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ABSTRACT: Mycobacterium tuberculosisand many other members of the Actinomycetes family produce
mycothiol, i.e., 1-D-myo-inosityl-2-(N-acetyl-L-cysteinyl)amido-2-deoxy-R-D-glucopyranoside (MSH or
AcCys-GlcN-Ins), to act against oxidative and antibiotic stress. The biosynthesis of MSH is essential for
cell growth and has been proposed to proceed via a biosynthetic pathway involving four key enzymes,
MshA-MshD. The MSH biosynthetic enzymes present potential targets for inhibitor design. With this as
a long-term goal, we have carried out a kinetic and mechanistic characterization, using steady-state and
pre-steady-state approaches, of the recombinantMycobacterium smegmatisMshC. MshC catalyzes the
ATP-dependent condensation of GlcN-Ins and cysteine to form Cys-GlcN-Ins. Initial velocity and inhibition
studies show that the steady-state kinetic mechanism of MshC is a Bi Uni Uni Bi Ping Pong mechanism,
with ATP binding followed by cysteine binding, release of PPi, binding of GlcN-Ins, followed by the
release of Cys-GlcN-Ins and AMP. The steady-state kinetic parameters were determined to bekcat equal
to 3.15 s-1, andKm values of 1.8, 0.1, and 0.16 mM for ATP, cysteine, and GlcN-Ins, respectively. A
stable bisubstrate analogue, 5′-O-[N-(L-cysteinyl)sulfamonyl]adenosine, exhibits competitive inhibition
versus ATP and noncompetitive inhibition versus cysteine, with an inhibition constant of∼306 nM versus
ATP. Single-turnover reactions of the first and second half reactions were determined using rapid-quench
techniques, giving rates of∼9.4 and∼5.2 s-1, respectively, consistent with the cysteinyl adenylate being
a kinetically competent intermediate in the reaction by MshC.

Mycothiol (MSH or acetyl-Cys-GlcN-Ins), a conjugate of
N-acetylcysteine (AcCys) and 1-D-myo-inosityl-2-amido-2-
deoxy-R-D-glucopyranoside (GlcN-Ins), is the predominant
low-molecular-weight thiol that protects actinomycetes against
oxidative stress and cellular electrophilic toxins (1-4).
Among actinomycetes, mycobacteria generate the highest
intracellular levels of MSH (5). Studies have shown that
Mycobacterium smegmatismutants lacking MSH become
more sensitive toward oxidizing agents, electrophiles, and
antibiotics (1-3), indicating the critical role of MSH in the
survival and pathogenicity of mycobacteria (1). The detoxi-
fication mechanism of electrophiles by MSH has been
proposed (path a in Scheme 1) to involve the formation of
a MSHSconjugate of the electrophile (1). The conjugate is
rapidly cleaved into GlcN-Ins and the mercapturic acid by a
MSH S-conjugate amidase (Mca). The GlcN-Ins is recycled
into the MSH biosynthetic pathway, whereas the mercapturic
acid is expelled from the cell. Unlike actinomycetes, eu-
karyotes and eubacteria produce glutathiol (GSH), suggesting
the enzymes involved in the MSH biosynthetic pathway as
potential and selective targets for antimicrobial chemo-
therapy.

It has been proposed that MSH is synthesized via a series
of enzymatic reactions (6-9), as illustrated in path b of
Scheme 1. In brief, the process is initiated by anN-acetyl-
glucosamine transferase (MshA) to generate 3-phospho-
GlcNAc-Ins, which is subsequently dephosphorylated to form
GlcNAc-Ins by an unknown phosphatase (9). GlcNAc-Ins
is subsequently deacetylated by MshB. The resulting GlcN-
Ins is ligated with cysteine in a reaction catalyzed by a
cysteine ligase, MshC. The Cys-GlcN-Ins is then acetylated
by MshD, yielding MSH. To understand the role and affects
of each enzyme in MSH production and drug resistance,
mutant M. smegmatisstrains with specific mutations or
insertions in themshA-mshD genes were selected or
constructed (2, 3, 10-13). ThemshAmutant strain showed
enhanced sensitivity to hydrogen peroxide and rifampicin
but increased resistance to isoniazid (2). Disruption ofmshB
resulted in a 90-95% decrease in MSH production and no
increased resistance to isoniazid compared to the wild-type
strain. Moreover, this mutant did not show significant
differences in sensitivity toward oxidative stress-inducing or
alkylating agents, as well as antibiotics including cerulenin,
vancomycin, rifampicin, and erythromycin (13). This obser-
vation was rationalized by noting that Mca possesses a weak
GlcNAc-Ins deacetylase activity, allowing for the slow
biosynthesis of MSH in the absence of a functional MshB
(4). Interestingly, both MshA- and MshB- mutant strains
were observed to be∼6-fold more resistant toward ethiona-
mide compared to the wild-type strain (13). The mshD
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mutant exhibited similar sensitivities toward oxidative stress
compared to wild-type strains. Intriguingly, two novel thiols,
N-formyl-Cys-GlcN-Ins andN-succinyl-Cys-GlcN-Ins were
observed in themshD mutant, the latter of which was
suggested to serve a similar function as MSH and thus
account for the similar susceptibility to the wild type (12).
Studies with a MshC mutant possessing∼80-fold less
activity than that of the wild-type MshC showed significantly
increased susceptibility toward oxidative and alkylating
stress, as well as resistance to ethionamide and a broad range
of antibiotics, including erythromycin, azithromycin, van-
comycin, penicillin G, rifamycin, and rifampin (3). Similar
to most MSH-deficient mutants, themshC mutant also
showed increased resistance to isoniazid compared to the
wild type. A possible explanation by Rawat et al. suggests
that MSH may be directly required to activate isoniazid (3).

