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O-Phospho-L-serine and the Thiocarboxylated Sulfur Carrier Protein CysO-COSH
Are Substrates for CysM, a Cysteine Synthase from Mycobacterium tuberculosis’
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ABSTRACT: The kinetic pathway of CysM, a cysteine synthase from Mycobacterium tuberculosis, was
studied by transient-state kinetic techniques. The expression of which is upregulated under conditions of
oxidative stress. This enzyme exhibits extensive homology with the B-isozymes of the well-studied
O-acetylserine sulfhydrylase family and employs a similar chemical mechanism involving a stable
o-aminoacrylate intermediate. However, we show that specificity of CysM for its amino acid substrate is
more than 500-fold greater for O-phospho-L-serine than for O-acetyl-L-serine, suggesting that O-phospho-
L-serine is the likely substrate in vivo. We also investigated the kinetics of the carbon—sulfur bond-
forming reaction between the CysM-bound o-aminoacrylate intermediate and the thiocarboxylated sulfur
carrier protein, CysO-COSH. The specificity of CysM for this physiological sulfide equivalent is more
than 3 orders of magnitude greater than that for bisulfide. Moreover, the kinetics of this latter reaction are
limited by association of the proteins, while the reaction with bisulfide is consistent with a rapid equilibrium
binding model. We interpret this finding to suggest that the CysM active site with the bound aminoacrylate
intermediate is protected from solvent and that binding of CysO-COSH produces a conformational change
allowing rapid sulfur transfer. This study represents the first detailed kinetic characterization of sulfide

transfer from a sulfide carrier protein.

Mycobacterium tuberculosis is a widespread and danger-
ous pathogen that exerts significant deleterious effects on
humans from both health and economic standpoints (/). An
understanding of the metabolism of this bacterium is clearly
advantageous in establishing means for its control and
treatment of the symptoms that infection produces in humans.
This is particularly the case where the possibility of
discovering new metabolic pathways specific to M. tuber-
culosis exists, as these may be exploited by the development
of therapeutic agents.

The biosynthesis of L-cysteine is thought to occur via at
least four pathways (Scheme 1). The first of these was
reported by Kredich and Tompkins and involves two
enzymatic steps (2) beginning with L-serine. The first step
involves activation as a leaving group of the serine hydroxyl
by acetylation, catalyzed by the acetyl-CoA-dependent
enzyme serine acetyltransferase (3). O-Acetyl-L-serine then
undergoes a f3-replacement reaction catalyzed by a pyridoxal
5’-phosphate-dependent cysteine synthase. In Salmonella
typhimurium, bisulfide (HS™) has been shown to be a
nucleophilic substrate for the S-replacement reaction, and
the kinetics of the S. typhimurium enzyme have been studied
extensively. These studies have been reviewed by Tai and
Cook (4). A variation on this pathway has been identified in
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the hyperthermophilic archaeon Aeropyrum pernix, where
O-phospho-L-serine is the immediate biosynthetic precursor
for L-cysteine (5, 6). The catabolism of L-cystathionine by
L-cystathionine y-lyase to produce L-cysteine, 2-oxobutyrate,
and ammonia is thought to be the predominant biosynthetic
route for cysteine in eukaryotic and mammalian systems but
also has been shown to take place in some bacteria (7). A
fourth pathway in the methanogenic archaea was recently
described which is tRNA-dependent and proceeds via the
O-phosphoseryl-tRNA®* intermediate which can be con-
verted to cysteinyl-tRNA®* and thence to cysteine (8).

Inspection of the sequenced M. tuberculosis genome
reveals the presence of four loci assigned as encoding
cysteine synthase enzymes. Locus Rv2334, encoding the
cysK gene, is contiguous with locus Rv2335 (cysE), proposed
to encode serine acetyltransferase. A second open reading
frame (Rv0848) contains the cysK/ gene, but no serine
acetyltransferase is present. Locus Rv3684 is also proposed
to encode a cysteine synthase gene but is also not clustered
with the serine acetyltransferase, instead being abutted by
regions encoding a proposed phosphohydrolase enzyme
(Rv3683) and prolyl tRNA (Rvnt40). The fourth and final
open reading frame, Rv1336, encodes a cysteine synthase
(CysM) which is found clustered with, among others, a gene
encoding a small sulfur carrier protein (CysO).

