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Fluorescent molecules are critical tools for biochemistry and biology. The utility of 

such probes is far reaching, spanning simple in vitro biochemical assays, to in vivo 

imaging. This dissertation describes research that involves building small-molecule 

probes to study biological processes by "tailoring" established fluorescent molecules 

through chemical synthesis. Chapter One is a survey of the small-molecule fluorophores 

used in bioresearch. The photophysical properties of a collection of commonly used 

fluorophores are described along with useful molecular probes built from these dye 

structures. This review highlights a key concept in the design of fluorophore-based tools 

for bioresearch-that of modularity. 

Chapter Two is our initial foray into tailoring fluorescent molecules. We build on 

previous work in the Raines lab where a fluorophore is appended with the "t:J:imethyl 

lock" moiety to create hyperstable enzyme substrates. In this effort we demonstrate that 

disparate classes of dyes can be masked using this strategy. Fluorophores wirch blue and 

red emission wavelengths are used to make esterase substrates that are useful in vitro and 

in cellulo. 

Chapter Three also involves the creation of masked fluorophores using the trimethyl 

lock strategy. In this work we developed a "fluorogenic label" to investigate the 

i 
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internalization of a cationic protein (bovine pancreatic ribonuclease) by cells. In contrast 

to a traditional fluorescent label, our fluorogenic label became fluorescent only upon 

cellular internalization of the conjugate. We utilized a monosubstituted urea-rhodamine 

dye as the core of our label. The urea substitution preserved fluorescence emission 

intensity, improved enzyme kinetics over a bis(trimethyllock)rhodamine substrate, and 

facilitated synthesis of a reactive moiety for bioconjugation. This label allowed imaging 

of cells without intermediate washing steps, culminating in a continuous imaging of 

endocytosis. 

11 

Chapter Four describes the design and synthesis of another fluorogenic label. We 

envisioned using a non-native enzyme-substrate pair to visualize the endosomal escape 

of ribonucleases into the cytosol. As a first-generation approach, we sought to install 

bacterial ~-galactosidase in the cytosol of cultured cells and label the ribonudeases with a 

complementary substrate. Synthesis of the desired fluorogenic label was accomplished 

using a reversible Diels-Alder reaction to protect the thiol-reactive maleimide group. 

Initial experiments showed encouraging results, demonstrating the use of a non-native 

substrate as a fluorogenic label holds promise as a useful tool in cell biology. 

Chapter Five describes another strategy to prepare stable fluorogenic substrates. Here 

an acetoxymethyl (AM) ether serves as a surrogate for the typical acetate ester group in 

esterase substrates based on fluorescein and resorufin fluorophores. We explore different 

synthetic conditions to prepare such masked fluorophores and then test their properties in 

vitro and in cellulo. 

Chapter Six deviates from the previous chapters. Instead of making fluorogenic 

enzyme substrates, here a fluorescent label is tailored to optimize a binding assay. 
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Previous work in the Raines lab described a binding assay based on a slight decrease in 

fluorescence intensity of a fluorescein-labeled ribonuclease variant upon binding to its 

cognate inhibitor protein in vitro. We determined this change is not due to a fluorescence 

quenching phenomenon, but is caused by a shift in the phenolic pKa of the fluorescein 

label due to the change in environment. We then hypothesized that "tuning" the pKa of 

fluorescein to a higher value could improve the dynamic range of the assay. Accordingly, 

we synthesized a diethylfluorescein derivative which gave a greater dynamic range in our 

assay, allowing miniaturization ultimately to a microplate format. 

The final Chapter Seven details the future directions of these projects, and is followed 

by several appendices describing disparate peripheral projects, involving different aspects 

of fluorescence and tailoring fluorescent small-molecules. Overall, this work 

demonstrates the power of organic chemistry. Simple, sometimes antique, synthetic 

molecules are elaborated in a rational manner to produce new tools for illuminating 

biological systems. 
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CHAPTER 1* 

FLUORESCENT DYES: TOOLS FOR BIOCHEMISTRY AND BIOLOGY 

Contribution: Composition of entire manuscript, including collection and organization of 
references, writing text, and preparing figure drafts. 

*This chapter will be published, in part, as an invited review. Reference: Lavis, L. D., 
and Raines, R. T. (2008). Bright ideas for chemical biology. ACS Chern. Bioi. in press. 
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Abstract: Small-molecule fluorescent probes embody an essential facet of chemical 

biology. Although numerous compounds are known, the ensemble of fluorescent probes 

is based on a modest collection of modular "core" dyes. The elaboration of these dyes 

with diverse chemical moieties is enabling the precise interrogation of biochemical and 

biological systems. The importance of fluorescence-based technologies in chemical 

biology elicits a necessity to understand the major classes of small-molecule 

fluorophores. Here, we examine the chemical and photophysical properties of oft -used 

fluorophores, and highlight classic and contemporary examples in which utility has been 

built upon these scaffolds. 

2 
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1.1 Introduction 

Small-molecule fluorescent molecules are indispensable tools for chemical biology, 

being ubiquitous as biomolecular labels, enzyme substrates, environmental indicators, 

and cellular staining agents (Petit et at., 1993; Johnson, 1998; Boonacker and Van 

Noorden, 2001; Valeur, 2002; Zhang et at., 2002; Frangioni, 2003; Goddard and 

Reymond, 2004a; Giepmans et al., 2006; Lakowicz, 2006; Waggoner, 2006; Johnsson 

and Johnsson, 2007; Sadagbiani et at., 2007). Choosing a suitable probe to visualize a 

biochemical or biological process can be daunting, given the countless molecules 

available either commercially (Haugland et ai., 2005) or through de novo design and 

synthesis. Fortunately, the plethora of fluorescent probes has an inherent modularity. 

Attachment of various reactive groups, substrate moieties, chelating components, and 

other chemical entities to a small number of "core" fluorophores gives rise to the 

ensemble of extant probes. Overall, these core fluorophores are well-established 

(Giepmans et at., 2006; Waggoner, 2006), consisting of molecules with excellent spectral 

characteristics, high photo- and chemical stabilities, as well as facile syntheses. Probe 

selection and design can, therefore, be simplified by understanding the properties of these 

foundational fluorescent compounds. 

In this review, we trek along the electromagnetic spectrum and discuss the properties 

of the main classes of fluorescent molecules used in bioresearch. We also give examples 

of tools constructed from these fluorophores. We believe comprehension of the strengths, 

weaknesses, and common uses of each dye class will equip the chemical biologist for 

expeditions to reveal new biochemical and biological phenomena. 
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1.2 Brief History 

The first well-defined small-molecule fluorophore was the natural product quinine 

(1.1), an important compound for both medicinal and organic chemistry (Kaufman and 

Ruveda, 2005). The visible emission from an aqueous quinine solution was reported by 

Herschel in 1845 (Herschel, 1845). Stokes showed this phenomenon was due to 

absorption of light by quinine followed by emission, and coined the term "fluorescence" 

to describe this process (Stokes, 1852). The importance of quinine as an antimalarial 

would later lead to an attempted synthesis by Perkin, starting from aniline deri vatives. Of 

course, the total synthesis of quinine would tarry for many decades, realized in essence 

by Woodward and Doering, and in practice by Stork (Seeman, 2007). Instead, Perkin's 

fated synthetic route produced the first synthetic textile dye, mauvine, in 1865. Perkin's 

success in the commercialization of mauvine and other "aniline dyes" is often considered 

to be the birth of the modem chemical industry (Garfield, 2001; Kaufman and Ruveda, 

2005). This achievement foreshadowed the discovery of many useful dye molecules, 

fluorescent and otherwise (Christie, 2001). These colored synthetic molecules were 

fodder for new biological experiments, and many found diagnostic or even clinical utility 

(Wainwright, 2003). 

The intrinsic fluorescence of quinine (1.1) also motivated the developmenlt of the 

fluorometer, which was needed to prepare antimalarial drug cocktails during "World War 

II (Lakowicz, 2006). The commercialization of such instrumentation in the 1950's 

allowed increased use of fluorescence-based bioanalytical techniques (Udenfriend, 1995). 

In the 1960's, the advent of the dye laser spurred much interest in the synthesis of novel 

or improved fluorescent molecules with desirable photophysical properties (Drexhage, 
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1977). Indeed, many fluorophores used in bioresearch today can trace their lineage back 

to laser dyes. 

1.3 Overview of Fluorescence 
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The process of fluorescence is illustrated in the Jablonski diagram shown in Figure 1.1 

(Lakowicz, 2006). Although this review is focused on single-photon excitation processes, 

multiphoton excitation is also an important and vibrant field (Svoboda and Yasuda, 

2006). The fluorescence process begins when a molecule in a singlet electronic ground 

state (So) absorbs a photon of suitable energy. This promotes an electron to higher energy 

orbitals, which relaxes quickly to the first singlet excited state (Sl). The decay of the 

excited state can occur with photon emission (i.e., fluorescence) or in a non-radiative 

(NR) fashion. This non-radiative "quenching" of the fluorophore excited state can occur 

through one of a variety of processes, including bond rotation or vibration, molecular 

collision (Zelent et al., 1998), and photoinduced electron transfer (PeT) (de Silva et al., 

1997). The excited state can also undergo forbidden intersystem crossing (ITC) to the 

triplet excited state (Tl) and subsequent relaxation either by photon emission (i.e., 

phosphorescence) or NR decay. ITC efficiency is increased by substitution with, or 

proximity to, atoms with high atomic number due to spin-orbit coupling-a phenomenon 

commonly termed the "heavy atom effect" (McGlynn et al., 1963). Another important 

pathway for decay of the singlet excited state involves Forster resonance energy transfer 

(FRET) to an acceptor molecule. This process is distance dependent, and can be used as a 

"spectroscopic ruler" to measure the proximity of labeled entities (Sapsford f.~t al., 2006). 
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There are several attributes that are critical for evaluating a fluorophore. The maximal 

absorption (Arnax) is related to the energy difference between the So and the higher energy 

levels. The absorptivity of a molecule at Arnax is given by the extinction coefficient (e), 

defined by the Beer-Lambert-Bouguer law. The maximal emission wavelength (..tern) is 

longer (i.e., lower in energy) than Arnax due to energy losses by solvent reorganization or 

other processes (Valeur, 2002). Stokes demonstrated this phenomenon by using a 

rudimentary filter set consisting of a stained glass window and a goblet of wine (Stokes, 

1852). The difference between Arnax and..tern is therefore termed the "Stokes shift". 

Fluorophores with small Stokes shifts are susceptible to self-quenching via energy 

transfer, therefore limiting the number of labels that can be attached to a biomolecule 

(HemmiHi, 1991). The lifetime of the excited state (r) can range from 0.1 to >100 ns, and 

is an important parameter for time-resolved measurements (Bright and Munson, 2003) 

and fluorescence polarization applications (Owicki, 2000). Another critical property of a 

fluorophore is the quantum yield or quantum efficiency (<P)--essentially the ratio of 

photons fluoresced to those absorbed. 

The product of the extinction coefficient and the quantum yield (e x <P) is a highly 

useful parameter for comparing different fluorescent molecules. This term is directly 

proportional to the brightness of the dye, accounting for both the amount of Ught 

absorbed and the quantum efficiency of the fluorophore. Accurate comparisons between 

dye molecules must include both these parameters. Figure 1.2 plots the major classes of 

biologically significant fluorescent dyes as e x <P against Arnax. A more detailed table of 

the properties of these fluorophores can be found in Table 1.1. 
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Figure 1.1 Jablonski diagram. (a) Absorption of a photon gives an excited state. (b) 

Internal conversion to St. (c) Fluorescence. (d) Non-radiative decay. (e) 

Intersystem crossing to T t • (f) Phosphorescence. (g) Non-radiative decay. 
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Table 1.1 Photophysical properties of fluorophores 1.1-1.30 

F1uorophore Solvent ....... B l.m <II 
B)(<II Reference 

(run) (M-'cm-') (run) (M-'cm-') 

quinine 1.1 pH2 347 5400 448 0.55 3000 (Schulman et al., 1974) 

phenylalanine 1.2 H2O 260 200 282 0.024 5 (Woltbeis, 1985; Lakowicz, 
2006) 

tyrosine 1.3 H2O 275 1500 303 0.14 210 (Woltbeis, 1985; Lakowicz, 
2006) 

tryptophan 1.4 H2O 280 6300 348 0.13 820 (Woltbeis, 1985; Lakowicz, 
2~,) 

NADHl.S H2O 340 6200 435 0.019 120 (Horecker and Kornberg, 
1948; Woltbeis, 1985) 

FMNl.6 H2O 450 12200 530 0.25 3100 (Whitby, 1953; Woltbeis, 
1985) 

EDANS 1.7 H2O 336 6100 520 0.27 1600 (Hudson and Weber, 1973) 

Lucifer Yellow 1.8 H2O 428 12300 535 0.21 2600 (Stewart, 1981) 

pyrene 1.9 MeOH 340 43000 376 0.75 32000 (Karpovich and Blanchard, 
1995; Haugland et al., 2(05) 

4-MU 1.10 pH 10 360 17000 450 0.63 11000 (Sun et al., 1998) 

AMCl.11 MeOH 351 18000 430 0.75 14000 (Johnson, 1998) 

DAPIl.12 H20 IDNA 358 21000 461 0.34 7100 (Cosa et al., 2001; Haugland et 
aL,2(05) 

Hoechst 33342 1.13 H20IDNA 350 45000 461 0.38 17000 (Cosa et al., 2001; Haugland et 
al., 2(05) 

NBD 1.14 MeOH 465 22000 535 0.3 7000 (Haugland et al., 2(05) 

bimane 1.1S pH 7.4 390 5300 482 0.3 2000 (Kosowerelal., 1979) 

Cascade Yellow 1.16 MeOH 409 24000 558 0.56 13000 (Anderson et ai., 1998; 
Haugland el al., 2(05) 

fluorescein 1.17 pH9 490 93000 514 0.95 88000 (Haugland f't al., 2005; 
Lakowicz, 2006) 

Rhllo 1.18 pH 7.5 496 74000 517 0.92 68000 (Lavis et al., 2006a) 

TMRl.19 MeOH 540 95000 565 0.68 65000 (Johnson, 1998) 

SRhI01 l.20 pH7 586 108000 605 0.77 83000 (Johnson, 1998; Haugland et 
al., 2(05) 

naphthofluorescein pH 9.5 595 44000 660 0.14 6200 (Lee et al., 1989b) 
1.21 

SNARF-Il.22 pH 10 573 44000 631 0.092 4100 (Whitaker et al., 1991b) 

propidium 1.23 H20IDNA 535 5400 617 0.13 700 (Cosa et al., 2001; Haugland et 
al., 2(05) 

BODPY-FL 1.24 MeOH 505 91000 511 0.94 86000 (Johnson, 1998) 

BODIPY -TR 1.2S MeOH 588 68000 616 0.84 57000 (Johnson, 1998) 

Cy31.26 pH7 554 130000 568 0.14 18000 (Waggoner and Kenneth, 
1995) 

Cy51.27 pH7 652 200000 672 0.18 36000 (Waggoner ,and Kenneth, 
1995) 

Cy71.28 pH7 755 200000 778 0.02 4000 (Waggoner and Kenneth, 
1995) 

IRDye 700DX 1.29 H2O 689 165000 700 0.14 23000 (Peng et al., 2006) 

resorufin 1.30 pH 9.5 572 56000 585 0.74 41000 (Bueno et al., 2(02) 
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1.4 Classes of Fluorescent Dyes 

1.4.1 Endogenous FZuorophores 

10 

Uke quinine (1.1), many naturally occurring compounds exhibit measurable 

fluorescence (Wolfbeis, 1985). These include the aromatic amino acids, whose 

fluorescence properties were first described by Weber (Teale and Weber, 1957). 

Phenylalanine (1.2) and tyrosine (1.3) exhibit weak fluorescence under UV excitation 

wavelengths. Tryptophan (1.4) is the most fluorescent natural amino acid, with a Amax of 

280 nm, Aem of 353 nm, extinction coefficient of 5.6 x 103 M-1cm-l, and a quantum yield 

of 0.13 (Demchenko, 1986). Tryptophan fluorescence is environmentally-sensitive and 

has been used as an index for a variety of processes, including protein folding and ligand 

binding (Beechem and Brand, 1985). Tryptophan can also be used in FRET applications 

(Sapsford et aZ., 2006), or serve as a quencher for a variety of fluorophores by PeT 

(Marme et al., 2004). 

Other naturally-occurring fluorophores include reduced nicotinamide cofa(;tors (e.g., 

NADH; 1.5) that show measurable fluorescence with Amax/Aem = 340/435 nm (Weber, 

1957). Flavins are also very important intrinsic fluorophores, with flavin mononucleotide 

(FMN; 1.6) showing significant fluorescence with Amax = 450 nm, Aem = 540 nm, 

e = 1.25 x 104 ~lcm-\ and <P = 0.25 (Whitby, 1953; Wolfbeis, 1985). Other native 

moieties are fluorescent, including porphyrins and pyridoxal derivatives (Wolfbeis, 

1985). Collectively, endogenous fluorophores can give rise to "autofluorescence", which 

can obfuscate desired signals from labeled entities in imaging and other in cellulo or in 

vivo experiments (Aubin, 1979). Red-shifted dyes can circumvent this background 

problem, while allowing deeper tissue penetration (Ballou et al., 2005). Long-wavelength 
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excitation is also gentle to DNA, as nucleobase moieties absorb at Amax::::: 260 nm with 

e::::: 7-15 X 103 ~lcm-l (Cavaluzzi and Borer, 2004). 

1.4.2 Polycyclic Aromatics 

11 

Polycyclic aromatic compounds are a widely-used subset of fluorescent dyes. In 

general, spectral properties correlate to size, and substitution on the abundant open 

valencies affords a variety of useful probes. A classic category of synthetic biomolecule 

labels are naphthalene derivatives. These include the amine-reactive 

5-dimethylaminonaphthalene-l-sulfonyl (dansyl) chloride (Weber, 1952), and other 

associated fluorophores (Daniel and Weber, 1966; Weber and Farris, 1979). Another 

related naphthalene derivative is 5-((2-aminoethyl)amino )naphthalene-l-sulfonic acid 

(EDANS). Derivatives of this fluorophore, such as compound 1.7, exhibit a Amax of 

336 nm, A.em of 520 nm, extinction coefficient of 6.1 x 103 ~lcm-l, and a quantum yield 

of 0.27 in water (Hudson and Weber, 1973). This label remains in wide use, particularly 

in FRET-based experiments (Maggiora et al., 1992; Tyagi and Kramer, 1996). 

Naphthalene can be further elaborated to give 4-amino-3,6-disulfonylnaphthalimides 

(e.g., compound 1.8) that absorb at 428 nm (Stewart, 1981). These fluorophores bear the 

moniker "Lucifer Yellow", and are useful polar tracers that can be loaded into cells for 

long-term tracking and other experiments (Haugland et al., 2005). 

Pyrene-derived molecules also find use as probes. Derivatives of pyrene (1.9) show 

AmaxlA.em of 340/376 nm, e = 4.3 x 104 M-1cm-1, and <P = 0.53 (Dawson and Windsor, 

1968; Haugland et ai., 2005). The environmental sensitivity of this fluorophore can be 

used to report on RNA folding (Smalley and Silverman, 2006). Pyrene also (~xhibits a 
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long-lived excited state (r >100 ns). This long lifetime allows an excited pyrene molecule 

to associate with a pyrene in the ground state. The resulting eximer exhibits a 

bathochromic (i.e., red) shift in fluorescence intensity (A'em:::::: 490 nm). This process can 

be used to measure important biomolecular processes, such as protein conformation 

(Sahoo et al., 2000). Sulfonation of pyrene elicits a bathochromic shift, affording useful 

compounds that are excited at >390 nm. These compounds include the pH probe 

8-hydroxy-l,3,6-pyrenetrisulfonate (HPTS or pyranine) (Kano and Fendler, 1978), and 

useful sulfonated pyrene labels with good water solubility (Whitaker et al., 1991a; 

Haugland et al., 2005). 

Other polycyclic aromatic molecules are also sometimes used to construct :fluorescent 

tools. Anthracene has been elaborated to prepare sensors for anions such as 

pyrophosphate (Gunnlaugsson et al., 2006). Perylene derivatives constitute another 

intriguing class of fluorophores that exhibit very high quantum yields in organic solvents 

(SUSmeier and Langhals, 2001), but require significant structural elaboration to become 

useful in water (Kohl et al., 2004). Still another functional scaffold is coronene, which 

exhibits a long lifetime (r:::::: 200 ns) that is useful in some time-resolved experiments 

(Davenport et al., 2001). 

1.4.3 Coumarins 

Coumarins represent a broad class of natural products, pharmaceuticals, and 

fluorophores. Heteroatom substitution at position 7 of coumarin gives fluorescent 

molecules with UV or near-UV excitation wavelengths. A common example is 

7-hydroxy-4-methylcoumarin (i.e., 4-methylumbelliferone; 4-MU; 1.10). Under basic 
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conditions, the phenolate form of 4-MU (pKa = 7.8) exhibits Arnax = 360 nm, 

Aern = 450 nm, e = 1.7 x 103 M-1cm-1, and qJ = 0.63 (Sun et at., 1998). The related 

7-amino-4-methylcoumarin (AMC; 1.11) shows similar spectral properties that are 

constant above pH 5 (Haugland et at., 2005). The large Stokes shift of coumarins is due 

in part to the significant change in dipole upon excitation and subsequent loss in energy 

by solvent reorganization (Valeur, 2002). 

Molecular probes built on the coumarin scaffold include useful biomolecular labels. 

13 

Different reactive groups are compatible with this fluorophore, and are typically attached 

at the 3 or 4 position of coumarin (Haugland et at., 2005). The spectral characteristics of 

AMC can be tuned through different nitrogen substitution patterns (Grandberg et at., 

1987). Still other substitutions (e.g., fluoronation or sulfonation) can yield coumarin dyes 

with desirable chemical properties, such as higher solubility in aqueous solution and 

lower sensitivity to pH (Sun et at., 1998; Panchuk-Voloshina et at., 1999). 

Coumarins are also useful for assembling enzyme substrates. Various derivatives of 

7-hydroxycoumarin can be used to assay an assortment of hydro lases (Gee et at., 1999; 

Leroy et at., 2003; Babiak and Reymond, 2005; Hyatt et al., 2005), and dealkylases 

(Yamazaki et al., 1996). Peptidyl derivatives of AMC are widely used to measure 

protease activity (Zimmerman et al., 1976; Morita et al., 1977; Zimmerman et al., 1977). 

Microarrays of coumarin substrates have been built to examine protease specificities 

(Salisbury et aI., 2002). AMC has also been elaborated to prepare substrates for other 

enzymes including deacetylases (Wegener et al., 2003) and esterases (Lavis E~t al., 

2006b). 
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1.4.4 Quinolines 

The archetypal fluorophore quinine (1.1), is still employed as a fluorescence standard 

(Eaton, 1988). The 6-methoxyquinoline moiety can be alkylated and the resulting 

quinolinium species is quenched collisionally by halide ions in solution. Several 

quinolinium compounds find use as indicators for chloride ion (Jayaraman and Verkman, 

2~0). The chelating properties of hydroxyquinoline derivatives have been exploited to 

create useful fluorescence-based kinase substrates (Shults et al., 2006) and fluorescent 

ion indicators (Tsien, 1980). 

1.4.5 Indoles and Imidizoles 

The indole fluorophore has been elaborated beyond tryptophan to construct useful 

tools such as the calcium indicator "Indo-I" (Grynkiewicz et al., 1985). Another notable 

indole-based probe is 4',6-diamidino-2-phenylindole (DAPI; 1.12), which binds in the 

minor groove of DNA (Larsen et at., 1989). As this binding is accompanied by a large 

increase in fluorescence, this molecule can be used to stain DNA for cellular imaging or 

other experiments (Crissman and Hirons, 1994). 

The dibenzimidizole dyes originally developed by Hoechst AG are useful 

DNA-binding probes. Like DAPI, the Hoechst dyes bind in the minor groove of DNA 

and can be used for fluorescence microscopy and flow cytometry (Petit et at., 1993). 

Hoechst 33342 (1.13) is sufficiently cell-permeable for use in live cells (Crissman and 

Hirons, 1994). Unlike DAPI, the Hoechst dyes are quenched upon binding to DNA 

containing 5-bromo-2-deoxyuridine due to the heavy atom effect, thereby allowing 

cell-cycle analyses (Mozdziak et at., 2000). 
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1.4.6NBD 

Another notable example of a small heterocyclic fluorophore is 

7-nitrobenz-2-oxa-l,3-diazole (NBD) and other related benzoxadiazole compounds. 

Examples include the amine- or thiol-reactive NBD-CI (Ghosh and Whitehouse, 1968) 

and the thiol-reactive 7-chlorobenz-2-oxa-l,3-diazole-4-sulfonate (SBD-CI) (Andrews et 

ai., 1982). Primary amine adducts of NBD-CI (e.g., compound 1.14) exhibit 

photophysical properties that belie the size of the molecule. Such derivatives emit in the 

green portion of the electromagnetic spectrum, with a Amax = 465 nm, Aem = 535 nm, 

e = 2.2 x 104 M-1cm-1, and ([J = 0.3 in MeOH (Haugland et ai., 2005). This lightweight 

fluorophore allows conjugates with small molecules, such as sugars, to retain biological 

relevance (Levi et ai., 2007). The environmentally-sensitive fluorescence (Lin and 

Struve, 1991), ofNBD derivatives can be exploited in a variety of ways, including the 

preparation of lipid probes (Chattopadhyay, 1990) and novel kinase substrates (Yeh et 

aI., 2002; Dai et ai., 2007). 

1.4.7 Other UV-Excited Fiuorophores 

There are numerous examples of other small heterocyclic molecules as useful 

fluorescent probes. These include the 1,5-diazabicyclo[3.3.0]octa-3,6-diene-2,,8-dione 

(i.e., bimane) structure (1.15) that exhibits moderate fluorescence with a Amax:= 390 nm, 

Aem = 482 nm, and ([J = 0.30 in water (Kosower et ai., 1979). Halogenated versions of 

these fluorophores are useful thiol-reactive labels, and can be used as fluorescent 

cross-linkers (Kim and Raines, 1995). Additional significant core dyes include the 

diaryloxazole structure which can exhibit large Stokes shifts (Diwu et ai., 2000). This 
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structure can be elaborated to yield useful organelle stains (Diwu et al., 1999) and 

fluorescent labels (Anderson et al., 1998). An example is the "Cascade Yellow'" 

fluorophore (CY; 1.16), which exhibits near UV excitiation (Amax = 409 nm) with 

Aem = 558 nm, e = 2.4 x 104 M-1cm-I, and ifJ = 0.50 (Anderson et al., 1998). 

1.4.8 Fluorescein 

The well known xanthene dye fluorescein (1.17) was first synthesized by Baeyer in 

1871 (Baeyer, 1871). Despite its antiquity, fluorescein remains one of the most widely 

utilized fluorophores in modem biological, biochemical, and medicinal research. 

Fluorescein exhibits several interesting (and underappreciated) properties in aqueous 

solution. For example, fluorescein can exist in seven prototropic forms, with the most 

biologically-relevant molecular forms being the monoanion and the dianion that 

interchange with a pKa::::: 6.4 (Lavis et ai., 2007). The dianion is the most fluorescent 

form with a Amax of 490 nm, Aem of 514 nm, extinction coefficient of 9.3 x 104 M-1cm-1, 

and a quantum yield of 0.95 (Haugland et al., 2005; Lakowicz, 2006). 

16 

Fluorescein is an extremely versatile core dye. Fluorescein can be appended with 

reactive groups to yield important biomolecule labels (Brinkley, 1992). The structure of 

fluorescein can be modified further to tune properties such as pKa or wavelength. For 

example, 2',7'-difluorofluorescein (i.e., Oregon Green) is less basic than fluorescein 

(pKa = 4.6), maintains fluorescein-like wavelengths, and exhibits increased photostability 

relative to fluorescein (Sun et ai., 1997). Addition of other substituents, such as chloro 

groups, affect not only pH sensitivity (Mchedlov-Petrossyan et al., 1992), but also elicits 

bathochromic shifts in excitation wavelength. Examples include the traditional automated 
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DNA sequencing dye 2',4,7,7'-tetrachlorofluorescein (TET), which exhibits a 

Amaxlkm of 5211536 run (Haugland et ai., 2005). Fluoresceins containing bromine or 

iodine substituents also have red-shifted spectra and exhibit significant intersystem 

crossing due to the heavy atom effect (Fleming et ai., 1977). 

17 

Fluorescein also serves as a scaffold for preparing indicator molecules. In particular, 

the pH sensitivity of fluorescein has been exploited to prepare small-molecule pH sensors 

(Graber et ai., 1986). Changes in the pKa of fluorescein can be used as an index to report 

on the status of fluorescein-labeled biomolecules (Lavis et ai., 2007). Appending 

fluorescein with various chelating moieties affords sensors for biologically important 

ions. A noteworthy example is the calcium indicator Fluo-3 developed by Tsien and 

co-workers (Minta et ai., 1989). This compound can be used to measure calcium ion 

fluxes in live cells and is employed widely in high-throughput screening (Inglese et ai., 

2007). Other notable examples of fluorescein-based indicators are compounds for 

measuring sodium (Martin et at., 2005), zinc (Kikuchi et ai., 2004), palladium (Song et 

ai., 2007), mercury(II) (Y oon et ai., 2007), and fluoride (Yang et ai., 2007) ions, as well 

as clever nitric oxide sensors based on copper(II) chelates (Lim and Lippard, 2007). 

Fluorescein exists in equilibrium between an "open" quinoid and a "closed" lactone 

form. Acylation or alkylation of the phenolic groups locks the molecule into the 

nonfluorescent lactone in an aqueous environment, and serves as the basis for a variety of 

fluorogenic substrates for esterases, phosphatases, glycosylases, and other enzymes 

(Rotman et ai., 1963; Rotman and Papermaster, 1966; Huang et ai., 1999; Zaikova et ai., 

2001). Fluorescein can also be "caged" with photolabile groups and unmasked by distinct 

wavelengths of light (Mitchison et ai., 1998). Other substitutions can confer redox 
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sensitivity to the fluorescein molecule (Miller et al., 2007). Appending fluorescein 

derivatives with electron-donating substituents on the pendant phenyl ring allows the 

construction of enzyme substrates with only one substrate moiety. These "Tokyo Green" 

substrates show improved enzyme kinetics relative to disubstituted fluorescein substrates 

(Urano et al., 2005), and can be used for in vivo imaging (Kamiya et al., 2007). 

1.4.9 Rhodamine 

Isologues of fluorescein, the rhodamines are used widely as fluorophores. Some key 

characteristics of this dye class include low pH sensitivity and tunable spectral properties. 

Different N-alkyl substitution patterns on the rhodamine core can modify spectral 

characteristics. The simplest member of this class, rhodamine 110 (RhllO; 1.18), exhibits 

fluorescein-like spectral properties in the green portion of the spectrum with 

Amax = 496 nm, Aem = 517 nm, e = 7.4 x 104 ~lcm-l, and if> = 0.92 in aqueous solution 

(Lavis et aI., 2006a). Substitution to tetramethylrhodamine (TMR; 1.19) gives longer 

excitation and emission wavelengths (AmaxlAem = 5401565 nm) but a lower quantum yield. 

(ifJ = 0.68) (Johnson, 1998). This lower quantum yield is likely due to decay of the 

excited state via rotation around the C-N bond (Drexhage, 1977). This undesirable decay 

process can be circumvented by freezing the C-N bond via appropriate substitution. 

Rhodamines containing rigid julolidine ring systems show higher quantum yields than do 

the unrestricted dyes (Karstens and Kobs, 1980), and exhibit longer excitation and 

emission wavelengths (Haugland et al., 2005). Sulforhodamine 101 (SRhlOl; 1.20) is a 

julolidine-based dye that is common in bioresearch. Amine-reactive sulfonyl chloride 

derivatives of SRhlOl are sold under the trademark "Texas Red" (Haugland et al., 2005). 
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Other substitutions of the rhodamine structure can be used to prepare dyes with still 

longer excitation and emission wavelengths (Panchuk -Voloshina et af., 1999; Liu et af., 

2003). 

Rhodamine labels are often paired with fluorescein derivatives for FRET-based 

experiments due to efficient energy transfer between these xanthene compounds 

(Haugland et af., 2005). Dye constructs containing both fluorescein and rhodamine 

moieties have proven useful for DNA sequencing. The fluorescein donor of these 

"BigDye" fluorophores can be excited by a single-wavelength light source, and the 

emission is dictated by the specific rhodamine derivative that serves as the FRET 

acceptor (Lee et aI., 1997). 
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Rhodamines can also be used to assemble enzyme substrates. Acyl substitution of both 

the amino groups of a rhodamine locks the molecule into a nonfluorescent lactone form. 

As with fluorescein, this property can be exploited to prepare caged compounds 

(Mitchison et aZ., 1998), or fluorogenic molecules for enzymatic studies. Substrates based 

on RhllO for simple proteases were first described by Mangel in 1983 (Leytus et aI., 

1983b). More recent developments have centered on using RhllO to build useful caspase 

substrates to assay apoptosis (Liu et aZ., 1999). Rhllo-based substrates have also been 

developed for phophatases (Kupcho et af., 2004), esterases (Lavis et af., 2006a), and 

metal-ion catalysis in a cellular context (Streu and Meggers, 2006). 

