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ABSTRACT. A new crystal structure of the A-isozyme @-acetylserine sulfhydrylase-A (OASS) with
chloride bound to an allosteric site located at the dimer interface has recently been determined [Burkhard,
P., Tai, C.-H., Jansonius, J. N., and Cook, P. F. (2QDOYlol. Biol. 303 279-286]. Data have been
obtained from steady state and presteady-state kinetic studies and fremisiMe spectral studies to
characterize the allosteric anion-binding site. Data obtained with chloride and sulfate as inhibitors indicate
the following: (i) chloride and sulfate prevent the formation of the external aldiminesiwaifsteine or
L-serine; (ii) chloride and sulfate increase the external aldimine dissociation consta@satatyl+ -
serine,L-methionine, and 5-oxo-norleucine; (iii) chloride and sulfate bind to the allosteric site in the
internal aldimine andx-aminoacrylate external aldimine forms of OASS; (iv) sulfate also binds to the
active site. Sulfide behaves in a manner identical to chloride and sulfate in preventing the formation of
the L-serine external aldimine. The binding of chloride to the allosteric site is pH independent over the
pH range 79, suggesting no ionizable enzyme side chains ionize over this pH range. Inhibition by sulfide
is potent Kq is 25uM at pH 8) suggesting that SHs the physiologic inhibitory species.

The biosynthesis af-cysteine in enteric bacteria, such as is a potent inhibitor, with &; of 1 uM at 0.1 mM acetyl
Salmonella typhimuriurandEscherichia coliand in plants CoA for SAT either free or in complex with OASS3)( No
proceeds via a two-step pathway (see below). The aminoregulation of OASS has been reported, although sulfide is a
acid precursor ofL-cysteine isL-serine, which is first competitive substrate inhibitor of OASS withkaof 50 uM
acetylated at itg3-hydroxyl group by acetyl-CoA to give (1, 3, 4). For more details on the mechanism of OASS, see
O-acetylt-serine (OAS},a reaction catalyzed by the enzyme  the recent review by Tai and Cook)(
serine acetyltransferase (SAT; E.C. 2.3.1.30) The final
step in cysteine synthesis, replacement of the acetate sideso
chain, is catalyzed by OASS (E.C. 4.2.99.8) with inorganic
sulfide as the thiol donor2j.

Recently, a structure of the A-isozyme of OASS was
Ived with chloride bound to an allosteric site located at
the enzyme’s dimeric interfacé)( The conformation of the
enzyme with chloride bound differs from that of the free
) /9\ /& ) enzyme (no ligand bound) or open forif),(and that of the
H O, Coas SAT 0/\} °+ CoASH methionine external Schiff base of the K41A mutant enzyme
NH;* NH;* or closed form 8). Formation of the external Schiff base is
accompanied by an interaction of the substeatm@rboxylate
with a portion of the moveable domain (residues-831)
/ﬁ)\ /\}o- 0ASS s/\}o' /f?\ ) called the asparagine loop, resulting in a closure of the active
o 7 e H + o . h s X
NHy ¢ OHSC NH; site. In the chloride-inhibited conformation, the moveable
domain is in a new position, and the-carboxylate is
At the level of enzyme activity, regulation is by feedback prevented from interacting with the asparagine loop. The

inhibition of SAT by the end produat-cysteine. Cysteine  external Schiff base is destabilized in the inhibited conforma-
tion.
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Chloride is likely not the physiologic effector of OASS-A  rate constant for the formation of the-aminoacrylate
(K; ~ 40 mM). Sulfide is a substrate for the OASS reaction intermediate from the external Schiff base and the dissocia-
and is also an inhibitor competitive with OAS withika of tion constant for the external Schiff base, respectively.
50 uM (see above). Although there is no obvious binding  Spectral Measurement®ll UV —visible spectra were
site for sulfide as a substrat®)(there must be an inhibitory  collected at 25°C as previously describedl@). The pH
site. The ionic radii of chloride (1.67 A) and sulfide (1.7 A) dependence of the aldp for chloride dissociating from the
are nearly identical and the allosteric binding site could easily allosteric site was determined by fixing-serine at a
accommodate sulfide. concentration sufficient to form the external aldimine based

