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Escherichia coliCystathioniney-Synthase Does Not Obey Ping-Pong Kinetics.
Novel Continuous Assays for the Elimination and Substitution Reactions

Susan M. Aitken, Daniel H. Kim, and Jack F. Kirsch*
Molecular and Cell Biology Department, Urarsity of California—Berkeley, Berkeley, California 94720-3206

Receied June 27, 2003

ABSTRACT. Cystathioniney-synthase (CGS) is a pyridoxal phosphate-dependent enzyme that catalyzes a
y-replacement reaction, in which the succinyl group oasuccinyl+-homoserinel-OSHS) is displaced

by the thiol ofL-cysteine to form.-cystathionine, in the first step of the bacterial transsulfuration pathway.
The mechanism dEscherichia coliCGS (eCGS) is ordered withOSHS associating beforeCys Kead/
Kmr—OSHS= 9.8 x 10* M~1s71, where the subscript R denotes the replacement reaction). The mechanism
becomes ping-pondkdad Kmr ~OS"S = 4.9 x 10* M~ s71) at L-Cys concentrations lower thdfy,-—©Ys,

The enzyme also catalyzes a competipglimination reaction, in which-OSHS is hydrolyzed to succinate,
NHz, and o-ketobutyrate Keaed/ Kme-—©SHS = 1350 £ 90 Mt s, where the subscript E denotes the
elimination reaction). Thé&c./Km-~°SHSversuspH profile of eCGS is bell-shaped for both reactions. The
pH optimum and thelg, values for the acidic and basic limbs are 7.4,46.8.1, and 8.Gt 0.1, respectively,

for the elimination reaction and 7.8, 7#40.1, and 8.3t 0.1, respectively, for the replacement reaction.
The internal aldimine of eCGS remains protonated at{it0.5, and thex-amino group oi.-OSHS has

a pK, of 9.71 4 0.01; therefore, neither limb of tHe./Km-~©SHS versuspH profiles can be assigned to
aldimine, or to.-OSHS prototropy. Novel continuous assays for the elimination reaction, employdng
hydroxyisocaproate dehydrogenase, and for the substitution reaction, employing cystatfityase
andL-lactate dehydrogenase as coupling enzymes, are described.

Cystathioniney-synthase (CGS)catalyzes ay-replace- Succinylt-homoserine (-OSHS), O-acetyl+-homoserine,
ment reaction (Scheme 1) in which the leaving group of an and O-phospho:-homoserine are substrates for CGS from
activated form ofi-homoserine is exchanged for the thiol bacteria, fungi, and plants, respectiveBr@).

of cysteine (-Cys) to formL-cystathionine i(-Cth). This CGS is a homotetramer in which the active site, located
reaction is the first in the transsulfuration pathway that gt the subunit interface of the catalytic dimer, is comprised
converts.-Cys toL-homocysteinel(Hcys), the immediate  of residues from each subuni, 5). Escherichia coliCGS
precursor t(l-m_eth|on|ne (Scheme 2)._CGS and the subse- (eCGS) is~30, 32, and 38% identical in sequence to CGS
quent enzyme in the pathway, cystathionthlyase (CBL),  from other specie<. coli CBL (eCBL), and cystathionine
are unique to plants and bacteria and are therefore of interest, |yase from yeast (yCGL), respectively. eCGS is also
as potential targets for antibiotics and herbicidés O- similar in structure to these related enzymessj. The rms
deviation is only~1.5 A between~350 G, atoms in the
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! Abbreviations: AATase, aspartate aminotransferase; AMPSO, gn theSalmonella typhimuriurenzyme [stCGSA—10)], but

N-(1,1-dimethyl-2-hydroxyethyl)-3-amino-2-hydroxypropanesulfonic acid; : .
CAPS, 3-(cyclohexylamino)-1-propanesulfonic acid; CBL, cystathionine eCGS has also been investigated, (12). Although the

B-lyase; eCBLE. coli cystathionings-lyase; yCBS, yeast cystathionine formation ofL-Cth via they-replacement reaction is the only
p-synthase; CGL, cystathioninelyase; CGS, cystathioninesynthase; physiologically relevant reaction of CGS, both eCGS and

eCGS.E. coli CGS; stCGSS. typhimuriunCGS;L-Cth, L-cystathio- R : :
nine: DTNB, 5,5dithiobis(2-nitrobenzoic acid); EDTA, ethylenedi-  StCCS also catalyzejaelimination reaction (Scheme 3), in

aminetetraacetic acidg-Hcys, L-homocysteine; HO-HxoDHp-2- which L-OSHS is hydrolyzed to SU_CC?nat.e: I§lHanda-.ke—
hydroxyisocaproate dehydrogenase; IPTG, isoprogb-thio- tobutyrate (-KB) (12, 13). The y-elimination of succinate

galactOPWan?lsidal-KB, a—ketog)uftfyrate; LDHL(—jlaCftatg dehydggg- 0 from L-OSHS is common to both the replacement and
nase; MBP, three-component buffer comprised of 50 mM MOPS, 5 s . .

mM Bicine, and 50 mM proline; MOPS, 3N¢morpholino)propane- elimination rea_C“F’”s (SCheme_s 1 _"_md 3), andﬂ'fa_' .
sulfonic acid; NADH, 8-nicotinamide adenine dinucleotide (reduced —Unsaturated ketimine has been identified as the partitioning

form); NaPR sodium pyrophosphate;-OSHS, O-succinyl+-ho- intermediate between these reactioh®)(

moserine; PCR, polymerase chain reaction; PLP, pyridoXal 5 . . _
phosphate; TAPSN-[tris(hydroxymethyl)methyl]-3-aminopropane- The crystal structurelj and the identity of the ketimine
sulfonic acid. partitioning intermediate 12) of eCGS provide valuable

10.1021/bi0351070 CCC: $25.00 © 2003 American Chemical Society
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Scheme 1: Mechanism of the eC@SReplacement Reactién
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@ The structure ob is that proposed by Brzoviet al. (12), and the assignment of active site residues is based on the eCGS crystal stii)cture (

Scheme 2:L-Cysteine and.-Methionine Metabolism in
E. coli (28)

S-adenosyl-
methionine (SAM)

COOe

S-adenosyl-
H%)\/\S/ L-Methionine Y
3

homocysteine (SAH)

®COO®J

L-Homocysteine H;N SH

Pyruvate + NH3\J' cystathionine

B-lyase (CBL)

O
®G00 @ L
HsNJ\/\S/\rNHg9 L-Cystathionine
coo
O-succinyl- _/4 Cystathionine

L-homoserine | y-synthase (CGS)

©
@COO
HN~~-SH L-Cysteine

insight into the chemical mechanism of this reaction.

elimination preceding-Cys associationl(l). However, the
steady-state mechanism has not been thoroughly investigated
because of the lack of suitable assays. The ratio of the
reported k.: Values for the replacement and elimination
reactions is only 1.51(1), which is surprising, given thin
vivorole of eCGS in transsulfuration. Here we describe novel
continuous assays for the elimination and substitution reac-
tions of CGS, which are employed to characterize the steady-
state kinetics of eCGS. The kinetic mechanism is shown to
be ordered at-Cys concentrations greater thip-—<¥s. The

pH dependencies of the elimination and replacement reac-
tions are described.

