
against 50 mM sodium acetate buffer, pH 5. Inactivated RNase A was then loaded onto a 5-mL
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column of HiTrap Heparin HP resin. The resin was washed with 10 mL of 50 mM sodium
acetate buffer, pH 5.0, and eluted with a 200-mL linear gradient of NaCl (0.0–0.4 M) in 50 mM
sodium acetate buffer, pH 5.0. Fractions were collected, and analyzed by MALDI–TOF mass
spectrometry. Fractions with a molecular mass greater than that of wild-type RNase A were
pooled and dialyzed extensively with distilled, deionized H2O at 4 °C. 5-Amino-2hydroxymethylphenylboronic acid was then conjugated as described above. Briefly, to 0.5 mL of
chemically

inactivated

RNase

A

(6

mg,

400

nmol)

was

added

5-amino-2-

hydroxymethylphenylboronic acid (10 mg, 50 µmol), and adjusted to pH 5. EDC was then added
(19 mg, 100 µmol), and the resulting solution was adjusted to pH 5. The reaction mixture was
incubated at ambient temperature for 20.5 h on a nutating mixer before adding additional EDC
(11 mg, 56 µmol), and then incubated for an additional 3.5 h. Inactivated, boronated RNase A
was dialyzed against distilled, deionized H2O and purified on a 1-mL column of HiTrap Heparin
HP resin as described for boronated RNase A, but scaled for the 1-mL column. The
ribonucleolytic activity of inactivated, boronated RNase A (kcat/KM = 3.0 ± 0.2 × 105 M–1·s–1) was
2% that of boronated RNase A (kcat/KM = 1.6 ± 0.2 × 107 M–1·s–1).

5.7.6 Preparation of BODIPY FL-Labeled Ribonucleases	
  
	
  
	
  

	
  

Both unmodified and boronated RNase A were labeled with BODIPY FL. An aliquot

(3.83 mL) of a solution of ribonuclease (120 µM) was adjusted to pH 8.3. BODIPY FL STP ester
(5 mg; 9 µmol) was dissolved in 0.5 mL of DMF. To the solution of ribonuclease was added 125
µL of the BODIPY FL STP ester solution. The reaction mixture was incubated at ambient
temperature on a nutating mixer for 4–6 h, and then incubated at 4 °C on a nutating mixer
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overnight. Labeled ribonuclease was loaded onto a 1-mL column of HiTrap Heparin HP resin.
The resin was washed with 30 mL of 10 mM sodium phosphate buffer, pH 6.0. The protein was
eluted with a 60-mL linear gradient of NaCl (0.0–1.5 M) and pH (6.0–7.4) in 10 mM sodium
phosphate buffer, pH 7.4. Fractions were collected, pooled, concentrated, and analyzed by SDS–
PAGE and MALDI–TOF mass spectrometry.
Labeled ribonucleases were dissolved in at least a 10× volume of DPBS, passed through
a 0.45-µm syringe filter from Whatman (Piscataway, NJ), and re-concentrated before being used
in assays. In this manner, the proteins were dissolved in solution that was largely DPBS.
Concentrations of proteins were determined by UV spectroscopy using the extinction coefficient
of RNase A at 280 nm (ε = 0.72 (mg·mL–1)–1·cm–1)230 but on a molar basis (ε = 9.9 mM–1·cm–1).
The absorbance of benzoxaborole was found to be negligible, contributing <6% to the A280 nm of
the boronated ribonuclease. The concentration of labeled ribonucleases was corrected for
fluorophore

absorbance

by

using

the

manufacturer’s

protocol

(http://tools.invitrogen.com/content/sfs/manuals/mp00143.pdf). Percent labeling was determined
by UV spectroscopy at 504 nm using the extinction coefficient of BODIPY FL (ε = 68,000
M–1·cm–1) as per the manufacturer’s protocol.

5.7.7 Heparin-Affinity Assays
	
  
	
  

	
  

The affinity of unmodified and boronated RNase A for heparin was assessed by retention

on a 1.0-mL column of HiTrap Heparin HP resin (GE Healthcare, Piscataway, NJ). Unmodified
and boronated RNase A were mixed in a 1:1 ratio (~146 nmol each) in DPBS, and the resulting
solution was loaded onto the resin. The resin was washed with 5 mL of PBS, followed by elution
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with 45 mL of a linear gradient of NaCl (0.0–1.0 M) in PBS. Elution was monitored by
absorbance at 280 nm, and eluted proteins were identified by mass spectrometry. A small amount
of unmodified RNase A was apparent in peak B (Figure 5.2). We hypothesize that boronated
RNase A was able to complex to a small amount of unmodified RNase A and extend its elution
time. The same assay was then repeated with 100 mM
D-fructose–supplemented

D-fructose

in both buffers. To make

buffers, fructose (18 g, 100 mmol) was added to 100 mL of a 10×

stock solution of PBS, either no additional NaCl or NaCl (58.4 g, 1.00 mol) was added, and both
buffers were diluted to a final volume of 1 L and adjusted to pH 7.4.

5.7.8 Fluorescence Polarization Assays	
  
Liposomes were formed by transferring DOPC (dissolved in chloroform solution) and
GD3 gangliosides (dissolved in 63:35:5 chloroform/methanol/water) to glass tubes and drying
them under Ar(g) and then under vacuum. Lipids were re-suspended in 25 mM HEPES buffer,
pH 7.0, containing NaCl (75 mM). The solution of lipids was mixed by vortexing for 2 min, and
incubated at 37 °C for 1 h. For DOPC liposomes, DOPC was resuspended at a concentration of 5
mM. For GD3 ganglioside-labeled liposomes, DOPC and GD3 gangliosides were mixed at 3 and
2 mM concentrations, respectively. Large unilammelar vesicles were formed by extrusion
through a 0.1-µm polycarbonate filter from Whatman (GE Healthcare, Piscataway, NJ). This
process produces a population of vesicles of near uniform size (~100–150 nm diameter as
measured by dynamic light scattering). A portion of the DOPC lipids before extrusion were
aliquoted as a control.
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Fluorescence polarization assays were performed using 50 nM BODIPY FL-labeled
unmodified and boronated RNase A in black NBS 96-well plates (Corning Costar, Lowell, MA).
Ribonucleases were incubated with DOPC liposomes (625 µM total lipid) or GD3 gangliosidelabeled liposomes (375 µM DOPC, 250 µM GD3 ganglioside = 625 µM total lipid) in 25 mM
HEPES buffer, pH 7.0, containing NaCl (75 mM) in the absence or presence of

D-fructose

(10 mM). In control wells, ribonucleases were incubated with non-extruded DOPC lipids.
Fluorescence polarization at 470/535 nm with a G-factor of 1.257 was recorded after shaking the
plate briefly and incubating at ambient temperature for 1 h. Control well polarization was
subtracted from experimental well polarization for each ribonuclease. The assay was performed
in triplicate.
The affinity of boronated RNase A for GD3 ganglioside-labeled liposomes was assessed
by using serially diluted liposomes. GD3 ganglioside-labeled liposomes were serially diluted in
25 mM HEPES, pH 7.0, containing NaCl (75 mM) with dilutions of 62.5 nM–1250 µM total
lipid. Because the composition of these liposomes was 3:2 DOPC/GD3 ganglioside, this dilution
resulted in solutions containing GD3 ganglioside at 25 nM–500 µM. Control DOPC liposomes
(with no GD3 ganglioside) were likewise diluted in the same buffer, producing solutions of
62.5 nM–1250 µM total lipid. Liposomes were then incubated with 50 nM BODIPY FL-labeled
boronated RNase A in the same buffer in a black NBS 96-well plate. Fluorescence polarization
was recorded after shaking the plate briefly and incubating at ambient temperature for 35 min.
Fluorescence polarization from GD3 ganglioside-labeled liposomes was subtracted from that of
DOPC-only liposomes, thereby correcting for binding to DOPC and for changes in solution
viscosity. The assay was performed in duplicate. The fraction of labeled ribonuclease bound for
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each sample well was calculated by dividing its polarization from the polarization of
ribonucleases incubated with the highest concentration of GD3 ganglioside (set at 100% bound).
The value of Kd was calculated by plotting the fraction bound against the concentration of GD3
ganglioside and fitting the data to a binding isotherm.231

Figure 5.14	
   Fluorescence polarization data for the binding of boronated RNase
A to GD3 ganglioside in liposomes. BODIPY FL-labeled boronated RNase A was
incubated with liposomes containing GD3 ganglioside in 25 mM HEPES buffer,
pH 7.0, containing NaCl (75 mM). Data points represent the mean (± SE) of
duplicate experiments. Data were fitted to a binding isotherm231 to give Kd = (53 ±
11) µM.
	
  

5.7.9 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 (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
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streptomycin (100 µg/mL) in the appropriate cellular medium as follows: Pro-5, MEM α +
ribonucleosides

+

deoxyribonucleosides;

Lec-2,

MEM

α

–

ribonucleosides

–

deoxyribonucleosides; and K562, RPMI 1640. Cells were counted by hemocytometry for
dispensing into 12-well plates (Corning Costar, Lowell, MA) or 8-well chambered coverglass
slides (Nuc Lab-Tek II, Thermo Scientific).

