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Initial velocity studies of O-acetylserine sulfhydrylase-B 

(OASS-B) from Salmonella typhimurium using both natural and 

alternative substrates suggest a Bi Bi ping pong kinetic 

mechanism with double substrate competitive inhibition. The 

ping pong mechanism is corroborated by a qualitative and 

quantitative analysis of product and dead-end inhibition. 

Product inhibition by acetate is S-parabolic noncompetitive, 

indication of a combination of acetate with E followed by 

OAS. These data suggest some randomness to the OASS-B 

kinetic mechanism. The pH dependence of kinetic parameters 

was determined in order to obtain information on the acid-

base chemical mechanism for the OASS-B reaction. A mechanism 

is proposed in which an enzyme general base accepts a proton 

from a-amine of O-acetylserine, while a second enzyme general 

base acts by polarizing the acetyl carbonyl assisting in the 

^-elimination of the acetyl group of O-acetylserine. The e -

amine of the active site lysine acts as a general base to 

abstract the a-proton in the (i-elimination of acetate. At 

the end of the first half reaction the e-amine of the active 

site lysine that formed the internal Schiff base and the 

general base are protonated. The resulting a-aminoacrylate 

intermediate undergoes a Michael addition with HS~ and the 



active site lysine donates its proton to the a-carbon to give 

cysteine and regenerate enzyme to start the second half 

reaction. In addition, substrate specificity, 

stereochemistry of the internal Schiff base at C4', and 

sequence around active site lysine of O-acetylserine 

sulfhydrylase-A have been determined. The [4'-

^H]pyridoxamine generated by reduction of the internal Schiff 

base with sodium [^H]borohydride retained most of its tritium 

after incubation with apoaspartate aminotransferase. These 

results agree with the hypothesis put forth by Dunathan 

(Dunathan, 1971; Dunathan and Voet, 1974) that a single 

surface (Re face) of the active site PLP is accessible to 

solvent. The sequence around the active site lysine is 

AsnProSerPheSerValLysCysArg. 
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CHAPTER I 

INTRODUCTION 

Cysteine biosynthetic pathway. In nature, sulfur 

exists in a wide range of oxidation states. The oxidized and 

reduced forms of sulfur can be interconverted by various 

organisms. The instability of sulfide in an aerobic 

environment necessitates that oxidized forms of inorganic 

sulfur be taken up and intracellularly reduced to sulfide. 

The resultant biosynthetic pathway is branched with serine 

transacetylase on one arm, the activities associated with 

sulfate uptake and reduction on the other, and O-acetylserine 

sulfhydrylase at the point of convergence as shown in Scheme 

1 (Kredich, 1992). The metabolism of the most highly 

oxidized form of sulfur, sulfate, begins with the entrance of 

sulfate into the cell. Both Escherichia coli and Salmonella 

typhimurium have an efficient sulfate permease which also 

transports thiosulfate (Hryniewicz and Kredich, 1991). The 

uptake of sulfate is followed by activation and reduction 

reactions before it can be utilized metabolically. There are 

two forms of activated sulfate, adenosine 5'-phosphosulfate 

(APS) and 3'-phosphoadenylsulfate (PAPS). They are formed in 

two sequential enzyme-catalyzed reactions involving sulfate 



Scheme 1. The pathway of cysteine biosynthesis in Salmonella 

typhimurium and E. coli. Genes encoding 

activities are in parentheses. The branched, 

convergent pathway has three arms. Sulfate is 

transported into the cell and reduced to sulfide 

along one arm and reacts with O-acetylserine, the 

product of a second arm, to form cysteine. 

Thiosulfate is transported into cell along the 

third arm and reacts with O-acetylserine to form S-

sulfocysteine, which is then reduced to cysteine. 

O-acetylserine sulfhydrylase-A and -B are encoded 

by cys K and cys M, respectively (Kredich, 1992). 

The abbreviations are: APS, adenosine 5'-

phosphosulfate; PAPS, 3'-phosphoadenosine 5'-

phosphosulfate. 
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adenylyl transferase (ATP-sulfurylase) and adenylyl sulfate 

kinase (APS kinase). ATP-sulfurylase and APS kinase are 

specified by cys D and cys C genes, which in Salmonella 

typhimurium are closely linked and probably contiguous 

(Demerec et al. 1963). 

PAPS sulfotransferase catalyzes the transfer of the 

sulfonyl moiety of PAPS to a thiol acceptor to form an 

acceptor-S-SC>3-1 derivative (Tsang and Schiff, 1978) . The 

PAPS sulfotransferse is specified by cys H. The next step is 

the six-electron reduction of sulfite to sulfide catalyzed by 

sulfite reductase (Siegel et al. 1973). The sulfite 

reductase in E coli is a complex enzyme which is composed of 

two different polypeptides, (X and p. The a and (5 

polypeptides are specified by cys J and cys I, which are 

contiguous. 

The last two steps of the biosynthesis of L-cysteine 

from L-serine can be described in eqs. 1 and 2: 

L-Serine + Acetyl CoA O-Acetyl-L-serine + CoA (1) 

O-Acetyl-L-serine + S2~ Acetate + L-Cysteine (2) 

This pathway in E coli and Salmonella typhimurium was first 

demonstrated by Kredich and Tomkins (1966). It is clear that 



O-acetylserine, rather than serine, is the immediate precusor 

of the carbon moiety of cysteine. 

Serine transacetylase catalyzes the acetylation of L-

serine by acetyl CoA to form O-acetyl-L-serine (OAS), and 0-

acetylserine sulfhydrylase (OASS) catalyzes the 

sulfhydrylation of OAS by inorganic sulfide to form L-

cysteine (Becker and Tomkins, 1969). It was observed that 

STA and OASS are physically associated to form a multienzyme 

complex, cysteine synthase, which accounts for 5% of the 

total cellular OASS activity, the remaining 95% existing 

uncomplexed (Kredich et al., 1969). OAS at concentrations of 

1CT4 M or greater causes cysteine synthase to dissociate to 

free STA and OASS-A. The cysteine synthase complex can be 

reconstituted by mixing resolved STA and OASS-A in the 

absence of OAS, the resulting complex has sedimentation, gel 

filtration, and kinetic characteristics identical to those of 

the original cysteine synthase complex (Kredich et al., 

1969). The complex has a molecular weight of 309,000, but 

it aggregates to multimers of twice and four times that size 

(Kredich et at., 1969). The stoichiometry of complex 

dissociation indicates that it is composed of a single 

160,000 dalton molecule of STA and two 68,000 dalton 

molecules of OASS-A. 

The kinetic properties of STA are complex, and in 

studies of the cysteine synthase complex, K m values for 



serine and acetyl CoA were found to be influenced by 

effectors such as acetyl CoA and cysteine (Cook and Wedding, 

1978) . Cysteine is a potent inhibitor of STA, with a Kj_ of 

10~6 M at 0.1 mM acetyl CoA for STA either free or in complex 

with OASS (Kredich et al., 1969). Thus, cysteine regulates 

its own cysteine biosynthetic pathway through feedback 

inhibition. 

Two OASS isozymes, -A and -B, have been described in 

Salmonella typhimurium (Becker et al., 1969). Both isozymes 

catalyze the formation of cysteine from OAS and sulfide. The 

B-isozyme can also use thiosulfate in place of sulfide to 

give S-sulfocysteine (Nakamura et al., 1984), which is 

subsequently reduced to cysteine. The exact mechanism by 

which S-sulfocysteine is converted to cysteine has not been 

determined, but could involve hydrolysis to cysteine and 

sulfate or reduction by glutathione to cysteine and sulfite 

(Woodin and Segel, 1968) . This third branch of the pathway, 

which requires thiosulfate uptake, provides an alternative 

means for cysteine biosynthesis, which eliminates the need 

for sulfate reduction (Nakamura et al., 1983). 

OASS-A and -B are both pyridoxal 5'-phosphate-dependent 

enzymes and are homodimeric with reported subunit MWs of 

34,450 (Levy and Danchin, 1988) and 27,500 (Nakamura et al. 

1984), respectively. The large excess of the A isozyme over 

the B isozyme during aerobic growth indicates that the former 



accounts for the majority of L-cysteine synthesis from 0-

acetyl-L-serine and sulfide (Hulanicka et al., 1979; Kredich, 

1971). Unlike the A isozyme, the B isozyme is thought to be 

required for efficient cysteine biosynthesis during anaerobic 

growth (Filutowicz et al., 1982) . 

The OASS-A has previously been shown to have a ping pong 

kinetic mechanism that requires the ^-elimination of acetate 

from OAS in the first half reaction to generate (X-

aminoacrylate in Schiff base with the active site PLP (Cook 

and Wedding, 1976). The Michael addition of sulfide to the 

a-aminoacrylate intermediate then occurs in the second half 

reaction to produce the final product L-cysteine. Two dead-

end complexes, E:sulfide and F:0AS, were observed consistent 

with the ping pong nature of the mechanism (where F is (X-

aminoacrylate in Schiff base with the active site PLP). The 

identity of the reactions catalyzed by O-acetylserine 

sulfhydrylases-A and -B make it of interest to determine the 

kinetic mechanisms and substrate specificities of the two 

enzymes. 

UV-visible spectra of OASS-A exhibit absorbance maxima 

at 280 and 412 nm with pH-independent extinction coefficients 

over the range 5.5-10.8 (Cook et al., 1992). Addition of OAS 

to enzyme results a shift in the absorbance maxium from 412 

to 470 nm, indicating the formation of a-aminoacrylate Schiff 

base intermediate (Cook and Wedding, 197 6). The spectrum of 



the intermediate is also pH independent from 5.5-9.2 (Cook et 

al., 1992). The sulfdrylase-A was also shown to catalyze an 

OAS deacetylase activity in which OAS is degraded to 

pyruvate, ammonia, and acetate. The rate of disappearance of 

the oc-aminoacrylate intermediate decreases below a pK of 8.1, 

reflecting the deprotonation of the active-site lysine that 

originally formed the Schiff base with PLP in free enzyme. 

Enzymatic reactions requiring pyridoxal 5r-phosphate. 

Pyridoxal 5'-phosphate (PLP) is an obligate coenzyme for the 

great majority of enzymes catalyzing chemical change at the 

a - , p - , or y-carbon of the common a-amino acids. The role of 

PLP is to act as an "electron sink" to stabilize carbanionic 

intermediates that develop during enzymatic catalysis. This 

particular electrophilic catalysis is very efficient because 

the cationic imine is in conjugation with the heteroaromatic 

pyridine ring to provide extensive charge delocalization. 

All PLP-dependent enzymes thus function via (1) initial imine 

formation, (2) chemical changes via carbanionic intermediate, 

and (3) hydrolysis of a product imine (Walsh, 197 9). 

Reactions catalyzed by the PLP-dependent enzymes can be 

divided into three major categories, according to whether 

they catalyze transformation at the (X-, (3-, or y-carbon of an 

amino acid, with subdivisions of each catagory (Braunstein, 

1972) : 



1. a-carbon reactions 

a. transamination 

b. racemization 

c. decarboxylation 

2. (i-carbon reactions 

a. elimination 

b. replacement 

3. y-carbon reaction 

a. elimination 

b. replacement 

H H H 
I I I 

R — f y - f p - f s " 0 0 0 " 
Y X NH3

+ 

generalized amino acid 

The removal the a-hydrogen (eq. 3) gives a key 

intermediate that may react in different ways. (1). Addition 

of the proton back to the amino acid will lead to 

racemization unless it is done stereospecifically. (2). 

Addition of a proton to the carbonyl carbon of the pyridoxal 

leads to a compound that is the Schiff base of an a-keto acid 

and pyridoxamine. Hydrolysis of the Schiff base gives the a-

keto acid and pyridoxamine, which may react with a different 

a-keto acid to reverse the sequence. 

H 

Y <^i 
R> .CO, 

-H* 

-H4^ 
(3) 
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In addition to racemization and transamination, 

decarboxylation can also occur at the a-carbon. The external 

aldimine formed by condensation of PLP and an amino acid 

substrate can act as an electron sink to allow 

decarboxylation (eq. 4). The quinonoid intermediate can add 

a proton to the amino acid carbonyl carbon and then 

hydrolysis to give the amine and pyridoxal or it can add the 

proton to the pyridoxal carbonyl carbon and then hydrolyze to 

the aldehyde and pyridoxamine. 

(4) 

A number of PLP-dependent enzymes catalyze 

transformation at the (3-carbon of a-amino acids when the 

substrates possess substituents at the |5-carbon that can 

function as good leaving groups (Kumagai and Miles, 1971). 

The leaving group can be COO-, OH, OR, SH (or SR), a halogen 

such as CI, or an aromatic nucleus such as a phenyl or indole 

ring (Table 1). The initial intermediate generated on loss 
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Table 1. Substrates with a good leaving group at the f3-carbon 

Generalized Substrate Structure R Substrate 

R — C — C — COO' 

iW 

COO- Aspartate 

OH Serine 

SH Cysteine 

CI |3-Chloroalanine 

Indole Tryptophan 

Phenol Tyrosine 
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of the leaving group will be an a-aminoacrylate adduct with 

the coenzyme. The a-aminoacrylate adduct can break down 

chemically, either to the free eneamino acid followed by 

tautomerization to iminopyruvate, or via a prototrophic shift 

and hydrolysis to alanine. 