EXPERIMENTAL PROCEDURES

ReagentsL-Cys was purchased from Fluka-Lactate
dehydrogenase (LDH) ané-succinyl+-homoserine -
OSHS) were Sigma products. Protease inhibitor (Complete
EDTA-free) tablets were from Roche. DEAE-Sepharose fast-
flow resin was purchased from Amersham Pharmacia Bio-
tech. Toyopearl butyl-650M resin was from TosoHaas: Ni
NTA resin was a Qiagen product. 5[Bithiobis(2-nitrobenzoic
acid) (DTNB) was from Pierce. Isopropgtp-thiogalacto-
pyranoside (IPTG) was from CalBiochem. His-tagged eCBL

The was expressed and purified as described previodsly (

kinetic mechanism for the replacement reaction has been His Tagging, Expression, and Purification of2-Hy-
interpreted in terms of a ping-pong model with succinate droxyisocaproate Dehydrogenase (HO-HxoDHhe gene
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Scheme 3: Mechanism of the eCG@<Elimination Reactiof
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@ The reaction mechanism is that proposed by Brze¥ial (12). Structuresl and5 are from Scheme 1.

encoding HO-HxoDH was subcloned from the plasmid
pGIN113 (5) with HO-HxoDH-specific primers designed
to introduce restriction sites and a C-terminal six-His tag:
5-TAT TAA CCA TGG CTA AAATTG CCA TGT ATA
ATG TC-3 and 3-TCC AAT GCA TTG GCT GCA GTT
AAT GGT GGT GAT GGT GGT GCA GGT TAA CGA
TGC TTC TTG GCC GG-3(restriction sites are underlined,
and the ATG start codon is in italics). The His-tagged HO-
HxoDH gene was introduced into the pTrc-99a vector
(Amersham Pharmacia Biotech) and transformed intooli
strain DH10B (Gibco BRLYia electroporation (Gene Pulser,
Bio-Rad).

Three liters of LB medium (4 750 mL in 2.8 L baffled
Fernbach flasks) was warmed at 32 for 3 h followed by
addition of ampicillin to a final concentration of 10@/mL
and inoculation (1:50) with an overnight pTrc-99a/HO-
HxoDH culture in E. coli DH10B in LB (100 ug/mL
ampicillin). IPTG was added to a final concentration of 0.1
mM when the Olgy reached 0.5, and the cells were
incubated at 30C for a further 6 h. The harvested cell pellet
was suspended in 30 mL of buffer A [50 mM potassium
phosphate (pH 7.8), 10 mlgrmercaptoethanol, and 10 mM
imidazole] containing one Complete EDTA-free tablet
(Roche) and 2@g/mL DNAse I. The cells were disrupted
by incubation with 1 mg/mL lysozyme on ice for 20 min
followed by repeated (8 30 s) cycles in a Bead Beater
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Ficure 1: Dependence of the rate of NADH oxidation upon eCGS,
eCBL (inset A), and LDH (inset B) concentration in the coupled
eCBL/LDH assay. Reactions were carried out in 1 mL volumes at
25 °C, and the rates were monitored at 340 nm. Conditions: 50
mM Tris (pH 7.8), 20uM NADH, 20 uM PLP, 20 mML-OSHS,
and 0.5 mML-Cys with 0.025-0.49 uM eCGS, 0.84uM eCBL,

and 1.8uM LDH (main panel), with 0.25«M eCGS, 0.01+1.7

uM eCBL, and 1.8«M LDH (inset A), or with 0.25uM eCGS,

0.84uM eCBL, and 0.03%+4.9 uM LDH (inset B).

harvested as described above for HO-HxoDH. The harvested
cell pellet was suspended in 40 mL of buffer B [50 mM
potassium phosphate (pH 7.2), 1 mM EDTA, and ;24
PLP] containing one Complete EDTA-free tablet (Roche)
and 20ug/mL DNAse I. Cells were disrupted as described

(Biospec Products). The lysate was centrifuged, the super-above. The lysate was centrifuged, ammonium sulfate added

natant loaded onto a 16 10 cm column of Ni-NTA resin,
and the column washed with 200 mL of buffer A. The
enzyme was eluted with a 400 mL linear gradient of 10 to
400 mM imidazole in buffer A. The HO-HxoDH-containing

to the supernatant to 30% saturation, and the resulting
solution loaded onto a 2.5 10 cm column of Toyopearl
butyl-650M resin (TosoHaas) equilibrated with buffer B
containing 30% ammonium sulfate. The column was washed

fractions were pooled, concentrated, and dialyzed againstwith 400 mL of buffer B containing 30% ammonium sulfate,

storage buffer [50 mM triethanolamine (pH 6.5)]. Ap-
proximately 50 mg o& 95% pure HO-HxoDH was obtained
from the 3 L culture.

Cloning, Expression, and Purification of eCGIhe metB
gene encoding eCGSL§) was PCR amplified from the
genomic DNA of E. coli IM103 with the eCGS-specific
primers 5-GGG TAC TGA CCG TAA ACC CGC ATA
GTT TA-3 and 3-CAC CGA TTT GTG TCG CGG AAT
AGT CGG AAC-3. Restriction sites were subsequently
introduced by PCR with the primers-& GAA CTT CAT
CCCATG GCG CGT AAA CAG G-3 and 3-CCT TGT
TGA TTA GGT ACC GCA GAC ATC AGA CGT-3

and the enzyme was eluted with a 400 mL linear gradient
of 30 to 0% ammonium sulfate in buffer B. The eCGS-
containing fractions were pooled, concentrated, dialyzed
against buffer B to remove the ammonium sulfate, and loaded
onto a 2.5x 10 cm column of DEAE-Sepharose resin
(Amersham Pharmacia Biotech). The column was washed
with 400 mL of buffer B, and the enzyme was eluted with
a 400 mL linear gradient of 0 to 500 mM NacCl in buffer B.
The purified protein was concentrated and dialyzed against
buffer B. Approximately 90 mg 0o&95% pure eCGS was
obtained from the 4.5 L culture.