In the present study, the allosteric anion-binding site of on the pH dependence of its dissociation constant reported
OASS-A was characterized utilizing steady state and pre- previously (0), and varying the concentration of chloride.
steady-state kinetic and UWisible spectral studies. Data The recovery of absorbance at 412 nm reflects the binding
indicate that sulfide behaves in a manner identical to chloride, of chloride to the allosteric site. Data for changefin, vs
suggesting that the substrate sulfide is the physiologic [chloride] were fitted using eq 3 below. The dfpfor
inhibitor of the OASS-A reaction. Regulation of the cysteine chloride is then corrected by dividing by (& [L-serine]/
biosynthetic pathway in enteric bacteria must be extendedKq, —serind. Data were collected at pH 7, 8, and 9 using 100

to include OASS-A. mM Hepes or Ches buffer at 25C. Similar experiments
were carried out with sulfide at pH 8.
MATERIALS AND METHODS Data ProcessingData were fitted using the FORTRAN

Chemicals O-Acetyl-L-serine, L-cysteine, L-serine, and ~ Programs developed by Cleland1j. Data for spectral
L-methionine were obtained from Sigma. Hepes and Cheslitrations were fitted using eq 3. Data for chloride inhibition
were from Research Organics. The 'Ed&hiobis-(2-nitro- with either TNB or OAS as the variable substrate were fitted

benzoate) was from Aldrich. All other chemicals and reagents USiNg €q 4. Data for sulfate inhibition with TNB as the
were obtained from commercial sources and were of the variable substrate were fitted using eq 5, while those obtained

highest purity available. with OAS as the variable substrate were fitted using eq 6.
The OAS analogue, 5-oxonorleucine (ONL), was .
prepared by Professor David Gani, and its preparation will APz = Agdllli(appKy + 1) ©)

be described elsewhere. The methyl ketone was purified prior
to use by treatment with activated charcoal in methanol. The
concentration of ONL was determined By NMR with
ethanol as an internal standard. The concentration of ethanol v = VA[K(1+ IIKj /(1 + IIKp) + Al (5)
was determined by endpoint assay using alcohol and alde-

hyde dehydrogenases in the presence of excess of NAD , = VA[K(1+ /K, + |2/Kilei52) +

Enzyme PreparationOASS-A was prepared from a AL+ UK )L+ K] (6)
plasmid-containing overproducing strain using the method N D
of Hara et al. §) adapted to HPLCA4).

Enzyme AssayD-Acetylserine sulfhydrylase activity was
monitored using TNB as the nucleophilic substrate. The
intrinsic absorbance of TNB and its disappearance was
monitored continually at 412 nmefg,, 13 600 Mt cm™)
using a recording spectrophotometdj. (All assays were
performed in 100 mM Hepes, pH 7, at 26. Initial rates
were obtained at varying concentrations of OAS or TNB with
the other reactant fixed and at different fixed concentrations
of either chloride or sulfate (including zero).

Presteady-State Kinetic StudieSingle-wavelength ab-
sorbance stopped-flow studies were carried out using an
OLIS RSM stopped-flow spectrophotometer. Single-wave-
length time courses were fitted using the software provided
with an equation of the following general form.

v =VA[K 1+ I/KJ) + AL+ l/K,)] 4)

