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O-Acetyl-L-serine sulfhydrylase-A (OASS-A) forms 

acetate and L-cysteine from O-acetyl-L-serine (OAS) and 

sulfide. One molecule of the cofactor pyridoxal 5'-

phosphate (PLP) is bound in each holoenzyme protomer. At 

pH 7, the fluorescence emission spectrum of S. typhimurium 

OASS-A excited at 2 98 nm has maxima near 337 nm, due to 

tryptophan emission, and 4 98 nm, due to emission of the PLP 

Schiff base. Quenching of the 337 nm emission by 

acrylamide, iodide, or cesium supports a model in which 

each tryptophan is partially exposed to solvent. The 4 98 

nm emission is enhanced in the presence of acetate or L-

cysteine and quenched in the presence of OAS, while the 337 

nm emission changes little. The acetate analogs 

trifluoroacetate, trichloroacetate and propionate and the 

L-cysteine analogs L-penicillamine and L-cystine all evoke 

4 98 nm enhancement. Thus free enzyme likely binds the 

carboxylate of acetate and the carboxylate or amino group 

of L-cysteine. 

Apoenzyme shows a single emission peak at 340 nm upon 



incubation of apoenzyme with PLP while the 340 nm emission 

is quenched. 

Enhancement of 4 98 nm emission by either product is more 

facile at high pH. The pK for enhancement is 7.2 for 

acetate and 8.0 for L-cysteine. Enhancement by L-cystine 

or L-cysteine shows similar pH-dependence. Deprotonation 

of functional groups on enzyme must be required for product 

to enhance the observed PLP fluorescence. 

The observation of concomitant 340 nm quenching and 4 98 

nm enhancement during holoenzyme reconstitution is 

consistent with singlet-singlet nonradiative transfer from 

tryptophan residues to PLP Schiff base. The independent 

behavior of the two fluorescence emission peaks during 

product-induced 498 nm enhancement is consistent with 

triplet-singlet nonradiative transfer from tryptophan 

residues to PLP Schiff base. 
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CHAPTER I 

INTRODUCTION 

Since the second law of thermodynamics dictates that 

salvage will never be perfectly efficient, organisms must 

continually take in or make the building blocks of 

biological polymers in order to survive. All known forms 

of life share the need for about twenty amino acids from 

which to synthesize proteins. Each organism responds to 

its environment by adjusting the rate of intake or 

synthesis of these amino acids. 

Maintaining sufficient levels of cysteine and 

methionine, which contain sulfur, presents a special 

problem to terrestrial multicellular organisms and the 

microbes with which they interact. For example, sulfate is 

a predominant form of sulfur on the earth's surface. The 

oxidation state of sulfur in sulfate is +6 while it is -2 

in the two common sulfur amino acids and sulfide. Homo 

sapiens can solve this problem by taking in methionine, 

already at the proper oxidation state, and converting it to 

cysteine (Huxtable, 1986). Bacteria in the gut are adapted 

to the vagaries of their environment by being able to take 

in compounds that contain sulfur at each of at least three 



oxidation states. The enterics possess transport proteins 

for at least sulfate (oxidation state = +6), thiosulfate 

(+2), and cystine (0; Huxtable, 1986; Kredich, 1992). 

Organisms are not in general limited to taking in sulfur 

only in these forms or even only for the purpose of amino 

acid synthesis. For example, Thiobacillus denitrificans 

occupies a virtually anoxic niche and is able to take in 

and oxidize sulfide (Huxtable, 1986). At another extreme, 

certain other anaerobes such as Desulfovibrio make use of 

sulfate as the terminal electron acceptor for transduction 

of energy derived from carbohydrate oxidation. This 

process is called dissimilatory sulfate reduction 

(Huxtable, 1986). 

To reduce a mole of sulfate, sulfur's most oxidized 

form, to sulfide, an organism must expend almost twice the 

energy required for fixation of a mole of carbon dioxide, 

and almost six times what is needed to make a mole of 

ammonia from nitrate (Huxtable, 1986). Given this high 

cost, the ubiquity in plants and microbes of the pathway in 

which sulfate goes to make cysteine via sulfide invites the 

conclusion that assimilatory sulfate reduction is an 

adaptation without which life as we know it, in our 

predominantly oxidizing environment, would not exist. 

Animals thus have a stake in the investment made by 

plant and microbial cells in the carbon-sulfur bond; 



learning how these cells balance their energetic budget by 

controlling the rates of the pathway's reactions promises 

to deepen our understanding of cellular regulation of 

energetically demanding processes. The biochemist's task 

is to characterize the gene products involved in such a 

process, to define how their expression is controlled, and 

to establish how their structure enables them to play their 

respective roles as transporters, regulatory elements, and 

catalysts. Examining the components one-by-one, and then 

piecing together the puzzle of their interaction, will 

ultimately yield an integrated picture of the pathway. 

In enteric bacteria, the last step in sulfate 

assimilation as cysteine is catalyzed by the enzyme 0-

acetyl-L-serine sulfhydrylase (EC 4.2.99.8, abbreviated as 

OASS; Becker et al., 1969). Both Escherichia coli and 

Salmonella typhimurium possess two isoforms, A & B, of 

OASS (Kredich, 1987). Although overall amino acid 

metabolism in E. coli is better characterized, control of 

the metabolism of the sulfur amino acids in S. typhimurium 

has recently been the subject of intensive investigation. 

In general, where studied, sulfur metabolism is quite 

similar in the two organisms (Kredich, 1987) . 

The most direct route to cysteine is via the uptake of 

cystine through the cystine transport systems (CTS). Two 

CTS are known in E. coli and three in S. typhimurium. 



Cysteine is then formed by the reductive cleavage of 

cystine (Kredich, 1987). 

The next shortest path to cysteine is through the uptake 

of thiosulfate by the action of the cysP gene product, a 

thiosulfate binding protein, and the cysT, cysW and cysA 

gene products, which are involved in transport of the bound 

thiosulfate across the periplasm. S-sulfocysteine and 

acetate are made from O-acetylserine and intracellular 

thiosulfate by the cysM gene product. Cysteine is then 

made from S-sulfocysteine (Figure 1; Kredich, 1987). 

The longest path to cysteine in S. typhimurium and E. 

coli begins with the uptake of sulfate by the action of 

the sbp gene product, a sulfate binding protein, as well 

as the same cysT, cysVJ and cysA gene products involved in 

thiosulfate transport (Figure 1). Sulfate within the cell 

is activated by ATP sulfurylase, the cysD gene product, 

which makes adenosine 5'-phosphosulfate (APS) and 

pyrophosphate from sulfate and MgATP. The cysC gene 

product, APS kinase, makes 3'-phosphoadenosine 5'-

phosphosulfate (PAPS) and MgADP from APS and a second 

molecule of MgATP (Kredich, 1987). 

To this point in the sulfate assimilation path, the 

oxidation state of sulfur has not changed, yet two 

molecules of ATP have been invested to form PAPS. The 

first change in oxidation state, from +6 to +4, requires 



the action of the cysH gene product, PAPS 

sulfotransferase. However, it is unclear whether PAPS 

sulfotransferase itself is able to catalyze the reduction 

to sulfite of the sulfonyl moiety from PAPS (Kredich, 1987; 

Huxtable, 1986). 

What is clear is that the next step in the sulfate path 

is arguably among the most prodigious energetic feats 

accomplished by a single enzyme. The argument is 

strengthened when it is realized that the six-electron 

reduction of sulfite to sulfide is accomplished by the 

action of the polypeptide products of just two genes, cysJ 

and cysl, and associated cofactors. The two polypeptides 

constitute the subunits of NADPH-sulfite reductase. One 

cofactor in this enzymatic reaction is siroheme. Siroheme 

biosynthesis requires the action of the cysG gene product, 

a uroporphyrinogen Ill-dependent methylase that requires S-

adenosylmethionine. Other cofactors involved in the 

sulfite reductase reaction include NADPH, FAD, FMN, and an 

iron-sulfur (Fe4S4> cluster (Kredich, 1987). 

The pathways in which sulfate and thiosulfate are 

permitted to enter the cell both require the action of an 

isoform of the enzyme O-acetylserine sulfhydrylase in 

order for cysteine biosynthesis to occur. Isoform A, the 

cysK gene product, belongs to the sulfate path and 

utilizes sulfide and O-acetylserine as substrates to make 



cysteine and acetate. Isoform B, the cysM gene product, 

belongs to the thiosulfate path and utilizes thiosulfate 

and O-acetylserine as substrates to make S-sulfocysteine 

and acetate. The physiological mechanism for the 

conversion of S-sulfocysteine to cysteine remains unclear 

(Kredich, 1992). OASS-A expression is induced by sulfate 

limitation, whereas OASS-B appears to be produced 

constitutively (Kredich, 1987). 

Of the OASS isoforms, at least OASS-A resides in vivo 

with the enzyme serine transacetylase as the multienzyme 

complex, cysteine synthase (Kredich et al., 1969). 

Cysteine exerts feedback inhibition on serine 

transacetylase, which makes O-acetylserine and reduced 

coenzyme A from serine and acetyl coenzyme A (Cook and 

Wedding, 1977b, 1978). O-acetylserine has at least two 

crucial physiological roles. One is as substrate for the 

two isoforms of OASS. The other is as inducer of the 

expression of the genes in the sulfate and thiosulfate 

paths (Kredich, 1992). 

OASS-A from S. typhimurium has been shown to be a dimer 

of identical 34 kDa subunits, to each protomer of which is 

attached one molecule of the cofactor pyridoxal 5'-

phosphate (PLP; Becker et al., 1969). In the holoenzyme 

form observed when substrate is absent, PLP is stably bound 

to a lysine residue of the apoenzyme through the internal 



aldimine (Schiff base) linkage (Nalabolu et al., 1992). 

When OASS binds the first of its two physiological 

substrates, O-acetyl-L-serine (OAS), to form a 

catalytically competent complex, the OAS nitrogen performs 

a nucleophilic attack on the 4'-carbon of PLP, displacing 

the lysine residue's e-nitrogen (Figure 2). The enzyme 

form capable of binding OAS to form a catalytically 

competent complex is denoted by E in the nomenclature of 

Cleland (1963). The OAS nitrogen becomes bound to C-4' of 

PLP through another Schiff base, here the external aldimine 

(Cook et al., 1992). The PLP pyridine ring, which formally 

can be depicted in a variety of resonance structures, 

serves as an electron sink, stabilizing the a-aminoacrylate 

intermediate that now is formed (Cook & Wedding, 197 6). 

The first product, acetate, leaves, while the OAS-PLP 

adduct is short-lived. 

The a-aminoacrylate intermediate is subject to attack at 

C~P by a variety of nucleophiles, including the second 

physiological substrate, sulfide (Figure 2). The form of 

the enzyme that possesses the a-aminoacrylate intermediate 

and can form a catalytically competent complex with sulfide 

is denoted by F in the nomenclature of Cleland (1963) . 

Once attack by sulfide has occurred, the second product, L-

cysteine, leaves, and the lysine residue's e-nitrogen 

attacks and becomes reattached to C-4' of PLP, thus 
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regenerating the enzyme form (E) observed when substrate is 

absent (Cook & Wedding, 1976). 

A ping pong mechanism was proposed on the basis of the 

initial kinetic characterization of S. typhimurium OASS-A 

(Cook & Wedding, 197 6). Double competitive substrate 

inhibition was observed, indicating the existence of dead-

end complexes between E and sulfide and between F and OAS. 

Further kinetic characterization revealed the existence of 

another nonproductive complex, between F and cysteine (Cook 

& Wedding, 1977a). 