Enzyme Assay<CGS activity was measured in a total

(restriction sites are underlined, and the ATG start codon is volume of 150uL at 25 °C on an HP 8453 UVvis

in italics). The eCGS gene was introduced into the pTrc-

spectrophotometer. The assay buffer contained 50 mM Tris

99a vector (Amersham Pharmacia Biotech) and transformed(pH 7.8) and 2QuM PLP. Samples were equilibrated at 25

into E. coli strain DH10B as described above.
A45L (6 x 750 mL in 2.8 L baffled Fernbach flasks)
pTrc-99a/eCGS culture i&. coli DH10B was grown and

°C, and a background rate was recorded prior to initiation
of the reaction. Data were fitted by nonlinear regression with
the program SAS (SAS Institute, Cary, NC).
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Scheme 4: Continuous Coupled Enzyme Assays Developed fo? CGS
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a Elimination of succinate from-OSHS yields NH anda-KB from a-iminobutyric acid. The coupling enzyme, HO-HxoDH, reducekB to
2-hydroxybutyrate with NADH. CGS also catalyzes the replacement ofytheccinate group of-OSHS withL-Cys to formL-Cth. L-Cth is
converted ta-Hcys, NH;, and pyruvate by CBL, and the oxidation of the latter to lactate by LDH is monitored by NADH oxidation.

CGS Elimination Reaction Assdgeactions were carried
out in assay buffer containing 6.0 mM L-OSHS, 200
uM NADH, and 21uM HO-HxoDH. The latter concentration
is sufficient for coupling under these conditions. Reactions
were initiated by the addition of 9.8M eCGS, and the
conversion of NADH to NAD was monitored at 340 nm
(A€zzo = 6200 Mt cm™Y). Values forkeae and Kp,g-~OSHS
were obtained by fitting the data to the Michaelldenten
equation, andk.uedKme~©S"S was obtained independently
from eq 1.

v _ (keadKe ©")[L-OSHS]
[E] 1+ [L-OSHS]K, 2 9%

(1)

CGS Replacement Reaction Ass&CBL and LDH
concentrations of 0.84 and 1.8M, respectively, were

Evaluation of the pH Dependence of the Kinetic Param-
eters of eCGSThe pH dependencies of the kinetic param-
eters for the eCGS elimination and replacement reactions
were determined with the continuous HO-HxoDH and CBL/
LDH assays, respectively. A three-component buffer, com-
prised of 50 MM MOPS (K, = 7.2), 50 mM Bicine (s =
8.3), and 50 mM proline (g, = 10.7), was employed to
keep the ionic strength constart € 0.28) (L8, 19). The
kinetic measurements for the elimination reaction were
carried out from pH 6.1 to 9.0 in the presence of-620
mM L-OSHS, 20uM PLP, 200uM NADH, 21 uM HO-
HxoDH, and 9.3uM eCGS. The kinetic measurements for
the replacement reaction were carried out from pH 6.6 to
9.4 in the presence of 0.64.0 mM (0.05-2.5 mM at pH
>8.8) L-Cys, 0.625-21.2 mM L-OSHS, 20uM PLP, 200
uM NADH, 0.7—14 uM eCBL, 4.1uM LDH, and 0.25-
2.5uM eCGS. The required concentration of eCBL increased

selected for the CGS assay because each is in the plateayith pH, and the optimal concentrations of both coupling

region of the coupling enzymes (Figure 1, insets A and B) enzymes were determined at each pH. The pH dependence
for the range of eCGS concentrations that were assayedof k. was fitted to eq 3, and that &./K.~OSHSwas fitted

Reactions were carried out in assay buffer containing 200 tg the bell-shaped curve described by eq 4:

uM NADH, 1.8 uM LDH, 0.84uM eCBL, 0.023-1.35 mM
L-Cys, and 0.122.5 mML-OSHS. They were initiated by
the addition of 0.0250.25 uM eCGS and monitored as
described above. The rate of NADH oxidation in the CBL/

LDH continuous assay is linearly dependent on the eCGS
concentration over the specified range (Figure 1). The

concentration of the-Cys stock solution was determined
with DTNB (17).

Single-Turneer Measurementslhe reactions of 2.aM
eCGS with 10 mM.-OSHS and 610 mML-Cys in 50 mM
Tris (pH 7.8) at 25°C were monitored at 300 nm during the
first 0.2 s of the reaction with a stopped-flow spectropho-

(kCaT)maX
kca’[ = 1+ 1d3Ka1*pH (3)
L—OSH
kca/KmL_OSHS: (kca{Km 3max (4)

14 10 P 4 PP

where Keajmax@nd keal Kt~ S")max are the upper limit values
for the kinetic parameters.

Spectrophotometric Titration of the eCGS Internal Aldi-
mine.The internal aldimine of eCGS was titrateersuspH

tometer (Applied Photophysics Ltd., SF.17MV), and the data with 20 M enzyme in 5 mM TAPS (. = 8.4; pH 6.70)

were fitted to eq 2.