In eq 3,AA412 represents the observed changdji at any
anion concentration in the presence of a fixed concentration
of L-serine,A41, reflects the initial absorbance of OASS in
the absence of anion andserine, apfy represents the
apparent dissociation constant for inhibitor dissociating from
the allosteric site in the presence of a fixeeserine
concentration, and [1] is the concentration of anionic inhibitor.
In eqs 4-6, v andV are initial and maximum velocities,
respectively, A represents the variable reactant, and |
represents the inhibitor, chloride or sulfate. The congfant
represents th&,, for A, while Kijs and K; represent slope
and intercept inhibition constants, respectively. In the case
of sulfate inhibition vs TNB, the slope is hyperbolic
indicating partial inhibition. Th&iy andKip are inhibition
constants for numerator and denominator of the slope term,
e where Kip reflects the dissociation constant for the El
A=A+ ZAi exp( : @ complex, andKjy is a term that is responsible for ensuring
partial inhibition. In the case of sulfate inhibition vs OAS,
the slope is parabolic indicating two distinct inhibitor binding
sites to give El and Elcomplexes, and the intercept is
hyperbolic indicating partial inhibition as for the slope in

In eq 1,A; and A, are the absorbance values at titnend
time oo, respectively, andy andz; represent theh amplitude
and relaxation time, respectively. All time courses were
collected under pseudo-first-order conditions. Data for the

substrate dependence of the pseudo-first-order rate constant_ 4
were fitted using eq 2. RESULTS
1/r; = Kaa[OAS]/(Kegr + [OAS]) (2) Steady-State Kinetic Studié® understand the chloride-

inhibited structure of OASSE], it is important to obtain
In eq 2, the constante, andKest represent the first-order  kinetic data on inhibition by chloride and sulfate as dead-
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Ficure 1: Dead-end inhibition of OASS by sulfate at varying levels FIGURE 2: Dead-end inhibition of OASS by sulfate at varying levels
of TNB. The concentration of OAS was fixed at 2 mM, and all of OAS. The concentration of TNB was fixed at 0.1 mM, and all
rates were measured at pH 6.5, 100 mM Mes, and@5The rates were measured at pH 6.5, 100 mM Mes, and@5The
following fixed sulfate concentrations in (mM) were used: 49 following fixed sulfate concentrations in (mM) were used: H);(
60 (@); 120 (a); 240 (O); 270 (#); 300 (¥); 330 (»); 360 (x); 30 (@); 60 (a); 120 (#); and 240 ¥). Curves are theoretical based
and 420 ). Curves are theoretical based on a fit using eq 5, while on a fit using eq 6, while points are experimental.

points are experimental.

Table 1: Dead-End Inhibition by Chloride and Sulfate

end inhibitors of the amino acid and nucleophilic substrates,

. . L ) variable type of Kis+=SE K+ SE
as well as data with sulfide as an inhibitor. A continuous inhibitor substrate  inhibition (mM) (mM)
assay monitoring the dlsappearance _of th_e absorbanCeChlori e OAS NG 2118 20+ 30
maximum at 412 nm resulting from 5-thio-2-nitrobenzoate TNB® NC 3745 50+ 10
(TNB) was used with OAS as the amino acid substrate. sulfate OAS3 S-parabolic 13520 3004+ 90
Product inhibition by chloride, using BCA as the amino . I-hyperbolicNC ~ 115-20  50+5
acid substrate, has been reported previoud)y Although TNB hyperbolicC %‘é& go

chloride is a product when BCA is used as the amino acid
substrate, no reversal of the reaction is observed under ANY\ 165 and 25C. ® OAS was fixed at 2 MMKoxe — 15 mM: 4). © TNB
conditions when Cl and S(5-carboxy-4-nitrophenyl)- was fixed at 0.1 mM Kme = 0.6 mM; 4). NC, noncompetitive;
cysteine &CNP-cysteine) are used as substrates for the nyperbolicC, competitive with a hyperbolic slope effect (the first and
reverse of the OASS reaction, and thus,” Glan be secondK;s values are foKip andKiy per eq 4); S-parabolic, I-hyperbolic
considered a dead-end inhibitor. With TNB as the nucleo- NC, noncompetitive inhibition with a parabolic slope effect (the f'irst
philic substrate, chloride is noncompetitive vs both BCA and 2Nd seconds values represerli: andKis; per eq 5) and a hyperbolic