5.7.10 Flow Cytometry Assays
BODIPY-FL was excited with a 488 nm solid-state laser and the emission was collected
with a 530/30 bandpass filter. To collect the most reproducible data, for every flow cytometry
experiment, the sensitivity (voltage) of the photomultiplier tube was set for all data collections
using mid-range Rainbow beads from Spherotech (Lake Forest, IL) to a predetermined
fluorescence target value. At least 10,000 cellular events were acquired for each sample. Data
were analyzed using FlowJo 8.1.3 (Treestar, Ashland, Oregon).
The day prior to an experiment, Pro-5 and Lec-2 cells were plated in 12-well plates at 1 ×
105 cells/well. The day of the experiment, the appropriate amount of D-fructose was dissolved
into the cellular medium to obtain a final D-fructose concentration of 250 mM, and the medium
was passed through a 0.45-µm syringe filter from Whatman. Non–fructose-containing medium
was filtered likewise. Stock solutions of fluorescently labeled ribonucleases were diluted into the
cell culture to a final concentration of 5 µM. Ribonucleases were incubated with cells for 4 h.
Then, the cells were rinsed with PBS (2 × 400 µL), removed from the cell culture plate with
trypsin (400 µL, 0.05% (1×) with EDTA; Invitrogen, Carlsbad, California), placed in flow
cytometry tubes containing 80 µL of FBS, and incubated on ice until analyzed by flow
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cytometry. Final fluorescence values were divided by the percent fluorophore labeling of the
ribonuclease to determine the corrected value of fluorescence. Experiments were run twice in
triplicate.

5.7.11 Confocal Microscopy
Pro-5 cells were plated on Nunc Lab-tek II 8-well chambered coverglass 24 h before use
and grown to 80% confluency. Cells were incubated with 5 µM BODIPY FL-labeled
ribonucleases for 4 h. Cell nuclei were stained with Hoechst 33342 (Invitrogen, 2 µg/mL) for the
final 15 min of incubation. Cells were then washed twice with PBS, suspended in PBS, and
examined using a Nikon Eclipse C1 laser scanning confocal microscope.

5.7.12 Ribonucleolytic Activity Assays
The ribonucleolytic activities of RNase A, boronated RNase A, and inactivated,
boronated RNase A were determined by quantifying their ability to cleave 6-FAM–dArUdAdA–
6-TAMRA, as described previously.232 Assays were carried out at ambient temperature in 2 mL
of 0.10 M MES–NaOH buffer, pH 6.0, containing NaCl (0.10 M). 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 ribonuclease, If is the fluorescence intensity after
complete substrate hydrolysis, and [E] is the total ribonuclease concentration. The assay was
performed in triplicate.
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5.7.13 Cell-Proliferation Assays
The effect of unmodified and boronated RNase A on the proliferation of K-562 cells was
assayed as described previously.233 For assays, 5 μL of a solution of ribonuclease or PBS
(control) was added to 95 μL of cells (5.0 × 104 cells/mL). For co-treatment assays with Dfructose, ribonucleases were first serially diluted at 2× concentration, followed by addition of an
equal volume of 2 M

D-fructose

in PBS to each ribonuclease dilution, resulting in a 1×

ribonuclease dilution as before but now containing 1 M D-fructose. Then, 5 μL of each dilution
was added to cells as above, including a control of PBS containing 1 M D-fructose. Because 5 μL
of samples were added to 95 μL of cells, the final concentration of D-fructose in each well was
50 mM. After a 44-h incubation, K-562 cells were treated with [methyl-3H]thymidine for 4 h, and
the incorporation of radioactive thymidine into cellular DNA was quantitated by liquid
scintillation counting. The results are shown as the percentage of [methyl-3H]thymidine
incorporated relative to control cells treated with PBS. Data are the average of three
measurements for each concentration, and the entire experiment was repeated in triplicate.
Values for IC50 were calculated by fitting the curves by nonlinear regression to the equation: y =
100% / (1 + 10(log(IC50) – log[ribonuclease])h), in which y is the total DNA synthesis following the [methyl3

H]thymidine pulse and h is the slope of the curve.
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Chapter Six
Future Directions
6.1

Developing Sialic Acid Inhibitors for the Delivery of siRNAs
As described in Chapter Two, the anionic glycocalyx is a substantial barrier to the

cellular uptake of oligonucleotides, including siRNAs. We postulated that inhibitors of the
expression of GAGs or sialic acid should enhance siRNA delivery into mammalian cells.
Methodologies for the development of O-linked glycosylation inhibitors and for inhibitors of
sulfotransferases have already been developed.234-237 Bertozzi and co-workers have developed
several azide containing glycans that can be naturally incorporated into the cell surface of a
mammalian cell. N-Azidoacetylmannosamine (ManAz) can be metabolized and incorporated into
glycans where sialic acid normally resides.238-240 This results in an azide-containing analogue of
sialic acid being expressed on the cell surface, which can react with a strained alkyne to attach a
fluorophore onto the cell surface.238-240 This system can quantitate the level of sialic acid
expression on a cell. Therefore, in a high throughput screen, one should be able to determine if a
compound of interest is inhibiting ManAz incorporation. Any positive hits in the screen that truly
are inhibitors of sialic acid expression should then be tested as enhancers of siRNA uptake as
described in Chapter Two.
6.2

Expanding the Use of Ribonucleoside 3´ Phosphate Pro-moieties

	
  

The primary advantage of this prodrug strategy is its immense modularity. As described

in Chapter Four, the rate of hydrolysis of this prodrug strategy is based upon the nucleobase
attached to the ribose and RNase 1 can only hydrolyze prodrugs attached to pyrimidine
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nucleotides. To expand upon the obtainable rates of hydrolysis for this system, pyrimidine
nucleobase analogues will need to be tested. Upon development of a series of cleavable
ribonucleotides, this system should allow for substantial modulation of the rate of activation of
drugs.
As described in Chapter Three, RNase 1 can cleave aryloxy groups attached to the 3´
phosphate of a ribonucleotide and in Chapter Four we demonstrated that it can also cleave an
alkoxy group. This system can be expanded even further with self-immolative linkers, which
could liberate amine-containing therapeutics. Additionally, the 5´ hydroxyl group of the
nucleotide can be modified for enhanced aqueous solubility or any other property one would
want to impart on the prodrug.
Ultimately, an in vivo experiment is needed to assess the true viability of this pro-drug
strategy. The ideal drug for an initial study would have substantial side effects and contain
hydroxyl or amine functional groups to conjugate to a ribonucleotide 3´ phosphate. To date,
doxorubicin is the best-known example of how a drug delivery system can significantly improve
the therapeutic index of a drug. Doxorubicin is one of the most commonly used anticancer agents
for hematological and solid tumors. Cardiomyopathy is the dose-limiting toxicity associated
with doxorubicin use and approximately 2% of patients who receive a lifetime dose of 450500mg/m2 will experience this condition, which can lead to congestive heart failure and death.241
However, by formulating doxorubicin in a polyethylene glycosylated liposome (Doxil),
clinicians are now able to dose doxorubicin at significantly higher doses, simultaneously
increasing the efficacy of doxorubicin while reducing cardiotoxicity.242 Additionally,
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doxorubicin contains both phenolic and alkoxy hydroxy groups and contains one free amine.
Using protecting groups, synthesis of a ribonucleotide 3´-(doxorubicin phosphate) conjugate
should be attainable. By comparing doxorubicin and Doxil to the ribonucleotide 3´-(doxorubicin
phosphate) for treatment of a xenograft tumor in a mouse, the efficacy of ribonucleotide 3´
phosphates as a prodrug strategy can be determined.	
  
	
  
6.3 Expanding the Use of Boronate-Mediated Biologic Delivery	
  
	
  
We tested boronates for the delivery of two other proteins, lysozyme and albumin. The
lysozyme-boronate conjugates had enhanced delivery compared to wild-type protein (data not
shown), however, the albumin conjugate crashed out of solution (data not shown). We think the
albumin conjugate self-oligomerized because the protein is covered in glycans. Therefore, there
will be certain proteins that are amendable to boronate-mediated delivery and others that are not.
Future studies should determine what types of proteins are amendable to this strategy.
Boronates with specificity to cancer specific glycans have been developed.228 These types
of moieties would make intriguing tumor targeting agents, but would have to be tested in a
xenograft tumor mouse model to assess their efficacy. Additionally, by moving into an in vivo
model, the efficacy as a general drug delivery reagent could be assessed. More specifically, the
pharmacokinetics of boronated proteins would be very interesting to determine. From a charge
perspective, benzoxaborole, which is anionic at pH 7.4, should either hinder the rate of clearance
or not affect the parent protein’s clearance rate.225,226,243
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Appendix One
DNA-Mediated, Liposome–Cell Fusion	
  
	
  

A1.1 Abstract
	
  
Adverse drug reactions are a leading cause of death in the United States. Consequently,
there is significant interest in drug carrier systems designed to specifically deliver drugs to their
site of action to reduce adverse side effects. Many drug delivery strategies have been proposed
over the past 40 years, but to date, liposomes have been the most extensively studied.
Liposomes were once considered to be the most promising drug delivery vehicle due to
their

non-immunogenic properties, ability to easily encapsulate chemotherapeutic agents, and

perceived capacity to directly fuse with cellular membranes. It was soon discovered that
liposomes have two major shortcomings as a drug delivery vehicle: (i) they rely on the endocytic
pathway to deliver their therapeutic contents to the cytoplasm and (ii) they confer only a small
degree of specificity for particular cell types. Researchers have been trying to overcome these
obstacles for over thirty years. To date, only two liposomal drug formulations, doxorubicin and
amphotericin B, have gained widespread clinical use.
To overcome both of these limitations, we proposed a strategy inspired by SNARE
(soluble N-ethylmaleimide-sensitive factor attachment protein receptor) protein-mediated
vesicular fusion.