Although there are a wide variety of PLP-dependent 

enzymes that carry out transformations at the p-carbon, there 

are also a few enzymes able to effect chemical change at the 

y-carbon. As in the P-carbon reactions, reactions can be 

divided into two types, elimination and replacement. The y-

elimination reaction produces an a-keto acid product, whereas 

y-replacement leads to an a-amino acid product (Davis and 

Metzler, 1972). The enzymes operating at the substrate y-

carbon abstract the a-hydrogen as a proton at an early step. 

The unique requirement of this class of reactions is the 

necessity for subsequent formation of a P~carbanion as well 

by labilization of a substrate (3-hydrogen. The electron 

density at the (3-carbon is then used to provide assistance 

to elimination of the y-substituent Y (eq. 5). This event 

generates the conjugated P, y-unsaturated imine intermediate, 

which is common to both y-elimination and y-replacement 

routes. Elimination then involves protonation of the y-carbon 

and subsequent imine hydrolysis, while y-replacement involves 

attack by a replacement nucleophile. 
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Typically, PLP serves as an essential coenzyme for the 

amino acid decarboxylases. However, several decarboxylases, 

such as histidine decarboxylase and aspartate decarboxylase, 

exist in forms, one at least contains PLP and a second 

requires pyruvate as a covalently bound, catalytically 

essential prosthetic group (van Poelie and Snell, 1990). The 

role of the pyruvyl group is similar to PLP. The initial 

step is formation of a Schiff base with the amino acid, which 

acts as an electron sink to stabilize the carbanionic 

intermediates that develop during the catalytic cycle. 

HB\ 

H 

HR^ 

HB / 1 

1 

H*c-T>c
/CO: 

HB\ 

H HB / E 

lijC555 C \ / C 02 
C 

+ Y" 
(5) 

To illustrate the types of chemical change catalyzed by 

PLP-dependent enzymes, two of the most studied reactions will 

be considered below. The first is aspartate aminotransferase 
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which generates a pyridoxamine 5'-phosphate intermediate by 

carrying out a 1,3-prototrophic shift. The second is 

tryptophan synthase, a multienzyme complex in which the (3-

subunit catalyzes a (^-replacement reaction very similar to 

those catalyzed by OASS. 

Aspartate aminotransferase. Aspartate aminotransferase 

(AATase; EC 2.6.1.1) is a PLP-dependent enzyme that 

reversibly interconverts the dicarboxylic substrates 

aspartate and a-ketoglutarate with glutamate and oxalacetate 

(eq. 6) . 

L-aspartate+a-ketoglutarate » oxalacetate+L-glutamate(6) 

AATase is the most extensively studied enzyme among 

approximately 60 aminotransferases; moreover, it is the best 

studied member of the whole family of vitamin Bg-dependent 

enzymes. The mechanism of this enzyme is relatively well 

understood. An abundance of information has been obtained 

concerning its physical, kinetic, and spectral properties 

(Braunstein, 1972). Velick and Vavra (1962) have shown that 

the enzyme catalyzes a ping-pong reaction; aspartate 

transfers its amino group to the cofactor PLP and dissociates 

as oxalacetate prior to the addition to OC-ketoglutarate, 

which accepts the amino group and dissociates as L-glutamate. 

In 1954 Meister et al. demonstrated that apo-AATase could be 
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equally activated by PLP and PMP. These data were consistent 

with spectrophotometric studies that interaction with 

glutamate or aspartate results in conversion of the PLP form 

of the enzyme to the PMP form and that the reaction is 

reversed on addition of a-ketoglutarate or oxalacetate 

(Jenkins et al., 1957; Lis et al., 1960). 

Various AATases were isolated in homogeneous form from 

animal tissues (Martinez-Carrion et al., 1967; Orlacchio et 

al., 1979), bacteria (Yagi et al., 1979; Yagi, et al., 1976; 

Powell and Morrison, 1978), fungi (Schreiber et al., 1964; 

Yagi et al., 1982; Kitto et al., 1967), and plants (Ellis and 

Davies, 1961; Reed and Hess, 1975). It is evident that all 

the AATases studied have a common catalytic mechanism. 

Characteristic spectral features of AATase in the visible and 

near-UV region are due to the coenzyme chromophore. In 

weakly acid solutions (pH~5) the enzyme is bright yellow and 

displays a 430 nm absorbance band that gradually diminishes 

on raising the pH from 5 to 8, whereas another band at 362 nm 

increases in intensity and the enzyme turns almost colorless. 

Chemical and X-ray crystallographic studies suggested that 

4'-aldehydic group of PLP forms an internal Schiff base with 

the E-amino group of Lys-258 in the eukaryotic (Arnone et al., 

1985) and E coli isozymes (Smith et al., 1989). (Numbering is 

based on that of the pig heart cytoplasmic isozyme.) Jenkins 

and Sizer (1957) suggested that the 430 nm absorption band 
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corresponds to the protonated form of the Schiff base with a 

hydrogen bond between the imine nitrogen and the 3'-phenolic 

group of PLP whereas 362 nm band belongs to the nonprotonated 

form (eq. 7). Reduction of the internal aldimine by sodium 

borohydride results in irreversible inactivation of the 

enzyme and formation of the secondary amine with a pH-

independent 332 nm band. The PMP form of the enzyme also 

displays a pH-independent band at the same wavelength. It is 

noteworthy that all PLP derivatives bound to the protein, and 

lacking a double bond in conjugation with the pyridine ring 

have an absorption maximum in the 330—335 nm region. 

R 
I 

r ^ + v e - H* 
I e nrr ® ' t i r ° + i r ®" t i r ~ < 7 ) 

N 
H+ 

430 nm 362 nm 

The acid-base chemical mechanism for pig heart AATase 

has been determined using the pH dependence of kinetic 

parameters (Velick and Vavra, 1962; Kiick and Cook, 1983). A 

general acid-base mechanism for the first half reaction is 

proposed as shown in Scheme 2. The nitrogen of the Schiff 
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Scheme 2. Proposed chemical mechanism of aspartate 

aminotransferase 
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base between the £-amino group of lysine-258 and PLP must 

accept a proton from the amino group of aspartate to form a 

hydrogen bond to the phenolic oxygen of the coenzyme. The 

subsequent step is the formation of the gem-diamine, which 

collapses to form the protonated external aldimine and free 

lysine, followed by production of a quinonoid then rearranges 

to a ketimine, then facilitating attack by water to form a 

carbinolamine. The carbinolamine is protonated at nitrogen 

and subsequently collapses, aided by the lysine amino to give 

the a-keto acid, pyridoxamine, and protonated lysine-258. 

Once the a-keto acid is released, E-PMP is obtained on which 

the e-amino group of lysine 258 and the pyridoxamino group of 

the coenzyme may be hydrogen bond (Ivanov and Karpeisky, 

1969). Lysine-258, which originally participates in the 

Schiff base, acts as a single base catalyst during the 

conversion of aspartate and E-PLP to oxalacetate and E-PMP. 

The chemical mechanism of the second half reaction for the 

conversion a-ketoglutarate and E-PMP to glutamate and E-PLP 

is then the reverse of the first half reaction. 

Tryptophan synthase. Tryptophan synthase 

(E.C.4.2.1.20) from bacteria, yeasts, molds, and plants 

catalyzes the final two reactions in L-tryptophan 

biosynthesis (Miles et al., 1987). The enzyme in all 

bacterial species examined is an (X2P2 complex with MW 
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143,000. The a subunit (Mr = 29,000) alone catalyzes the 

cleavage of indole-3-glycerol phosphate to indole and D-

glyceraldehyde phosphate (eq. 8). The (3 subunit (Mr = 44, 000) 

usually exists as a dimer, contains two molecules of PLP per 

molecule of dimer, and catalyzes the synthesis of L-

tryptophan from indole and L-serine (eq. 9) . 

a reaction: Indole 3-glycerol-phosphate Indole 

+ D-glyceraldehyde 3-phosphate (8) 

P reaction: Indole + L-serine L-tryptophan + H2O (9) 

0$ reaction: Indole 3-glycerol-phosphate + L-serine 

L-tryptophan + H2O (10) 

Although the separate a and |3 subunits have activity in 

the CC and P reactions, respectively, the (X2P2 complex has a 

higher activity in these reactions. The CX2P2 complex also 

has a higher affinity for substrates than the separated a and 

P subunits. In the overall a[3 reaction, the indole produced 

at the active site of the (X subunit is transported to the 

active site of the P subunit where it undergoes a pyridoxal 

phosphate-dependent ( 3 - r e p l a c e m e n t reaction with L-serine to 

yield L-tryptophan. Although early experiments by Yanofsky 

and Rachmeler(1958) and Creighton (197 0) showed that indole 
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does not appear as a free intermediate in the a|3 reaction, 

these results could not distinguish whether the sites at 

which the a and (3 reactions were catalyzed were juxtaposed or 

connected by a channel. The presence of a channel or tunnel 

has recently been established by crystallographic studies 

(Hyde et al., 1988) . 

The three-dimensional structure of the tryptophan 

synthase OC2P2 multienzyme complex from Salmonella 

typhimurlum has been solved to a resolution of about 2.5 A. 

The four subunits are arranged in an extended afJfkx order with 

an overall length of 150 A. The two a subunits are at 

opposite ends of the complex on the two sides of the central 

P subunit dimer. The active centers of the neighboring a and 

P subunits are 25 A apart and are connected by a tunnel with 

a diameter equal to or greater than the greatest dimension of 

indole. The tunnel probably provides a pathway for the 

internal diffusion of indole between two active sites and 

prevents the escape of indole to the^solvent. 
c 

The reaction catalyzed by the (X subunit of tryptophan 

synthase is the reversible cleavage of indole 3-glycerol 

phosphate to yield indole and D-glyceraldehyde 3-phosphate. 

A reaction mechanism for the OC reaction was proposed by Miles 

et al.(1988) as shown in Scheme 3. The cleavage of the C3f-

C3 bond in indole 3-glycerol phosphate is activated by 

tautomerization of the indole ring to yield an indolenine 
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Scheme 3. Proposed chemical mechanism of a-reaction of 

tryptophan synthase. 
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tautomer, which has a tetrahedral carbon at C3'. The 

tautomerization is facilitated by general acid-base 

catalysis. The general acid protonates the indole ring at 

C3', while the general base abstracts the proton on N-l of 

the indole ring. The actual bond cleavage to produce indole 

and glyceraldehyde 3-phosphate is then catalyzed by a third 

enzyme group acting as a general base, which removes a proton 

from the C3 hydroxyl group. It is possible that a single 

residue could serve as and B3. X-ray crystallographic and 

site-directed mutagensis studies have suggested that Glu-4 9 

and Asp-60 are likely to be the B3 and B2 groups in Scheme 3, 

respectively (Nagata et al., 1989; Yutani et al., 1987; Hyde 

et al., 1988). 

The (3 subunit of tryptophan synthase catalyzes a number 

of PLP-dependent reactions including (^-replacement, (3-

elimination, transaldimination, and isomerization reactions. 

The mechanism of these reactions has been investigated by a 

large number of spectroscopic and kinetic studies. In the (3-

replacement reaction, L-serine and several other amino acids 

including ( 3 - c h l o r o - L - a l a n i n e , L-cysteine, and O-methyl-L-

serine are substrates for the (3 subunit and the OC2P2 complex 

of tryptophan synthase (Kumagai and Miles, 1971). The 

nucleophilic replacement substrate can be indole, (3-

mercaptoethanol, or derivatives of indole. The principle 
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steps that have been proposed for the P-replacement reactions 

are illustrated in Scheme 4 (Miles, 1986). The reaction 

proceeds through a series of pyridoxal-phosphate-substrate 

intermediates consistent with the general mechanism of 

pyridoxal-catalyzed reactions. The steps in the reaction 

with L-serine can be summarized as follows. The amino group 

of L-serine adds to the internal Schiff base to form a gem-

diamine intermediate followed by expulsion of the enzyme 

lysyl residue to form the external aldimine. The aldimine is 

then convered to a quinonoid intermediate by the loss of the 

a-proton of L-serine, which then eliminates the hydroxyl 

group to form the a-aminoacrylate intermediate. The (X-

aminoacrylate intermediate can either add a nucleophile or be 

hyhrolyzed to an a-keto acid and ammonia. 

Studies Carried out in this Dissertation. In this 

dissertation, I have determined the kinetic and chemical 

mechanism of O-acetylserine sulfhydrylase-B as described in 

the main body of the dissertation. In addition, two 

appendices are included. Appendix A details the 

determination of the substrate specificity of O-Acetylserine 

sulfhydrylase-A, while appendix B outlines the determination 

of the stereochemistry at C-4' of the internal aldimine and 

the sequence around the active site lysine of O-acetylserine 

sulfhydrylase-A from Salmonella typhimurium. 
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Scheme 4. Proposed chemical mechanism of (3-reaction of 

tryptophan synthase. 
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CHAPTER II 

EXPERIMENTAL PROCEDURES 

Chemicals. O-Acetyl-L-serine, (i-chloro-L-alanine, 

maleic acid, DTNB, DTT, NaSCN, Na2S, acetate, D2O, and KOD 

(99 atom % D) were obtained from Sigma. The reduced form of 

DTNB, TNB, was prepared fresh prior to use by reduction with 

DTT in slight molar excess to DTNB. The TNB was then used 

without further treatment. Neither reduced nor oxidized DTT 

has any effect on the OASS reaction. All other reagents and 

chemicals were obtained from commercially available sources 

and were of the highest quality available. 

Enzymes. O-Acetylserine sulfhydrylase-A from 

Salmonella typhimurium LT-2 was purified by an adaptation of 

the method of Hara et al. (1990) using HPLC (Tai, et al., 

1993). Purification of OASS-B made use of the procedure 

outlined below. 