. - . . intercept effect (the first and secoid values are foKip andKiy per
TNB, suggesting two binding sites for chloride, one on the eq 5).
internal Schiff base form of OASS, and a second on the
a-aminoacrylate external Schiff base form of OASS. Further-
more, the binding constants for combination with either
enzyme form are, within error limits, identical. The reason
for the noncompetitive inhibition patterns obtained with Cl

a All data were obtained with 30@g/mL OASS at pH 6.5, 100 mM

bination of sulfate to the.-aminoacrylate external aldimine
form of the enzyme, slowing down the second half-reaction.
TheK; of about 25 mM estimated from presteady-state data

was not addressed previously and will be discussed below.(S€€ below) is somewhat lower than that obtained from the
steady-stateK;s of about 100 mM. However, given the

A more extensive study of the dead-end inhibition by chloride . o .
and sulfate was carried out, and results are presented incOMPIexity of the steady-state data, this difference is not

Figures 1 and 2, and Table 1. surprising.

Chloride is also noncompetitive vs OAS as shown in Table ~ Characterization of 5-oxe-Norleucine An analogue of
1. The K; values obtained with OAS as the amino acid OAS with the bridging ester oxygen replaced by a methylene,
substrate are within experimental error identical to those 5-oxo+-norleucine (ONL), was prepared as a potential
obtained previously with BCA as the amino acid substrate inhibitor vs OAS. Reaction of ONL with OASS produces

(4). TheK; values are within error limits identical to thg the external aldimine with &nax0f 419 nm (data not shown),
value estimated from presteady-state data and spectrapnd the difference spectrum hadrayof 445 nm. A plot of
titrations (see below). AA4s5vs ONL at pH 9 gives &g of 120+ 10 uM. 5-Oxo-

Sulfate, on the other hand, shows a very complex behaviorL-norleucine is also a competitive inhibitor vs BCA with a
as an inhibitor. Inhibition vs OAS is noncompetitive, but Ki of 2.4 +£ 0.4 mM at pH 8.8. The difference iK; for
with a parabolic slope effect and a hyperbolic intercept effect. competitive inhibition and, for external aldimine dissocia-
The former is indicative of two sulfate ions binding to the tion can be explained by the mechanism shown in eq 7,
internal Schiff base form of the enzyme, while the hyperbolic Where K, reflects the initial interaction complex between
intercept reflects combination of sulfate to theamino- ONL and OASS, andKy reflects dissociation from the
acrylate external aldimine form of the enzyme, resulting in isomerized complex, ESB. On the basis of this mechanism
a slowdown of the second half-reaction. In agreement with CBeA )
the inhibition pattern vs OAS, the inhibition pattern by sulfate . 3 ) s
vs TNB exhibits a hyperbolic slope effect reflecting com- ESB‘I@O— E'ONLW E ko E:BCA—F (7)
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Ficure 3: UV-visible spectra of OASS (20M) in the presence
of 150 mML-serine. Spectra were recorded at pH 9, 100 mM Ches, 0AS (wM)
and 25°C in the absence of anions (1) and in the presence of either
500 mM KCI (2) or 250 mM KSO; (3).

Ficure 4: Dependence of the pseudo-first-order rate constant on
the concentration of OAS. The data were recorded at pH 6.5, 100
) ) mM Mes, and 25C. All time courses were measured withul

Kq will be equal toKisoK;, and thusKis, must be 0.05, i.e.,  concentration of OASS in the absence of anidms4nd presence
the isomerization step is 20-fold in favor of the external of 500 mM chloride ®) or 250 mM sulfate 4) at the OAS
aldimine. The isomerization may reflect the conformational concentrations indicated. Points are experimental, while the solid

change required to close the site as the external aldimine isSUrVe IS theoretical based on a fit using eq 2.

formed, but at a slower rate than observed during steady- S . e
state turnover of the substrat) values b_elow 8, inhibition is also quite potent, bL_Jt difficult
) ) ) ) to quantitate because of the small amount of serine external
Spectral StudiesTo obtain further information on the  5iqimine that can be formed.
effects of chloride and sulfate, UWisible spectra were
measured for OASS, in the presence of chloride or sulfate,
either with or without OAS|-cysteine, on-serine. In the