One of the primary purposes of the work reported below 

was to make use of favorable optical properties of OASS-A 

to probe the free enzyme's structure and to document any 

changes that might occur in the presence of each substrate 

or product. OASS-A from S. typhimurium has been cloned 

and sequenced and has been shown to contain 323 amino acid 

residues including the N-terminal methionine (Byrne et al., 

1988). Among the residues important to optical probing of 

OASS structure are its only two tryptophan residues, W51 

and W162, and a lysine residue, K42, to which PLP has been 

shown to be attached (Nalabolu et al., 1992). The 

importance of these residues to the investigator is that 

tryptophans have the highest fluorescence quantum yield of 

any amino acid residues found in proteins (Freifelder, 

1982), while PLP Schiff bases can also fluoresce to a 



considerable degree, depending on their environment (Arrio-

Dupont, 1970). 

Ideally, there might be some overlap between the 

emission spectrum of a fluorescent residue and the 

excitation spectrum of one of the PLP aldimines. Then, if 

the residue and the PLP were sufficiently close and in a 

proper relative orientation, energy from the excited 

fluorescent residue could be donated to the PLP Schiff base 

in a process known as resonance energy transfer or 

excitation transfer (Forster, 1965) . 

In excitation transfer, the absorption spectrum observed 

when the donor and acceptor are present together need not 

be any different from the sum of the absorption spectra of 

the two isolated components (Forster, 1965) . In the case 

of OASS-A, the donor can be isolated by preparing 

apoenzyme. However, in OASS-A, or in any holoenzyme in 

which the fluorescent species is a Schiff base, it is 

impossible to isolate the actual acceptor. The reason for 

this is the remarkable effect of environment on the 

absorption spectra of Schiff bases. 

The most striking example of such an environmental 

effect is the range of absorption maxima for the human cone 

opsins. Each opsin has 11-cis-retinal bound as Schiff 

base. The cone opsin holoenzymes have distinct absorbance 

maxima at 424, 530, and 560 nm. These maxima are in the 
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blue, green, and red regions of the spectrum and provide 

the basis for color vision. It is remarkable, then, that 

the red and green opsins differ at just 15 of 364 amino 

acid residues in their primary structure, that is, by less 

than 2.5% (Oprian et al., 1991). 

Presumptive evidence in favor of resonance energy 

transfer from tryptophan(s) to PLP could be gained if one 

observed long wavelength (>425 nm) emission when tryptophan 

residues alone were excited. PLP Schiff bases absorb to 

some extent at wavelengths close to 280 nm, where 

tryptophan residues can be excited (Arrio-Dupont, 1970; 

Metzler et al., 1980; Freifelder, 1982). As a practical 

matter, however, one can attempt selective excitation of 

the indole moiety of tryptophan residues by choosing the 

red edge of tryptophan absorbance, near 298 nm, where 

tyrosine and PLP absorb less strongly (Strambini et al., 

1992a,b; Arrio-Dupont, 1978). 

Until the enzyme's three-dimensional structure is 

solved, indirect methods must be employed in order to 

examine the spatial relationship between the tryptophans 

and PLP in OASS-A. The question to be answered dictates 

the choice of method. In the work described below, I have 

sought to use methods that will tell of the mechanism of 

action of the enzyme and will reveal subtle structural 

changes that occur in the enzyme during substrate or 
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product binding or catalysis. 

Site-directed mutagenesis is becoming the ultimate 

standard for testing hypotheses concerning enzyme 

structure. When scientific method is practiced, rational 

interpretation of observations leads to the formulation of 

coherent new hypotheses that can be falsified through 

experiment. I have sought throughout the studies I have 

performed to test hypotheses concerning the relationship 

between the structure and the observed optical properties 

of OASS-A. The outcome is a series of conclusions which 

serve as conjectures that can be tested in future 

experiments that will employ mutagenesis and other modern 

techniques such as X-ray crystallography and nuclear 

magnet i c res onance. 

Among the hypotheses tested is that long-wavelength 

fluorescence emission in OASS-A results only from direct 

excitation by incident radiation of the PLP Schiff base 

present in the E form of the enzyme. Alternatively, this 

emission may result from a process of energy transfer from 

tryptophan residues on enzyme to the PLP Schiff base. 

Another hypothesis is that binding of either product of the 

enzymatic reaction does not affect the fluorescence 

emission of OASS-A. One alternative is that each product 

changes the fluorescence spectrum. As experiments 

continued, further hypotheses, for instance that the methyl 
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group of acetate and the thiol group of cysteine are 

crucial determinants of interaction of these products with 

the E form of enzyme, were developed and tested. For the 

contemporary biochemist, such hypotheses are frequently 

tested when various mutants are constructed and studied. 

Full characterization of recombinant forms of OASS-A will 

test the conclusions presented below. 

The information derived from the studies I have 

performed complements what is ascertained in others' work. 

The goal is to assemble a description of the environments 

of the side chain and cofactor fluorophores and hence yield 

a glimpse of a portion of the enzyme's structure in 

solution. To the enzymologist, no part of the enzyme is 

more important than sites where substrates and products 

bind and where catalysis occurs. The work presented below 

is the first evidence of an effect of product binding on 

the optical properties of the PLP internal aldimine in the 

OASS-A holoenzyme, and serves to confirm the existence of 

dead-end complexes of enzyme with each product of the 

enzymatic reaction. 

Results of other research I undertook in partial 

fulfillment of the requirements for the doctoral degree 

have been presented elsewhere (Horowitz et al., 1992; Cook 

et al., 1993; McClure et al., 1993). 
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Figure 1. Pathways to the formation of L-cysteine from 

sulfate and thiosulfate in Salmonella typhimurium (after 

Kredich, 1992). Flow of metabolites is down the page. 

Enzymes, transporters and genes are listed immediately to 

the right of the steps that they facilitate or influence. 

No direct relationship is intended between the length of 

steps as depicted on the page and any kinetic or 

thermodynamic parameter that characterizes these steps in 

vivo. 
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Figure 2. Scheme for the reaction catalyzed by O-acetyl-

L-serine sulfhydrylase-A (OASS-A) from Salmonella 

typhimurlum. 
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CHAPTER II 

MATERIALS AND METHODS 

Materials. OASS-A was purified from wild-type S. 

typhimurium LT-2 cells grown on Vogel-Bonner E medium 

(Vogel & Bonner, 1956) supplemented with reduced 

glutathione as sulfur source (Kredich, 1971). The basis 

for all purifications was the scheme of Hara et al. (1990). 

Samples from pooled, concentrated final fractions were 

analyzed by SDS-PAGE and judged as being pure by inspection 

of Coomassie-stained gels and by examination of the UV-

visible absorption spectrum. The ratio of the absorbance 

at 280 nm to the absorbance at 412 nm in native enzyme is 

in the range of 3.5 (Becker et al., 1969) to 4.0 (Hara et 

al., 1990). The extinction coefficient for OASS-A at 412 

nm of 7, 600 M~1 cm"~l (Becker et al., 1969) was used for 

determination of enzyme concentration. Enzyme used for 

some preliminary experiments was a gift of S.R. Nalabolu or 

C.-H. Tai, and that used for some subsequent experiments 

was a gift of T.M. Jacobson or G.S.J. Rao. 

For the spectroscopic procedures, all chemicals used 

were of the highest available grade. 

Spectroscopic methods. Fluorescence spectra were taken 

17 
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on a Shimadzu RF5000U spectrofluorometer with a water-

jacketed sample compartment for maintenance of temperature 

in the cuvettes at 25 °C. Spectra were taken of dilute 

samples contained in quartz cuvettes that can hold volumes 

as great as 4 mL. Typical excitation and emission slit 

widths were 5 nm for both emission spectra and excitation 

spectra. For very dilute samples, or samples with low 

relative fluorescence, the excitation and emission slits 

were increased to be as great as 10 nm each. Spectra of 

blanks, i.e. of samples that contained all components 

except enzyme, were taken immediately prior to spectra of 

samples containing enzyme. Blank spectra were then 

subtracted from spectra of samples containing enzyme. 

Concentrations of solutes, substrates, and ligands were in 

general chosen so as to minimize inner filter effect. 

Ultraviolet and visible absorption spectra were taken at 

room temperature on a Hewlett Packard 8452A diode array 

spectrophotometer. Samples were contained in self-masking 

quartz cuvettes able to hold volumes as great as 1.4 mL. 

Circular dichroic spectra were taken at 25 °C on an Aviv 

62DS circular dichroism spectrometer. Samples were 

contained in a quartz cuvette able to hold a volume as 

great as 0.5 mL. 

Spectra of samples prepared after extensive dialysis 

were customarily blanked against the final dialysis buffer. 
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Other methods. Spectra were taken of samples in Na+ 

Hepes or K+ phosphate, as indicated in the description of 

the results. In experiments in which ionic quenchers of 

fluorescence were employed, ionic strength was held 

constant. For ionic quenchers of holoenzyme fluorescence, 

the method of Arrio-Dupont (1978) was followed. In this 

procedure, buffer and enzyme concentrations are identical 

in the cuvette, which contains a high concentration of 

NaCl, and in a test tube, which contains the same high 

concentration of CsCl or Nal. Aliquots from the tube are 

then added sequentially to the cuvette to achieve the 

indicated concentration of quencher. For preliminary 

experiments with enhancers of the long-wavelength emission 

of OASS-A, ionic strength was kept constant by addition of 

concentrated NaCl into the cuvette. Once it was 

established that the long-wavelength emission enhancement 

did not depend on ionic strength, subsequent experiments 

were performed at a single concentration of buffer without 

added solutes other than the enhancer. Stock solutions of 

enhancers were titrated when necessary to a pH close to 

that at which the experiment would be performed. In 

experiments to determine the pH-dependence of enhancement, 

solutions were buffered in 0.25 M potassium phosphate. The 

pH was read on a calibrated Radiometer PHM82 pH-meter 

immediately upon completion of the spectral scan. 
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Apo-OASS-A was prepared by an adaptation of the method 

of Dowhan & Snell (1970) for the preparation of apo-D-

serine dehydratase. Each is a modification of the overall 

scheme for preparation of apophosphorylase b of Shaltiel 

et al. (1967). In this scheme, the protein is distorted by 

imidazole citrate while the L-cysteine thiolate attacks C-

41 of the PLP internal aldimine. The Dowhan procedure 

calls for 12-16 h dialysis (with two changes of buffer) 

under nitrogen at room temperature of a 0.5% to 2.0% 

solution of holoenzyme against a solution in which the 

listed components are at the following concentrations: 

imidazole, 400 mM; dithiothreitol, 1 mM; L-cysteine, 100 

mM; ethylenediaminetetraacetic acid, 10 mM. This resolving 

buffer is made up by first dissolving the imidazole and DTT 

and then bringing the pH to 6.5 by adding solid citric 

acid. The other components are then added and the pH is 

brought back to 6.5 by adding KOH. After this dialysis the 

resolving buffer can be removed from the sample by dialysis 

of the sample at room temperature against 2 x 1 L of 100 mM 

potassium phosphate buffer with 1 mM DTT. Dowhan & Snell 

reported no detectable absorbance at 410 nm of apo-D-serine 

dehydratase prepared in this manner. 

Data analysis. Determination of areas under 

fluorescence spectral peaks was performed on raw spectra by 

proprietary software of Shimadzu Scientific Instruments 
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installed on the fluorometer. Determination of peak 

heights and band-widths was performed by inspection of 

digitized data after smoothing of the data by software 

internal to the fluorometer. Spectra presented in Chapter 

III have been smoothed by this routine. The circular 

dichroic spectra presented have been smoothed by a similar 

routine. 