Crude Extract. Approximately 350 g of Salmonella 

typhimurium LT-2 wet cell paste was thawed and resuspended in 

twice the volume (680 ml) of 20 mM Hepes, pH 7.6. Cells were 

sonically disrupted with a Heat Systems sonicator, Model W-

385, in 100- to 150-ml batches at 5 min/batch at 4° C. Cell 

28 
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debris was removed by centrifugation at 13,000g for 60 min at 

3° C. The supernatant fluid is considered the crude extract. 

Streptomycin Sulfate Precipitation. The crude extract 

was diluted at room temperature with an equal volume of 20 mM 

Hepes and the pH was adjusted to 7.6. A volume of 10% 

streptomycin sulfate in 20 mM Hepes equal to one-half of 

total volume of the diluted crude extract was then slowly 

added at room temperature. The crude extract with 

streptomycin sulfate added was allowed to stand for 30 min at 

3° C and was then centrifuged at 13,0005r for 45 min at 3° C. 

The pellet was discarded and the supernatant fluid was used 

for the salt fractionation. 

Ammoniumm Sulfate Fractionation. Solid ammonium sulfate 

was then added at room temperature to 40% saturation (243 

g/liter). The resulting precipitate was removed by 

centrifugation at 13,000g for 10 min at 3° C. The pellet was 

discarded and ammonium sulfate was added to the supernatant 

at room temperature to 70% saturation (205 g/liter). The 

mixture was then centrifuged at 13,000g for 10 min at 3° C. 

The pellet was then redissolved in the smallest volume of 20 

mM Hepes, pH 7.6, and dialyzed against 16-20 liters of the 

same buffer for 18-20 hrs at room temperature. The dialysate 

was centrifuged at 13,000g for 10 min at 3° C to remove 

material that precipitated during dialysis. The remaining 

steps were carried out at room temperature. 
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Q-Sepharose. Fast Flow Column Chromatography. The 

supernatant fluid was applied to a Q-Sepharose column (2.5 x 

40 cm) quilibrated with 20 mM Hepes, pH 7.6. The column was 

then developed with a 2-liter 0 to 0.5 M NaCl gradient in 20 

mM Hepes, at a flow rate of 1.6-1.8 ml/min. Ten-milliliter 

fractions were collected and was monitored. Column fractions 

were assayed using TNB as a substrate and the 96 well ELISA 

plate reader assay as described below. 

DEAE-5PW Column Chromatography. Fractions containing 

OASS-B activity were pooled, concentrated and dialyzed 

against 10 mM Hepes, pH 8. The sample was loaded onto a 

DEAE-5PW (Toso Haas, 21.5 mm x 15 cm) column and developed as 

follows. The column was first washed with 100 % A for 10 min 

followed by a linear gradient from 0 % to 20 % B for 10 min, 

20 % to 80 % B for 90 min, and 80 % A to 100 % B for 10 min. 

Eluant A was 10 mM Hepes, pH 8 and eluant B consisted of 

eluant A with 0.5 M NaCl. A flow rate of 3 mL/min was 

maintained and fractions were collected every 1.5 min. The 

OASS-B activity was pooled, concentrated and dialyzed 

overnight against 1.2 M (NH4)2SC>4, 10 mM Hepes, pH 8. 

Ether-5PW Column Chromatography. The pooled fractions 

were loaded onto an Ether-5PW (Toso Haas, 21.5 mm x 15 cm) 

column. The column was washed with 100 % A for 10 min, 

followed by a linear gradient from 0 % to 30 % B for 90 min, 

and 30 % to 100 % B for 10 min. Eluant A was 1.2 M 
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(NH4)2SC>4, 10 mM Hepes, pH 8, while eluant B was 10 mM Hepes, 

pH 8. The flow rate was again maintained at 3 mL/min and 

fractions were collected every 1.5 min. Fractions were 

assayed as above and those containing OASS-B activity were 

pooled, concentrated and dialyzed against 10 mM Hepes, pH 8 

overnight. 

HP-PEI Column Chromatography. The pooled sample was 

then loaded onto a HP-PEI (Interaction Chemicals Inc., 7.8 mm 

x 10 cm) column. The column was washed with 100 % A for 10 

min, followed by a linear gradient from 0 % to 20 % B for 10 

min, 20 % to 80 % B for 90 min, and 80 % to 100 % B for 10 

min. Eluant A was 10 mM Hepes, pH 8, while eluant B was A 

plus 0.5 M NaCl. A flow rate of 1 mL/min was maintained and 

fractions were collected every 2 min. Fractions were assayed 

as above and those containing OASS-B were pooled. A 12 % SDS 

gel was run to check for purity. The gel showed one band 

corresponding to a subunit molecular weight of approximately 

31,000 to 33,000, similar to that of OASS-A. 

OASS-B was also obtained from the overproducing strain 

Salmonella typhimurium by the procedure as follows. Strain 

DW378 (cysK~, cysW) of Salmonella typhimurium with plasmid 

pRSM17 containing the cys M gene (Monroe and Kredich, 1988) 

was obtained from Dr. Nicholas Kredich, Department of 

Medicine and Biochemistry, Duke University. OASS-B from 

DW378 pRSM17 was purified by a procedure identical to that 
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for OASS-B from wild type. After the ammonium sulfate step, 

ether 5-PW and DEAE 5-PW columns were used to but with 

smaller gradients than used for wild type because of the 

smaller cell quantity was used. 

Ether-5PW Column Chromatography. After 70 % 

fractionation, the dialysate was loaded onto an Ether-5PW 

(Toso Haas, 21.5 mm x 15 cm) column. The column was washed 

with a linear gradient from 0 % to 30 % B for 60 min. Eluant 

A was 1.2 M (NH4)2SC>4, 10 mM Hepes, pH 8, while eluant B was 

10 mM Hepes, pH 8. The flow'rate was again maintained at 3 

mL/min and fractions were collected every 1.5 min. Fractions 

were assayed as above and those containing OASS-B activity 

were pooled, concentrated and dialyzed against 10 mM Hepes, 

pH 8 overnight. 

DEAE-5PW Column Chromatography. Fractions containing 

OASS-B activity were pooled, concentrated and dialyzed 

against 10 mM Hepes, pH 8. The sample was loaded onto a 

DEAE-5PW (Toso Haas, 21.5 mm x 15 cm) column and developed as 

follows. The column was washed with a linear gradient from 0 

% to 80 % B for 60 min. Eluant A was 10 mM Hepes, pH 8 and 

eluant B consisted of eluant A with 0.5 M NaCl. A flow rate 

of 3 mL/min was maintained and fractions were collected every 

1.5 min. About 6 mg of OASS-B can be obtained from 10 g of 

cells. 

A convenient method for the assay of complete column 



33 

effluents was developed based on the use of the chromophoric 

TNB as a substrate for the sulfhydrylase. The system 

consists of a 96 well microtiter plate and an Elisa plate 

reader (Bio-Rad model 2550) with a 414 nm wavelength filter. 

Reaction mixtures were 0.25 ml in volume per well with the 

following final reaction component concentrations: 100 mM 

Hepes, pH 7; 50 |IM TNB, and 10 mM OAS. The reaction was 

initiated by the addition of 150 (J.1 of water plus sample. 

The water, buffer, sample and TNB are added to each well and 

allowed to react at room temperature for 15 min. After 15 

min, a reading is obtained at 0 and 2 min to measure a 

background rate (usually not significant). The OAS is then 

added, and the plate is read at 0, 4 and 8 min intervals. A 

rate is calculated for each well from the disappearance of 

absorbance at 414 nm/min. 

Enzyme Assays. Two assays were used to monitor the 

OASS reaction dependent on the identity of the second 

substrate. Either the disappearence of sulfide was monitored 

using a computer assisted sulfide ion selective electrode 

assay (Hara et al., 1990) or the disappearance of TNB was 

followed spectrophotometrically at 412 nm (Cook et al., 

1991) . 

The computer-assisted sulfide ion selective electrode 

assay has been developed by Hara et al. (1990), allows a 

continuous monitor of sulfide disappearance, collecting the 
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initial velocity for the rate of the volatilization of H2S. 

The OASS enzyme activity was monitored continuously using the 

sulfide ion selective electrode (Orion Model 94-16A) with a 

double-junction calomel reference electrode (Orion Model 90-

02-00) (Cook and Wedding, 1976). Both electrodes were fitted 

with connectors and attached to a signal buffer. The output 

from the signal buffer is routed in parallel to a Goerz 

Mettrawatt SE 4 60 chart recorder and a Keithley Model 575 

data acquisition and control system. The Model 575 is 

connected to a Packard-Bell AT computer equipped with a 

Keithley IBIN-A interface set to a base address of D0F8 hex 

(Scheme 5). All data were collected and analyzed according 

to a BASIC computer program. 

The sulfide ion selective electrode gives a potential 

that is a logarithmic function of sulfide concentration. 

Standard curves for sulfide were determined as a function of 

pH using standardized sulfide solutions. Sulfide ion 

selective electrode assays were carried out in a 30-ml glass 

reaction vessel equipped with a water jacket and magnetic 

stirrer. The temperature was maintained at 25° C using a 

Precision circulating water bath. Standard assays were 

conducted in 100 mM Hepes, pH 7, containing final 

concentration of 2 mM OAS and 10 |1M sodium sulfide. The 

reaction was initiated by the addition of enzyme. Reactions 

were carried out as follows. OAS was added first, followed 
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Scheme 5. Block diagram of sulfide assay system. 
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by sulfide, and the reaction mixture was allowed to stand for 

approximately 200 s to allow the rate of volatization of 

sulfide to be measured. The sulfhydrylase reaction was then 

initiated by the addition of OASS-B. 

It has been observed that the sulfide standard curve has 

a tendency to drift slightly with the age and condition of 

the AgS membrane of the sulfide ion selective electrode. As 

a result, the standard curve was repeated daily as described 

previously (Hara et al., 1990) as a check of the equation 

used by the computer to calculate sulfide concentration. In 

addition, it is important to be certain the membrane is 

polished prior to use. This can be accomplished using ORION 

polishing strips, as suggested in the accompanying 

literature. After polishing, the electrode is rinsed and 

soaked in a standard sulfide solution for about 5 minutes 

prior to use. 

The disappearence of TNB at 412 nm resulting from 

formation of S-(3-carboxy-4-nitrophenyl)-L-cysteine (S-CNP-

cysteine) is also a good continuous monitor of the OASS-B 

reaction (Scheme 6). Data were collected using a Gilford 250 

spectrophotometer equipped with a strip-chart recorder. A 

typical assay in a final volume of 1 ml contained the 

following: Hepes, pH 7, 100 mM; OAS, 2 mM; TNB, 0.05 mM; and 

the reaction was initiated with 0.7 (ig of OASS-B. Initial 



38 

Scheme 6. Reaction catalyzed by OASS with TNB as the 

nucleophilic substrate. 
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rates were calculated using an £412 of 13,600 M-lcm~l for TNB 

(Ellman, 1959). The pH of the reaction mixture was measured 

with a Radiometer PHM 82 pH meter with a combined 

microelectrode before and after sufficient data were 

collected for determination of initial velocities. All 

experiments were carried out at 25° C, using a circulating 

water bath to maintain a constant temperature of the 

thermospacers in the cell compartment. Data were collected 

using a 1 cm light path for data collected to 0.15 mM TNB and 

a 0.1 cm light path at higher concentrations with overlapping 

concentrations used in both pathlength cells. 

Calibration of sulfide solutions. Sulfide solutions 

were calibrated directly using DTNB. Increase in absorbance 

at 412 nm as a result of the formation 5-thio-2-nitrobenzoate 

was monitored. An effective extinction coefficient of 680 

M-lcm-l was used to calculate sulfide concentration, because 

each mole of sulfide generates 2 moles of TNB. The 

difference in absorbance at 412 nm was then used to calculate 

sulfide concentration. 

Ultraviolet-Visible Spectral Studies. Absorbance 

spectra were measured on a Hewlett-Packard Model 84 52A 

spectrophotometer. Spectra were obtained using 0.18 mg/mL 

OASS-B in the absence and in the presence of 2 mM OAS as a 

function of pH. The following buffers were used over the pH 
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range indicated at a final concentration of 100 mM: Mes, 5.5-

6.5; Hepes, 6.5-8.0; Ches, 8.5-9.5. 

NMR Studies. 1-H-NMR spectra of the reaction mixture 

with OAS and TNB were measured using a Varian XL-300 NMR 

spectrometer in the absence and presence of OASS-B 

(Department of Chemistry, Texas Christian University, with 

the help of Dr. David E. Minter). All reactants were 

prepared in D2O and the pH was adjusted with KOD. In a 0.8 

mL reaction mixture the following were present: trace amount 

of DSS, 10 mM TNB, 100 mM OAS and 20 mM Hepes, pH 7. The 

reaction was initiated by the addition of 8 (1 g of OASS-B and 

spectra were recorded in 5 mm NMR tubes using the following 

parameters: spectral width 3333.4 Hz, acquisition time 2.4 65 

seconds, relaxation delay 1 second, and a pulse width of 50 

degrees. A total of 64 scans were averaged to obtain the 

spectra. Complete conversion to S-CNP-cysteine occurred in 

24.5 hrs. Standard spectra of TNB and DTNB were also 

obtained under identical conditions at a fixed concentration 

of 10 mM. 