Other monovalent anions also prevent formation of the
serine external aldimine at pH 9 and a concentration of 500

presence of OAS, the-aminoacrylate intermediate is formed EIN(IE'XHE? ;ancdﬁgisl\liﬁﬁli;?g\l’ and KF, while KBr and

as evidenced by the shift in the visiblgax from 412 to 470 o " .

nm (3, 12). A repeat of the experiment in the presence of Preste_ady—State Kmetlc St_udJéE‘ne rate of formation of .
either chloride or sulfate gives identical results (data not tN€a-aminoacrylate intermediate was measured as a function
shown). Addition ofi-cysteine to OASS results in a shiftin ©f OAS concentration using the stopped-flow method and

the visible Amax from 412 to 418 nm10), and this shift is ~ monitoring the reaction at 470 nm. In Figure 4, the
prevented when chloride or sulfate are present (data nothpendence of the rate on the concentration of OAS is shown

shown). The addition of-serine results in a mixture of in the absence of added anions and in the presence of either

external aldimine species withnsy values of 330 and 418 200 MM CI” or 250 mM SQ?". The maximum rate of
nm, respectively 10). These absorbance changes are also formation of thea-aminoacrylate mtermedmté&,ﬁ)_s not
prevented with either chloride or sulfate present, Figure 3. affécted by S@-, with a value of 110+ 4 s™ in the

Spectra were also measured in the presencenoéthion presence as compared to the value of 0B s in the
. : o ol absence of Sg~. Chloride, however, decreases the rate of
ine and 5-oxonorleucine, the best mimics of OAS, with pH- e

. ; o-aminoacrylate formation by 20% (88 2 s1). The
md_er?endent(d valuehsl O.fd80 and 120M, respﬁctlvely 9). dissociationyconstant of subs%/rate fror(n the exte)rnal Schiff
formation of the external aicimne with these two amin acids D258 Kess IS increased in the presence of both anions with
(data not shown). To determine the effect of the anions theValues of 17+ 1 mM (CT') and 14+ 1 mM (SQ) as

Kq for the dissociétion of-methionine external Schiff bas,e compared toa ve_llue of 1.2 0.2 mM in the absence of
Wgs measured at pH 9 in the presence of 500 mM chloride & o> The resulting second-order rate ConStwié(KEszT)

or 250 mM sulfate. Th&q for external aldimine dissociation in the absence of anions, and in the presence 0bCEQ;

) ) . are 8+ 1) x 10! M1s1 (4.7£0.3)x 10°M1s?% and
is 750+ 100uM in the presence of chloride and 28030 7 Q(i 0 6)) < 1P M-Lst r(espective)ly Thus. decreases in
uM in the presence of sulfate (data not shown). ) ) ' : '

) _ the second order rate constant of about 17- and 10-fold,
pH Dependence of the Chloride and Sulfide. Khe  respectively, are observed in the presence ofadid SG?".
dissociation constant for chloride dissociating from the preincubation of OASS with these anions has no effect on
allosteric InthItOI’y site was measured as discussed in the results. Using the above data, one can calculate the
Methods. A pH independent value of 18 1 mM was  competitive inhibition constant for the two anions vs OAS,
obtained, in reasonable agreement with the kinetic dataaccording to the equation alipst = Kes(1 + [anion]Kis)
reported in Table 1. where apfestis the value oKesr measured in the presence
Sulfide has been reported to be a substrate inhibitor of of anion (17 mM with Ct and 14 mM with SG~,
OASS-A with aK, around 5:M (3, 4). At pH 8, inhibition respectively)Kesr is the value in the absence of anion (1.2
by sulfide is observed with &, of 25 + 10 uM. At pH mM) and [anion] is the concentration of anion used.
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Scheme 1: Ping Pong Kinetic Mechanism with Alternative ~ Scheme 2: Ping Pong Kinetic Mechanism with Inhibition
Sequential Pathway upon Anion-Binding to an Allosteric Site