MshC catalyzes the ATP-dependent ligation of cysteine
to GlcN-Ins (Scheme 2). Despite its obvious significance,
limited mechanistic, biochemical, or structural studies have
been reported for MshC, unlike MshB and MshD, both of

whose three-dimensional structures have been solved (14,
15). Here, we report a detailed kinetic characterization of
MshC fromM. smegmatisusing steady-state and pre-steady-
state approaches.

MATERIALS AND METHODS

Materials. Pfu DNA polymerase was from Stratagene.
pET28a(+) and theEscherichia colistrains, Rosetta2(DE3)
and Top10, were obtained from Novagen. T4 DNA ligase
and the restriction enzymesNdeI andEcoRI were from New
England Biolabs. The oligonucleotide primers were synthe-
sized by Invitrogen. Luria-Bertani broth was purchased from
Fisher. All chromatographic materials were from Pharmacia.
A protease inhibitor cocktail tablet [Complete, ethylenedi-
aminetetraacetic acid (EDTA) free] was obtained from
Roche. 5′-O-[N-(L-Cysteinyl)sulfamonyl]adenosine was from
TriLink BioTechnologies. [14C]-L-Cysteine and [R-33P]ATP
were purchased from Perkin-Elmer Life Sciences. PEI-F-
thin-layer chromatography (TLC) and silica-TLC plates were
obtained from EMD Chemicals, Inc. and Whatman Ltd.,
respectively. All other chemicals were purchased from Sigma
or Aldrich.

Synthesis of GlcN-Ins.1-O-(2-Amino-2-deoxy-R-D-glu-
copyranosyl)-D-myo-inositol (GlcN-Ins) was chemically syn-
thesized from 2,3,4,5,6-penta-O-benzyl-D-myo-inositol (16)
and methyl-2-azido-2-deoxy-3,4,5-tri-O-benzyl-1-thio-â-D-
glucopyranoside.

1-O-(2-Amino-3,4,5-tri-O-benzyl-2-deoxy-R-D-glucopyra-
nosyl)-2,3,4,5,6-penta-O-benzyl-D-myo-inositol was prepared
as follows. Methyltriflate (2.81 mL, 24.8 mmol) was added
dropwise to a stirred mixture of 2,3,4,5,6-penta-O-benzyl-
D-myo-inositol (16) (5.22 g, 8.27 mmol), methyl-2-azido-2-
deoxy-3,4,5-tri-O-benzyl-1-thio-â-D-glucopyranoside (4.18 g,
8.27 mmol), and 4 Å molecular sieves (ca. 4 g) in CH2Cl2
(130 mL) cooled to-25 °C. The reaction mixture was
allowed to warm to room temperature over 4 h and then
stirred at room temperature for a further 20 h when Et3N
(50 mL) was added. The mixture was filtered through celite,
and the filter cake washed with ethyl acetate (2× 200 mL).
The combined filtrate was washed with water (400 mL) and
brine (400 mL) and then dried (MgSO4). After filtration, the
solvent was removedin Vacuoand the residue was purified
by column chromatography on silica gel. Elution with
EtOAc/light petroleum (from 1:6 to 1:4) afforded 1-O-(2-
azido-3,4,5-tri-O-benzyl-2-deoxy-D-glucopyranosyl)-2,3,4,5,6-
penta-O-benzyl-D-myo-inositol (6.30 g, 5.79 mmol, 70%) as
anR,â mixture. This material was dissolved in diethyl ether
(90 mL) and cooled to 0°C, and lithium aluminum hydride
(LAH, 1 M in diethyl ether, 12.3 mL, 12.3 mmol) was added
dropwise over 2 min. After 1 h, the cold bath was removed
and the reaction mixture was stirred at room temperature
for 12 h when sodium-potassium tartrate (0.1 M, 300 mL)
was added to quench the reaction. After the mixture was
stirring for 30 min, it was extracted with ethyl acetate (3×
200 mL) and the combined organic extract washed with brine
(400 mL). After drying (MgSO4) and filtration, the solvent
was removedin Vacuo and the residue was purified by
column chromatography on silica gel. Elution with EtOAc/
light petroleum (from 3:7 to 1:1) afforded 1-O-(2-amino-
3,4,5-tri-O-benzyl-2-deoxy-R-D-glucopyranosyl)-2,3,4,5,6-
penta-O-benzyl-D-myo-inositol (2.43 g, 2.29 mmol, 40%) as