-'-H-NMR chemical shifts of OAS (Scheme 7) are as follows: 

d 2.13 (s, 3H, 21-H), 4.07 (t, 1H, J = 4.5 Hz, 2-H), 4.50 (d, 

2H, J = 4.5 Hz, 3-H) ppm. ^H-NMR chemical shifts of TNB are 

as follows: d 7.26 (d, 1H, J = 2.1 Hz, 6-H), 7.38 (dd, 1H, J 

= 8 . 6 and 2.1 Hz, 4-H), 7.83 (d, 1H, J = 8.9 Hz, 3-H) ppm. 

1H-NMR chemical shifts of DTNB are as follows: d 7.62 (d, 1H, 
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Scheme 7. Chemical structures of OAS, TNB, S-CNP-cysteine, 

and N-acetylserine. 
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J = 2.3 Hz, 6-H), 7.69 (dd, 1H, J = 8.9 and 2.3 Hz, 4-H), 

8.08 (d, 1H, J = 8.9 Hz, 3-H) ppm. -1-H-NMR chemical shifts of 

aromatic protons on S-CNP-cysteine: d 7.4 6 (d, 1H, J = 1.9 

Hz, 6-H), 7.56 (dd, 1H, J = 8.9 and 2.1 Hz, 5-H), 8.10 (d, 

1H, J = 8.9 Hz, 3-H) ppm. ^-H-NMR chemical shifts of N-

acetylserine: d 2.06 (s, 3H, 2'-H), 3.81 (dd, 1H, J = 11.5, 

5.9 Hz, 3-Ha), 3.87 (dd, 1H, J = 11.5, 4.1 Hz, 3-Hb), 4.29 

(dd, 1H, J = 5.9, 4.1 Hz, 2-H) ppm. Numbers listed for 

protons are according to Scheme 7. 

Initial Velocity Studies. Initial velocity patterns 

were obtained by varying one reactant over a range of 

concentrations less than K m and if possible greater than the 

Kj for substrate inhibition at different fixed levels of the 

second spanning values below K m to above the Kj for substrate 

inhibition where possible. Product and dead-end inhibition 

patterns were obtained by measuring the velocity at varying 

concentrations of one reactant with the second maintained at 

K m and at several different concentrations of inhibitor 

including zero. 

pH Studies. All TNB assays were carried out using a 

Gilford 250 spectrophotometer equipped with a strip-chart 

recorder to measure the disappearance of TNB at 412 nm. The 

temperature was maintained at 25° C using a circulating water 

bath to heat and cool the thermospacers of the cell 
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compartment. Reaction cuvettes were 1 cm in path length and 

1 ml in volume when concentration of TNB was less than 0.15 

mM, while 0.1 cm pathlength cuvettes were used at higher TNB 

concentrations. All sulfide ion selective electrode assays 

were carried out in a 30-ml glass reaction vessel equipped 

with a water jacket and magnetic stirrer to measure the 

disappearance of the sulfide dianion. The temperature was 

maintained at 25° C using a Precision circulating water bath. 

Initial velocity patterns were obtained as a function of 

pH when S^- was used as a substrate under conditions in which 

one substrate was varied while the other was maintained at 

its Km. The pH was maintained using a mixed buffer at 50 mM 

each of the following: Mes, Hepes, and Ches. The pH was 

recorded before and after initial velocity data were 

recorded. The V/Ks for OAS/TNB or BCA/TNB were determined by 

maintaining the concentration of the nonvaried substrate at a 

level one-tenth of its Kj and varying the other substrate 

when TNB was used as an alternative substrate. The V m a x 

values were obtained by varying both substrates in constant 

ratio. The pH was measured before and after initial velocity 

data were recorded. 

Solvent deuterium isotope studies. Solvent deuterium 

isotope effects were measured by repeating the (V) and 

D20(v/k) for BCA/TNB and normalizing to data in H2O collected 

at pH 8 with the same enzyme stock solution. The V and V/K 
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in D2O were obtained identically to the V and V/K obtained in 

H2O except that all reagents were prepared in D2O and the pD 

were adjusted with KOD or DC1. The pD was calculated by 

adding 0.4 to the pH meter reading to compensate for the 

solvent isotope effect on the glass electrode (Schowen, 

1977). The pD was measured before and after initial velocity 

data were collected. 

Data Processing. Reciprocal initial velocities were 

plotted as a function of reciprocal substrate concentrations. 

Data were fitted using the appropriate rate equations and the 

Fortran programs of Cleland (197 9) . Individual saturation 

curves were fitted to eq. 11. Data for linear competitive, 

uncompetitive and noncompetitive inhibition were fitted using 

eqs. 12-14, respectively, while data for acetate product 

inhibition vs. OAS with TNB as the second substrate were 

fitted using eq. 15 reflecting S-parabolic noncompetitive 

inhibition. Initial velocity data conforming to a ping pong 

mechanism with double competitive substrate inhibition were 

fitted using eq. 16. 

v = VA/(Ka + A) (11) 

v = VA/[Ka(l + 1/Kis) + A] (12) 

v = VA/[Ka + A(1 + I/Kii)] (13) 
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v = VA/[Ka(l + I/Kis) + A(1 + I/Kii)] (14) 

,v = VA/[Ka(l + I/Kis + I
2/K i sK i s 2) + A(1 + I/Ki± )] (15) 

•< "* 1 

v = VAB/(KbA[l + A/K i a] + KaB [1 + B / K I B ] + AB) (16) 

In eqs. 11-16, v and V represent initial and maximum 

velocities, respectively; K a and are K m values for A and 

B, respectively; K^s and are slope and inhibition 

constants, while K^S2 is the slope inhibition constant for 

the combination of acetate to enzyme in other than its normal 

capacity as a product, and Kj^ and Kjg are substrate 

inhibition constants for A and B, respectively; A, B, and I 

represent reactant and inhibitor concentrations, 

respectively. 

log y = log [C/(l + H/K]̂ ) ] (17) 

log y = log [C/(l + K^/H) ] (18) 

log y = log [C/(l + H/Kx + K2/H)] (19) 

log y = log [C/(l + H/K1 + H
2/K1K2)] (20) 
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Data for pH profiles which decreased with a slope of 1 

at low pH were fitted using eq. 17. Data for pH profiles 

which decreased with a slope of -1 at high pH were fitted 

using eq. 18. Data for pH profiles which decreased with a 

slope of, 1 at low pH and decreased with a slope of -1 at high 

were fitted using eq. 19. Data for pH profiles which 

decreased with a limiting slope of 2 at low pH were fitted 

using eq. 20. In eqs. 17-20, K]_ and K2 represent acid 

dissociation constants for enzyme or substrate groups, y is 

the values of V or V/K at any pH, C is the pH-independent 

value of y, and H is the hydrogen ion concentration. 

v = VA/[Ka(l + FiEv/K) + A(1 +FiEv)] (21) 

Data for solvent deuterium isotope effect were fitted 

using eq. 21. is the fraction of D2O in solvent, Ey/K
 an<3 

Ey are the isotope effects on V/K and V, respectively, and 

all other parameters are as described above. 

In all cases, the best fit for the data was chosen on 

the basis of the lowest value of the standard errors of the 

parameters and the lowest value of O. Sigma is defined as 

the sum of the squares of the residuals divided by the 

degrees of freedom, where degrees of freedom is equal to the 

number of points minus the numbers of parameters (Cleland, 

197 9). The standard errors for the same kinetic parameter 
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obtained under different experimental conditions were 

obtained from equation 22: 

S. E. = Mean V (s.e. /parameter)2/n (22) 

where S.E. is the standard error for individual parameter and 

n denotes the total number of parameters. 



CHAPTER III 

RESULTS 

Standard Curves. The sulfide electrode has been 

characterized by Hseu and Reichnitz (1968). The voltage 

produced is a function of S 2 - concentration. The electrode 

is specific for S 2 - and does not detect either of the other 

protonation states of H2S. A standard curve obtained using 

the electrode has the general form 

(EMF vs SCE) = b + m log[S2~] (23) 

where (EMF vs SCE) is potential expressed in millivolts and 

[S2-] is in molar concentration. Thus a plot of mV vs 

log[S2-] is linear with an intercept of b and slope m. The 

acid dissociation constants for deprotonation of H2S are = 

10~12 m ancj = 10"7 M. As a result, the complete equation 

correcting for the pH dependence of S2~ is given as 

(EMF vs SCE) = b + m log{[S2-]/( 1 + 

[H+]/K1+[H
+]2/K1K2)} (24) 

50 
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or, in its rearranged form, 

(EMF vs SCE) = [ b - m log ( 1 + [H+J/Ki + [ H + ] 2 / K ^ ) ] 

+ m log[s2~] (25) 

Note that it is the intercept value that is lowered as the pH 

is decreased, resulting in a lower effective S 2 -

concentration. Thus, at low pH, an apparent intercept that 

is a function of the instrinsic intercept and a correction 

term for the concentrations of H2S and HS - will be observed. 

At pH values above pK]_, the correction term becomes 

negligible and the intrinsic intercept is observed (Hara et 

al., 1990). 

Although no chemical has been reported to interfere 

sulfide electrode reading, high concentrations of OAS have 

been observed to lower the sulfide potential. Table 2 

illustrates the potential of the sulfide electrode in the 

absence and the presence of 1 mM, 10 mM, and 100 mM OAS. 

When OAS concentration is higher than 10 mM, one must correct 

the difference of the sulfide reading by calibrating the 

standard curves in the presence of OAS. 

Spectral Studies. The absorbance spectrum for OASS-B 

has values at 280 and 412 nm with a ratio of about 4.8 

for A28o/a412* Addition of OAS produces a decrease in the 

absorbance at 412 nm with resultant increases at 320 and 470 
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Table 2. Potential of the sulfide electrode in the absence 

and presence of different concentrations of 0-

acetylserine at pH 1, 25° C. 

[S2~] -OAS 1 mM OAS 10 mM OAS 100 mM OAS 

(|1M) (mV) (mV) (mV) (mV) 

5 545.5 545.8 545.5 541.8 

10 556.7 556.4 556.6 552.8 

25 570.6 570.2 570.2 567.0 

50 581.0 580.9 580.8 577.3 

100 590.3 589.7 589.6 586.3 

200 602.7 602.5 601.9 597.8 
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nm, respectively. The extinction coefficient 412 is about 

6,700 M^cm -!, while the extinction coefficient at 470 nm is 

about 7,700 M-lcm~l (Fig. 1A) . The extinction coefficients 

at 412 and 470 nm are pH independent from 6 to 9.5 indicates 

that the internal Schiff base and the a-aminoacrylate Schiff 

base are protonated over this pH range. At pH 9.5, OASS-B 

also catalyzes a deacetylase activity as shown by a decrease 

in the A470 with time (Fig. 2). The first order rate 

constant for the deacetylase activity at pH 9.5 is ca. 2 min~ 

1 _ 

Thionitrobenzoate as an Alternative Substrate. Based 

on the absorbance spectra discussed above and the similarity 

to those obtained for OASS-A, OASS-B converts OAS to (X-

aminoacrylate in Schiff base with PLP. A new continuous 

spectrophotometric assay has been developed using TNB as an 

alternative substrate for sulfide. In Fig. 1A, addition of 

TNB to the a-aminoacrylate intermediate results in the 

disappearance of absorbance at 4 70 nm with concomitant 

increase in absorbance at 340 nm; Fig. IB, A difference 

spectrum recorded on a Hewlett-Packard Model 8452A photodiode 

array spectrophotometer shows the disappearance of TNB at 412 

nm and the concomitant appearance of a species absorbing at 

340 nm; Fig. 1C, due to the formation of the presumed 

product, S-(3-carboxy-4-nitrophenyl)-L-cysteine (Scheme 6). 
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Figure 1. Formation of S-(3-carboxy-4-nitrophenyl)-L-cysteine 

by O-acetylserine sulfhydrylase-B. A. 

Ultraviolet-visible spectrum of OASS-B at pH 7, 100 

mM Hepes: 1. OASS-B alone. 2. OASS-B in the 

presence of 1 mM OAS. B. 1. A2 plus 0.02 mM TNB 

after 5 seconds; 2. B1 at the completion of the 

reaction. C. Difference spectrum between A2 and 

B2 . 
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Figure 2. Deacetylase activity of OASS-B at pH 9.5. UV-vis 

repeated scanning spectra (every 2 sec) of 0.0312 

mM OASS-B after adding equal molar of OAS. (1), 2 

seconds; (2), 10 seconds after adding OAS. 
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The identity of the product was corroborated using ^H-NMR 

(see Discussion). 1H-NMR spectra in the aromatic region of a 

reaction mixture for the above recorded at zero time minus 

enzyme and then as a function of time after the addition of 8 

(ig of OASS-B are shown in Fig. 3. Also included as 

references are spectra for TNB and DTNB recorded under 

similar conditions. 

Velocity vs enzyme concentration is linear for any given 

concentration of reactants. The saturation curves for either 

OAS or TNB at a fixed concentration of the other is 

hyperbolic, but exhibits substrate inhibition at high 

concentrations (data not shown). The maximum rate obtained 

with TNB and OAS is 10 % that measured with sulfide and OAS 

as substrates. 

The stoichiometry of the reaction was determined under 

conditions where OAS and TNB concentrations were maintained 

at a final concentration of 60 flM in 100 mM Hepes, pH 7, and 

0.7 |lg of OASS-B was added to rapidly convert all of the TNB 

present in the reaction mixture to product. The reaction was 

monitored using a diode array spectrophotometer. Of the 60 

|XM TNB added, all 60 |1M was converted to product in the OASS-

B reaction. 