Ao = Apax — AAE )

The resultingkyps Values were plottedersusL-Cys concen-
tration.

containing 0.5 M KCI as a starting point. The pH was
increased by successive additions of 0.5 M AMPSO (pH
10.6; K= 9.0) at pH<9.0, 0.5 M CAPS (pH 11.5;, =
10.4) between pH 9.0 and 10.5, and 1.0 M NaOH at pH
>10.5. The enzyme solution was drawn through ah?
filter to reduce light scattering from the precipitate, and the
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Table 1: Kinetic Parameters for the eCGS Replacement and Elimination Reactions

modified ping-pong mechanigh ordered mechanistf ref 11f
O-Succinylt-homoserinet L-Cysteine— Succinatet L-Cystathionine
Kear (S72) 12145 117+5 11.7
Kmg:~OSHS (mM) 25+05 1.2+0.7 1.0
Kmr" =SS (MM) 0.11+0.01 0.10+ 0.01 0.05
Kir-=%vs (mM) 0.33+0.09 0.2+£0.1
Kir-~©SHS (mM) 2.0+ 05
Keard Kmgt~OSHS (M ~1 s-1)d (4.940.9) x 10* 9.8x 10* 1.17 x 10*
KeardKmr " ©¥s (M1 s71) (1.06+ 0.07) x 10 (1.20+ 0.01) x 1 2.34x 10
O-Succinyli-homoserine—~ Succinatet Pyruvatet NH;
Keate (S72) 1.80+ 0.05 7.7
Kmg 0SS (mM) 1.34+0.1 0.33
Kead Kmg "OSHS (M1 s71) 1350+ 9C¢ 2.3x 10¢

aThe subscripts E and R denote kinetic parameters of the elimination and replacement reactions, respectively. The kinetic parameters are expressed

per subunit? Kinetic measurements were carried out in 50 mM Tris (pH 7.8) containing\@PLP, 0.84uM eCBL, 1.8uM LDH, 200 uM
NADH, 0.023-1.35 mML-Cys, 0.1-22.5 mML-OSHS, and 0.0250.25uM eCGS at 25°C. ¢ Data were fitted to eqs-79. ¢ Data were fitted to
eq 10.¢ Kinetic measurements were carried out in 50 mM Tris (pH 7.8)®OPLP, 214M HO-HxoDH, 200«4M NADH, 0.1—-10 mM L-OSHS,
and 9.3uM eCGS at 25°C. Data were fitted to the Michaeligvienten equation and to eq fin the replacement reaction protocol of Holbroetk
al. (11), eCGS was preincubated withCys in 50 mM KPR (pH 7.8) containing 10 mM DTT. Reactions were initiated by the additiortaf]f
L-OSHS, the mixtures incubated at 25 for 10—30 min, and the reactions stopped by the addition of 9 volumes of 3% perchloric’4€idL {Cth

was isolated with Dowex 50-X8 resin prior to quantitation.

pH of the solution was determined prior to each absorbancecoupling enzymes eCBIk{/K, " =1.3x 1P M 1s™?)

measurement. Spectra were recorded on an HP 8453 UV

and LDH KeafKn™"= 1.1 x 10° M1 st under current assay

vis spectrophotometer. The data recorded at 390 and 423conditions) in the CGS-catalyzed displacement of succinate

nm were fitted to eqs 5 and 6, respectively:

Al - Az
Tl 0 2 ©)
A — A
A, 6)

L+ 10

whereA; andA; are the high and low absorbance limits at
a particular wavelength, respectively.

RESULTS

A Continuous Assay for the CGS Elimination Reaction.
The HO-HxoDH-catalyzed reduction @f-KB provides a

from L-OSHS byL-Cys (Scheme 4). The kinetic parameters
determined for the eCGS substitution reaction are presented
in Table 1.

Kinetic Mechanism of eCGShef,y-unsaturated ketimine
intermediate formed by eCGS froorhOSHS decomposes to
NH; anda-KB, returning the enzyme to the internal aldimine
(12). Therefore, the eCGS mechanism cannot be reduced to
a simple ping-pong mechanism. Sample data for the replace-
ment reaction are shown in Figure 2. The decreas¢/[ig]
at elevated.-Cys concentrations is indicative of substrate
inhibition (Figure 2B). Equations-79 were derived for the
model shown in Scheme 5, which incorporates substrate
inhibition by L-Cys into a modified ping-pong mechanism
where thef,y-unsaturated ketimine intermediate can either

suitable coupling reaction for the CGS-catalyzed hydrolysis decay to release Nf-and a-KB or react withL-Cys.

of L-OSHS to succinatep-KB, and NH;, allowing the

formation of o-KB to be monitored continuously in the kcatRp

elimination reaction (Scheme 4). Tl /K, B of 1.6 x =i Kead L-OSHS]+ TCyS[L-OSHS][_-CyS]/
10* M1 st (per subunit) for the reduction ai-KB to [E] Kmrp

2-hydroxybutyrate by HO-HxoDH, under eCGS assay condi- L—OSHS .

tions, is close to the reported value of %810 M~1s 1 at Kpe O+ [L-OSHS]+ —2 oys / L ?XS}S
pH 7.5 (15). In contrast, thé.a/Kn* B of LDH (1800 M* mRp \ Kirp

s 1 under eCGS assay conditions), which has been employed 1

as a coupling enzyme for the CGS elimination reaction ( [L-Cys]+ KTCys[L-OSHS][‘-CyS] (7

is 1 order of magnitude lower than the value of that parameter

for HO-HxoDH. The rate of the elimination reaction was
determined in Tris buffer as a function ofOSHS concen-
tration, and the MichaelisMenten parameters are included

mRp

Kirp-~®® is the dissociation constant for the—E-Cys
complex, where the subscripts R and p refer to the replace-

in Table 1. The kinetic parameters for the elimination reaction ment reaction and ping-pong model, respectively. The data

were also determined in NaPBuffer (Keae = 5.49+ 0.07
st andKng9SHS= 0.294 0.02 mM, where the subscript

obtained for eCGS in the eCBL/LDH coupled assay (Figure
2) were fitted to eq 7 to obtaike (3 £ 5 s71) andKp,g ~OSHS

E denotes kinetic parameters of the elimination reaction) (4 + 1 mM). Despite the large error in these values, they

since previous studies on both eCA3)(and stCGS7, 20)
were carried out in pyrophosphate buffer. KagdKg-—OSHS
is 1 order of magnitude higher in NaFPL.2 + 0.1) x 10*
M~ s™1] than in Tris buffer [135Gt 90 Mt s! (Table 1)].

are close to those determined directly in the absencelyfs
(Table 1), showing that-Cys does not significantly influence
the rate of the elimination reaction. The valueskgfe and
Kme-~©SHS determinedvia the elimination assay were sub-

A Continuous Assay for the CGS Replacement Reaction.sequently substituted into eqs-9 to reduce the number of