Recently, work from our laboratory reported the recon-
stitution of a new cysteine biosynthetic pathway in M.
tuberculosis (9) which involves CysM. This enzyme is
extensively homologous in sequence to the O-acetylserine
sulfhydrylases and is predicted on this basis to belong to
the O-acetylserine sulfhydrylase B family of enzymes. The
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Scheme 1: Biosynthetic Pathways for L-Cysteine

OP;

HZN/Q(O\tRNACVS SepCysS
(0]

AMP + PP tRNA-dependent pathway
SepRS
ATP
OP; O-Phosphoserine
/[ i Sulfhydrylase
H,N™ “COOH

O-Phospho-L-serine

SerB
O-phosphoserine phosphatase

OH

/[ CysE

H,N" >COOH

new pathway utilizes the 93-amino acid sulfur carrier protein
CysO, which clusters with CysM in the M. tuberculosis
H37Rv genome. Similar sulfur carrier proteins have been
identified in the biosynthetic pathways for thiamin (/0),
molybdopterin (/7), and quinolobactin (/2, 13). These
proteins also exhibit homology to components of the system
which targets doomed proteins by ubiquitination for degrada-
tion by the proteasome (/4). A key feature of these proteins
is a flexible C-terminal Gly-Gly tail which can insert into
the active site of their partner enzymes to facilitate sulfur
transfer. It has been shown that to form the C-terminal
thiocarboxylate, the proteins are first activated by adenylation
of their C-termini and then undergo nucleophilic addition—
elimination chemistry with a sulfide equivalent, the produc-
tion of which involves enzymes such as cysteine desulfurases
or rhodanese homology domain proteins. The M. tuberculosis
moeZ (Rv3206) gene product (/5) contains such a rhodanese
homology domain as well as a ThiF-like domain and was
shown to catalyze the formation of the CysO thiocarboxylate
using an unidentified sulfur source in cell-free extract. ThiF
is the enzyme responsible for the adenylation of ThiS-COOH
in the thiamin biosynthetic pathway in prokaryotes (/6). The
expression of MoeZ is upregulated under the same conditions
that produce upregulation of CysO and CysM expression.
A zinc-dependent hydrolase Mect (17) was shown to
catalyze the selective hydrolysis of the CysO—cysteine
adduct formed after attack of thiocarboxylated CysO (CysO-
COSH) at the a-aminoacrylate intermediate formed at the
CysM active site. The mec™ gene (Rv1334) clusters with
the cysO and cysM genes.

Given that no acetyltransferase gene is found clustered
with the cysM and cysO genes, there is no reason to assume
a priori that O-acetyl-L-serine is the physiological amino acid
substrate for CysM. To test this hypothesis and to investigate
the reaction of CysO-COSH as the nucleophilic substrate
for CysM, we have characterized the CysM kinetic pathway
under transient-state and single-turnover conditions using

Acetylserine-dependent pathway
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both O-acetyl- and O-phospho-L-serine as the amino acid
substrates and CysO-COSH and bisulfide as the nucleophilic
substrates. The proposed chemical mechanism for CysM is
shown in Scheme 2. In brief, this mechanism involves
formation of an imine (4) between CysM-bound pyridoxal
5’-phosphate and the amino acid substrate via a transient
geminal diamine intermediate (3), followed by elimination
across the a3 bond of the substrate to form a relatively stable
a-aminoacrylate intermediate (5). 1,4-Addition of a suitable
nucleophile to this intermediate affords the [-substituted
amino acid imine (6), which undergoes transimination with
an active site lysine residue to release the product (8) and
regenerate the active site for catalysis.

MATERIALS AND METHODS

All reagents and chemicals were of the highest purity
commercially available. Sodium sulfide (90% dry, balance
water) was obtained from Acros Organics. Stopped-flow
experiments were performed using a KinTek stopped-flow
spectrophotometer (KinTek Corp.). All reactions were carried
out in 50 mM Tris-HCI' (pH 8). Protein concentrations were
determined by the method of Bradford (/8), and the
concentrations thus determined for CysM were in agreement
with those calculated from the absorbance (/9) of the
enzyme—PLP internal imine (1, 41 = 7600 M~! cm™") and
the ai-aminoacrylate intermediate (5, 465 ~ 9800 M~ cm™!).

Overexpression and Purification of Proteins. CysM was
overexpressed in Escherichia coli BL21(DE3) using a
pET16b vector and purified by nickel affinity chromatogra-
phy. The thiocarboxylated sulfur carrier protein CysO-COSH
was overexpressed as a fusion with an intein protein
possessing a chitin binding domain using a modification of

! Abbreviations: OAS, O-acetyl-L-serine; OASS, O-acetylserine
sulthydrylase; OPS, O-phospho-L-serine; EDTA, ethylenediaminetet-
raacetic acid; TCEP, tris(2-carboxyethyl)phosphine; PLP, pyridoxal 5'-
phosphate; Tris-HCI, tris(hydroxymethyl)aminomethane hydrochloride.
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Scheme 2: Proposed Chemical Mechanism for CysM
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the method of Kinsland et al. (20). The cysO gene was
expressed in pTYBI in E. coli grown at 24 °C. The protein
was purified using chitin affinity chromatography. The
C-terminal thiocarboxylate was generated by soaking the
chitin resin-bound protein obtained from the clarified cell
lysate in a cleavage buffer containing 25 mM (NH,),S, 50
mM NaCl, and 1 mM EDTA at pH 8 and at 4 °C for 40 h
before elution. All proteins were buffer-exchanged into 50
mM Tris-HCI (pH 8) and concentrated prior to use.