Rhodamines have also been used to build indicators for ions such as sodium (Martin et 

aZ., 2004) and calcium (Minta et aZ., 1989). Other rhodamine derivatives have been 

assembled to detect reactive oxygen species in cells (Koide et aZ., 2007). Hybrid 

structures between fluorescein and rhodamine (i.e., xanthene dyes with one oxygen and 
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one nitrogen substituent) are termed "rhodols" and exhibit interesting spectral properties 

(Whitaker et a/., 1992). The unique properties of these rhodol fluorophores can be 

harnessed to build interesting probes such as ion indicators (Burdette and Lippard, 2002). 

1.4.10 Naphthoxanthene Dyes 

A notable modification to the fluorescein and rhodamine dyes is the introduction of a 

fused benzo ring into the xanthene structure. This modification elicits a severe 

bathochromic shift in excitation and emission wavelengths. A classic example is 

naphthofluorescein (NF; 1.21), which exhibits much longer wavelengths than does 

fluorescein (A'max/Aem = 595/660 nm) (Lee et a/., 1989b). Unfortunately, the advantageous 

bathochromic shift is countered by an undesirable pKa = 8.0, and a lower extinction 

coefficient (8 = 4.4 X 104 ~lcm-l) and quantum yield ($ = 0.14) (Lee et at., 1989b). The 

poor fluorescence properties of naphthofluorescein limits the utility of this scaffold, 

though some useful derivatives have been reported (Lee et at., 1989b; Sarpara et at., 

1999; Xu et a/., 2005). 

Xanthene dyes that bear only one fused benzo ring display interesting spectral 

properties. Unlike the symmetrical fluoresceins and rhodamines, the resonance forms of 

these seminaphtho dyes are not equivalent, and therefore exhibit dissimilar spectral 

properties. Thus, the asymmetry of the dye can be yoked to construct ratiometric 

fluorescent indicators. Probes from the seminaphthofluorescein (SNAFL) core include 

pH sensors (Whitaker et a/., 1991b) and other ion indicators (Chang et at., 2004). 

Rhodol-type seminaphthoxanthenes are also useful pH indicators (Liu et a/., 2001). One 

example is ratiometric pH sensor 1.22, which bears the common name 
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"seminaphtharhodafluor-l" (SNARF-l) This compound displays a Amax = 573 nm, 

Aem = 631 nm, e = 4.4 x 104 M-1cm-1, and q, = 0.092 at high pH values (Whitaker et at., 

1991b; Johnson, 1998). Derivatives of dye 1.22 boast useful pKa values around 7.5, that 

can be tuned to lower values by fluorine substitution (Liu et at., 2001). 

1.4.11 Phenanthridines 

Phenanthridine derivatives are widely used DNA intercalators that exhibit higher 

fluorescence intensity upon binding to nucleic acids. Examples include the cationic dyes 

ethidium and propidium (1.23). In the presence of DNA, propidium has a Amax = 534 nm, 

Aem = 617 nm, e = 5.4 x 103 M-1cm-1
, and q, = 0.13 (Cosa et at., 2001). These values 

constitute a 20-30-fold increase in fluorescence relative to the free dye. The fixed ionic 

character of compound 1.23 limits passive diffusion through the intact membranes of 

living cells. Thus, propidium can be used to identify dead cells with compromised 

membranes (Darzynkiewicz et at., 1992). 

1.4.12 BODIPY 

The boron difluoride dipyrromethene (BODIPY) dye structure has been used to build 

a variety of useful fluorescent labels and other probes. Key features of this dye class are 

the insensitivity of the spectral properties to environment, the small Stokes shift, and the 

overalilipophilicity of the dye (Karolin et at., 1994; Haugland et at., 2005). The core 

structure of BODIPY is somewhat base sensitive, limiting its use in applications such as 

solid-phase peptide synthesis (Lumbierres et at., 2005). The simplest BODIPY 

fluorophore 1.24 shows fluorescein-like parameters with Amax = 505 nm, Aem =: 511 nm, 
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e = 9.1 x 104 M-1cm-l
, and cP = 0.94 and bears the common name "BODIPY-FL" 

(Johnson, 1998; Haugland et at., 2005). Another important property of this class of dyes 

is the tunability of wavelength through appropriate substitution. BODIPY dyes can thus 

serve as surrogates for traditional dyes such as fluorescein, tetramethylrhodantine, and 

many others. One example is the "BODIPY -TR" fluorophore (1.25) which exhibits 

spectral properties similar to those of Texas Red (i.e., SRhlOl; 1.20; (Johnson, 1998; 

Haugland et aI., 2005». 

The ensemble of probes built on the BODIPY scaffold are centered largely on 

fluorescent labels, but some indicators for ions and other molecules have been reported 

(Gabe et at., 2004; Martin et al., 2005). These fluorophores are particularly useful labels 

for fluorescence polarization techniques (Banks et al., 2000). The nonpolar character of 

BODIPY allows incorporation into lipophilic probes (Karolin et aI., 1994). Moreover, the 

small Stokes shift of BODIPY dyes causes efficient self-quenching of overlabeled 

biomolecules. This phenomenon can be utilized to create useful protease substrates, as 

proteolysis of densely labeled proteins leads to an increase in fluorescence intensity 

(Thompson et al., 2000). 

1.4.13 Cyanines 

The term "cyanine dye" denotes a dye system with a polymethine chain b(~tween two 

nitrogens (i.e., RzN-(CH=CH)n-CH=WRz). This dye system, which resembles the 

retinaldimine visual pigment of rhodopsin (Nathans, 1987), has been the subject of many 

seminal studies on the molecular basis of color (Lewis and Calvin, 1939). Numerous 

cyanines and associated polymethine structures are useful as labels (Buschmann et al., 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

23 

2003), DNA stains (Cosa et al., 2001), and membrane potential sensors (Smith, 1990; 

Plasek and Sigler, 1996). Perhaps the most well-known cyanine dyes in modem 

bioresearch are the "CyDye" fluorophores, which are based on a sulfoindocyanine 

structure (Mujumdar et al., 1993). These compounds are given common names according 

to the number of carbon atoms between the dihydroindole units. Cy3 (1.26) shows 

spectral characteristics that are comparable to TMR with A.max = 554, Aem = 568 nm, 

e = 1.3 x 105 ~lcm-l, and l/J = 0.14 in water. Cy5 (1.27) exhibits longer wavelengths 

with A.max = 652 nm, Aem = 672 nm, e = 2.0 x 105 M-1cm-l, and l/J = 0.18. Longer cyanine 

constructs, such as Cy7 (1.28), exhibit A.maxlAem = 755/788 nm, albeit with a lower 

quantum yield (l/J = 0.02) CW aggoner and Kenneth, 1995). Further elaboration of the 

cyanine core can provide control over wavelength. For example, introduction of a fused 

benzo ring in the dihydroindole moieties elicits a bathochromic shift of -20-30 nm 

(Mujumdar et al., 1996). This structural modification is designated with a ".5'" suffix 

(e.g., Cy5.5). 

The CyDyes are useful biomolecular labels and are now the standard fluorophores for 

microarrays and many other analyses (Waggoner, 2006). CyDye pairs are also often used 

for FRET experiments (Schobel et aI., 1999), and can be utilized as photo-switchable 

probes for ultrahigh-resolution imaging (Bates et aI., 2007). One significant drawback to 

these cyanine labels is the severe dependence of the fluorescence of their bioconjugates 

on the number of fluorophores per biomolecule. This phenomenon likely has several 

causes, and can limit the utility of CyDye conjugates in some applications (Gruber et aI., 

2000). Newer (albeit structurally mysterious) sulfonated cyanine dyes reportedly 

overcome this problem (Berlier et aI., 2003). 
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1.4.14 Phthalocyanines 

The phthalocyanine structure serves as a scaffold for a variety of interesting 

compounds, from pigments to photosensitizers. Wavelength absorption and other 

properties can be tuned by structural modification or through substitution of metal centers 

(Christie, 2001). To prevent dye aggregation and facilitate water solubility, inclusion of 

numerous ionic substituents is necessary (Liu et al., 2005). A successful example of a 

phthalocyanine fluorescent label is IRDye 700DX (1.29), which shows Amax = 689 nm, 

Aem = 700 nm, e = 1.7 x 105 M-1cm-1, lP = 0.14 and excellent photostability (Peng et ai., 

2006). 

1.4.150xazines 

Substituted oxazine compounds are useful fluorophores. Of particular importance is 

resorufin (1.30), the anion of which exhibits Amax = 572 nm, Aem = 585 nm, 

e = 5.6 x 104 ~lcm-l, and quantum yield = 0.74. These attributes have some sensitivity 

to pH, as resorufin has a pKa of 5.8 (Bueno et ai., 2002). Use of the resorufin scaffold to 

prepare fluorescent labels has been limited (Christoph and Meyer-Almes, 2003), though 

this dye has been used to construct molecules that are unmasked by various hydro lases 

(Hofmann and Sernetz, 1984; Kitson, 1996; Gao et ai., 2003) and cytochrome P450 

enzymes (Burke et ai., 1994). 

Resorufin exhibits interesting redox properties. Oxidation to the N-oxide yields 

resazurin, which is only weakly fluorescent. Resazurin can be reduced to resorufin by 

biological reducing equivalents, and thus has been used to assay cell viability (O'Brien et 

ai., 2000). In addition, reduced versions of resorufin are nonfluorescent, but can be 
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oxidized to resorufin by H202 in the presence of horseradish peroxidase. These 

compounds are useful for the ELISA and other assays (Zhou et at., 1997). 
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Other important oxazine dyes include cresyl violet, which can be elaborated to give 

substrates for proteases (Van Noorden et at., 1997; Boonacker et al., 2003; Lee~ et at., 

2003) and esterases (Lavis et at., 2006b). A key property of several oxazine fluorophores 

is their environmental sensitivity. These compounds can be used to prepare useful 

compounds, such as labels to report on protein conformation (Cohen et at., 20(5). 

1.S Conclusions 

Known small-molecule fluorophores have a wide range of spectral and chemical 

properties. Elaboration of these core structures has provided numerous probes for 

assaying biological systems. Nonetheless, extraordinary opportunities remain, as delving 

deeper into biochemical and biological phenomena will require ever more sophisticated 

and tailored probes. Scientists who straddle the fields of chemistry and biology are best 

equipped to fashion these tools, and then wield them to illuminate otherwise inscrutable 

life processes. 
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CHAPTER 2* 

LATENT BLUE AND RED FLUOROPHORES 
BASED ON THE TRIMETHYL LOCK 
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2.1 Introduction 

Fluorescent molecules are indispensable tools in modem biochemical and biological 

research, being used as labels for biomolecules, indicators for ions, stains for organelles, 

and substrates for enzymes (Haugland et al., 2005). The major targets of this last class are 

hydrolases that catalyze the removal of a masking moiety, thereby modulating 

fluorescence (Johnson, 1998). A critical property of fluorogenic hydrolase substrates is 

their chemical stability in aqueous solution, as spontaneous hydrolysis can compete 

deleteriously with enzymatic activity. New substrate classes that exhibit increased 

stability while maintaining enzymatic reactivity would be highly desirable. 

Our laboratory recently reported on the use of the "trimethyllock" strategy in the 

design of a latent fluorophore (Chandran et al., 2005). This latent fluorophore consists of 

a trimethyllock component inserted between a dye and enzyme-reactive group. The 

trimethyllock is an o-hydroxycinnamic acid derivative in which unfavorable steric 

interactions between three methyl groups encourage rapid lactonization to fonm a 

hydrocoumarin and release a leaving group (Borchardt and Cohen, 1972a; Borchardt and 

Cohen, 1972b; Milstein and Cohen, 1972). Our initial latent fluorophore exhibited 

remarkable stability in aqueous solution, but released a xanthene dye (rhodamine 110) 

upon hydrolytic cleavage by an esterase. Here, we explore the modularity of our design, 

probing its applicability to unrelated dyes that absorb at short (blue) and long (red) 

wavelengths. 
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2.2 Results and Discussion 

2.2.1 Coumarin-Based Latent Fluorophore 

Coumarin-based compounds comprise an important class of blue dyes possessing UV 

or near-UV excitation wavelengths (Valeur, 2002). Acyl esters and acyloxymethyl ethers 

of 7-hydroxycoumarin (i.e., umbelliferone) can be substrates for esterases (Leroy et ai., 

2003; Babiak and Reymond, 2005; Hyatt et ai., 2005). 7-Amino-4-methylcoumarin 

(AMC) is used widely as the basis for protease substrates (Zimmerman et al., 1976; 

Morita et aI., 1977; Zimmerman et al., 1977). Upon amidation, the excitation and 

emission wavelengths of AMC are shifted to shorter wavelengths with concomitant 

reduction in quantum yield (Zimmerman et al., 1976). 

We reasoned that AMC could be subjected to our latent fluorophore strategy. 

Accordingly, we condensed AMC with acetylated trimethyllock 2.1 (Amsberry et al., 

1991) to give profluorophore 2.2 (Scheme 2.1), which displayed the expected 

hypsochromic shift of excitation and emission spectra relative to free AMC (Figure 2.1). 

The hydrolysis of profluorophore 2.2 was catalyzed by porcine liver esterase (PLE) with 

kcaJKM = 2.5 X 105 M-1s-1 and KM = 8.2 J.LM (Figure 2.2a). This kcatlKM value is 102-fold 

greater than the apparent kcaJKM value for the latent fluorophore based on rhodamine 110 

(Chandran et ai., 2005). (We use the term "apparent" because full fluorescence 

manifestation requires the lactonization of two trimethyllock moieties. (Chandran et al., 

2005)) 

To evaluate the relative stability of profluorophore 2.2, we monitored the accretion of 

fluorescence in phosphate-buffered saline (PBS) containing bovine serum albumin (BSA; 

1.0 mglroL) and either profluorophore 2.2 or 4-methylumbelliferyl acetate (2 .. 3, which is 
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a common esterase substrate (Hyatt et at., 2005». Profluorophore 2.2 proved to be highly 

stable compared to 4-methylumbelliferyl acetate (Figure 2.3). An additional advantage of 

profluorophore 2.2 is that the product of its hydrolysis, AMC, shows little change in 

fluorescence at pH 2: 5 (Haugland et at., 2005). In contrast, the fluorescence of 

4-methylumbelliferone is highly variable due to its pKa = 7.40 (Graber et at., 1986) being 

near the physiological pH. 
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Scheme 2.1 Route for the synthesis of profluorophore 2.2, and the chemical structure 

of 4-methylumbelliferyl acetate (2.3) 
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Figure 2.1 Normalized fluorescent excitation-emission spectra of profluorophore 2.2 

andAMC. 
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32 

(inset) for the hydrolysis of profluorophore 2.2 (20 flm-+9.8 nm) by PLE 

traces (Aex 586 nm, Aem 620 nm) and Michaelis-Menten plot (inset) for the 

hydrolysis of profluorophore 2.4 (2.5 flM-+4.9 nm) by PLE (2.5 flglmL); 
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Figure 2.3 Time course of the generation of fluorescence (A.ex 365 nm, Aem 460 nm) 

from profluorophore 2.2 (50 nm) or methylumbelliferyl acetate 2.3 

(50 nm) in PBS containing BSA (1 mglmL). 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

34 

2.2.2 Cresyl Violet-Based Latent Fluorophore 

To access longer wavelengths, we turned to the oxazine class of red dyes. One such 

dye, cresyl violet (CV) has been used for decades to stain tissues (Banny and Clark, 

1950; Culling et al., 1985) and as a laser dye (Gacoin and Flamant, 1972). Although CV 

has a maximal absorbance at 586 nm, its fused benzo ring broadens its absorption 

spectrum (Drexhage, 1977). and thereby allows excitation with a variety of light sources. 

Diamide derivatives of CV are virtually nonfluorescent and thus useful in the production 

of fluorogenic protease substrates (Van Noorden et al., 1997; Boonacker et al., 2003; Lee 

et al., 2003). 

The attributes of CV make this dye an attractive candidate for our latent fluorophore 

strategy. Accordingly, we condensed CV with acetylated trimethyllock 2.1 (Amsberry et 

al., 1991) to give profluorophore 2.4 (Scheme 2.2). Although profluorophore 2.4 was 

stable in PBS containing BSA (data not shown), its hydrolysis was catalyzed by PLE 

with apparent kinetic parameters of kcatlKM = 1.2 X 105 ~lS-l and KM = 0.14 J.lM (Figure 

2.2b). The kcatlKM value for the hydrolysis of profluorophore 2.4 is similar to lhat of 

profluorophore 2.2; the KM value is, however, 10-fold lower than that of 

profluorophore 2.2. 

Profluorophore 2.4 serves as a probe for esterase activity in live mammalitm cells. The 

broad excitation peak allowed confocal microscopy experiments using excitation at 543 

nm and emission at 605 nm. Profluorophore 2.4 was hydrolyzed by esterases endogenous 

in the cells of a rodent (Figure 2.4a) or human (Figure 2.4b) to give a red-stained cytosol 

within minutes. The somewhat enhanced fluorescence observed in the human cells could 

be indicative of more efficient internalization or hydrolysis of the latent fluorophore. 
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After longer incubation, the liberated CV became further localized in subcellular 

compartments (data not shown), which is consistent with previous reports (Lee et al., 

2003). To date, there have been few reports of long-wavelength esterase substrates that 

are useful in cell biology (Haugland et al., 2005). Its evident stability, optical properties, 

and fast intracellular eduction make profluorophore 2.4 useful in a wide variety of 

biological applications, especially in assays involving fluorophores of different 

wavelengths. 

2.3 Conclusions 

In conclusion, we have established that one component of our latent fluorophores­

the dye-is modular (Figure 2.5). Specifically, we have now prepared useful latent 

fluorophores from three dyes (blue, green (Chandran et al., 2005), and red), all linked by 

a trimethyllock moiety to an esterase-reactive group. In future work, we shall explore the 

modularity of the other component-the enzyme-reactive group. We anticipate that the 

end result will be a broad spectrum of stable latent fluorophores with numerous 

applications in biochemical and biological research. 
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Scheme 2.2 Route for the synthesis of profluorophore 2.4. 
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Figure 2.4 Unwashed mammalian cells incubated for 15 min with profluorophore 2.4 

(10 ~M) at 37°C in DMEM and counter-stained with Hoechst 33342 

(5% v/v C02(g), 100% humidity). (a) CHO Kl cells. (b) HeLa cells. 
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2.5 Experimental Section 

2.5.1 General Experimental: Chemical Synthesis 

AMC (i.e., Coumarin 440) and CV·HCI04 (i.e., Cresyl Violet 670 Perchlorate) were 

from Exciton (Dayton, OH). Dimethylformamide was drawn from a Baker 

CYCLE-TAINER solvent delivery system. All other reagents were from Aldrich 

Chemical (Milwaukee, WI) or Fisher Scientific (Hanover Park, IL) and used without 

further purification. 
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PBS contained (in 1.00 L at pH 7.4) KCl (0.20 g), KH2P04 (0.20 g), NaCI (8.0 g), and 

Na2HP04·7H20 (2.16 g). 

Thin-layer chromatography was performed using aluminum-backed plates coated with 

silica gel containing F254 phosphor and visualized by UV illumination or developed with 

12, ceric ammonium molybdate, or phosphomolybdic acid stain. Flash chromatography 

was performed on open columns with silica gel-60 (230-400 mesh), or on a FlashMaster 

Solo system (Argonaut, Redwood City, CA) with Isolute Flash Si II columns 

(International Sorbent Technology, Hengoed, Mid Glamorgan, UK). 

NMR spectra were obtained with a Bruker DMX-400 Avance spectrometer at the 

National Magnetic Resonance Facility at Madison (NMRFAM). Mass spectrometry was 

performed with a Micromass LCT (electro spray ionization, ESI) mass spectrometer in the 

Mass Spectrometry Facility in the Department of Chemistry. 

2.5.2 Synthesis of Compounds 2.2 and 2.4 

7-Amino-4-methylcoumarin Trimethyl Lock (2.2). AMC (53 mg, 0.304 mmol) was 

dissolved in anhydrous DMF (2.0 mL) and anhydrous pyridine (1.0 mL). 3-(2'-Acetoxy-
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4',6'-dimethylphenyl)-3,3-dimethylpropanoic acid (Amsberry et ai., 1991) (2.1, 100 mg, 

0.378 mmol) and EDC (117 mg, 0.609 mmol) were added, and the reaction mixture was 

stirred at ambient temperature for 48 h. Solvent was removed under reduced pressure, 

and the residue was purified by column chromatography (silica gel, 0% to 40% v/v 

gradient of EtOAc in hexanes). Compound 2.2 was isolated as an off-white crystalline 

solid (119 mg, 93%). IH NMR (400 MHz, CDCI3) d (ppm): 7.66 (bs, IH), 7.39 (d, J = 8.6 

Hz, IH), 7.21 (m, 2H), 6.76 (s, IH), 6.65 (s, IH), 6.15 (d, J = 1.3 Hz, IH), 2.55 (s, 2H), 

2.41 (s, 3H), 2.39 (s, 3H), 2.36 (d, J = 1.2 Hz, 3H), 2.25 (s, 3H), 1.71 (s, 6H). BC NMR 

(100 MHz, CDCh) d (ppm): 172.51, 169.96, 161.13, 154.08, 152.17, 150.16, 141.56, 

139.13,137.40,133.15,132.82,124.82,123.46,115.68, 115.27, 113.06, 106.65,51.11, 

40.53,32.25 (2C), 25.49, 21.95, 20.15, 18.51. HRMS (ESI): m/z 444.1797 (MNa+ 

[C2sH27NOsNa] = 444.1787). 

Cresyl Violet Bis(trimethyllock) (2.4). CV·HCI04 (250 mg, 0.691 mmol) was 

dissolved in anhydrous DMF (2.0 mL) and anhydrous pyridine (2.0 mL). 3-(2'-Acetoxy-

4',6'-dimethylphenyl)-3,3-dimethylpropanoic acid (Amsberry et ai., 1991) (2.1, 394 mg, 

1.38 mmol) and EDC (265 mg, 1.38 mmol) were added, and the reaction mixture was 

stirred at ambient temperature for 24 h. Solvent was removed under reduced pressure, 

and the residue was partitioned between CH2Ch and 5% v/v HCI(aq). The layers were 

separated, and the aqueous layer extracted with CH2Ch. The combined organic layers 

were washed with H20 and saturated brine, and dried over anhydrous MgS04(s). 

Removal of solvent gave a brown solid that was purified by column chromatography 

(silica gel, 30% v/v EtOAc in hexanes). Compound 2.4 was isolated as a red··brown solid 

(55 mg, 11 %). IH NMR (400 MHz, CDCh) d (ppm): 8.57 (dd, J = 7.9, 1.1 Hz, IH), 8.12 
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(dd, J = 8.0, 1.2 Hz, IH), 7.72 (bs, IH), 7.65 (ddd, J = 8.0, 7.2, 1.4 Hz, IH), 7.59 (ddd, J 

= 7.9, 7.2, 1.4 Hz, IH), 7.50 (d, J = 8.6 Hz, IH), 7.46 (d, J = 2.1 Hz, IH), 6.85 (dd, 8.6, 

2.4 Hz, IH), 6.77 (m, IH), 6.66 (m, 2H), 6.47 (m, IH), 5.98 (s, IH), 3.19 (s, 2H), 2.54 (s, 

2H), 2.51 (s, 3H), 2.43 (s, 3H), 2.41 (s, 3H), 2.26 (s, 3H), 2.25 (s, 3H), 2.05 (s, 3H), 1.73 

(s,6H), 1.66 (s, 6H). l3C NMR (100 MHz, CDCh) d (ppm): 188.04, 172.79, 169.95, 

169.91, 154.02, 150.21, 149.40, 147.92, 145.84, 144.77, 140.86, 139.24, 138.20, 137.37, 

136.13, 133.48, 133.23, 132.88, 132.47, 132.13, 131.07, 130.77, 130.74, 129.49, 129.40, 

125.56, 124.240, 123.41, 123.12, 115.63, 105.51, 101.12,52.88,51.15,40.64,.39.34, 

32.28 (2C), 32.06 (2C), 25.55, 25.33, 21.99, 21.88, 20.17, 20.10. HRMS (ESI): mlz 

754.3471 (MH+ [C46~8N307] = 754.3492). 

2.5.3 Fluorescence Spectroscopy 

Fluorometric measurements were made with a QuantaMaster 1 photon-counting 

spectrofluorometer from Photon Technology International (South Brunswick, NJ) 

equipped with sample stirring, and fluorescence grade quartz or glass cuvettes from 

Stama Cells (Atascadero, CA). All measurements were recorded at ambient temperature 

(23 ± 2°C). Compounds were prepared as stock solutions in DMSO and diluted such that 

the DMSO concentration did not exceed 1 % v/v. PLE (MW = 163 kDa (Horgan et al., 

1969» was from Sigma Chemical (St. Louis, MO; product number E2884) as a 

suspension in 3.2 M (~hS04' and was diluted to appropriate concentrations in PBS 

before use. Kinetic parameters were calculated with Microsoft Excel 2003 and 

OrapbPad Prism 4. 
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2.5.4 Cell Preparation and Imaging 

CHO K1 or HeLa cells were plated on Nunc Lab-Tek II 8-well Chamber Coverglass 

(Fisher Scientific, Hanover Park, IL) and grown to 70% confluence at 37°C in 

Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA) containing PBS 

(10% v/v). Cells were then incubated with profluorophore 2.4 (10 J-tM) for 15 min at 

37°C and imaged immediately. Nuclear staining was accomplished by addition of 

Hoechst 33342 (2 J-tglmL) for the final 5 min of incubation. 

Cells were imaged with a Nikon Eclipse TE2000-U confocal microscope equipped 

with a Zeiss AxioCam digital camera. Excitation at 408 nm was provided by a blue-diode 

laser, and emission light was passed though a filter centered at 450 nm with a 35-nm 

band-pass. Excitation at 543 nm was provided by a HeNe laser, and emission light was 

passed through a filter centered at 605 nm with a 75-nm band-pass. 
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CHAPTER 3* 

FLUOROGENIC LABEL FOR BIOMOLECULAR IMAGING 

Contribution: Chemical synthesis and characterization, detennination of fluorescent 
properties, in vitro enzyme assays, stability studies, composition of manuscript, and 
preparation of figure drafts. Protein conjugation and cellular imaging was performed by 
T.-Y. Chao. 

*This chapter has been published, in part, under the same title. Reference: Lavis, L. D., 
Chao, T.-Y., and Raines, R. T. (2006). ACS Chem. Bioi. 1,252-260. 
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Abstract: Traditional small-molecule fluorophores are always fluorescent. Tha.t attribute 

can obscure valuable information in biological experiments. Here, we report on a 

versatile "latent" fluorophore that overcomes this limitation. At the core of the latent 

fluorophore is a derivative of rhodamine in which one nitrogen is modified as a urea. 

That modification enables rhodamine to retain half of its fluorescence while facilitating 

conjugation to a target molecule. The other nitrogen of rhodamine is modified with a 

"trimethyllock", which enables fluorescence to be unmasked fully by a single 

user-designated chemical reaction. An esterase-reactive latent fluorophore was 

synthesized in high yield and attached covalently to a cationic protein. The resulting 

conjugate was not fluorescent in the absence of esterases. The enzymatic activity of 

esterases in endocytic vesicles and the cytosol educed fluorescence, enabling the 

time-lapse imaging of endocytosis into live human cells and thus providing 

unprecedented spatiotemporal resolution of this process. The modular design of this 

"fluorogenic label" enables the facile synthesis of an ensemble of small-molecule probes 

for the illumination of numerous biochemical and cell biological processes. 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

49 

3.1 Introduction 

Fluorescent molecules are critical tools in the study of biochemical and cell biological 

processes (Haugland et aI., 2005). In many studies, however, only few of the fluorescent 

molecules experience a phenomenon of interest. Because traditional fluorophores, such as 

rhodamine and fluorescein, are always fluorescent, bulk fluorescence can obscure 

valuable information. To overcome this limitation, molecules can be designed such that a 

chemical reaction elicits a change in their fluorescence. Such "latent" fluorophores are at 

the core of common methods, including the enzyme linked immunosorbent assay 

(ELISA), high-throughput screening of enzyme inhibitors, detection of reporte:r genes, 

and evaluation of cell viability (Haugland et ai., 2005). We reasoned that the use of a 

latent fluorophore as a "fluorogenic label" could overcome limitations of traditional 

fluorescent labels and thereby improve the spatial and temporal resolution of bioimaging. 

Recently, our laboratory reported on a new class of latent fluorophores bas,ed on the 

"trimethyllock" (Chandran et ai., 2005; Lavis et ai., 2006b). The rapid lactonization 

(Borchardt and Cohen, 1972a; Borchardt and Cohen, 1972b; Milstein and Cohen, 1972) 

of the trimethyllock had been exploited previously to prepare stable prodrugs that were 

unmasked by an enzyme-catalyzed reaction (Shan et aI., 1997; Testa and Mayer, 2003). 

We first used the trimethyllock to shroud the fluorescence of a xanthene dye, rhodamine 

110 (RhllO) (Chandran et ai., 2005), and then an oxazine dye, cresyl violet (Lavis et ai., 

2006b). This approach afforded highly stable bis(trimethyllock) "profluorophores" that 

were labile to esterase catalysis in vitro and in celluio. 

Our bis(trimethyllock) profluorophores had two problematic attributes. First, two 

chemical reactions were necessary to unveil the vast majority of their fluorescence, 
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decreasing the rate of fluorescence manifestation and limiting the linear range of assays 

(Fiering et ai., 1991; Urano et aI., 2005). Analogous fluorogenic protease substrates 

based on a rhodamine diamide display complex hydrolysis kinetics (Leytus et ai., 1983a; 

Leytus et aI., 1983b; Liu et ai., 1999), as we observed with our bis(trimethyllock) 

profluorophores (Chandran et ai., 2005; Lavis et ai., 2oo6b). The second problematic 

attribute was the absence of a handle for target-molecule conjugation. Such a handle is 

available in derivatives, such as 5- or 6-carboxyrhodamine, that are accessible only from 

low-yielding synthetic routes. 

We suspected that we could solve both problems by capping one of the amino groups 

of RhllO. The capping of rhodamine dyes with an amide (Guzikowski et ai., 2000; Lorey 

et ai., 2002; Zhang et ai., 2003), carbamate (Cai et ai., 2001), or urea (Wang E~t ai., 2005) 

can preserve much of their fluorescence. We were especially intrigued by the attributes of 

urea-rhodamine, which according to recent reports in the scientific (Wang et ai., 2005) 

and patent (Zhang et al., 2000; Diwu et aI., 2003) literature appears to retain significant 

fluorescence intensity relative to RhllO. 

Here, we report on a versatile fluorogenic label for biomolecular imaging. First, we 

describe the synthesis of a complete set of urea ted and amidated derivatives of Rh11O, as 

well as a characterization of their fluorescent properties. Then, we show that imposing 

our trimethyllock strategy upon a urea-rhodamine yields a stable latent fluorophore with 

a high rate of enzymatic hydrolysis. Finally, we demonstrate the power of oUir modular 

approach by using the urea moiety as a handle for protein conjugation and subsequent 

continuous imaging of endocytosis by live human cells. 
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3.2 Results and Discussion 

3.2.1 Synthesis of Model Compounds 

To gain a comprehensive understanding of the urea and amide derivatives of 

rhodamine, we undertook the synthesis of compounds 3.1-3.5 (Table 3.1). Rhodamine 

itself and these five derivatives encompass the ensemble of possible ureated and amidated 

derivatives. We were especially interested in those properties of 3.1-3.5 with biological 

implications, such as the extinction coefficient and quantum yield in aqueous solution. 

Previous reports (Ioffe and Otten, 1965a; Leytus et aI., 1983a; Leytus et al., 1983b; 

Zhang et al., 2000; Diwu et al., 2003; Wang et al., 2005) of similar derivatives did not 

provide a complete listing of relevant fluorescent characteristics. 

Installation of the urea moiety to produce urea 3.1 proved to be surprisingly difficult. 

In our hands, the reported conditions (Wang et aZ., 2005) involving the reaction of RhllO 

with a carbamoyl chloride using Htinig's base gave an intractable mixture of products. In 

contrast, we found that RhllO was deprotonated effectively with NaH, and that the 

resulting anion reacted with dimethylcarbamyl chloride to yield the desired urea 3.1. This 

deprotonation strategy also proved useful for the synthesis of amide 3.2 and diurea 3.3. 

The additional acetamide group in urea-amide 3.4 and diamide 3.5 were installed by 

reaction with acetyl chloride in the presence of a base. 

3.2.2 Fluorescence Properties of Model Compounds 

The absorbance and fluorescence spectra of RhllO and each derivative are shown in 

Figure 3.1. The corresponding values of Amax, extinction coefficient at Amax (8'), Aem, and 

quantum yield ($) are listed in Table 3.1. We determined the relative fluorescence 
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intensity of these compounds by calculating the product of extinction coefficient and 

quantum yield and then normalizing these values to those of RhllO. In our measurement, 

urea 3.1 retained 35% of the fluorescence intensity of Rh110 with a quantum yield value 

of 0.49. Amide 3.2 is only 12% as fluorescent as Rhllo, which is consistent with earlier 

reports (Leytus et ai., 1983a; Leytus et ai., 1983b). The fluorescence of the bis-­

substituted dyes was largely quenched in aqueous solution. Diurea 3.3 did, however, 

possess significant absorbance and fluorescence compared to the urea-amide 3.4 or 

diamide 3.5. These latter two rhodamine derivatives are essentially nonfluoreseent. 