Similar to the helical, coiled-coil SNARE complex, lipid-anchored,

complementary oligonucleotides displayed on the surface of vesicles have been shown to form
helices that mediate vesicle-to-vesicle fusion.

By labeling cells with oligonucleotides, I

attempted to adapt this technology to drive liposome–cell fusion, creating the first liposomal
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system to directly deliver liposomal contents to the cytoplasm of a cell independent of the
endocytic pathway.	
  	
  	
  
	
  
A1.2 Author Contributions
R.T.R. proposed using DNA to fuse liposomes to cells. M.J.P. performed the research
and drafted this chapter and figures. M.J.P. and R.T.R. designed experiments and analyzed data.	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
	
  

	
  

154

A1.3 Introduction
	
  
According to a recent meta-analysis, adverse drug reactions are estimated to be between
the 4th and 6th leading cause of death in the United States.244 More specifically, the cardiovascular
system is most commonly affected. For the past decade, the most frequent cause for withdrawal
of a drug off the market or severe restriction of use has been development of cardiotoxicity.245 To
date, doxorubicin is the best known example of how a drug delivery system can significantly
improve the therapeutic index of a drug.241,242 To significantly reduce adverse drug effects, it is
paramount that specific and efficient drug delivery systems are developed. Many drug delivery
strategies have been proposed over the past 40 years, but to date, liposomes have been the most
extensively studied.
Early studies on cell–liposome interactions incorrectly concluded that vesicles passively
fuse with the plasma membrane.246 Further research elucidated that liposomes depend upon
endocytosis for cytoplasmic delivery.27,247-254

Therefore, encapsulated contents have three

possible fates (Figure A1.1). Small molecules that exist as a neutral species along the endosomal
pathway (pH 7.4–4.0) will reach the cytoplasm by passively diffusing out of the endocytic
pathway (Figure A1.1-1).255 Some liposome formulations destabilize lipid-bilayers in a mildly
acidic environment, allowing for the escape of polar molecules (Figure A1.1-2).256-264 Otherwise,
liposomes and their contents are shuttled to the lysosome for degradation (Figure A1.1-3). All
current liposomal technology relies on escape from the endocytic pathway in order to deliver
encapsulated contents into cells. This project sought to develop novel liposomal technology that
will drive vesicle-plasma membrane fusion and efficiently deliver liposomal contents directly to
the interior of cells (Figure A1.1).	
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Figure A1.1 Mechanisms of Liposomal Delivery: Current liposomal technology relies on endocytosis.
Therefore, encapsulated contents reach the cytoplasm by: (1) passive diffusion across the lipid bilayers or
(2) destabilization of the liposome–endosome complex to allow content leakage. The third fate is (3)
lysosomal degradation of the liposome and its contents. This proposal aims to develop liposomes that (4)
directly fuse to the plasma membrane to deliver therapeutics, circumventing entirely the endocytic
pathway.
	
  

We sought to premise our delivery strategy after SNARE (soluble N-ethylmaleimidesensitive factor attachment protein receptor) proteins, which provide the driving force for fusion
between secretory vesicles and the plasma membrane in eukaryotic cells. The coiling and
transformation of the trans-SNARE complex to the cis-SNARE helix induces membrane fusion
(Figure A1.2).1 SNARE-mediated membrane fusion is the most tightly regulated, spatially
accurate, and fastest (less than 1 ms) membrane fusion event occurring in mammalian cells.265-267
SNAREs consist of three regions: the N terminal helical forming domain, linker domain, and the
C terminal transmembrane domain.1 The dynamic coiling of the helical region is believed to
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drive membrane fusion since anchoring two membranes within close approximation is not
sufficient for fusion.1,268 Lengthening the linker domain abolishes fusion, and the structure of the
linker domain is not significant.269-271 Any anchor, lipid or protein, that spans both leaflets of the
vesicle is sufficient for membrane fusion, whereas the target membrane anchor only needs to be
hydrophobic enough to anchor a SNARE to the membrane.268,272
	
  
	
  	
  	
  	
  	
  

Figure A1.2 Proposed Transition States of SNARE-Mediated Membrane Fusion: The tight
trans-SNARE complex perturbs the lipid bilayers, forcing the outer membrane leaflets to fuse
(hemifusion). Then the inner membrane leaflets contact and fuse, initially creating a pore, which
enlarges and allows full content mixing. The energetically favorable transformation from a transmembrane complex to a cis-membrane, four-strand, helical coiled-coil drives membrane fusion.
2,273
274
Recently,
oligonucleotide
Figure
reproduced
from Jahn et al. 1 and leucine zipper helical formation was shown to induce

SNARE-like membrane fusion in vitro. Of these systems, Boxer and coworkers achieved the
greatest percentage of content mixing between liposomes using lipid–oligonucleotide conjugates
to incorporate oligonucleotides into vesicular lipid bilayers.

The poly-deoxyadenosine

(dA)/deoxythymine (dT) complementary lipid–oligonucleotide pair induced significantly greater
content mixing than any other pair tested, achieving ~15% liposomal content mixing after an
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hour compared to ~0% for control liposomes (Figure A1.3).2 These results demonstrate clearly
the dramatic increase in membrane fusion events the poly-dA/dT lipid-oligonucleotide system
can achieve relative to control liposomes. Based upon these in vitro studies, we hypothesized that
oligonucleotide-labeled liposomes would efficiently and specifically fuse with cells bearing the
complementary oligonucleotide.	
  	
  	
  
	
  	
  	
  	
  	
  	
  
Figure A1.3 Content mixing of lipidoligonucleotide driven vesicle–vesicle fusion:
Content mixing between liposomes was
measured by formation of the fluorescent
Tb+3(DPA)–3 complex. Experiments consisted of
liposomes labeled with: complementary 5’– and
3’–poly-dA/dT
coupled
DNA
(purple),
complementary 5’–coupled DNA (cyan), and
noncomplementary 5’– and 3’–coupled DNA
(magenta). The no DNA liposome trial plot is
obscured by the noncomplementary 5’– and 3’–
coupled DNA plot. Figure was adapted from
Chan et al. 2

	
  
	
  
	
  

For the past 30 years, many developments in liposomal cancer chemotherapies have been
aimed at specifically targeting liposomes to tumors. The antineoplastic drug doxorubicin was
one of the first drugs formulated in a liposome.275 Not only did this formulation reduce toxic
cardiac side effects compared to doxorubicin alone, the liposomal formulation also passively
enhanced tumor specificity.242 Further study determined that liposomes, which are typically 50–
100 nm in size, have increased biodistribution to tumors compared to normal tissues as tumors
possess highly permeable vasculature (100–780 nm pores)276 and no lymphatic drainage
system.277-279

Further tumor specificity has been achieved through labeling liposomes with
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tumor-specific antibodies or ligands for receptors that are up-regulated in tumors.280-289 However,
the aforementioned liposomal strategies rely on endocytosis for drug delivery. Our system relied
on anchoring to the lipid-bilayer of a cell with a lipid, therefore we sought lipid anchors that had
a propensity to accumulate into a tissue of interest (tumors). We hypothesized that by using
tumor targeting lipids, we could specifically label cancer cells with oligonucleotides and
therefore our liposomal drug delivery system would have the potential to efficiently and
specifically deliver therapeutics into these cells. Consequently, this would significantly increase
the therapeutic index of current cancer chemotherapies.
We proposed to achieve tumor specificity by anchoring oligonucleotides to cancertargeting lipids. In the 1960’s, it was observed that tumors have a higher concentration of ether
lipids than normal tissues.290,291

Although the specific mechanism of accumulation is still

unknown, antineoplastic C16, C18, and C22 alkylphosphocholine (APC) analogues have been
shown to accumulate in tumor cell membranes.292-294

More recently, structure-activity

relationship studies on radioiodinated phosphoether lipids have revealed a novel lipid, NM-404,
that upon intravenous injection specifically accumulates in the plasma membranes of tumors.295
Preclinical trials in non-small-cell lung cancer patients revealed tumor uptake and prolonged
retention.295 NM-404 has been proven to accumulate in 47 different solid tumor types and is
currently in clinical trials for adjunctive and/or curative treatment of non-small-cell lung cancer,
pancreatic cancer, and primary or metastatic brain cancer.296 NM-404 structurally consists of
two components: the radio-iodide that allows for detection of NM-404’s location in the body and
an alkylphosphocholine that dictates specificity to neoplasms. The phenyl ring of NM-404
prevents SN2 reactions that would displace the radio-iodide, but it is unclear if the phenyl ring or
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phenyliodide also functions as a necessary component for tumor specificity. Additionally, it is
unclear how important the phosphatidylcholine head group is for tumor specificity, therefore we
proposed investigating the use of octadecanol as the lipid anchor in our primary studies for
DNA-mediated, liposomal–cell fusion (Figure A1.4 for an overview of the proposed delivery
system). 	
  