AAs p Ns AAs Np Ns AAp

i 7 AAp
(E:AAs=F:Np) F
, E (E:AAs="F:Np) F (F:Ns =E:AAD) E
E / (F:Ns =E:AAp) E
\EN\(ENsM*FNsz)J X X X

E (E:AAs ==F"Np) F (F:Ns =—E"AAp) E
Ns AAs Np
aThe alternative pathway in which sulfide binds prior to OAS is
shown as a dotted line. AAAA,, Ns, and N, represent the amino acid
substrate, amino acid product, nucleophilic substrate and nucleophilic AAs p Ns AAp
product, respectively. aThe allosteric ligand can bind to either the internal aldimine (E)

or thea-aminoacrylate external aldimine (F) to generate an inhibited
Estimates oK; of 38 + 2 mM and 23+ 2 mM are obtained enzyme. Reactants and products are as defined in the legend to Scheme
for CI~ and SQ?", respectively. 1.

o-aminoacrylate intermediate directly upon diffusion into the
DISCUSSION active site as suggested previously3); Second, partial
inhibition is common for allosteric inhibitors, and thus the

Kinetic MechanismThe kinetic mechanism of OASS is partial competitive substrate inhibition by sulfide is consistent
of the classical p|ng pong BiBi type with OAS b|nd|ng as with an allosteric inhibition. The slow alternative pathway
first substrate to the internal aldimine form of the enzyme Proposed previously (see below; #fis confirmed, but the
(E), and acetate released as the first product. Sulfide theneXplanation differs slightly from that proposed. The slow
binds as the second substrate to thaminoacrylate form pathway observed at high sulfide concentration likely results
of the enzyme (F), Scheme 1, andtysteine is released as from binding of sulfide to the allosteric site, thereby
the final product 8, 4). Competitive inhibition by both ~ generating a partially inhibited enzyme.
substrates is observed, presumably as a result of binding to The previously proposed kinetic mechanism is illustrated
the incorrect enzyme form, OAS to F and sulfide to E. in Scheme 14). In this proposal, the nucleophilic substrate

The kinetic mechanism of OASS represents an enigma.binds to the active site prior to the amino acid substrate,
In the large majority of enzymes that have a classical ping resulting in an apparent sequential kinetic mechanism. It was
pong kinetic mechanism with the exception of the oxido- Suggested that the nucleophilic substrate might bind in a hole
reductases, the reactants and products are structurally similarPehind the cofactor in the vicinity of H15Z). However,
The prototypical example of such a reaction is that catalyzed changing H152 by site-directed mutagenesis does not affect
by aspartate aminotransferase, for which reactants ( substrate inhibition by sulfide (C.-H. Tai, unpublished
aspartate and-ketoglutarate) and products (oxalacetate and results). A modified kinetic mechanism for OASS-A is
L-g|utamate) are dicarboxy”a-amino or a-0xXo acids. In shown in Scheme 2. In this modified mechanism, binding
the case of OASS, one of the substrates jBsubstituted of an anion (X) to the allosteric anion-binding site generates
amino acid (OAS) and the second is a small inorganic ion & less active enzyme designated byad F. However,
(SHY). There are several pieces of evidence that are difficult Whether the allosteric site is occupied, the overall kinetic
to reconcile in the context of a classical one-site ping pong Mmechanism remains ping pong. The allosteric site appears
mechanism for OASS. First, the second half-reaction is very to be relatively nonspecific and will allow binding of a
fast with a first-order rate constantLl000 s at 5uM giving number of small anions as outlined in Results. In addition,
an estimated second-order rate constant @f® M1 s1 the substrate inhibition by OAS binding to tlieamino-
(13). Second, the structure of the K41A mutant enzyme acrylate form of the enzyme (where the active site is largely
[methionine external Schiff bas8){, indicates that there is ~ 0occupied) may potentially be explained by binding of the
no obvious binding site for sulfide as a substrate, consistenta-carboxylate of OAS to the allosteric site. The affinity for
with the diffusion-limited second half reaction. However, the latter combination of OAS is very lovK; oas as a
competitive inhibition by sulfide is observed, so that an substrate inhibitor is 60 mM, while thKn, for OAS is 2
inhibitory binding site must exist4j. Third, competitve MM (4).
inhibition by sulfide is not complete, which could not easily ~ Inhibition Studies Chloride and sulfate act as dead-end
be explained by any active site combination of sulfide. The analogues of the nucleophilic substrate. Each of these
above observations can now be explained based on thenhibitors binds with different affinity, dependent on the
structure of OASS with chloride bound to an allosteric anion considered, to the active and/or allosteric sites. Each
inhibitory site and the fact that sulfide at inhibitory concen- of the inhibitors will be considered independently below.
trations behaves identically to chloride. There is no structural evidence that chloride binds to the