Scheme 1: Proposed Detoxification Mechanism (Path a)
and Biosynthetic Pathway by MSH (Path b)
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an oil. [R]D
22 ) +44 (c 0.50, CHCl3). 1H NMR (300 MHz,

CDCl3) δ: 7.39-7.07 (m, 40H), 5.17 (d,J ) 3.6 Hz, 1H),
5.02-4.74 (m, 10H), 4.60-4.44 (m, 6H), 4.12-4.02 (m,
3H), 3.91-3.85 (m, 1H), 3.64-3.38 (m, 7H), 2.77 (dd,J )
9.5, 3.6 Hz, 1H).13C NMR (75 MHz) δ: 39.2-38.0 (C,
Ar), 128.4-127.3 (CH, Ar), 101.3, 84.1, 81.7, 81.2, 78.8,
78.6, 76.0, 75.9, 75.7, 75.3, 74.7, 74.5, 73.6, 72.8, 72.1, 68.8,
56.5.HRMS-ESI[M+H]+calcdforC68H72NO10: 1062.5156.
Found: 1062.5110. Anal. Calcd for C68H71NO10: C, 76.88;
H, 6.74; N, 1.32. Found: C, 77.16; H, 6.74; N, 1.33.

1-O-(2-Amino-2-deoxy-R-D-glucopyranosyl)-D-myo-inosi-
tol. Pd/C (10%, 600 mg) was added to a stirred solution of
1-O-(2-amino-3,4,5-tri-O-benzyl-2-deoxy-R-D-glucopyrano-
syl)-2,3,4,5,6-penta-O-benzyl-D-myo-inositol (1.09 g, 1.03
mmol) in tBuOH/H2O/1 M HCl (61.0, 16.0, and 4.50 mL).
The mixture was stirred under hydrogen for 14 h at room
temperature, and the hydrogen was replaced with argon. The
mixture was filtered through celite, and the pad was washed
with H2O (100 mL) and MeOH (100 mL). The combined
filtrate was concentratedin Vacuo, and the residue was
purified by column chromatography on silica gel. Elution
with ethyl acetate/MeOH/H2O/AcOH (from 4:2:1:1 to 2:2:
1:1) afforded the HCl salt of the product that was converted
to the free base by chromatography on A26 amberlyst ion-
exchange resin (hydroxide form) with H2O. The solution was
freeze-dried to afford 1-O-(2-amino-2-deoxy-R-D-glucopy-
ranosyl)-D-myo-inositol (323 mg, 0.948 mmol, 92%) as a
white powder.1H NMR (300 MHz, D2O) δ: 5.09 (d,J )
3.7 Hz, 1H), 4.18 (t,J ) 2.7 Hz, 1H), 3.84-3.67 (m, 4H),
3.65-3.48 (m, 4H), 3.38 (t,J ) 9.5 Hz, 1H), 3.28 (t,J )
9.3 Hz, 1H), 2.72 (dd,J ) 10.2, 3.74 Hz, 1H).13C NMR
(75 MHz) δ: 101.8, 79.9, 74.6, 74.3, 73.1, 72.6, 72.4, 72.2,
71.6, 70.4, 61.2, 55.8. HRMS-ESI [M + H]+ calcd for
C12H24NO10: 342.1400. Found: 342.1397. Anal. Calcd for
C12H23NO10‚H2O: C, 40.11; H, 7.01; N, 3.90. Found: C,
39.78; H, 7.26; N, 3.71.

Cloning and Expression of M. smegmatis MshC. ThemshC
gene was amplified fromM. smegmatisgenomic DNA using
pfu DNA polymerase and two primers (mshCf, 5′-ttttttcatat-
gatgcaatcgtggtcggcacc-3′ and mshCr 5′-ttttttgaattcttagaggtc-
cacacccagcaacg-3′), containingNdeI and EcoRI restriction
sites, respectively. The resulting amplicons were purified by
1% agarose gel electrophoresis using the QIAquick gel
extraction kit following the protocol of the manufacturer.
The amplifiedmshCgene and pET28a(+) vector were both
subjected to endonuclease digestion for 3 h at 37°C byNdeI
andEcoRI, followed by a purification of the DNA by agarose
gel. ThemshCgene was then the ligated onto the pET28a-
(+) plasmid by incubation at 16°C overnight in the presence
of T4-DNA ligase. A 2µL aliquot of the ligation mixture
was transformed directly intoE. coli strain top 10 competent
cells. The resulting colonies obtained by plating on Luria-
Bertani agar plate containing 50µg/mL ampicillin and
34 µg/mL chloramphenicol were screened for the presence
of themshCgene byNdeI andEcoRI digestion as described
above. The nucleotide sequence of the construct was

sequenced in both directions with both forward and reverse
primers as described above.