The formation ofiL-Cth is monitored continuously with the

kinetic parameters to be determined, and the resulting fitted
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FIGURE 2: Steady-state initial velocity kinetics for eCGS showing
the dependence of thereplacement reaction arROSHS and -Cys
concentrations. (A) Effect oiL-OSHS concentration at fixed
concentrations of-Cys [0.023 @), 0.045 ®), 0.11 @A), 0.16 (v),
0.34 #), and 0.90 mM (tilted triangles)]. (B) Effect af-Cys
concentration at fixed concentrations.,e©SHS [0.5 @), 1.0 @),

2.5 (a), 5.0, (v), 15 (#), and 20 mM (tilted triangles)]. The lines

represent the fit of the entire data set to eq 10. The fitted parameters

are given in Table 1. Conditions: 0.8 eCBL, 1.8uM LDH,
0.023-1.35 mML-Cys, and 0.122.5 mML-OSHS. The reactions
were initiated by addition of eCGS (0.028.25 uM). Other

conditions were as described in the legend of Figure 1. (C) Double-

reciprocal plots of the data for 1OSHS]. (D) Double-reciprocal
plots of the data for 1{FCys], in which only the data at{Cys] <
0.34 mM (filled symbols) were fitted, as substrate inhibition by
L-Cys results in curvature at{Cys] > 0.34 mM (empty symbols).

Scheme 5: Hybrid Ordered/Modified Ping-Pong Kinetic
Mechanism Describing the eCGS-Catalyzed Elimination and
Substitution Reactioris

L-Cys succinate
L-OSHS L-Cth
}KI_RL-OSHS
E EeL-OSHS [E-KeL-Cys E
K LCYS E-K — EeL-Cth]
iR

EeL-Cys

succinate L-Cys

a-ketobutyrate
+ NH3*

a-OSHS associates with the enzyme to form the external aldimine
(E—L-OSHS). Succinate is eliminated to form tifigy-unsaturated
ketimine complex (EK) (12). In the absence af-Cys, this species
slowly decomposes to NiHo-KB, and the internal aldimine form of
the enzyme via the elimination reaction-Cys, when present at
saturating concentrations, reacts 65-fold more rapidly wittKEhan
o-iminobutyric acid is eliminated. WhenL{Cys] > Kmr~©s, the
replacement reaction proceeds via an ordered mechanism-@yd
binds to the E-L.-OSHS complex prior to the release of succinate. When
[L-Cys] < Knr~©¥s, the mechanism is ping-pong and succinate is
eliminated prior to binding of-Cys. Substrate inhibitionk(g-~©¥9) is
due to competition by-Cys withL-OSHS for the free enzyme (E), to
form a nonproductive EL-Cys complex.

parameters for the replacement reaction are presented in

Table 1. The terms in eq 7 were multiplied Byry s,
yielding eq 8, to which the data were fitted to obt&igrp
(121 + 5 s7Y), Knrg 9515 (2.5 £ 0.5 mM), andKmrg~ s
(0.114+ 0.01 mM).
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4

[E]

(KeaiKmrp " TL-OSHS]+ Ky [L-OSHS]

[L-CysKine ™ *% ™ Krp~ ¥+ Kigp~ ' IL-OSHS]+

L—Cys
iRp

e
KmeLOSHil + —}B yel )[L—Cys] +

[L—OSHS][_—Cys]] (8)

The terms in eq 8 were divided Bmrgs©SHSto give eq 9,
from which keardKmrg"OSHS [(4.9 &+ 0.9) x 10* M~ s7Y
was obtained.

—Cys
(2 kcatEKmeL kcatRp
E_ K __ L-OSHS [L-OSHS]+ L—OSHS
mRp mRp
OSHS]L-Cys]|/ me ranL_Cys+
[L- 1E-Cys] L—OSHS
mRp
KmeL_CyS [L-CYS]
m&[L_OSHS:H_ ]."‘m5 [L-Cys]+
mRp iRp
1
WJL_OSHS]['_CyS] C)]
mRp

The 36-fold difference betwed@ar/Kmrg ~°SHSandkead
Kmg-—0SHS(13504- 90 Mt s1) indicates that the replacement
reaction is activated by-Cys. Therefore, eCGS does not
follow a ping-pong mechanism. In addition, despite the
complication of eCGS double-reciprocal plots byCys
substrate inhibition, it is apparent that only atCys
concentrations that are lower thipg-— s are the parallel
lines diagnostic of a ping-pong mechanism observed (Figure
2C). AtL-Cys concentrations that are greater thap- s,
the lines intersecting to the left of theaxis, typical of an
ordered mechanism, are observed, and-@ls concentra-
tions that are greater thaggr' s, the intersection shifts to
the y-axis, because of substrate inhibition. The double-
reciprocal plot for varying concentrations ofCys (Figure
2D) shows that as the-OSHS concentration is increased
the lines intersect to the left of theaxis. The increase in
the rate of formation of the 300 nm absorbing specieis (
Scheme 1) with increasingCys concentrations, up to 0.05
mM, also demonstrates that the eCGS mechanism is not ping-
pong (Figure 3). Therefore, the data were also fitted to an
ordered mechanism (eq 10), and the resulting kinetic
parameters are presented in Table 1.

4

= (kcatFJL-OSHS][L-Cys]){KiRL°S”ﬁ<mRLCVS(1 +

[L-Cys]

L—Cys
iR

+ Kyp YL-OSHS]+ K, g2 L-Cys]

14 [L-Cys]

=] + [L-OSHS]L-Cys]| (10)
iR

Kir-"9SHS is the dissociation constant for the-E-OSHS
complex. The only parameters whose values are significantly
changed ar&yr~°SHS and Kig-~©¥s (from Kmry~©SHS and
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Ficure 3: Effect ofL-Cys on the rate of formation of the 300 nm
absorbing speciedl(Scheme 1). eCGS (2:BV) was reacted with