First, the site for inhibition by substrate, and especially active site of OASS, either to the E form of the enzyme,
sulfide, is likely the newly identified binding site for chloride  occupying thex-carboxylate subsite, or to the F form of the
as will be discussed further below. Sulfide has no binding enzyme, competing with the nucleophilic substrate (e.g.,
site as a substrate (see above) and likely adds to thesulfide). Thus, the effects of chloride can be interpreted in



Characterization of the OASS Allosteric Site Biochemistry, Vol. 40, No. 25, 20017451

Scheme 3: Kinetic Mechanism for Inhibition by Chloride Scheme 4: Kinetic Mechanism for Inhibition by Sulfate

k,0AS k; k;TNB k; k,0AS ks ksTNB Ky
E=——=E:0AS F F:INB— E E E:0AS F F:TNB—E
k, k¢ k, k¢
HC]‘ Cr SO, S0,
E":Cr F:Cr E":S04 *KkTNB *k7'
2The ' indicates the inhibited forms of the enzyme. The constants  |igq FiS0S = FS0-INB E:S0,°
ks' andk;' are net rate constants for formation of F and acetate, and E

and S-CNP-cysteine, respectively. E':(S04™),

terms of interaction with the allosteric site alone. Chloride constants are as defined for Scheme 3 with the addition of
is noncompetitive, regardless of whether OAS or TNB is the rate constants with an asterisk (*) representing the
the varied reactant, and the slope and intercept inhibition inhibited pathway.
constants are identical. These data indicate that chloride As a test of the mechanism, the inhibition data for sulfate
combines with both the E and F forms of the enzyme (as obtained vs TNB should be accommodated. The inhibition
pictured for X in Scheme 2) with equal affinity. In both  pattern is hyperbolic competitive, consistent with the inhibi-
cases, chloride is in apparent competition with the varied tion of the reaction at low TNB as a result of switching to
reactant (slope inhibition), indicating that when chloride is the slower pathway, and elimination of the inhibition at
bound to the allosteric site, the reactant either does notsaturating TNB, restricting the reaction to the uninhibited
combine with the enzyme or it combines but does not react pathway. However, one would predict an intercept effect as
to give product. This interpretation is confirmed by thedV  a result of combination to E to give net noncompetitive
visible spectral studies that show that when chloride is inhibition. The lack of an intercept effect can in this case be
present at saturating concentrations, the external Schiff baseaccommodated. The second half-reaction, i.e., F to E is much
with L-serine orL-cysteine cannot be formed, i.e., one slower than the first with TNB as the nucleophilic substrate
observes only the free enzyme spectrum. Although the (4), and the first half-reaction is irreversible at low acetate,
external Schiff bases with OA%;methionine, and 5-oxo-  resulting in regeneration of the F form of the enzyme via
norleucine can be formed in the presence of chloride, the Le Chatelier's Principle. As a result, the E form of the
anion competes effectively with these amino acids. Thus, enzyme does not build up to any significant concentration
the mechanism of chloride inhibition can best be described in the steady state.
as shown in Scheme 3, whel¢ and ki are net rate Interestingly, addition of OAS to OASS gives the
constants for the conversion of E:OAS and F:TNB to F and aminoacrylate intermediate even in the presence of sulfate
E, respectively, and the'Eand F forms represent the or chloride. Initially, this was thought to be due to the
inhibited forms of the enzyme. thermodynamic sink that is generated by the practically
Sulfate, unlike chloride, does bind to the active site in the irreversible formation of thei-aminoacrylate intermediate;
amino acid substrate-carboxylate subsite. Inhibition pat- the equilibrium constant at pH 7 is about 15 000 in favor of
terns indicate combination with both the E and F forms of the intermediatel(d). No such irreversible reaction occurs