Two parameters that were found to be useful in 

interpreting the fluorescence spectra taken in the course 

of these studies are hBW^, half-bandwidth at half-height, 

and F1/F2/ the ratio of the relative fluorescence of the 

shorter wavelength peak to the relative fluorescence of the 

longer wavelength peak. The parameter hBW^ provides 

similar information to that conveyed by the more commonly 

used BW, bandwidth at half-height. In particular, BW has 

been found to increase when tryptophan residues are exposed 

to aqueous solvent (Burstein et al., 1973). However, the 

combination of the high solute concentrations used in many 

experiments and the relatively long wavelength of 

excitation chosen for technical reasons (see Chapter III) 

caused the scatter peak to overlap the blue edge of the 

shorter wavelength emission band. Therefore, hBW^ was 

reported and represents the difference in wavelength in nm 

between the spectral peak (Vax^' where relative 

fluorescence is defined as F^) and the point in the red 
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half of the shorter-wavelength band at which the relative 

fluorescence is equal to F^/2. 

A blue shift in the wavelength of maximum fluorescence 

intensity for the longer-wave length band (̂ xaax2̂  w a s ;*-n 

general observed when the fluorescence of this band was 

enhanced. However, spectra showed an isoemissive point 

near 430 nm regardless of the blue shift. For this reason, 

rather than the ratio of peak heights, the area under the 

longer wavelength curve (430-580 nm) and the area under the 

shorter wavelength curve (310-430 nm) were used as 

estimators of the overall relative fluorescence of the two 

bands. Since numerator and denominator arise from the same 

spectral scan, both the ratio of peak heights and the ratio 

of band areas are relatively insensitive to long-term 

changes in lamp intensity and as such are more suitable for 

comparison of spectra than are raw data (such as 

untransformed relative fluorescence). For this reason, the 

fluorescence data presented below were not corrected for 

instrument response. 

When it was necessary to determine binding constants for 

saturable processes of ligand binding to enzyme, an 

equation (1) for hyperbolic saturation of a single binding 

site 

Y = A(1+X/KIN)/(1+X/KID) (1) 
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was fitted to observed fluorescence data. In eq. (1), Y is 

the observed fluorescence, X is the concentration of 

ligand, A is the fluorescence in the absence of ligand, 

is the dissociation constant for ligand from the enzyme-

ligand complex, and the product A ( K J D / K J J J ) is the 

fluorescence at infinite ligand concentration. 

To determine the pK for the process of enhancement of 

OASS-A fluorescence by acetate, the equation 

l o9 Kenh = log C/(1+H/KA) (2) 

was fitted to the observed data. In eq. (2), is the 

dissociation constant for acetate from the enzyme-acetate 

complex, H is the concentration of protons in solution, 

is the dissociation constant for a proton from its complex 

with an ionizable group, and C is the pH-independent value 

°f Kenh* 

The pK for the process of enhancement of enzyme 

fluorescence by L-cysteine was determined by fitting the 

equation 

log Y = log ( (YL+YH*K/H) / (1+K/H) ) (3) 

to the data gathered. Here, Y is the dissociation constant 
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for L-cysteine from its complex with enzyme, YL is the 

local maximum of this dissociation constant, at the low end 

of the pH range in question, YJJ is the local minimum of 

this same dissociation constant at the higher pH extreme, H 

is the concentration of protons in solution, and K is the 

dissociation constant for a proton from its complex with 

the ionizable group. 

Eqs. (1), (2) and (3) were fitted to the data by FORTRAN 

programs that execute the appropriate least squares 

analysis (Cleland, 1979). 

Curves on the Stern-Volmer plots shown in Chapter III 

represent the best fit to the data as analyzed by linear or 

polynomial regression. Values reported for the quenching 

constant, Kgy> are those obtained from linear regression 

analysis of the initial, linear portion of the data, if 

downward curvature was observed, or of the entire data set, 

if linear. Regression analysis of the quenching data was 

performed by a proprietary software package (Leatherbarrow, 

1992). 



CHAPTER III 

RESULTS 

Fluorescence spectrum of OASS-A. The UV-visible 

absorption spectrum of OASS-A, with peaks near 280 and 412 

nm, has been published (Becker et al., 1969) and has 

recently been shown to retain these two major peaks over 

the pH range of 5.50 to 10.85 (Cook et al., 1992). At pH 

7.0 in 100 mM sodium Hepes, OASS-A from S. typhimuriuin 

shows two peaks in its fluorescence emission spectrum when 

excited at 298 nm (Figure 3). At neutral pH at this 

wavelength, tryptophan absorbs 100 times as much light as 

does tyrosine (Fasman, 1989). The peak of the shorter-

wavelength emission band (^max^)/
 a t 337.2 nm, is typical 

of tryptophan residues in proteins. Tryptophan in aqueous 

environments emits maximally at 350 nm, while in nonpolar 

environments the emission maximum is near 325 nm (Burstein 

et al., 1973). The peak of the longer-wavelength band 

^^max2^' 497.6 nm, is typical of emission from Schiff 

bases of pyridoxal phosphate in a neutral, aqueous 

environment, where a 500 nm emission has been observed by 

other workers (Arrio-Dupont, 1970, 1971; Shaltiel & 

Cortijo, 1970). Either peak height or integrated area 

25 
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under the curve may be used as an estimator of the relative 

fluorescence of two bands in a spectrum. Under conditions 

in which does not change appreciably, peak height is a 

convenient estimator. The ratio (denoted F1/F2) of the 

height of the shorter-wavelength peak to the height of the 

longer-wavelength peak of OASS-A emission here is 8.8. 

This ratio is lower than that observed in the PLP-

containing enzyme tryptophan synthetase in the absence of 

substrates (Goldberg et al., 1968; Strambini et al., 

1992a,b), although tryptophan synthetase possesses only one 

tryptophan residue as opposed to the two of OASS-A. By 

comparison, then, the PLP Schiff base of OASS-A is highly 

fluorescent. 

At pH 7.0 in 100 mM sodium Hepes, the excitation 

spectrum for the longer-wavelength emission of OASS-A 

measured at 500 nm shows two bands (Figure 4). The peak of 

the shorter-wavelength excitation band is located at 284.4 

nm, and the peak of the longer-wavelength excitation band 

is located at 412.8 nm. These peaks are very close to the 

peaks in the excitation spectrum for the 500 nm emission of 

PLP-valine observed by Arrio-Dupont (1970) . When measured, 

the ratio of the peak heights tended to remain constant 

during the various experimental treatments to which OASS-A 

was subjected but was found to vary somewhat depending on 

the enzyme preparation and the buffer system employed. 
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OASS-A fluorescence, as evidenced by X^x positions and 

the ratio F3/F2, was found to be independent of enzyme 

concentration in the range of 0.5 |iM to 5 JAM (protomer) . 

In addition, ^ ^ 2 an<* F1/F2 were essentially 

independent of excitation wavelength between 295 nm and 298 

nm (data not shown). Parameters for the fluorescence 

emission spectrum of OASS-A under several different sets of 

conditions and from different enzyme preparations are 

presented in Table I. 

Spectrum in the presence of substrates. The intensity 

of the longer-wavelength emission band is diminished 

considerably when OASS-A is incubated with an excess of the 

substrate O-acetyl-L-serine (OAS; data not shown). This 

diminution is a saturable process, as evidenced by 

titration of the fluorescence emission by OAS 

concentrations in the micromolar range. An estimate for 

K^QAS 0-^4 + 0.15 JIM was obtained by fitting a 

hyperbolic equation (1) to the data from such a titration. 

Since it is difficult to determine accurately the location 

of the diminished peak at higher OAS concentrations, 

integrated area under the curve was used as a measure of 

OAS binding. Underlying the proper application of eq. (1) 

are the assumptions that OAS binding to OASS-A is a 

reversible process and that there is a one-to-one 

correspondence between OAS binding and the observed 
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quenching of the fluorescence peak. OAS binding appears to 

proceed without major reorganization of the secondary 

structure of OASS-A, as evidenced by the similarity of the 

circular dichroic spectrum of the enzyme in the absence and 

presence of 1 mM OAS (Figure 5), a concentration 

independently shown to be saturating (Cook et al., 1992). 

L-Serine, an analog of OAS, was not found to give rise to a 

change in the OASS-A emission spectrum similar to that 

caused by OAS (Table II). 

Addition of an excess (e.g., 10 mM) of the second 

substrate sulfide to solutions containing OASS-A saturated 

with OAS (e.g., 4 mM) restored the full intensity of the 

longer-wavelength emission (data not shown). 

Volatilization of sulfide during the time required to take 

successive spectra precluded reliable estimation of the 

for this process. However, sulfide alone, in the absence 

of OAS, appears not to affect the long-wavelength emission 

of OASS-A (Table II). Various analogs of sulfide were 

similarly found not to affect the long-wavelength portion 

of the emission spectrum of OASS-A (Table II). However, 

unlike the physiological substrate, none of the sulfide 

analogs restored the long-wavelength emission when 

incubated with OASS-A and saturating concentrations of OAS 

(data not shown). It should be noted that the alternative 

substrate, 5-thio-2-nitrobenzoate (Ellman, 1959), absorbs 
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too strongly in the relevant wavelength range to permit its 

use as an analog in this case. Likewise, the lowering of 

F1/F2 by thiosulfate and triazole (Table II) can be 

attributed to inner filter effect. 

Spectrum in the presence of products. The first 

product of the enzymatic reaction, acetate, was found to 

enhance the longer-wavelength emission band of OASS-A while 

not affecting the intensity of the shorter-wavelength band 

(Table III). While the location of the peak of the 

shorter-wavelength band was virtually unchanged, the 

longer-wavelength band was narrowed and blue-shifted. The 

addition of OAS to OASS-A and acetate was found to cause 

the longer-wavelength band to diminish considerably. 

Subsequent addition of excess sulfide to the mixture of 

OASS-A, acetate, and OAS restored the enhanced long-

wavelength emission of OASS-A to that observed in the 

presence of acetate alone (data not shown). 

Since high concentrations of acetate were required to 

elicit enhancement of the long-wavelength emission, there 

was some question whether this effect might be exerted by 

high ionic strength. Chloride at the same concentrations 

did not cause a like enhancement (Table III). 

Several analogs of acetate also enhanced the long-

wavelength emission band (Table III). Of particular 

interest is that each of trifluoroacetate and 
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trichloroacetate, in which all the methyl hydrogens have 

been replaced by fluorine or chlorine atoms, is able to 

elicit enhancment to much the same degree as does acetate. 

While a complex of the E form of OASS-A and L-cysteine 

was proposed some time ago on the basis of kinetic evidence 

(Cook & Wedding, 1976), there has until now been no direct 

spectroscopic evidence in support of this proposal. In 

order to investigate possible binding of L-cysteine to 

OASS-A, it was necessary to take into account the product's 

thiol pK (8.30; Grafius & Neilands, 1955) and the 

possibility of the thiol group's oxidation, especially at 

high pH. Potassium phosphate at 0.25 M was found to be an 

acceptable buffer for experiments with moderate 

concentrations of L-cysteine at pH values up to 10. At 

increasing values of pH, the longer-wavelength emission and 

then the shorter-wavelength emission both are quenched 

somewhat, resulting in compensatory declines in each 

emission by pH 10 (Table IV). This finding is consistent 

with the observation by Arrio-Dupont (1970) of enhanced 500 

nm fluorescence in PLP-valine at lower values of pH. 

It was also necessary to check to see whether potassium 

cation itself might affect the fluorescence properties of 

the enzyme. Cations used in common buffers can conceivably 

exert different specific effects, by binding to sites on 

enzyme, in addition to their colligative effects as solutes 
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and their electrostatic effects as charged particles. A 

series of chloride salts of various monovalent cations was 

tested to see if such salts all exerted the same effect on 

enzyme fluorescence in Hepes buffer (Table I). Each of the 

chloride salts behaved in a qualitatively similar way. 