We also determined the pH-dependence of the fluorescence of urea 3.1 and amide 3.2. 

The fluorescence OfRh11O is relatively insensitive to pH values between 4 and 10 

(Haugland et ai., 2005). This property is beneficial in biological assays, where unknown 

variations in pH can hamper quantitative measurements. Like Rhuo, urea 3.1 and amide 

3.2 show no significant spectral change between pH values of 4 and 10 (see: Figure 3.1). 

Substituent effects on the fluorescent properties of rhodamine dyes are challenging to 

predict or interpret due to the complexity of the rhodamine system (L6pez Arbeloa et ai., 

1991). In solution, rhodamine derivatives exist in equilibrium between a zwitterion that 

absorbs visible light and is fluorescent and a lactone that is colorless and nonfluorescent. 

Substitution on nitrogen can affect both this open-closed equilibrium and the spectral 

characteristics of the fluorescent zwitterions (Ioffe and Otten, 1965b; L6pez Arbeloa et 

ai., 1989). We suspected that the differences in optical properties seen in compounds 3.1-

3.5 could be rationalized, in part, through examination of the electron-donation capability 

of the different nitrogen substituents. According to this reasoning, weakly donating 

substituents would favor the colorless lactone as well as decrease the intrinsic: 
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absorptivity of the zwitterions and, hence, the extinction coefficient. Weakly donating 

substituents could also reduce the quantum yield by decreasing the C-N bond-order and 

thereby enhancing nonradiative decay of the excited state through vibrational rlelaxation 

processes (Vogel et at., 1988; L6pez Arbeloa et at., 1992). 

We explored the relationship between the values of extinction coefficient and quantum 

yield and the Hammett up substituent constants (Hansch et at., 1991). An unprotonated 

amino group is a good electron donor (up = -0.66), whereas an amide group is a relatively 

poor donor (up = 0.00), due to amidic resonance. A urea group is peculiar-its carbonyl 

group is cross-conjugated and both of its nitrogens participate in amidic resonance. This 

cross-conjugation attenuates its electron-donating ability, as reflected in an intlermediate 

Hammett constant (up = -0.26). A plot of both extinction coefficient and quantum yield 

versus up substituent constant for Rh110 and monosubstituted rhodamines 3.1 and 3.2 are 

shown in Figure 3.3. The correlation indicates that both spectral properties are affected 

by electron donation from the nitrogens. A similar trend in quantum yields ha<; been 

observed in substituted phenoxazinone dyes (Descalzo et at., 2005). 

The moderate electron-donating character of the urea moiety provides an explanation 

for the advantageous properties of urea 3.1. Substitution with the cross-conjugated urea 

suppresses the fluorescence intensity of urea 3.1 relative to RhllO. This decrease is not, 

however, as severe as seen in amide 3.2, due to the greater electron-donating properties 

of the urea moiety. Still, the attenuated electron-donation allows complete suppression of 

fluorescence upon amidation of the remaining nitrogen in urea-amide 3.4. Finally, the 

effects of electron-rich substituents on the rhodamine system are apparent again in the 

fluorescence of diurea 3.3 being greater than that of diamide 3.5. 
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Table 3.1 Spectroscopic properties of RhllO and its derivatives 

1: R = N(CH3l2 3: R1.R2 = N(CH3l2 
2: R=CH3 4: Rl = CH3.R2 = N(CH3l2 

5: R1.R2 = CH3 

Dye Amax (nrn) B (M-1crn-1) A.em (nrn) q, B X q, (reI) 

Rhuo 496 74,000 517 0.92 100% 
3.1 492 48,600 518 0.49 35% 

3.2 489 30,200 522 0.28 12% 

3.3 482 3300 517 0.01 0.05% 
3.4 475 400 
3.5 -469 ~200 
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3.2.3 Synthesis of Urea-Rhodamine Trimethyl Lock 

Having affirmed the desirable properties of urea-rhodamine, we next sought to apply 

our trimethyllock strategy to this dye. The synthetic route to the fluorogenic substrate, 

which employs rhodamine morpholino-urea 3.6 (Wang et aI., 2005), is shown in 

Scheme 3.1. Again, we found that the use of Hiinig's base in the synthesis afforded a 

mixture of products. Deprotonation of Rhuo with NaH followed by dropwise addition of 

4-morpholinecarbonyl chloride furnished rhodamine morpholino-urea 3.6. This 

compound exhibited similar fluorescent characteristics to urea 3.1 (Table 3.1), having an 

extinction coefficient of 51,700 ~lcm-l and quantum yield of 0.44. Carbodiimide 

coupling of rhodamine morpholino-urea 3.6 with acid 3.7 (Amsberry et al., 1991) 

afforded the desired profluorophore 3.8. 

3.2.4 Chemical Stability 

Profluorophore 3.8 must be stable in aqueous solution to be useful in biological 

assays. Such stability can be problematic for hydrolase substrates, as spontaneous 

hydrolysis can compete effectively with enzymatic activity and raise background levels. 

As shown in Figure 3.4, profluorophore 3.8 showed remarkable stability in both 

phosphate-buffered saline (PBS) and Dulbecco's modified Eagle's medium (DMEM) 

supplemented with 10% v/v fetal bovine serum (FBS). In contrast, fluorescein diacetate, 

which is a widely used esterase substrate (Rotman and Papermaster, 1966), suffered 

relatively rapid hydrolysis in both solutions. This dramatic increase in stability arises 

from the large difference in pKa values between the conjugate acids of the two leaving 

groups. Specifically, fluorescein (pKa 6.32 (Goldberg and Baldwin, 1998a)) ils a much 
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better leaving group than is the electron-rich trimethyl-lock phenol (o-methylphenol has 

pKa 10.28 (Fickling et ai., 1959)). 
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Scheme 3.1 Synthetic route to profluorophore 3.8 
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3.2.5 Enzymatic Reactivity 

An objective in the design of profluorophore 3.8 was to improve its reactivity as an 

esterase substrate relative to the original bis(trimethyllock) rhodamine substrate. The 

appearance of fluorescence upon reaction of porcine liver esterase (PLE) with 

profluorophore 3.8 was indicative of single-hit kinetics (Figure 3.5). The kinetic 

constants were calculated to be kcaJKM = 8.2 X 105 M-1s-1 and KM = 0.10 J.tM. 

Comparison with the apparent kinetic constants from the original bis(trimethyllock) 

rhodamine substrate (Chandran et al., 2005) (kcatlKM = l.9 x 103 ~IS-1 and 

62 

KM = 0.47 J.tM) shows a 430-fold increase in kcaJKM value. A more appropriate 

comparison takes into account the expected 65% decrease in fluorescence of urea 3.6 

(Table 3.1), which is the hydrolysis product of pro flu oro ph ore 3.8, relative to Rhuo. After 

this adjustment, latent fluorophore performance is still enhanced by l50-fold. 

The substantial increase in catalytic efficiency is likely due to the change from the 

double-hit kinetics observed for the bis-substituted substrate to the single-hit kinetics of 

profluorophore 3.8. Hydrolysis of the bis-substituted fluorogenic substrate progresses 

from diamide to free Rh 110 via a monoamide intermediate, with the unmasking of the 

second amino group producing the majority «90%) of the fluorescence (Leytus et al., 

1983a; Leytus et al., 1983b). In contrast, the urea-rhodamine substrate requin:~s only a 

single cleavage event for the complete manifestation of fluorescence. 

3.2.6 Cellular Imaging 

Having established the high chemical stability and enzymatic reactivity of 

profluorophore 3.8, we next evaluated the behavior of this compound in live human cells. 
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Profluorophore 3.8 was incubated with HeLa cells and imaged using confocal 

fluorescence microscopy. As shown in Figure 3.6a, the substrate was activated in cellulo 

by endogenous esterases to produce diffuse green cytosolic staining. Importantly, the 

high chemical stability of the fluorogenic probe allowed for its imaging in the cytosol 

without an intermediate washing step. Counter-staining with LysoTracker Red showed 

significant but incomplete colocalization, suggesting that after hydrolysis, a portion of the 

free urea-rhodamine localized in acidic vesicles (yellow color in Figure 3.6b). To ensure 

that the fluorescence increase was due to trimethyllock activation and not hydrolysis of 

the urea moiety, we incubated HeLa cells with the relatively non-fluorescent 

diurea-rhodamine 3.5. In these experiments we observed virtually no intracellular 

fluorescence (see: Figure 3.7). 
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2.0 

Kinetic traces (A.ex 496 nrn, Aem 520 nrn) and Michaelis-Menten plot (inset) 

of a serial dilution of profluorophore 3.8 (0.5 11M --+ 2 nM) wilth PLE 

(2.5 l1g/rnL). 
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Figure 3.6 Unmasking of profluorophore 3.8 in live human cells. (a) Unwashed HeLa 

cells incubated for 1 h with profluorophore 3.8 (10 ~M) at 37°C in 

DMEM and counter-stained with Hoechst 33342. (b) Washed HeLa cells 

incubated for 1 h with profluorophore 3.8 (10 ~M) at 37°C in DMEM and 

counter-stained with Hoechst 33342 and LysoTracker Red 

(5% v/v C02(g), 100% humidity). Scale bar: 20 ~m. 
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Figure 3.7 Unwashed HeLa cells incubated for 1 h with diurea 3.3 (10 p,M) at 37°C 

in DMEM (5% v/v CO2(g), 100% humidity) and counter-stained with 

Hoechst 33342. Scale bar: 20 Ilm. 
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3.2.7 Fluorogenic Label 

The high chemical stability and rapid in cellulo unmasking of profluorophore 3.8 

prompted us to develop a derivative for bioconjugation. We reasoned that such a 

fluorogenic label would be stable enough to survive conjugation and purification 

protocols while still providing a strong signal for continuous biological experiments. It is 

noteworthy that simple fluorescein diesters have found only limited use as fluorogenic 

labels (Laurent et al., 1997; Bergsdorf et al., 2003; Drobni et al., 2003; Kamal et al., 

2004), as fluorescein diesters suffer from low chemical stability in aqueous solution 

(Figure 3.4). 

Developing profluorophore 3.8 into a fluorogenic label requires the installation of a 

functional group with selective reactivity. We chose to install the maleimide functionality 

(Ji, 1983; Aslam and Dent, 1998), which react rapidly with thiol groups (Bednar, 1990). 

The resulting conjugates are stable (Y oshitake et al., 1979), even after the slow 

hydrolysis of the nascent sulfosuccinimidyl ring (Ishii and Lehrer, 1986). 

Traditionally, reactive groups are attached to the pendant carboxyphenyl ring of 

rhodamine and fluorescein dyes (Haugland et al., 2005). Synthesis of these compounds 

requires difficult chromatographic steps to obtain isomerically pure compounds (Jiao et 

al., 2003). We envisioned a facile and economical alternative involving the attachment of 

a maleimide derivative via the desirable urea functionality. Although uncommon, 

bioconjugation via the amino groups of rhodamines has been used previously (Corrie et 

al., 1998; Lorey et al., 2002; Meunier and Wilkinson, 2002). This strategy allows for the 

use of commercially available (and relatively inexpensive) Rhllo as the starting material 

for the synthesis of maleimidourea-rhodamine trimethyllock 3.13, as shown in 
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Scheme 3.2. Desymmetrization of RhllO was accomplished by its deprotonation with 

NaH and reaction with BOC20 to give t-Boc-rhodamine 3.9. An isocyanate was generated 

in situ from maleimide 3.10 by a Curtius rearrangement (Curtius, 1890; Curtiu8, 1894), 

and that isocyanate was reacted with t-Boc-rhodamine 3.9 to generate a urea (Scriven 

and Turnbull, 1988; Brase et ai., 2005). Deprotection of maleimidourea-rhodamine-t­

Boc 3.11 with TFA afforded fluorescent urea-rhodamine 3.12. Condensation with 3.7 

using EDC gave thiol-reactive fluorogenic label 3.13. 

3.2.8 Bioconjugation 

To test the utility of fluorogenic label 3.13 in a biological experiment, we attached it 

to a thiol-containing variant of bovine pancreatic ribonuclease (RNase A (Raines, 1998». 

RNase A is a cationic protein that is internalized by mammalian cells via endocytosis 

(Haigis and Raines, 2003). This internalization is critical to the action of cytotoxic RNase 

A variants and homologs (Haigis et aI., 2003). Fluorogenic label 3.13 reacted cleanly 

with the A19C variant of RNase A to give a mono-substituted conjugate as determined by 

MALDI mass spectrometry. This protein conjugate was stable to purification by cation­

exchange chromatography at pH 5.0 and showed a 1200-fold increase in fluorescence 

upon incubation with PLE (data not shown). 

At physiological pH, the protein conjugate was less stable than unconjugated 

profluorophore 3.8. Spontaneous hydrolysis of the acetate ester was slow but significant 

in PBS, presumably because conjugation to the protein places the probe in close 

proximity to nucleophilic functional groups of the protein. Storage at pH 5.0 did, 
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3.2.9 Cellular Imaging with a Bioconjugate 
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Fluorescently labeled biomolecules have been used to image endocytotic events 

(Watson et al., 2005). We sought to determine the efficacy of our fluorogenic label 

approach by comparing endocytosis of HeLa cells incubated with Oregon Gre<m-Iabeled 

RNase A (Haigis and Raines, 2003) to that of cells incubated with the protein conjugated 

with fluorogenic label 3.13. As shown in Figure 3.8a, the Oregon Green conjugate 

showed intense extracellular background signal that obscures the fluorescence from 

endocytosed material. This background could be eliminated only with many vigorous 

washing steps (Figure 3.8b). In contrast, the profluorophore conjugate allowed imaging 

without intermediate washing steps. As shown in Figure 3.8c, unwashed HeLa cells 

incubated with the RNase A conjugate have bright, punctate staining, indicative of the 

conjugate being localized in small vesicles. Counterstaining with LysoTracker Red shows 

a large degree of colocalization (Figure 3.8d), suggesting that the latent conjugate is 

internalized via endocytosis and activated by endosomal or lysosomal esterases 

(Leinweber, 1987; Runquist and Havel, 1991; Hornick et aI., 1992). Images with the 

protein conjugate (Figure 3.8c) are less diffuse and more punctate that are images with 

free profluorophore 3.8 (Figure 3.6), which has much more ready access to the cytosol. 

To ensure that the signal in Figure 3.8c is due to unmasked fluorophore attached to 

RNase A, we fixed cells incubated with our latent conjugate and counterstained them 

with a primary antibody to RNase A and a secondary antibody labeled with 
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AlexaFluor 594. In a fluorescence microscopy image, we observed a significant overlap 

of the green and red fluorescent signals to produce a yellow signal, indicating that the 

unmasked RNase A conjugate is largely intact (see: Figure 3.9). 

The high chemical stability and low background fluorescence of the fluorogenic label 

conjugate allowed for the time-lapse imaging of its endocytosis. Cells were incubated 

with the fluorogenic label 3. 13-RNase A conjugate at room temperature, and images 

were recorded without washing during the next 90 min. The compilation of the:se images 

into a movie revealed that internalization of the conjugate occurred continuously and that 

vesicular fluorescence increased monotonically (data not shown). 
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Scheme 3.2 Synthetic route to fluorogenic label 3.13 
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Figure 3.8 Live-cell imaging experiments with protein conjugates. (a) Unwashed 

HeLa cells incubated for 1 h with Oregon Green-RNase A conjugate 

(10 !J.M) at 37°C in DPBS and counter-stained with Hoechst 33342. 
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(b) Washed HeLa cells incubated for 1 h with Oregon Green-RNase A 

conjugate (10 !J.M) at 37°C in DPBS and counter-stained with Hoechst 

33342. (c) Unwashed HeLa cells incubated for 1 h with fluorogenic label 

3.13-RNase A conjugate (10 !J.M) at 37°C in DPBS and counter-stained 

with Hoechst 33342. (d) Washed HeLa cells incubated for 1 h with 

fluorogenic labeI3.13-RNase A conjugate (10 !J.M) at 37°C in DPBS and 

counter-stained with Hoechst 33342 and LysoTracker Red 

(5% v/v C02(g), 100% humidity). Scale bar: 20 !J.m. 
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Figure 3.9 HeLa cells incubated for 1 h with the fluorogenic label 3.13-R1'ifase A 

conjugate (10 !JM) at 37°C in DMEM (5% v/v C02(g), 100% humidity). 

Cells were fixed with 4% paraformaldehyde, washed extensively, and 

counter-stained with a primary antibody to R1'ifase A and secondary 

antibody labeled with AlexaFluor 594. Cells were imaged on a Nikon 

Eclipse E800 fluorescence microscope (Melville, NY) equipped with a 

Photometries CoolSnap HQ cooled CCD camera (Roper Scientific, 

Tucson, AZ). Excitation light was provided by a mercury lamp. Scale bar: 

20 ftm. 
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3.3 Envoi 

We have demonstrated how a common fluorophore, Rhuo, can be elaborated into a 

powerful new tool for biochemistry and cell biology. The use of a trimethyllock provides 

a latent fluorophore with high chemical stability while maintaining enzymatic reactivity 

(Chandran et ai., 2005; Lavis et al., 2006b). The use of a urea group (rather th~m a second 

trimethyllock) improves enzymatic reactivity markedly while preserving desirable 

fluorescence properties, as in profluorophore 3.8. The elaboration of the urea to include 

an electrophile outfits the latent fluorophore for conjugation, as in fluorogenic label 3.13. 

Conjugation of this fluorogenic label to a target molecule enables, for exampk~, the 

continuous imaging of the endocytosis of a target molecule by live human cells. 

We note that the urea-rhodamine-trimethyllock probe can be tailored to suit a 

variety of applications (Scheme 3.3). For example, modification of the enzyme-reactive 

group on the trimethyllock could be used to detect the entry of a conjugate into a 

particular compartment within a cell. Alteration of the bioconjugative group on the urea 

moiety could be used to change conjugation chemistry, enhance cellular internalization, 

or target a conjugate to a specific subcellular location. In addition, the fluorogenic label 

strategy could transcend cultured cells and allow continuous imaging in tissues or in vivo. 

These goals are facilitated by inventories of the enzymes in various organs and organelles 

(Foster et al., 2006; Kislinger et al., 2006). This versatility will enable the development 

of specific probes for biological experiments of ever-increasing sophistication. 
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3.5 Experimental Section 

3.5.1 General Experimental: Chemical Synthesis 

RhllO (sold as Rhodamine 560) was obtained from Exciton (Dayton, OH). 

Dimethylformamide, tetrahydrofuran, and dichloromethane were drawn from a Baker 

CYCLE-TAINER solvent delivery system. All other reagents were obtained from 

Aldrich Chemical (Milwaukee, WI) or Fisher Scientific (Hanover Park, IL) and used 

without further purification. Thin-layer chromatography was performed using aluminum­

backed plates coated with silica gel containing F254 phosphor and visualized by UV 

illumination or developed with Iz. ceric ammonium molybdate, or phosphomolybdic acid 

stain. Flash chromatography was performed using open columns with silica gel-60 (230-

400 mesh), or on a FlashMaster Solo system (Argonaut Inc., Redwood City, CA) with 

Isolute Flash Si II columns (International Sorbent Technology Ltd., Hengoed, Mid 

Glamorgan, UK). 

NMR spectra were obtained with a Bruker DMX-400 Avance spectrometer at the 

National Magnetic Resonance Facility at Madison (NMRFAM). Mass spectrometry was 

performed with a Micromass LCT (electrospray ionization, ESI) mass spectrometer at the 

Mass Spectrometry Facility in the Department of Chemistry or with a Perkin--Elmer 

Voyager (matrix assisted laser desorption ionization, MALDI) mass spectrometer in the 

Biophysics Instrumentation Facility. 
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3.5.2 Synthesis o/Compounds 3.1-3.6 and 3.8-3.13 

Dirnethylurea-Rhllo (3.1). RhllO (500 mg, 1.363 mmol) was dissolved in anhydrous 

DMF (50 mL) under Ar(g). NaH (98 mg, 4.089 mmol) was added slowly, and lthe 

resulting purple solution was stirred at ambient temperature for 1 h. Dimethylcarbamyl 

chloride (138 t-tL, 1.499 mmol) was added dropwise, and the reaction mixture was stirred 

at ambient temperature for 24 h. The reaction was quenched with a few drops of glacial 

acetic acid and solvent was removed under reduced pressure. The residue was partially 

purified by flash chromatography (silica gel, 0-6% v/v gradient of MeOH in CH2Ch). 

The partially pure compound was recrystallized from MeOH to yield compound 3.1 as a 

red powder (93 mg, 17%). IH NMR (400 MHz, DMSO-d6) t5 (ppm): 8.54 (bs, IH), 7.97 

(d, J = 7.5 Hz, IH), 7.78 (td, J = 7.5, 1.1 Hz, IH), 7.70 (td, J = 7.5,0.7 Hz, IH), 7.63 (d, 

J = 2.1 Hz, IH), 7.25 (d, J = 7.6 Hz, IH), 7.12 (dd, J = 8.9, 2.1 Hz, IH), 6.56 (d, J = 8.9 

Hz, IH), 6.44 (d, J = 1.8 Hz, IH), 6.36 (d, J = 8.5 Hz, IH), 6.32 (dd, J = 8.5, 1.9 Hz, IH), 

5.64 (bs, 2H), 2.93 (s, 6H). 13C NMR (100 MHz, DMSO-d6) t5 (ppm): 168.85, 155.35, 

152.53, 152.08, 151.32, 151.18, 142.92, 135.45, 129.89, 128.49, 127.63, 126.44, 124.49, 

124.01, 115.12, 111.82, 111.10, 105.96, 105.35,99.14,83.83,36.25 (2C). HRMS (BS!): 

mlz 402.1440 (MH+ [C23H2oN3041 = 402.1454). 

Monoacetamide-Rhllo (3.2). Rh110 (500 mg, 1.363 mmol) was dissolved in 

anhydrous DMF (15 mL) under Ar(g). NaH (65 mg, 2.73 mmol) was added slowly, and 

the resulting brown solution was stirred at ambient temperature for 1 h. Acetic anhydride 

(107 t-tL, 1.136 mmol) was added dropwise in anhydrous DMF (1.0 mL), and the reaction 

mixture was stirred for 24 h. The reaction was quenched with a few drops of glacial 

acetic acid and the solvent was removed under reduced pressure. The residue was 
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partially purified by flash chromatography (silica gel, 0-5% v/v gradient of MeOH in 

CH2Ch). This crude compound was further purified by flash chromatography (silica gel, 

5% v/v MeOH in CH2Ch). Compound 3.2 was isolated as an orange solid (188 mg, 

44%). IH NMR (400 MHz, DMSO-d6) 0 (ppm): 10.20 (bs, IH), 7.98 (d, J = 7.7 Hz, IH), 

7.79 (m, 2H), 7.70 (td, J = 7.4,0.8 Hz, IH), 7.26 (d, J = 7.6 Hz, 1H), 7.07 (dd, J = 8.6, 

2.2 Hz, IH), 6.64 (d, J = 8.6 Hz, 1H), 6.45 (d, J = 1.8 Hz, 1H), 6.37 (d, J = 8.5 Hz, 1H), 

6.33 (dd, J = 8.6, 2.0 Hz, 1H), 5.67 (bs, 2H), 2.06 (s, 3H). l3C NMR (100 MHz, DMSO­

d6) 0 (ppm): 168.87, 168.78, 152.47, 151.95, 151.36, 151.16, 141.15, 135.50, 129.99, 

128.50, 128.25, 126.33, 124.55, 123.99, 114.64, 113.41, 111.25, 106.00, 105.18,99.11, 

83.49,24.10. HRMS (ESI): m/z 373.1177 (MH+ [C22H17N204] = 373.1188). 

Bis(dimethylurea)-Rh1l0 (3.3). RhIlo (500 mg, 1.363 mmol) was dissolved in 

anhydrous DMF (50 mL) under Ar(g). NaH (134 mg, 5.589 mmol) was added slowly, 

and the resulting brown solution was stirred at ambient temperature for 1 h. 

Dimetbylcarbamyl chloride (250 ilL, 2.73 mmol) was added dropwise and the mixture 

was stirred at ambient temperature for 24 h. The reaction was quenched with a few drops 

of glacial acetic acid and solvent was removed under reduced pressure. The residue was 

purified by flash chromatography (silica gel, EtOAc). Compound 3.3 was isolated as an 

off-white solid (359 mg, 56%). IH NMR (400 MHz, DMSO-d6) 0 (ppm): 8.58 (bs, 2H), 

8.01 (d, J = 7.4 Hz, IH), 7.79 (td, J = 7.4, 1.3 Hz, IH), 7.72 (td, J = 7.5, 0.9 Hz, IH), 7.66 

(d, J = 2.3 Hz, 2H), 7.28 (d, J = 7.6 Hz, IH), 7.18 (dd, J = 8.8, 2.1 Hz, 2H), 6.62 (d, J = 

8.8 Hz, 2H), 2.93 (s, 12H). l3C NMR (100 MHz, DMSO-d6) 0 (ppm): 168.79, 155.33 

(2C), 152.63, 150.89 (2C), 143.14 (2C), 135.65, 130.10, 127.75 (2C), 125.97, 124.69, 
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123.97, 115.44 (2C), 111.36 (2C), 105.95 (2C), 82.65, 36.24 (4C). HRMS (ESI): mlz 

473.1831 (MH+ [C26H25N405] = 473.1825). 
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Monoacetamide-Monourea-Rhllo (3.4). Dimethylurea-Rhllo 3.1 (66 mg, 0.164 

mmol) was dissolved in anhydrous DMF (1.0 mL) and anhydrous pyridine (1.0 mL) 

under Ar(g). Acetyl chloride (94 ilL, 1.32 mmol) was added, and the reaction mixture 

was stirred at ambient temperature for 5 h. Solvent was removed under reduced pressure, 

and the residue dissolved in CH2Ch. This solution was washed with 5% HCl and 

saturated brine. The organic layer was then dried over anhydrous MgS04(s), and the 

solvent was removed under reduced pressure. The residue was purified by flash 

chromatography (silica gel, EtOAc) to give the compound 3.4 as a pale yellow solid 

(43 mg, 59%). IH NMR (400 MHz, CDCI3) ~ (ppm): 8.59 (bs, IH), 7.95 (d, J = 6.7 Hz, 

IH), 7.58 (m, 2H), 7.31 (d, J = 1.4 Hz, IH), 7.28 (d, J = 1.9 Hz, IH), 7.19 (d, J = 8.6 Hz, 

IH), 7.07 (bs, IH), 7.03 (dd, J = 8.8, 2.1 Hz, IH), 6.98 (d, J = 7.2 Hz, IH), 6.61 (d, J = 

8.7 Hz, IH), 6.58 (d, J = 8.8 Hz, IH), 3.00 (s, 6H), 2.08 (s, 3H). 13C NMR (100 MHz, 

CDCh) ~ (ppm): 170.11, 169.29, 155.72, 153.09, 151.55, 151.46, 141.68, 140.36, 135.35, 

129.81, 128.12, 128.00, 126.15, 124.83, 124.13, 116.07, 115.58, 113.66, 112.49, 107.88, 

107.60,83.45,36.51 (2C), 24.34. HRMS (ESI): mlz 466.1398 (MNa+ [C25H2IN305Na] = 

466.1379). 

Diacetamide-Rhllo (3.5). Rh110 (200 mg, 0.545 mmol) was dissolved in anhydrous 

DMF (2.0 mL) and anhydrous pyridine (2.0 mL) under Ar(g). Acetyl chloride (0.311 mL, 

4.36 mmol) was added dropwise, and the reaction mixture was stirred at ambient 

temperature for 24 h. The solution was poured into ice water containing 5% v/v HCl and 

the pale pink precipitate was collected by filtration. The crude product was purified by 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

82 

flash chromatography (silica gel, EtOAc). Compound 3.5 was isolated as an off-white 

solid (135 mg, 60%). IH NMR (400 MHz, DMSO-d6) b (ppm): 10.24 (bs, 2H), 8.02 (d, J 

= 7.5 Hz, IH), 7.84 (d, J = 1.9 Hz, 2H), 7.79 (td, J = 7.4, 1.3 Hz, IH), 7.73 (td, J = 7.5, 

0.9 Hz, IH), 7.28 (d, J = 7.4 Hz, IH), 7.14 (dd, J = 8.7, 2.2 Hz, 2H), 6.72 (d, J = 8.7 Hz, 

2H), 2.07 (s, 6H). 13C NMR (100 MHz, DMSO-d6) b (ppm): 168.91 (2C), 168.66, 152.53, 

150.82 (2C), 141.41 (2C), 135.76, 130.21, 128.36 (2C), 125.71, 124.75, 123.98, 115.13 

(2C), 112.84 (2C), 106.04 (2C), 81.97, 24.09 (2C). HRMS (ESI): mlz 437.1127 (MNa+ 

[C24HlSN205Na] = 437.1113). 

Morpholinourea-RhllO (3.6). RhllO (500 mg, 1.36 mmol) was dissolved in anhydrous 

DMF (50 mL) under Ar(g). NaH (67 mg, 2.86 mmol) was added portion-wise" and the 

resulting purple-brown solution was stirred at ambient temperature for 1 h. 

4-Morpholinecarbonyl chloride (0.156 mL, 1.36 mmol) was added dropwise and the 

mixture was stirred for 24 h. Solvent was removed under reduced pressure and the 

residue was purified by flash chromatography (silica gel, 100:7:1 vlvlv 

CHCh:MeOH:AcOH). The purification gave compound 3.6 as a red-orange crystalline 

solid (176 mg, 29%). IH NMR (400 MHz, DMSO-d6) b (ppm): 8.80 (bs, IH), 7.97 (d, J = 

7.9 Hz, IH), 7.78 (td, J = 7.4, 1.4 Hz, IH), 7.70 (td, J = 7.5, 0.6 Hz, IH), 7.62 (d, J = 2.6 

Hz, IH), 7.25 (d, J = 7.4 Hz, IH), 7.09 (dd, J = 8.6, 1.8 Hz, IH), 6.58 (d, J = 9.1 Hz, IH), 

6.44 (d, J = 2.0 Hz, IH), 6.36 (d, J = 8.2 Hz, IH), 6.32 (dd, J = 8.5, 2.2 Hz, IH), 5.65 (bs, 

2H), 3.60 (m, 4H), 3.43 (m, 4H). 13e NMR (l00 MHz, DMSO-d6) d (ppm): 168.86, 

154.78, 152.55, 152.06, 151.31, 151.12, 142.64, 135.46, 129.94, 128.50, 127.81, 126.42, 

124.52,124.02,115.01,112.08,111.14,105.97,105.33, 99.15,83.74,65.95 (2C), 44.17 

(2C). HRMS (ESI): mlz 444.1570 (MW [C25H22N305] = 444.1559). 
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Morpholinourea-RhllO Trimetbyl Lock (3.8). Compound 3.6 (54 mg, 0.122 mmol) 

was dissolved in a mixture of anhydrous DMF (0.9 mL) and anhydrous pyridine (0.6 mL) 

under Ar(g). To this solution was added EDC (47 mg, 0.244 mmol) and 3-(2'-acetoxy-

4',6'-dimethylphenyl)-3,3-dimethylpropanoic acid 3.7 (Amsberry et ai., 1991) (64 mg, 

0.244 mmol). The resulting solution was stirred for 48 h at ambient temperature. Solvent 

was removed under reduced pressure, and the residue was taken up in CH2Ch. This 

solution was washed with 5% HCI and saturated brine. The organic layer was dried over 

anhydrous MgS04(S), and the solvent was removed under reduced pressure. The pale 

orange residue was purified by flash chromatography (silica gel, 2:1 EtOAc:h(~xanes) to 

give compound 3.8 as a pale yellow solid (68 mg, 81 %). IH NMR (400 MHz, CDCI3) ~ 

(ppm): 7.97 (m, IH), 7.63 (td, J = 7.4, 1.3 Hz, IH), 7.58 (td, J = 7.4, 1.2 Hz, IH), 7.55 

(bs, IH), 7.39 (d, J = 2.2 Hz, IH), 7.36 (d, J = 2.0 Hz, IH), 7.08 (m, 2H), 6.94 (dd, J = 

8.6, 1.9 Hz, IH), 6.90 (bs, IH), 6.79 (d, J = 1.4 Hz, IH), 6.65 (dd, J = 8.6, 2.1 Hz, IH), 

6.63 (d, J = 1.5 Hz, IH), 6.57 (d, J = 8.7 Hz, IH), 6.55 (d, J = 8.6 Hz, IH), 3.69 (m, 4H), 

3.48 (m, 4H), 2.59 (ABq, J = 13.4 Hz, 2H), 2.42 (s, 3H), 2.37 (s, 3H), 2.23 (s, 3H), 1.68 

(s,3H), 1.67 (s, 3H). l3C NMR (100 MHz, CDCl]) ~ (ppm): 172.11, 169.96, 169.89, 

154.74, 153.22, 151.66, 151.59, 150.05, 141.34, 140.08, 139.02, 137.28, 135.17, 133.19, 

132.87, 129.71, 128.15, 128.09, 126.24, 124.87, 124.06, 123.45, 115.52, 115.16, 113.68, 

112.76, 107.43 (2C), 83.25, 66.47 (2C), 51.03,44.27 (2C), 40.35, 32.16, 32.11, 25.51, 

21.94,20.17. HRMS (ESI): mlz 712.2657 (MNa+ [C4oH39N30sNa] = 712.2635). 

t-BOC-RhllO (3.9). Rh llO (403 mg, 1.10 mmol) was dissolved in anhydrous DMF 

(15 mL) under Ar(g). NaH (53 mg, 2.20 mmol) was added slowly, and the resulting 

brown solution was stirred for 1 h. Di-tert-butyl dicarbonate (200 mg, 0.916 mmol) was 
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added, and the reaction mixture was stirred at ambient temperature for 24 h. The reaction 

was quenched with a few drops of glacial acetic acid and the solvent was removed under 

reduced pressure. The orange solid was taken up into 80 mL of CH2Ch:MeOH (1: 1 v/v) 

and filtered to remove unreacted Rh110 (98 mg). The mother liquor was concentrated 

under reduced pressure and the residue was purified by flash chromatography (silica gel, 

5:3:2 v/v/v hexanes:CH2Ch:EtOAc). t-Boc-Rh110 was isolated as an orange powder (171 

mg,43%). IH NMR (400 MHz, DMSO-d6) ~ (ppm): 9.65 (bs, IH), 7.97 (d, J =: 8.1 Hz, 

IH), 7.78 (td, J = 7.4, 1.5 Hz, IH), 7.70 (td, J = 7.5, 0.7 Hz, IH), 7.52 (d, J = 1.8 Hz, 

IH), 7.24 (d, J = 7.9 Hz, IH), 7.09 (dd, J = 8.8, 2.5 Hz, IH), 6.59 (d, J = 8.8 Hz, IH), 

6.43 (d, J = 1.9 Hz, IH), 6.36 (d, J = 8.5 Hz, IH), 6.32 (dd, J = 8.5, 2.4 Hz, IH), 5.66 (bs, 

2H), 1.48 (s, 9H). 13C NMR (100 MHz, DMSO-d6) ~ (ppm): 168.84, 152.64, 152.52, 

151.98, 151.36, 151.30, 141.61, 135.46, 129.93, 128.49, 128.22, 126.34, 124.54, 124.00, 

113.93, 112.55, 111.21, 105.26, 104.93, 99.08, 83.55, 79.64, 28.03 (3C). HRMS (ESI): 

m/z 431.1593 (MH+ [C2SH23N20s1 = 431.1607). 