	
  

	
  
	
  
	
  
	
  

Figure A1.4 Overview of Proposed Delivery System: A) First, cells are labeled by incubating the cells with media
containing the lipid–oligonucleotide conjugates (LOs) B) Then liposomes labeled with complementary DNA are added to
the media C) Complementary DNA strands anneal, causing a SNARE-like liposome–cell fusion event D) And finally,
liposomal contents are delivered directly to the cytoplasm of the cell

	
   	
  

A1.4 Results and Discussion

Regardless of the conditions tried, delivery of calcein encapsulated liposomes only
demonstrated punctate staining (Figure A1.5A). If robust cytoplasmic delivery were occurring,
diffuse cytoplasmic staining should occur as seen with Calcein AM (Figure A1.5B).
Unfortunately, there are several things that could be going wrong with this system.
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Figure A1.5 (A) Representative image of calcein delivery using this liposomal system. As seen, there is
significant punctate staining (green) indicating the calcein is entrapped in endosomes. The nucleus is
stained blue with Hoechst 33342 (Invitrogen; 2 μg/mL). (B) Hela cells treated with Calcein AM
demonstrating robust cytoplasmic delivery of calcein into a cell. Image is from the Anaspec website.

As described in Chapter Two, LOs are substantially repelled from the cell surface and are
in constant equilibrium with the cellular medium. Consequently, during these experiments, the
LOs most likely came into equilibrium between being localized on the liposomes or on the cell
surface and were able to hybridize with their complementary LO without driving a fusion event.
Therefore, the first issue to troubleshoot is engineering a more stable LO by using more
hydrophobic lipids and a LO that is not repelled from the cell surface. I found that even a LO
with a 1,2-O- dioctadecyl-rac-glycerol lipid was not stably incorporated into the glycocalyx
(Chapter Two), therefore elimination of the charge-charge repulsions of a LO with the
glycocalyx is essential. This could be accomplished by synthesizing an oligonucleotide out of
peptide nucleic acid monomers, which results in an oligonucleotide containing a peptide
backbone as opposed to a phosphodiester ribonucleotide backbone.297
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Upon resolving the LO stability on the cell surface issue, there are still several hurtles
that need to be overcome in order for this system to function properly. In order for two
membranes to fuse, the membranes need to be strained into a fusogenic orientation by the fusion
machinery, where the only route for energy release is bilayer fusion (Figure A1.6).298

Figure A1.6 Example reaction coordinate of the membrane fusion process.

Due to the cellular glycocalyx, the system where one lipid-bilayer is the plasma
membrane and the other lipid-bilayer is a liposome significantly complicates membrane fusion
(Figure A1.7). Initially, the liposome must dock with the oligonucleotide that is anchored to the
cell surface. It is unclear how far out from the cell surface the average glycocalyx reaches,
therefore it is unclear how long the oligonucleotide needs to be to permit efficient docking. After
the liposome anchored oligonucleotide initiates hybridization with the cell-anchored
oligonucleotide, there are several requirements that need to be met for a successful fusion event
to occur. In order of energy strength/forces, the force anchoring the oligonucleotide into the cell
membrane has to be the largest/strongest force in the system. Otherwise the easiest route to
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reducing strain in the system would be for the anchor of one oligonucleotide to flip out of the
lipid-bilayer of one membrane and into the lipid-bilayer of the other membrane as depicted in
Figure A1.7. The next strongest force required in the system would be the strength of
hybridization. If the force required to “move” any glycans in the cell surface away from the
interface of the liposome and plasma membrane is greater than the driving force of hybridization,
then the system will get stuck in a hemi-hybridized state as depicted in Figure A1.7. So long as
these forces are greater than the forces required to drag a liposome through the glycocalyx while
not rupturing the liposome and move the glycans out of the way, the force required to dehydrate
the space between membranes, and the force required to pucker the membranes, then successful
fusion will occur.298
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Figure A1.7 Steps of the liposomal fusion process using oligonucleotides. The first step is
liposome docking, however it is unclear as to how long an oligonucleotide would have to be in
order to span the glycocalyx and hybridize with its complementary oligonucleotide. Upon
initiation of hybridization, in order for the fusion process to occur, there are several force
requirements. Mainly, the anchor membrane affinity has to be greater than the force applied to
the system by hybridization and the forces required for fusion of two lipid bilayers to occur.	
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A1.5 Conclusions
Rothman and co-workers demonstrated that two cells can be fused together by expressing
SNAREs on the cell surface.299 Therefore, the additional barriers to fusion that the glycocalyx
imposes on this system can be surmounted, however, a great deal of engineering will be required
to get this system to function fully.	
  
	
  
A1.6 Materials and Methods	
  
In order to have the most fusogenic liposomes possible that were also relatively stable,
liposomes were made from 55% 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 30%
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and 15% cholesterol. Lipids (Avanti Polar
Lipids, Alabaster, Alabama) dissolved in chloroform were dispensed into a glass vial, dried with
argon gas, and put under high vaccuum for one hour. Buffered solutions to be captured inside of
liposomes contained solutions that were isotonic to mammalian physiological buffers (250-300
mOsM) to prevent rupture in cellular medium. Calcein containing liposomes were made in the
following buffer: 80 mM NaCl, 20 mM Tris, 50 mM calcein, at pH 7.4. 1 mL of this buffer was
added to the dried lipids, making a 4 mM total lipid solution, and mixed by vortex for 2 min.
Then the lipid solution was freeze/thawed five times by switching the glass tube between a
solution of ethanol in dry ice and a 30º C water bath. This process enhances encapsulation of
calcein into liposomes. Then the solution was incubated for 30 min in the water bath. Finally, the
solution was extruded through an Avanti Mini Extruder with 0.1 µm polycarbonate filter a total
of 19 times. Then a LO was added to the solution to achieve approximately a 100:1 LO:vesicle
ratio. This solution was incubated overnight at 4º C. Liposome size were confirmed by dynamic
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light scattering in the bioinformatics instrumentation facility. Then the liposomes were purified
over a 10 mL CL-4B column. The calcein encapsulated, LO labeled liposomes came off the
column as an amber solution. The first few 0.5 mL fractions off the column were collected as the
most pure fractions of liposomes. Concentrations of lipids in the final solutions were determined
by the phosphorous assay. Liposomes were kept at 4º C in an aluminum foil covered vial until
use.
Hela cells were plated (6 x 104 cells/well) into 8 chamber glass slides as described in
Chapter Two. These cells were labeled with the complementary LO as described in Chapter Two
and incubated with various concentrations (1x, 10x, and 100x) of LO labeled, calceinencapsulated liposomes for either 15 min, 1 h, or 3 h. Cells were assessed for cytoplasmic
calcein delivery by confocal microscopy.	
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Appendix Two
A Potent, Versatile Disulfide-Reducing Agent from Aspartic Acid*
* This chapter has been published in part, under the same title. Reference: Lukesh, J.C., Palte,
M.J., & Raines, R.T. A potent, versatile disulfide-reducing agent from aspartic acid. J. Am.
Chem. Soc.134, 4057-4059 (2012).
Additionally, of note was that this work was featured in Chemical & Engineering News: A Better
Disulfide Reducing Agent. 2012 Feb 29.

A2.1 Abstract
Dithiothreitol (DTT) is the standard reagent for reducing disulfide bonds between and
within biological molecules. At neutral pH, however, >99% of DTT thiol groups are protonated
and thus unreactive. Herein, we report on (2S)-2-amino-1,4-dimercaptobutane (dithiobutylamine
or DTBA), a dithiol that can be synthesized from L-aspartic acid in a few high-yielding steps that
are amenable to a large-scale process. DTBA has thiol pKa values that are ~1 unit lower than
those of DTT and forms a disulfide with a similar E°′ value. DTBA reduces disulfide bonds in
both small molecules and proteins faster than does DTT. The amino group of DTBA enables its
isolation by cation-exchange and facilitates its conjugation. These attributes indicate that DTBA
is a superior reagent for reducing disulfide bonds in aqueous solution.
A2.2

Author Contributions
M.J.P. established protocols for enzyme assays and taught J.C.L. how to do and analyze

enzyme kinetics. M.J.P. assisted with the separation of DTBA using an ion-exchange resin.

	
  
	
  

	
  

J.C.L. performed all other research and drafted the original manuscript and figures. J.C.L.,
M.J.P., and R.T.R. planed experiments, analyzed data, and edited the manuscript and figures.
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A2.3 Introduction
Approximately 20% of human proteins are predicted to contain disulfide bonds between
cysteine residues. Small-molecule thiols can reduce these (and other) disulfide bonds, thereby
modulating biomolecular function.300-311 The reaction mechanism involves thiol–disulfide
interchange initiated by a thiolate.312-319 The ensuing mixed disulfide can become trapped if the
reagent is a monothiol, such as β-mercaptoethanol (βME).139 To overcome this problem, Cleland
developed racemic (2S,3S)-1,4-dimercaptobutane-2,3-diol (dithiothreitol or DTT; Table A2.1), a
dithiol that resolves a mixed disulfide by forming a six-membered ring.2a, DTT is a potent
reducing agent (E°′ –0.327 V),306 and has been the preferred reagent for the quantitative
reduction of disulfide bonds for decades, despite its high cost.168,320
At physiological pH, DTT is a sluggish reducing agent. The reactivity of a dithiol is
governed by the lower of its two thiol pKa values.2,3 With its lower thiol pKa value being 9.2
(Table A2.1), <1% of DTT resides in a reactive thiolate form at pH 7.0.161

A2.4 Results and Discussion
We sought to develop a non-racemic dithiol with low thiol pKa and disulfide E°´.
Moreover, we sought a reagent that could be accessed in high yield from an inexpensive source.
We envisioned that (2S)-2-amino-1,4-dimercaptobutane (dithiobutylamine or DTBA;
Table A2.1) could fulfill our physicochemical criteria, and be synthesized from L-aspartic acid,
which is an abundant amino acid.,321 We accessed DTBA via the two routes depicted in
Scheme A2.1. A five-step route commenced with the esterification of the amino acid and
protection of its amino group. Reduction with lithium aluminum hydride yielded a diol, which

	
  
	
  

	
  

169

was subjected to Mitsunobu conditions to install the requisite sulfur functionality.322
Deprotection gave DTBA as its HCl salt in 99% purity and an overall yield of 60%. A six-step
route that avoids generation of triphenylphosphine oxide, a recalcitrant byproduct of the
Mitsunobu reaction,322 provided DTBA·HCl in an overall yield of 56%. In both routes, the
product of every step is a white solid.
Table A2.1 Physical properties of disulfide-reducing agents.