Data Analysis. Single-wavelength stopped-flow data for
formation and decay of the a-aminoacrylate were fit to
exponential functions with the general form of eq 1:

A=A+ D AeH (1)

where A; is the absorbance at time ¢, A.. is the absorbance at
time oo, A; is the amplitude of the ith transient, and k; is the
phenomenological observed first-order rate constant (kobs) for
the ith transient. The data for formation and quenching of
the o-aminoacrylate intermediate which showed a hyperbolic
dependence of the phenomenological first-order rate constants
for formation on the concentration of substrates were fit to
eq 2 which describes a rapid equilibrium binding model.
Details of this model are given in the Discussion. The kinetic
and thermodynamic constants (K; = 1/Ky, k», and k) are
defined in Scheme 3. [S] is the substrate concentration.

 kK,[S]
o= K SIT 1 k_, 2

Linear data for the dependence of the first-order rate
constants for decay of the aminoacrylate were fit to eq 3:
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where kg is the apparent second-order rate constant for
quenching and k, is a complex function of mechanistic rate
constants contributing to re-formation of the aminoacrylate.
Linear data for formation of the aminoacrylate were fit to
eq 4:

kope = ki P[S] + k. 4

Ol

where k™" is the apparent second-order rate constant for
quenching and k. is a complex function of mechanistic rate
constants contributing to the reverse reaction.

Ultraviolet—Visible Spectroscopy of Formation of the
o-Aminoacrylate Intermediate. CysM (0.76 mg/mL) was
treated with excess O-acetyl-L-serine (5 mM) in 50 mM Tris
(pH 8) at room temperature. Absorbance spectra in the region
of 300—550 nm were taken manually at intervals of
approximately 34 s until no further change in the spectra
was observed. In the case of O-phospho-L-serine, the enzyme
(14 uM) was mixed with OPS (10 uM) and the absorbance
spectra were recorded in the 380—500 nm region, with
individual traces recorded at intervals of approximately 30 s.

Single-Wavelength Kinetics of Formation of the a-Ami-
noacrylate Intermediate. The instrumentation used varied
with the time scale for aminoacrylate formation. Solutions
of O-acetyl-L-serine were prepared freshly immediately
before each experiment. All concentrations are final after
mixing. In the case of O-acetyl-L-serine, CysM (20 uM)
was treated with solutions of O-acetyl-L-serine (from 500
uM to 10 mM). The absorbance at 465 nm was recorded
for 900 s after mixing. The concentration of OAS was
not corrected for its first-order conversion to N-acetyl-L-
serine, which occurs at ~1% min~! (21). The reaction
conditions for formation of the aminoacrylate intermediate
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FIGURE 1: Ultraviolet—visible spectroscopy of formation of the CysM-bound o-aminoacrylate intermediate. (A) Mixing of CysM (14 uM)
with O-acetyl-L-serine (5 mM) produces a decrease in the absorbance due to enzyme-bound pyridoxal 5’-phosphate (1) at 412 nm and an
increase in the absorbance at 458 nm due to the formation of an oi-aminoacrylate intermediate (5). The traces were recorded at intervals of
approximately 34 s after mixing, in 50 mM Tris-HCI (pH 8.0) at room temperature. (B) Absorbance changes due to mixing of O-phospho-
L-serine (10 uM) with CysM (14 uM) in 50 mM Tris-HCI (pH 8.0) at room temperature. Individual traces were recorded at intervals of
approximately 30 s. The changes reflect conversion of the enzyme-bound PLP imine (1, A,x ~ 412 nm) to a stable o-aminoacrylate

intermediate (5, Ay ~ 462 nm).

were still pseudo-first-order in OAS even taking a conver-
sion of ~15% to N-acetyl-L-serine into account. No
evidence suggesting inhibition of formation of the ami-
noacrylate intermediate by N-acetyl-L-serine was observed.
The absorbance as a function of time after mixing was fit
in each case to a single-exponential function to give the
rates of formation of the aminoacrylate intermediate at
the various concentrations of OAS. These rates were
plotted as a function of the concentration of OAS, and
the resulting data were fit to a hyperbolic function. In the
case of O-phospho-L-serine, where formation of the
aminoacrylate intermediate was found to occur on a much
faster time scale, the mixing was carried out using a
stopped-flow device. CysM (4.5 uM) was rapidly mixed
with OPS (1—10 mM), and the absorbance at 465 nm was
recorded after mixing. The data from this experiment were
analyzed as described above for OAS.

Single-Wavelength Kinetics of Formation and Decay of
the a-Aminoacrylate Intermediate with L-Cysteine. CysM (31
uM) was treated with L-cysteine (1—10 mM). The absor-
bance at 465 nm was monitored as a function of time (900
s) after mixing. The resulting trace showed an increase and
subsequent decrease in absorbance over the course of the
experiment, and this was best fit to a double-exponential
function to yield the two first-order rate constants for
formation and decay of the absorbance at 465 nm. These
were plotted as a function of L-cysteine concentration and
in the case of both sets of rate constants fitted to linear
functions.