4-Maleimidobutyric Acid (3.10). 4-Aminobutyric acid (20.0 g, 194 mmol) was 

dissolved in glacial acetic acid (250 mL). Maleic anhydride (19.0 g, 194 mmol) was 

added, and the mixture was heated at reflux for 4 h with removal of the condenser for the 

final 20 min to allow escape of H20. The reaction mixture was concentrated under 

reduced pressure, and residual acetic acid was removed by its azeotrope with ltoluene. 

Purification by flash chromatography (silica gel, CH2Ch) gave the compound 3.10 as a 

white crystalline solid (12.6 g, 35%). IH NMR (400 MHz, DMSO-d6) ~ (ppm): 7.00 (s, 

2H), 3.42 (t, J = 6.8 Hz, 2H), 2.20 (t, J = 7.3 Hz, 2H), 1.71 (p, J = 7.0 Hz, 2H). 13C NMR 
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(100 MHz, DMSO-d6) d (ppm): 173.82, 171.17 (2C), 134.50 (2C), 36.58, 30.84, 23.41. 

HRMS (ESI): m/z 182.0456 (M-H [CgHgN041 = 182.0453). 
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Maleimidourea-Rhll~-Boc (3.11). 4-Maleimidobutyric acid 3.10 (162 mg, 0.885 

mmol) was dissolved in anhydrous THF (2.0 mL) under Ar(g). Hiinig's base (0.206 mL, 

1.180 mmol) was added followed by diphenylphosphoryl azide (244 mg, 0.885 mmol). 

The resulting solution was stirred at ambient temperature for 4 h, and the reaction 

mixture was then heated at reflux for 1 h. t-BOC-RhllO 3.9 (127 mg, 0.295 mmol) was 

then added in anhydrous THF (2.0 mL), and the reaction mixture was heated at reflux for 

18 h. Solvent was removed under reduced pressure, and the residue was purified by flash 

chromatography (silica gel, 60% v/v EtOAc in hexanes). The purification gave 

compound 3.11 as a pale yellow crystalline solid (101 mg, 56%). IH NMR (400 MHz, 

CDCh) d (ppm): 7.99 (d, J = 7.0 Hz, 1H), 7.68 (bs, 1H), 7.63 (td, J = 7.4, 1.3 Hz, 1H), 

7.58 (td, J = 7.4, 1.1 Hz, 1H), 7.36 (d, J = 1.8 Hz, 1H), 7.17 (bs, 1H), 7.13 (d, J = 1.7 Hz, 

1H), 7.05 (m, 2H), 6.94 (dd, J = 8.8, 2.0 Hz, 1H), 6.64 (d, J = 8.8 Hz, 1H), 6.63 (s, 2H), 

6.53 (d, J = 8.5 Hz, 1H), 5.87 (t, J = 5.8 Hz, 1H), 3.52 (t, J = 6.6 Hz, 2H), 3.17 (m, 2H), 

1.75 (p, J = 6.6 Hz, 2H), 1.51 (s, 9H). 13C NMR (100 MHz, CDCh) d (ppm): 170.91 

(2C), 170.36, 155.44, 153.15, 152.66, 151.77, 151.54, 141.71, 140.83, 135.41, 134.04 

(2C), 129.78, 128.47, 128.13, 126.16, 124.91, 124.08, 114.98, 114.18, 112.59, 111.69, 

106.32, 106.19,84.03,80.95,37.07,35.07,28.86,28.30 (3C). HRMS (ESI): m/z 

611.2147 (MH+ [C33H31N40g1 = 611.2142). 

Maleimidourea-Rhuo (3.12). Maleimidourea-RhllO-t-Boc 3.11 (123 mg, 0.201 

mmol) was dissolved in a mixture of CH2Ch (8 mL) and TF A (2 mL). The resulting 

solution was stirred at O°C for 10 min and ambient temperature for 90 min. Solvent was 
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removed under reduced pressure, and the residue was purified by flash chromatography 

(silica gel, 5% v/v MeOH in CH2Ch). Compound 3.12 was isolated as an orange 

crystalline solid (94 mg, 91 %). IH NMR (400 MHz, DMSO-d6) 6 (ppm): 8.89 (bs, 1H), 

7.97 (d, J = 7.8 Hz, 1H), 7.78 (td, J = 7.5, 1.2 Hz, 1H), 7.70 (td, J = 7.5,0.9 Hz, 1H), 7.63 

(d, J = 1.9 Hz, 1H), 7.25 (d, J = 7.6 Hz, 1H), 7.02 (s, 2H), 6.86 (dd, J = 8.9, 2.2 Hz, 1H), 

6.54 (d, J = 8.7 Hz, 1H), 6.43 (d, J = 2.2 Hz, 1H), 6.36 (d, J = 8.3 Hz, 1H), 6.32 (dd, J = 

8.6,2.0 Hz, 1H), 6.26 (t, J = 5.9 Hz, 1H), 5.65 (bs, 2H), 3.44 (t, J = 7.0 Hz, 21-I), 3.06 (q, 

J = 6.4 Hz, 2H), 1.66 (p, J = 6.9 Hz, 2H). l3C NMR (100 MHz, DMSO-d6) 6 (ppm): 

171.18 (2C), 168.83, 154.92, 152.52, 152.09, 151.40, 151.31, 142.58, 135.42, 134.53 

(2C), 129.90, 128.47, 128.10, 126.44, 124.46, 124.03, 113.56, 111.36, 111.10,. 105.31, 

104.23,99.14,83.86,36.63,34.92,28.80. HRMS (ESI): m/z 511.1605 (MH+ 

[C2SH23N406] = 511.1617). 

Maleimidourea-Rhllo Trimethyl Lock (3.13). Maleimidourea-Rhllo 3.12 (24 mg, 

0.047 mmol) was dissolved in a mixture of anhydrous DMF (1.0 mL) and anhydrous 

pyridine (1.0 mL) under Ar(g). EDC (18 mg, 0.094 mmol) and 3-(2'-acetoxy-4',6'­

dimetbylphenyl)-3,3-dimetbylpropanoic acid 3.7 (Amsberry et al., 1991) (15 mg, 0.094 

mmol) were added, and the reaction mixture was stirred at ambient temperature for 24 h. 

Solvent was removed under reduced pressure, and the pale orange residue was purified 

by flash chromatography (silica gel, 0-30% v/v gradient of EtOAc in hexanes). 

Compound 3.13 was isolated as an off-white crystalline solid (28 mg, 79%). IH NMR 

(400 MHz, CDCh) 6 (ppm): 8.00 (d, J = 6.9 Hz, IH), 7.68 (bs, 1H), 7.64 (td, J = 7.4, 1.3 

Hz, IH), 7.60 (td, J = 7.5, 1.0 Hz, 1H), 7.38 (d, J = 1.9 Hz, 1H), 7.29 (bs, IH), 7.12 (d, J 

= 2.2 Hz, IH), 7.07 (d, J = 7.2 Hz, IH), 7.04 (dd, J = 8.7, 2.2 Hz, IH), 6.81 (d, J = 1.8 
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Hz, IH), 6.69 (s, 2H), 6.69 (dd, J = 8.6, 2.2 Hz, IH), 6.64 (d, J = 1.6 Hz, IH), 6.58 (d, J = 

8.6 Hz, IH), 6.57 (d, J = 8.7 Hz, IH), 5.66 (t, J = 5.9 Hz, IH), 3.60 (t, J = 6.5 Hz, 2H), 

3.21 (q, J = 6.3 Hz, 2H), 2.64 (ABq, J = 13.5 Hz, 2H), 2.45 (s, 3H), 2.39 (s, 3H), 2.24 (s, 

3H), 1.81 (p, J = 6.5 Hz, 2H), 1.70 (s, 3H), 1.69 (s, 3H). l3C NMR (100 MHz, CDCh) 0 

(ppm): 172.02, 170.98 (2C), 170.20, 170.12, 155.02, 153.18, 151.56, 151.51, 149.99, 

141.63, 139.97, 138.94, 137.25, 135.22, 134.14 (2C), 133.16, 132.90, 129.72, 128.23 

(2C), 126.24, 124.93, 124.08, 123.43, 115.20, 114.98, 113.72, 111.94, 107.55, 106.39, 

83.58,50.95,40.31,36.93,35.03,32.09,32.06, 28.85, 25.55, 21.92, 20.16. HRMS (ESI): 

mJz 779.2715 (MNa+ [C43RwN409Na] = 779.2693). 

3.5.3 General Spectroscopic Methods 

HEPES (2[ 4-(2-hydroxyethyl)-l-piperazinyl]ethanesulfonic acid) was from Research 

Products International. Fluorescein (reference standard grade) was from Molecular 

Probes. Other reagents were from Sigma-Aldrich or Fisher Scientific. 

Phosphate-buffered saline, pH 7.4 (PBS) contained (in 1.00 liter) KCI (0.20 g), KH2P04 

(0.20 g), NaCI (8.0 g), and Na2HP04·7H20 (2.16 g). All measurements were recorded at 

ambient temperature (23 ± 2°C) and buffers were not degassed prior to measurements. 

Compounds were prepared as stock solutions in DMSO and diluted such that the DMSO 

concentration did not exceed 1 % v/v. Porcine liver esterase (PLE; MW = 163 kDa 

(Horgan et al., 1969» was obtained from Sigma Chemical (product number E2884) as a 

suspension in 3.2 M (~hS04, and was diluted to appropriate concentrations in PBS 

before use. In pH-dependency studies, the pH of PBS was adjusted by additions of 1.0 M 

HCI or 1.0 M NaOH and measured using a Beckmann glass electrode that was calibrated 
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prior to each use. Graphs were manipulated and parameters were calculated with 

Microsoft Excel 2003 and GraphPad Prism 4. 

3.5.4 Ultraviolet-Visible and Fluorescence Spectroscopy 
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Absorption spectra were recorded in 1-cm path length cuvettes having a volume of 1.0 

or 3.5 mL on a Cary Model 50 spectrometer from Varian. The extinction coeffilcients 

were measured in 10 mM HEPES-NaOH buffer, pH 7.5. Fluorometric measurements 

were made using fluorescence grade quartz or glass cuvettes from Stama Cells and a 

QuantaMasterl photon-counting spectrofluorometer from Photon Technology 

International equipped with sample stirring. The quantum yields of Rh 110 and compounds 

3.1-3.5 were measured with dilute samples (A ~ 0.1) in 10 mM HEPES-NaOH buffer, . 

pH 7.5. These values were obtained by the comparison of the integrated area of the 

emission spectrum of the samples with that of fluorescein in 0.1 M NaOH, which has a 

quantum efficiency of 0.95 (Lakowicz, 1999). The concentration of the fluorescein 

reference was adjusted to match the absorbance of the test sample at the excitation 

wavelength. Under these conditions, quantum yields were calculated by using eq 3.1. 

<Psample = <PstandarddFem,sample I JFem,standard) (3.1) 

3.5.5 Protein Purification and Labeling 

The TNB-protected A19C variant of RNase A and the Oregon Green-labeled RNase 

A conjugate were prepared as described previously (Haigis and Raines, 2003). The TNB­

protected protein was deprotected with a three-fold molar excess of dithiothreitol (DTT) 
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and desalted by chromatography using a HiTrap Desalting column (Amersham). The 

protein conjugate then was prepared by reaction with ten-fold molar excess of 

thiol-reactive maleimide 3.13 for 16 h at 4°C. Purification by chromatography using a 

HiTrap HP SP column (Amersham) afforded the desired conjugate (MS (MALDI): m/z 

14,468 (expected: 14,475». Protein concentration was determined by using a 

bicinchoninic acid (BCA) assay kit from Pierce with wild-type RNase A as a standard. 

3.5.6 Cell Preparation 

89 

HeLa cells were plated on Nunc Lab-Tek II 8-well Chamber Coverglass (Fisher 

Scientific) and grown to 70-80% confluence at 37°C in DMEM (Invitrogen) containing 

PBS (10% v/v). For static imaging, cells were first washed with Dulbecco's phosphate­

buffered saline (DPBS, Invitrogen). Cells were then incubated with profluorophore 3.8 

(10 !lM), RNase A conjugated to maleimide 3.13 (10 !lM), or Oregon Green-labeled 

RNase A (10 !lM) for 1 hat 37°C prior to imaging. Nuclear staining was accomplished 

by addition of Hoechst 33342 (2 !lg/mL) for the final 5 min of incubation. Lysosomal 

staining involved washing the cells with DPBS followed by incubation with 100 nM 

LysoTracker Red (Molecular Probes) in DPBS for 1 min at ambient temperature. For 

dynamic imaging, cells were incubated with Hoechst 33342 (2 !lg/mL) for 5 min at 

37°C, and then washed twice with DPBS. Profluorophore 3.13-RNase A conjugate 

(10 !lM) was added to the cells at ambient temperature (23 ± 2°C). Imaging of 

endocytosis started within 1 min after the addition of the conjugate. 
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3.5.7 Cell Imaging 

Cells were imaged on a Nikon Eclipse TE2000-U confocal microscope equipped with 

a Zeiss AxioCam digital camera, unless indicated otherwise. Excitation at 408 nm was 

provided by a blue-diode laser, and emission light was passed though a filter c(~ntered at 

450 nm with a 35-nm band-pass. Excitation at 488 nm was provided by an argon-ion 

laser and emission light was passed through a filter centered at 515 nm with a 40-nm 

band-pass. Excitation at 543 nm was provided by a HeNe laser, and emission light was 

passed through a filter centered at 605 nm with a 75-nm band-pass. For time-lapse 

imaging, 1 image/min was recorded during the first 30 min of incubation, 2 images/min 

were recorded during the next 10 min, and 5 images/min were recorded during the last 50 

min. The resulting movie condenses these 300 images recorded over 90 min into 40 s. 

Brightfield images indicated that the cells were alive and appeared to have nOlmal 

physiology, both before and after the time-lapse imaging. 
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CHAPTER 4 

FLUOROGENIC LABEL UNMASKED BY p-GALACTOSIDASE 

Contribution: Design and synthesis of fluorogenic label, composition of chapter, and 
preparation of figure drafts. Protein conjugation and cellular studies were performed by 
T.-Y. Chao. 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

116 

4.1 Introduction 

Fluorogenic molecules are used extensively to assay enzyme activity in vitro and 

in vivo. Enzyme-catalyzed hydrolysis of these "latent" fluorophores can be exploited to 

create a portfolio of substrates that are unmasked by specific enzymes. These substrates 

are used in many biochemical and biological applications, including assessment of cell 

viability, visualizing reporter gene activity, the enzyme-linked immunosorbent assay 

(ELISA), and high-throughput screening (Johnson, 1998; Goddard and Reymond, 2004b; 

Haugland et al., 2005). 

Another intriguing use for fluorogenic molecules is the preparation of bioconjugates 

containing a fluorophore-based enzyme substrate. Attachment of such a "fluorogenic 

label" to a biomolecule renders the conjugate invisible until unmasking catalyzed by a 

specific and user-designated enzyme. This strategy facilitates sophisticated biomolecular 

imaging experiments to measure cellular trafficking of different molecular entities 

(Laurent et al., 1997; Bergsdorf et al., 2003; Drobni et al., 2003; Kamal et al., 2004; 

Lavis et al., 2006a). 

Chemical stability of the fluorogenic label is a critical property, as spontarleous 

hydrolysis can raise fluorescence background levels in imaging or other experiments. 

Previous work in our lab involved the development of a new class of hyperstable latent 

fluorophores based on the trimethyllock chemical system (Chandran et al., 2005; Lavis 

et al., 2006b). Our strategy was furthered to prepare a useful esterase-reactive fluorogenic 

label (Lavis et aI., 2006a). This label allowed visualization of the endocytosis of labeled 

bovine pancreatic ribonuclease (RNase A (Raines, 1998)) variants and homologues in 
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both bioimaging (Lavis et al., 2006a) and flow cytometry experiments (Johnson et aI., 

2007). 
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Our interest in ribonuclease internalization stems from a longstanding investigation of 

the cytotoxic action of variants and homologues of RNase A towards cancer cells 

(Rutkoski et al., 2005). These proteins hold potential as chemotherapeutic agents (Leland 

and Raines, 2001), and one such protein, Onconase, is currently in phase 11Th clinical 

trials for the treatment of malignant mesothelioma (Mikulski et al., 2002). The: putative 

pathway for a cytotoxic ribonuclease is shown in Figure 4.1 (Johnson et aI., 2(07). 

Ribonucleases bind to the cell surface, and are internalized by endocytosis, after which a 

portion of the protein translocates to the cytosol (Haigis and Raines, 2003). The majority 

of ribonuclease material likely remains in the endosmalllysosomal pathway (Bosch et al., 

2004). If the cytosolic portion evades the ubiquitous ribonuclease inhibitor (RI (Dickson 

et aI., 2005)), it can cleave cellular RNA, resulting in cell death. The basis for selectivity 

towards cancerous cells is not well-understood, and examination of this biological 

process could augment our understanding of cancer cell biology, while providing insight 

for the development of better therapeutic agents. 

We designed our first generation fluorogenic label to be unmasked by endogenous 

esterases (Lavis et al., 2006a), allowing measurement of the internalization of 

ribonucleases (Johnson et al., 2007). To measure the endosomal translocation event, we 

envisioned designing a label that remains quiescent until entry to the cytosoL We 

reasoned the use of a non-native enzyme-substrate pair could limit background 

hydrolysis and allow exquisite control over the location of unmasking within a cell. Here, 

we investigate the utility of the oft-used enzyme-substrate system: bacterial 
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~-galactosidase and fluorescein di-~-D-galactopyranoside (FOG; 4.1; Scheme 4.1) 

(Rotman et ai., 1963; Hofmann and Sernetz, 1983; Nolan et ai., 1988; Fiering et ai., 

1991; MacGregor et ai., 1991; Johnson, 1998; Rakhmanova and MacDonald, 1.998; 

Rondelez et ai., 2005). We first develop chemistry to allow facile preparation of a 

thiol-reactive fluorogenic label based on FOG. We then conjugate this molecule to a 

variant of RNase A and examine the utility of this fluorogenic label strategy in live 

human cells. These experiments show promising preliminary results, illustrating the 

utility of fluorogenic labels in cell biology. 

4.2 Results and Discussion 

4.2.1 Choice of Fiuorogenic Labei System 

118 

The imaging of only the cytosolic portion of internalized ribonuclease is an audacious 

goal. With the majority of protein remaining in the endosomalllysosomal pathway (Bosch 

et ai., 2004), very low fluorescence background is required for successful imaging 

experiments. We chose to construct a label based on FOG (4.1; Scheme 4.1.). Appending 

sugar groups to the fluorescein fluorophore secure the molecule in a lactone form, which 

lacks visible absorption and is essentially nonfluorescent (Rotman et ai., 1963; Johnson, 

1998). 

Another important consideration for a useful fluorogenic label is chemical stability. 

Spontaneous hydrolysis of hydrolase substrates can compete deleteriously with enzyme 

activity and raise background levels. Other fluorescein-based substrates such as 

fluorescein diacetate exhibit poor stability in aqueous solution (Chandran et aI., 2005; 

Lavis et ai., 2006a). In an initial assessment of compound 4.1, however, the acetal groups 
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in FOG proved reasonably stable in aqueous solution for hours, even at pH 4.0 (data not 

shown). Another advantage of compound 4.1 as a fluorogenic label is the hydrophilicity 

of the sugar moieties in FOG that render the molecule cell-impermeant (Urano et at., 

2005) without the addition of charge. The net molecular charge can affect greatly the 

internalization of a biomolecule (Johnson et at., 2007). Thus, bioconjugation with an 

FOG derivative could preserve the native propensity for cellular internalization of a 

molecule and maintain biofidelity in bioconjugate trafficking measurements. 

FOG and its derivatives are widely used fluorogenic enzyme substrates (Zhang et at., 

1991; Johnson, 1998; Haugland et ai., 2005). The unmasking of FOG molecule is 

catalyzed by bacterial ~-galactosidase, the product of the tacZ gene. This gene: is a 

common transcription reporter (Silhavy and Beckwith, 1985; Fiering et at., 1991; 

MacGregor et at., 1991; Lampson et at., 1993; Brustugun et at., 1995; Poot arId 

Arttamangkul, 1997; Rakhmanova and MacDonald, 1998; Kamiya et at., 2007), and the 

use of transfected cell lines in imaging or flow cytometry experiments would ensure 

abundant cytosolic enzyme to unmask the fluorogenic ribonuclease conjugate in an 

orthogonal fashion. 

Endogenous glycosidases that are able to catalyze the hydrolysis of the p-galactoside 

moieties on FOG could prove problematic in our experiment. Such enzymatic: activity 

exists within the endosomal pathway within acidic vesicles and has maximal activity at 

low pH (Hoogeveen et at., 1983; Morreau et at., 1989; Fiering et at., 1991). Some reports 

detailing related fluorogenic substrates for p-galactosidase make no mention of any 

background problems resulting from native activity in mammalian cells (Urano et at., 

2005; Koide et at., 2007), while others state the activity differs between cell types 
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(Piering et ai., 1991). We postulated that our fluorescein-based strategy takes advantage 

of the native acidity within the endosoma1J1ysosomal pathway. Fluorescein possesses a 

pKa of approximately 6.4 (Lavis et aI., 2007), and thus any FDG conjugate unmasked in 

the endosomes (pH -6) or lysosomes (pH -5) would exhibit lower fluorescence relative 

to the fluorescein-labeled protein in the neutral cytosol (Maxfield and McGraw, 2004). 

This could overcome, to a degree, the background from any native glycohydrolase 

activity encountered by the conjugate. 

Another critical element of a fluorogenic label is the conjugation strategy. We 

envisioned installation of a thiol-reactive moiety to allow site-specific labeling of 

ribonuclease variants containing engineered cysteine residues (Lavis et ai., 2006a). We 

chose to incorporate the maleimide functionality which is thiol-specific and provides very 

stable linkages (Ji, 1983). We therefore sought the synthesis of 

5-carboxamidefluorescein, C2-maleimide, di-\3-galactopyranoside (4.2; Scheme 4.1) as 

our target fluorogenic label. 
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b d 

Figure 4.1 Pathway of cytotoxic ribonuc1eases. (a) Binding of ribonuc1eases (blue) to 

the cell surface. (b) Uptake by endocytosis. (c) Translocation to the 

cytosol. (d) Evasion ofRI (red). (e) Degradation of RNA leading to cell 

death. 
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4.2.2 Synthesis of Fiuorogenic Labei 

A pivotal issue in the synthetic design of compound 4.2 is the incorporation of the 

maleimide moiety in the presence of the sugar hydroxyls. Thus, the choice of sugar 

hydroxyl protecting groups is an important consideration. Benzyl protecting groups 

seemed an imperfect choice on the basis that both the lactone form of fluorescein 

(Zaikova et ai., 2001) and the maleimide moiety (Verschueren et ai., 2005) can be 

reduced under the catalytic hydrogenation conditions used for benzyl group removal. We 

therefore utilized acetate groups for sugar protection which are removed with 

nucleophilic reagents (Herzig et ai., 1986; Kasai et ai., 1993). 

Such nucleophiles proved incompatible with the maleimide group and a protection 

strategy for this electrophilic moiety was the next hurdle in our synthetic plan .. We 

envisaged installing the maleimide early in the synthesis, and protecting this e:lectrophilic 

moiety during sugar deprotection using a reversible Diels-Alder reaction with furan 

(Kwart and King, 1968). This was inspired, in part, by the use the Diels-Alder between 

maleimides and furanyl moieties to prepare thermo sensitive molecules (McElhanon and 

Wheeler, 2001; McElhanon et ai., 2005; Szalai et ai., 2007) and to tether mol,ecules to 

solid supports (Pontrello et ai., 2005). The retro Diels-Alder has also been utilized in the 

synthesis ofthiol-reactive moieties for bioconjugation (Mantovani et ai., 2005). Such 

maleimide-furan Diels-Alder adducts are stable in a variety of conditions (McElhanon et 

al., 2005) and provide a general means to protect the widely-used maleimide 

functionality in biomolecule label synthesis. 

The synthesis of 5-carboxamidefluorescein, C2-maleimide, di-~-galactoside (4.2) is 

shown in Scheme 4.2. 5-Carboxyfluorescein, succinimidyl ester 4.3 (Adamczyk et al., 
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1997) reacted with maleimide-amine 4.4 (Arano et ai., 1996) to give 

5-carboxamidefluorescein, C2-maleimide (4.5). This dye was glycosylated using 

Koenigs-Knorr chemistry (Koenigs and Knorr, 1901; Chilvers et ai., 2001) with 

a-bromogalactose derivative 4.6 to give a monogalactoside. A second sugar was 

installed using cadmium carbonate under Dean-Stark conditions (Bernstein and Conrow, 

1971) to give the protected di-J3-galactoside 4.7. 

Reaction of maleimide 4.7 in neat furan at reflux provided the Diels-Alder adduct 4.8 

in high yield as a mixture of -9: 1 exo:endo isomers. Removal of the acetate groups under 

basic conditions (Kasai et ai., 1993) afforded the deprotected di-f3-galactoside 4.9 which 

was purified by preparative HPLC. Heating in DMF overnight at 100°C effected the 

retro Diels-Alder reaction giving the desired maleimide 4.2. 
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4.2.3 Bioconjugation 

Fluorogenic label 4.2 reacted cleanly with the A19C variant of RNase A to give a 

singly-labeled conjugate. The conjugate was purified by cationic-exchange 

chromatography and exhibited low background fluorescence intensity. Incuba1tion of the 

labeled ribonuclease with purified bacterial ~-galactosidase in vitro showed significant 

increase in fluorescence. The rate of unmasking, however, was slower than with free 

substrate 4.1 (data not shown). This is likely a result of the tetrameric structure of 

~-galactosidase (Juers et al., 2000). We suspect that small-molecule substrates are able to 

access the active site easily, while the steric bulk of the fluorogenic label-ribonuclease 

conjugate slows enzymatic catalysis. Long incubation times would be required to 

measure the translocation process, however, and render the decrease in catalysis rate 

immaterial. 

4.2.4 Cell Preparation and Preliminary Imaging 

HeLa cells were transiently transfected with a single vector containing both lacZ to 

produce ~-galactosidase and the sequence to produce monomeric red fluorescent protein 

(mRFP). This endowed successfully transfected cells with red fluorescence, allowing 

identification of this subpopulation of cells in both imaging and flow cytometry 

experiments. Transfected HeLa cells were incubated with ribonuclease conjugate from 

label 4.2 for 24 h after which they were imaged by confocal microscopy. Preliminary 

images are shown in Figure 4.2. 

We expect cells successfully transfected with the lacZ gene should show diffuse green 

staining from unmasked ribonuclease conjugate labeled with compound 4.2. These cells 
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should also exhibit bright red fluorescence from expressed mRFP. Indeed, the cell that 

shows diffuse green staining (Figure 4.2a) also exhibits a bright red signal from mRFP 

(Figure 4.2b). Green punctuate staining is evident in all cells, however, presumably due 

to glycohydrolase hydrolase activity within the endosomalllysosomal pathway 

(Hoogeveen et al., 1983; Fiering et al., 1991). Preliminary flow cytometry experiments 

show a significant (albeit small) difference between transfected cells lines (data not 

shown). Background fluorescence remains a significant problem in these flow cytometry 

experiments and precludes rigorous quantitative assessment of the translocation process 

to the cytosol. 
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Figure 4.2 Transfected, live HeLa cells incubated with fluorogenic label 4.2-

RNase A conjugate (10 J.lM) for 24 h (5% v/v C02(g), 100% humidity). 

(a) Green channel only showing diffuse cytosolic staining of unmasked 

conjugate within transfected cell. (b) Merged image showing fluorescence 

from conjugate (green), mRFP fluorescence (red), and nuclei stained with 

Hoechst 33342 (blue). Scale bar: 20 J.lm. 
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4.3 Conclusions and Future Directions 

In previous work we showed how the use of a fluorogenic label can allow 

sophisticated biological measurements by suppressing unwanted fluorescence intensity 

signals (Lavis et al., 2006a). Here, the use of a matched orthogonal enzyme-substrate 

pair allowed somewhat selective visualization of the population of ribonuclease 

conjugates within the cytosol. While not ideal, these initial data are promising and 

portend the construction of other fluorogenic labels to measure biomolecular trafficking 

in the cell. 

Given the wide utility of ~-galactosidase as a reporter gene and the straightforward 

synthesis of FDG derivatives, this enzyme-substrate pair was an obvious initial attempt 

at a non-native fluorogenic label system. The tantalizing results from this experiment 

should inspire the synthesis of other truly orthogonal enzyme-substrate pairs to facilitate 

biomolecular imaging. In particular, the use of the small, monomeric TEM-J gene 

product, ~-lactamase, should ensure very low fluorescence background due to absence of 

any native lactamase activity in mammalian cells. Tsien and coworkers have prepared 

fluorogenic substrates for ~-lactamase (Zlokarnik et al., 1998; Gao et al., 2003) and 

fluorogenic labels based on such substrates should find wide utility. Overall, the 

fluorogenic label approach should continue to facilitate sophisticated and exciting 

experiments in cell biology. 
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4.5 Experimental Section 

4.5.1 Materials and Methods: Chemical Synthesis 

5-Carboxyfluorescein, succinimidyl ester (5-FAM SE; 4.3) was synthesized as 

described previously (Adamczyk et al., 1997). Molecular sieves (3-A) were dried for 3 h 

at 320°C prior to use (Fieser and Fieser, 1967). Furan was purchased as "Furan, 99+%, 

inhibited with 0.025 wt. % BHT" (Aldrich; Product 185922) and was used as received. 

Dimethylformamide (DMF), tetrahydrofuran (THF), and dichloromethane (CH2Ch) were 

drawn from a Baker CYCLE-TAINER solvent delivery system. All other reagents were 

obtained from Sigma (Saint Louis, MO) or Fisher Scientific (Hanover Park, IL) and used 

without further purification. 

Thin-layer chromatography was performed using aluminum-backed plates coated with 

silica gel or C-18 silica gel containing F254 phosphor and visualized by UV illumination 

or staining with }Z, ceric ammonium molybdate, or phosphomolybdic acid. Flash 

chromatography was performed by using open glass columns loaded with 

silica gel-60 (230-400 mesh), or on a FlashMaster Solo system (Argonaut Inc., Redwood 

City, CA) with Isolute Flash Si IT columns (International Sorbent Technology Ltd., 

Hengoed, Mid Glamorgan, UK). The term "high vacuum" refers to a vacuum (:::;1 mm 

Hg) achieved by a mechanical belt-drive oil pump. 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 mm Hg) while maintaining the water-bath 
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temperature below 40°C. The term "concentrated under high vacuum" refers to the 

removal of solvents and other volatile materials using a rotary evaporator at high vacuum 

while maintaining the water-bath temperature below 40°C. 

NMR spectra were obtained with a Broker DMX-400 Avance spectrometer at the 

NMR Facility at Madison (NMRFAM). Mass spectrometry was performed with a 

Micromass LCT (electro spray ionization, ESI) mass spectrometer in the Mass 

Spectrometry Facility in the Department of Chemistry. Analytical HPLC was performed 

on a system from Waters (Milford, MA) with a Microsorb C18 Analytical HPLC column 

(4.6 x 250 mm; 5 JIm) from Varian (Walnut Creek, CA). Analytical HPLC Method: 

linear gradient of 10% to 20% v/v CH3CN in H20 containing 1.0% v/v AcOH over 

45 min; flow rate = 1.0 mUmin. Semipreparative HPLC was performed on a system from 

Waters (Milford, MA) with a SB-C8 Zorbax Semipreparative HPLC column 

(9.4 x 250 mm; 5 JIm) from Agilent (Santa Clara, CA). Preparative HPLC Method: 

Linear gradient of 10% to 20% v/v CH3CN in H20 containing 1 % v/v AcOH over 

40 min; flow rate = 4.0 mUmin. 