However, a general trend can be seen. The value of F^/F2 

tends to increase with increases in ionic strength. This 

effect appears to be independent of the specific cation 

used, at least among the chloride salts of alkali metals 

and ammonium. The finding of relative enhancement of 

tryptophan residue fluorescence is consistent with what has 

been observed in other enzymes (Guido & Horowitz, 1975; 

Arrio-Dupont, 1978) . 

At pH 6.9, L-cysteine at 0.5 mM was not found to affect 

the fluorescence emission spectrum of OASS-A. However, at 

pH 10, 0.5 mM L-cysteine was found to enhance the longer-

wavelength emission band while not affecting the intensity 

of the shorter-wavelength band (Table V). The location of 

the peak of the shorter-wavelength band was unchanged, 

while the longer-wavelength band was blue-shifted and 

narrowed, as had been observed at neutral pH with acetate. 

Enhancement by L-cysteine appeared insensitive to the 

presence of the reductant dithiothreitol (Table V). At 

neutral pH, the cysteine analog L-penicillamine was found 

to enhance the longer-wavelength OASS-A fluorescence (data 
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not shown). 

Quenchers of intrinsic fluorescence and denaturants as 

probes of tryptophan environment. Even when the three-

dimensional structure of an enzyme is known, crucial 

information about the environment of tryptophan residues in 

the protein as it exists in solution can be gained from 

studying the effects of quenchers of tryptophan 

fluorescence on the emission spectrum (Burstein et al., 

1973). Tryptophan residues in hydrophobic environments 

deep in the protein interior tend to have near 325 nm 

and relatively narrow bandwidths and are difficult to 

quench with ions such as cesium or iodide. When exposed to 

aqueous solvent on the protein surface, tryptophan residues 

show a near 350 nm and broad bandwidths and are easier 

to quench with ionic quenchers. The ease of quenching is 

reflected in a high value for the conventional measure of 

quenching efficiency, the Stern-Volmer constant (Ksv), 

This constant is determined experimentally by varying the 

concentration of quencher at a fixed protein concentration. 

From a plot of the quantity, initial fluorescence divided 

by observed fluorescence (FQ/F), versus concentration of 

quencher (a Stern-Volmer plot), one can derive an estimate 

of the efficiency of quenching. The constant K s v is the 

slope of such a plot and is equal to the product of the 

bimolecular rate constant for the collision of quencher 
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with fluorophore and the lifetime of the excited 

fluorescent state (Eftink & Ghiron, 1981). 

In the last two decades, the uncharged molecule 

acrylamide has been used by several investigators to probe 

the dynamic behavior of proteins in solution because of its 

ability to quench the emission of side-chain fluorophores 

(Eftink & Ghiron, 1976). Acrylamide was found to quench 

the intrinsic fluorescence of OASS-A. Figure 6 is a Stern-

Volmer plot for the quenching of the shorter-wavelength 

band of OASS—A fluorescence emission by acrylamide. 

Integrated area under the curve between 310 and 430 nm was 

used as the estimator of fluorescence. The use of 

integrated area is favored in quenching studies because of 

the possibility that the quencher may cause V a x t o shift 

and the certainty that the quencher will decrease the 

signal/noise ratio. Integrated area will be less sensitive 

than peak height to noise in the spectrum and to ^m a x 

shifts. An estimate of K s v = 2.3 ± 0.1 M"
1 was derived 

from linear regression analysis of the data displayed in 

Figure 6. The difference spectrum in which the spectrum 

obtained in the presence of 800 mM acrylamide was 

subtracted from the spectrum in the absence of quencher had 

maximum intensity at 336 nm (Table VI). Since this is very 

close to observed in the absence of quencher, it is 

possible that acrylamide has equal access to each of the 
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two OASS-A tryptophan residues. 

Iodide anion has also been used by other investigators 

to probe the ionic environment of protein tryptophan 

residues (Burstein et al., 1973; Arrio-Dupont, 1978). 

Efficient quenching by iodide is often interpreted as 

reflecting the cationic nature of the fluorophore's 

environment. Iodide was found to quench the fluorescence 

emission of OASS-A. Again, integrated area under the band 

was used as the measure of fluorescence. The Stern-Volmer 

plot for quenching in this case was found to be nonlinear 

and showed downward curvature (Figure 7), possibly 

indicating quenching by the anion of more than one 

fluorescent species (Lehrer & Leavis, 1978; Eftink & 

Ghiron, 1981). An estimate of the quenching coefficient, 

K s v
 = 2.0 + 0.1 M~1 was derived from linear regression 

analysis of the linear portion of this plot (Figure 8) . 

The difference spectrum between that obtained with no 

iodide present and the spectrum in the presence of 160 mM 

iodide was constructed and found to possess a maximum 

intensity at 339.4 nm (Table VI). This value is again 

close to for enzyme without added quencher. Given 

this proximity, it is possible that iodide quenches each of 

the two tryptophan residues (W51 and W162) of OASS-A, but 

with unequal efficiency. 

Cesium cation has also been used to probe the 
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accessibility to solvent of tryptophan residues and other 

fluorophores in proteins (Burstein et al., 1973; Arrio-

Dupont, 1978). Cesium was found to quench the intrinsic 

fluorescence of OASS-A. Figure 9 is a Stern-Volmer plot 

for the quenching of the shorter-wavelength band of OASS-A 

intrinsic fluorescence by cesium chloride. In this case, 

integrated area under the band was used as the estimator of 

fluorescence. An estimate of the coefficient of quenching, 

K s v
 = 0*4 M~l, was derived from linear regression analysis 

of the data displayed in this plot. A difference spectrum 

(Figure 10) was constructed in which the spectrum obtained 

in the presence of 640 mM CsCl was subtracted from the 

spectrum in the absence of quencher. The maximum intensity 

for this spectrum is found at 367.2 nm (Table VI). This 

wavelength is greater than that for the maximum 

fluorescence of tryptophan residues in aqueous or 

hydrophobic solvents, and as such must reflect quenching of 

a non-tryptophan fluorophore. 

Terbium and europium (III) have also been used by other 

investigators to probe solvent accessibility of enzyme 

fluorophores. For this reason, the effect of the chloride 

salt of each of these lanthanides on the OASS-A emission 

spectrum was explored. Because of the insolubility of 

heavy metal phosphate salts, it was necessary to use 

another buffer (Hepes) for these experiments. At a 
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concentration of 1 mM, terbium chloride and europium (III) 

chloride were each found to quench intrinsic fluorescence 

at both the emission peaks of OASS-A. The more pronounced 

effect was exerted by europium, which slightly quenched and 

gave rise to a red shift in the shorter-wavelength emission 

peak and almost completely quenched the longer-wavelength 

emission (data not shown). 

The chaotrope urea was found to alter the fluorescence 

emission spectrum of OASS-A. There is a shift to 344 nm in 

the shorter-wavelength emission peak in the presence of 7.2 

M urea. This change is consistent with others' 

observations of spectral changes in various proteins upon 

denaturation indicative of fuller exposure to solvent of 

tryptophan residues (Burstein et al., 1973). In several 

experiments, there was no consistent concomitant change in 

the longer-wavelength emission peak. Similar results were 

obtained with sodium dodecyl sulfate and guanidinium 

hydrochloride (data not shown). 

Apoenzyme preparation as a probe of enzyme structure. 

It has been informative for other investigators of PLP-

dependent enzymes to prepare apoenzyme either in order to 

reconstitute holoenzyme (Dowhan & Snell, 1970) or to study 

the properties of isolated apoenzyme (Strambini et al., 

1992a). In order to probe further the relationship of 

tryptophan residues and the PLP Schiff base in OASS-A, 



37 

apoenzyme was prepared from the OASS-A holoenzyme. The 

procedure of Dowhan & Snell (1970) for the preparation of 

apo-D-serine dehydratase was adapted for use with OASS-A. 

Deviations from the published procedure were (a) failure to 

purge solutions with inert gas; (b) mixture of the first 

substrate, OAS, at a concentration of 100 mM, with OASS-A 

immediately prior to the first dialysis. The rationale for 

(b) was to attempt to favor formation of the (X-

aminoacrylate intermediate in which the PLP is bound to 

substrate as external aldimine rather than to enzyme as 

internal aldimine. It was hoped that the PLP-a-amino 

acrylate would diffuse away during dialysis before enzyme-

catalyzed deacetylation (Cook et al., 1992) and consequent 

reformation of the internal aldimine could occur. 

Absorbance at 412 nm in OASS-A appears to be due to the 

internal aldimine link between PLP and lysine 42 on the 

enzyme (Nalabolu et al., 1992). The external aldimine 

absorbs even more strongly at 470 nm. The species formed 

by following the adaptation of the Dowhan procedure lacked 

a peak at 412 or 470 nm, and had a ratio of A28O t o A412 °f 

12.8 to 1 (data not shown; background scatter due to 

protein precipitation affected absorbance measurements at 

all wavelengths in this spectrum). Native OASS-A 

holoenzyme, in the internal aldimine form, has a ratio of 

A280 t o A412 o f 3-5 to 1 (Becker et al., 1969) or 4 to 1 
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(Hara et al., 1990) . When an excess of OAS was not added 

to enzyme prior to dialysis, the spectra of enzyme taken 

from the dialysis bag after 24 h of dialysis did not differ 

greatly from those of native holoenzyme. The fluorescence 

emission spectrum of apo-OASS-A showed a peak at 340 nm but 

none at 500 nm (Figure 11, upper curve at 340 nm). The 

red-shift of this peak with respect to native holoenzyme 

reflects somewhat fuller exposure to aqueous solvent of the 

two tryptophan residues in apoenzyme. This could be the 

result of a gross conformational difference between 

apoenzyme and holoenzyme, of direct protection of 

tryptophan residues from solvent exposure by PLP in 

holoenzyme, or of the presence in solution of a fraction of 

enzyme that was fully denatured. 

In an attempt to reconstitute holoenzyme, apo-OASS-A was 

incubated in the dark at room temperature with an excess of 

PLP such that the molar ratio of PLP to apoenzyme protomer 

was 2.25 to 1. At no time during the incubation did the 

absorption spectrum show a noticeable peak at 412 nm. For 

this reason, the catalytic competence of this enzyme form 

was not determined. However, the fluorescence emission 

spectrum did show a peak at 500 nm after 8 h incubation 

(Figure 11, upper curve at 500 nm). Moreover, the 

fluorescence emission at 340 nm was remarkably quenched by 

incubation with PLP. The integrated area under the 
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emission spectrum between 310 and 400 nm was decreased 40% 

by incubation of apoenzyme with PLP. The location of the 

tryptophan emission peak, remained unchanged at 

339.6 nm during this process. The quenching of the 

shorter-wavelength emission peak by PLP was confirmed in 

separate experiments in which the emission of apoenzyme at 

340 nm consistently was found to be no more than one-half 

as great as that of an equal concentration of holoenzyme 

(data not shown). In such experiments, holoenzyme 

concentration was determined by A412 and apoenzyme 

concentration by A2go using published data on holoenzyme 

absorbance (Becker et al., 1969; £280 = 2 1 7 0 M _ 1 cm-1). 

Since PLP also absorbs at 280 nm, this procedure is biased 

towards overestimation of apoenzyme concentration. An 

attempt was made also to reconstitute a variant form of 

OASS-A holoenzyme by incubating pyridoxal with apo-OASS-A. 

The fluorescence emission spectrum of apo-OASS-A did not 

change upon incubation with pyridoxal for 24 h (data not 

shown). 