Effect of Phosphate on the o-Aminoacrylate Intermediate.
CysM (19 uM), in 50 mM Tris-HCI (pH 8), was treated with
potassium phosphate (10—100 mM) prepared from a 1.0 M
stock solution, the pH of which was adjusted to 8 before
dilution.

Single-Wavelength Kinetics of Quenching of the a-Ami-
noacrylate Intermediate. The instrumentation in this case
also varied with the nucleophilic substrate. In the case of
CysO-COSH and sodium sulfide, the aminoacrylate in-
termediate was preformed by treatment of CysM (14 uM)
with a solution of O-phospho-L-serine (11 4M) under
single-turnover conditions. This was then mixed with
solutions of CysO-COSH (25—250 uM) or sodium sulfide
(100 uM to 15 mM). In the case of CysO-COSH, the
lowest concentration used (25 M) was not under pseudo-

first-order conditions. For CysO-COSH, the aminoacrylate
and CysO-COSH solutions were mixed rapidly in a
stopped-flow device and the decay of absorbance at 465
nm due to reaction of the aminoacrylate intermediate was
observed. In the case of sodium sulfide, the aminoacrylate
and bisulfide-containing solutions were mixed manually
and the decay of absorbance was recorded in the presence
of the reductant TCEP (2 mM). In both cases, these decays
were fit by nonlinear regression to single-exponential
functions to yield the first-order rate constants for quench-
ing of the aminoacrylate at the various nucleophile
concentrations. These rate constants were then plotted as
a function of nucleophile concentration. In the case of
CysO-COSH, the data thus obtained were fit to a line,
whereas in the case of bisulfide, the dependence of the
first-order rate constants on the nucleophile concentration
was fit to a hyperbola.

RESULTS

Formation of the o-Aminoacrylate Intermediate from
O-Acetyl-L-serine. The aminoacrylate intermediate could be
formed from O-acetyl-L-serine (Figure 1A), and the increase
in absorbance at 465 nm due to its formation on treatment
of CysM with OAS could be best fit using a single-
exponential function at each of the various concentrations
of OAS employed, to give the first-order rate constants for
formation. The dependence of these rate constants on the
OAS concentration was best described by a hyperbolic
function. A dissociation constant (Ky = 1/K;) for OAS of 5
=+ 2 mM and a first-order rate constant of 0.025 4 0.004 s~!
were determined for formation of the aminoacrylate inter-
mediate. This intermediate was stable for more than 30 min
(data not shown). Additionally, the hyperbolic function was
found to pass through the origin. The limiting initial slope
of the hyperbola, determined as ki/Kq, provides an estimate
of the second-order rate constant for formation of the
aminoacrylate intermediate and was found to be 0.005 =+
0.002 mM~! s~!. This estimate is model-dependent and
applies only in the case of rapid equilibrium binding followed
by a single rate-limiting step, consistent with the proposed
chemical mechanism. No evidence of reversibility of the
formation of the aminoacrylate was found under the condi-
tions of its formation.
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FIGURE 2: Kinetics of formation of o-aminoacrylate intermediate
from O-phospho-L-serine. (A) Changes in absorbance at 465 nm
following rapid mixing of O-phospho-L-serine (0.5, 1, 2, 5, and 10
mM in order of increasing rate) with CysM (4.5 uM) in 50 mM
Tris-HCI (pH 8) at ~22 °C. The resulting data were fit to single-
exponential functions to give the first-order rates at the various
concentrations of O-phospho-L-serine. (B) Plot of the rates of
acrylate formation as a function of O-phospho-L-serine concentra-
tion, fit to a hyperbolic function describing a rapid equilibrium
binding model. From this fit, the K4 for OPS was found to be 6 £+
1 mM and the second-order rate constant for formation of the
aminoacrylate intermediate was 2.8 + 0.7 mM~! s~

Formation of the o-Aminoacrylate Intermediate from
O-Phospho-L-serine. The o-aminoacrylate intermediate could
also be formed from O-phospho-L-serine (Figure 1B), and
the increase in absorbance at 465 nm due to its formation
on treatment of CysM with OPS could also be fit using a
single-exponential function at the various concentrations of
OPS examined (Figure 2). The data for this substrate were
treated as described for O-acetyl-L-serine to give a first-order
rate constant of 17 & 2 s! for formation of the aminoacrylate
and a K, of 6 &= 1 mM. The second-order rate constant for
formation of the aminoacrylate intermediate was thus
estimated to be 2.8 0.7 mM~' s™!. The intermediate could
be partially quenched by addition of high concentrations of
potassium phosphate [>10 mM (data not shown)].