4.5.2 Synthesis of Compounds 4.2, 4.5, and 4.7-4.9 

5·Carboxamidefluorescein, C2-Maleimide (4.5). 5-Carboxyfluorescein succinimidyl 

ester 4.3 (Adamczyk et al., 1997) (1.26 g, 2.66 mmol) was dissolved in anhydrous DMF 

(20 mL) under Ar(g). Honig's base (1.85 mL, 10.63 mmol) was added followed by 

N-(2-aminoethyl)maleimide trifluoroacetate (4.4, 1.01 g, 3.99 mmol) (Arano et al., 

1996), and the reaction was stirred at ambient temperature for 24 h. The reaction mixture 

was concentrated under reduced pressure and the residue purified via column 
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chromatography (silica gel, 100:7: 1 v/v/v CHCh:MeOH:AcOH) to give compound 4.4 as 

an yellow-orange solid (570 mg, 43%). IH NMR (400 MHz, DMSO-d6) ~ (ppm): 10.20 

(bs, 2H), 8.93 (t, J = 5.9 Hz, 1H), 8.33 (s, 1H), 8.14 (dd, J = 8.5, 1.7 Hz, 1H), 7.37 (d, J = 

8.3 Hz, 1H), 7.04 (s, 2H), 6.68 (d, J = 2.0 Hz, 2H), 6.57 (m, 4H), 3.63 (t, J = 5.9 Hz, 2H), 

3.46 (q, J = 5.6 Hz, 2H). 13C NMR (100 MHz, DMSO-d6) 0 (ppm): 171.16, 168.20, 

165.06, 159.87, 154.47, 151.89, 136.21, 134.60, 134.50, 129.15, 126.61, 124.38, 123.24, 

112.86, 109.10, 102.31,84.14,37.90,37.17. ESIMS [M+Nat calculated, 521.0961; 

found,521.0947. 

5-Carboxamideftuorescein, C2 Maleimide, Di-IJ-n-Galactoside Octaacetate (4.7). 

5-Carboxamidefluorescein, C2-maleimide 4.4 (200 mg, 0.401 mmol) was dissolved in 

anhydrous CH2Ch (9 mL) and anhydrous THF (9 mL) under Ar(g). 2,3,4,6-Tetra-O­

acetyl-a-D-galactopyranosyl bromide (4.6, 495 mg, 1.20 mmol) and silver carbonate 

(277 mg, 1.00 mmol) were added followed by 3-A molecular sieves (500 mg). 

sym-Collidine (133 ~L, 1.00 mmol) was added dropwise and the reaction was: stirred at 

ambient temperature for 96 h, protected from light. The reaction mixture was filtered 

through celite and rinsed with CHCh. The reaction mixture was concentrated under 

reduced pressure and the residue was dissolved in CHCh and washed with 10% v/v 

HCl(aq), H20, 0.1 M Na2S20S, saturated NaHC03 and saturated brine. The organic layer 

was dried over anhydrous MgS04(S) and the solution was concentrated under reduced 

pressure to give crude 5-carboxamidefluorescein, C2 maleimide, mono-J3-galactoside 

tetraacetate as a pale orange solid. This material was dissolved in anhydrous toluene (25 

mL) under Ar(g). 2,3,4,6-Tetra-O-acetyl-a-D-galactopyranosyl bromide (4.6, 495 mg, 

1.20 mmol) and cadmium carbonate (173 mg, 1.00 mmol) were added and the reaction 
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was heated to reflux for 6 h with removal of water effected by a Dean-Stark apparatus. 

The reaction was concentrated under reduced pressure and the residue partitioned 

between EtOAc and H20. The layers were separated and the aqueous portion extracted 

with EtOAc. The combined organics were washed with saturated brine and dried over 

anhydrous MgS04(s). The solution was concentrated under reduced pressure and the 

crude product was purified via column chromatography (silica gel, 20% to 50% v/v 

gradient of EtOAc in Hexanes). Compound 4.7 was isolated as a white solid (351 mg, 

75%, two steps). IH NMR (300 MHz, CDCh) ~ (ppm): 8.35 (d, J = 1.0 Hz, HI), 8.13 (dd, 

J = 7.9, 1.6 Hz, IH), 7.23 (d, J = 8.1 Hz, IH), 6.95 (t, J = 5.3 Hz, IH), 6.90 (rn, 2H), 6.78 

(s, 2H), 6.71 (m, 4H), 5.49 (m, 4H), 5.11 (m, 4H), 4.18 (m, 6H), 3.88 (m, 2H)I, 3.73 (m, 

2H), 2.19 (s, 2H), 2.07 (m, 18H). 13C NMR (100 MHz, CDCh) B (ppm): 171.10, 170.35, 

170.17, 170.09, 169.33, 168.22, 165.86, 158.40, 155.36, 151.98, 136.50, 134.38, 129.28, 

126.85, 124.41, 123.48, 113.81, 113.10, 112.96, 104.70, 104.16,99.08,82.34, 71.27, 

71.17,70.68,68.34,66.68,61.37,61.23,40.19,37.49, 20.70, 20.65, 20.57. ESIMS 

[M+Nat calculated, 1181.2863; found, 1181.2897. 

5-Carboxamidetluorescein, C2 Maleimide-Furan, Di-p-D-Galactoside 

Octaacetate (4.8). 5-Carboxamidefluorescein, C2-maleimide, di-~-galactoside 

octaacetate (4.7, 40 mg, 0.0346 mmol) was dissolved in acetone (4 mL) and furan (1 mL) 

and heated a reflux for 48 h. Solvent was removed under reduced pressure and the residue 

was purified via column chromatography (silica gel, gradient of 1---+2% v/v MeOH in 

CH2Ch). Compound 4.8 was isolated as an off-white solid (23 mg, 55%). IH NMR (-9:1 

exo:endo isomers; 400 MHz, CDCh) ~ (ppm): 8.37 and 8.31 (s, IH), 8.13 (m, IH),7.24-

7.18 (m, IH), 7.17-6.83 (m, 3H), 6.81-6.62 (m, 4H), 6.51 and 6.35 (s, 2H), 5.59-5.43 
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(m, 4H), 5.36-5.24 (m, 2H), 5.18-5.04 (m, 4H), 4.49-3.97 (m, 6H), 3.88-3.79 (m, 2H), 

3.77-3.64 (m, 2H), 3.57 and 2.93 (m, 2H), 2.27-1.85 (m, 24H). ESIMS [M+Nat 

calculated, 1249.3125; found, 1249.3075. 

5-Carboxamidefluorescein, C2 Maleimide-Furan, Di-p-D-Galactoside (4.9). 

5-Carboxamidefluorescein, C2 maleimide-furan, di-p-galactoside octaacetate (25 mg, 

0.0204 mmol) was dissolved in 1: 1 v/v/v MeOH:CH3CN (3.2 mL) and cooled to 0° C. 

Na2C03 (11 mg, 0.1019 mmol) in H20 (0.8 mL) was added and the reaction was stirred 

for 2 h and monitored by TLC (C-18 silica gel, 20% v/v CH3CN in H20, Rf = 0.26). The 

solution was diluted with MeOH (5 mL) and H20 (5 mL) and neutralized with Amberlite 

IRC-50 ion-exchange resin. After filtration, the organics were removed under reduce 

pressure and the aqueous solution was lyophilized to yield a yellow powder. Purification 

by semipreparative HPLC afforded compound 4.9 as an off-white powder (9.2 mg, 51 %). 

ESIMS [M+Nat calculated, 913.2274; found, 913.2294. Analytical HPLC: >95% purity 

at A. = 254 nm; retention time 21.3 min. 

5-Carboxamidefluorescein, C2 Maleimide, Di-p-D-Galactoside (4.2). 

5-Carboxamidefluorescein, C2 maleimide-furan, di-p-galactoside (4.6 mg, 0.10052 mmol) 

was dissolved in anhydrous DMF (2 mL) and heated to 100°C for 24 h. The reaction was 

concentrated under high vacuum and the residue taken up into H20 and lyophilized to 

yield a pale yellow powder. Purification by semipreparative HPLC afforded compound 

4.2 was isolated as an off-white powder (1.6 mg, 38%). ESIMS [M+Nat calculated, 

845.2017; found, 845.2018. Analytical HPLC: >95% purity at A. = 254 nm; n~tention time 

19.6 min. 
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4.5.3 Protein Conjugation 

The TNB-protected A19C variant of RNase A and the Oregon Green-labeled RNase A 

conjugate were prepared as described previously (Lavis et al., 2006a). The 

TNB-protected protein was deprotected with a three-fold molar excess of dithiothreitol 

(DTT) and desalted by chromatography using a PDlO Desalting column (GE Healthcare). 

The protein conjugate then was prepared by reaction with two-fold molar excess of 

thiol-reactive maleimide 4.2 for 6 h at 25°C. Purification by chromatography using a 

HiTrap HP SP column (GE Healthcare) afforded the desired conjugate (MS (MALDI­

TOF): m/z 14535 (expected: 14537)). Protein concentration was determined by using a 

bicinchoninic acid (BCA) assay kit from Pierce with wild-type RNase A as a standard. 

4.5.4 Cell Preparation 

HeLa cells were seeded in 35mm glass bottom dishes at a cell density of 1.2 x 105 

cells per dish in DMEM containing PBS (10% v/v). After incubation at 37°C for 24 h, 

cells were transfected with the plasmid p33J3-LacZ-mRFP using PolyFect transfection 

reagent (Qiagen, Valencia, CA). At 24 h post-transfection, cells were first washed three 

times with Dulbecco's phosphate-buffered saline (DPBS, Invitrogen) and incubated with 

800 J.lL of DMEM containing 10% v/v PBS and RNase A-maleimide 4.4 conjugate 

(10 J.lM), for 24 h at 37°C prior to imaging. Nuclear staining was accomplished by 

addition of Hoechst 33342 (2 IlglmL) for the final 5 min of incubation. 
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4.5.5 Cell Imaging 

Cells were imaged on a Nikon Eclipse TE2000-U confocal microscope equipped with 

a Zeiss AxioCam digital camera, unless indicated otherwise. Excitation at 408 nm was 

provided by a blue-diode laser, and emission light was passed though a filter centered at 

450 nm with a 35-nm band-pass. Excitation at 488 nm was provided by an argon-ion 

laser and emission light was passed through a filter centered at 515 nm with a 40-nm 

band-pass. Excitation at 543 nm was provided by a HeNe laser, and emission light was 

passed through a filter centered at 605 nm with a 75-nm band-pass. 
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CHAPTERS 

ACETOXYMETHYLETHERS AS FLUOROPHOREESTERSURROGATES 

Contribution: Chemical synthesis, in vitro enzyme assays, stability studies, composition 
of chapter, and preparation of figure drafts. Cellular imaging studies were performed by 
T.-Y. Chao. 
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5.1 Introduction 

Fluorogenic enzyme substrates are vital tools for bioresearch. Uses for such 

compounds include the discovery of enzyme inhibitors via high-throughput screening, the 

enzyme-linked immunosorbent assay (ELISA), quantification of reporter gene activity, 

and assessment of cell viability (Johnson, 1998; Goddard and Reymond, 2004a; 

Haugland et al., 2005). In particular, esterase-sensitive functionalities are used widely, as 

the endogenous, nonspecific, and ubiquitous esterases within eukaryotic cells catalyze the 

hydrolysis of ester bonds in fluorophores (Rotman and Papermaster, 1966; Thomas et al., 

1979; Paradiso et al., 1984). This esterase-sensitive strategy is used not only to mask 

fluorophoric moieties, but also other polar functionalities to allow efficient diffusion of 

the compound across cellular membranes (Tsien, 1981; Schultz et al., 1993). 

Chemical stability of fluorogenic esterase substrates is paramount, as spontaneous 

hydrolysis competes deleteriously with enzymatic activity. One strategy to improve the 

stability of fluorogenic substrates involves insertion of a self-immolative chemical 

functionality between the fluorophore and the enzyme-reactive moiety (Ho et al., 2007). 

In this tactic, enzyme action yields an intermediate that undergoes rapid decomposition to 

release ultimately the free fluorophore. We have used this idea in the synthesis of 

fluorogenic esterase substrates based on the "trimethyllock" prodrug strategy to mask 

amine-containing fluorophores (Chandran et ai., 2005; Lavis et al., 2006a; Lavis et ai., 

2006b). These "profluorophores" possessed high chemical stability, but were unmasked 

byesterases efficiently both in vitro and in cellulo. 

We used the trimethyllock system to mask aniline-containing fluorophon~s such as 

rhodamine 110 (Chandran et al., 2005) and 7-amino-4-methyl-coumarin (Lavis et al., 
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2006b). These compounds were found to have superior chemical stability compared to 

analogous substrates based on esters of phenolic fluorophores fluorescein and 

4-methylumbellifylone. Indeed, the masking of phenolic-containing fluorophores as 

esters suffers from two juxtaposed problems. The phenolic fluorophores POSS($S 

relatively low pKa values, causing instability of the ester bonds in aqueous solution. 

These low pKa values, however, are essential, as the conjugate base of the fluorophore is 

typically the most fluorescent species (Sun et aI., 1998; Lavis et al., 2007). Thus, 

increasing the stability of a simple fluorophore ester substrate by altering the pKa of the 

fluorophore phenolic moiety could have detrimental effects on the fluorescence 

properties of that fluorophore. 

The trimethyllock strategy was not applicable to phenolic-type fluorophores such as 

fluorescein. We reasoned that insertion of a simple oxygen-methylene group into a 

fluorophore acetate ester substrate could "insulate" the reactive group from the dye 

portion and thus endow the compound with increased stability. Hydrolysis of the 

enzyme-labile moiety in these acetoxymethyl-containing substrates results in a 

hemiacetal that decomposes spontaneously to liberate the free oxygen atom 

(Scheme 5.1). 

This strategy has been used before. Acetoxymethyl (AM) esters (R = carbonyl; 

Scheme 5.1) were first used to increase the cell-permeability of certain antibiotics (Jansen 

and Russell, 1965; Ferres, 1980) and is now a well-known prodrug strategy (Testa and 

Mayer, 2003). Tsein later used AM esters as an effective means to deliver carboxylate­

containing ion indicators to cells (Tsien, 1981). Acetoxymethyl ethers of phenols 

(R = aryl; Scheme 5.1) have also been used in prodrug strategies (Bodor et al., 1983; 
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Ouyang et al., 2002; Thomas and Sloan, 2007) and to create fluorogenic enzyme 

substrates. Reymond and co-workers established that acyloxymethyl ethers of 

4-methylumbellifylone could be useful profluorophores with improved stability (Leroy et 

al., 2003). Curiously, reports (Bensel et al., 2001; Yang et al., 2006) from the Reymond 

lab also detail the synthesis of a monoacyloxymethyl ethers of fluorescein but to our 

knowledge, no report of a diacyloxymethyl ether of fluorescein exists. Furthermore, this 

strategy has not been used to shield fluorophores with red-shifted wavelengths. 

Fluorogenic esterase substrates with red-shifted wavelengths that are useful in cell 

biology remain surprisingly sparse (Haugland et al., 2005; Lavis et al., 2006b). 

Here we use the acetoxymethyl ether system to prepare substrates based on 

fluorescein and 2',T-difluorofluorescein, Tokyo Green, and resorufin derivatives. We first 

investigate experimental conditions to allow efficient synthesis of such compounds from 

accessible chemical reagents. We then assess the hydrolytic stability, enzyme kinetics, 

and behavior in live human cells. Our preliminary results show the acetoxymethyl ether 

profluorophores possess higher chemical stability compared to analogous fluorophore­

ester compounds and can be unmasked by esterases in vitro and in cellulo. 
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5.2 Results and Discussion 

5.2.1 Fluorescein-Based Projluorophores 

Fluorescein (5.1; Scheme 5.2), first synthesized by Baeyer in 1871 (Baeyer, 1871), 

remains one of the most widely used fluorophores in modem biological and biochemical 

research. Fluorescein derivatives are used as biomolecule labels, ion indicators, and 

fluorogenic enzyme substrates (Johnson, 1998; Haugland et aI., 2005; Lavis et aI., 2007). 

This latter use exploits the equilibrium between two forms of fluorescein-the colorless 

lactone 5.1a and a fluorescent quinoid 5.1h (Scheme 5.2). Acylation or alkylation of the 

phenol groups of fluorescein locks the molecule in the nonfluorescent lactone form 5.1a. 

Enzymatic activity can liberate the phenolic oxygens in fluorescein, shifting the 

eqUilibrium back to the quinoid form 5.1h with concomitant increase in fluorescence. 

The archetype of fluorescein-based enzyme substrates is fluorescein diacetate (FDA; 

5.2). Rotman and coworkers demonstrated that FDA could cross cell membranes and be 

activated by cellular esterases (Rotman and Papermaster, 1966). This diester strategy has 

been used to mask a variety of fluorescein derivatives for intracellular delivery (Haugland 

et al., 2005). Related fluorogenic enzyme substrates include derivatives such as 

fluorescein diphosphate (FDP) and fluorescein di-~-D-galactopyranoside (FDG). FDP has 

found wide use as a substrate for alkaline phosphatase (Rotman et aI., 1963; Huang et aI., 

1999) and FDG derivatives are used to visualize ~-galactosidase activity, the gene 

product of lacZ (Koide et al., 2007). 

Despite the wide use of FDA and its derivatives in biological systems, this substrate 

suffers from two significant disadvantages. First, FDA exhibits relatively poor stability in 

aqueous solution as fluorescein is an excellent ester leaving group (Chandran et al., 2005; 
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Lavis et aI., 2oo6a). Second, the released fluorescein is both pH sensitive (Lavis et al., 

2007) and susceptible to photobleaching (Haugland et al., 2005). Thus, new 

fluorescein-based substrates that exhibit increased stability, maintain enzymatic 

reactivity, and release fluorescein derivatives with superior properties should find use in a 

variety of applications. 
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Scheme 5.2 Equilibrium forms of fluorescein (5.1) and the structure of fluorescein 

diacetate (5.2) 

OH 

5.1a 5.1b 5.2 
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5.2.2 Synthesis of Fiuorescein AM Ethers 

Synthesis of diacetoxymethyl ethers of fluorescein derivatives required finesse. In 

published reports of acetoxymethyl ethers of fluorophore derivatives, syntheses involve 

deprotonation of the fluorophore phenolic moiety with NaH followed by addition of a 

halomethyl ester such as bromomethyl acetate (5.4; Scheme 5.3; (Leroy et ai., 2003; 

Yang et ai., 2006)). This synthesis of AM ethers is low-yielding (-10%) due to the 

presence of two electrophilic carbons in the halomethyl ester molecule leading to a 

mixture of ester and ether products (Ouyang et ai., 2002; Yang et ai., 2006). Based on the 

poor yield of monosubstituted fluoresceins using this strategy (Yang et ai., 2006), we 

suspected the preparation of disubstituted AM ether profluorophores would require a 

different synthetic route. 

Similar nucleophilic substitution reactions between oxygen nucleophiles and 

halomethyl esters have used amine bases in DMF (Tsien, 1980), phase-transfer 

conditions (Thomas and Sloan, 2007), or carbonate salts in polar aprotic solvents (Bodor 

et ai., 1983; Ouyang et ai., 2002). These strategies work to prepare AM esters from 

carboxylic acids and AM ethers from simple phenols. Still, the added complexity of the 

fluorescein molecule-with the additional carboxyl group and associated equilibrium­

allow the formation of an AM ether-AM ester byproduct. These concerns prompted 

evaluation of different reaction conditions. Initial attempts to synthesize a disubstituted 

fluorescein using Hiinig's base in DMF with bromethyl acetate (5.4) showed poor 

conversion under ambient conditions. At elevated temperature some reactiolll progress 

was observed. The major product proved to be fluorescein diacetate (5.2), however, 

showcasing the bifurcated reactivity of the bromomethyl acetate molecule. 
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To encourage the desired substitution reaction, we were interested in utilizing silver(I) 

salts under heterogeneous reaction conditions which can encourage nucleophilic 

substitution at a halide-bearing carbon (Mislow, 1951; Paulsen, 1982; Krafft et al., 1988). 

This could partition the reaction toward the desired AM ether product. As an Initial test, 

we subjected the fluorescein molecule to bromomethyl acetate with Ag2C03 in 

THF:CH2Ch-conditions reserved typically for glycosylation of the fluorescein molecule 

(Haugland et al., 1990). The reaction gave the desired profluorophore 5.5 in 45% isolated 

yield (Scheme 5.3). 

With this promising initial result, we then applied this strategy to another fluorescein 

derivative. Substitution of the 2' and 7' position of fluorescein can alter the fluorescent 

properties of the molecule (Haugland et aI., 2005; Lavis et aI., 2007). Notably, fluorine 

substitution at these positions lowers the pKa of the molecule giving a dye with 

diminished pH sensitivity and increased photostability (Sun et at., 1997). Unfortunately, 

this lower pKa also reduces the stability of diester derivatives causing an increase in 

fluorescence background (Gee, 1999). We reasoned that the acetoxymethyl ether system 

could insulate the ester functionality from the electron-withdrawing fluoro groups, 

making it less susceptible to spontaneous hydrolysis. 

This hypothesis was tested through the synthesis of 2',7'-difluorofluorescein using an 

established route (Sun et at., 1997). The material was subjected to similar conditions used 

to install the AM groups in unsubstituted fluorescein. Due to solubility conce:ms, DMF 

was used in place of the THF:CH2Ch mixture. These reaction conditions gave the desired 

profluorophore 5.6, albeit in lower yield (Scheme 5.3). The observed difference in 

reactivity between fluorescein and difluorofluorescein is due likely to several factors. The 
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difference in nUcleophilicity of the phenolic groups due to the fluoro substitution could 

decrease reaction efficiency. In addition, the open-closed equilibrium could be altered 

leading to increased byproduct formation. Investigation of other reaction conditions could 

furnish this compound in improved yield (vide infra). 
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5.2.3 Chemical Stability of AM Ethers 

The chemical stability of both fluorescein diacetoxymethyl ether (5.5) and 

2',7'-difluorofluorescein diacetoxymethyl ether (5.6) profluorophores were assessed by 

incubating these compounds in aqueous solution and monitoring the accretion of 

fluorescence over time. For reference, fluorescein diacetate (5.2) and the analog 

2',7'-difluorofluorescein diacetate (DFFDA) were also subjected to the same conditions. 

The results are shown in Figure 5.1. 

As shown in Figure 5.1a each of the compounds showed low initial fluorescence 

signals in Dulbecco's phosphate-buffered saline (DPBS). This signifies both acylation 

and alkylation of the phenolic groups in fluorescein locks the molecule into the 

nonfluorescent lactone form. The diester compounds: DFFDA and 5.2 undergo 

spontaneous hydrolysis faster than do the AM ether profluorophores 5.5 and 5.6. This 

difference in stability is more pronounced in Dulbecco's modified Eagle's medium 

(DMEM; Figure 5.1b). Here, DFFDA exhibited a half-life of minutes and FDA was 

hydrolyzed completely in hours. This is in contrast to the higher stability of the 

acetoxymethyl ether dyes 5.5 and 5.6, which show only modest hydrolysis over the same 

time period. The similarity in the chemical stability of the AM ether dyes support the 

hypothesis that the acetoxymethyl groups insulate the ester bond, and therefore diminish 

the effect of fluorine substitution on the chemical stability of the substrate. In particular, 

profluorophore 5.6 realizes our goal of creating a fluorogenic esterase substrate 

exhibiting higher chemical stability than fluorescein diacetate (5.2), but releasing a 

pH-insensitive dye with increased photostability (Sun et al., 1997). 
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Figure 5.1 Time course of the generation of fluorescence (A.ex 496 nm, Aem 520 nm) of 

esterase substrates (25 nM). (a) 2',7'-Difluorofluorescein diacetate 

(DFFDA), fluorescein diacetate (5.2) and profluorophores 5.5 and 5.6 in 

DPBS. (b) 2',7'-Difluorofluorescein diacetate (DFFDA), fluorescein 

diacetate (5.2), and profluorophores 5.5 and 5.6 in DMEM containing 

10% v/v PBS. 
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5.2.4 Enzyme-Catalyzed Hydrolysis of AM Ethers 

Having established the improved chemical stability of profluorophores 5.5 and 5.6, we 

sought to assess the enzymatic reactivity of these potential enzyme substrates in vitro. 

Incubation of both of these compounds with porcine liver esterase (PLE) elicited a rapid 

increase in fluorescence intensity. Preliminary kinetic traces are shown in Figure 5.2. The 

substrates behaved similarly, giving approximate kinetic constants of 

kcatlKM:::::: 1.4 X 106 M-1s-1 and KM :::::: 1.9 JlM for substrate 5.5 (Figure 5.2a), and 

kcatlKM:::::: 1.0 X 106 M-1s-1 and KM:::::: 1.5 JlM for substrate 5.6 (Figure 5.2b). These 

approximate kinetic constants were similar to those measured for fluorescein diacetate 

(5.2; data not shown), suggesting that enzyme-mediated ester hydrolysis-not 

decomposition of the nascent hemiacetal-is the slow step in the reaction pathway to 

fluorophore release. Attempts to better quantify kinetic parameters through the use of 

higher substrates concentration have met solubility problems. Investigation into 

conditions utilizing co-solvents such as DMF or DMSO (Yang et aI., 2006) are ongoing. 

5.2.5 Cellular Imaging Studies 

The acetoxymethyl ethers of fluorescein are substrates for purified enzyme in vitro. 

The utility of the AM ether-masked dyes was then assessed in live human cells to test 

whether these compounds could be unmasked by endogenous esterase activity. Figure 5.3 

shows fluorescence microscopy images of live HeLa cells incubated with either 

fluorescein diacetate (5.2; Figure 5.3a), fluorescein diacetoxymethyl ether 

(5.5; Figure 5.3b), 2',7'-difluorofluorescein diacetate (DFFDA; ; Figure 5.3c)" or 

2',7'-difluorofluorescein diacetoxymethyl ether (5.6; Figure 5.3d). All four experiments 
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show bright cellular staining, indicating the molecule is indeed internalized and 

unmasked by cellular esterases. Moreover, the extracellular background in Figures 5.3a 

and 5.3c is much higher than the other images, indicative of the poor relative chemical 

stability of the fluorescein diacetate derivatives in aqueous solution compared to the 

AM ether profluorophores. 
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Figure 5.2 Kinetic traces and Michaelis-Menten plot (inset) for the hydrolysis of 

esterase substrates by PLE (25 nglmL). (a) Compound 5.5 

(2.5 J.lM~65 nM); kcatlKM;:::: 1.4 X 106 ~lS-l and KM;:::: 1.9 J.lM. 

(b) Compound 5.6 (2.5 J.lM~65 nM); kcatlKM;:::: 1.0 X 106 M-1s-1 and 
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Figure 5.3 Unwashed, live HeLa cells incubated with esterase substrates 5.2, 5.5, and 

5.6 (10 ~) for 1 hand counterstained with Hoechst 33342 

(5% v/v C02(g), 100% humidity). (a) FDA (5.2). (b) Profluorophore 5.5. 

(c) 2',7'-difluorofluorescein diacetate (DFFDA). (d) Profluorophore 5.6. 
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5.3 Future Directions and Conclusions 

5.3.1 Optimizing Reaction Conditions for Fluorescein AM Ether Synthesis 

In addition to use of Ag2C03 with sym-collidine, other reaction conditions hold 

promise. Initial screening of different bases and solvents to identify other viable reaction 

conditions has identified Ag20 in anhydrous CH3CN as a useful reagent for preparation 

of these compounds. CH3CN appears to maintain the "closed" lactone form of fluorescein 

and has been used in preparation of other fluorescein derivatives (Kasai et al., 1993). In 

addition, the synthesis of the fluorescein diacetoxymethyl ether (5.5) using phase-transfer 

conditions (Thomas and Sloan, 2007) gave the molecule in 31 % isolated yield. These 

reaction conditions allow higher concentrations and circumvent the use of heterogeneous 

(and expensive) Ag(I) salts. All of these described reaction conditions constitute a 

marked improvement over the existing methods to prepare fluorophore AM ethers using 

NaH (Leroy et al., 2003; Yang et al., 2006). 

5.3.2 Other Fluorophore AM Ethers 

Based on the promising work from the fluorescein-based AM ether profluorophores, 

this strategy has been applied to other dyes as shown in Scheme 5.4. Reaction of the 

phenolic dyes with bromomethyl acetate (5.4) in the presence of a base gave the desired 

substrate molecule with poor to moderate yields. They include substrate 5.8 based on the 

fluorescein variant with the common name "Tokyo Green" (5.7; (Urano et al., 2005». 

Here the fluorescein system is modified by substitution of the carboxyl group on the 

pendant phenyl ring with a simple methyl group, and addition of an electron-donating 

methoxy group. The electron-rich ring facilitates photoinduced electron transfer (PeT) 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

163 

that quenches fluorescence when the phenolic portion of the fluorescein is protonated or 

alkylated (Urano et ai., 2005; Kobayashi et ai., 2007). We reasoned the acetoxymethyl 

ether strategy could suppress the fluorescence of this dye, providing a stable substrate 

that would be unmasked in a single step. Incubation of Tokyo Green (5.7) with 

bromomethyl acetate (5.4) with Htinig's base afforded the desired compound (5.8) in 

good yield. Unlike fluorescein, this molecule does not suffer from the complex lactone­

quinoid equilibria, resulting in an improved yield. Figure 5.4 shows preliminary live-cell 

imaging experiments where fluorescein diacetoxymethyl ether (5.5; Figure 5.4a) is 

compared to profluorophore 5.8 (Figure 5.4b). We observed efficient unmasking ofthese 

probes by endogenous cellular esterases and resulting cellular fluorescence is evident. 

The overall brightness of the fluorescence in cells with profluorophore 5.8 appears lower, 

due perhaps to protonation of the released Tokyo Green dye, causing diminished 

fluorescence in celluio. 

Resorufin (5.9) exhibits excitation and emission wavelengths that are red-shifted 

relative to fluorescein (Aex = 572 nm, Aem = 585 nm; (Bueno et at., 2002)). Substitution on 

the phenolic group of resorufin elicits a hypsochromic shift and a dramatic decrease in 

quantum yield. Alkylated and glycosylated variants of resorufin are used extensively as 

enzyme substrates (Hofmann and Semetz, 1984; Burke et at., 1994). Based on this 

precedence, resorufin seemed a good candidate for the acetoxymethyl ether strategy. We 

prepared profluorophore 5.10 through Ag20-mediated alkylation of resorufin in DMF. 

We note the poor solubility ofresorufin compounds in several solvents resulted in poor 

yields. This could be alleviated by using phase transfer conditions (vide supra). 
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We also prepared profluorophore 5.12 from 4-carboxyresorufin (5.11; (Klein et al., 

1990)) to examine the effect of an extra carboxyl group on cellular retention. Initial 

fluorescence microscopy imaging experiments at 2 J!M of substrate 5.10 showed only 

minor cellular fluorescence with substantial extracellular background (Figure 5.3a). We 

suspect this background is due to poor retention of simple resorufin 5.9 within the cell. In 

contrast, incubation with the same concentration of carboxyresorufin derivative 5.12 

resulted in bright red cytosolic staining with minimal fluorescence background 

(Figure 5.3b), showcasing the effect of a carboxylate moiety on the cellular retention of a 

fluorescent dye. 

5.3.3 Envoi 

The insertion of a simple oxygen-methylene group into a fluorophore ester endows 

molecules with high chemical stability, while maintaining enzymatic reactivity in vitro 

and in cellulo. We have investigated different reaction conditions, such as the use of 

silver(I) salts or phase-transfer conditions, allowing the synthesis of difficult disubstituted 

fluorescein compounds in moderate yields. 

Importantly, we have shown this modification insulates the ester moiety from the 

fluorophore structure, allowing preparation of stable substrates based on dyes with low 

pKa values, such as 2',T-difluorofluorescein. Moreover, this strategy can be used to mask 

disparate dyes to create a portfolio of substrates with different wavelengths and chemical 

properties. Overall, this strategy could supplement or replace simple fluorophore acetate 

esters, allowing sophisticated, facile assays for illuminating biological systems. 
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Scheme 5.4 Syntheses of acetoxymethyl ether substrates from Tokyo Green and 
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Figure 5.4 Live cell imaging experiments with esterase substrates 5.5, and 5.8 

incubated for 20 min and counterstained with Hoechst 33342 (5% v/v 

C02(g), 100% humidity). (a) Profluorophore 5.5 (10 flM). (b) 

Profluorophore 5.8 (10 flM). 
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Figure 5.5 Live cell imaging experiments with esterase substrates 5.10, and 5.12 

(2 J.1M) incubated for 1 h and counterstained with Hoechst 33342 

(5% v/v C02(g), 100% humidity). (a) Profluorophore 5.10. 