βME
cysteamine

Thiol pKa

Disulfide Reduction Potential (E°′)

9.61 a

–0.196 V b

8.37 c

–0.203 V b

9.2 (10.1) d

–0.327 V e

DTT (racemate)
8.2 ± 0.2
DTBA
a

(9.3 ± 0.1)

f

(–0.317 ± 0.002) V f

Value is from ref. 323. b Values are from ref. 314. c Value is from ref. 324. d Values are from ref. 312. e Value is from ref.
. Values are the mean ± SE from this work.

325 f
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Scheme A2.1 Synthesis of DTBA
DTBA has desirable physicochemical attributes. Its HCl salt is a nearly odorless white
solid with high solubility in water. Using a pH-titration monitored by ultraviolet
spectroscopy,326,327 we determined the thiol pKa values of DTBA be 8.2 ± 0.2 and 9.3 ± 0.1
(Figure S1; Table 1).166 These values are ~1 unit lower than those of DTT. This difference is
comparable to that between cysteamine and βME, and likely results from the strong Coulombic
and inductive effects of the protonated amino group. By equilibrating reduced DTBA with
oxidized DTT and using HPLC to quantify reduced and oxidized species, we found the reduction
potential of oxidized DTBA to be E°′ = (–0.317 ± 0.002) V (Figure S2; Table 1). This E°′ value
is slightly less than that of DTT, consistent with more acidic thiols forming less stable disulfide
bonds and with the preorganization of DTT for disulfide-bond formation by its hydroxyl groups,
which can form an intramolecular hydrogen bone and manifest a gauche effect.
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Figure A2.1 Effect of pH on absorbance at 238 nm of DTBA (0.10 mM) in 0.10 M potassium
phosphate buffer. Fitting the data to eq 1 yielded pKa values of 8.2 ± 0.2 and 9.3 ± 0.1, and
extinction coefficients of
= 83.17 M-1cm-1,
= 3436 M-1cm-1, and
= M-1cm-1 with r2 >
0.99.
DTBA is an efficacious reducing agent for disulfide bonds in small molecules. We found
that DTBA reduces the disulfide bond in oxidized βME 3.5-fold faster than does DTT at pH 7.0,
and 4.4-fold faster at pH 5.5 (Figure A2.1A). These rate accelerations are commensurate with the
lower thiol pKa of DTBA. At pH 7.0, DTBA reduces oxidized L-glutathione 5.2-fold more
rapidly than does DTT (Figure A1.1B). As oxidized L-glutathione has a net charge of –2 near
neutral pH, a favorable Coulombic interaction could contribute to this higher rate acceleration.
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Figure A2.2 Time-course for the reduction of a mixed disulfide in small molecules by DTBA
DTBA
DTT
kobs
and DTT in 50 mM potassium phosphate buffer. A. Reduction of oxidized βME; kobs
= 3.5
DTBA
DTT
DTBA
DTT
at pH 7.0; kobs kobs = 4.4 at pH 5.5. B. Reduction of oxidized L-glutathione; kobs kobs = 5.2 at pH
7.0.
DTBA is also an efficacious reducing agent for disulfide bonds in proteins. A cysteine
residue resides within the active site of papain (Cys25) and near that of creatine kinase (Cys283).
Forming a mixed disulfide with that cysteine residue is known to eliminate their enzymatic
activities.311,328,329 These two enzymes differ, however, in the electrostatic environment of their
active sites. The active site of papain is hydrophobic like its substrates, though there is an anionic
region nearby (Figure 2.3A).330,331 In contrast, the active site of creatine kinase is cationic,

	
  
	
  

	
  

173

complementary to its anionic substrates (Figure 2.3B).332-335 We found that DTBA reduces a
disulfide bond in the hydrophobic/anionic active site of papain 14-fold faster than does DTT
(Figure 2.3A). In contrast, the two reagents reduce a disulfide bond near the cationic active site
of creatine kinase at a similar rate.

Figure A2.3 Time-course for the reduction of a mixed disulfide in enzymic active sites by
DTBA and DTT in 0.10 M imidazole–HCl buffer, pH 7.0, containing EDTA (2 mM). A.
DTBA
DTT
kobs
Reduction of papain-Cys35–S–S–CH3; kobs
= 14. B. Reduction of creatine kinase-Cys283–
DTBA
DTT
S–S–L-glutathione; kobs kobs = 1.1. Insets: Electrostatic potential maps with red = anionic and
blue = cationic, as generated by the program PyMOL (Schrödinger, Portland, OR) using PDB
entries 1ppn331 and 2crk.335
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A2.5 Conclusions
The amino group of DTBA confers additional benefits. For example, a disulfide-reducing
agent that can be readily isolated, regenerated, and reused incurs less cost and generates less
waste.336-338 Moreover, extraneous disulfide bonds absorb light at 280 nm, which can confound
standard measurements of protein concentration. We reasoned that DTBA could be isolated by
its adsorption to a cation-exchange resin. Indeed, >99% of DTBA (but <1% of DTT) was
removed from sodium phosphate buffer, pH 8.0, upon addition of Dowex® 50 resin (see:
Supporting Information). We also note that the amino group of DTBA enables its covalent
attachment to a soluble molecule, resin, or surface by simple reactions, such as reductive
amination (which preserves the cationic charge) or N-acylation. We conclude that the attributes
of DTBA could enable it to supplant DTT as the preferred reagent for reducing disulfide bonds
in biomolecules.
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A2.7 Materials and Methods
A2.7.1 General.
Commercial reagents were used without further purification. Dithiothreitol (DTT) was
from Research Products International (Mt. Prospect, IL). Bis(2-mercaptoethyl)sulfone (BMS)
was from Santa Cruz Biotechnology (Santa Cruz, CA). Papain (lyophilized powder from papaya
latex), creatine kinase (lyophilized powder from rabbit muscle), hexokinase (lyophilized powder
from Saccharomyces cerevisiae), glucose-6-phosphate dehydrogenase (ammonium sulfate
suspension from baker’s yeast), Nα-benzoyl-L-arginine-4-nitroanilide hydrochloride, (S)-methyl
methanethiosulfonate (Kenyon’s reagent), trans-4,5-dihydroxy-1,2-dithiane (oxidized DTT),
oxidized L-glutathione, oxidized 2-mercaptoethanol, and DOWEX 50WX4-400 ion-exchange
resin were from Sigma Chemical (St. Louis, MO). Bis(2-mercaptoethyl) sulfone disulfide
(oxidized BMS) was synthesized as reported previously.306
All glassware was oven or flame-dried, and reactions were performed under N2(g) unless
stated otherwise. Dichloromethane, diethyl ether, and tetrahydrofuran were dried over a column
of alumina. Dimethylformamide and triethylamine were dried over a column of alumina and
purified further by passage through an isocyanate scrubbing column. Flash chromatography was
performed with columns of 40–63 Å silica, 230–400 mesh (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-
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drive oil pump. 1H NMR spectra were acquired at ambient temperature with a Bruker DMX-400
Avance spectrometer at the National Magnetic Resonance Facility at Madison (NMRFAM) and
referenced to TMS or residual protic solvent. 13C NMR spectra were acquired with a Varian
MercuryPlus 300 and referenced to residual protic solvent. 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. Ellman’s assay for sulfhydryl
groups was performed with a Varian Cary 50 Bio UV–Vis spectrophotometer. UV absorbance
spectra of oxidized DTBA and oxidized DTT were acquired with a Varian Cary 300 Bio UV–Vis
spectrophotometer. Thiol pKa values were determined by using a Varian Cary 50 Bio UV–Vis
spectrophotometer. Equilibrium, reduction potential, and kinetic studies on peptides and small
molecules were performed on an analytical HPLC (Waters system equipped with a Waters 996
photodiode array detector, Empower 2 software and a Varian C18 reverse phase column).
Kinetic studies on proteins were carried out using a Varian Cary 300 Bio UV–Vis spectrometer
with a Cary temperature controller.
A2.7.2 Chemical Syntheses.

L-Aspartic acid (1; 5.002 g, 37.58 mmol) was added to an oven-dried round-bottom flask
and placed under an atmosphere of dry N2(g). The starting material was then dissolved partially
with 60 mL of anhydrous methanol, and the mixture was cooled to 0 °C. Once the desired
temperature was reached, thionyl chloride (8.2 mL, 110 mmol) was added drop-wise. After the
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addition was complete, the reaction mixture became homogenous, and was warmed slowly to
room temperature and left to stir for 14 h. The reaction mixture was then concentrated under
reduced pressure, and the resulting diester was dissolved in 150 mL of DCM and 100 mL of
water. To this biphasic solution was added sodium bicarbonate (4.212 g, 50.14 mmol) and di-tbutyl dicarbonate (9.841 g, 45.09 mmol), and the reaction mixture was heated at reflux for 4 h.
After the reaction was confirmed to be complete by TLC, the reaction mixture was allowed to
cool to room temperature. The organic layer was separated, and the aqueous layer was extracted
three times with 150 mL of DCM. The organic extracts were combined, washed with 250 mL of
saturated NaCl(aq), dried over MgSO4(s), and concentrated under reduced pressure. Flash
chromatography (35% v/v ethyl acetate in hexanes) was used to isolate 2 as a white solid
(9.080 g, 92%, 2 steps).