Initial Velocity Studies in the Absence of Added 

Products. Kinetic mechanistic data have been obtained for 
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Figure 3. ^H-NMR of the O-acetylserine sulfhydrylase-B 

catalyzed reaction of OAS and TNB. A. Reaction 

before enzyme addition containing at pH 7, 100 mM 

Hepes, 100 mM OAS and 10 mM TNB. B. Spectra 

recorded 24.5 hrs after addition of 8 (Ig of OASS-B. 

C, D. Spectra of TNB and DTNB recorded under 

conditions identical to those in A. 
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OASS-B using O-acetyl-L-serine or |3-chloro-L-alanine as the 

amino acid substrates with either sulfide or TNB as the 

nucleophilic substrates. In all cases, initial velocities 

obtained varying one reactant at different fixed levels of 

the second gave a series of parallel lines at low reactant 

concentration with competitive substrate inhibition by both 

substrates. Examples of initial velocity patterns obtained 

with OAS and TNB and with BCA and TNB are shown in Fig. 4A 

and 4B. All data were then fitted to the equation for a Bi 

Bi ping pong mechanism (eq. 16) Kinetic parameters obtained 

for all reactant/product pairs are listed in Table 3. In the 

case of BCA/TNB, no substrate inhibition by TNB is observed 

likely as a result of the restricted concentration range that 

could be used. 

At high concentrations of TNB, the initial velocity 

pattern when plotted as 1/v vs 1/TNB at different fixed 

levels of OAS gives apparent substrate activation, Fig. 5. 

The latter may be an indication of negative cooperativity in 

the OASS reaction. 

Product Inhibition Studies. Acetate is competitive vs. 

sulfide or TNB (Fig. 6) and noncompetitive vs. OAS whether 

sulfide or TNB is the second substrate (Fig. 7). The 

noncompetitive pattern obtained vs. OAS is not reflective of 

simple linear noncompetitive inhibition, Fig. 7, but rather 
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Figure 4. Initial velocity patterns obtained for 0.7 |lg of 

OASS-B by varying the concentration of OAS/BCA at 

different fixed levels of TNB at pH 7, 100 mM Hepes 

and 25° C. A. Pattern obtained by varying OAS. 

The OAS concentrations are as indicated, and TNB 

concentrations are as follows: 0.02 mM( A ), 0.025 

mM ( O ) , 0.0333 mM ( • ) , 0.05 mM ( • ) , 0.1 mM 

( • ), 0.5 mM ( • ), 1 mM ( O ). B. Pattern 

obtained by varying BCA. The BCA concentrations 

are as indicated, and TNB concentrations are as 

follows: 0.0143 mM ( A ), 0.05 mM ( • ), 0.1 mM ( 

I ). In all cases points are experimental and the 

solid lines are from a fit using eq. 16. 
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Table 3. Kinetic Parameters for O-acetylserine Sulfhydrylase-

B obtained at pH 7 and 25° C. 

Substrate Pair 

Parameter OAS/Sulfide OAS/TNB 

V/Et (s_1) 115 ± 1 2 8 ± 2 

v/K 0 AS
Et (M _ 1s _ 1) (1.3 ± 0.1) x 105 (4.1± 1.9) x 104 

v/KSulfideEt (M-ls"1) (1.2 ± 0.1) x 107 

V/K T N BE t (M-is-1) - (1.8 ± 0.1) x 104 

KQAS («>M) 0.9 ± 0.1 0 . 1 9 ± 0 . 0 8 

KSulfide (roM) 0.010 ±0.002 

K t n b (mM) - 0.43 ± 0.09 

KI OAS - 51 ± 4 



Table 3- continued. 
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Parameter 

Substrate Pair 

BCA/Sulfide BCA/TNB 

V/Et (s_1) 

V/K B C AE t (M-is"1) 

22 ± 4 7 ± 1 

(1.0 ± 0.2) x 104 (1.2 ± 0.3) x 104 

v/KSulfideEt (M-is"1) (1.8 ± 0.3) x 10^ 

V/K T N BE t (M-is"1) 

kBCA ("M) 

KSulfide (roM) 

K-jnb (HIM) 

KI BCA 

(3.2 ± 0.1) x 104 

2.2 ± 0.4 0.5 ± 0.1 

0.012 ± 0.002 

0.20 ± 0.02 

33 ± 3 



66 

Figure 5. Initial velocity pattern for OASS-B at high 

concentration of TNB. Shown are data for two 

concentrations of OAS for ease of interpretation. 

Data are shown for 0.1 mM ( O ) and 50 mM OAS ( A 

at the TNB concentrations indicated. Curves are 

drawn by eyes and points are experimental. 



67 

4000 

3000 -

£: 
c 

'E 

> 

2000-

1000-

l /TNBCmM-1) 



68 

Figure 6. Product inhibition by acetate at varied levels of 

TNB. The concentration of OAS was fixed at 0.2 mM 

and all initial rates were measured at pH 7 , 100 mM 

Hepes and 25° C. The following acetate 

concentrations were used: 0 ( • ) , 7 4 mM ( A ) , 

148 mM ( • ), 296 mM ( A ) . TNB is varied as 

indicated. Points are experimental values, while 

the solid lines are from a fit using eq. 12. 
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Figure 7. Product inhibition by acetate at varied levels of 

OAS. The concentration of TNB was fixed at 0.05 mM 

and all initial rates were measured at pH 7, 100 mM 

Hepes and 25° C. The inhibition pattern was 

obtained for OASS-B. The following acetate 

concentrations were used: 0 ( • ) , 7 4 mM ( V ) , 

148 mM ( • ) , 222 mM ( • ) , 296 mM ( • ) , 333 mM 

( A ) , 370 mM ( A ) , 444 mM ( O ) . OAS is varied 

as indicated. Points are experimental values, 

while the solid lines are from a fit using eq. 15. 
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is indicative of S-parabolic noncompetitive inhibition. In 

addition, at high concentration of acetate partial substrate 

inhibition by OAS is induced. Chloride, a product when BCA 

is used as the amino acid substrate is uncompetitive vs BCA 

and competitive vs TNB (Fig. 8). Results are summarized in 

Table 4. 

Dead End Inhibition Studies. Thiocyanate is 

competitive versus TNB whether the second substrate is OAS 

(Fig. 9A) or BCA (Fig. 10A), and uncompetitive versus OAS 

(Fig. 9B) or BCA(Fig. 10B). Maleate, an analog of OAS, is 

noncompetitive versus TNB and OAS (Fig. 11). All inhibition 

patterns and inhibition constants are summarized in Table 5. 

pH Dependence of Kinetic Parameters. The V/K for one 

substrate is independent of the concentration of the other 

substrate in a ping pong mechanism. Thus, V/K for each 

substrate can be determined by maintaining the concentration 

of the nonvaried substrate (at each pH value) constant at any 

concentration. However, since both reactants give substrate 

inhibition, the fixed substrate was maintained at a level 

one-tenth of its K-[ and the other substrate was varied. 

Under these conditions, Fig. 12 shows the pH dependence of V, 

V/KBCA' anc* V/KTNB' v decreases below a pK of 6.5. The V/K 

for BCA decreases below a pK of 8 and above a pK of 9, while 

V/K for TNB decreases above a pK of 8.9. The pH-independent 
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Figure 8. Product inhibition studies with chloride versus BCA 

and chloride versus TNB. (A). Patterns were 

obtained at 0 ( • ) , 10 mM ( O ) , 20 mM ( • ) , 

and 40 mM ( A) and the concentration of BCA was 

fixed at 0.5 mM in all assays. (B). Patterns were 

obtained at 0 ( • ) , 10 mM ( O ) , 20 mM ( • ) , 

and 40 mM ( A ) and TNB was fixed at 0.05 mM in 

all assays. All assays were carried out at pH 7, 

100 mM Hepes and 25° C. Data were fitted using 

eqs. 12 and 13 for competitive and uncompetitive 

inhibition, respectively. 
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Table 4. Product Inhibition Constants for O-Acetylserine 

Sulfhydrylase-B at pH 7 and 2 5° C. 

Inhibitor Variable Type of K-[s ± SE 

Substrate Inhibition (mM) 

Ki;L ± SE 

(mM) 

OAS/TNB 

Acetate TNB 

OAS 

C 73 ± 4 

S-ParaNCa 300 ± 100 60 ± 1 

K i s 2 = 30 ± 10 

BCA/TNB 

Chloride TNB 

BCA 

C 

UC 

12 ± 1 

18 ± 1 

aData adhere to slope parabolic noncompetitive inhibition and 

were fitted using eq. 15. 
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Figure 9. Dead-end inhibition studies with thiocyanate versus 

OAS and thiocyanate versus TNB. (A). Patterns were 

obtained at 0 ( O ), 10 mM ( • ), 20 mM ( • ), and 

40 mM ( A ) and the concentration of OAS was fixed 

at 0.2 mM in all assays. (B). Patterns were 

obtained at 0 ( • ) , 10 mM ( O ) , 20 mM ( • ) , and 

40 mM ( A ) and TNB was fixed at 0.05 mM in all 

assays. All assays were carried out at pH 7, 100 

mM Hepes and 25° C. Data were fitted using eqs. 12 

and 13 for competitive and uncompetitive 

inhibition, respectively. 
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Figure 10. Dead-end inhibition studies with thiocyanate versus 

BCA and thiocyanate versus TNB. (A). Patterns were 

obtained at 0 ( A ), 10 mM ( O ) , 20 mM ( • ) , 

and 40 mM ( A ) and the concentration of BCA was 

fixed at 0.5 mM in all assays. (B). Patterns were 

obtained at 0 ( • ) , 10 mM ( O ) , 20 mM ( • ) , 

and 40 mM ( A ) and TNB was fixed at 0.05 mM in 

all assays. All assays were carried out at pH 7, 

100 mM Hepes and 25° C. Data were fitted using 

eqs. 12 and 13 for competitive and uncompetitive 

inhibition, respectively. 
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Figure 11. Dead-end inhibition studies with maleate versus 

OAS and maleate versus TNB. (A). Patterns were 

obtained at 0 ( A ) , 23 mM ( O ), 4 6 mM ( • ), 

and 92 mM ( A ) and the concentration of OAS was 

fixed at 0.2 mM in all assays. (B). Patterns were 

obtained at 0 ( • ), 23 mM ( • ), 46 mM ( A ), 

and 92 mM ( A ) and TNB was fixed at 0.05 mM in 

all assays. All assays were carried out at pH 1, 

100 mM Hepes and 25° C. Data were fitted using 

eq. 14 for noncompetitive inhibition. 
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Table 5. Dead-End Inhibition Constants for O-Acetylserine 

Sulfhydrylase-B at pH 7 and 2 5° C. 

Inhibitor Variable Type of K-^s±SE K-j_-l±SE 

Substrate Inhibition (mM) (mM) 

Maleate TNBa 

OASc 

Thiocyanate TNBa 

OASd 

Thiocyanate TNBe 

BCAd 

NC 

NC 

C 

UC 

C 

UC 

OAS/TNB 

64 + 8 17 ± 4 

(9 ± 2) b 

26 ± 5 8 2 + 1 1 

(62 ± 8) 

0.014 ± 0.001 

0.0125 ± 0.0004 

(0.0110 ± 0.0003) 

BCA/TNB 

0.010 ± 0.001 

0.016 ± 0.001 

(0.013 ± 0.001) 

aData were obtained at 0.2 mM OAS. 

cData were obtained at 0.15 mM TNB. 

^Values in pareth are corrected for the concentration of the 

fixed substrate. 

dData were obtained at 0.05 mM TNB. 



83 

eData were obtained at 0.5 mM BCA. 
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Figure 12. pH dependence of kinetic parameters for 0-

acetylserine sulhydrylase-B using BCA/TNB as 

substrates. Data were obtained at 25° C for V, 

V/^BCA' anc* V/K<JN£. The points shown are 

experimentally determined values while the lines 

are theoretical curves for fits of the data using 

eq. 17 (V), eq. 19 (V/KBCA), and eq. 18 (V/KTNB). 
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values of these parameters are V/E^ = 6.3 , v/KgCA^t = ^ . 7 

x 104 lyr^s-1, and V/K^Ng^t = 4 x 104 M - 1s _ 1. 

Fig. 13 shows the pH dependence of V, V/KQAS, and 

V/Ktnb• v decreases below a pK of 6.7 and above a pK of 8.2. 

The V/K for OAS decreases below pK values of 5.9 and 7.1, 

while V/K for TNB decreases above a pK of 8.7. The pH-

independent values of these parameters are V/Ê - = 58 s--1-, 

v/K0AS
Et = 2 x 105 M~1s~1, and V/K T N BE t = 6.3 x 104 M _ 1s" 1. 

Initial velocity patterns for OASS-B using OAS and 

sulfide as substrates were obtained over the pH range 6 to 

7.5. Fig. 14 shows the pH dependence of V, V/KoAS' an<* 

V/KSuifide*
 v anci V//Ksulfide a r e P H independent from pH 6 to 

7.5. The V/K for OAS decreases below pK values of 6 and 7. 

The pH-independent values of these parameters are V/E^ = 190 

s - 1, V/K 0 A SE t = 2.5 x 10
5 M-is-1, and V/K s u l f i d eE t = 6.5 x 

10^ M-̂ -s- -̂. All pK values are summarized in Table 6. 