Formation and Decay of the a-Aminoacrylate Intermediate
with L-Cysteine. When CysM was treated with L-cysteine,
an increase in the absorbance at 465 nm was detected,
consistent with formation of the a-aminoacrylate intermedi-
ate. However, this was found to subsequently decay on a
longer time scale. The resulting traces at the various
concentrations of L-cysteine examined were best fit by
double-exponential functions to give two sets of first-order
rate constants at the various cysteine concentrations, one for
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FIGURE 3: Kinetics of formation and decay of the a-aminoacrylate
intermediate in the presence of cysteine. (A) CysM (31 uM) was
mixed with cysteine (1, 4, and 8 mM in order of increasing rate)
in 50 mM Tris-HCl (pH 8.0) at ~22 °C, and the change in
absorbance at 465 nm was monitored. The data are shown fit to
functions of the form y = Ae %’ + Be %' + C. (B) Dependence of
the rate of formation of the aminoacrylate intermediate on the
concentration of cysteine. The slope of the line fitting the data is a
measure of the specificity of the enzyme for this amino acid
substrate and was found to be 0.0044 + 0.0004 mM~' s~!. The
rate of decay of the aminoacrylate intermediate was independent
of the concentration of L-cysteine within experimental error, being
on the order of 0.001 s™!.

formation and one for decay of the aminoacrylate intermedi-
ate (Figure 3). The first-order rate constants for formation
of the aminoacrylate were plotted as a function of the
concentration of L-cysteine, and the resulting data were best
fit by a line with a slope of 0.0044 + 0.0004 mM~! s~!. The
rate of decay of the aminoacrylate intermediate was inde-
pendent of the concentration of L-cysteine within experi-
mental error, being on the order of 0.001 s™' (data not
shown).

Quenching of the a-Aminoacrylate Intermediate by Bisul-
fide. The a-aminoacrylate intermediate was preformed under
single-turnover conditions by treatment of CysM (25 uM)
with O-phospho-L-serine (20 M) in 50 mM Tris-HCI (pH
8). Addition of sodium sulfide (final bisulfide concentration
of 0.1—15 mM) caused a decrease in the absorbance at 465
nm (Figure 4). This decrease was fit to a single-exponential
function to give the observed rates for decay at the various
bisulfide concentrations employed. The rate constants ex-
hibited a hyperbolic dependence on the concentration of
bisulfide, consistent with a rapid equilibrium binding model,
with a predicted rate constant for quenching of 0.48 £ 0.07
s~ and a K4 for bisulfide of 7 & 2 mM, yielding an apparent
second-order rate constant for quenching of 0.07 £ 0.02
mM~! s
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FIGURE 4: Kinetics of quenching of the a-aminoacrylate intermediate
by bisulfide. The CysM—O-phospho-L-serine o-aminoacrylate
intermediate was preformed by mixing CysM with a stoichiometric
quantity of O-phospho-L-serine in 50 mM Tris-HCI (pH 8.0) at
room temperature (~22 °C). The solution containing the intermedi-
ate was then mixed with a solution of sodium sulfide in the same
buffer, resulting in reaction of the o-aminoacrylate intermediate.
The final solution contained the reducing agent tris(2-carboxyeth-
yl)phosphane (TCEP) at a concentration of 2 mM. (A) Representa-
tive trace with an exponential fit showing the decay of absorbance
at 465 nm after rapid mixing of the preformed CysM—O-phospho-
L-serine o-aminoacrylate intermediate (11 xM) with sodium sulfide
(0.5 mM). (B) Plot of the first-order rates of quenching extracted
from the exponential fits at various bisulfide concentrations (0.1—15
mM), fit to a hyperbolic function, which describes a rapid
equilibrium binding model. The K for bisulfide was found to be 7
+ 2 mM, and the first-order rate constant for the carbon—sulfur
bond-forming addition reaction was 0.48 &+ 0.07 s™.

Quenching of the a-Aminoacrylate Intermediate by CysO-
COSH. Addition by rapid mixing of a solution of CysO-
COSH to a preformed solution of the o-aminoacrylate under
single-turnover conditions also caused a decay in the
absorbance at 465 nm. This decay could be fit to a single-
exponential function to give the observed rate for decay at
the various concentrations of CysO-COSH examined. The
rate of reaction of CysO-COSH with the CysM-bound
aminoacrylate intermediate could not be saturated at the
highest available CysO-COSH concentration (250 uM),
which approached the solubility limit for the protein. We
therefore restricted our analysis to the reaction of CysO-
COSH in the 0—125 uM concentration range. A comparison
of the specificity of CysM for the nucleophilic substrates,
which was the aim of this study, is readily obtained from
such an analysis. The data describing the dependence of the
rate of reaction of CysO-COSH in this concentration range
with the CysM-bound aminoacrylate intermediate fit well to
a line with a slope of 88 = 6 mM ™! s™!. This value can be
interpreted as an estimate of the second-order rate constant
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FIGURE 5: Kinetics of quenching of the a-aminoacrylate intermediate
by CysO-COSH. The CysM—O-phospho-L-serine o.-aminoacrylate
intermediate was preformed by mixing CysM (14 uM) with
O-phospho-L-serine (11 4uM) in 50 mM Tris-HCI (pH 8.0) at room
temperature (~22 °C). This solution was then rapidly mixed with
a solution containing CysO-COSH in the same buffer. (A)
Representative trace with an exponential fit showing decay of the
absorbance at 465 nm after rapid mixing of the CysM—O-phospho-
L-serine o-aminoacrylate intermediate with CysO-COSH (0.05 mM)
in 50 mM Tris-HCI (pH 8) at room temperature. (B) Plot of the
first-order rates of decay at the various CysO-COSH concentrations
with a linear fit. The slope of this line is a measure of the specificity
of the enzyme for this nucleophilic substrate and was found to be
88 £ 6 mM ! s