(b) Profluorophore 5.12. 
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2',7'-Difluoroflurescein (5.3; (Sun et al., 1997», (Tokyo Green (5.7; (Urano et al., 

2005», and 4-carboxyresorufin (5.11; (Klein et al., 1990» were synthesized as 

previously described. 3-A Molecular sieves were dried for 3 hours at 320°C prior to use 

(Fieser and Fieser, 1967). Preactivated, powdered 4-A molecular sieves were used as 

received. Dimethylformamide (DMF), tetrahydrofuran (THF), and dichloromethane 

(CH2Ch) were drawn from a Baker CYCLE-TAINER solvent delivery system. All other 

reagents were obtained from Sigma (Saint Louis, MO) or Fisher Scientific (Hanover 

Park, IL) and used without further purification. 

Thin-layer chromatography was performed using aluminum-backed plates coated with 

silica gel containing F254 phosphor and visualized by UV illumination or staining with h. 

ceric ammonium molybdate, or phosphomolybdic acid. Flash chromatography was 

performed by using open columns loaded with silica gel-60 (230-400 mesh), or on a 

FlashMaster Solo system (Argonaut Inc., Redwood City, CA) with Isolute Flash Si II 

columns (International Sorbent Technology Ltd., Hengoed, Mid Glamorgan, UK). The 

term "high vacuum" refers to a vacuum (~1 mm Hg) achieved by a mechanical belt-drive 
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oil pump. 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 mm Hg) while maintaining the water-bath temperature below 40 cc. The term 

"concentrated under high vacuum" refers to the removal of solvents and other volatile 

materials using a rotary evaporator at high vacuum while maintaining the water-bath 

temperature below 40 cC. 

NMR spectra were obtained with a Broker DMX-400 Avance spectrometer at the 

NMR Facility at Madison (NMRFAM). Mass spectrometry was performed with a 

Micromass LCT (electro spray ionization, ESI) mass spectrometer in the Mass 

Spectrometry Facility in the Department of Chemistry. 

5.5.2 Synthesis of Compounds 5.5,5.6,5.8,5.10, and 5.12 

Fluorescein Diacetoxymethyl Ether (5.5); Method 1. Fluorescein (5.1, 724 mg, 2.18 

mmol), bromomethyl acetate (5.4, 1.0 g, 6.54 mmol), anhydrous Ag2C03 (1.44 g, 5.23 

mmol), and 3-A molecular sieves (2.0 g) were suspended in anhydrous CH2Ch (50 mL) 

and anhydrous THF (50 mL) under Ar(g). sym-Collidine (693 ~L, 5.23 mmol) was added 

dropwise and the reaction was stirred for 144 h. The reaction mixture was diluted with 

CH2Ch and filtered through a pad of celite. The solution was concentrated under reduced 

pressure and the residue was taken up in EtOAc. and washed with 10% v/v HCI(aq), 

H20, 0.1 M Na2S203, saturated NaHC03(aq), H20, and saturated brine. Th(~ organics 

were dried over anhydrous Na2S04(S) and concentrated under reduced pressure to give an 

orange oil. Purification via column chromatography (silica gel, 20% v/v EtOAc in 

hexanes) to give compound 5.5 as an off-white crystalline solid (465 mg, 45%). IH NMR 
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(400 MHz, CDCh) d (ppm): 8.03 (d, J = 7.3 Hz, IH), 7.67 (ddd, J = 7.5, 7.4, 1.3 Hz, IH), 

7.64 (ddd, J = 7.5,7.4, 1.1 Hz, IH), 7.16 (d, J = 7.2 Hz, IH), 6.97 (m, 2H), 6.74 (m, 4H), 

5.78 (s, 4H), 2.14 (s, 6H). 13C NMR (100 MHz, CDCh) d (ppm): 169.79, 169.24, 158.31, 

152.91, 152.17, 135.13, 129.89, 129.39, 126.58, 125.15, 123.85, 113.23, 112.70, 103.43, 

84.86,82.41,20.89. ESIMS [M+Nat calculated, 499.1005; found, 499.0989. 

Fluorescein Bis(Acetoxymethyl Ether) (5.5); Method 2. Fluorescein (5.1,332 mg, 

1.00 mmol) and anhydrous K2C03 (829 mg, 6.00 mmol) were dissolved in water (10 mL) 

to give a dark orange solution. Tetrabutylammonium bisulfate (679 mg, 2.00 mmol) was 

added in CH2Ch (5 mL) followed by bromomethyl acetate (5.4, 785 ~L, 8.00 mmol) in 

CH2Ch (5 mL), and the reaction was stirred at maximal stirring speed under ambient 

temperature for 48 h. The reaction mixture was diluted with H20 and CH2Ch and the 

layers separated. The aqueous layer was extracted with CH2Ch and the combined 

organics were washed with H20 and saturated brine. The organic layer was dried over 

anhydrous Na2S04 and concentrated under reduced pressure to give a brown oil. 

Purification via column chromatography (silica gel, 25% v/v EtOAc in hexanes) to give 

compound 5.5 as an colorless solid (149 mg, 31 %). Analytical data matched the material 

prepared using Method 1. 

2',7'-Difluoroflurescein Diacetoxymethyl Ether (5.6). 2',7'-Difluoroflurescein (5.3, 

200 mg, 0.543 mmol), bromomethyl acetate (5.4, 213 ~L, 2.17 mmol), anhydrous 

Ag2C03 (449 mg, 1.63 mmol), and 3-A molecular sieves (2.0 g) were suspended in 

anhydrous DMF (15 mL) under Ar(g). sym-Collidine (216 ~L, 1.63 mmol) was added 

dropwise and the reaction was stirred for 96 h. The reaction mixture was diluted with 

CHCh and filtered through a pad of celite. The solution was concentrated under high 
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vacuum and the residue was taken up in CH2Ch and washed with 10% v/v HCI(aq), H20, 

0.1 M Na2S203, saturated NaHC03(aq), H20, and saturated brine. The organics were 

dried over anhydrous MgS04(S) and concentrated under reduced pressure to give an 

orange oil. Purification via column chromatography (silica gel, 20% v/v EtOAc in 

hexanes) to give compound 5.6 as an off-white crystalline solid (42 mg, 15%). IH NMR 

(400 MHz, CDCh) ~ (ppm): 8.07 (d, J = 7.6 Hz, 1H), 7.5 (ddd, J = 7.6, 7.4, 1.2 Hz, 1H), 

7.70 (ddd, J = 7.5, 7.3, 1.0 Hz, 1H), 7.19 (d, J = 7.5 Hz, 1H), 7.10 (J = 7.0 Hz, 2H), 6.52 

(d, J = 10.7 Hz, 2H), 5.83 (ABq, J = 6.4 Hz, 4H), 2.19 (s, 6H). 13C NMR (100 MHz, 

CDCh) ~ (ppm): 169.50, 168.54, 151.86, 150.53, 148.08, 147.48, 146.65, 146.55, 135.51, 

130.45, 126.21, 125.54, 123.75, 114.73, 114.53, 112.42, 112.36, 105.54,85.61,81.62, 

20.85. ESIMS [M+Nat calculated, 535.0812; found, 535.0820. 

Tokyo Green Acetoxymethyl Ether (5.8). Tokyo Green (5.7, 50 mg, 0.15 mmol), 

bromomethyl acetate (5.4, 74 J,lL, 0.75 mmol), and Hiinig's base (158 J,lL, 0.90 mmol), 

were dissolved in anhydrous DMF (2.0 mL) under Ar(g) and the reaction was stirred for 

24 h. The reaction mixture was concentrated under high vacuum giving an orange solid. 

Purification via column chromatography (silica gel, first column: 50% v/v EtOAc in 

CH2Ch; second column: 2-+4% v/v MeOH in CH2Ch) afforded compound 5.8 as an 

orange solid (48 mg, 79%). 1 H NMR (400 MHz, CDCh) ~ (ppm): 7.11 (d, J = 2.4 Hz, 

1H), 7.06 (d, J = 8.2 Hz, IH), 7.05 (d, J = 9.1 Hz, 1H), 6.99 (d, J = 9.9 Hz, IH), 6.93-

6.87 (m, 2H), 6.85 (dd, J = 9.1,2.4 Hz, IH), 6.55 (dd, J = 9.7, 1.9 Hz, IH), 6.42 (d, J = 

1.9 Hz, IH), 5.83 (s, 2H), 3.88 (s, 2H), 2.14 (s, 2H), 2.03 (s, 2H). 13C NMR (100 MHz, 

CDCh) () (ppm): 185.84, 169.52, 160.73, 160.38, 158.77, 154.05, 148.95, 137.81, 130.69, 
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130.34, 130.29, 129.74, 124.31, 119.44, 116.12, 116.01, 113.78, 111.56, 105.85, 102.71, 

84.38,55.33,20.79, 19.95. ESIMS [M+Ht calculated, 405.1333; found, 405.1325. 

Resorufin Acetoxymethyl Ether (5.10). Resorufin (5.9, 200 mg, 0.938 mmol), 

anhydrous Ag2C03 (621 mg, 2.25 mmol), and powdered 4-A molecular sieves (500 mg) 

were suspended in anhydrous CH2Ch (50 mL) and anhydrous THF (50 mL) under Ar(g). 

Bromomethyl acetate (5.4, 276 J.lL, 2.81 mmol) was added dropwise and the reaction was 

stirred for 96 h. The reaction mixture was diluted with CHCh and filtered through a pad 

of celite. The solution was concentrated under reduced pressure to give an orange 

powder. Purification via column chromatography (silica gel, first column: 5:3:2----.3:4:3 

v/v/v hexanes:EtOAc:CH2Ch; second column: 10% v/v CH3CN in CHCh) to give 

compound 5.5 as a red solid (87 mg, 33%). IH NMR (400 MHz, CDCh) ~ (ppm): 7.74 (d, 

J = 8.8 Hz, lH), 7.42 (d, J = 9.7 Hz, 1Hz), 7.04 (dd, J = 8.9, 2.7 Hz, IH), 6.99 (d, J = 2.7 

Hz, IH), 6.84 (dd, J = 9.7, 1.9 Hz, IH), 6.33 (d, J = 1.9 Hz, IH), 5.84 (s, 2H), 2.16 (s, 

3H). l3C NMR (100 MHz, CDC13) ~ (ppm): 186.30, 169.55, 160.13, 149.59, 146.70, 

145.24, 134.74, 134.64, 131.71, 129.33, 114.33, 107.01, 102.52,84.54,20.84. ESIMS 

[M+Ht calculated, 286.0710; found, 286.0712. 

4-Carboxyresorufin Acetoxymethyl Ether, Acetoxymethyl Ester (5.12). 

4-Carboxyresorufin (5.11, 110 mg, 0.428 mmol), bromomethyl acetate (5.4. 167 J.lL, 1.71 

mmol), and Hunig's base (100 J.lL), were dissolved in anhydrous DMF (900 J.lL) and the 

reaction was stirred for 96 h under Ar(g). The reaction mixture was concentrated under 

high vacuum and the residue was taken up in CH2Chand washed with 10% v/v HC1(aq), 

H20, saturated NaHC03(aq), H20, and saturated brine. The organics were dried over 

anhydrous Na2S04(S) and concentrated under reduced pressure to give a brown oil. 
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Purification via column chromatography (silica gel, 0--+30% vlv EtOAc in CH2Ch) to 

give compound 5.6 as a red solid (21 mg, 12%). 1 H NMR (400 MHz, CDCh) 0 (ppm): 

7.83 (d, J = 8.7 Hz, 1H), 7.50 (d, J = 10 Hz, 1H), 7.17-7.10 (m, 2H), 6.90 (d, J = 10 Hz, 

1H), 6.03 (s, 2H), 5.87 (s, 2H), 2.22 (s, 3H), 2.19 (s, 3H). 13C NMR (100 MHz, CDCb) 0 

(ppm): 181.40, 169.60, 169.39, 161.91, 160.80, 147.73, 144.87, 144.68, 134.71, 134.28, 

131.99, 129.34, 115.75, 110.90, 102.60,84.54, 79.91, 20.75. ESIMS [M+Nat calculated, 

424.0640; found, 424.0631. 

5.5.3 Materials and Methods: Biochemistry 

Dulbecco's phosphate-buffered saline (DPBS), Dulbecco's modified Eagle's medium 

(DMEM) and fetal bovine serum (PBS) were from Invitrogen. All other reagents were 

from Sigma-Aldrich or Fisher Scientific. Phosphate-buffered saline, pH 7.4 (PBS) 

contained (in 1.00 liter) KCI (0.20 g), KH2P04 (0.20 g), NaCI (8.0 g), and 

Na2HP04·7H20 (2.16 g). All measurements were recorded at ambient temperature 

(23 ± 2°C) and buffers were not degassed prior to measurements. Fluorometric 

measurements were made using fluorescence grade quartz or glass cuvettes from Starna 

Cells and a QuantaMasterl photon-counting spectrofluorometer from Photon Technology 

International equipped with sample stirring. Compounds were prepared as stock solutions 

in DMSO and diluted such that the DMSO concentration did not exceed 1 % v/v. Porcine 

liver esterase (PLE, MW = 163 kDa (Horgan et at., 1969» was obtained from Sigma 

Chemical (product number E2884) as a suspension in 3.2 M (N~hS04' and was diluted 

to appropriate concentrations in PBS before use. Graphs were manipulated and 

parameters were calculated with Microsoft Excel 2003 and GraphPad Prism 4. 
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5.5.4 Cell Preparation and Imaging 

HeLa cells were plated on Nunc Lab-Tek II 8-well Chamber Coverglass (Fisher 

Scientific) and grown to 70-80% confluence at 37°C in DMEM containing FBS (10% 

v/v). For imaging, cells were first washed with Dulbecco's phosphate-buffered saline 

(DPBS, Invitrogen). Cells were then incubated with substrates 5.5, 5.6, 5.S, 5.10, or 5.12 

(2 or 10 (.tM) for 20 min or 1 h at 37°C prior to imaging. Nuclear staining was 

accomplished by addition of Hoechst 33342 (2 (.tg/mL) for the final 5 min of incubation. 

Cells were imaged on a Nikon Eclipse TE2000-U confocal microscope equipped with a 

Zeiss AxioCam digital camera, unless indicated otherwise. Excitation at 408 nm was 

provided by a blue-diode laser, and emission light was passed though a filter centered at 

450 nm with a 35-nm band-pass. Excitation at 488 nm was provided by an argon-ion 

laser and emission light was passed through a filter centered at 515 nm with a 40-nm 

band-pass. Excitation at 543 nm was provided by a HeNe laser, and emission light was 

passed through a filter centered at 605 nm with a 75-nm band-pass. 
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CHAPTER 6* 

TUNING THE pKa OF FLUORESCEIN TO OPTIMIZE BINDING ASSAYS 

Contribution: Chemical synthesis and characterization, determination of fluorescent 
properties, a portion of the pKa determination and in vitro binding assays, assay 
miniaturization, composition of manuscript, and preparation of figure drafts. Protein 
conjugation and a portion of pKa determination and in vitro assays were performed by T. 
J. Rutkoski. 

*This chapter has been published, in part, under the same title. Reference: Lavis, L. D., 
Rutkoski, T. J., and Raines, R. T. (2007). Anal. Chem. 79,6775-6782. 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

186 

Abstract: The phenolic pKa of fluorescein varies depending on its environment. The 

fluorescence of the dye varies likewise. Accordingly, a change in fluorescence can report 

on the association of a fluorescein-conjugate to another molecule. Here, we demonstrate 

how to optimize this process with chemical synthesis. The fluorescence of 

fluorescein-labeled model protein, bovine pancreatic ribonuclease (RNase A), decreases 

upon binding to its cognate inhibitor protein (RI). Free and RI-bound fluorescein-RNase 

A have pKa values of 6.35 and 6.70, respectively, leaving the fluorescein moiety largely 

unprotonated at physiological pH and thus limiting the sensitivity of the assay. To 

increase the fluorescein pKa and, hence, the assay sensitivity, we installed an electron­

donating alkyl group ortho to each phenol group. 2',T-Diethylfluorescein (DEF) has 

spectral properties similar to those of fluorescein but a higher phenolic pKa. Most 

importantly, free and RI-bound DEF-RNase A have pKa values of 6.68 and 7.29, 

respectively, resulting in a substantial increase in the sensitivity of the assay. Using the 

conjugate DEF-RNase A rather than fluorescein-RNase A in a microplate assay at 

pH 7.12 increased the Z'-factor from -0.17 to 0.69. We propose that synthetic "tuning" of 

the pKa of fluorescein and other pH-sensitive fluorophores provides a general means to 

optimize binding assays. 
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6.1 Introduction 

The xanthene dye fluorescein (6.1) was first synthesized by Baeyer in 1871 (Baeyer, 

1871). Despite its antiquity, fluorescein remains one of the most widely utilized 

fluorophores in modern biochemical, biological, and medicinal research. This persistence 

can be attributed to the excellent spectral properties of fluorescein and the established 

synthetic chemistry of the dye. Fluorescein serves as a modular scaffold that is well­

suited for elaboration to create various molecular tools, including ion indicators, 

fluorogenic enzyme substrates, and fluorescent labels for biomolecules (Haugland et ai., 

2005; Urano et ai., 2005). 

An important (and underappreciated) property of fluorescein is its complex acid-base 

equilibria in aqueous solution. Fluorescein can exist in seven prototropic forms. The 

determination of the distinct properties of each of these molecular forms has been the 

subject of numerous studies (Zanker and Peter, 1958; Lindqvist, 1960; Martin and 

Lindqvist, 1975; Chen et ai., 1979; Mchedlov-Petrosyan, 1979; Diehl, 1989; Diehl and 

Markuszewski, 1989; Sjoback et aI., 1995; Klonis and Sawyer, 1996; Lakowicz, 1999; 

Magde et ai., 2002; Smith and Pretorius, 2002; Krol et aI., 2006). The monoanion 6.2 and 

dianion 6.3 are the principal ground-state species under biologically-relevant conditions. 

Scheme 6.1 shows these two forms of fluorescein with the ranges of reported phenolic 

pKa values and other spectral properties in aqueous solution. The dianionic form 6.3 is 

responsible for the characteristic strong visible absorption band and potent fluorescence 

emission. The absorbance of the monoionic form 6.2 is less intense, and the maxima are 

blue-shifted relative to 6.3. The quantum yield of the monoanion is also significantly 

lower than that of the dianion. Because of the dissimilar optical properties of 6.2 and 6.3 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

188 

and the proximity of the pKa value to physiological pH, special care must be taken when 

using fluorescein and fluorescein-labeled conjugates in biological experiments. To 

circumvent this pH-sensitivity problem, fluorescein derivatives have been dleveloped that 

employ the electron-withdrawing nature of chlorine (Mchedlov-Petrossyan et aI., 1992; 

Sparano et at., 2004) or fluorine (Sun et at., 1997) substituents to shift this phenolic pKa 

to a lower value, thereby suppressing the heterogeneity of the protonation state of this 

phenolic group at physiologically relevant pH values. 
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Scheme 6.1 Prototropic forms of fluorescein and corresponding photophysical values 
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The sensitivity of the fluorescence of fluorescein to its chemical environment has 

been exploited in assays of biological processes. Because of the proximity of the phenolic 

pKa to biologically relevant pH values, small-molecule fluorescein derivatives have been 

employed as pH sensors (Thomas et al., 1979; Paradiso et al., 1984; Graber et al., 1986; 

Nedergaard et al., 1990; Liu et al., 1997; Wu et al., 2000; Schroder et al., 2005). In 

addition, the pKa value itself is sensitive to the electrostatic environment around the 

fluorescein molecule (Stanton et al., 1984; Thelen et al., 1984; Omelyanenko et al., 1993; 

Griep and Mesman, 1995; Agi and Walt, 1997). Thus, the phenolic pKa of a fluorescein 

label attached to a protein, for example, can be perturbed depending on the status of the 

biomolecule. The difference in pKa value translates to an alteration in fluore~scent 

intensity at constant pH. This environmentally-sensitive fluorescence variation has been 

used as an index to monitor changes in proteins (Garel, 1976; Labhardt et al., 1983; Griep 

and Mchenry, 1990; Goldberg and Baldwin, 1998a; Goldberg and Baldwin, 1998b; 

Goldberg and Baldwin, 1999) and nucleic acids (Friedrich and Woolley, 1988; Friedrich 

et al., 1988). Studies of protein-protein interactions, in particular, can benefit from assays 

relying on the pKa shift of a fluorescein label. Such assays circumvent the double-label 

requirement of Forster resonance energy transfer (FRET) (Sapsford et aI., 2006), and the 

size limitations of fluorescence polarization (FP) (Owicki, 2000). 

Although binding assays relying on the pKa shift of fluorescein are prevalent, the 

development of such assays is largely empirical. The effects of minor modifications to 

the fluorescein label remain unexplored. We were especially interested in discerning 

whether altering the pKa of the dye would have a significant effect on assay performance. 

Our interest stems from a fluorescence-based assay developed in our laboratory (Abel et 
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al., 2002; Rutkoski et al., 2005) for the determination of eqUilibrium dissociation 

constants for variants of bovine pancreatic ribonuclease (RNase A (Raines, 1998» and its 

homologues in complex with the ribonuclease inhibitor protein (RI (Dickson et al., 

2005». The ability of these pancreatic-type ribonucleases to evade RI is a prerequisite for 

their toxic activity toward cancer cells (Rutkoski et al., 2005). Our assay is based on the 

decrease in fluorescence (-10-20%) of a fluorescein-labeled ribonuclease variant once 

bound by RI (Abel et al., 2002). Competitive binding ofRI by unlabeled ribonuclease 

variants restores fluorescence intensity, allowing accurate determination of equilibrium 

dissociation constants. Although the assay has proven to be useful, the low dynamic 

range requires a laborious, cuvette-based assay using sensitive instrumentation and large 

assay volumes. Expansion of the utility of this assay to a miniaturized, high-throughput 

system (e.g., microplate format) requires an increase in the fluorescence chcmge without 

severe modification of other assay parameters. 

Here, we describe a general means to improve binding assays through the synthesis 

and use of a "tuned" fluorescein derivative. As a model system, we use the RI-RNase A 

interaction, which allows for assays to be performed over a wide range of pH. First, we 

determine the pKa values of the original fluorescein-labeled RNase A variant in the 

absence and presence of excess RI. From this analysis, we confirm a shift in the pKa 

value of the fluorescein label upon complex formation, and surmise that tuning the pKa to 

a higher value could lead to an improved dynamic range in our assay. Then, we 

synthesize and evaluate 2',T-diethylfluorescein (DEF), which contains an electron­

donating ethyl group proximal to each hydroxyl group. We find that DEF displays a 

higher phenolic pKa than does fluorescein, making it a more useful probe. Next, we 
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synthesize a novel thiol-reactive derivative of DEF for bioconjugation, 

2',7'-diethylfluorescein-5-iodoacetamide (DEFlA), and determine pKa values of a DEF­

labeled RNase A in the absence and presence of RI. We observe a substantial increase in 

assay dynamic range near neutral pH, and show that the diethylfluorescein derivative is a 

near-optimal probe for this binding assay at our target pH. Lastly, we adapt this improved 

assay to a microplate format and use this simple, robust system to measure the 

dissociation constants of several complexes containing RI and variants of RNase A. 

These findings herald a new and comprehensive strategy for facilitating the analysis of 

biomolecular interactions. 

6.2 Results and Discussion 

6.2.1 pKa Values of Bound and Free Fluorescein-Labeled RNase A 

Our binding assay utilizes the A19C/G88R variant of RNase A. Ala19 resides in a 

solvent-exposed loop that is not within the interface of the RI·RNase A complex (Kobe 

and Deisenhofer, 1996). Introduction of a thiol group at this position allows site-specific 

labeling that does not perturb other properties of the protein, such as enzymatic activity 

or binding to RI (Abel et al., 2002). The fluorescein label is attached coval€mtly by 

reaction of the free thiol-containing protein with 5-iodoacetamidofluoresceiln (5-IAF) to 

give fluorescein-labeled RNase A (fluorescein-RNase A). The RI·RNase A complex 

exhibits extremely tight binding (Kd = 44 tM (Lee et al., 1989a)). Substitution at position 

88 attenuates the binding constant of the complex by more than four orders of magnitude 

(Kd = 1.4 nM (Rutkoski et al., 2005)) and thus allows for effective competition by other 

ribonuc1eases with Kd values at or above the nanomolar range. Our assay is typically 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

193 

performed in commercial Du1becco's phosphate-buffered saline (DPBS) (Dulbecco and 

Vogt, 1954) at pH 7.12, which defines the target pH for assay optimization. 

In the original report (Abel et al., 2002) of this assay system, we noted that the cause 

of the fluorescence change of the fluorescein conjugate of A19C/G88R RNase A (herein, 

fluorescein-RNase A) upon binding to RI was unclear, but we hypothesized that it arose 

from a shift in the pKa of the fluorescein label. To test this premise, and gain insight for 

assay optimization, we measured the pKa values of both bound and free fluorescein­

RNase A. A series of buffers were prepared from pH 4 to 10, and the fluorescence 

intensity of the conjugate in the absence and presence of a 7 -fold molar excess of RI was 

measured and plotted against pH. This surfeit of RI is sufficient to bind >99.5% of the 

labeled ribonuclease based on the Kd value of 1.4 nM (Rutkoski et aI., 2005). The 

difference between the curves was also calculated, and the resulting data ar4~ shown in 

Figure 6.1 a. 

The data in Figure 6.1a conform to a model for pKa shifts of fluorescein-protein 

conjugates described by Garel (Garel, 1976), including the bell-shaped difference trace. 

We note that at high pH values, complex formation causes only a minor decrease «5%) 

in fluorescence intensity. The inhibition of the catalytic activity of RNase A by RI is 

known to be similar in solutions of different pH (Lee et al., 1989a), indicating that 

complex formation is unaffected by pH. Thus, the traces in Figure 6.1 a suggest that the 

pKa shift of fluorescein upon RI binding is the primary cause for the fluorescence 

modulation. The phenolic pKa value of the free fluorescein-RNase A is 6.35 ± 0.03, and 

the pKa value for bound fluorescein-RNase A is 6.70 ± 0.02. The maximal difference is 

at pH 6.5, making that the solution pH at which our assay is most sensitive .. Interestingly, 
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the pKa values for the free and RI-bound conjugates are both higher than our measured 

pKa value for free fluorescein of 6.30 ± 0.03 (vida infra). 

The phenolic pKa value of fluorescein can change dramatically upon conjugation to a 

biomolecule (Klonis et al., 1998), and it remains difficult to predict how the local 

environment around the label will affect the pKa of the dye. Nonetheless, the shift in pKa 

value upon binding of fluorescein-RNase A by RI is intuitive, based on the net 

macromolecular charge of the two proteins. RNase A is a cationic protein (pI = 9.33 (Vi, 

1971)}, creating an electropositive field in which the ionization of fluorescein is relatively 

favorable. Binding of RNase A to the comparatively anionic RI (PI = 4.7 (Blackburn et 

al., 1977)} can neutralize much of this field (Lee et al., 1989a), leading to an increased 

phenolic pKa value for the fluorescein label. 

The data in Figure 6.1a suggested to us an optimization strategy that involved 

"tuning" the phenolic pKa value of the label through chemical synthesis. Changing the 

pKa of fluorescein would, in effect, shift the pKa curves of the free and RI-bound 

conjugate either higher or lower along the abscissa, causing the maximal difference 

between these two curves to align more closely with the desired assay pH. Such a shift 

could lead to a higher assay dynamic range at the preferred pH. Prior attempts to adjust 

the pKa of fluorescein labels have focused on decreasing this value as much as possible to 

abolish pH sensitivity (Mchedlov-Petrossyan et al., 1992; Sun et al., 1997; Haugland et 

al., 2005). Conversely, our goal was to increase the pKa so as to maximize the 

fluorescence change at the assay pH. 
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Figure 6.1 Effect of pH on the fluorescence (A'ex = 493 run, Aem = 515 nrn) of 

fluorophore-labeled RNase A (50 nM) in the absence (0) or presence (e) 

of excess RI (350 nM), and the difference (_). (a) Fluorescein-RNase A. 

(b) DEF-RNase A. 
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6.2.2 Design and Synthesis of2',T-Diethylfluorescein 

The proximity of the pKa value of fluorescein to biologically relevant pH values 

allows its use as fluorescent pH indicator in certain experiments (Thomas et ai., 1979; 

Graber et aI., 1986; Wu et at., 2000). Alkyl substitution on the xanthenyl portion of 

fluorescein can increase the phenolic pKa of fluorescein, making it more sensitive to 

changes in pH near neutrality. Such substitution was exploited by Tsien and coworkers to 

prepare the widely used pH indicator 2',T-bis-carboxyethyl-5(6)-carboxyfluorescein 

(BCECF) that possesses a pKa near 7.0 (Paradiso et aI., 1984; Graber et at., 1986). 

Hexyl-substituted fluoresceins also show an increase in the phenolic pKa making them 

useful fluorescent pH sensors (Schroder et at., 2005). Although these compounds show 

the desired increase in pKa value, the relatively large appendages could cause 

unnecessary disruption of the protein if incorporated into a fluorescent label. Substitution 

with smaller, ethyl groups at the 2' and 7' positions can also increase the pKa of 

fluorescein (Diwu et at., 2004). We reasoned that the negligible perturbation of the 

fluorescein structure from such ethyl substituents would preserve its utility as a label. 

To evaluate the effect of ethyl-group substitution, we synthesized 

2', T-diethylfluorescein (DEF) by the route shown in Scheme 6.2. This compound was 

reported in the 1930' s by Novelli in research directed toward the development of 

fluorescein-based antiseptics (Novelli, 1932; Novelli, 1933). We used a more 

contemporary route, taking advantage of the commercial availability of 4-ethylresorcinol 

(6.4). This compound was condensed with phthalic anhydride (6.5) in methane sulfonic 

acid (Sun et ai., 1997) to afford crude DEF. This material was acetylated with acetic 

anhydride in pyridine, and the resulting diacetate 6.6 was purified via crystallization. We 
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found that suspension of the crude 6.6 in cold EtOH prior to crystallization removed a 

significant amount of polar impurities, thereby improving the yield. Hydrolysis of the 

ester groups with base followed by acidification gave DEF (6.7). 

6.2.3 Spectral Properties of 2', T-Diethylfluorescein 
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Both fluorescein and 2',T-diethylfluorescein were evaluated to confirm the 

anticipated effect of alkylation on the pKa value and to compare other spectral properties 

of these dyes in aqueous solution. The measured parameters are listed in Table 6.1. The 

pKa values for both fluorescein and DEF were determined in the same buffe~r system used 

for the fluorescein-RNase A conjugate (Figure 6.2). The extinction coefficients and 

quantum yields of fluorescein and DEF were determined in 0.1 M NaOH to isolate the 

properties of the dianionic dye form. 

The spectral values determined for the diethyl variant of fluorescein are close to those 

reported for other dialkyl derivatives (Schroder et al., 2005). The electron-donating 

character of the ethyl substituents increases the pKa from 6.30 to 6.61. Our pKa value for 

free fluorescein is slightly lower than the reported range of values (Mchedlov-Petrosyan, 

1979; Diehl, 1989; Diehl and Markuszewski, 1989; Sjoback et al., 1995; Klonis and 

Sawyer, 1996; Smith and Pretorius, 2002) because of the relatively high ionic strength of 

our buffer system (Sjoback et al., 1995). The alkyl substitution also elicits bathochromic 

shifts of 10 nm for both absorption and emission maxima relative to fluorescein as shown 

in Figure 6.3. The extinction coefficient at maximal absorption of DEF under basic 

conditions (0.1 M NaOH) is about 10% higher than the absorptivity of fluorescein. The 

quantum yield of diethylfluorescein is slightly lower than that of fluorescein, again in 
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agreement with other reported dialkylfluorescein derivatives (Schroder et ai., 2005). 

Overall, the ethyl group substitution confers the desired increase in pKa value while 

causing only minor differences in absorption and fluorescence properties. This similarity 

of optical characteristics of the two dyes allows for the use of standard fluorescein 

excitation and emission wavelengths for both dyes and their conjugates. 
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Scheme 6.2 Synthesis of 2',7'-diethylfluorescein 
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Table 6.1 Spectroscopic parameters of fluorescein and DEF 

Fluorescein Diethylfluorescein 

pKa 6.30 ± 0.02 6.61 ± 0.03 

Amax (nrn) 491 501 

e(~lcrn-l) 89,800 ±400 98,500 ±400 

Aem (nrn) 510 520 

l/J 0.95 ± 0.03 (Lakowicz, 1999) 0.89 ±0.03 
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Figure 6.2 (a) pH-Dependence of the fluorescence of fluorescein (6.1). 

(b) pH-Dependence of the fluorescence of2',7'-diethylfluorescein (6.7). 

Values of pKa were found to be 6.30 ± 0.02 for 6.1, and 6.61 ± 0.03 for 6.7 

(Aex = 493 nm, Aem = 515 nm). 
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6.2.4 Synthesis of2',T-Diethylfluorescein-5-iodoacetamide (DEFIA) 

Having confinned the elevated pKa values of DEF, we next sought to pr1epare a thiol­

reactive derivative for bioconjugation. To ensure an accurate comparison be:tween 

fluorescein-labeled and DEF-Iabeled proteins, we designed an analogue of 5-IAF in 

which introduction of the ethyl groups was the only structural perturbation, thereby 

eliminating effects due to different linker lengths or conjugation chemistries. The 

synthesis of 5-aminofluorescein is well documented because of its intennediacy in the 

preparation of the widely-used fluorescent label: fluorescein-isothiocyanate (FITC) 

(Coons and Kaplan, 1950; McKinney et ai., 1962; Steinbach, 1974). We were pleased to 

discover that this established chemistry is sufficiently pliable to allow for illitroduction of 

the desired ethyl substituents without dramatic changes in yield. To our knowledge, this 

is the first example of a fluorescein-derived label in which the phenolic pKa is tuned to a 

higher rather than a lower value. In addition, this synthesis adds to the sparse reports in 

the primary scientific literature describing iodoacetamide derivatives of xanthene dyes 

(Krafft et ai., 1988; Corrie and Craik, 1994). 