The fluorescence emission of apo-OASS-A was quenched by 

cesium. A Stern-Volmer plot (Figure 12) for this quenching 

process was curved downward, indicating multiple 

populations of fluorophores. However, unlike the case of 

holoenzyme, the peak of the difference spectrum (Figure 13) 

was at a wavelength, 341.6 nm, at which tryptophan residues 
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are known to emit (Burstein et al., 1973), and which is 

close to the apoenzyme emission peak of 339.6 nm. Linear 

regression analysis of the initial, linear portion of the 

Stern-Volmer plot (first three points of Figure 13) gave an 

estimate of K^y = 0.39 + 0.06 M-*, virtually the same as 

that for cesium quenching of holoenzyme. 

pH-dependence of fluorescence enhancement by enzymatic 

reaction products as a probe of enzyme structure. Because 

of their sensitivity, fluorescence techniques are uniquely 

suited to detect subtle changes in protein structure that 

occur upon ligand binding. Since enhancement of the 

longer-wavelength emission of OASS-A had been observed in 

the presence of either product of the enzymatic reaction, 

acetate or L-cysteine, it was decided to make use of the 

observed enhancement to probe changes occurring in the 

vicinity of the enzyme's active site when product is bound. 

Of particular interest to the enzymologist is the 

possibility of the presence of ionizable groups near the 

active site which must be in the proper protonation state 

in order for binding or catalysis to occur. Therefore, it 

was decided to investigate the pH-dependence of the 

enhancement of OASS—A fluorescence by each product of the 

enzymatic reaction. 

Enhancement of the longer-wavelength emission band by 

acetate (Figure 14) was found to be more facile at high pH. 
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In order to characterize this process more fully, spectra 

were taken in the presence of various concentrations of 

acetate over a range of several pH units. Equation (3) was 

fitted to data obtained from titrations performed at each 

of these pH values. Dissociation constant was plotted as a 

function of pH (Figure 15). A fit of eq. (2) to these data 

indicated a pK for the enhancement of the longer-wavelength 

peak by acetate of 7.2 + 0.1. Since this is far greater 

than the pK for acetate (4.56; Martell & Smith, 1969), this 

pK must reflect the presence of a group on enzyme that must 

be unprotonated for enhancement to occur. An estimate of 

0.27 + 0.02 M was obtained for the pH-independent value of 

Kenh-

Likewise, enhancement of the longer-wavelength emission 

band by L-cysteine (Figure 16) was found to be much more 

facile at high pH. Spectra in the presence of various 

concentrations of L-cysteine were taken over a wide range 

of pH. At each of these pH values, titrations were 

performed. Titration data were then fitted by eq. (3), and 

the estimated dissociation constants were plotted as a 

function of pH (Figure 17). A fit of eq. (3) to the data 

gave a pK for the enhancement of the long-wavelength 

emission by L-cysteine of 8.0 + 0.06. The local minimum 

and maximum values for the dissociation constant for L-

cysteine from its fluorescent complex with enzyme were 
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estimated as 0.81 + 0.02 mM (at high pH) and 98 ± 4 mM (at 

low pH). At pH 9.2 and 10.8, the estimated dissociation 

constant for L-cystine from its complex with enzyme was of 

the same order as that for L-cysteine (data not shown). 

This suggests that the product's thiol group is not 

important to binding and means that the observed pK of 8.0 

does not belong to L-cysteine. The pH-dependence of the 

kinetic parameter V/JCQAS anci o f f o r t h e alternative 

substrate (3-chloroalanine has been interpreted as 

indicating that a group with a pK of 8.7 to 8.9 must be 

protonated in order for OAS or p - c h l o r o a l a n i n e to form a 

catalytically competent complex with OASS-A (Nalabolu et 

al., 1992). However, the assignment of the observed pK to 

a particular group is not a trivial matter (see Chapter 

IV) . 

The structural basis for the enhancement of OASS-A 

fluorescence upon product binding was investigated by an 

indirect technique, solvent perturbation of the 

fluorescence spectrum. Solvent perturbation of PLP Schiff 

bases was used by Cortijo and co-workers (Shaltiel & 

Cortijo, 1970; Cortijo et al., 1976) and Arrio-Dupont 

(1971) to model the environment of Schiff bases of PLP 

found in phosphorylase b and aspartate aminotransferase, 

respectively. The perturbed spectrum of enzyme was not 

presented, however, but rather the perturbed spectra of 
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Schiff base model compounds were compared with those of 

native enzyme. In experiments based on those performed by 

these workers with model compounds, the fluorescence 

emission spectrum of OASS-A was taken in organic solvents 

such as dimethylformamide (dielectric constant = 37; Lide, 

1990) and 1,4-dioxane (dielectric constant = 2.2; Lide, 

1990). The fluorescence emission spectrum of OASS-A in 

1,4-dioxane is presented in Figure 18. It can be seen that 

a narrowing, enhancement, and a blue-shift of the longer-

wavelength emission band has occurred when this spectrum is 

compared with that taken in aqueous buffer (Figure 3) . 

Likewise, the similarity of the changes in the long-

wavelength emission to those seen in the presence of the 

products of the enzymatic reaction (Figures 14, 16) can be 

observed. 
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Table I. Parameters of fluorescence emission spectra of 

S. typhimurium O-acetyl-L-serine sulfhydrylase^A (OASS-A) 

in the presence of various monovalent cations and at 

different ionic strengths. Data are taken from four 

typical experiments. Excitation wavelength was 298 nm. 

The parameters anc* ^max2 r®Present the wavelength in 

nm of maximum intensity for the shorter-wavelength and 

longer-wavelength emission bands, respectively. The 

heading hBW^ represents the bandwidth in nm of the red half 

of the shorter-wavelength emission band, as described in 

Chapter II. BW2 is the bandwidth in nm of the longer-

wavelength emission band. The heading F1/F2 represents the 

ratio of the two peak-heights, that is,the relative 

fluorescence at divided by the relative fluorescence 

a t ^max2• T^ e e n t rY N D denotes a parameter that could not 

be estimated from the data gathered. Buffer was 100 mM Na+ 

Hepes, pH 7.0. The concentration of OASS-A was 2.5 |iM 

(protomer). Further experimental details are given in 

Chapter II. 
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ax i 
h B Wl ^max2

 b w2 Fl/ F2 

Conditions 

(Experiment 1.) 

Buffer only 338 .0 33 . 6 498 .2 ND 

Buffer + 0.4 M KC1 339 .0 34 .6 507 .2 ND 

Buffer + 1.4 M KC1 338 .0 33 .2 504 .8 ND 

(Experiment 2.) 

Buffer only 337 .2 32 .8 500 .0 ND 

Buffer + 0.5 M NaCl 338 .0 32 .8 505 .2 ND 

Buffer + 0.5 M LiCl 338 .0 33 .2 504 .4 ND 

Buffer + 0.5 M NH4C1 337 . 6 33 .2 506 .0 ND 

Buffer + 0.5 M CsCl 337 .6 32 .8 505 .2 ND 

(Experiment 3.) 

Buffer only 337 .2 31 .2 497 . 6 ND 

(Experiment 4.) 

Buffer only 335 . 6 31 .4 498 .0 ND 

6.8 

18 

19 

8,1 

20 

17 

18 

19 
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Table II. Parameters of fluorescence emission spectra of 

OASS-A in the presence of substrate or substrate analogs. 

Results are from four typical experiments. Explanations of 

parameter abbreviations are provided in the legend to Table 

I and in Chapter II. The entry ND denotes a parameter that 

could not be estimated from the data gathered. Buffer was 

1 M Na+ Hepes, pH 7.0. Excitation wavelength was 298 nm. 

Enzyme concentration was 2.5 JIM (protomer) . 
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^m, ax i hBWx ax 2 
BW 2 F1/F2 

Conditions 

(Experiment 1.) 

Buffer only 338, .0 29, .6 496, .8 12 A 

Buffer + 0.4 M L-ser 335, .4 31, .8 501 .8 74 

(Experiment 2.) 

Buffer + 0.25 M NaCl 335 .8 31 .4 506 .0 76.1 

Buffer + 0.25 M Na 2S 337 .6 32 .8 505 .4 ND 

(Experiment 3.) 

Buffer + 0.5 M NaCl 335 .2 28 .0 505 .0 ND 

Buffer + 0.5 M NaS2(>3 335 .4 30 .2 506 .6 ND 

Buffer + 0.5 M NaN3 335 .6 28 .0 509 .0 ND 

Buffer + 0.5 M C2H3N3 336 .0 25 .2 494 .2 ND 

(Experiment 4.) 

Buffer + 0.5 M NaCl 335 .4 29 .4 503 .0 72. 

Buffer + 0.5 M NaS2C>3 335 .8 35 .0 500 .6 

o
 

00 

Buffer + 0.5 M KC1 335 .2 28 .8 513 .2 ND 

Buffer + 0.5 M KCN 337 .2 34 .0 493 .8 81. 

6.5 

7.0 

12 

8 . 2 

11 

8 . 1 

11 

4.9 

11 

6.9 

11 

12 
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Table III. Parameters of fluorescence emission spectra of 

OASS-A in the presence of the first product of the 

enzymatic reaction, acetate, or certain of its analogs. 

Explanations of parameter abbreviations are provided in the 

legend to Table I and in Chapter II. The sodium salt of 

the indicated product or analog was present at a 

concentration of 0.5 M. Chloride was included in this 

representative experiment as a control. Excitation 

wavelength was 298 nm. Buffer was 0.5 M Na+ Hepes, pH 7.0. 

OASS-A concentration was 2.5 (protomer). 
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Analogs 

CH3CH2COO' 

CH2C1C00~ 

CCI3COO-

CF3COO-

^max! h B W l ^max2
 B W2 Fl/ F2 

Control 

CI" 336.0 30.8 509.4 79.4 12 

Product 

CH3COO- 336.4 31.6 489.8 73.6 1.9 

335.8 31.4 494 .0 75.4 2.1 

336.6 30.6 496.4 75.6 2.2 

335.4 32.4 496.0 77.6 1.8 

336.8 30.8 492.4 75.6 2.1 
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Table IV. Parameters of fluorescence emission spectra of 

OASS-A in potassium phosphate buffer at different 

concentrations and various values of pH. Excitation 

wavelength was 298 nm. The spectral parameters for OASS-A 

in 0.5 M glycylglycine, pH 8.5, and in 0.5 M NaHCC>3, pH 

8.13, are presented for comparison. Explanations of 

parameter abbreviations are provided in the legend to Table 

I and in Chapter II. The enzyme concentration was 2.5 |XM 

(protomer). 
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^maxi hBW^ x̂nax2 ®^2 

Concentration and pH 

0 . 1 M, pH 6 . 9 1 337 .2 32 .0 498 . 8 ND 8 . 0 

0 . 1 M, pH 6 . 9 1 336 .4 32 .4 498 . 0 8 2 . 8 8 . 2 

0 . 2 5 M, pH 6 . 9 3 336 . 8 32 . 8 501 .4 8 1 . 2 8 . 0 

0 . 2 5 M, pH 6 . 9 7 336 .4 32 . 8 498 . 8 8 4 . 0 7 . 5 

0 . 2 5 M, pH 6 . 4 6 336 . 8 32 .0 497 .4 8 4 . 0 6 . 9 

0 . 2 5 M, PH 9 . 0 4 337 .2 32 .4 504 . 8 8 8 . 8 13 

0 . 2 5 M/ PH 1 0 . 3 5 338 .4 32 . 8 501 . 8 9 2 . 0 8 . 0 

Other buffers 

Glycylglycine 336 . 6 32 .2 499 . 6 7 8 . 0 8 . 8 

NaHCC>3 337 . 0 33 .0 500 . 0 7 8 . 0 12 



52 

Table V. Parameters of fluorescence emission spectra of 

OASS-A in the presence of L-cysteine, dithiothreitol (DTT), 

or both. Each thiol compound, when present, was at a 

concentration of 0.5 mM. Emission spectra for 298 nm 

excitation were taken of enzyme in 0.1 M potassium 

phosphate buffer at the indicated values of pH. 