A sequence-verified construct was transformed into Ro-
setta(DE3)2 for protein expression. A 10 mL preculture was
used to inoculate 1 L of Luria-Bertani broth media contain-
ing ampicillin and chloramphenicol at final concentrations
of 50 and 34µg/mL, respectively. Cells were grown at
37 °C. When the optical density at 600 nm of the cell culture
reached 0.8, isopropyl-â-D-thiogalactopyranoside (IPTG) was
added into the culture to a final concentration of 0.5 mM
and the temperature of the culture was lowered to 20°C for
overnight growth. Cells were harvested by centrifugation at
8000 rpm for 20 min at 4°C and stored at-20 °C.

Purification and Assay of the Recombinant MshC.Unless
otherwise stated, all of the purification steps were performed
at 4 °C. The cell paste (typically∼ 25 g) was resuspended
with 50 mL of lysis buffer containing two protease inhibitor
tablets, along with 0.2 mg/mL lysozyme, 0.1 mM phenyl-
methylsulfonyl fluoride (PMSF), 0.05 mg/mL DNase, 10 mM
Mg2+, 100 mM (NH4)2SO4, 30 mM imidazole, and 20 mM
tetraethylammonium chloride (TEA) at pH 7.9. The solution
was incubated with stirring for 20 min. The resulting
suspension was passed 3 times through a French Press and
then centrifuged at 26800g for 10 min. The supernatant was
loaded onto a 1.5× 9 cm His-trap column, which was pre-
equilibrated with 20 mM TEA, 20 mM imidazole, and
100 mM (NH4)2SO4 at pH 7.9. Proteins were eluted with
two gradients: a 30-column-volume gradient from 20 to
150 mM imidazole followed by a 3-column-volume gradient
from 150 to 500 mM imidazole at a flow rate of 2 mL/min.
The fractions with the highest purity as judged by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) were pooled and concentrated to ca. 3 mL using a
YM 30 Amicon ultrafiltration membrane. The protein was
then dialyzed against three changes of 20 mM TEA and
100 mM (NH4)2SO4 at pH 7.9, centrifuged, and subsequently
loaded onto a 1.5× 70 cm Superdex 200 gel-filtration
column. The enzyme was eluted at 0.5 mL/min, and the
fractions were pooled and concentrated. After removal of
precipitated protein by centrifugation, the enzyme was stored
at -20 °C and was stable for at least 10 months.

Protein concentrations were determined usingε280 )
76 100 M-1 cm-1 for the native MshC with a 6-histidine
tag. The concentration of enzyme was also determined using
the Bio-Rad protein assay kit, with bovine serum albumin
as the standard. The native molecular weight and oligomeric
state was estimated using gel filtration on a column calibrated
with Bio-Rad molecular-weight markers.

Enzyme ActiVity Assay. Initial velocities of the MshC
reaction were assayed spectrophotometrically by coupling
the formation of AMP to the reaction of myokinase, pyruvate
kinase, and lactate dehydrogenase as described previously
(17). The decrease in absorbance of reduced nicotinamide
adenine dinucleotide (NADH) at 340 nm (ε340 ) 6220 M-1

cm-1) was measured at 25°C using a UVIKON 943
spectrophotometer with a circulating water bath and ther-

Scheme 2
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mospacers. The standard reaction contains 100 mMN-2-
hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES) at
pH 7.8, 10 mM MgCl2, 10 mM ATP, 1 mM L-cysteine,
2 mM dithiothreitol (DTT), 100 µM GlcN-Ins, 1 mM
potassium PEP, 300µM NADH, 18 units of myokinase, 18
units of pyruvate kinase, and 18 units of lactate dehydroge-
nase in a total volume of 1 mL. After incubation for 5 min
at 25°C, reactions were initiated by the addition of MshC
(e10 µL to a final concentration of∼25 nM). MshC
enzymatic activities were corrected for the background
activity, i.e., the decrease of absorbance at 340 nm caused
by ATP hydrolysis. The rate of Cys-GlcN-Ins formation is
proportional to the rate of NADH oxidation, where two
molecules of NADH are oxidized for each molecule of Cys-
GlcN-Ins formed.

Steady-State Kinetics. Initial velocity experiments were
carried out at various concentrations of one substrate in the
presence of different fixed levels of a second substrate and
with the concentration of the third substrate kept saturating
and constant. Product inhibition studies with pyrophosphate
were performed at varying concentrations of ATP, 500µM
GlcN-Ins, and 40µM or 2 mM cysteine. The bi-substrate
analogue 5′-O-[N-(L-cysteinyl)sulfamonyl]adenosine was
tested as an inhibitor versus ATP (at 50µM cysteine and
100 µM GlcN-Ins) and cysteine (1 mM ATP and 100µM
GlcN-Ins), respectively.