The scheme for the synthesis of 2',7'-diethylfluorescein-5-iodoacetamide (DEFIA) is 

shown in Scheme 6.3. Condensation of 4-ethylresorcinol (6.4) with commercially 

available 4-nitrophthalic anhydride (6.8) gave fluorescein 6.9 as a mixture of 5- and 

6-nitro isomers. This material could be acetylated with acetic anhydride to yield a 

diacetate. Separation of the two isomers via recrystallization (Coons and Kaplan, 1950) 

afforded the single 5-nitro isomer 6.10. Hydrolysis of this diacetate with base gave free 

5-nitro-2',7'-diethylfluorescein (6.11). Reduction of the nitro group with sulfide 

(Steinbach, 1974) followed by crystallization from aqueous HCI gave the 
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5-aminofluorescein as the HCl salt. Dissolving this intermediate HCl salt in basic 

solution followed by precipitation of the free amine with acetic acid (McKinney et al., 

1962) afforded the 5-amino-2',7'-diethylfluorescein (6.12). This material was treated with 

chloroacetic anhydride to give an intermediate 5-amidofluorescein diester. Hydrolysis of 

the ester groups using NaOH in the same pot gave chloroacetamide 13, which was taken 

on to DEFIA (6.14) via reaction with NaI in acetone. 
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Scheme 6.3 Synthesis of 2',T-diethylfluorescein-5-iodoacetamide (DEFIA) 
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6.2.5 pKa Values of Free and RI-Bound DEF-Labeled A 19CIG88R RNase A 

Thiol-containing A19C/G88R RNase A variant was reacted with DEFIA, and the 

resulting conjugate was purified with cation-exchange chromatography. Th(~ fluorescence 

intensity of the resulting 2',T-diethylfluorescein conjugate of A19C/G88R RNase A 

(herein, DEF-RNase A) was measured in the absence and presence of RI in buffered 

aqueous solution over a pH range of 4-10, as with the fluorescein-RNase A conjugate. 

The fluorescence values and fluorescence difference were plotted against pH as shown in 

Figure 6.1b. The pKa values of the free and RI-bound DEF-RNase A were calculated to 

be 6.68 ± 0.03 and 7.29 ± 0.03, respectively. As with the fluorescein system, these values 

are higher than those measured for unliganded DEF (PKa = 6.61 ± 0.03). This shift in pKa 

values increases the maximum of the fluorescence difference to above 7.0. 

The bound and free DEFIA conjugates exhibit a larger ApKa value than did the 

fluorescein-labeled protein. This larger difference in pKa likely arises from structural 

rather then electronic consequences of the two ethyl groups. For example, the DEF label 

could exist in a different orientation than the fluorescein label such that its pKa value is 

affected to a greater degree upon binding to RI. 

6.2.6 Assay Comparison 

A major goal of this work was to improve the assay performance and then investigate 

the utility of the enhanced system in a microplate format. To quantify the assay 

improvement, we first determined the maximum dynamic range by measuring the change 

in fluorescence upon RI binding under typical assay conditions. Addition of excess RI to 

fluorescein-RNase A elicits a 15% decrease in fluorescence, whereas the change in 
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fluorescence intensity of the DEF-RNase A conjugate is a significantly larger 38% as 

shown in Figure 6.4. 
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Having confirmed the enhancement of the assay, we then evaluated the utility of this 

assay in a microplate format. A common quantification of plate-based assay performance 

is the Z'-factor which uses the standard deviation of controls and the dynamic range to 

assign a numerical value to assay utility (Zhang et al., 1999). We measured the Z'-factor 

using microplates containing the labeled conjugate and RI. The positive control also 

contained excess RNase A to liberate fully the fluorophore-Iabeled protein. As shown in 

Figure 6.5, the fluorescein system had Z'-factor = -0.17, signifying an overlap of the 

It ± 30" levels for the positive and negative controls. In stark contrast, the 

diethylfluorescein system had a Z'-factor of 0.69. An assay system with a Z'-factor >0.5 

is considered to be "excellent" and therefore highly useful in microplate systems, 

including high-throughput screening (HTS) assays. Thus, in addition to improving assay 

performance, this new diethylfluorescein label could allow HTS to identify compounds 

that disrupt the RI-ribonuclease interaction. 

6.2.7 Microplate-Based Determination of Kd Values 

The increase in assay dynamic range and superb Z'-factor prompted us lto validate this 

microplate system to measure RI·ribonuclease dissociation constants. Pancreatic-type 

ribonucleases are cationic proteins that can enter cells via endocytosis (Haigis and 

Raines, 2003). The ubiquitous ribonuclease inhibitor has a high cytosolic concentration 

(4JlM) and can therefore protect cellular RNA from degradation by invading 

ribonucleases (Haigis et al., 2003). Amino acid substitutions that disrupt the RI-
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ribonuclease interface can endow an otherwise benign ribonuclease with cytotoxic 

activity (Rutkoski et al., 2005). Thus, the Kd value of a RI·ribonuclease complex is 

helpful in predicting the cytotoxicity of a novel ribonuclease variant. 
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We fIrst determined the affInity of DEF-RNase A for RI by direct titration (Abel et 

al., 2002) and found that the ethyl groups did not cause any signifIcant change in binding 

constant between the labeled protein and RI (data not shown). We then determined the Kd 

values for other variants of RNase A using DEF-RNase A in microplates (Figure 6.6). 

These values (±SE), which are listed in Table 6.2, are in gratifying agreement with those 

determined previously using the cuvette assay (Rutkoski et al., 2005). The new system 

proved extremely facile and economical, requiring 5% of the protein and signifIcantly 

less time compared to the original assay format. 
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Table 6.2 Values of Kd for RI·ribonuclease complexes 

Ribonuclease Variant Kd 

G88R RNase A 1.3 ± 0.2 nM 

K7 AlG88R RNase A 80 ± 5 nM 

D38R1R39DIN67R1G88R RNase A 730 ± 40 nM 

K7A1D38R1R39D/G88R RNase A 3.1 ± 0.2 J1M 
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6.3 Conclusions 

The ubiquity of fluorescein in biochemical, biological, and medicinal research 

demands a detailed grasp of the acid-base equilibria of this dye in aqueous solution. Our 

results show that a thorough understanding and application of the nuances of fluorescein 

can be useful in the optimization of assays. Shifts in the phenolic pKa are a significant 

causal force behind many of the fluorescence modulations observed with fluorescein 

conjugates. Tuning this pKa through chemical synthesis can have dramatic effects on 

assay dynamic range, leading to significant improvement in throughput and requisite 

sample volume. 

This work could inspire the expansion of the current spectrum of fluorescent labels. A 

palette of reactive dyes with tuned pKa values could prove useful in the dev1elopment of 

new binding assays. In addition to fluorescein, other classes of fluorescent dyes are 

sensitive to pH and thus could be evaluated and optimized in a similar manner. Of 

particular interest are dye systems that exhibit a large spectral shift upon protonation 

(Whitaker et ai., 1991b; Liu et ai., 2001). Use ofthese fluorophores could permit 

ratiometric measurement of binding events. Overall, properly tuned fluorescent labels 

hold the potential to improve existing systems and aid in the development of new assays 

for characterizing protein-protein interactions and other important biomolecular 

processes. 
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6.S Experimental Section 

6.5.1 General Experimental: Chemical Synthesis 

4-Nitrophthalic anhydride was from TCI America (Portland, OR). 

Dimethylformamide (DMF), tetrahydrofuran (THF), and dichloromethane (CH2Ch) were 

drawn from a Baker CYCLE-T AINER solvent delivery system. All other reagents were 

obtained from Aldrich Chemical (Milwaukee, WI) or Fisher Scientific (Hanover Park, 

IL) and used without further purification. NaHS·H20 was obtained as "sodium 

hydrosulfide hydrate" (Aldrich; Product 161527). HCI(aq) was prepared by dilution of 

concentrated HCI(aq) into H20 in the indicated proportions. 

Thin-layer chromatography was performed using aluminum-backed plates coated with 

silica gel containing F254 phosphor and visualized by UV illumination or staining with b 

ceric ammonium molybdate, or phosphomolybdic acid. Flash chromatography was 
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performed by using open columns loaded with silica gel-60 (230-400 mesh), or on a 

FlashMaster Solo system (Argonaut Inc., Redwood City, CA) with Isolute Flash Si II 

columns (International Sorbent Technology Ltd., Hengoed, Mid Glamorgan, UK). The 

term "high vacuum" refers to a vacuum (~1 mm Hg) achieved by a mechanilcal belt-drive 

oil pump. 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 mm Hg) while maintaining the water-bath temperature below 40°C. The term 

"concentrated under high vacuum" refers to the removal of solvents and other volatile 

materials using a rotary evaporator at high vacuum while maintaining the water-bath 

temperature below 40°C. 

NMR spectra were obtained with a Bruker DMX-400 Avance spectrome:ter in the 

National Magnetic Resonance Facility at Madison (NMRFAM), or with Bruker AC-300 

or Avance-360 spectrometers in the Magnetic Resonance Facility (MRF) in the 

Department of Chemistry. Mass spectrometry was performed with a Micromass LCT 

(electro spray ionization, ESI) mass spectrometer in the Mass Spectrometry Facility in the 

Department of Chemistry. Analytical HPLC was performed on a system from Waters 

(Milford, MA) with an 250 x 4.6 mm C-18 Microsorb column from Varian (Palo Alto, 

CA) using a linear gradient of CH3CN (20-60% v/v) in H20. HPLC solvents contained 

TFA (0.1 % v/v). 

6.5.2 Synthesis of Compounds 6.6,6.7, and 6.10~.14 

2',7'-Diethylt1uorescein Diacetate (6.6) 4-Ethylresorcinol (6.4,5.00 g, 36.2 mmol) 

and phthalic anhydride (6.5,2.68 g, 18.09 mmol) were dissolved in methanesulfonic acid 
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(40 mL). The reaction mixture was stirred at 85°C for 48 h. The dark brown solution was 

poured into ice water (250 mL), and the yellow-brown precipitate was collelcted by 

filtration and air dried. This material was dissolved in acetic anhydride (80 mL) and 

pyridine (80 mL), and stirred at 85°C for 4 h. The reaction mixture was concentrated 

under high vacuum, and the brown residue was dissolved into CH2Clz. This solution was 

washed with HC1(aq) (5% v/v), water, and saturated brine. The organic layer was then 

dried over anhydrous MgS04(s) and concentrated under reduced pressure. The brown 

residue was suspended in cold EtOH (300 mL), and the resulting pale brown solid was 

collected by filtration. This material was purified further by crystallization from 

CHCbIMeCN (1:1) and the crystals were washed with cold EtOH (excluded from the 

mother liquor). The mother liquor was concentrated under reduced pressure and a second 

crop of crystals was obtained by crystallization from acetic anhydride. The combined 

crystals were dried under high vacuum. Compound 6.6 was isolated as a pale yellow 

crystalline solid (7.41 g, 87%). IH NMR (400 MHz, CDCb) d (ppm): 8.05 (d, J = 7.1 Hz, 

IH), 7.69 (ddd, J = 7.6, 7.1, 1.6 Hz, IH), 7.64 (ddd, J = 7.6, 7.5, 1.2 Hz, IH), 7.19 (d, J = 

7.4 Hz, IH), 7.01 (s, 2H), 6.64 (s, 2H), 2.39 (m, 4H), 2.33 (s, 6H), 1.01 (t, J = 7.8 Hz, 

6H). 13C NMR (100 MHz, CDCb) d (ppm): 169.46, 168.88 (2C), 153.23, 150.11 (2C), 

149.64 (2C), 135.20 (2C), 131.96, 129.87, 128.07 (2C), 125.93, 125.13 (2C), 124.09, 

116.57, 110.87 (2C), 82.09, 22.94 (2C), 20.84 (2C), 14.02 (2C). HRMS (ESn: mlz 

495.1417 (MNa+ [C2SH2407Na] = 495.1420). 

2',7'-Diethyltluorescein (6.7). 2',T-Diethylfluorescein diacetate (6.6, 2.00 g, 4.23 

mmol) was dissolved in THF (20 mL) and MeOH (20 mL). To this solution was added 

29% w/w N~OH(aq) (5.12 mL, 42.2 mmol), and the mixture was stirred at ambient 
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temperature for 2 h. NaOH (1.69 g, 42.2 mmol) was added as a solution in H20 (20 mL) 

and MeOH (5 mL), and the reaction mixture stirred for an additional 1 h at ambient 

temperature. The mixture was diluted with 200 mL of H20, and concentrated under 

reduced pressure to remove the organic solvents. The dark brown solution was filtered 

and then acidified with HCI(aq) (10% v/v) to pH -3. The resulting yellow-orange 

precipitate was collected by filtration, washed with H20, and dried under high vacuum. 

Compound 6.7 was isolated as an orange solid (1.57 g, 96%). An analytical sample was 

prepared by column chromatography (silica gel, EtOAc). IH NMR (400 MHz, DMSO-d6) 

a (ppm): 10.09 (bs, 2H), 8.00 (d, J = 7.8 Hz, IH), 7.78 (ddd, J = 7.5, 7.4, 1.2 Hz, IH), 

7.71 (ddd, J = 7.5, 7.4, 1.0 Hz, IH), 7.24 (d, J = 7.4 Hz, IH), 6.71 (s, 2H), 6.34 (s, 2H), 

2.35 (m, 4H), 0.92 (t, J = 7.6 Hz, 6H). l3C NMR (100 MHz, DMSO-d6) a (ppm): 168.83, 

157.11 (2C), 152.62, 149.95 (2C), 135.53, 130.01, 127.23 (2C), 127.12 (2C), 126.21, 

124.55, 124.00, 109.02 (2C), 101.73 (2C), 83.55, 22.35 (2C), 14.10 (2C). HRMS (ESI): 

m/z 387.1219 (M-H [C24HI9051 = 387.1232). 

S(6)-Nitro-2',7'-Diethylfluorescein (6.9). 4-Ethylresorcinol (6.4, 5.00 g, 36.2 mmol) 

and 4-nitrophthalic anhydride (6.8, 3.49 g, 18.1 mmol) were dissolved in methanesulfonic 

acid (40 mL). The reaction mixture was stirred at 85°C for 48 h. The dark lbrown 

solution was poured into ice water (250 mL), and the yellow-brown precipiltate was 

collected by filtration. This material was washed with H20 and air dried. Crude 

compound 6.9 was isolated as a yellow-brown solid and used in the next step without 

further purification. 

S-Nitro-2',7'-diethylfluorescein Diacetate (6.10). Crude 5(6)-nitro-2',7'­

diethylfluorescein (6.9) from the previous step was dissolved in acetic anhydride (30 mL) 
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and stirred at reflux for 2 h. This solution was placed at 4 °C for 48 h and the resulting 

tan crystals (2.61 g, 28%) were collected by filtration and washed with cold acetic 

anhydride. The mother liquor was concentrated under high vacuum and the residue was 

dissolved in acetic anhydride (15 mL). This solution was incubated at 4°C for 48 h after 

which additional tan crystals formed (1.53 g, 16%). These crystals were isolated by 

filtration and washed with cold acetic anhydride. The combined crystals were purified 

further by crystallization twice from acetic anhydride and dried under high vacuum. 

Compound 6.10 was isolated as an off-white solid (1.91 g, 20%, two steps). IH NMR 

(400 MHz, DMSO-d6) ~ (ppm): 8.73 (d, J = 1.7 Hz, IH), 8.59 (dd, J = 8.4, 2.3, IH), 7.72 

(d, J = 8.4 Hz, IH), 7.27 (s, 2H), 6.86 (s, 2H), 2.37 (m, 4H), 2.33 (s, 6H), 0.94 (t, J = 7.6 

Hz, 6H). l3C NMR (100 MHz, DMSO-d6) ~ (ppm): 168.92, 166.53, 156.73,. 150.48, 

149.26, 148.95, 132.53, 130.62, 128.53, 127.35, 125.95, 120.83, 115.09, 111.21,81.88, 

22.17,20.63, 14.42. HRMS (ESI): mlz 518.1441 (MH+ [C2sH24N091 = 518.1451). 

5-Nitro-2' ,7'-diethyltluorescein (6.11). 5-Nitro-2',7'-diethylfluorescein diacetate 

(6.10, 1.00 g, 1.93 mmol) was dissolved in THF (35 mL). This solution was diluted with 

MeOH (35 mL) and H20 (20 mL). To the resulting solution was added NaOH (1.55 g, 

38.6 mmol), and the mixture was stirred at 0 °C for 1 h and then at ambient temperature 

for 1 h. This was concentrated under reduced pressure to remove the organic solvents, 

and the residue was diluted with 50 mL of H20 and filtered. The resulting dark brown 

solution was acidified with HCI(aq) (10% v/v) to pH -3, and the resulting yellow-orange 

precipitate was collected by filtration, washed with H20 and dried under high vacuum. 

Compound 6.11 was isolated as an orange solid (0.797 g, 95%). IH NMR (400 MHz, 

DMSO-d6) ~ (ppm): 10.16 (bs, 2H), 8.66 (d, J = 1.7 Hz, IH), 8.56 (dd, J = 8.4, 2.3 Hz, 
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1H), 7.53 (d, J = 8.4 Hz, 1H), 6.71 (s, 2H), 6.48 (s, 2H), 2.36 (m, 4H), 0.94 (t, J = 7.5 Hz, 

6H). l3C NMR (100 MHz, DMSO-d6) t5 (ppm): 166.78, 157.53 (3C), 150.01 (2C), 

149.00, 130.20, 127.85, 127.64 (4C), 125.90, 120.41, 107.81 (2C), 101.88 (2C), 84.34, 

22.41 (2C), 14.18 (2C). HRMS (ESI): mlz 432.1075 (M-H [C24HlSN07] = 432.1084). 

S-Amino-2',7'-Dietbyltluorescein (6.12). Na2S·9(H20) (5.54 g, 23.1 mmol) was 

dissolved in H20 (75 mL). 5-Nitro-2',T-diethylfluorescein (6.11, 2.50 g, 5.77 mmol) was 

added, and the resulting solution was stirred at ambient temperature for 10 min. Then, to 

this solution was added NaHS·H20 (2.59 g, 46.1 mmol), and the mixture was stirred at 

reflux for 24 h. The solution was carefully acidified with glacial acetic acid" and the 

resulting dark red precipitate was collected by filtration. This solid was dissolved in 175 

mL of HCI(aq) (6% v/v), heated to reflux, and filtered while hot to remove ,elemental 

sulfur. The solution was incubated at 4 °C for 48 h, and the resulting red sollid was 

collected by filtration. This solid was dissolved in 120 mL of HCI(aq) (6% v/v) and, as 

before, filtered while hot and incubated at 4 °C for 48 h. The solid was collected by 

filtration and taken up into 210 mL of NaOH(aq) (0.5% w/v) to give a dark red solution. 

Glacial acetic acid (4.2 mL) was added dropwise, and the resulting red precipitate was 

collected via filtration and dried under high vacuum. Compound 6.12 was isolated as an 

red-orange solid (1.92 g, 82%). IH NMR (400 MHz, DMSO-d6) t5 (ppm): 7.24 (d, J = 2.1 

Hz, 1H), 7.05 (dd, J = 8.3, 2.2 Hz, 1H), 6.92 (d, J = 8.2 Hz, 1H), 6.62 (s, 21-1), 6.61 (s, 

2H), 2.46 (m, 4H), 1.03 (t, J = 7.5 Hz, 6H). l3C NMR (100 MHz, DMSO-d6) t5 (ppm): 

169.52, 156.84 (2C), 150.32 (2C), 150.04 (2C), 139.83, 127.51, 127.26 (2C), 126.85, 

124.16, 121.73, 110.16 (2C), 106.16, 101.62 (2C), 83.23, 22.43 (2C), 14.18 (2C). HRMS 

(ESI): mlz 403.1509 (MW [C24H22N05] = 403.1498). 
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2' ,7' -Diethyltluorescein-5-chloroacetamide (6.13). 5-Amino-2',7' -diethylfluorescein 

(6.12, 157 mg, 0.389 mmol) was dissolved in THF (5.0 mL). To this solution was added 

chloroacetyl chloride (382 ilL, 3.89 mmol), and the mixture was stirred at reflux for 1 h. 

The reaction mixture was cooled to 0 °C, and MeOH (5.0 mL) was added, followed by 

NaOH (311 mg, 7.78 mmol) dissolved in H20 (5.0 mL). The resulting dark orange 

solution was stirred at 0 °C for 2 h. The reaction was concentrated under reduced pressure 

to remove the organic solvents, and the resulting dark red solution was acidified with 

HCl(aq) (10% v/v) to pH -3. The yellow-orange precipitate was collected by filtration, 

washed with H20, and air-dried. Purification by column chromatography (silica gel, 

linear gradient ofCHChlMeOHlAcOH, 100:5:1-100:8:1 v/v/v) afforded compound 6.13 

as an orange solid (182 mg, 97%). IH NMR (400 MHz, DMSO-d6) J (ppm): 10.82 (s, 

IH), 10.27 (bs, 2H), 8.33 (s, IH), 7.84 (dd, J = 8.3, 1.9 Hz, IH), 7.22 (d, J == 8.3 Hz, IH), 

6.67 (s, 2H), 6.41 (s, 2H), 4.34 (s, 2H), 2.36 (m, 4H), 0.93 (t, J = 7.6, 6H). l3C NMR (100 

MHz, DMSO-d6) J (ppm): 168.60, 165.37, 157.26 (2C), 150.05 (2C), 147.36, 139.97, 

127.32 (5C), 126.39, 124.71, 109.09, 101.75 (2C), 83.85 (2C), 43.54,22.39 (2C), 14.19 

(2C). HRMS (ESn: mlz 480.1208 (MH+ [C26H23CIN061 = 480.1214). 

2',7'-Diethyltluorescein-5-iodoacetamide (6.14, DEFIA). 2',7'-Diethy1fluorescein-5-

chloroacetamide (6.13, 72 mg, 0.150 mmol) was dissolved in acetone (10 mL). To this 

solution was added NaI (225 mg, 1.50 mmol), and the mixture was stirred at reflux for 24 

h. The reaction was concentrated under reduced pressure and the residue was purified by 

column chromatography (silica gel, CHChIMeOHl AcOH, 100:5: 1 v/v/v). The 

purification afforded compound 14 as an orange solid (62 mg, 73%). An analytical 

sample was prepared by crystallization from CHChIMeOH (9:1). IH NMR (300 MHz, 
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DMSO-d6) ~ (ppm): 10.81 (s, 1H), 10.08 (bs, 2H), 8.31 (d, J = 1.6 Hz, 1H), 7.78 (dd, J = 

8.4, 1.8 Hz, 1H), 7.21 (d, J = 8.3 Hz, 1H), 6.68 (s, 2H), 6.39 (s, 2H), 3.88 (s, 2H), 2.36 

(m, 4H), 0.93 (t, J = 7.5, 6H). l3C NMR (100 MHz, DMSO-d6) ~ (ppm): 169.01, 167.85, 

157.54 (2C), 150.38 (2C), 147.69, 140.73, 127.78 (3C), 127.60 (2C), 126.58, 125.03, 

113.78, 109.43 (2C), 102.15 (2C), 84.04, 22.81 (2C), 14.62 (2C), 1.45. HPLC: 97% 

purity at Aabs = 449, 254 nm. HRMS (ESI): mlz 572.0592 (MH+ [C26H23IN06] = 

572.0570). 

6.5.3 General Experimental: Biochemistry and Spectroscopy 

Fluorescein (reference standard grade) and 5-iodoacetamidofluorescein (5-IAF) were 

from Molecular Probes (Eugene, OR). Dulbecco's phosphate-buffered saline (Dulbecco 

and Vogt, 1954) (DPBS; Gibco) was from Invitrogen (Carlsbad, CA). Dithiothreitol 

(DTI) and tris-(hydroxymethy1)-aminomethane (TRIS) were from Research Products 

International (Mount Prospect, IL). All other chemicals were from Fisher Scientific 

(Hanover Park, IL) or Sigma-Aldrich (Milwaukee, WI). Bovine serum albumin (BSA) 

was obtained as a 20 mglmL solution (Sigma; Product B8667). 2-(N-Morpholino)­

ethanesulfonic acid (MES) was purified as described previously (Smith et al., 2003) to 

eliminate oligo(vinylsulfonic acid) contamination. MALDI-TOF mass spectra were 

obtained with a Perkin-Elmer Voyager mass spectrometer in the Biophysics 

Instrumentation Facility (BIF) at the University of Wisconsin-Madison. 
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6.5.4 Preparation of Ribonuclease Inhibitor and Labeled Ribonucleases 

Human ribonuclease inhibitor (RI), K7 AlG88R RNase A, D38R1R39DIN67R1G88R 

RNase A, and K7 AlD38R1R39D/G88R RNase A were prepared as described previously 

(Rutkoski et al., 2005) The G88R and A19C/G88R variants of RNase A and the 

fluorescein-labeled conjugate (fluorescein-RNase A) were prepared as described 

previously (Abel et al., 2002) with the following change: the proteins were refolded for 

~4 days under an inert atmosphere of N2(g). The DEFIA-protein conjugate (DEF­

RNase A) was prepared by reaction of A 19C/G88R RNase A with ten-fold excess of 

DEFIA (6.14) for 2.5 h at ambient temperature and then 16 h at 4°C. Purification using a 

HiTrap SP HP cation-exchange column (GE Healthcare, Uppsala, Sweden) afforded the 

desired conjugate; MS (MALDI): m/z 14,261.00 (expected = 14,258.46). Protein 

concentration was determined by UV absorption or a bicinchoninic acid (BCA) assay kit 

from Pierce (Rockford, IL) using wild-type RNase A as a standard. 

6.5.5 UV-Visible and Fluorescence Spectroscopy 

Absorption spectra were recorded in methacrylate cuvettes having l-cm path length 

and 1.5-mL volume from Fisher Scientific on a Cary Model 50 spectromete:r from Varian 

(Sugar Land, TX). Fluorometric measurements were made by using 4.5-mL methacrylate 

cuvettes from VWR or 4.5-mL glass cuvettes from Stama Cells (Atascadero, CA) and a 

QuantaMasterl photon-counting spectrofluorometer from Photon Technology 

International (South Brunswick, NJ) equipped with sample stirring. All measurements 

were recorded at ambient temperature (23 ± 2°C) and buffers were not degassed prior to 

measurements. Compounds were prepared as stock solutions in DMSO and diluted such 
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that the DMSO concentration did not exceed 1 % v/v. The pH was measured with a 

Beckmann glass electrode that was calibrated prior to each use. Microplate-1based 

experiments were performed in Costar 96-well NBS microplates (Product #3650) from 

Corning Life Sciences (Acton, MA). The fluorescence intensity was recordf:d using a 

Perkin-Elmer En Vison 2100 Plate Reader and an FITC filter set (excitation at 485 nm 

with 14-nm bandwidth; emission at 535 nm with 25-nm bandwidth; dichroic mirror 

cutoff at 505 nm) in the Keck Center for Chemical Genomics at the University of 

Wisconsin-Madison. Graphs were manipulated and parameters were calculated with the 

programs Microsoft Excel 2003 and GraphPad Prism 4. 

6.5.6 Determination of pKa Values 

The fluorescein acid-base equilibrium between phenol 6.2 and phenolate 6.3 is shown 

in eq 6.1: 

6.2 ~ 6.3 + H+ (6.1) 

The observed fluorescence intensity (I) at a given excitation and emission wavelength is 

given by eq 6.2: 

(6.2) 

where!2 and!J are the fractions of the phenol and phenolate form of fluorescein, 

respectively, and h and h are the phenol and phenolate fluorescence intensities.(Lee et 
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al., 1989a) The pKa of this acid-base equilibrium can be estimated by measuring the 

fluorescence intensity as a function of pH and fitting the data to eq 6.3: 

[ -[ 
[=[ + 6.3 6.2 

6.2 1 + lOpKa-pH 
(6.3) 

which is derived from eq 6.2 and the Henderson-Hasselbalch equation. 

Buffers contained NaCI (138 mM), DTI (1 mM), and NaOAc, MES, NaH2P04, 

TRIS, and NaHC03 (10 mM each). The pH of the buffered solutions was adjusted with 

1.0 M NaOH or 1.0 M HC!. All experiments were performed in cuvettes using 

Aex = 493 nm and Aem = 515 nm. The pKa values of the free dyes were determined at a 

final dye concentration of 50 nM. For determination of the pKa of the protein labels, 

fluorescein-RNase A or DEF-RNase A was added to the buffer solution at a final 

concentration of 50 nM, and the initial fluorescence was measured. RI was then added to 

a final concentration of 350 nM, and the resulting fluorescence intensity was measured. 

The average pKa values were determined from triplicate experiments involving separate 

buffer preparations. 

6.5.7 Spectral Properties of Free Dyes 

The extinction coefficient (e) of fluorescein and 2',7'-diethylfluorescein was 

determined with solutions in 0.1 M NaOH (A < 1.0). The absorbance of a series of 

fluorescein and DEF concentrations were plotted against concentration, and the 

extinction coefficient was calculated by linear regression using Beer's Law. The quantum 
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yield ofDEF was determined by using dilute samples (A < 0.1) in 0.1 M NaOH. These 

values were obtained by the comparison of the integrated area of the emission spectrum 

ofthe samples with that of fluorescein in 0.1 M NaOH, which has a quantum efficiency 

of 0.95 ± 0.03 (Lakowicz, 1999). The concentration of the fluorescein refen:mce was 

adjusted to match the absorbance of the test sample at the excitation wavelength. Under 

these conditions, the quantum yield (fP) was calculated with eq 6.4. 

fPsample = fPstandard(/Fem,sample / fFem,standard) (6.4) 

6.5.8 Assay Comparison and Z'-factor Determination 

Comparison of the gross dynamic range of the two protein conjugates was made 

using a cuvette format in DPBS containing BSA (2 llg/mL). The fluorescent protein 

conjugate (fluorescein-RNase A or DEF-RNase A) was added to a final concentration of 

50 nM. RI was then added to a final concentration of 350 nM, and the resulting 

fluorescence change recorded. The Z'-factor was determined by preparing 96-well plates 

with 50 ~L per well of DPBS containing fluorescein-RNase A or DEF-RNase A 

(100 nM; 2x) and BSA (0.1 mg/mL). The positive control plates also contained RNase A 

(10 IlM; 2x). To these plates were added 50 ~L per well of DPBS containing BSA (0.1 

mg/mL), DTT (10 mM; 2x), and RI (100 nM; 2x). The fluorescence of each well was 

quantified after incubation at ambient temperature for 30 min. The Z'-factor was 

determined with eq 6.5 where (1+ and (1- are the standard deviations of the positive and 

negative controls, respectively, and.u+ and.u- are the means ofthe positive and negative 

controls (Zhang et ai., 1999). 
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(6.5) 

6.5.9 Determination oj~ Values 

A serial dilution (2x) of the ribonuclease A variant in DPBS with BSA (0.1 mglmL) 

was prepared in EppendorfProtein LoBind Tubes (Fisher Scientific). An aliquot (50 ilL) 

of these serial dilutions was added to the wells of a 96-well plate. A solution (50 ilL) of 

DEF-RNase A (100 nM; 2x) and RI (100 nM; 2x) in DPBS containing DTT (10 mM; 

2x) and BSA (0.1 mglmL) was then added to each well. The negative control contained 

no ribonuclease and the positive control contained excess RNase A (5 11M). The plate 

was incubated for 30 min at ambient temperature after which the fluorescence intensity 

was measured. The observed fluorescence intensity (I) is described by eq 6.6: 

(6.6) 

wherejF andjB are the fractions of the free and RI-bound form of the fluorescent 

conjugate, respectively, and IF and IB are the fluorescence intensities of the free and RI-

bound states, respectively. The value of IB was determined via linear regression using the 

intensities of the positive and negative controls, which represent 0% and 84.6% bound 

respectively based on a Kd value of 1.4 nM for the fluorophore-Iabeled G88R variant of 

RNase A (Rutkoski et al., 2005). The fraction bound if B) was then calculated using 

eq 6.7: 
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(6.7) 

The value of Kd was calculated by plottingjB against the concentration of competing 

ribonuclease and fitting the data to the mathematical expression for complete competitive 

binding of two different ligands (Wang, 1995; Roehrl et ai., 2004). 
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HPLC chromatogram for compound 6.14 (A = 254 nm) 
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HPLC chromatogram for compound 6.14 (A = 449 nm) 
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CHAPTER 7 

FUTURE DIRECTIONS 
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7.1 Latent F1uorophores Based on the Trimethyl Lock 

In Chapters 2 and 3 (Lavis et al., 2006a; Lavis et al., 2006b) we described the 

construction of "profluorophores" based on the trimethyllock (TML) prodrug strategy. 

The inherent modularity of the trimethyllock system was exploited to mask fluorophores 

with different spectral characteristics and chemical functionalities (e.g., compounds 2.2, 

2.4, and 3.8). In these studies, the substrate moiety attached to the TML remained 

invariant as an acetate ester. Opportunities remain to "swap out" the substrate moiety 

with other functionalities to prepare substrates that are unmasked by different enzymes. 