1

H NMR (400 MHz, CDCl3) δ = 5.49 (d, J = 8.3 Hz, 1H), 4.60–4.57 (m, 1H), 3.76 (s, 3H), 3.70

(s, 3H), 3.01 (dd, J = 17, 4.4 Hz, 1H), 2.83 (dd, J = 17.0, 4.7), 1.45 (s, 9H); 13C NMR (75 MHz,
CDCl3) δ = 171.6, 171.5, 155.5, 80.3, 52.8, 52.1, 50.0, 36.8, 28.4; HRMS (ESI) calculated for
[C11H19NO6Na]+ (M+Na+) requires m/z = 284.1105, found 284.1113.

An oven-dried round-bottom flask was charged with lithium aluminum hydride (0.870 g,
22.9 mmol) and placed under an atmosphere of dry N2(g). The flask was cooled to 0 °C in an ice
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bath, and 100 mL of anhydrous diethyl ether was added. In a separate dry round-bottom flask,
compound 2 (2.021 g, 7.735 mmol) was dissolved in 50 mL of anhydrous diethyl ether.
Sonication was required to make the solution completely homogenous. The ester was then added
drop-wise to the reaction mixture. Once the addition was complete, the reaction mixture was
stirred at 0 °C for an additional 30 min, warmed to room temperature, and allowed to react for an
additional 2 h. Subsequently, the reaction mixture was quenched at 0 °C by the slow, sequential
addition of 0.87 mL of water, 0.87 mL of 15% w/w NaOH, and 2.6 mL of water. The mixture
was left to stir at room temperature for 1 h. The aluminum salts were collected by vacuum
filtration, and subjected to continuous solid–liquid extractions with dichloromethane using a
Soxhlet apparatus. The organic extracts and the original organic filtrate were combined and
concentrated under reduced pressure. Flash chromatography (ethyl acetate) was used to isolate 3
as a white solid (1.310 g, 82%). Compound 3 had been prepared from L-aspartic acid by a
different route.339

1

H NMR (400 MHz, DMSO-d6) δ = 6.46 (d, J = 8.8 Hz, 1H), 4.56 (t, J = 5.7 Hz, 1H), 4.34 (t, J

= 5.1 Hz, 1H), 3.46–3.37 (m, 3H), 3.32 (dt, J = 10.6, 5.4 Hz, 1H), 3.23 (dt, J = 10.6, 5.9 Hz, 1H),
1.69–1.61 (m, 1H), 1.45–1.37 (m, 1H), 1.37 (s, 9H); 13C NMR (75 MHz, CDCl3) δ = 157.2,
80.1, 65.4, 58.9, 49.5, 35.0, 28.5; HRMS (ESI) calculated for [C9H19NO4Na]+ (M+Na+) requires
m/z = 228.1207, found 228.1201.
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A dry round-bottom flask was charged with triphenylphosphine (1.711 g, 6.523 mmol)
and placed under an atmosphere of dry N2(g). Anhydrous THF (27 mL) was then added, and the
solution was placed in an ice bath and cooled to 0 °C. Diisopropyl azodicarboxylate (1.3 mL,
6.6 mmol) was added drop-wise to the flask. Once the addition was complete, the reaction
mixture was allowed to stir for an additional 20 min. Compound 3 (0.559 g, 2.72 mmol) in
10 mL of dry THF and thioacetic acid (0.47 mL, 6.6 mmol) was then added with stirring. The
reaction mixture was stirred at 0 °C for 1 h, and then at room temperature for 16 h. (Longer
reaction times resulted in lower yields.) The mixture was concentrated under reduced pressure.
Flash chromatography (30% v/v ethyl acetate in hexanes) was used to isolate 4 as a white solid
(0.711 g, 81%). Compound 4 had been prepared from L-aspartic acid by a different route.339

1

H NMR (400 MHz, CDCl3) δ = 4.59 (d, J = 7.9 Hz, 1H), 3.85–3.76 (m, 1H), 3.12–2.95 (m,

3H), 2.82 (ddd, J = 13.7, 8.5, 7.1 Hz, 1H), 2.36 (s, 3H), 2.33 (s, 3H), 1.84–1.75 (m, 1H), 1.74–
1.64 (m, 1H), 1.44 (s, 9H); 13C NMR (75 MHz, CDCl3) δ = 195.9, 195.6, 155.6, 79.7, 50.1,
34.5, 33.8, 30.73, 30.71, 28.5, 25.9; HRMS (ESI) calculated for [C13H23NO4S2Na]+ (M+Na+)
requires m/z = 344.0961, found 344.0962.
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A dry round-bottom flask was charged with 3 (1.178 g, 5.739 mmol) and placed under
dry N2(g), Anhydrous DCM (125 mL) was then added, and the solution was cooled to 0 °C.
Triethylamine (4.0 mL, 29 mmol) was added, followed by slow drop-wise addition of
methanesulfonyl chloride (MsCl) (1.0 mL, 13 mmol). After stirring at 0 °C for 30 min, the
reaction mixture was allowed to warm slowly to room temperature and left to react for an
additional 30 min. The reaction mixture was quenched by the addition 100 mL of water, and
extracted with DCM. The combined organic extracts were washed with brine, dried over
MgSO4(s), and concentrated under reduced pressure. Flash chromatography (60% v/v ethyl
acetate in hexanes) was used to isolate 6 as a white solid (1.782 g, 86%).

1

H NMR (400 MHz, CDCl3) δ = 4.81 (d, J = 9.7 Hz, 1H), 4.39–4.26 (m, 4H), 4.10–4.05 (m,

1H), 3.06 (s, 3H), 3.05 (s, 3H), 2.13–1.96 (m, 2H), 1.48 (s, 9H); 13C NMR (75 MHz, CDCl3) δ =
155.4, 80.6, 71.0, 66.3, 47.0, 37.7, 37.6, 31.2, 28.5; HRMS (ESI) calculated for
[C11H23NO8S2Na]+ (M+Na+) requires m/z = 384.0758, found 384.0775.
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Compound 6 (0.610 g, 1.688 mmol), potassium thioacetate (0.482 g, 4.22 mmol), and 18-crown6 (1.351 g, 5.111 mmol) were added to a dry round-bottom flask and dissolved with 150 mL of
anhydrous DMF. The reaction mixture was stirred under under dry N2(g) for 24 h. The DMF was
removed under reduced pressure. Flash chromatography (30% v/v ethyl acetate in hexanes) was
used to isolate 4 as a white solid (0.475 g, 87%). Compound 4 had been prepared from L-aspartic
acid by a different route.339

1

H NMR (400 MHz, CDCl3) δ = 4.59 (d, J = 7.9 Hz, 1H), 3.85–3.76 (m, 1H), 3.12–2.95 (m,

3H), 2.82 (ddd, J = 13.7, 8.5, 7.1 Hz, 1H), 2.36 (s, 3H), 2.33 (s, 3H), 1.84–1.75 (m, 1H), 1.74–
1.64 (m, 1H), 1.44 (s, 9H); 13C NMR (75 MHz, CDCl3) δ = 195.9, 195.6, 155.6, 79.7, 50.1,
34.5, 33.8, 30.73, 30.71, 28.5, 25.9; HRMS (ESI) calculated for [C13H23NO4S2Na]+ (M+Na+)
requires m/z = 344.0961, found 344.0962.

Compound 4 (0.601 g, 1.87 mmol) was added to a flame-dried round-bottom flask under
dry N2(g). Anhydrous methanol (20 mL) was added, followed by 10 mL of 3 N HCl in methanol.
The reaction mixture was heated at reflux for 4 h, concentrated under reduced pressure, and
stored in vacuo with P2O5 and KOH for 48 h.301 (Scratching the bottom of the flask facilitated
crystal formation.) Compound 5 (DTBA·HCl) was rinsed with cold toluene, and isolated by
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vacuum filtration as a white solid (0.320 g, quant). DTBA made in this manner was determined
to be 99% pure according to Ellman’s assay for sulfhydryl groups (vide infra).340-342

1

H NMR (400 MHz, DMSO-d6) δ = 8.29 (s, 3H), 3.34–3.32 (m, 1 H), 2.96 (t, J = 8.7 Hz, 1H),

2.81–2.75 (m, 2H), 2.60–2.56 (m, 3H), 1.95–1.86 (m, 2H); 13C NMR (75 MHz, DMSO-d6) δ =
51.2, 35.0, 26.0, 19.6; HRMS (ESI) calculated for [C4H12NS2]+ (M+) requires m/z = 138.0406,
found 138.0405.

Compound 4 (0.482 g, 1.50 mmol) and potassium hydroxide (0.340 g, 6.06 mmol) were
dissolved in 50 mL of methanol, and the resulting solution was stirred for 16 h while bubbling a
light stream of air through the solution. The methanol was removed under reduced pressure, and
the mixture was extracted with DCM, washed with brine, and dried over MgSO4(s). Flash
chromatography (20% v/v ethyl acetate in hexanes) was used to isolate 7 as a white solid
(0.331 g, 94%).