for the reaction (Figure 5). The y-intercept of this line had
a value of 0.61 £ 0.43 s7'.

DISCUSSION

Kinetic Scheme for CysM. The minimal kinetic scheme
for CysM (Scheme 3) can be derived from the full pathway
(Scheme 2) by its collapse due to the kinetic silence of the
geminal diamine intermediates (3 and 7) and the aldimine
intermediate 4. There was neither a lag in formation of the
observable a-aminoacrylate intermediate nor a dependence
of the amplitude for aminoacrylate formation on substrate
concentration, suggesting that the forward partitioning of all
intermediates up to and including the imine 4 must be rapid
and favorable. Indeed, in the case of the cysteine synthase
OASS-A from S. typhimurium LT-2, the CysM-bound
PLP—OAS aldimine intermediate (equivalent to structure 4)
could be observed on only a low millisecond time scale, and
a precise rate for its formation was not reported (22). The
kinetic pathway of CysM thus resembles that reported for
the O-acetylserine sulthydrylase enzymes with respect to the
“elimination” half-reaction which generates the aminoacrylate
intermediate. However, in the second CysM half-reaction, a
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Scheme 3: Minimal Kinetic Pathway and Determined Rate Constants for CysM

OPS: 17 +25™
OAS: 0.025 +0.004 5™
K1 ko
E + OPS (2) E-PLP-Im (4) E-AcrP,
k2
Kq
OPS:6+1mM OPS: ~0 s™
OAS:5+2mM OAS: ~0s™
k3 | kslPil
E-Acr (5)
K =7 +2mM
CysO-COSH: 88 +6 mM™'s™  kyNul| k dHS
ys s aNUT ] K d,cyso-cosH: N/A
k_6lP] ks )
E+8 E-P (6) E-Acr‘Nu
kg ks

HS:0.48+0.07 s

previously unexplored mechanistic variation presents itself
in the form of CysO-COSH, which acts as a sulfide
equivalent. Additionally, this half-reaction of CysM facili-
tated more detailed investigated of the kinetics of sulfur
transfer mediated by CysO-like proteins that had been
previously available in any system. The biosynthetic enzymes
for thiamin (23) and quinolobactin (/2) are experimentally
much less tractable with regard to making detailed kinetic
measurements of the sulfur transfer reaction.

Formation of the a-Aminoacrylate Intermediate. Mixing
of CysM with an excess of O-acetyl-L-serine or O-phospho-
L-serine (panels A and B of Figure 1, respectively) produces
initially a red shift in the absorbance at 412 nm due to the
enzyme—PLP internal aldimine (1). This is consistent with
the data observed for reaction of the previously studied
O-acetylserine sulthydrylase A enzyme from S. typhimurium
with OAS and is attributed to the transient formation of the
enzyme—PLP external aldimine (4), which then rapidly
converts to the aminoacrylate intermediate. The lack of an
isosbestic point in the data obtained with CysM contrasts
with the situation for the reaction of OAS with the B-isozyme
from S. typhimurium (24).

The kinetics of formation of the aminoacrylate may be
described in terms of a rapid equilibrium binding model
(Scheme 3) where the rate of dissociation of the ES complex,
k-1, is much greater than the rate of the subsequent,
kinetically significant, chemical step, i.e., the S-elimination
reaction (k). This model has been used previously to describe
the formation of the aminoacrylate intermediate from OAS,
catalyzed by O-acetylserine sulfhydrylase enzymes from S.
typhimurium and E. coli, and predicts a hyperbolic depen-
dence of the observed rate constant for chemistry on the
substrate concentration, with saturation of the rate of the
chemical step at concentrations of substrate which saturate
the ES complex. In this model, an aminoacrylate intermediate