Pre-steady-State Kinetics. Single-turnover experiments
were performed at 25°C using a KinTek rapid-quench
apparatus (Model RQF-3) equipped with a constant temper-
ature circulating water bath. The rates of the first half reaction
(cysteine adenylation) were determined by rapidly mixing
MshC containing 1 mML-cysteine, 10 mM DTT, and
200 mM HEPES at pH 7.8, with a solution containing 0.1-
4 mM [R-33P]ATP (20 µCi/µmol), 10 mM MgCl2, and
100 mM HEPES at pH 7.8. Control reactions exclude MshC
from the reaction above. The reaction was incubated for a
given time interval and then quenched with 110µL of
150 mM EDTA. The enzyme was denatured by heat
treatment in a boiling water bath for 1 min after quenching.
After centrifugation, 1µL of the reactions was spotted onto
PEI TLC plates and radiolabeled ATP and AMP were
resolved using 0.9 M guanidine hydrochloride as the mobile
phase.

The rate of the second half reaction (cysteine ligation) was
determined as described below. A solution containing 51µM
MshC, 20 mM MgCl2, 2 mM ATP, 1 mM [14C]-L-cysteine
(50 µCi/µmol), 10 mM DTT, and 100 mM HEPES at pH
7.8 was preincubated at 25°C for 5 min, allowing for the
formation of the enzyme-bound cysteinyl adenylate inter-
mediate, followed by rapid mixing with 40-1000µM GlcN-
Ins in 100 mM EDTA and 100 mM HEPES at pH 7.8.
Control reactions contain water instead of GlcN-Ins. The
reaction was incubated for a given time interval and then
quenched with 110µL of 3% TFA. The quenched solution
was heated in a boiling water bath for 1 min and centrifuged
to pellet denatured proteins. The solution was spotted onto
silica TLC plates, and [14C]-L-cysteine and [14C]-L-cysteine-
GlcN-Ins were separated using 3:1:1 CH3CN/H2O/28% NH3

as the mobile phase. Both [33P]AMP and [14C]-L-cysteine-
GlcN-Ins were quantitated using a Phosphorimager (Molec-
ular Dynamics) and corrected for nonenzymatic activity.

Data Analysis.Parallel initial velocity patterns were fitted
with eq 1, and intersecting patterns were fit to eq 2, where
Ka andKb are the Michaelis constants for the varied substrates
A and B. Inhibition data were fitted to eqs 3-5 for
competitive, uncompetitive, and noncompetitive inhibition
patterns, respectively.P represents the concentration of the
inhibitor (5′-O-[N-(L-cysteinyl)sulfamonyl]adenosine or py-
rophosphate), andKis andKii are the inhibition constants for
the slope and intercept term, respectively.

Single-turnover progress curve data were fitted to eq 6

For a two-step binding mechanism, the dependence of the
single-exponential rate constant,kobs, as a function of the
substrate concentration is given by eq 7. For both half
reactions by MshC, the intercept ofkobs versus substrate
concentration curves appeared to be approximately zero. The
data were thus fitted to eq 8, wherekoff ) 0.

RESULTS

Cloning, Expression, and Purification of MshC.To obtain
large quantifies of MshC for kinetic characterization, theM.
smegmatismshC gene was cloned into plasmid pET28a(+)
and expressed inE. coli Rosetta(DE3)2 cells. The heterolo-
gous expression by Rosetta(DE3)2 yielded large quantities
of soluble MshC. MshC was purified using a combination
of His-Trap affinity and gel-filtration chromatographies. The
purification was monitored by SDS-PAGE, and these two
columns were sufficient to achieve a catalytically active
enzyme that was greater than 95% pure as judged by SDS-
PAGE. Approximately 50 mg of purified enzyme was
obtained per liter of culture. The subunit molecular mass of
MshC determined by SDS-PAGE is∼47 kDa, consistent
with the molecular weight of 47 562 Da calculated from the
amino acid sequence of theM. smegmatisenzyme and the
histidine tag. Superose 12 gel filtration was used to estimate

V
E

)
kcatAB

KbA + AB + KiaKb
(1)

V
E

)
kcatAB

KaB + KbA + AB + KiaKb
(2)

V
E

)
kcatA

Ka[1 + ( P
Kis

)] + A
(3)

V
E

)
kcatA

Ka + A[1 + ( P
Kii

)]
(4)

V
E

)
kcatA

Ka[1 + ( P
Kis

)] + A[1 + ( P
Kii

)]
(5)

Y ) A(1 - e-kobst) (6)

kobs) kmax[S]/(Kd + [S]) + koff (7)

kobs) kmax[S]/(Kd + [S]) (8)
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the molecular weight of the native enzyme as 40 700 Da,
suggesting that the native enzyme exist as a monomer.