1

H NMR (400 MHz, DMSO-d6) δ = 7.08 (d, J = 7.9 Hz, 1H), 3.53–3.41 (m, 1H), 3.07–3.01 (m,

1H), 2.91–2.85 (m, 2H), 2.60 (dd, J = 13.0, 10.5 Hz, 1 H), 2.08–2.03 (m, 1H), 1.67–1.57 (m,
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1H), 1.38 (s, 9H); 13C NMR (75 MHz, DMSO-d6) δ = 155.2, 78.7, 49.3, 37.9, 34.9, 34.5, 28.9;
HRMS (ESI) calculated for [C9H17NO2S2]+ (M+) requires m/z = 258.0593, found 258.0602.

	
  

Compound 7 (0.402 g, 1.71 mmol) was added to a round-bottom flask. Anhydrous
methanol (20 mL) was added, followed by 10 mL of 3 N HCl in methanol. The reaction mixture
was heated at reflux for 4 h under N2(g), concentrated under reduced pressure, and stored in
vacuo with P2O5 and KOH for 24 h. (Scratching the bottom of the flask facilitated crystal
formation.) Compound 8, oxidized DTBA·HCl, was isolated as a white solid (0.289 g, quant).

1

H NMR (400 MHz, DMSO-d6) δ = 8.29 (s, 3H), 3.43–3.37 (m, 1H), 3.15–3.08 (m, 2H), 3.02–

2.96 (m, 1H), 2.88 (dd, J = 13.1, 10.6 Hz, 1H), 2.32–2.28 (m, 1H), 1.85–1.77 (m, 1H); 13C NMR
(75 MHz, DMSO-d6) δ = 48.7, 34.6, 32.8, 31.5; HRMS (ESI) calculated for [C4H10NS2]+ (M+)
requires m/z = 136.0250, found 136.0249.

A2.7.3 Purity of DTBA assessed by Ellman’s assay for sulfhydryl groups.
A reaction buffer (0.10 M sodium phosphate buffer, pH 8.0, containing 1 mM EDTA)
was prepared by the Pierce protocol. Ellman’s reagent solution was primed by adding Ellman’s
reagent (4 mg) to 1 mL of the reaction buffer. A 2.50 × 10–4 M solution of DTBA was then
prepared using the reaction buffer. Ellman’s reagent solution (50 µL) was added to each of two
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vials containing 2.5 mL of reaction buffer. Reaction buffer (250 µL) was added to one of these
vials, and its absorbance at 412 nm was used as a blank. DTBA solution (250 µL) was added to
the other vial. After 10 min, its absorbance at 412 nm was recorded. Using Beer’s law (c =
A/(ε·l) with A = 0.623, l = 1 cm, and ε = 14,150 M–1cm–1) gave a thiol concentration of 4.40 ×
10–5 M. Because DTBA contains two thiol groups, the assay solution had a DTBA concentration
of 2.20 × 10–5 M. Accounting for dilution and using the equation M1·V1 = M2·V2, where V1 =
2.50 × 10–4 L, M2 = 2.20 × 10–5 M, and V2 = 2.8 × 10–3 L, yielded M1 = 2.46 × 10–4 M and thus a
DTBA purity of (2.46 × 10–4 M)/(2.50 × 10–4 M) × 100% = 98.4%. Three repetitions of this
assay gave (99 ± 1)% purity. This assay revealed that commercial DTT and BMS had >98%
purity.

A2.7.4 Determination of thiol pKa values
The thiol pKa values of DTBA were determined by measuring its absorbance at 238 nm
in solutions of various pH. The deprotonated thiolate absorbs much more strongly at 238 nm than
does its protonated counterpart.327 This attribute was exploited for determining thiol pKa values
as described previously.326 Buffered stock solutions of K3PO4, K2HPO4, and KH2PO4 (100 mM)
were degassed and flushed with N2(g) for 1 h immediately prior to use. A stock solution of
DTBA (1.5 mM) in KH2PO4 was then prepared. Various combinations of the buffered stock
solutions were combined in duplicate to give two identical sets of 1-mL solutions of pH 5.5–11.
KH2PO4 stock solution (70 µL) was added to each replicate pair of solutions and used to set the
A238 to zero. Dithiol solution (70 µL) was then added to its complementary 1-mL vial, and its
absorbance at 238 nm was recorded. The pH of the solution was then immediately measured
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using a Beckman pH meter, which had been calibrated prior to use with pH 7 and pH 10 standard
solutions from Fisher Scientific. This process was repeated multiple times to obtain a plot of A238
vs pH (Figure A2.1).
pKa values were determined by fitting the data in Figure A2.1 to eq 1,326 which is derived
from Beer’s law and the definition of the acid dissociation constant.326 In eq 1, CT is total thiol
concentration,

is the extinction coefficient of the doubly protonated form,

extinction coefficient of the singly protonated form, and

is the

is the extinction coefficient of the

unprotonated form. Both pKa values and extinction coefficients were determined from the curve
fit with the program Prism 5.0 (GraphPad Software, La Jolla, CA).

! ε S–– 10 pH–pKa2 + ε S– + ε SH 10 pKa1 –pH $
SH
SH
&
A238 = CT ## S
pH–pK a2
pK a1 –pH
&
10
+1+10
"
%

(1)

A2.7.5 Reduction potential of DTBA
The reduction potential (E°') of DTBA was determined by using HPLC to determine the
equilibrium constant for its reaction with oxidized DTT (eq 2), and then inserting this value into
a variation of the Nernst equation (eq 3).306 Data were obtained by a procedure similar to that
described previously.306,326 DTBA (10.5 mg, 0.06 mmol) and oxidized DTT (9.2 mg, 0.06 mmol)
were added to a 25-mL round-bottom flask. The flask was then flushed with N2(g) for 30 min.
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=
[DTBA][oxidized DTT] [oxidized DTT]2

EDTBA º! = EDTT º! −

RT
[DTT]2
ln
nF [oxidized DTT]2

186

(2)

(3)

Figure A2.4 Representative HPLC chromatogram of the redox equilibrium between DTBA and
DTT. Compounds were detected by their absorbance at 205 nm.
A 50 mM stock solution of potassium phosphate buffer (pH 7) was degassed and purged
with N2(g) for 30 min immediately prior to use. Buffer (15 mL) was added, and the reaction
mixture was stirred under N2(g) for 24 h at room temperature. The reaction mixture was then
quenched by the addition of 3 N HCl (1:100 dilution). The reaction mixture was passed through
a 4.5-µm filter, and 100 µL of the reaction mixture was analyzed immediately by HPLC using a
Waters system equipped with a Waters 996 photodiode array detector, Empower 2 software, and
a Varian C18 reverse-phase column. The column was eluted at 1.0 mL/min with water (5.0 mL),
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followed by a linear gradient (0–40% v/v) of acetonitrile/water over 40 min. Compounds were
detected by their absorbance at 205 nm. Reduced and oxidized DTBA are highly polar and elute
from the column immediately (as confirmed by LC–MS). Two peaks, however, were clearly
visible in the chromatogram (Figure A2.4). HPLC analysis of standards revealed that the two
peaks were reduced DTT (retention time: 19 min) and oxidized DTT (retention time: 23 min).
Calibration curves were generated and found to be linear over the used concentration range.
From these curves, the equilibrium concentrations of reduced and oxidized DTT were
determined, and a Keq = 0.469 ± 0.131 for the reaction was found. Assuming that DTT has E°' =
–0.327 V,301 eq 3 (which is a variation of the Nernst equation) was used to calculate that DTBA
has E°' = –(0.317 ± 0.002) V. This value is the mean ± SE from seven experiments. The reverse
reaction between oxidized DTBA and reduced DTT revealed that equilibrium had been
established under the experimental conditions.

A2.7.6 Reduction potential of BMS
The procedure described in Section V was also performed with BMS. With Keq = 0.0517
± 0.0194 and assuming E°' = –0.327 V for DTT,301 BMS was found to have E°' = (–0.291 ±
0.002) V, which was again the mean ± SE from seven experiments. The reduction potential for
BMS was reported previously to be E°' = –0.31 V.306
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Figure A2.5 Representative HPLC chromatogram of the redox equilibrium
between BMS and DTT. Compounds were detected by their absorbance at 205
nm.
A2.7.7 Kinetic studies on the reduction of oxidized βME

−

∂[disulfide]total
= kobs [disulfide]total [thiol]total
∂t

The observed second-order rate constant (kobs) for a thiol–disulfide interchange reaction
was determined by adapting a procedure describe previously.300 For disulfide = oxidized βME, a
50 mM stock solution of potassium phosphate buffer was degassed and purged with N2(g) for
30 min immediately prior to use. A stock solution of oxidized βME (10 mM) in 50 mM
potassium phosphate buffer, pH 7.0, was purged with N2(g) for 30 min immediately prior to use.
A 25-mL round-bottom flask was charged with DTBA (4.3 mg, 0.025 mmol) or DTT (3.9 mg,
0.025 mmol), and placed under N2(g). Phosphate buffer (2.5 mL) was added to the round-bottom
flask containing the dithiol. Oxidized βME stock solution (2.5 mL) was then added, and the
reaction mixture was stirred at room temperature under N2(g) for 1 min. The reaction mixture
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was quenched by the addition of 0.10 mL of 3 N HCl. The reaction mixture was passed through a
4.5-µm filter, and 100 µL of the reaction mixture was analyzed immediately by HPLC using a
Varian C18 reverse-phase column. The column was eluted at 1.0 mL/min with water (5.0 mL),
followed by a linear gradient (0–40% v/v) of acetonitrile/water over 40 min. The extent of
reduction was determined by integrating the newly formed peak corresponding to βME at
205 nm (retention time: 8 min). This process was repeated for reaction times of 2 and 4 min.
Calibration curves were generated and found to be linear over the used concentration range. The
amount of residual oxidized βME was calculated, and second-order rate constants were
calculated from a linear fit of the data in Figure A2.2A (that is, kobs = [(1/cfinal) – (1/cinitial)]/t). The
initial values of concentration in the reaction mixture were [DTBA or DTT] = [oxidized βME] =
cinitial = 5 mM. Rate constants were the mean ± SE from three experiments. DTBA: kobs = (0.29 ±
0.02) M–1s–1 and DTT: kobs = (0.084 ± 0.004) M-1s–1. The same procedure was performed for
reactions at pH 5.5, giving DTBA: kobs = (0.0093 ± 0.0003) M–1s–1 and DTT: kobs = (0.0021 ±
0.0002) M–1s–1 (Figure A2.1A).