Explanations of parameter abbreviations are provided in the 

legend to Table I and in Chapter II. The concentration of 

OASS-A was 2.5 jlM (protomer) . 



PH 6.9 

PH 10.0 
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•̂rnaxi hBW], ^max2 ®w2 ^l/^2 

L-cys 336.8 32.4 501.4 82.8 7.9 

DTT 337.2 31.6 503.6 82.8 8.0 

L-cys + DTT 336.4 33.2 498.8 82.0 7.4 

L-cys 337.2 32.8 490.6 76.0 3.3 

DTT 337.2 32.8 507.2 86.4 13 

L-cys + DTT 337.2 32.8 491.4 75.6 3.1 
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Table VI. Parameters of difference spectra constructed 

from experiments with quenchers of holoenzyme fluorescence. 

The emission spectrum in the presence of the highest 

concentration of quencher was subtracted from that taken in 

the absence of added quencher. Excitation wavelength was 

298 nm. The concentration of OASS-A was 2.5 (XM (protomer) . 

Further experimental details are found in the legends to 

Figures 6, 7 and 9. 



Quencher 
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l̂tiaxi hBW^ ^max2 ®w2 

I~ 339. .4 28. .2 495. .6 57.6 17 

Cs+ 367, .2 32. .8 537, .8 ND 34 

Acrylamide 336. .0 36. .4 499. .2 56.0 36 
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Figure 3. Fluorescence emission spectrum of S. 

typhimurium O-acetyl-L-serine sulfhydrylase-A (OASS-A). 

OASS-A at a protomer concentration of 2.5 JIM in 100 mM Na+ 

Hepes, pH 7.0, was excited with 298 nm light. The ordinate 

represents relative intensity of fluorescence, while the 

abscissa represents wavelength of emission in nm. 
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Figure 4. Fluorescence excitation spectrum of S. 

typhimurium OASS-A. The emission at 500 nm was monitored 

from a solution of OASS-A at a protomer concentration of 

2.5 pM in 100 mM Na+ Hepes, pH 7.0. Relative fluorescence 

intensity is plotted on the ordinate, wavelength of 

excitation in nm on the abscissa. 



59 

0 G 

t? - 00-

18.0 0-

y „ y y..... 

y m M y. 

- y h y y 

45- O0 

3 6 « 0 0 

2 7 - 0 0 

6 0 „ 0 

y, y y 

y „ y y 

y» y y 

188. 0 

18,00 

4 0 0 H 0 



60 

Figure 5. Circular dichroic spectrum of S. typhimurium 

OASS-A. The ordinate is 0, the relative rotation by the 

sample of circularly polarized light. The abscissa is the 

wavelength in nm at which rotation was measured. The upper 

curve at shorter wavelengths is the spectrum of OASS-A in 

10 mM potassium phosphate, pH 7.0. The lower curve is the 

spectrum of OASS-A in the same buffer in the presence of 1 

mM O-acetyl-L-serine. Enzyme concentration was 2.5 |1M 

(protomer). 
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Figure 6. Stern-Volmer plot of quenching of S. 

typhimurium OASS-A fluorescence by acrylamide. The 

ordinate is the following quotient: (relative fluorescence 

observed in the absence of quencher / relative fluorescence 

observed at the given quencher concentration). The 

abscissa is the concentration of quencher, here acrylamide. 

Enzyme was at 2.5 (AM (protomer) . Buffer was 100 mM Na+ 

Hepes, pH 7.0. 
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Figure 7. Plot of quenching of S. typhimurium OASS-A 

fluorescence by a broad range of concentrations of iodide. 

The method of Arrio-Dupont (1978) was followed so that 

[Na+] was held constant at 0.4 M, and [Cl~] = 0.4 M - [I~] . 

The ordinate is the quotient, (relative fluorescence 

observed in the absence of quencher / relative fluorescence 

observed at the given quencher concentration). The 

abscissa is the concentration of iodide. Buffer was 100 mM 

Na+ Hepes, pH 7.0. OASS-A concentration was 2.5 }1M 

(protomer). 
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Figure 8. Stern-Volmer plot of quenching of S. 

typhimurium OASS-A fluorescence by moderate concentrations 

of iodide. The ordinate is (relative fluorescence observed 

in the absence of quencher / relative fluorescence observed 

at the given quencher concentration). The abscissa is the 

concentration of iodide. Experimental conditions are 

described in the legend to Figure 8. 
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Figure 9. Stern-Volmer plot of quenching of S. 

typhimurium OASS-A fluorescence by cesium. The method of 

Arrio-Dupont (1978) was employed so that [Cl~] was held 

constant at 1.6 M, and [Na+] = 1.6 M - [Cs+]. The ordinate 

is (relative fluorescence observed in the absence of 

quencher / relative fluorescence observed at the given 

quencher concentration). The abscissa is the concentration 

of quencher, here cesium. The concentration of OASS-A was 

2.5 |1M (protomer) . Buffer was 400 mM Na + Hepes, pH 7.0. 
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Figure 10. Difference spectrum for the fluorescence 

emission of S. typhimurium OASS-A in the presence and 

absence of 0.64 M CsCl. The emission spectrum taken in the 

presence of 0.64 M CsCl and 0.96 M NaCl was subtracted from 

that observed in the presence of buffer and 1.6 M NaCl. 

The ordinate is relative fluorescence, and the abscissa is 

wavelength in nm. Experimental conditions are further 

described in the legend to Figure 9. 
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Figure 11. Fluorescence emission spectra of S. 

typhimurium apo-OASS-A in the presence of a pyridoxal 5'-

phosphate (PLP) at a molar ratio of 2.25:1. The upper 

curve at 340 nm is the spectrum taken immediately upon 

mixing apoenzyme and PLP. The lower curve represents the 

spectrum taken after 8 h incubation in the dark subsequent 

to mixing. Excitation wavelength was 295 nm. The ordinate 

is relative fluorescence, and the abscissa is wavelength in 

nm. Estimated protomer concentration was 4.4 |JJM. Buffer 

was 100 mM potassium phosphate, pH 7.0. 
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Figure 12. Stern-Volmer plot of quenching of apo-OASS-A 

fluorescence by cesium. Buffer was 0.1 M Na+ Hepes, pH 

7.0. Excitation wavelength was 295 nm. Estimated protomer 

concentration was 4.4 |JM. 
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Figure 13. Difference spectrum for the fluorescence 

emission of S. typhimurium apo-OASS-A in the presence and 

absence of 2 M CsCl. The emission spectrum taken in the 

presence of 2 M CsCl and 0.575 M KC1 was subtracted from 

that observed in the presence of buffer and 2.575 M KC1. 

Buffer was 0.1 M Na+ Hepes, pH 7.0. The ordinate is 

relative fluorescence, and the abscissa is wavelength in 

nm. Excitation wavelength was 295 nm. Estimated protomer 

concentration was 4.4 |JM. 
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Figure 14. Fluorescence emission spectrum of S. 

typhimurium OASS-A in the presence or absence of acetate. 

The upper curve at 500 nm represents the spectrum of OASS-A 

in the presence of 1 M sodium acetate. The lower curve is 

the spectrum in the presence of buffer only. The ordinate 

is relative fluorescence, and the abscissa is wavelength in 

nm. Buffer was 0.25 M potassium phosphate, pH 6.87. 

Excitation was at 298 nm. The concentration of OASS-A was 

2 .5 |XM (protomer) . 
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Figure 15. Dependence on pH of enhancement by acetate of 

OASS-A fluorescence. The abscissa is the negative common 

log of the dissociation constant for acetate from its 

complex with enzyme; the ordinate is the pH. Points are 

experimental values while the line is the best fit of 

equation (2) to the experimental data. Details of data 

analysis are given in Chapter II. 
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Figure 16. Fluorescence emission spectra of S. 

typhimurium OASS-A in the presence and absence of L-

cysteine. OASS-A at a protomer concentration of 2.5 in 

0.25 M K + phosphate, pH 10.34, was excited with 298 nm 

light in the presence of 500 JIM L-cysteine (upper curve) or 

buffer only (lower curve). The ordinate is relative 

fluorescence, and the abscissa is wavelength in nm. 
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Figure 17. Dependence on pH of enhancement by L-cysteine 

of OASS-A fluorescence. The abscissa is the negative 

common log of the dissociation constant of L-cysteine from 

its complex with enzyme. This dissociation constant is 

denoted by Y in equation (3). The ordinate is the pH. 

Points are values from experiments, while the line 

represents the best fir of equation (3) to the data. 

Details of data analysis are given in Chapter II. 
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Figure 18. Fluorescence emission spectrum of S. 

typhimurium OASS-A in 1,4-dioxane. A stock solution of 

OASS-A at a protomer concentration of 125 |1M in 0.1 M Na+ 

Hepes, pH 7.0, was diluted 1:50 into 1,4-dioxane and mixed 

thoroughly. The fluorescence emission spectrum of this 

mixture was then taken. Excitation wavelength was 2 98 nm. 

The ordinate represents relative intensity of fluorescence, 

while the abscissa represents wavelength of emission. 
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CHAPTER IV 

DISCUSSION 

Fluorescence spectrum of OASS-A. The fluorescence 

emission spectrum of OASS-A (Figure 3) is consistent with 

expectation for an enzyme containing at least one 

tryptophan residue and one PLP Schiff base. Upon 

excitation in the range 280-298 nm (emission being 

independent of the wavelength of excitation if a single 

fluorophore is emitting; Arrio-Dupont, 1978), tryptophan 

residues in proteins will emit in the range 324-350 nm 

(Burstein et al., 1973). The blue extreme (324 nm) 

indicates protection of the side chain from the aqueous 

solvent in a hydrophobic environment; the red extreme 

(close to 350 nm) indicates full exposure of the residue to 

aqueous solvent. The emission maximum of OASS-A in the 

range 335-338 nm falls between these two extremes. Since 

the primary structure of the enzyme is known to contain two 

tryptophans (Byrne et al., 1988), there are two plausible 

interpretations of the 335-338 nm peak. The first is that 

each of the two residues is exposed to solvent to a 

similar, meaningful extent, so that each residue is neither 

highly exposed to solvent nor completely buried in the 

88 
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hydrophobic interior of the protein. The other 

interpretation is that the 335-338 ran peak is a convolution 

or average of two peaks, one from the emission of a 

relatively buried tryptophan and the other from a 

tryptophan more fully exposed to solvent. It is difficult 

to distinguish between these possibilities. Since OASS-A 

is present in solution as a catalytically active dimer, 

there is also the formal possibility that the 335-338 nm 

peak is an average of quite different contributions from 

each protomer. Since there is no evidence for half-sites 

reactivity, in which only one protomer at a time would be 

catalytically active, there is no reason to favor this 

latter interpretation. 

The longer wavelength emission peak, at 500 nm in native 

enzyme, is consistent with what has been seen in other 

systems for emission of PLP Schiff bases in aqueous 

environments at neutral pH (Arrio-Dupont, 1970) . The 

excitation spectrum for the 500 nm emission (Figure 4) is 

also consistent with the expected excitation spectrum of a 

PLP Schiff base emitting at that wavelength. Electronic 

transitions involving only the pyridine ring (7U to 7U*) 

would absorb radiation in the 280 nm range (the B-band), 

while those involving the extended conjugation of the PLP 

Schiff base (also % to K*) would absorb in the 410-415 nm 

range (the K-band; Silverstein et al., 1981). The re-



90 

emission of absorbed radiation in the neighborhood of 500 

nm reflects both the aqueous nature of the solvent in which 

the Schiff base is found (Shaltiel & Cortijo, 1970) and the 

equilibrium of tautomers of the PLP Schiff base present at 

neutral pH (Arrio-Dupont, 1970) . 