Solvent Deuterium Isotope Effect. Solvent effects 

measured for the first half reaction of OASS-B are 1.7 ± 0.51 

and 1.63 ± 0.18 for D20y an(j D20 (V/Kg^) , respectively. D20y 

and d20(v/ktnb) for the second half reaction are 2.32 ± 0.33 

and 4.56 ± 0.66, respectively. The values of D20y f o r the 

two half reactions differ because the second substrate was 

not saturating. Proton(s) transfer is (are) involved in the 

rate determing step(s) in both half reaction. 
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Figure 13. pH dependence of kinetic parameters for 0-

acetylserine sulhydrylase-B using OAS/TNB as 

substrates. Data were obtained at 25° C for V, 

V/KoaS' anc* v/ kTNB • T h e points shown are 

experimentally determined values while the lines 

are theoretical curves for fits of the data using 

eq. 19 (V), eq. 20 (V/Kqas) ' an<^ e<3* (V/K^g) . 
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Figure 14. pH dependence of kinetic parameters for 0-

acetylserine sulhydrylase-B using OAS/sulfide as 

substrates. Data were obtained at 25° C for V, 

V / K Q A S , A N D V / K S U J _ F . The points shown are 

experimentally determined values while the lines 

are theoretical curves for fits using the data to 

eq. 20 ( V / K Q A S ) . 
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Table 6. Summary of pK values obtained for the pH dependence 

of kinetic parameters 

Substrate pair Parameters pKa±S.E. pK^lS.E. 

OAS/Sulfide V/KqaS 6 a 

7 a 

OAS/TNB V 

V / KOAS 

V/K T N B 

6.7 ± 0.6 

7.0 ± 0.1 

5.9 ± 0.1 

8.2 ± 0.7 

.7 ± 0.1b 

BCA/TNB V 

v/Kbca 

V/K T N B 

6.5 ± 0.1 

8.1 ± 0.2 .9 ± 0.3 

.9 ± 0.1b 

aEstimated value. 

bThis pK is for the e-amino group lysine of the (X-

aminoacrylate intermediate. 



CHAPTER IV 

DISCUSSION 

NMR studies. In Fig. 3 spectra A and C are shown for 

TNB, while D is for DTNB. The difference between A and C is 

the presence of OAS and enzyme. The resonance at 7.2 6 ppm is 

due to the proton at C-6 with long range coupling to C-4, 

while the doublets at 7.38 and 7.83 ppm reflect C-3 and C-4, 

respectively; which couple to each other. All of these 

resonances are shifted downfield on formation of DTNB as a 

result of re-establishing the aromaticity of the ring and 

further deshielding the protons at C-3, C-4 and C-6. After 

addition of enzyme to the reaction mixture depicted in A, the 

three proton resonances are again shifted downfield, now as a 

result of formation of S-CNP-cysteine. Those at C-3 and C-6 

are not shifted as far downfield in S-CNP-cysteine as they 

are in DTNB. 

Interestingly, as listed in Methods the a- and p-protons 

of OAS appear as a triplet and doublet in spectrum A (data 

not shown). They were expected to reflect an ABX pattern. 

The absence of such a pattern is indicative of magnetic 

equivalence of the two {3-protons . In addition to OAS, the 
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product of the non-enzymatic conversion of OAS to N-

acetylserine was also shown in spectrum A (data not shown). 

The resonance of protons on the methyl group is shifted 

slightly upfield from 2.13 ppm to 2.06 ppm on formation of N-

acetylserine. The (X-proton and |3-protons are all non-

equivalent with a large geminal coupling constant 11.5 Hz 

between the |3-protons and smaller coupling constants 4.1 and 

5.9 Hz between a-proton and ^-protons. The OC-proton 

resonance is downfield with respect to the (3-protons of N-

acetylserine, while it is upfield with respect to the (3-

protons of OAS. Apparently the N-acetyl group has a rather 

dramatic effect on the chemical shifts of the a-proton. 

Initial Velocity Patterns. The use of TNB provides a 

very useful continuous spectrophotometric assay for OASS. 

Spectral data for OASS-B are consistent with a ping pong 

mechanism similar to that proposed for OASS-A. However, the 

spectra shift from 412 to 470 nm upon binding of OAS is not 

as pronounced as for OASS-A. As a result it is likely that 

other tautomeric species of the a-aminoacrylate Schiff base 

contribute to the absorbance spectrum in the presence of OAS. 

In addition, OASS-B catalyzes the deacetylation of OAS as 

does OASS-A, with an increase in rate as the pH is increased. 

Thus, it appears that qualitatively the mechanism for OASS-B 

is identical to that of OASS-A. 

In agreement with the above, the initial velocity 
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patterns obtained for all reactant pairs for OASS-B are 

consistent with a ping pong mechanism in which one and 

probably both reactants exhibit competitive substrate 

inhibition. Inhibition by TNB is not seen in the case of 

BCA/TNB as a result of the concentration range used. In the 

case of OAS/TNB, however, the substrate inhibition by both 

substrates is observed. Using this information, the kinetic 

mechanism can be written as shown in Scheme 8. 

In a ping pong mechanism, the individual half reactions 

are independent of the concentration of the other substrate. 

Examination of Table 3 indicates that the V/K values for BCA 

are identical whether sulfide or TNB is the nucleophilic 

substrate and those for TNB are identical whether OAS or BCA 

is the amino acid substrate. However, the V/K for OAS is 3-

fold higher when sulfide is the nucleophilic substrate 

compared to TNB, and the V/K for sulfide is 6-fold higher 

when OAS is used as the amino acid substrate compared to BCA. 

There is some indication as pointed out in the Results 

Section, that substrate activation is observed at high 

concentrations of TNB (Fig. 5). When the latter is taken 

into account, the values of all of the kinetic parameters are 

within a factor of 2. The reason for the substrate 

activation by TNB is at present not known. 

Product Inhibition. A single site ping pong kinetic 

mechanism predicts competitive inhibition between the product 
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Scheme 8. Proposed kinetic mechanism for OASS-B. In the 

Scheme, AAs, AAp, Ns, and Np represent the amino 

acid substrate, amino acid product, nucleophilic 

substrate and nucleophilic product, respectively. 
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of the first half reaction and the nucleophilic substrate and 

between the final product and the amino acid substrate, but 

noncompetitive inhibition between the pairs (first 

product)/(substrate amino acid) and (product amino 

acid) / (nuclephilic. substrate). Inhibition of OASS-B by 

acetate adheres to this pattern. (The more complex nature of 

the inhibition by acetate will be discussed below.) With Cl~ 

as the product of the BCA reaction, the inhibition is again 

as expected vs TNB but an uncompetitive pattern is observed 

against OAS. The latter is consistent with the fact that Cl~ 

cannot serve as a nucleophilic substrate, and thus acts as a 

dead-end inhibitor. 

The inhibition by acetate vs OAS with TNB as a reactant 

is S-parabolic noncompetitive. The parabolic slope effect 

suggests the presence of a second enzyme form to which 

acetate can bind at high concentration. The concentration of 

this form can be increased as a result of acetate binding to 

F and reversing the first half reacton, and thus the second 

enzyme form to which acetate also binds must be E. The 

mechanism of acetcite inhibition is shown in Scheme 9 (solid 

arrows). This mechanism is corroborated by the elimination 

of the parabolic effect at saturating OAS. Under these 

conditions acetate can still bind to F as stated above but 

cannot reverse the first half reaction. Partial substrate 
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Scheme 9. Proposed mechanism for S-parabolic noncompetitive 

inhibition by acetate. 
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inhibition by OAS is also observed at concentrations of 

acetate where binding to E is observed. These data suggest 

(broken arrows, Scheme 9) that OAS can still bind to E:Ac in 

a productive mode but that the reaction is slowed by the 

presence of acetate. (At what point acetate is released is 

not known, so all species are included in Scheme 9.) As a 

result there is an allowance for some random sequential 

nature to the reaction catalyzed by OASS. The overall 

mechanism for OASS-B is shown in Scheme 10. The predominant 

ping pong pathway is depicted with a solid line while the 

sequential pathway is depicted with broken lines. In Scheme 

10, A, B, P and Q are the amino acid substrate, nucleophilic 

substrate, nucleophilic product and amino acid product, 

respectively. 

Dead-End Inhibition. The dead-end inhibition patterns 

predicted by the ping pong mechanism are as follows. 

Competitive inhibition is predicted between a substrate and 

its analog since they bind to the same enzyme form, while an 

uncompetitive pattern is predicted for the analog vs the 

other substrate since they bind to different enzyme forms. 

The expected patterns are observed for OASS-B. Maleate, 

thought to be an analog of the amino acid substrate binds 

poorly and does so to both E and F. 

Quantitative Analysis of Dead-End Inhibition Data. A 
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Scheme 10.Proposed kinetic mechanism for OASS with random 

addition of substrate. 
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good test of the assigned ping pong kinetic mechanism is the 

quantitative agreement of values for dead-end inhibition 

observed by varying either of the two reactants. In a ping 

pong kinetic mechanism dead-end analogs can bind to either of 

the two stable enzyme forms, E and F. Thus, if an inhibitor 

is an analog of A, it will bind to E and compete with A 

giving a true and will be uncompetitive with B giving an 

appaent equal to the true Kj_, modified by the factor (1 + 

B/Kj-,) , while if an inhibitor is an analog of B, the converse 

will be true, that is, it will bind to F competitive with B 

and uncompetitive with A giving apparent K-̂  = (1 + A/Ka) . A 

noncompetitive inhibitor binds to both E and F and thus both 

slope and intercept values must be compared. 

The corrected values are shown in parentheses below 

the observed Kjl values in Table 5. The calculated true Kj_ 

values agree within experimental error. For example, using 

OAS and TNB as substrates, SCN- is competitive vs TNB as a 

result of binding of the inhibitor to F and uncompetitive vs 

OAS as a result of binding of the inhibitor to F. The 

values for SCN~ inhibition calculated from these apparent 

values agree well within experimental error. The maleate 

inhibition data are also internally consistent with values of 

64 and 62 mM for binding to F and 2 6 and 10 mM for binding to 

E. The affinity for maleate binding to F is weaker as a 
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result of the site being partially occupied by oc-

aminoacrylate. 

Comparison of OASS-A and -B. The data obtained from 

the initial velocity patterns for all reactant pairs are 

consistent with the proposed ping pong mechanism for both 

isozymes (Tai et al., 1993) in which one and probably both 

reactants exhibit competitive substrate inhibition vs the 

other reactant. However, the S-parabolic noncompetitive 

product inhibition vs OAS displayed by acetate suggests there 

is allowance for some random sequential nature to the 

reaction catalyzed by both isozymes. While there is 

agreement in the V/K values for the amino acid substrate for 

the B-isozyme, the V/K values vary by several orders of 

magnitude as a function of the nucleophilic substrate for 

OASS-A. This discrepancy may be accounted for in part by an 

increase in the deacetylase activity induced by the binding 

of TNB. The reason that the latter activity is less for the 

B-isozyme is at present unknown but may correlate with the 

increase in efficiency of utilization of TNB by the B-isozyme 

compared to the A-isozyme. A comparison of the kinetic 

parameters, V and V/K, of both isozymes indicates that the A-

isozyme is more selective than the B-isozyme with respect to 

both the amino acid and nucleophilic substrates. Both 

substrate types, i.e. nucleophilic and amino acid, bind more 

tightly to OASS-B. Although the two isozymes are similar in 
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many respects, there are a number of differences that require 

further investigation. 

Other enzymes. The finding of the double competitive 

substrate inhibition in a ping pong mechanism is not unique. 

Other enzymes that also have a ping pong kinetic mechanism 

and exhibit double competitive substrate inhibition include 

(3-ketothiolase (Stewart and Rudney, 1966) , nucleoside 

diphosphate kinase (Garces and Cleland, 1969), and aspartate 

aminotransferase (Kiick and Cook, 1983), which have single 

site ping pong mechanism and dihydropyrimidine dehydrogenase 

(Podschun et al., 1990) which has a nonclassical two site 

ping pong mechanism. In addition, the reductive half 

reaction of glutamate synthase which has a nonclassical two 

site ping pong mechanism exhibits double competitive 

substrate inhibition in the reductive half reaction when 

NADPH is used as a reductant of the active site flavin and 

thioNADP is used as an oxidant of the reduced flavin (Rendina 

and Orme-Johnson, 197 8). There is a difference however, 

between the observation of double competitive substrate 

inhibition in the OASS reaction as opposed to the other 

enzymes listed. In the case of OASS, the reactants do not 

resemble one another structurally, while they do for all of 

the other reactions. In the case of the dihydropyrimidine 

dehydrogenase this may not appear to hold since uracil does 

not appear to resemble NADPH. However, the former does 
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appear to mimic the dihydropyridine portion of NADPH. 

It is not known presently why OASS exhibits double 

competitive substrate inhibition. The inhibition by sulfide 

and OAS have a similar affinity relative to their respective 

K m values. The strong substrate inhibition may have 

important implications to the kinetic mechanism, allowing the 

enzyme to be primed with sulfide prior to binding OAS. In 

other words, at high sulfide concentration the enzyme 

mechanism may approach a sequential pathway making it less 

likely that OAS will be degraded, and will rather yield 

product. 

Interpretation of pH Dependence of Kinetic Parameters. 