Steady-State Kinetic Studies. The kinetic mechanism of
M. smegmatisMshC was determined by initial velocity
experiments using the coupled enzyme assay described
above. The parallel lines revealed in double-reciprocal plots
of the initial velocity using either ATP or cysteine and GlcN-
Ins (Figure S1 in the Supporting Information) suggested a
Ping Pong kinetic mechanism for MshC. The intersecting
lines observed in double-reciprocal plots of the initial velocity
by varying concentrations of ATP and cysteine and a fixed
concentration of GlcN-Ins (Figure S1 in the Supporting
Information) are indicative of the formation of a ternary
E-ATP-cysteine complex. These data were fit to eq 1 or
2, yielding Km values of∼1.8, ∼0.1, and∼0.16 mM for
ATP, cysteine, and GlcN-Ins, respectively (Table 1). Pyro-
phosphate was used as a product inhibitor versus ATP and
cysteine. When pyrophosphate was used versus ATP, an
uncompetitive inhibition pattern was observed at a saturating
concentration of cysteine, yielding aKii value of 1.9(
0.1 mM. When repeated at a nonsaturating concentration of
cysteine, a noncompetitive pattern versus ATP was observed,
yielding inhibition constants of 3.4( 1.0 and 3.7( 1.0 mM
for Kis andKii , respectively (Figure 1). These data suggest
that ATP binds to the enzyme prior to cysteine. 5′-O-[N-(L-
Cysteinyl)sulfamonyl]adenosine was tested as a bisubstrate
inhibitor because it is a structural analogue of the cysteinyl
adenylate. 5′-O-[N-(L-Cysteinyl)sulfamonyl]adenosine acts
as a competitive inhibitor versus ATP, with the competitive
inhibition constant being 304( 40 nM, and as a noncom-
petitive inhibitor versus cysteine, with inhibition constants
being 2.4( 0.2 µM for Kis and 390( 60 nM for Kii ,
respectively (Figure 2). These data confirm the ordered
binding of ATP and cysteine and are consistent with a Bi
Uni Uni Bi Ping Pong kinetic mechanism as shown in
Scheme 3.

Pre-steady-State Kinetic Analysis. The rate of cysteine-
adenylate formation in the first half reaction was determined
by single-turnover experiments using rapid-quench flow
techniques with [R-33P]ATP in the absence of GlcN-Ins. Plots
of [R-33P]AMP formation were obtained using different
concentrations of [R-33P]ATP (Figure 3A). The data were
fit to eq 6 to obtain the rate constants at each concentration
of ATP used. The rate constant for each reaction was
subsequently plotted as a function of [ATP] (Figure 3B).
The data were fit to eq 8 to obtain the maximum value of
the rate constant, yielding a rate of cysteine-adenylate
formation of 9.4( 0.7 s-1 and aKd value for ATP of 1.7(
0.2 mM.

The rate of cysteine ligation in the second half reaction
was measured in a similar manner to the first half reaction.
In this reaction, ATP and [14C]-L-cysteine were incubated
with MshC for at least 5 min to allow for the complete
formation of cysteinyl adenylate at the enzyme active site,
followed by mixing with GlcN-Ins and EDTA, which was

added to prevent additional turnover of the first half reaction
after mixing with GlcN-Ins. Plots of Cys-GlcN-Ins formed
versus time were generated using different concentrations
of GlcN-Ins (Figure 4A). The data were fitted to eq 6 to
obtain the rate constants at each concentration of GlcN-Ins
used. The rate constant for each reaction was subsequently
plotted as a function of [GlcN-Ins] (Figure 4B). The data
were fitted to eq 8 to obtain the maximum value for the rate
constant, yielding a rate of 5.2( 0.8 s-1 for the second half
reaction and aKd value for GlcN-Ins of 290( 90 µM.

DISCUSSION

Mycothiol plays important roles in the survival and
pathogenicity of mycobacteria by its interactions with a broad
spectrum of oxidants, electrophiles, as well as a number of
antibiotics (1). As is the case forMycobacterium tuberculosis
Erdman, themshAandmshCgenes and presumably myco-
thiol are essential for the bacteria growth (18, 19). The
enzymes involved in MSH biosynthesis therefore present
potential as drug targets for anti-mycobacterial treatment.
Observations from theM. smegmatisstrains with deficient
or absent functions of MshA-MshD indicate that MshC has
perhaps the greatest potential as a drug target, because

Table 1: Kinetic Parameters ofM. smegmatisMshC

subtrate Km (mM) kcat (s-1) kcat/Km (M-1 s-1)

ATP 1.84( 0.06 3.15( 0.18 1700( 100
cysteine 0.10( 0.01 31 500( 400
GlcN-Ins 0.16( 0.05 20 000( 600