There does not appear to be a specific effect on OASS-A 

fluorescence of the monovalent cations most frequently used 

as counterions in common buffers (Tables I and IV). 

Instead, an increase in ionic strength is in general 

accompanied by a relative quenching of the longer-

wavelength peak and enhancement of the shorter-wavelength 

peak (high values of F1/F2). Even cesium cation can be 

seen to exert this effect (Table I) , as was observed also 

in the case of aspartate aminotransferase (Arrio-Dupont, 

1978). Fluorescence emission also appears reasonably 

independent of the buffers employed in the studies 

presented here (Table IV). Even at the extremes of pH 

required for fuller characterization of OASS-A, both the 

short-wavelength and the long-wavelength emission peaks 

were observed and their behavior thus able to be studied 

(Table IV). 

Effect of substrate binding on intrinsic fluorescence. 

There is little change in the emission at 335-338 nm upon 

the binding of the substrate O-acetyl-L-serine (OAS). The 

500 nm emission is much more sensitive to the presence of 
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substrate. If the 500 nm emission is the result of direct 

excitation of the PLP Schiff base by incident radiation, 

its diminution in the catalytic intermediate formed upon 

OAS binding means that either the environment of the 

internal aldimine is much different from that of the 

external aldimine or the tautomeric equilibrium has shifted 

in favor of a less fluorescent species. If the 500 nm 

emission is the result of energy transfer from a tryptophan 

residue to PLP, the diminution could be interpreted as a 

change in the relative orientation of or in the distance 

between the tryptophan donor(s) and the PLP Schiff base 

acceptor(s), or simply a quenching of the PLP Schiff base 

emission itself. Long wavelength emission of PLP Schiff 

bases occurs in catalytic intermediates of tryptophan 

synthetase (Goldberg et al, 1968; York, 1972; Strambini et 

al., 1992a,b). However, the long wavelength emission is 

present, in free OASS-A holoenzyme but is virtually absent 

in the catalytic intermediate. Neither the second 

substrate, sulfide, nor any of its analogs, nor the OAS 

analog L-serine, quenches the longer wavelength emission 

(Table II). This supports a conclusion that OAS interacts 

in a distinctive manner with free enzyme, and that its 

binding to enzyme involves its acetyl moiety as well as the 

amino nitrogen required for attack at C-4' of PLP. 

Effect of product binding on intrinsic fluorescence. 
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Data obtained at neutral pH (Table III) are consistent with 

the existence of a complex between OASS-A and the product, 

acetate. A methyl group as such is not required for 

product binding, since trifluoroacetate, an isostere of 

acetate, elicits the same enhancement of intinsic 

fluorescence. Therefore an explanation of product binding 

based primarily on hydrophobic interactions finds no 

support. Instead, it appears that substitution of even 

three chlorines for the methyl hydrogens does not abolish 

the ability of a product analog to bind, as evidenced by 

the enhancement evoked by trichloroacetate. Hence there 

does not appear to be much if any steric hindrance to the 

binding of the portion of the molecule opposite the 

carboxylic acid moiety. Finally, since propionate also 

seems to be accommodated by the putative acetate-binding 

site, a three-carbon chain does not preclude binding. 

(This is reminiscent of the finding of Cook & Wedding 

(197 6) that propionate can reverse the changes in the 

absorption spectrum caused by OAS binding.) Therefore, it 

is reasonable to hypothesize that orientation of the 

carboxylate group into a binding site on enzyme may be a 

determinant of acetate binding. 

Steady-state fluorescence techniques are more difficult 

to adapt to the study of cysteine binding to OASS-A at 

neutral pH. Cysteine absorbs to such an extent in the 
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wavelength range used for excitation of aromatic residues 

(6280 = 0-11 mM - 1 cm-1; Fasman, 1989) that studies at 

cysteine concentrations of tens of mM are not practical. 

Since these data are not available, one cannot conclude 

that the cysteine carboxylate necessarily binds at a site 

distinct from that bound by acetate, simply because only 

low concentrations of cysteine can be employed in steady-

state fluorescence studies. However, the presence of 

reductant does not appear appreciably to affect cysteine's 

ability to enhance OASS-A fluorescence (Table V). On the 

basis solely of experiments performed at neutral pH, it 

would be unclear whether any role in binding to enzyme 

should be ascribed to the cysteine thiol. This ambiguity 

does not remain, however, at high pH (see below). 

Quenching of intrinsic fluorescence. The linearity of 

the Stern-Volmer plot for quenching of the 335-338 nm 

emission by acrylamide (Figure 6) indicates that acrylamide 

quenches a population of fluorophores more or less 

uniformly accessible to solvent. The Kgy of 2.3 M - 1 falls 

into the low end of the normal range of values for a Stern-

Volmer constant for acrylamide. This could mean that the 

fluorescence lifetimes of the fluorophores quenched are 

rather short, or that acrylamide collides with them at a 

relatively low rate. Although from first principles and 

the evidence at hand it is impossible to distinguish 
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between these alternatives, empirical evidence in other 

proteins favors a low rate constant for collision (Eftink 

and Ghiron, 1976). That is, the fluorophores in OASS-A 

that are quenched by acrylamide are not particularly 

accessible to solvent. The fact that the peak of the 

difference spectrum (339.4 nm; Table VI) is very near the 

peak for the emission spectrum for native enzyme (335-338 

nm; Figure 3; Table I) is best interpreted as meaning that 

acrylamide quenches fluorescence from each of the 

tryptophans in OASS-A to a similar degree, or that one 

tryptophan is completely inaccessible to solvent. 

Iodide quenches a heterogeneous population of 

fluorophores, as inferred from the curvature in the Stern-

Volmer plot (Figure 7). The rather low value, 2.0 of 

Kgy (Figure 8) again indicates fluorophores not 

particularly highly exposed to solvent. The maximum of the 

difference spectrum (Table VI) indicates that the 

environment of the tryptophan residues quenched by iodide 

is not much different from that of the tryptophans giving 

rise to the fluorescence emission in native enzyme. 

The of the difference spectrum (Figure 10) 

indicates that cesium is quenching fluorescence of at least 

one non-tryptophan fluorophore. The linearity of the 

Stern-Volmer plot (Figure 9) indicates quenching of 

fluorophores uniformly exposed to solvent, but the very low 
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value, 0.4 M~l, of Kgy suggests that quenching is very 

inefficient. A reasonable interpretation is that a 

cationic site is near the fluorophores that cesium is 

quenching. It is possible that a portion of PLP Schiff 

base short-wavelength fluorescence (Amax = 430 nm; Arrio-

Dupont, 1970) is quenched by cesium, as is some of the 

tryptophan fluorescence. 

Apoenzyme preparation as a probe of enzyme structure. 

The Dowhan and Snell (1970) procedure has been adapted to 

form apo-OASS-A. It was necessary to add high 

concentrations of the first substrate OAS to the dialysis 

bag immediately prior to dialysis against the imidazole 

buffer. When excess OAS was not added, the spectrum of the 

enzyme after dialysis did not differ appreciably from that 

of native holoenzyme. This raises the question of the 

mechanism by which this procedure causes apoenzyme 

formation in the case of OASS-A. Although cysteine attacks 

C-4' of PLP in the classic scheme of Shaltiel et al. 

(1967), it is not clear whether that is occurring in the 

case of OASS-A. Since some precipitation did occur, it may 

be important both to keep DTT as a component of the 

dialysis buffer and also to consider purging the system 

with nitrogen. 

Dowhan and Snell (1970) claimed that the apo-D-serine 

dehydratase they prepared had no detectable absorbance at 
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410 nm and that they could restore the 99.9% of the 

enzymatic activity that was lost in the apoenzyine by 

incubation with equimolar or greater concentrations of PLP. 

The absorption spectrum of apo-OASS—A still had a positive 

value, but not a peak, at 412 nm , though this could be the 

result of light-scattering rather than chromophore 

absorbance. 

Cook and co-workers (1992) have used 3ip nuclear 

magnetic resonance to establish that the binding of the 5'-

phosphate of PLP in OASS-A holoenzyme is quite avid and 

relatively insensitive to pH changes in the range 6.5 to 

8.4. Therefore, the evident failure to form a variant 

holoenzyme by incubating apo-OASS-A with pyridoxal can be 

interpreted as being consistent with a hypothesis that the 

interaction between the 5'-phosphate and its binding site 

is a predominant driving force for the interaction of PLP 

with apo-OASS-A. This conjecture is further substantiated 

by the success at reconstituting a species with a 

fluorescence spectrum similar to that of OASS-A holoenzyme 

upon incubation of apo-OASS-A with PLP (Figure 11). The 

results of reconstitution and of experiments in which 

apoenzyme and holoenzyme were compared directly are 

consistent with a model in which a substantial fraction (at 

least 40%) of the tryptophan emission evident in apoenzyme 

is quenched in holoenzyme. This quenching is concomitant 
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with appearance of the 500 nm peak and is consistent with a 

model in which singlet-singlet excitation transfer occurs 

between at least one tryptophan residue and the PLP Schiff 

base. Further evidence in favor of this model is gained 

when it is noted that both iodide and acrylamide quench the 

long wavelength emission, but at an efficiency much lower 

than that with which they quench the short wavelength 

emission (high values of F^/F2 in Table VI). 

The cesium quenching of apoenzyme fluorescence (Figures 

12, 13) is consistent with a model in which a fluorophore 

not shared by apoenzyme and holoenzyme is the source of the 

longer-wavelength emission quenched by cesium in 

holoenzyme. It is reasonable to conclude that a fraction 

of the fluorescence of the PLP Schiff base is quenched by 

cesium in holoenzyme. However, the low efficiency of 

quenching indicates either a low degree of solvent 

accessibility of the quenched residues or the presence of 

cationic sites near the fluorophores to be quenched. The 

virtual identity of the values for Kg-y for cesium obtained 

with holoenzyme (0.4 M~l) and apoenzyme (0.39 M~l) favors a 

model in which at least one of the tryptophan residues is 

in a predominantly cationic environment. 

pH-dependence of fluorescence enhancement by products 

as a structural and mechanistic probe. Enhancement of 

long-wavelength fluorescence in OASS-A by either product 
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proceeds without concomitant quenching of the short-

wavelength emission. If singlet-singlet transfer caused 

the enhancement, one would expect a decrease in the 

shorter-wavelength emission. One would also observe a 

change in shorter-wavelength emission if a shift in 

tautomeric equilibrium occurred. 

Shaltiel and co-workers sought to explain the appearance 

of the 535 nm emission peak in phosphorylase b by 

comparing its fluorescence spectrum in aqueous solution to 

spectra obtained from model PLP Schiff bases in a series of 

nonaqueous solvents (Shaltiel & Cortijo, 1970; Cortijo et 

al., 1971; Cortijo et al., 1976). Arrio-Dupont (1970) 

likewise compared the fluorescence spectra of aspartate 

aminotransferase to those of model PLP Schiff bases at 

several values of pH. Metzler and co-workers examined the 

absorption spectra of Schiff bases of PLP and analogs with 

certain amines at various values of pH (Metzler et al., 

1980). Dunn and co-workers have assigned spectral peaks 

observed during the tryptophan synthetase catalytic cycle 

to particular intermediates (Houben et al, 1989; Houben & 

Dunn, 1990). Recently, Strambini and co-workers (1992a,b) 

have investigated the basis for the long-lived, long-

wavelength luminescence of the PLP cofactor bound to 

tryptophan synthetase. These are the principal sources of 

data in the literature that provide a framework for 
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interpreting the fluorescence spectra of OASS-A. 