10 mM L-OSHS and 610 mM L-Cys in 50 mM Tris (pH 7.8) at
25 °C. Data were collected at 300 nm for 0.2 s with a stopped-
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Table 2: Parameters Determined from the pH Dependence of the
eCGS Reactions

limiting value Kaz pKaz
eliminationkea?° (s71) 2.66+ 0.06 6.70+ 0.07
eliminationkeaed Kmg ~©SHSac 6300+ 700 6.8+ 0.1 8.0+ 0.1
M-1sY
substitutionkea < (s71) 166+ 8 7.0+£0.3
SubstitlftingcatlemRL’OSHSva (3.8+£0.5)x 10* 7.4+0.1 8.3+ 0.1
(M~ts™)
L-OSHS 9.7+ 0.09
eCGS internal aldimine >10.5

a Kinetic measurements for the elimination reaction were carried out
from pH 6.1 to 9.0 in MBP buffer containing 020 mM L-OSHS,

flow spectrophotometer (see Experimental Procedures) and were20#M PLP, 200uM NADH, 21 xM HO-HxoDH, and 9.3:M eCGS

fitted to eq 2 to obtairky,s Which is plottedvs [L-Cys]. The inset
shows the data for-80.1 mML-Cys with an expanded concentra-
tion scale.
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FIGURE 4: pH dependence ¢, andkea/Knt~OSHSfor the eCGS-
catalyzed elimination and replacement reactions.kAy: (o) and
Keate Kme-~OSHS (@) vs pH for the eCGS-catalyzed hydrolysis of
L-OSHS to succinateq-KB, and NH;, monitored with the HO-
HxoDH assay. Reaction conditions: 50 mM MBP (50 mM MOPS,
50 mM Bicine, and 50 mM proline), 26M PLP, 200uM NADH,

21 uM HO-HxoDH, 0.1-20 mML-OSHS, and 9.32M eCGS. The
highestL.-OSHS concentration that was used (20 mM) does not
saturate at pH>8.6; thus ke could not be obtained at high pH,
and the data were fitted only to eq 1 to obtaingKng~°SHS (B)

Keatr (a) and keae/ Kmg-—©SHS (@) s pH for the eCGS-catalyzed
condensation of-OSHS and.-Cys toL-Cth, monitored with the
CBL/LDH assay. Reaction conditions: 50 mM MBP, 281 PLP,
200uM NADH, 0.7—14 uM eCBL, 4.1uM LDH, 0.05-1.0 mM
L-Cys (0.05-2.5 mM at pH=8.8), 0.625-21.2 mML-OSHS, and
0.25-2.5uM eCGS. The lines represent the nonlinear regression
fits of the keo s pH profile to eq 3 and of th&./Kn-~°SHS ys pH
profile to eq 4.

Kirp-~®s in the ping-pong mechanism of eq 7), which are
decreased from 24 0.5 and 0.33t 0.09 mM, respectively,

in the modified ping-pong mechanism to H20.7 and 0.2

+ 0.1 mM, respectively, in the ordered mechanism (Table
1).

Although the values obtained fd¢ng~©S"S (1.2 + 0.7
mM) andKng~©¥$(0.114 0.01 mM) are within 1.2-fold of
those reported (Table 1kar [117 &= 5 s (Table 1)] is
10-fold greater than the reported value of 11.¥fer eCGS
(11). In contrast to the elimination reaction, the effect of
Tris versusNaPRbuffer (kcar= 72+ 2 st andKpg Y5 =
0.088+ 0.007 mM at 20 mML-OSHS) on the substitution
reaction is negligible.

pH Dependence of eCGS Agty. Figure 4A shows the
pH dependence df.ae and Kead Kmet ~OSHS for the eCGS-
catalyzed hydrolysis of-OSHS to succinatex-KB, and

at 25°C. " Kinetic measurements for the replacement reaction were
carried out in MBP buffer (from pH 6.6 to 9.4) containing 0060

mM (0.05-2.5 mM at pH=8.8)L-Cys, 0.625-21.2 mML-OSHS, 20

uM PLP, 200uM NADH, 0.7—14uM eCBL, 4.1uM LDH, and 0.25-

2.5 uM eCGS.c Data for kear and keaf K ~5HS s pH were fitted to
eqgs 3 and 4, respectivelypK, values determined by direct titration.
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FIGURE 5: Spectrophotometric titration of 20M eCGS as a
function of pH. (A inset) Absorbance at 27®) and 290 nm 4)

vs pH. (B inset) Absorbance at 39@j and 423 nm ¥) vs pH.

The spectra in the main part of the figure were recorded at pH
6.70, 7.53, 8.30, 9.45, 10.12, 10.37, 10.55, 10.65, 10.85, 11.01,
11.17, 11.32, 11.44, 11.62, 11.95, and 12.40.

NHs. The fit of thek.,e data to eq 3 yielded a singleKp
value of 6.70+ 0.07, while thek.adKme-~CSHS data fitted to
eq 4 gave alf.10f 6.8+ 0.1, a Ko 0f 8.0+ 0.1 (Table 2),
and a pH optimum of 7.4.

The pH dependence dfar and Koo Kmg = °SHS for the
eCGS-catalyzed condensatione®SHS and.-Cys to form
L-Cth is shown in Figure 4B. The fit of thie,r data to eq
3 demonstrated a singleKp value of 7.0+ 0.3, while the
Kear Kmr-~©SHS data fitted to eq 4 yielded ak; of 7.4 &
0.1, a Ky of 8.3+ 0.1 (Table 2), and a pH optimum of
7.8.

The K, value of thea-NH; group of L-OSHS was
determined by direct titration with NaOH to be 9.#10.01
at 25°C. This value is 1.7 and 1.4 pH units higher than the
pKaz values of thekead Kme-~OSHSandkead Kmg 9SS versus
pH profiles, respectively (Table 2).

Spectrophotometric Titration of the eCGS Internal Aldi-
mine.There is a shift in eCGS absorbance from 277 to 290
nm at pH >11 (Figure 5A) that likely reflects tyrosine
ionization [K; = 10.13 @1, 22)]. The 423 nm absorbance
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of eCGS is lost at pH>10.5 (Figure 5B), within 0.5 pH K_Pyr
unit of the tyrosine 277290 nm shift. It is possible that [LDH] = TDH (11)
PLP dissociates from the enzyme at high pH because the at
absorbance shifts to a maximum of 390 nm (Figure 5B), _ . .
which is equal to that of free PLP2J). This value was emplc_)yed to qalculate an eCBL concentration
of 0.96uM, that required to give an overall lag period of 12
DISCUSSION s, via eq 12 (4, 27).
L. . T L—Cth eCBL
The CGS-Catalyzed Elimination and Substitution Reac [eCBL] = K  TKeat (12)

tions Can Be Monitored Continuousi@ne of the products
of the CGS elimination reaction-iminobutyric acid (Scheme
3), spontaneously hydrolyzes to Nidnd a-KB (24). This

T — (Ko kot *M)ILDH]

) X , The calculated LDH and eCBL concentrations were
reaction was previously monitoreda an LDH coupled  g,psequently optimized by independently varying the con-
assay, where the-KB is reduced to 2-oxobutyrate, with  ceniration of each (Figure 1). The results demonstrate the
the concomitant oxidation of NADH7). However, kea/ effectiveness of these enzymes for the continuous quantita-
Km*™*® = 1800 M™! s7* (under eCGS assay conditions) for  tion of L-Cth production by eCGS (Scheme 4).