A2.7.8 Kinetic studies on the reduction of oxidized L-glutathione
An experiment similar to that in Section VII was conducted with disulfide = oxidized Lglutathione. Reactions were quenched at various time points (2, 4, 6, and 8 min) and 100 µL was
analyzed by HPLC (1.0 mL/min with water (5.0 mL) in 0.1% v/v TFA, followed by a linear
gradient (0–40% v/v) of acetonitrile in 0.1% v/v TFA over 40 min). The extent of reduction was
determined by integrating the newly formed L-glutathione reduced peak at 220 nm (retention
time of 7 min). Second-order rate constants were calculated from a linear fit of the data in
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Figure A2.2B (that is, kobs = [(1/cfinal) – (1/cinitial)]/t). Rate constants were the mean ± SE from
three experiments. DTBA: kobs = (0.83 ± 0.04) M–1s–1 and DTT: kobs = (0.16 ± 0.02) M–1s–1.

A2.7.9 Kinetic studies on the reactivation of papain
papain-Cys25–SH + CH3S(O2)SCH3 ⟶ papain-Cys25–S–S–CH3 + CH3SO2H

kobs
papain-Cys25–S–S–CH3 + DTBA (or DTT) ⟶ papain-Cys25–SH + oxidized DTBA (or
oxidized DTT)

papain-Cys25–SH
C6H5C(O)–Arg–NH-C6H4-p-NO2 + H2O ⟶ C6H5C(O)–ArgOH + H2N-C6H4-p-NO2

Cys25 near the active site of papaya latex papain was oxidized as a mixed disulfide by a
procedure described previously.307 Briefly, a stock solution of methyl methanethiosulfonate
(3.5 mM) was prepared by dilution of 5 µL of methyl methanethiosulfonate with 15 mL of
0.10 M potassium phosphate buffer, pH 7.0, containing EDTA (2 mM). KCl (0.011 g,
0.15 mmol) was added to 1.5 mL of this stock solution. The solution was deoxygenated by
bubbling N2(g) through it for 15 min. Next, papain (5 mg, 150 units) was added, and the resulting
solution was incubated at room temperature under N2(g) for 12 h. Excess methyl
methanethiosulfonate was removed by size-exclusion chromatography using a Sephadex G-25
column. The final concentration of papain was determined by A280 using ε280 = 5.60 × 104 M-1cm–
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A solution (0.26 mL) of the chromatographed protein was diluted with 4.94 mL of

deoxygenated aqueous buffer (0.10 M imidazole–HCl buffer, pH 7.0, containing 2 mM EDTA).
Enzyme solution (1.25 mL) was then added to four separate vials. DTBA or DTT (10 µL of a
1 mM solution) was added to one of the vials, and a timer was started. The initial concentrations
in the reaction mixture were dithiol reducing agent: 7.9 × 10–6 M and inactive protein: 4.9 × 10–6
M. At various times, an 0.20-mL aliquot was removed from the reaction mixture and added to a
cuvette of 0.8 mL of substrate solution (1.25 mM N-benzoyl-L-arginyl-p-nitroanilide in 0.10 M
imidazole–HCl buffer, pH 6.0, containing 2 mM EDTA). The rate of change in absorbance at
410 nm was recorded at 25 °C. A unit of protein is defined by the amount of enzyme required to
produce 1 µmol/min of 4-nitroaniline. Using an extinction coefficient for 4-nitroaniline of ε =
8,800 M–1cm–1 at 410 nm, the number of units of active papain in solution at each time point was
calculated. To determine the possible number of units of active papain in the reaction mixture, a
large excess of DTT (~103-fold) was added to one vial and the activity was assessed. As a
control, it was determined that the concentrations of DTT used had no bearing on the assay data
other than activating the protein. y = enzymatic activity (%) at particular times was calculated by
dividing the number of active units of enzyme by the possible number of units in the solution,
and was plotted in Figure A2.3A. To determine the value of the second-order rate constant kobs
for the reducing agents, the second-order rate equation (eq 4) was transformed into eq 5, which
was fitted to the data with the program Prism 5.0. In eq 4 and 5, Ao = [inactive protein]t=0, A =
[inactive protein]t = Ao – Aoy, Bo = [reducing agent]t=0, and B = [reducing agent]t = Bo – Aoy.
Values of kobs were the mean ± SE from three experiments. DTBA: kobs = (1275 ± 69) M–1s–1 and
DTT: kobs = (90.4 ± 5.2) M–1s–1.
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1
AB
ln o = kobst
Bo – Ao ABo

(4)

Bo – Bo e kobst ( Ao −Bo )
×100%
Bo – Ao e kobst ( Ao −Bo )

(5)
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A2.7.10 Kinetic studies on the reactivation of creatine kinase

creatine kinase-Cys283–SH + GSSG ⟶ creatine kinase-Cys283–S–SG + GSH

kobs
creatine kinase-Cys283–S–SG + DTBA (or DTT)

⟶

creatine kinase-Cys283–SH +

oxidized DTBA (or DTT)

creatine kinase-Cys283–SH
creatine phosphate + ADP ⟶ creatine + ATP

hexokinase
ATP + D-glucose ⟶ ADP + D-glucose-6-phosphate

glucose-6-phosphate dehydrogenase
D-glucose-6-phosphate

+ NADP+ ⟶

D-gluconate-6-phosphate

+ H+ + NADPH

Cys283 in the active site of rabbit muscle creatine kinase was oxidized as a mixed disulfide
by a procedure described previously,344 but with a slight modification in the measurement of
active enzyme. A unit of enzyme was defined as the amount required to produce 1 µmol/min of
NADPH. Using an extinction coefficient for NADPH of ε = 6.22 mM–1cm–1 at 340 nm, the units
of active creatine kinase in solution at a particular time were calculated. To determine the
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possible number of units of active creatine kinase in the reaction mixture, a large excess of DTT
(~103-fold) was added to one vial and the activity was assessed. As a control, it was determined
that the concentrations of DTT used had no bearing on the assay data other than activating the
protein. Enzymatic activity (%) at particular times was calculated by dividing the number of
active units of enzyme by the possible number of units in the solution, and was plotted in
Figure A2.3B. Values of the second-order rate constant kobs were determined by using eq 5 as
described in Section IX, and were the mean ± SE from three experiments. DTBA: kobs = (16.2 ±
0.7) M–1s–1 and DTT: kobs = (14.7 ± 0.4) M–1s–1.

A2.7.11 Separation of DTBA using an ion-exchange resin
A reaction buffer (0.10 M sodium phosphate, pH 8.0, 1 mM EDTA) was prepared.
Ellman’s reagent solution was prepared by adding Ellman’s reagent (4 mg) to 1 mL of the
reaction buffer. Next, to 25 mL of reaction buffer (0.10 M sodium phosphate, pH 8.0, 1 mM
EDTA) was added DTBA (2.2 mg, 1.27 × 10–5 mol) and 1.7 g of DOWEX 50WX4-400 ionexchange resin. The mixture was swirled for several minutes and filtered through a fritted
syringe. Ellman’s reagent solution (50 µL) was added to two separate vials containing 2.5 mL of
reaction buffer. As a blank, 250 µL of reaction buffer was added to one of the vials, and the
absorbance at 412 nm was set to zero. Filtrate (250 µL) was then added to the other vial and its
absorbance was recorded. With A412 = 0.012 and using an extinction coefficient of ε = 14,150 M–
1

cm–1,341,342 it was calculated that >99% of DTBA was retained by the resin and thus removed

from solution. The same assay was repeated with DTT, resulting in <1% being removed from
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solution. See section A2.7.3 for a more detailed explanation of similar calculations using
Ellman’s assay.

A2.7.12 Ultraviolet spectra of oxidized DTBA and oxidized DTT
Solutions of oxidized DTBA and DTT (1.0 mM) were prepared in Dulbecco’s phosphate
buffered saline (DPBS), and their ultraviolet spectra were recorded (Figure S4).

Figure A2.6 Ultraviolet spectrum of oxidized DTBA and oxidized DTT in DPBS.
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H NMR(DMSO-d6) and 13C NMR(DMSO-d6) of 5
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