V/K profiles were obtained at K m level of one substrate while 

varying the other. The V/Kg^A. o r v/ KOAS a n d V/KTNB reflect 

the first and second half reactions of the ping pong kinetic 

mechanism, respectively. Thus, the pK of 8.9 in the V/KgQ^ 

profile likely reflects the a-amine of BCA which must be 

protonated upon binding and the pK of 8.1 represents a 

general base that accepts a proton from the a-amine to 

facilitate nucleophilic attack on C4' of the PLP imine. In 

agreement with this, similar pH dependencies are observed in 

the V/Kqas profiles. However, an additional pK value is 

also obtained. The group with a pK of 7 most likely reflects 

the general base that accepts a proton from the a-amine of 

OAS but is perturbed to lower pH as a result of OAS 
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stickiness, while the group with a pK of 6 likely reflects a 

second enzyme group that assists (3-elimination of the acetyl 

group of the OAS. Neither of these groups can be the 

internal imine because it is known to be protonated over the 

pH range 6 to 9.5. The group that is responsible for the pK 

obtained at high pH in both V/K^B profiles reflects the 

active site lysine that formed the internal Schiff base that 

must be protonated to start the second half reaction. As 

stated in Results, a-aminoacrylate intermediate decomposes to 

pyruvate and ammonia in the absence of nucleophile substrate 

(deacetylase activity) as a result of displacement of the oc-

aminoacrylate by the active site lysine. To prevent the 

deacetylase activity the lysine must be protonated. 

Surprisingly, the pK of 7 reflecting protonation of 

HS- to H2S is not observed in the V/K s uj_fprofile, which 

is pH independent over pH range 6 to 7.5. One possiblity for 

the lack of observation of the pK is that it is perturbed to 

a value lower than pH 6 which is out of the accessible range 

of the V/Ksyifide profile. This would suggest that the F 

form of OASS-B binds both HS- and H2S, but the former with 

much higher affinity. Either because HS- is sticky or 

because the transaldimination of the final product L-cysteine 

is slow, the pK for HS- is perturbed to lower pH. The other 

possibility is that both H2S and HS- can participate in the 

Michael addition to the a-aminoacrylate intermediate. Thus, 
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HS~ is the nucleophilic substrate as expected, but H2S can be 

Michael-added to give the Schiff base intermediate which 

immediately loses a proton since the apparent pK for R-SH2+ 

is about -7. Of the two, the former is likely the most 

explanation. 

The V profiles reflect the pKs of groups on enzyme in 

the rate limiting half reaction(s) when reactants are 

saturating. Examination of the V profiles for the OAS/TNB 

and BCA/TNB substrate pair indicates two pK values of 6.7 and 

8.2. These pKs likely reflect the groups observed in both 

half reactions, the lower pK representing that of the general 

base in E and the higher pK representing that of the lysine 

in F. Thus, both half reactions are likely rate limiting 

when TNB is the nucleophilic substrate. In the case of 

OAS/sulfide, the V profile is pH independent suggesting that 

the second half reaction is rate limiting. 

Chemical Mechanism. A chemical mechanism for the OASS-

B reaction consistent with the pH dependence of the V/K 

profiles is shown in Scheme 11. In this mechanism an enzyme 

general base (pK ~ 7) accepts a proton from OC-amine of OAS, 

while a second enzyme general base (pK ~ 6) by polarizing the 

acetyl carbonyl assists in the p-elimination of acetyl group 

of OAS. The subsequent step is the formation of the gem-

diamine intermediate upon the nucleophilic attack of the (X-

amine on C4' of the imine. The gein-diamine then collapses to 
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Scheme 11.Proposed acid-base chemical mechanism of 0-

acetylserine sufhydrylase-B from Salmonella 

typhimurium. 
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give the external aldimine and an unprotonated lysine. The 

6-amine of the active site lysine acts as a general base to 

abstract the a-proton in the ^-elimination of acetate. At 

the end of the first half reaction the e-amine of the active 

site lysine that formed the internal Schiff base and the 

general base are protonated. When HS~ is Michael-added to 

the a-aminoacrylate intermediate to start the second half 

reaction, lysine donates its proton to a-carbon to give the 

cysteine external Schiff base. The e-amine of the active site 

lysine then nucleophilically attacks at C4' to form gem-

diamine, which collapses with the help of a general acid to 

release cysteine and regenerates the internal Schiff base 

form of enzyme for another cycle. 
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Introduction. Almost all PLP-dependent enzymes exhibit 

an absorption band at 410-430 nm due to the protonated 

internal Schiff base between an active lysine and PLP. 

Reactions with substrate analogs, inhibitors, or changes in 

pH often lead to marked alterations in the spectrum. The 

change in the spectrum upon binding substrate analog may 

assist in the assignment of intermediates and an 

understanding of the reaction mechanism. 

The quinonoid intermediate of tryptophan synthase has 

been detected with OC2P2 complex and a number of amino acids 

including L-tryptophan ( ^ a x = 474 nm; Houben and Dunn, 

1990), 2,3-dihydro-L-tryptophan = 494 nm; Roy et al., 

1988; Phillips et al., 1984), and oxindolyl-L-alanine (^max = 

480 nm; Roy et al., 1988; Phillips et al., 1984). Several 

intermediates have been proposed in the O-acetylserine 

sulfhydrylase-A reaction including the gew-diamine and 

quinonoid forms of the substrate-enzyme complex. Only an (X-

aminoacrylate Schiff base intermediate (A,max = 4 70 nm; Cook 

and Wedding , 1976; Cook et al., 1992) has been identified 

for the OASS-A reaction. 

Chemical. O-succinyl-L-homoserine, DL-homocysteine, L-

serine, 1,2,4-triazole, O-benzyl-L-serine, DL-O-methylserine, 

P-chloro-L-alanine, P-mercaptoethanol, L-serine-O-sulfate, L-

homoserine, O-acetyl-L-serine, O-phospho-L-threonine were 
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purchased from Sigma. (3-cyano-L-alanine, O-phospho-L-serine, 

S-benzyl-L-cysteine, S-carbamyl-L-cysteine were from United 

States Biochemical Corp. Potassium cyanide was purchased 

from Mallinckrodt. All other reagents and chemicals were 

obtained from commercially available sources and were of the 

highest quality available. 

Enzymes. O-acetylserine sulfhydrylase-A from 

Salmonella typhimurium was purified by the method described 

previously (Tai, et al., 1993). The OASS-A had a final 

specific activity of 800 units/mg assayed with sulfide as the 

second substrate using the sulfide ion selective electrode 

(Hara et al., 1991). The OASS-A reaction was monitored using 

5-thio(2-nitrobenzoate) as an alternative substrate (see 

Methods). The disappearance of TNB is monitored continuously 

at 412 nm as the reaction proceeds. 

Alternative Substrates. Potential O-acetyl-L-serine 

analogs were determined by their ability to form a species 

absorbing at 470 nm (or other wavelengths) that can be 

bleached with sulfide. Potential sulfide analogs were 

determined by their ability to bleached the a-aminoacrylate 

generated by the enzyme and OAS. Absorbance spectra were 

measured on a Hewlett-Packard photodiode array 

spectrophotometer Model 8452A. Spectra of OAS analogs were 

obtained using 0.4 mg/ml OASS-A and 10 mM potential substrate 

in 100 mM Hepes at pH 7.5. Spectra of sulfide analogs were 
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obtained using 0.4 mg/ml OASS-A, 10 mM OAS, and 10 mM of 

potential sulfide analog in 100 mM Hepes at pH 7.5. 

Results and Discussions. Of the potential OAS analogs 

tried O-propinoyl-L-serine, O-butyryl-L-serine, (3-chloro-L-

alanine (Cook and Wedding, 1977) and L-serine-O-sulfate are 

alternative substrates. Formation of the a-aminoacrylate 

intermediate of OASS-A demonstrated that OAS analog must have 

a p-substituted moiety on serine that is a good leaving group 

to allow formation of a Schiff base with pyridoxal 5'-

phosphate. An example is shown in Fig. 15. In addition, 

high concentrations of L-serine apparently forms 

predominantly the ge/n-diamine (Fig. 16) . There is apparently 

also some formation of the a-aminoacrylate intermediate, 

particulately at higher serine concentrations. The spectrum 

probably represents an equilibrium mixture of some of the 

enzyme-substrate intermediates that have been proposed for 

the reaction. Since the quinonoid intermediate usually 

absorbs maximally ciround 500 nm, the spectrum of OASS-A in 

the presence of L-serine likely contains none of the 

quinonoid intermediate. These studies should be pursued 

varying activity at high concentration of OASS-A. 

Sulfide analogs were added to OASS-A in the presence of 

OAS and the disappearance of a-aminoacrylate intermediate. 

Cyanide, L-cysteine, TNB, 1,2, 4-triazole and (3-

mercaptoethanol can replace sulfide as the second substrate. 
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Figure 15. UV-vis spectra of 0.2 mg/ml O-acetylserine 

sulfydrylase-A in the absence and in the presence 

of 0.04 mM of L-serine-O-sulfate. (1), OASS-A; 

(2), OASS-A in the presence of 0.04 mM L-serine-O-

sulfate 
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Figure 16. UV-vis spectra of 0.4 mg/ml O-acetylserine 

sulfydrylase-A in the absence and in the presence 

of 10 mM, 19.8 mM, 38.8 mM, 91.7 mM, 139.1 mM, 

168.1 mM, and 232.6 mM of L-serine. 
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An example with cyanide is shown in Fig. 17. A prominent lag 

exists in the time course when L-cysteine, (3-mercaptoethanol, 

and 1,2,4-triazole, but not cyanide, was added to the a-

aminoacrylate intermediate. The lag time was found to be 

dependent on the concentration of OAS. This is a result of 

the rate constant for forming the a-aminoacrylate 

intermediate being greater than or equal to the rate constant 

for its disappearance in the former cases. The existence of 

a wide variety of sulfide analogs suggests that a nucleophile 

as small as HS~ and as large as TNB can be used, and with 

other than those as a nucleophile. 
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Figure 17.Repeated scanning UV-vis spectra of 0.4 mg/ml 0-

acetylserine sulfydrylase-A in the presence of 10 

mM OAS and 3 mM cyanide with a 2-sec interval. 

(1), OASS-A in the presence of 10 mM OAS; (2), 40 

seconds after adding 3 mM cyanide. 
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Determination of the Stereochemistry at C-4' of the Internal 

Aldimine and the Sequence Around Active Site Lysine of 

O-Acetylserine Sulfhydrylase-A from 

Salmonella typhimurium LT-2 
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Introduction. For several pyridoxyl phosphate 

dependent enzymes including tryptophan synthase (Miles et 

al., 1982) and aspartate aminotransferase (Palcic and Floss, 

1986), reduction of the internal Schiff base occurs 

sterospecifically at C4'. The internal imine is exposed for 

reduction by sodium borohydride at the Re face,, however it is 

the Si face that is usually exposed for reduction in the 

external Shiff base. 

To determine which face of the free enzyme Schiff base 

of OASS is exposed, sodium [^h]borohydride is used to reduce 

the internal imine of OASS generating a new chiral center at 

C4'. The tritiated protein can then be hydrolyzed to give a 

tritiated pyridoxyllysine. Pyridoxyllysine can then be 

isolated by HPLC (Vederas, et al.,197 9), converted to 

pyridoxamine using oxidation by sodium hypochlorite (Vederas, 

et al., 1978), and incubated with apo-aspartate 

aminotransferase to determine whether tritium is released 

into water. The latter in the presence of a keto-acid 

stereospecifically releases tritium from pyridoxamine. 

Reduction of the a-aminoacrylate intermediate can also be 

carried out by the same method except that the the reduced (X-

aminoacrylate produces tritiated pyridoxylalanine. Retention 

of tritium is expected for reduction at the Re face of the 

internal imine, while release of tritium into water is 
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expected for reduction at the Si face of the external imine. 

The cysK gene of Salmonella typhimurium and 

Escherichia coli encoding O-acetylserine sulfhydrylase-A have 

been cloned and their nucleotide sequence determined (Byrne 

et al., 1988; Levy and Danchin, 1988) . The two cysK DNA 

sequences are 85% identical and the deduced amino acid 

sequences are 96% identical. OASS-A from Salmonella 

typhimurium is homodimeric and consists of 323 amino acid 

acids residues (Fig. 18). OASS-A is a pyridoxal 5'-phosphate 

dependent enzyme with 1 mole of PLP tightly bound per subunit 

(Kredich and Tomkins, 1969). 

It is known that PLP is covalently bound to the e-amino 

group of the lysine residue for all PLP-dependent enzymes 

(Tanase et al., 1979). The amino acid sequence of OASS-A 

shows significant homology to the amino acid sequence of 

tryptophan synthase |5 subunit (Levy and Danchin, 1988) . As a 

result, lysine 137 was proposed as the one that forms a 

Schiff base with PLP in OASS-A. 

The sodium borohydride reduction of the internal Schiff 

base formed between PLP and the lysine residue, pioneered in 

the study of phosphorylase (Fischer et al., 1958), has played 

a key role in elucidating the active site chemistry of all 

PLP-dependent enzymes. The technique of the reduction of the 

aldimine linkage with sodium borohydride has been applied to 

a variety of PLP containing-enzymes, including aspartate 
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Figure 18.Deduced amino acid sequence of O-acetylserine 

sulfydrylase-A from Salmonella typhimurium (Bryne 

et al., 1988; Levy, and Danchin, 1988) . 
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M3KIYEDNSL TIGHTPLVRL NRIGNGRILA KVESFNPSFS VKCRIGMMI 50 

MDAEKRGVLK PGVELVEPTN GNTGIAIAYV MARGYKLTL IMPETMSIER 100 

EKLLKALGMNI LVLTEG&KGM KGAIQKftEEI VASDPQKYLL LQQFSNPANP 150 

EIHEKTTGPE IWEDTDGQVD VFISGVGTGG TLTGVTRYIK GTKGKTDLIT 200 

VAVEPTDSPV IAQALA.GEEI KPGPHKEQ3I GA.GFIPGNLD LKLIDKWGI 250 

TNEEAISTftR RIJyEEEVFIA GISSGAAVAA ALKLQEDESF TQKQIWILP 300 

SSGERYLSTA LFADIFIEKE LQQ 323 
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aminotransferase from pig heart (Morino and Watanabe, 1969), 

tryptophansase and tryptophan synthase (Kagamiyama et al., 

1970; Fluri et al., 1971; Mauser and Crawford, 1971) . 