at a CysM active site under conditions of zero substrate
concentration may only undergo reverse reaction. Hence, the
y-intercept of such a hyperbola corresponds to the back rate
for the chemical reaction (k—,). Equation 2 also defines the
equilibrium constant K, for substrate association, which is
the reciprocal of the dissociation constant (K3). The quotient
K\[S)/(K\[S] + 1) is a fraction that ranges from O to 1,
reflecting the formation of the ES complex. The rates of
formation of the aminoacrylate intermediate in a single
turnover from both O-acetyl- and O-phospho-L-serine were
found to exhibit a hyperbolic dependence on the substrate
concentrations, consistent with this model. Both substrates
have comparable dissociation constants (K4) of 6 mM (OPS)
and 5 mM (OAS). The Michaelis constants (Kj,,) for these
amino acids with respect to enzymes which utilize them as
substrates appear to be, broadly speaking, in the mid-
micromolar to low millimolar range (25, 26). The relatively
high dissociation constants for the amino acid substrates are
similar to that determined for OAS in studies on the
O-acetylserine sulfhydrylase A enzyme from S. typhimurium.
However, the rates of the elimination reaction to form the
aminoacrylate intermediate were found to vary substantially
between O-acetyl- and O-phospho-L-serine. The rate of the
[-elimination reaction of acetic acid to give the aminoacrylate
intermediate (0.025 s7!) is 850-fold slower than that of the
elimination of, formally, [HPO4]*>~ (17 s™!), suggesting the
presence of stabilizing interactions at the CysM active site
which facilitate such a rate enhancement.

In the case of OAS, the apparent second-order rate constant
for formation of the aminoacrylate was found to be 0.005
mM~! s7!, compared with 2.8 mM~! s™! for O-phospho-L-
serine. This 560-fold specificity suggests that O-phospho-
L-serine and not O-acetyl-L-serine is the physiologically
relevant substrate for CysM. Given the similarity of the
dissociation constants for both substrates, the ultimate origin
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FIGURE 6: Stereoview of the active site model of the O-phospho-L-serine—PLP imine at the active site of CysM. The O-phospho-L-serine—PLP

imine is indicated with cyan carbon atoms.

of this specificity appears to be the chemical reactivity of
OPS at the CysM active site.

To further evaluate the plausibility of OPS as a substrate
for CysM, we investigated the CysM-catalyzed reaction of
cysteine. It would seem logical that physiologically relevant
substrates for cysteine synthases must greatly outcompete
the intrinsic cysteine synthase-catalyzed reactivity of cysteine
itself. Cysteine reacts with biphasic kinetics in the presence
of CysM as it both forms and quenches the aminoacrylate
intermediate. In the case of OASS-A from E. coli, the
quenching reaction has been reported to form a thioether
product (27). The time course of reaction of cysteine with
CysM is thus described by a double-exponential function
with the first and second phases resulting from the formation
and quenching of the aminoacrylate, respectively (Figure 3).
The formation of the aminoacrylate from cysteine also
exhibits rapid equilibrium binding kinetics, with the apparent
second-order rate constant (0.0044 mM~! s™') suggesting that
L-cysteine itself is an equally good substrate for CysM as
OAS. Such an observation points strongly to OPS as a more
likely substrate for CysM than OAS. This contrasts with the
situation for the previously studied OASS-B from S. typh-
imurium, which does not utilize OPS as a substrate (28).

Quenching of the a-Aminoacrylate Intermediate. The
reaction of the CysM-bound at-aminoacrylate intermediate
in the carbon—sulfur bond-forming conjugate addition
constitutes the second half-reaction characteristic of cysteine
synthases. In all previously studied systems, bisulfide is the
sulfur donor. CysM offers a previously unexplored mecha-
nistic variation on the existing paradigm in the form of CysO-
COSH, the thiocarboxylated sulfide carrier protein which acts
as a sulfide source for this second half-reaction. Additionally,
the CysM system allowed kinetic characterization of the
sulfide transfer event mediated by CysO-COSH. This char-
acterization has not been possible for any of the other sulfide
carrier proteins. To characterize this second half-reaction of
CysM, we examined the reaction of the preformed ami-
noacrylate intermediate with both CysO-COSH and bisulfide.

The aminoacrylate intermediate could be quenched by
bisulfide to give L-cysteine. The dependence of the observed
rate for quenching on the concentration of bisulfide was
hyperbolic, also consistent with a rapid equilibrium binding
model. From the hyperbolic fit to the data, the rate constant
ks for quenching of the aminoacrylate by bisulfide was found
to be 0.48 s7!, with a K for bisulfide of 7 mM. This value