Shaltiel and co-workers recorded fluorescence spectra of 

phosphorylase b in aqueous buffer at several values of pH 

and of the Schiff base of PLP with n-hexylamine in a 

series of nonaqueous solvents. On the basis of their 

observation that the maximum emission of PLP Schiff bases 

tended to occur at longer wavelengths, toward 535 nm, in 

less polar solvents, and at shorter wavelengths in aqueous 

solutions, Shaltiel and co-workers concluded that the 

environment of the Schiff base of PLP with lysine in 

phosphorylase b was hydrophobic in nature (Shaltiel & 

Cortijo, 1970; Cortijo et al., 1971; Cortijo et al., 1976). 

The findings of Shaltiel and co-workers can be applied to 

interpret the fluorescence emission spectrum of OASS-A. 

Since the longer-wavelength emission maximum of OASS-A is 

near 500 nm, it is reasonable to conclude that the PLP 

Schiff base in OASS-A is exposed to aqueous solvent. The 

model compound studies of Cortijo would suggest that the 

blue-shift in the long-wavelength fluorescence of an 

aqueous solution of OASS-A diluted into dioxane (Figure 18) 

reflects a fuller exposure of the PLP Schiff base to water 

molecules in the solvent mixture. However, the full 

structural basis for this spectral change, similar to that 

induced by acetate (Figure 14) or L-cysteine (Figure 16), 

merits further investigation. 
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Data collected by Arrio-Dupont (1970) also are relevant 

to interpretation of OASS-A fluorescence spectra. Arrio-

Dupont synthesized Schiff bases of PLP with valine and 

recorded their fluorescence spectra at various values of 

pH. She observed emission maxima of 430 nm and 500 nm at 

values of pH between 6 and 11. Arrio-Dupont attributed the 

430 nm emission to a PLP tautomer that absorbs maximally at 

330 nm, and the 500 nm emission to a PLP tautomer that 

absorbs maximally at 280 nm and 410 nm. The excitation 

spectrum for the 500 nm emission of OASS-A in neutral, 

aqueous buffer has maxima near 284 nm and 412 nm. These 

data are consistent with the presence in substrate-free 

OASS-A of a PLP Schiff base. Since the enzymatic reaction 

products affect the 500 nm emission but not the 430 nm 

emission, their binding appears to affect the fluorescence 

of only one of the forms of the PLP Schiff base that might 

be present at neutral pH. Therefore a shift in tautomeric 

equilibrium cannot account for all the spectral changes 

presented in this dissertation. 

The findings of Metzler and co-workers (1980) bear 

directly upon the interpretation of the OASS-A fluorescence 

spectra. Whereas Arrio-Dupont examined the fluorescence 

spectra of model Schiff bases, Metzler and co-workers 

examined the absorption spectra of several Schiff bases 

under a variety of conditions. Their finding that is most 
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relevant to interpretation of the OASS spectra is that PLP 

Schiff bases absorb to some degree at 298 nm, no matter the 

pH, and hence no matter the predominant tautomeric form of 

PLP Schiff base present. Therefore the observation that 

the 430 nm emission of OASS-A is insensitive to product 

binding, and that the 500 nm emission is quite sensitive, 

strengthens the following conclusion: binding of product to 

OASS-A affects the fluorescence of only one tautomer of PLP 

Schiff base. Restated, this means that product binding 

does not affect the equilibrium between tautomers of PLP 

that might be present in OASS-A. 

Dunn and co-workers have used stopped-flow methods and 

alternative substrates to examine the optical properties of 

intermediates along the reaction path of tryptophan 

synthetase |3 subunit (Houben et al, 1989; Houben & Dunn, 

1990). The absorption maxima of several intermediates have 

been identified and assigned to particular structures. 

However, the fluorescence emission maxima of these 

compounds have not all been examined directly. Therefore, 

while the work of Dunn and co-workers provides a useful 

paradigm for untangling a complex series of rapid 

reactions, it does not provide information directly 

relevant to assignment of fluorescence emission maxima to 

particular intermediates along the OASS-A reaction path. 

Strambini and co-workers (1992 a,b) have recently 
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investigated the phosphorescence and fluorescence of 

tryptophan synthetase multimeric apoenzyme, holoenzyme, and 

reduced holoenzyme. The Strambini group found long-

wavelength phosphorescence and fluorescence in holoenzyme. 

They attributed a delayed 520 nm fluorescence to triplet-

singlet energy transfer from an excited tryptophan residue 

to the PLP Schiff base in holoenzyme. Singlet-singlet 

transfer from tryptophan to the PLP Schiff base was also 

postulated as a mechanism to account for certain of their 

observations. The 500 nm region was the portion of the 

fluorescence spectrum that was most affected by the binding 

of ligands to the enzyme. Given the degree of homology in 

both primary structure and reactions catalyzed between 

tryptophan synthetase (3 subunit and OASS-A, it is tempting 

to conclude that similar phosphorescence and fluorescence 

phenomena might well be observed in OASS-A. A more 

conservative interpretation is that the Strambini findings 

show that 500 nm fluorescence emission in a PLP-dependent 

enzyme can be directly affected by ligand binding without 

other portions of the emission spectrum changing greatly. 

If, as stated above, product binding does not affect the 

equilibrium between tautomers of PLP, enhancement of the 

500 nm emission by ligand binding may be due to an increase 

in the efficiency of nonradiative energy transfer from a 

donor to the PLP Schiff base acceptor. Possibilities for 
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nonradiative transfer include singlet-singlet (Forster) 

transfer, singlet-triplet transfer, triplet-singlet 

transfer, triplet-triplet transfer, and electron exchange 

transfer (Turro, 1978). 

A steady-state spectrophotofluorometer, such as the one 

used in the experiments described in this dissertation, is 

best equipped to detect emission resulting from decay of 

the excited singlet state. More sophisticated equipment is 

required to detect directly the emission resulting from 

decay of the triplet state. When acetate or L-cysteine 

binds to OASS-A, the emission in the vicinity of 338 rim is 

virtually unaffected. Therefore it would appear that the 

decay of the excited singlet state of tryptophan residues 

is not affected by binding of either of these ligands. 

However, since emission in the 500 nm region is enhanced, 

decay of the excited singlet state of the PLP Schiff base 

is being affected. If a nonradiative process of energy 

transfer is occurring upon product binding in which 

tryptophan is donor and the PLP Schiff base is acceptor, it 

must therefore involve the triplet state of tryptophan and 

the singlet state of the PLP Schiff base. 

The delayed fluorescence observed by Strambini and co-

workers (1992a,b) in tryptophan synthetase was attributed 

to triplet-singlet energy transfer from an excited 

tryptophan residue to the PLP Schiff base in the 
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holoenzyme. The Strambini group claimed that this was the 

first report of triplet-singlet energy transfer for a 

protein-cofactor pair. 

Another possibility for the mechanism of enhancement is 

electron exchange transfer (Turro, 1978). Electron 

exchange transfer requires the donor and acceptor to be 

physically close, within a few van der Waals radii. If r 

is the distance between donor and acceptor, the efficiency 

of electron-exchange transfer is proportional to e~r. It 

follows, for example, that the donor-acceptor distance must 

be decreased by 38% for a five-fold increase in efficiency 

of electron-exchange transfer to occur. 

Triplet-singlet transfer also requires the donor and 

acceptor to be physically close, but in this case the 

efficiency of transfer is proportional to r~6 (Turro, 

197 6). If their relative orientation remains unchanged, a 

five-fold increase in efficiency of triplet-singlet 

transfer would require only a 24% decrease in the donor-

acceptor distance. 

It is not possible to conclude solely on the basis of 

the work presented here whether or not the orientation 

between either tryptophan residue and PLP changes once 

ligand is bound. However, a correlate of the enhancement 

of acceptor fluorescence would be an increase in the 

lifetime of its excited state. The hypothesis of triplet-
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singlet transfer could be tested if the lifetimes of the 

338 and 500 nm emissions could be measured directly in the 

presence or absence of ligand. If the lifetime of the 338 

nm emission remained unchanged but that of the 500 nm 

emisson were considerably lengthened, then the hypothesis 

would be supported. 

Implications with regard to enzyme mechanism. 

Derivatization of the methyl group of acetate does not 

preclude its interaction with enzyme. Therefore acetate's 

carboxylate moiety is implicated in formation of an enzyme-

product complex. Both L-cysteine and L-cystine similarly 

enhance long-wavelength fluorescence at pH above 10. Hence 

one may conclude that the product's thiol group is not the 

sole determinant of binding of L-cysteine to enzyme. The 

enhancement of 500 nm fluorescence by L-penicillamine at 

neutral pH indicates that derivatization of the methylene 

bridge does not preclude binding. Therefore the 

carboxylate or amino group of L-cysteine is likely involved 

in binding to enzyme. 

It remains to assign to a group on product or enzyme the 

pK for each enhancement process. In the case of acetate, 

there is an enzyme group with pK 7.2 which, when 

protonated, causes quenching of the long-wavelength 

fluorescence otherwise elicited by acetate. Likewise, for 

cysteine, a group on enzyme with pK 8.0 must be 
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unprotonated for enhancement of the long-wavelength peak to 

occur. From the respective V/K profiles (specifically the 

pK of 8.7-8.9; Nalabolu et al., 1992) it has been concluded 

that, for OAS or (3-chloroalanine to bind to OASS-A to form 

a catalytically competent complex, the (X-amino group of 

each must be protonated. A group on enzyme is then thought 

to remove a proton from the a-amino group so that the a-

amino nitrogen can attack C-4' of the PLP internal 

aldimine. It is a formal possibility that this same group, 

when unprotonated, allows enhancement of fluorescence by 

product to occur, but quenches the product-induced 

fluorescence when protonated. However, the pK for each 

enhancement process is well determined (standard error < 

0.1) and at least 0.7 pH units from the pK inferred from 

the V/K profiles. Therefore a conclusion that catalysis 

and either quenching process require protonation of the 

same group is not warranted. By similar logic, there is no 

reason to believe that enhancement by acetate (pK 7.2) and 

enhancement by cysteine (pK 8.0) share a requirement for 

deprotonation of the same group on enzyme. 

Summary. At least one of the two tryptophan residues 

in OASS-A is exposed somewhat to aqueous solvent, and at 

least one of the tryptophans is likely found near a 

cationic group on enzyme. The longer—wavelength emission 

observed upon excitation of the E form of holoenzyme with 
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298 nm light is due to fluorescence of the PLP Schiff base. 

Some of this long-wavelength fluorescence is likely due to 

direct excitation by incident radiation. However, the 

concomitant quenching of 340 nm emission and enhancement of 

500 nm emission observed upon reconstitution of apoenzyme 

with PLP support the conclusion that some of the long-

wavelength emission of E is due to singlet-singlet transfer 

from at least one tryptophan residue to the PLP Schiff 

base. Enhancement of 500 nm fluorescence by either 

enzymatic reaction product without quenching of shorter-

wavelength fluorescence is consistent with triplet-singlet 

transfer from one or both of the tryptophan residues to the 

PLP Schiff base. 

Enhancement of OASS-A long-wavelength fluorescence by 

each product requires deprotonation of a different group on 

enzyme. Enhancement by acetate is insensitive to 

substitution on the methyl group. Likewise, substitution 

at the thiol or the methylene bridge does not affect the 

enhancement elicited by L-cysteine. Free enzyme (E) likely 

binds the carboxylate moiety of acetate and the carboxylate 

or amino group of L-cysteine. 

Current efforts to determine the three-dimensional 

structure of OASS-A and to characterize various forms of 

the enzyme prepared by site-directed mutagenesis will put 

these conclusions to the test. 
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