Chemicals. O-Acetyl-L-serine, NaBH4, pyridoxamine 

dihydrochloride, pyridoxal hydrochloride, a-N-carbobenzoxy-L-

lysine, and L-glutamic acid and CNBr were purchased from 

Sigma. Endoproteinase Arg-C was from Boehringer Mannheim 

Biochemicals. Sodium ^n-borohydride (100 mCi, 9.5 Ci/mmole) 

was purchased from Amersham. All other reagents and 

chemicals were obtained from commercially available sources 

and were of the highest quality available. 

Enzymes. O-acetylserine sulfhydrylase-A from 

Salmonella typhimurium was purified by the method described 

previously. Alikaline phosphatase and aspartate 

aminotransferase were obtained from Sigma. 

Synthesis of E-N-pyridoxyl-L-lysine. For the 

preparation of e-N-pyridoxyllysine, a mixture of 1.1212 g 0C-

N-carbobenzoxy-L-lysine (4 mmoles) and 0.8144 g pyridoxal 

hydrochloride (4 mmoles) in 50 ml CH3OH was incubated with 

0.8 g sodium hydroxide (20 mmoles) at 4° C and stirred under 

nitrogen atmosphere until reaction was complete. Solid 

sodium borohydride was then added until the solution was 

decolorized. The mixture was warmed to 25° C, stirred for 1 

hour, brought to pH 6 with conc. HC1, and evaporated to 
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dryness in vacuo. The protecting group on the a-nitrogen 

was removed by refluxing with 6 N HC1 for two hours. After 

hydrolysis, the reaction mixture was evaporated to dryness. 

The residue was dissolved in H2O and applied to a cation 

exchange column (1.5 x 25 cm, Dowex 50 x 8, H + form, 200-400 

mesh, Sigma), which was washed with 200 ml 1 N HC1 then 

eluted with a 800 ml gradient of 1 to 5 N HC1. The fractions 

which absorb at 294 nm were combined and evaporated to 

dryness. Final purification of e-pyridoxyllysine was 

accomplished using a Beckman HPLC System Gold. Aliquots of 

the reaction mixtute were loaded onto a SP-5PW cation 

exchange column (21.5 x 150 mm, Toso Haas) equilibrated with 

solvent A (H2O, pH 2.5). The column was eluted by a 5 min 

linear gradient of 0-7% solvent B (4N NaCl, pH 2.5) at a flow 

rate of 5 ml/min and then followed by a 60 min gradient of 7-

10% solvent B at the same flow rate. The pyridoxyllysine 

fractions were monitored and collected at 294 nm and then 

desalted using a size exclusion column (1.5 x 80 cm, Sephadex 

G-10, Sigma). 

Synthesis of pyridoxyl-L-alanine. For the preparation 

of pyridoxylalanine, a mixture of 0.35 64 g L-alanine (4 

mmoles) and 0.814 4 g pyridoxal hydrochloride (4 mmoles) in 50 

ml CH3OH was incubated with 0.8 g sodium hydroxide (20 

mmoles) at 4° C and stirred under nitrogen atmosphere until 

reaction was complete. Solid sodium borohydride was then 
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added until the solution was decolorized. The mixture was 

warmed to 25° C, stirred for 1 hour, brought to pH 6 with 

conc. HC1, and evaporated to dryness in vacuo. The residue 

was dissolved in H2O and applied to a cation exchange column 

(1.5 x 25 cm, Dowex 50 x 8, H+ form, 200-400 mesh, Sigma), 

which was washed with 200 ml 1 N HC1 then eluted with a 500 

ml gradient of 1 to 5 N HC1. The fractions which absorb at 

294 nm were combined and evaporated to dryness. 

Sodium [3HJborohydride Reduction of OASS-A. 24 mg of 

OASS-A was reduced by the addition of 0.1 M NaBH4 containing 

100 mCi of sodium -^H-borohydride in 20 mM Hepes at pH 8 until 

the yellow color disappeared (Nalabolu et al., 1992). The 

reduced OASS-A was hydrolyzed in 6 N HC1, 110° C for 24 hrs. 

The tritiated pyridoxyllysine was purified as described 

above. 

Sodium [3H]borohydride Reduction of a-aminoacrylate 

intermediate. 12 mg of OASS-A in the presence of 20 [11 0.5 M 

OAS was reduced by solid 100 mCi NaBT4 in 20 mM Hepes at pH 8 

and then cold 0.1 M NaBH4 was added until the yellow 

disappeared. The tritiated phosphopyridoxylalanine was 

separated from protein by centrifugation through a Centricon-

10 and lypholyzed. Phosphopyridoxylalanine was dissolved in 

1 ml 0.1 M glycine buffer, pH 10.5, which contained 1 mM 

MgCl2, and 1 mM ZnC.l2 . 5 units of akaline phosphatase was 

added and incubated for 24 hrs at room temperature. The 
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reaction was acidified with 2.5 N HC1 and the precipitate was 

removed by centrigugation. 50 mg of unlabeled 

pyridoxylalanine was added to the supernatant, which was then 

purified as described previously. 

Degradation of the Pyridoxyllysine/pyridoxylalanine to 

Pyridoxamine. The pyridoxyllysine (or pyridoxylalanine) (20 

mg) was dissolved in 0.5 ml water at 4° C. Argon was passed 

through the solution which was then treated with 0.06 ml 1 N 

NaOH followed by 0.05 ml 5% sodium hypochlorite. After 15 

minutes the solution was added dropwise to a flask of boiling 

water (15 ml) through which argon was bubbling. The solution 

was heated for 10 min, then cooled to 4° C, neutralized with 

0.1 N HC1 and evaporated to dryness in vacuo. The residue 

was dissolved in water and passed over a cation exchange HPLC 

column (21.5 x 150 mm, Toso Haas) using the same gradient and 

flow rate as for the purification of pyridoxyllysine. The 

pyridoxamine was finally desalted through a size exclusion 

column (1.5 x 80 cm, Sephadex G-10, Sigma). 

Preparation of Apo-aspartate Aminotransferase. 20 mg 

of aspartate aminotransferase was dialyzed against 4 L of 10 

mM Hepes at pH 8 in order to remove (NH4)2SC>4. The 

holoenzyme was concentrated to 1 ml and mixed with 24 ml of 

0.2 M L-glutamate at pH 8.3. After 10 min 25 ml of 1.0 M 

phosphate (pH 4.8) was added, the solution was maintained at 

30° C for 30 min, and the protein was dialyzed against 8 L of 
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10 mM Hepes at pH 8. The protein was concentrated to 1 ml 

and the process repeated for a second time. 

Stereochemical Analysis of [^HJpyridoxamine. In a 

typical analysis 0.5 mg of the tritiated of pyridoxamine was 

added to 0.3 ml 20 mM Tris buffer, pH 8.1, and combined with 

10 JJ.1 3.4 mM a-ketoglutaric acid and 10 ml 0.15 M monosodium 

glutamate (Miles, et al., 1982). The pH of the solution was 

adjusted to 8 with 1 M potassium carbonate, pH 8.7. 1.5 mg 

of apoaspartate aminotransferase was added in a clossed 

vessel and incubated for 3 days at 37° C, and subsequently 

distilled to obtain the ^I^O. 

CNBr and Endo Arg-C Cleavage. 24 mg of OASS-A was 

reduced by the addition of 0.1 M NaBH4 containing 100 mCi of 

sodium ^H-borohydride in 20 mM Hepes at pH 8 until the yellow 

disappeared (Nalabolu et al., 1992). The reduced enzyme was 

dialyzed against 1L 20 mM Hepes five times in order to remove 

excess NaBT4. The reduced protein was digested in 70% 

trifloroacetic acid with 205 mg of CNBr for 24 hours and the 

reaction was quenched by addition of 10 volumes of H2O and 

the mixture lyophilized. Lyophilized CNBr fragments were 

further digested at pH 8 for two days in 0.1 M NH4HCO3 and 

0.1% SDS by endoproteinase Arg-C with a weight ratio of 20 to 

1. 

Purification of the Pyridoxyl Peptide. The 

pyridoxylpeptide was isolated and purified using a Beckman 
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System Gold HPLC with a model 171 radioisotope detector. 

Mobil phases were as follows: solvent A consisted of 0.1% TFA 

in HPLC grade H20, while solvent B consisted of 0.1% TFA in 

HPLC grade CH3CN. Aliquots of the digest were loaded onto a 

C18 reversed phase column (4.6 x 250 mm, Beckman) 

equilibrated with solvent A. The column was eluted with 0% 

solvent B for 5 min followed by a 90 min linear gradient of 

0-60% solvent B at a flow rate of 1 ml/min. Elution of 

peptide was simultaneously monitored using radioactivity and 

the absorbance at 215 nm (Fig. 20). 

Results and Discussions. 

Stereochemical Analysis at C4'. To determine on which 

faces the internal Schiff base and the a-aminoacrylate 

intermediate had been reduced by sodium [^H]borohydride, the 

tritiated protein was hydrolyzed to [^H]pyridoxyllysine and 

[^H]pyridoxylalanine was obtained after reduction of the (X-

aminoacrylate intermediate. Both [^H]pyridoxyllysine and 

[•^H]pyridoxylalanine were subjected to hypochlorite oxidation 

producing [^HJpyridoxamine. Analysis of the tritium 

distribution between two heterotropic hydrogens at C4' of 

pyridoxamine made use of stereospecificity of apoaspartate 

aminotransferase for removal of the 4'-proS hydrogen 

(Dunathan et al., 1968). The tritium from the 4'-proS 
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Figure 19. HPLC chromatogram of active site peptide. The 

active site peptide was isolated on a reverse-

phase column (4.6 x 250 mm, Beckman) using a 

Beckman System Gold HPLC with in line radioisotope 

detector. Mobil phases were: solvent A- 0.1% TFA 

in H2O, solvent B- 0.1 % TFA in CH3CN. The column 

was run at 0 % solvent B for 5 min followed by a 

90 min linear gradient of 0-60 % solvent B at a 

flow rate of 1.0 ml/min. Elution of peptides was 

simultaneously monitored via absorbance at 215 nm 

( ) and radioactivity ( ) . 
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position can be released into reaction mixture, while the 

tritium from the 4'-proR position can be retained. The 

results are summaried in Table 7. The [4'-^H]pyridoxamine 

generated by reduction of the internal Schiff base with 

sodium [^Hlborohydride retained most of its tritium after 

incubation with apoaspartate aminotransferase. Of the 30,000 

cpm added to the apoaspartate aminotransferase incubation, 

3,280 cpm were released to solvent compared to 2,245 for the 

minus apo-enzyme control. These results agree with the 

hypothesis put forth by Dunathan (Dunathan, 1971; Dunathan 

and Voet, 1974) that a single surface (Re face) of the active 

site PLP is accessible to solvent. However, the [4'-

^H] pyridoxamine generated by reduction of the Ot-aminoacrylate 

intermediate with sodium [^HJborohydride only released about 

half of its tritium after incubation with apoaspartate 

aminotransferase. Of the 102,500 cpm added to the 

apoaspartate aminotransferase incubation, 53,800 cpm were 

released to solvent compared to 17,300 for the minus apo-

enzyme control. The latter is equivocal and must be 

repeated. 

Active Site Sequence. The radiolabeled peptide 

containing active site lysine was sequenced using an Applied 

Biosystem gas phase protein sequencer. The peptide is 9 

amino acids long and had all the radioactivity in position 7 



137 

Table 7. Reduction of OASS-A with sodium [^H]borohydride (A) 

in the absence of OAS (B). in the presence of OAS 

followed by degradation to [41-^H]pyridoxamine and 

stereochemical analysis with apoaspartate 

aminotransferase. 

[^H]pyridoxamine t^H] lost 

isolated, cpm cpm 

(A) 

[3H]pyridoxamine 

with ApoAATase 30,000 

Control 30,000 

3,280 

2,245 

(B) 

[^H]pyridoxamine 

with ApoAATase 102,500 

Control 102,500 

53,800 

17,300 
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(Table 8). The sequence is as follows (Cook et al., 1991): 

AsnProSerPheSerValLys(Pxy)CysArg. The above sequence exactly 

matches one of those predicted based on the nucleotide 

sequence (Levy and Danchin, 1988; Byrne et al., 1988), but is 

not the one predicted based on the homology to other PLP 

enzymes (Levy and Danchin, 1988). The cysteine immediately 

C-terminal to the active lysine is the only one present in 

the polypeptide, and the tryptophan at position 51 is one of 

two with the other is present at position 162. The 

identification of the pyridoxylpeptide and the fact that the 

K42A mutation results in an inactive enzyme (Rege, V. 

unpublished data) suggests that lysine-42 is the enzyme group 

covalently bound to the coenzyme PLP. 
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Table 8. Sequencing data of the active site peptide. 

Cycle Radioactivity (CPM) Possible residues 

1. 34 T, Na, V, A 

2. 59 E 

3. 97 S, D, I 

4 . 204 A, £ 

5. 565 S., E, T 

6. 257 K, V, N, P 

7. 12189 K*, R 

8. 3090 R<£) 

9. 1308 E, A 

10. 543 R, V, I 

11. 719 S 

12. 379 T 

13. 292 A 

aThe underlined residues are 1 nmole each. 

*Pyridoxyllysine 
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