Work has already begun on phosphoryl-containing TML profluorophores, which show 

good chemical stability compared to analogous fluorescein-based phosphatase substrates 

(M.N. Levine). Incorporation of ethers is another avenue under exploration. Methoxy­

and ethoxy-substituted trimethyllock fluorophores show good reactivity with cytochrome 

P450 enzymes in vitro and can show induction of enzyme activity in cellulo (M. Yatzeck; 

T.-Y. Chao; L.D. Lavis). Attachment of a cephalosporin moiety to the trimethyllock is 

being pursued (M.N. Levine; L.D. Lavis) and could provide a truly bioorthogonal 

fluorogenic label (vide infra). Incorporation of sulfate groups, although difficult, could 

also yield useful substrates for arylsulfatase enzymes (T. Baumann; L.D. Lavis). These 

ether- and sulfate-containing substrates represent an extension of the trimethyllock 

beyond the systems explored in the prodrug literature, perhaps inspiring new uses of this 

system to mask and deliver drugs. 

Another module that can be explored is the reactive group in compound 3.13. We 

utilized the thiol-reactive maleimide group to allow efficient and site-specific coupling to 

thiol-containing protein variants. The incorporation of the urea moiety into the rhodamine 
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dye utilizes a Curtius rearrangement that begins ultimately from a simple carboxylic acid. 

This synthetic route can therefore be used to prepare urea-rhodamines with disparate 

chemical functionalities. Carboxylic acid-containing urea groups have been lconstructed 

to prepare amine-reactive fluorogenic labels (L.D. Lavis; V. Kung). In addition, the 

Kiessling group (University of Wisconsin-Madison) has used this synthetic strategy to 

prepare alkyne-containing fluorogenic labels that can be ligated to azide-containing 

multivalent polymers via the Huisgen 1,3-dipolar cycloaddition. A variety of different 

chemical functionalities could be incorporated into this fluorogenic label system and our 

modular synthetic route could facilitate the preparation of these compounds. 

7.2 Bioorthoginal Fluorogenic Labels 

The fluorogenic label unmasked by ~-galactosidase (compound 4.2) showed 

promising initial results, but did not allow rigorous quantitative assessment due to high 

fluorescence background resulting from native glycohydrolase activity in the 

endosomal/lysosomal pathway. A redeeming feature of this label is its hydophilicity due 

to the numerous hydroxyl groups. Thus, label 4.2 could be useful for measuring the 

biomolecular trafficking of smaller molecules to the cytosol where a lipophilic 

fluorogenic label such as compound 3.13 could affect greatly the molecular character of 

the conjugate. In addition, monomeric ~-galactosidase constructs could provide more 

efficient unmasking of a fluorogenic label conjugate. 

Fluorogenic labels unmasked by different enzymes could also alleviate background 

problems. In particular, fluorogenic labels that are unmasked by ~-lactamase could be 

very useful for examining the translocation ofribonucleases into the cytosol (vide supra). 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

246 

Even with such advances, however, the measurement of cytosolic ribonucleases via a 

fluorogenic label strategy remains difficult. For example, translocation from the 

endosome to the cytosol with an efficiency of 1 % will negate an increase in fluorescence 

intensity of two orders of magnitude. The best fluorogenic substrates exhibit _103 

increases in fluorescence intensity. Thus, in a flow cytometry experiment, we expect a 

simple fluorogenic label would give -lO-fold increase in fluorescence intensity under 

ideal circumstances. Additional strategies might be required to attain good measurements 

of the translocation of ribonuclease variants with low background. For example, one 

could express a fluorescent protein-RI fusion and utilize FRET to distinguish labeled 

ribonucleases in the cytosol. Alternatively, a fluorogenic label could be designed that 

better exploits the difference in pH or redox potential between the endosomal/lysosomal 

pathway and the cytosol, therby bolstering the change in fluorescence resulting from 

enzyme activity. 

7.3 F1uorophore Acetoxymethyl (AM) Ethers 

Additional work is required to improve the syntheses of AM ethers. A comprehensive 

examination of the promising experimental conditions would identify the most efficient 

synthetic route to the AM ethers of each fluorophore. In addition to completing the 

in vitro enzyme assays, the utility of these fluorophores in cell proliferation assays should 

be examined. In particular, compound 5.12 could be used in multicolor imaging to stain 

the cytosol. 

Another interesting set of compounds would be the AM ether of resazurin, the 

N-oxide of resorufin. This profluorophore could be prepared using phase-transfer 
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conditions. 4-Carboxyresazurin, an intermediate in the published synthesis of 5.11, could 

also succumb to these reaction conditions. These probes could also be interesting dyes in 

cell proliferation assays as simple resazurin is used extensively to measure cell number 

(O'Brien et al., 2000). The AM ether derivatives could allow the use of lower 

concentrations and furnish lower fluorescence background. 

7.4 Tuning the pKa of F1uorophore Labels 

The synthesis ofDEFIA (6.14; (Lavis et aI., 2007» showcased the effect of "tuning" 

the pKa of a fluorophore label to improve the dynamic range of a binding assay. This 

assay has been improved further by changing the position of the label and by synthesizing 

pH-sensitive resorufin-based labels (G.A. Ellis; L.D. Lavis; TJ. Rutkoski). Opportunities 

remain to improve this assay by using dyes that exhibit different excitation .mdlor 

emission wavelengths depending on the protonation state of the dye (Liu et al., 200 I; 

Shynkar et al., 2007). This would allow ratiometric measurement of protein-protein 

interactions perhaps resulting in greater dynamic range and better behavior in 

high-throughput screening assays. Overall, the concept of tuning would remain essential, 

as adjustments to the pKa of such dyes would be necessary to optimize the assay. 
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APPENDIX A 

FLUOROGENIC HISTONE DEACETYLASE SUBSTRATES 

WITH IMPROVED SPECIFICITY 

Contribution: Design and synthesis of compounds in collaboration with B.c. Smith 
(Denu laboratory, Biomolecular Chemistry, UW-Madison). 
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A.I Introduction 

Histone deacetylases (HDACs) are currently of great interest due to the role of lysine 

acetylationldeacetylation in protein function (Kouzarides, 2000; Glozak et aI'., 2005). 

Inhibition of these enzymes has proven useful in the treatment of cancer (Marks and 

Breslow, 2007; Piekarz et al., 2007) and could provide relief from many other diseases, 

including diabetes and neurological disorders (Butler and Bates, 2006; Haigis and 

Guarente, 2006). The ongoing search for inhibitors of deacetylase activity in both the 

academic and industrial sector could benefit from the development of improved and 

class-specific fluorogenic substrates for these enzymes. 

Current fluorogenic substrates for deacetylases employ 7-amino-4-methylcoumarin. 

This dye exhibits UV excitation C).ex = 351 nm) and emission in the blue region of the 

spectrum (A.em = 430 nm). Useful protease substrates can be constructed from this 

fluorophore (Morita et al., 1977; Zimmerman et al., 1977). Such compounds rely on the 

hypsochromic shift in absorption and emission wavelengths and decrease in quantum 

yield upon amidation of the aniline moiety. This protease assay has elaborated to measure 

deacetylase activity as shown in Figure A.l (Wegener et al., 2003). Here, an acetylated 

peptide-AMC molecule is first subjected to a deacetylase where enzymatic activity 

results in free lysine side chains. The substrate is then "developed" by adding trypsin, 

which cleaves preferentially after the deacetylated lysine. Thus, fluorescence intensity 

correlates with deacetylase activity, albeit in a discontinuous fashion. 

The deacetylase enzymes are divided into classes I-IV based on sequence homology. 

These enzymes can also be segregated by deacetylation mechanism (Hodawadekar and 

Marmorstein, 2007) as shown in Figure A.2. With the class I, II, and IV HDAC enzymes, 
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the carbonyl group of the acetylated lysine acts as an electrophile. These enzymes utilize 

a mechanism analogous to a metalloprotease where an active-site Zn2+ mediates attack of 

a water molecule on the amide leading to hydrolysis. In contrast, the class III HDAC 

enzymes, called "sirtuins" due to homology to the yeast Sir2 protein, employ different 

chemistry where the acetylated lysine is a nucleophile. Here, the oxygen of the carbonyl 

carbon attacks NAD+ to give an alkylamidate intermediate that decomposes ultimately to 

the free lysine residue and an acetylated ADP ribose (Smith and Denu, 2007). 

These disparate chemical mechanisms make possible the creation of class-specific 

enzyme substrates by attenuating the electronic character of the acetyl carbonyl group 

(Smith and Denu, 2007). Electron-poor, electrophilic carbonyl groups favor nucleophilic 

attack by water, making them excellent substrates for some class I, II, and IV HDACs. In 

contrast, electron-rich carbonyl groups could better attack NAD+ and prove superior 

substrates for the sirtuins (i.e., class III HDACs). 

Here, we undertook the syntheses of novel fluorogenic substrate cores for deacetylases 

based on the fluorophore AMC and different acetylated lysine analogues. With the 

synthesis of these compounds, we are poised to test the activity of different HDACs with 

various acetylated lysine mimics, the end goal being the discovery of class-specific 

substrate motifs. Further derivatization and evaluation in bioassays will be performed in 

collaboration with Brian Smith in the laboratory of John Denu (Biomolecular Chemistry, 

UW-Madison). 
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1 deacetyiase 

b 

1 protease 

c 

Figure A.l Fluorescent histone deacetylase assay. (a) Peptide-AMC derivative 

exhibits low fluorescence. (b) Incubation of substrate with deacetylase-

containing sample removes acetyl group. (c) Treatment with protease 

cleaves amide bond in deacetylated substrate, releasing AMC fluorophore. 
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Figure A.2 Disparate histone deacetylase mechanisms. (a) Class I, II, and IV HDACs: 

Zn2+-Activation of a water molecule. (b) Class III HDACs (sirtuins): 

Attack of acetyl oxygen on NAD+ to form alkylamidate intermediate. 
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A.2 Results and Discussion 

We prepared the acetylated lysine analogue-AMC derivatives A.8-A.13 as shown in 

Scheme A.I. The synthesis was effected by simple incubation of Boc-protected lysine 

analogue with AMC (A.l) in the presence of Boc20 and pyridine in anhydrous THF 

(Hamze et al., 2004). In particular, this route proved useful for synthesis of the Fmoc­

lysine-AMC derivative A.13. This compound was prepared to allow further elaboration 

to other acetylated lysine analogues. Overall, this facile synthesis gave the dl~sired 

compounds in moderate yields. 

A.3 Conclusions and Future Directions 

The synthesis of substrate cores A.8-A.13 proved simple and should allow the 

construction of a variety of fluorogenic substrates for assaying HDAC activity. The 

resulting peptide-AMC substrates can be screened against available HDAC isoforms to 

test for specificity among the different classes of this important enzyme. 

In addition to AMC-based substrates, other fluorophores could be used in this 

strategy. For example, rhodamine 11O-based substrates can also be used as HDAC 

substrates in similar fashion to the AMC derivatives (Borra et al., 2005). W,e propose that 

oxazine dyes displaying red-shifted wavelengths could also be used in this assay, based 

on their utility in protease substrates (Boonacker et aI., 2003). After identification of 

selective substrate motifs using the simple AMC derivatives, the same peptide sequences 

and acetylated lysine analogues could be incorporated into these longer-wavelength 

fluorophores. Such compounds could allow simultaneous measurement of multiple 
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HDACs in the same assay. Overall, these compounds should facilitate the 

high-throughput measurement of HDAC activity. 
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Scheme A.l Synthesis of intermediates A.8-13 
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A.S Experimental Section 

A.5.1 General Experimental 

256 

7-Amino-4-methylcoumarin (AMC; A.I; i.e., coumarin 440) was from Exciton 

(Dayton, OH). Amino acid derivatives A.4 and A.S were a generous gift from B. Smith 

and J. Denu (University of Wisconsin-Madison). Other lysine derivatives w(~re purchased 

from Chem-Impex (Wood Dale, IL) or EMD Chemicals (Novabiochem, San Diego, CA). 

Dimethylfonnamide (DMF), tetrahydrofuran (THF), and dichloromethane (CH2Ch) were 

drawn from a Baker CYCLE-TAINER solvent delivery system. All other reagents were 

obtained from Aldrich Chemical (Milwaukee, WI) or Fisher Scientific (Hanover Park, 

IL) and used without further purification. 

Thin-layer chromatography was perfonned using aluminum-backed plates coated with 

silica gel containing F254 phosphor and visualized by UV illumination or staining with h, 

ceric ammonium molybdate, or phosphomolybdic acid. Flash chromatography was 

perfonned by using open columns loaded with silica gel-60 (230-400 mesh), or on a 

FlashMaster Solo system (Argonaut Inc., Redwood City, CA) with Isolute Flash Si II 

columns (International Sorbent Technology Ltd., Hengoed, Mid Glamorgan, UK). The 

tenn "high vacuum" refers to a vacuum (::;1 mm Hg) achieved by a mechanical belt-drive 

oil pump. The tenn "concentrated under reduced pressure" refers to the removal of 

solvents and other volatile materials using a rotary evaporator at water-aspirator pressure 

«20 mm Hg) while maintaining the water-bath temperature below 40°C. The tenn 

"concentrated under high vacuum" refers to the removal of solvents and other volatile 

materials using a rotary evaporator at high vacuum while maintaining the water-bath 

temperature below 40°C. 
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NMR spectra were obtained with a Bruker DMX-400 Avance spectrometer at the 

NMR Facility at Madison (NMRFAM). Mass spectrometry was performed with a 

Micromass LCT (electro spray ionization, ESI) mass spectrometer in the Mass 

Spectrometry Facility in the Department of Chemistry. 

A.5.2 Synthesis of compounds A.8-A.13 

257 

Boc-Lys[Ac]-AMC (A.S). AMC (A.t, 30 mg, 0.17 mmol) and Boc-Lys[Ac]-OH 

(A.2, 41 mg, 0.14 mmol) were dissolved in THF (0.50 mL). Pyridine (12 ilL, 0.14 mmol) 

was added, followed by BOC20 (37 mg, 0.17 mmol). The reaction mixture was stirred at 

ambient temperature for 48 h. The yellow gelatinous mixture was concentrated under 

reduced pressure and purified column chromatography (silica gel, first column: 

50--+100% v/v gradient of EtOAc in hexanes, second column: 0--+8% v/v gradient of 

MeOH in CH2Ch). Compound A.S was isolated as a white solid (44 mg, 69%). IH NMR 

(400 MHz, CDCh) c5 (ppm): 9.61 (bs, IH), 7.69 (s, IH), 7.46 (d, J = 8.8 Hz, IH), 7.38 (d, 

J = 7.8 Hz, IH), 6.14 (bs, 2H), 5.62 (d, J = 7.2 Hz, IH), 4.35 (bs, IH), 3.26 (m, 2H), 2.39 

(s, 3H), 2.07-1.86 (m, 4H), 1.76 (m, IH), 1.68-1.32 (m, 13H). HRMS (ESI): m/z 

468.2132 (MNa+ [C23H3IN306Na] = 468.2111). 

Boc-Lys[TFA]-AMC (A.9). AMC (A.t, 50 mg, 0.29 mmol) and Boc-Lys[TFA]-OH 

(A.3, 82 mg, 0.24 mmol) were dissolved in THF (1.0 mL). Pyridine (19 ilL" 0.24 mmol) 

was added, followed by BOC20 (62 mg, 0.29 mmol). The reaction mixture was stirred at 

ambient temperature for 24 h. The yellow gelatinous mixture was concentrated under 

reduced pressure and purified by column chromatography (silica gel, 25--+50% v/v 

gradient of EtOAc in hexanes). Compound A.9 was isolated as a white solid (68 mg, 
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57%). IH NMR (400 MHz, acetone-d6) ~ (ppm): 9.67 (bs, 1H), 8.47 (bs, 1H), 7.83 (d, J = 

1.6 Hz, 1H), 7.69 (d, J = 8.5 Hz, 1H), 7.51 (d, J = 8.4 Hz, 1H), 6.28 (d, J = 7.0 Hz, 1H), 

6.18 (d, J = 1.0 Hz, 1H), 4.23 (m, 1H), 3.35 (m, 2H), 2.44 (d, J = 1.2 Hz, 3H), 1.90 (m, 

1H), 1.77 (m, 1H), 1.64 (m, 2H), 1.59-1.32 (m, 11H). HRMS (ESI): mlz 500.2010 (MH+ 

[C23H29F3N306] = 500.2008). 

Boc-Lys[ThioacetylJ-AMC (A.IO). AMC (A.I, 30 mg, 0.17 mmol) and Boc­

Lys[Thioacetyl]-OH (A.4, 43 mg, 0.14 mmol) were dissolved in THF (500 J,l.L). Pyridine 

(12 JlL, 0.14 mmol) was added, followed by BOC20 (37 mg, 0.17 mmol). The reaction 

mixture was stirred at ambient temperature for 24 h. The reaction mixture was 

concentrated under reduced pressure and purified by column chromatography (silica gel, 

25-+75% v/v gradient of EtOAc in hexanes). Compound A.IO was isolated as an off­

white solid (36 mg, 56%). IH NMR (400 MHz, CDCb) ~ (ppm): 9.19 (bs, 1H), 7.87 (bs, 

1H), 7.70 (s, 1H), 7.48 (d, J = 8.2 Hz, 1H), 7.37 (d, J = 8.2 Hz, 1H), 6.17 (s, 1H), 5.43 (d, 

J = 7.7 Hz, 1H), 4.35 (m, 1H), 3.69 (m, 2H), 2.55 (s, 3H), 2.40 (s, 3H), 1.96 (m, 1H), 

2.05-1.71 (m,4H), 1.66-1.34 (m, llH). HRMS (ESI): mlz 484.1898 (MNa+ 

[C23H31N305SNa] = 484.1882). 

Boc-Homocanaline[Ac]-AMC (A. H). AMC (A.I, 30 mg, 0.17 mmol) ~md Boc­

Homocanaline[Ac]-OH (A.5, 41 mg, 0.14 mmol) were dissolved in THF (500 JlL). 

Pyridine (12 JlL, 0.14 mmol) was added, followed by BOC20 (37 mg, 0.17 mmol). The 

reaction mixture was stirred at ambient temperature for 120 h. The reaction mixture was 

concentrated under reduced pressure and purified by column chromatography (silica gel, 

50-+100% v/v gradient of EtOAc in hexanes). Compound A.II was isolated as an 

off-white solid (44 mg, 70%). IH NMR (400 MHz, CDCb) ~ (ppm): 9.97 (bs, 1H), 9.07 
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(bs, 1H), 7.74 (d, J = 8.8 Hz, 1H), 7.71 (s 1H), 7.52 (d, J = 8.7 Hz, 1H), 6.18 (s, 1H), 5.43 

(d, J = 9.1 Hz, 1H), 4.70 (m, 1H), 4.16 (m, 1H), 4.05 (m, 1H), 2.41 (s, 3H), 2.29 (m, 1H), 

2.00 (s, 3H), 1.78 (m, 3H), 1.45 (s, 9H). HRMS (ESI): m/z 470.1909 (MNa+ 

[C22H29N307Na] = 470.1903). 

Boc-Homocitruline-AMC (A.12). AMC (A.l, 100 mg, 0.57 mmol) and Boc­

Homocitruline-OH (A.6, 138 mg, 0.48 mmol) were dissolved in THF (1.0 mL). Pyridine 

(39 ilL, 0.48 mmol) was added, followed by BOC20 (125 mg, 0.57 mmol). The reaction 

mixture was stirred at ambient temperature for 24 h. The reaction mixture was 

concentrated under reduced pressure and purified by column chromatography (silica gel, 

0-+ 10% v/v gradient of MeOH in CH2Ch). Compound A.12 was isolated as an off-white 

solid (162 mg, 77%). IH NMR (400 MHz, DMSO-d6) ~ (ppm): 10.42 (bs, 1H), 7.77 (d, J 

= 1.7 Hz, 1H), 7.72 (d, J = 8.6 Hz, 1H), 7.49 (dd, J = 8.5, 1.0 Hz, 1H), 7.13 (d, J = 7.5 

Hz, 1H), 6.26 (s, 1H), 5.91 (t, J = 5.5 Hz, 1H), 5.35 (bs, 2H), 4.04 (m, 1H), 2.93 (m, 2H), 

2.40 (s, 3H), 1.81-1.29 (m, 15H). HRMS (ESI): m/z 469.2078 (MNa+ [C22H30N406Na] = 

469.2063). 

Boc-Lys[Fmoc]-AMC (A.13). AMC (A.l, 30 mg, 0.17 mmol) and Boc-Lys[Fmoc]­

OH (A.7, 67 mg, 0.14 mmol) were dissolved in THF (500 ilL). Pyridine (12 ilL, 0.14 

mmol) was added, followed by Boc20 (37 mg, 0.17 mmol). The reaction mixture was 

stirred at ambient temperature for 24 h. The reaction mixture was concentrated under 

reduced pressure and purified by column chromatography (silica gel, 50% v/v EtOAc in 

hexanes). Compound A.13 was isolated as a white crystalline solid (50 mg, 56%). IH 

NMR (400 MHz, CDCh) ~ (ppm): 9.29 (bs, 1H), 7.73 (d, J = 7.7 Hz, 2H), 7.68 (s, lH), 

7.55 (dd, J = 7.0, 1.3 Hz, 2H), 7.34-7.14 (m, 6H), 6.10 (bs, lH), 5.45 (d, J:= 7.4 Hz, lH), 
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4.98 (m, IH), 4.51-4.24 (m, 3H), 4.15 (d, J = 7.1 Hz, IH), 3.20 (m, 2H), 2.33 (8, 3H), 

1.91 (m, IH), 1.74 (m, IH), 1.65-1.34 (m, 13H). HRMS (ESI): mlz 648.2708 (MNa+ 

[C36H39N307Na] = 648.2686). 
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APPENDIXB 

LIGHT-CONTROLLED STAUDINGER LIGATION 

Contribution: All experiments and proposal. 
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B.t Introduction 

The Raines-Kiessling-Staudinger ligation is a reaction that forms an amide bond from 

an azide and phosphinothioester (Scheme B.1; (Nilsson et al., 2000; Koehn and 

Breinbauer, 2004)}. The utility of this reaction has been shown in a number of 

environments, including organic solvents (Soellner et al., 2006), aqueous media (Tam et 

al., 2007), and on surfaces (Soellner et al., 2oo3). An obvious application of this ligation 

strategy would involve formation of a stable amide bond between small-molecule tags, 

such as fluorophores, and biomolecules. Indeed, this technology has also been used to 

ligate an azide-containing fluorescein, to a phosphinothioester-containing protein 

produced via expressed protein ligation (Tam et al., 2007). 

Another useful manifestation of this technology would involve production of 

fluorophores containing the phosphinothiol ester moiety. In principle, this could allow 

selective and site-specific labeling of azide moieties incorporated into biomolecules 

in vitro or even in cellula (Saxon et al., 2002). As shown in Scheme B.2, however, 

attempts to transform 5-carboxyfluorescein (B.t) to phosphinothioester (B.2) were 

fraught with rampant oxidation to the phosphine oxide (B.3), rendering the molecule 

inactive in a Raines-Kiessling-Staudinger ligation reaction (Kalia, J., Soellner, M.B., 

Lavis, L.D., and Raines, R.T., unpublished results). This rapid oxidation of the 

diarylmonoalkylphosphine was not observed with analogous phosphinothioester 

derivatives of amino acids. We hypothesized that the fluorophoric portion of the 

molecule sensitized singlet oxygen formation, leading to the rapid oxidation of the 

phosphine (Figure B.1). Here, we test this hypothesis using model compounds, and 

present a potential use of this phenomenon in the patterning of surfaces. 
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Scheme B.I The Raines-Kiessling-Staudinger ligation 

phosphlnothlol azide amide 
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Scheme D.2 Attempted synthesis of fluorescein-phosphinothioester D.2 
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Figure B.I Proposed mechanism for oxidation of phosphinothiol B.2. (a) Photon 

absorption gives a singlet excited state (SI)' (b) Relaxation via photon 

emission (fluorescence). (c) A small fraction of the molecules in the 

excited state undergo intersystem crossing (ITC) to a triplet excited state 

(T I). (d) Sensitization of singlet oxygen (102). (e) Oxidation of the 

phosphine by 102 gives inactivated phosphine oxide product. 
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A.2 Results and Discussion 

We hypothesized that the rapid oxidation of the phosphine in compound was due to 

singlet oxygen (102) photosensitization by the dye moiety (Figure B.1). Excited states of 

xanthene dyes such as fluorescein and rhodamine typically show low intersystem 

crossing (ITC) to the triplet state with efficiencies around 1 % (Stracke et al., 1999). Still, 

these fluorophores are able to sensitize singlet oxygen production to a measurable extent 

(Stracke et al., 1999; Yamaguchi and Sasaki, 2001). The reaction between phosphines 

and 102 occurs readily, however, and singlet oxygen can oxidize bulky triarylphosphines 

that withstand treatment with 302 (Gao et al., 2001; Ho et aI., 2003). Thus, we expect 

oxidation could occur rapidly given the high reactivity of 102 with phosphines, despite 

the low intersystem crossing efficiency in xanthene dyes. 

To test this hypothesis, we incubated a model phosphine, ethyldiphenylphosphine 

(EDPP; B.4), with rhodamine 6G (R6G; B.S) or fluorescein (B.6) dyes in DMF-water 

mixtures, and exposed the resulting solutions to ambient sunlight for 6 h (Scheme B.3). 

The 31p NMR traces from these experiments are shown in Figure B.2. Incubation of a 

solution containing phosphine B.4 sans dye led to no oxidation (Figure B.2a). Addition of 

fluorescein (BA) or rhodamine 6G (B.S) dyes induced oxidation only in the presence of 

light (Figures B.2b-e). The new peak at -26 PPM with the dark fluorescein experiment 

(Figure B.2b) is due perhaps to an unexplored side reaction of the phosphine with the 

oxygen-containing dye. Purging of the solution with dry N2(g) to remove dissolved 

molecular oxygen prevented oxidation (Figure B.2t). Exposing this degassed solution to 

atmospheric O2, however, again shows oxidation of the phosphine (Figure B.2g). In 
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short, these data demonstrate the oxidation of the phosphine occurs only when light, dye, 

and molecular oxygen were applied to the solution. 

Oxidation of trisubstituted phosphines in the presence of R6G has been reported 

previously in oxygen-free solution in -25% yield after illumination from a xenon arc 

lamp for 7 h. The proposed mechanism involves single-electron transfer from the 

phosphine to the triplet state (T 1) of the rhodamine dye and subsequent reaction of the 

phosphine radical cation with water (Yasui et at., 2000). We failed to observ(~ any 

oxidation in our degassed experiment with R6G (Figure B.2t), due likely to the use of 

ambient light rather than a high-output lamp. 
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Figure B.2 Photoinduced oxidation experiments. 
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B.3 Conclusions and Future Directions 

We have shown that phosphines are susceptible to oxidation in the presenc:e of 

common fluorophores, atmospheric molecular oxygen, and ambient light. This instability 

causes the synthesis and preservation of fluorophore-containing phosphinothiols difficult, 

requiring rigorous protection from stray 02 and photons. While this phenomenon 

precludes the use of such compounds in many biological experiments, it also inspires a 

way to control the Raines-Kiessling-Staudinger ligation using light. 

We envision the selective deactivation of surface-bound Staudinger Ligation reagents 

using light as shown in Figure B.3. Formation of the phosphinothioester on a 

carboxyl-coated surface (Figure B.3a) has precedence (Soellner et al., 2003) .. Application 

of a solution of a sensitizing dye and O2 to the surface (Figure B.3b) followed by 

selective illumination of the surface (Figure B.3c) should oxidize the Staudinger ligation 

reagent only in areas where light is applied (Figure B.3d). To limit diffusion of 102 (and 

potential "blurring" of the ablation pattern) we could add a tertiary amine such as 

1,4-diazabicyclo[2.2.2]octane (DABCO) quench singlet 02 (Ouannes and Wilson, 1968; 

Young and Martin, 1972). Addition of an azide substrate should elicit ligation at 

remaining reduced phosphines where light was not applied (Figure B.3e). After ligation, 

there remains a second opportunity where phosphine oxide thioesters could react with 

nucleophilic hydrazine moieties (Kalia and Raines, 2006) to allow attachment of a 

another ligand to the surface (Figure B.3f). 

An obvious technology to enable this proposal is the Maskless Array Synthesizer 

(MAS) developed originally to facilitate DNA synthesis (Singh-Gasson et al., 1999). This 

technology can also be used to produce arrays of different biologically-relevant 
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molecules (Shaginian et al., 2004). Candidates for sensitizing dyes include 

tetraphenylporphine (TPP; (DeRosa and Crutchley, 2002)) and terthiophene (Sease and 

Zechmeister, 1947; Boch et al., 1996). Both dyes are well-known photosensitizing dyes 

with absorption maxima matching the common light sources used in MAS instruments. 

Initial experiments could involve attachment of biotin to the surface (via an azide­

containing biotin molecule) and the pattern would be "developed" using 

fluorescently-Iabeled avidin. Overall, this technology could augment or supplant various 

strategies that use light to direct the attachment of biomolecules to surfaces (Min and 

Mrksich, 2004; Lee and Shin, 2005; Sun et at., 2006). 
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FigureB.3 Proposed photopatteming via light-induced oxidation. (a) Formation of 

phosphinothioester on surface. (b) Incubation of oxygenated solution 

containing photosensitizing dye. (c) Spatially-controlled application of 

light. (d) Resulting phosphine oxide formation. (e) First incubation with 

azide ligand. (0 Second incubation with hydrazine ligand. 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

B.5 Experimental Section 

B.5.] General Experimental 

279 

Ethyldiphenylphosphine (EDPP; B.4), fluorescein (B.5), and rhodamine 6G (B.6) 

were from Aldrich Chemical (Milwaukee, WI). Deuterated DMF (DMF-d7) was from 

Cambridge Isotope Laboratories. Dimethylformamide (DMF) was drawn from a Baker 

CYCLE-TAINER solvent delivery system. DMF, DMF-d7, and H20 were equilibrated 

with atmospheric O2 for at least 24 h prior to experiment. NMR spectra were obtained 

with a Broker DMX-400 Avance spectrometer at the NMR Facility at Madison 

(NMRFAM). 

B.5.2 Photoinduced Oxidation Experiments 

Clear glass vials were equipped with Teflon-lined caps and charged with solutions of 

EDPP (10.0 mM; 2x) in DMF containing 10% v/v H20 and 10% v/v DMF-d7• An equal 

volume of fluorescein (10.0 mM; 2x), rhodamine 6G (10.0 mM; 2x), or a no-dye control 

in DMF containing 10% v/v H20 and 10% v/v DMF-d7 was added and the reaction was 

placed in ambient sunlight for 6 h. Removal of 02 for control vials was accomplished by 

sparging of the DMF-DMF-d7-H20 solution with dry N2(g) for I h prior to the 

experiment and ambient 02 was excluded by sealing with Parafilm. Reintroduction of 02 

after degassing involved unsealing the vial during incubation in sunlight. 31]> NMR 

spectra were obtained using undiluted samples. 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

280 

APPENDIXC* 

LETTER TO THE EDITIOR OF THE NEW ENGLAND JOURNAL OF MEDICINE 

This letter was submitted to the New England Journal of Medicine in response to a 
published image showing fluorescent urine from a patient suffering from ethylene glycol 
poisoning. The editor did not choose to publish this letter (see: Figure C.2) 
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To the Editor: 

The recently submitted image (McStay and Gordon, 2007) shows obvious 

fluorescence of a urine sample obtained from a patient who ingested ethylene glycol. The 

blue fluorescence of the urine is attributed to the dye fluorescein, which is a common 

additive in commercial antifreeze. The use of urine fluorescence as a diagnostic for 

ethylene glycol poisoning has been evaluated previously (Casavant et ai., 200 I; Pars a et 

ai., 2005). The authors of these studies found that urine samples from most normal 

subjects exhibit considerable blue fluorescence that could potentially obscure the signal 

from ingested fluorescein. Casavant and co-workers later challenged critics to check their 

own urine for any visible fluorescence (Sharma et ai., 2002). Indeed, samples of our own 

urine fluoresced bright blue upon UV excitation (Figure C.l). Moreover, fluorescein and 

its monoglucuronide metabolite emit in the yellow-green portion of the visible spectrum 

(Grotte et ai., 1983) whereas the fluorescence in the image is blue. It is likely that the 

fluorescent signal shown in the image is not due to fluorescein, but to some other 

common component of urine with intrinsic fluorescence. 

-Luke D. Lavis, Department of Chemistry, University of Wisconsin-Madison 

-Thomas J. Rutkoski, Department of Biochemistry, University of Wisconsin-Madison 
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Figure C.I Fluorescence of solutions under long-wave UV illumination (,~ = 366 nm): 

(a) deionized H20 (b) undiluted urine (c) phosphate-buffered saline (d) 

fluorescein in phosphate-buffered saline. 
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Luke D. Lavis 

From: Letter [Ietter@nejm.org] 

Sent: Thursday, March 15,20079:46 AM 

To: lavis@chem.wisc.edu 

Subject: RE: NEJM Correspondence #: 07-0644 

Dear Mr. Lavis. 

I am sorry that we will not be able to print your recent letter to the editor. The space available for correspondence is very 
limited. and we must use our judgment to present a representative selection ofthe material received. Many worthwhile 
communications must be declined simply for lack of space. 

Sincerely yours, 

Lindsey R. Baden. M.D. 
Deputy Editor 
New England Journal of Medicine 

Figure C.2 Response to letter to the editor submission. 
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