LDH, while the value of that parameter for HO-HxoDH is eCGS Does Not Obey Ping-Pong KineticEhe keaf

1.6 x 10* M~ st under the same conditions; therefore, K.-~OSHS describes the steps up to and including the first
HO-HxoDH is a more efficient coupling enzyme for the jrreyersible step, which is the release of succinate in both
elimination reaction of eCGS (Scheme 4). In comparison ine elimination and replacement reactions. Howekgiiy

with the values reported by Holbrookt al. (11), the  Kmrp~OSHSis 36-fold greater thakeaeKme~OSHS (Table 1),
determined kinetic parameters for the eCGS-catalyzed elimi-jngicating that the elimination of succinate is activated by

nation reaction in NaRFbuffer are reduced by less than | cys in the replacement reaction and that eCGS does not
2-fold (1.4-,1.1-, and 1.9-fold lower fdtar Kmne- =% and obey the reported ping-pong mechanish)( This conclu-
Keaie/ Kie~©5"S, respectively), while in Tris buffer, thiae sion is supported by the double-reciprocal plots (Figure
is 3.1-fold lower, Kye %" is 4.5-fold greater, and > p), which display intersecting rather than parallel lines
Keae/ Krme~©°Sis thus reduced by approximately 1 order of nica| of a ping-pong mechanism. Although the double-
magnitude (Table 1). It is possible that pyrophosphate, but reciprocal plots are complicated by substrate inhibition by
not Tris, is able to bind in place afCys to induce a change L-Cys, they suggest that eCGS actually has a hybrid
in the active site conformation that facilitates elimination. \echanism (Scheme 5) that is ordered-&ys concentra-
For example, pyrophosphate mig.ht be a mimic _of the tions that are greater thag,= s and modified ping-pong,
carboxylate group ot-Cys, but Tris lacks a negatively  gjnce the elimination reaction occurs from the unstable
charged group. Alternatively, Tris may inhibit the elimination  yetimine intermediate, atCys concentrations that are lower
reaction of eCGS. than Kng~©¥s. The increase in the rate of formation of the
Prior investigations of the CGS replacement reaction relied 300 nm absorbing specie$, [Scheme 112)] from 134+ 5
on end-point assays that monitor either production of s™!in the absence of-Cys to 230+ 40 st at 0.05 mM
[**C]-L-Cth or consumption af-Cys. The f*C]-L.-Cth assay  L-Cys also supports an ordered mechanism. The pre-steady-
requires the separation of th€-labeled -Cth product from state data indicate that the step that is accelerated by the
the [1“C]-L.-OSHS and.-Cys substrates followed by quan- presence of-Cys is the elimination of succinate from the
titation via scintillation counting {1, 25). Although thisassay  ketimine @, Scheme 1), as this species is most likely the
is sensitive, it is laborious, involves significant sample 300 nm absorbing species observed on reaction of eCGS with
handling that can lead to inaccuracy, and requires synthesis.-OSHS (Figure 3). The shift in the pH profiles between
of the }“C]-L-OSHS. The other assay that has been employedthe elimination and replacement reactions (Figure 4), as well
in the investigation of the CGS replacement reaction is a as the 10-fold increase in thkeyd Kmg ~©SHSin NaPR versus
subtractive assay where the remainin@ys is quantitated  Tris buffer, provides further support for an ordered rather
with DTNB (7, 26). Although this assay is less labor than ping-pong mechanism. The requirement that both
intensive than the'{C]-L-Cth assay, it is less accurate due substrates be bound in a ternary complex, rather th@gs
to the requirement for measuring small depletions in the taking the place of the departed succinate, is consistent with
L-Cys concentration. The limitations of th&C]-L-Cth and the crystal structure of eCGS, as modeling has suggested
DTNB methods motivated the search for a continuous assay.that the carboxylate group ofCys is bound by Arg49, while
Commonly available enzymes catalyzing reactions that that of the succinate moiety ofOSHS interacts with Arg48,
capture nascent-Cth that could be employed as coupling Argl106, and Tyr101X).
enzymes are limited to those of the transsulfuration pathway, There is significant variation between the values of kinetic
CBL and CGL. CBL converts-Cth to L-Hcys, NH;, and constants for the replacement reaction of eCGS presented
pyruvate. The latter is conveniently monitored by the in Table 1 kar= 117+ 5 s'%, Tris, pH 7.8, 25°C) and
standard LDH assay (Scheme 4). Under eCGS assay condithose reported by Holbroogt al. [kear = 11.7 s, KPR,
tions, both thekea/ K- ~¢™" of eCBL (1.3x 10° M~1s™1) and pH 7.8, 25°C, (11)]. There are a number of factors that likely
the kea/Kn™Y" of LDH (1.1 x 1P M~t s71) are similar in contribute to this variation: (1) differences in the experi-
magnitude to thekeafKmr 95" (4.9 x 10* Mt s71) for mental conditions, i.e., TrisersusKPP, buffer; (2) the assay
eCGS. Thus, a continuous assay is practical for eCGS. Theemployed, i.e.,''C]-L-Cth discontinuous assaxrsusCBL/
concentration of LDH required, assuming a short lag period LDH continuous assay; and (3) the presence of inhibitory
(r = 4 s), was estimated to be 2.8/ [eq 11 (4, 27)]. impurities present in the substrates, particularly tHEJF
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L-OSHS. In addition, Holbroolet al. (11) did not report
substrate inhibition byL-Cys, which could lead to a
significant underestimation d.qr The ratio of kearKeate
reported by Holbrooket al. (11) is only 1.5. This is
unexpected given that the major role for this enzyme vo

is to produceL-Cth in the transsulfuration pathway rather
than to convert-OSHS to succinatey-KB, and NH; (28).