suggests that appreciable binding of bisulfide to CysM should
occur only at a bisulfide concentration generally regarded
as toxic to M. tuberculosis (29). In contrast, the rate of
quenching of the aminoacrylate in the presence of CysO-
COSH depended linearly on the CysO-COSH concentration
in the 0—125 uM range. The rate of quenching of the
aminoacrylate by CysO-COSH could not be fully saturated
at a CysO-COSH concentration of 250 uM, which ap-
proaches the solubility limit of the protein. The kinetic
difference between CysO-COSH and bisulfide as nucleo-
philes provides insight into the physical processes involved
with the two sulfur sources. The quenching of the ami-
noacrylate by CysO-COSH requires association of the two
proteins, likely followed by conformational changes in one
or both proteins to place the Gly-Gly-SH C-terminal sulfur
atom of CysO-COSH in a position optimal for 5-addition to
the aminoacrylate intermediate (5). It is not surprising that
these steps should be slower than the subsequent chemical
reaction. The slope of the line describing the concentration
dependence of the quenching rate (88 mM ™! s™!) may thus
be regarded as an estimate of the second-order rate constant
k4 for binding of CysO-COSH to CysM. This is 3 orders of
magnitude greater than the value of ks/Ky for bisulfide,
computed for that substrate to be 0.07 mM™! s7!, which is
an estimate of the specificity of the enzyme for this substrate.
Comparison of these values strongly suggests that CysO-
COSH is the nucleophilic substrate in vivo. The CysM active
site with the aminoacrylate intermediate present cannot be
readily accessible to the bulk solvent in the absence of CysO,
as demonstrated by the longevity of the aminoacrylate even
under conditions of exposure to nucleophiles such as
cysteine, and its slow rate of reaction with bisulfide. In the
case of OASS-A from S. fyphimurium, the rate of the
p-addition reaction is thought to be diffusion-limited when
bisulfide is the nucleophilic substrate (30). Therefore, it is
likely that binding of CysO causes a conformational change
in CysM which facilitates the nucleophilic addition.

The y-intercept of the linear fit describing the concentration
dependence of the rate of quenching of the OPS-derived
CysM—aminoacrylate intermediate by CysO-COSH is non-
zero and has a value of 0.61 £ 0.43 s~!, which is likely to
estimate the rate of the rate-limiting step for back-reaction
of the S-CysO—Clys external aldimine (6), i.e., re-formation
of the aminoacrylate and CysO-COSH.
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Structural Analysis of O-Phospho-L-serine Bound to CysO/
CysM. The structure of CysO/CysM has recently been
determined (37). Using this structure, a model for the
O-phospho-L-serine—PLP imine at the active site of CysM
was constructed (Figure 6). In this model, the phosphate of
the substrate forms H-bonds with the OH group of Ser79,
the NH group of Thr185, and the OH group of Tyr152. There
are no nearby positively charged residues or other candidates
for phosphate binding residues. The predicted binding is
consistent with the proposal that O-phospho-L-serine is the
physiological substrate for CysM.

Role of CysM and CysO-COSH. Formation of the CysO-
COSH thiocarboxylate represents a considerable energy
investment for M. tuberculosis, with the direct involvement
of at least two nucleoside triphosphate molecules required
to produce O-phospho-L-serine and activate CysO for forma-
tion of the C-terminal thiocarboxylate. The underlying
reasons justifying this investment are not clear, but it is
possible that the thiocarboxylate moiety represents a stable,
oxidation-resistant, and relatively nontoxic source of sulfide
from which cysteine can be produced in the highly oxidizing
environment of the macrophage. Inhibitors of CysM may
thus have potential as antimycobacterial chemotherapeutic
agents.

CONCLUSIONS

A new cysteine biosynthetic pathway, in M. tuberculosis,
involving a sulfide carrier protein (CysO) and a cysteine
synthase (CysM) has recently been described. Here we report
the kinetic characterization of this system and determine that
O-phospho-L-serine rather than O-acetyl-L-serine is the
cosubstrate. The chemical mechanism of CysM involves
formation of an a-aminoacrylate intermediate consistent with
its assignment as a member of the PLP-dependent /5-replace-
ment family of enzymes. O-Acetyl-L-serine has a K4 com-
parable to that of O-phospho-L-serine, but the elimination
of acetic acid is substantially slower than that of [HPO,4]*>",
resulting in a much smaller apparent second-order rate
constant for formation of the aminoacrylate intermediate.
This appears to be analogous to the situation described for
the hyperthermophilic archaeon A. pernix K1, which has been
shown to possess a cysteine synthase enzyme which selec-
tively catalyzes the O-phosphoserine sulthydrylation reaction
(6). Our data show that the thiocarboxylated sulfur carrier
protein (CysO-COSH) is likely to serve as the endogenous
nucleophilic substrate in M. tuberculosis, having an apparent
second-order rate constant for quenching of the aminoacrylate
intermediate that is more than 1200 times faster than that of
bisulfide, the nucleophilic substrate assigned for homologous
bacterial cysteine synthases. The underlying reasons for
involvement of a sulfur carrier protein in this pathway remain
unclear. One possibility is that the oxidation resistance of
the thiocarboxylate moiety may be an important factor in
protecting sulfide from oxidation in the macrophage. This
is the first kinetic characterization of the transfer of sulfur
from a sulfide carrier protein.
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