FIGURE 1: Product inhibition studies of MshC by pyrophosphate
at 40µM cysteine (A) and 2 mM cysteine (B). In A, assays were
performed at 0 mM (b), 0.4 mM (O), 1 mM (1), 1.4 mM (3), and
1.8 mM (9) pyrophosphate. In B, assays were performed at 0 mM
(b), 0.6 mM (O), 1.2 mM (1), and 1.6 mM (3) pyrophosphate.
Activity assays were measured at 100 mM HEPES and 10 mM
Mg2+ at pH 7.8 and 25°C, as detailed in the Materials and Methods.
The lines are fits of the data to eqs 5 and 4 for A and B, respectively.
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inhibiting MshC function results in strains with a higher
susceptibility toward conventional antibiotic treatment (2, 3,
10-13). Despite its significance, only preliminary kinetic
measurements have been reported for theM. smegmatis
enzyme (20). Here, we present a detailed kinetic and
mechanistic characterization of MshC fromM. smegmatis
as the first step for rationale inhibitor design.

Steady-State Kinetic Mechanism. The results from initial
velocity and product, as well as bisubstrate analogue,
inhibition studies of MshC are fully consistent with a Bi Uni
Uni Bi Ping Pong kinetic mechanism as illustrated in Scheme
3. ATP binds to free enzyme followed by the binding of

cysteine, forming a ternary E-ATP-cysteine complex. The
enzyme releases pyrophosphate, with the formation of
cysteine-adenylate bound in the enzyme active site. GlcN-
Ins binds to the enzyme, and the amide bond between GlcN-
Ins and cysteine is formed with the cleavage of the adenylate
anhydride. The resulting Cys-GlcN-Ins and AMP are then
released from the enzyme active site. The order of product
release of AMP and Cys-GlcN-Ins was not defined in this
study. Product inhibition by AMP versus ATP could not be
determined because of the coupling enzyme assay used.
However, we suggest that the enzyme releases Cys-GlcN-
Ins prior to AMP based on kinetic studies with related
aminoacyl-tRNA synthetases (21, 22) and other ATP-
dependent enzymes that catalyze amide-, ester-, and thioester-
forming reactions (17, 23, 24). The reaction catalyzed by

FIGURE 2: Inhibition studies of MshC with 5′-O-[N-(L-cysteinyl)-
sulfamonyl]adenosine as the inhibitor. In A, initial velocities are
at 0 nM (b), 120 nM (O), 200 nM (1), 400 nM (3), and 600 nM
(9) 5′-O-[N-(L-cysteinyl)sulfamonyl]adenosine, 50µM cysteine, and
varying concentrations of ATP. In B, initial velocities are at 1 mM
ATP, 0 nM (b), 400 nM (O), 800 nM (1), 1200 nM (3), and 1600
nM (9) 5′-O-[N-(L-cysteinyl)sulfamonyl]adenosine, and varying
concentrations of cysteine. Activity assays were measured at 100
mM HEPES and 10 mM Mg2+ at pH 7.8 and 25°C, as detailed in
the Materials and Methods. The lines are fits of the data to eqs 3
and 5 for A and B, respectively.

Scheme 3

FIGURE 3: Pre-steady-state kinetics of AMP formation in the first
half reaction of MshC. (A) Single-turnover time courses for the
AMP formation. The curves shown are at representative ATP
concentrations of 0.045 mM (b), 0.09 mM (O), 0.45 mM (1), and
1.35 mM (3). (B) Plot of the determined rate constants as a function
of the ATP concentration used. Assays were carried out as described
in the Materials and Methods. The curves are fits of the data to
eqs 6 and 8 for A and B, respectively.
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MshC can thus be divided into two half reactions: cysteine
adenylation (or activation) and cysteine ligation (or conden-
sation/transfer) (Scheme 4). Accordingly, the first reaction
provides for carboxyl activation required for amide bond
formation in the cysteine ligation reaction. The Bi Uni Uni
Bi Ping Pong mechanism has been well-documented for other
ATP-dependent synthetases, including pantothenate syn-
thetase fromM. tuberculosis(17), malonyl-CoA synthetase
from Bradyrhizobium japonicum(24), fatty acyl-CoA syn-
thetase fromE. coli (23), as well as most of the aminoacyl-
tRNA synthetases, including threonyl-tRNA synthetase from
rat liver (21) and prolyl-tRNA synthetase fromE. coli (22),
although a study withE. coli threonyl-tRNA synthetase
suggested a random binding of ATP and threonine to the
enzyme (25). Aminoacyl-tRNA synthetases, however, can
apparently use a variety of alternative kinetic mechanisms
even though they all catalyze the same chemical reaction
(26).