Biochemistry, Vol. 42, No. 38, 20031305

notransferase (AATase) frof. coli are (i) the salt bridge
between the pyridinium nitrogen and an acidic residue [D222
(32)], (ii) the hydrogen bond between the phenoxylate oxygen
of the PLP ring and Y22531), and (iii) the strain induced
by the aldimine linkage to Lys258, which results in a
destabilization of the planar conformation of the internal
aldimine @3). These interactions decrease the electron

Therefore, the newly determined values presented in Tabledensity in the cofactor, resulting in a decrease in tkgaqf

1 (keatrdKeate = 65) are more in line with thé vivo role of
the E. coli enzyme.

the internal aldimine. As in AATase, an aspartate residue
forms a strong H-bond or salt bridge with the pyridinium

In contrast to the kinetic parameters reported for eCGS nitrogen of the PLP ring in eCGS (D173); however, the

(12), those for StCGSKar = 128 st (Kynr "9SS not
reported) in 50 mM KPP(pH 8.3) at 37°C (20); kear =
250 st andkeadKmg OSHS=6.25x 10* M1 s 1in KPR
(pH 8.2) at 37°C (7)] are close to those obtained for eCGS
in the investigation presented here. The variation is likely

phenoxylate oxygen of the eCGS PLP is weakly H-bonded
to a water moleculel]). Thus, although the effect of imire

pyridine torsion in eCGS is unknown, the nature of the group
interacting with the phenoxylate oxygen may be a greater
factor than the salt bridge between D173 and the pyridinium

due to a combination of real differences between these nitrogen in determining thelf, of the internal aldimine of
homologous enzymes and changes in the experimentaleCGS.

conditions, i.e., temperature (28 37 °C) and pH (7.8vs
8.2 and 8.3).

The continuous nature of the CBL/LDH assay eliminates
L-Cth accumulation, and thus precludes product inhibition

The lack of suitable continuous assays may have discour-
aged detailed studies of the dependence of the kinetic
parameters of eCGS on pH. However, a pH optimum of 8.2
was reported for the hydrolysis aFOSHS to succinate,

that might complicate parameter evaluation in discontinuous 4-kB, and NH; by StCGS 7). The eCGS elimination

assays. However, product inhibition is not a significant factor
for eCGS, in contrast to yeast cystathionifesynthase
(YCBS) (14), since theK,r-~OSHS(Table 1) determined with
the continuous CBL/LDH assay is within 1.2-fold of the
value determined for eCGS with the discontinuo4€T-L-

Cth assay11), indicating that-Cth does not compete with
L-OSHS for the free enzyme form of eCGS in théC]-L-

reaction was reported to increase in activity to pH 8.8 and
remain constant from pH 8.8 to 10.21). A pH optimum

of 7.8 has been reported for the replacement reaction of both
eCGS (1) and stCGSY). Both of these reports measured
the specific activity at a single substrate concentration at each
pH. Because of the lack of coincidence between thgqf

the substrate (9.74 0.01) or the internal aldimine>(10.5)

Cth assay. The decrease in the rate of the eCGS substitutiomynd the kinetically determineckg values ofkeae/Kme-~OSHS

reaction observed at elevatedCys concentrations (Figure
2B) is indicative of substrate inhibitiok-~“¥s= 0.2 mM),
which results from the binding of the substrate to the wrong
form of the enzyme. Substrate inhibition byCys is also
observed in the reaction of eCGS withtOSHS under pre-
steady-state conditions (Figure 3).Cys is proposed to
compete with.-OSHS for the free enzyme form of eCGS
(Scheme 5). Substrate inhibition of eCGSibZys has not
been described previously.

pH Dependence of eCGS Adty and Spectral Properties
of the EnzymeThe absorption spectrum of eCGS, at pH 7.0,
exhibits aAmax Of 423 nm, which is diagnostic for the
protonated form of the eCGS internal aldimirkl), Loss
of this proton is accompanied by a shift in the maximum of
the spectrum of the PLP aldimine tdlgax of ~360 nm @9,
30). The aldimine does titrate near neutral pH in some
aminotransferase8). However, the data depicted in Figure
5 show that the spectrum of the internal aldimine of eCGS
is independent of pH from 6.7 to 10.5. The internal aldimine
of stCGS also remains protonated between pH 5.5 aig)l 9 (

The decrease in absorbance at 423 nm and increase at 39

nm of eCGS at pH>10.5 (Figure 5B) are likely due to
dissociation of PLP from the enzym&3). This occurs
concomitantly with the 277290 nm shift (Figure 5A), which

is indicative of tyrosine ionization2(l, 22). Therefore, it is
likely that a conformational change in the protein is required
to allow access of base to the aldimine. A similar interpreta-

(pKa1= 6.8+ 0.1 and Ka2= 8.0 £ 0.1) andkeawf Kmr-~OSHS
(pKaz = 7.4+ 0.1 and Koo = 8.3 £ 0.1), the latter must be
assigned to enzyme groups other than the imino moiety of
the internal aldimine.

The aldimine lysine (Lys198 of eCGS, which corresponds
to Lys258 ofE. coli AATase) and an active site tyrosine
(Tyrl01) were proposed as catalytic residues of eCGS (

It was suggested that Tyr101 is involved in proton transfer
during transaldimination and in protonation of the succinate
leaving group, thus requiring that this residue be deprotonated
at the optimal pH of the enzymé)( The value of 9.8x 10*

M~t s for ke Kmr-~©SHSis lower than that expected for a
diffusion-controlled reaction; therefore, the alternatives
shown in eq 13 for the rates of formation of the Michaelis
complex (eCGS-OSHS) or the external aldimine are
kinetically indistinguishable, and no conclusions can be
reached concerning the state of protonation of Tyr101 in the
free enzyme.

d([eCGS]L-OSHS])

k[R—NH,][Y101-O] =
k.K[R—NH,][Y101—OH] (13)

dt -

K is the equilibrium constant between the prototropic
bracketed entities on either side of eq 13. It would have a
value of 0.16, assuming &g of 10.5 for the OH group of

tion of the pH dependence of the absorbance of the internalTyr101 and of 9.71 for the amino group bfOSHS. Thus,

aldimine has been advanced for yCBREI)

the rate constants for the alternate pathways differ by a factor

Three factors that have been identified as key determinantsof only 6. It should also be noted that the secorq, pf

of the low K, of the internal aldimine of aspartate ami-

succinic acid is 5.534); thus, the leaving group does not
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need to accept a proton at physiological pH. Therefore, the
precise role of Tyr101 in proton transfer is at present unclear.
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