the enzyme. In the-aminoacrylate intermediate, the amino in the presence af-serine or-cysteine, which generate the
acid’'s a-carboxylate subsite is occupied, and sulfate cannot external aldimine species af-serine andL-lanthionine,
be bound to this site. In addition, just as there is no binding respectively 10, 13). There is an effect of both anions on
site for bisulfide, there is no evidence for an acetate binding the formation of thex-aminoacrylate intermediate with OAS.
site. Thus, the obvious site on F for combination of sulfate The pre-steady-state data indicate a 10- and 17-fold decrease,
would then be the allosteric anion-binding site. The-tJV  respectively, in the second-order rate constémt/[KesT)]
visible spectral data again confirm the interpretation. The for formation of the external aldimine in the presence of
external Schiff bases with-serine orL-cysteine cannot be  chloride or sulfate. However, the irreversibility of the reaction
formed at saturating concentrations of sulfate. alone is insufficient to explain the discrepancy, since one
The mechanism of sulfate inhibition with OAS as the observes external aldimine formation with eithemethion-
amino acid reactant is complex and very informative. ine or ONL in the presence of chloride or sulfate, albeit with
Noncompetitive inhibition is obtained for sulfate vs OAS, higher dissociation constants. There must also be a difference
indicating combination of sulfate with the internal Schiff base in the structure of the external aldimine complex that is
and a-aminoacrylate intermediate forms of the enzyme as formed with OAS (or its mimics) as compared to those
stated above. However, the slope effect for the net noncom-formed with eitherL-cysteine orL-serine. The obvious
petitive inhibition for binding to the internal Schiff base is difference lies in the side chain of the amino acid used.
parabolic, and indicative of the sequential binding of two  Inhibition by Sulfide It was recently suggested that the
molecules of sulfate, both of which compete with the binding chloride allosteric inhibitory site was the site for substrate
of OAS. The most reasonable sites for combination of sulfate inhibition by sulfide, the physiologic inhibitor6j. Data
on E are the active and allosteric sites. The intercept effectobtained in these studies are consistent with the interpretation.
for the net noncompetitive inhibition reflecting binding to  Sulfide prevents the formation of the-serine external
the o-aminoacrylate intermediate is hyperbolic indicating a aldimine with ak; of 25uM, very similar to the value of 50
partial inhibition. This suggests that although sulfate slows uM estimated from initial velocity studies3( 4). The
down the second half reaction upon binding to the allosteric similarity in behavior of sulfide and chloride, along with their
site (the active site is occupied lyyaminoacrylate) it does  nearly identical ionic radii (chloride, 1.67 A; sulfide, 1.70
not completely inhibit it. Thus, the overall kinetic mechanism A) is evidence that sulfide binds to the allosteric site at the
for sulfate inhibition is given in Scheme 4 where all of the dimeric interface of OASS.
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Ficure 5: Stereoview of the allosteric site at the dimer interface of OASS. Residues that make up the site are contributed from both
subunits (distinguished by ‘). The chloride is shown as an orange sphere, while two water molecules are shown as red spheres.

pH Dependence of Inhibitor BindingA view of the to prevent an uncontrolled increase in the concentration of
allosteric inhibitory site is shown in Figure 5. Note that the cysteine.
only potentially ionizable group is Arg-34which is expected
to have a [ greater than 10. To determine whether an ACKNOWLEDGMENT
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