Pre-steady-State Kinetics. For any ping pong reaction, it
is important to demonstrate that each of the two half reactions
occur at rates greater than the determined steady-state rate.
We therefore directly measured the rates of adenylate
formation (first half reaction) as well as cysteine addition

(second half reaction) and compared those to the overall
reaction of MshC in the steady-state rate. In the first half
reaction, cysteine reacts with ATP to form the cysteinyl
adenylate and pyrophosphate at the enzyme active site in
the absence of GlcN-Ins. The product, [33P]AMP (produced
from the breakdown of the cysteinyladenylate), and substrate,
[33P]ATP, were well-separated by TLC using 0.9 M guani-
dine hydrochloride as the mobile phase. The maximal rate
constant of cysteine adenylate formation at saturating
concentrations of ATP and cysteine was determined to be
9.4 ( 0.7 s-1, which is 3 times greater than the overall
reaction measured from steady-state kinetics. In addition, the
rate of cysteine adenylate formation might be higher than
∼9.4 s-1 in the presence of GlcN-Ins, because the binding
of GlcN-Ins may facilitate the rate of the first half reaction.
An increasing rate of adenylation by the addition of the third
substrate into the reaction mixture has been observed for
argininosuccinate synthetase, for which the citrulline ade-
nylation rate increases significantly by the addition of
aspartate (27). This is however unlikely for MshC based on
the calculations presented below.

The maximal rate of the second half reaction was also
determined, using preincubation of ATP and cysteine with
the enzyme to generate a stoichiometric enzyme-cysteiny-
ladenylate complex. The maximal rate of cysteine ligation
was determined to be 5.2( 0.7 s-1, again higher than the
steady-statekcat value and consistent with the cysteine ligation
half reaction being slower than the cysteine adenylation. A
study carried out with pantothenate synthetase showed similar
rate constants of pantothenate formation and the overall
turnover, consistent with a slower amide bond formation than
pantoyl adenylation formation (17). Similar results have also
been reported for an isoleucyl-tRNA synthetase, where the
rate of isolecyl-tRNA formation, measured from the mixing
of tRNA to enzyme complexed with isoleucyl adenylate, is
almost identical tokcat (28).

The overall turnover of MshC is thus partially limited by
both chemical steps. The steady-state value ofkcat can be
calculated using eq 9, wherekact andklig represent the rate
constants for cysteine activation and cysteine ligation,
respectively. A steady statekcat value of 3.3 s-1 can be
calculated using eq 9 from the rate constants for cysteine
activation and ligation of 9.4 and 5.2 s-1, respectively. This
compares quiet well to thekcat value of 3.15 s-1 obtained
from steady-state kinetic measurements.

Comparison with Aminoacyl-tRNA Synthetases.Because
MshC shares significant sequence homology and catalyzes
a similar reaction to cysteinyl-tRNA synthetase, mechanistic
studies for aminoacyl-tRNA synthetases provide intriguing
comparisons with MshC. Aminoacyl-tRNA synthetases can
be divided into two classes, which differ in their structural
folds and rate-limiting steps (29). The rate-limiting step in
class I enzymes, includingE. coli cysteinyl-tRNA and
valinyl-tRNA synthetase, has been suggested to be product
release (29), whereas for class II enzymes, adenylation or a
combination of adenylation and aminoacyl transfer are
suggested to be the rate-determining step(s). For example,
both the rates of amino acid activation and aminoacyl transfer

FIGURE 4: Pre-steady-state kinetics of AMP formation in the first
half reaction of MshC. (A) Single-turnover time courses for the
formation of Cys-GlcN-Ins. The curves are at representative GlcN-
Ins concentrations of 21.8µM (b), 65.5µM (O), 152.2µM (1),
and 239.1µM (3). (B) Plot of the determined rate constants as a
function of the GlcN-Ins concentration used. Assays were carried
out as described in the Materials and Methods. The curves are fits
of the data to eqs 6 and 8 for A and B, respectively.

kcat )
kactklig

kact + klig
(9)
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are approximately equal and rate-limiting for seryl- and
phenylalanyl-tRNA synthetases (30, 31). It is perhaps
surprising that MshC differs from the homologous cysteinyl-
tRNA in its rate-limiting steps. Structural modeling studies
have suggested that elongation factor EF-Tu is able to form
a complex with class I but not class II synthetases to assist
product release (29). Recently, EF-Tu has been shown to
associate with cysteinyl-tRNA synthetase, and EF-Tu affects
the rate of aminoacylation by cysteinyl tRNA synthetase (29).
In contrast, no enhancement of the rate for aminoacylation
was observed in the class II alanyl-tRNA synthetase in the
presence of EF-Tu (29). Additionally, tight binding of
product cys-tRNAcys to the enzyme was observed for
cysteinyl-tRNA synthetase (29). Although direct experimen-
tal measurements have yet to be performed, cys-GlcN-Ins
may bind to MshC less tightly because of its significantly
decreased size compared to the cysteinylated-tRNAcys, result-
ing in fewer interactions with the enzyme. The evolutionary
relationship of MshC to cysteinyl-tRNA synthetase has been
pointed out by Sareen et al. (32); however, additional
mechanistic and structural studies are required to validate
this hypothesis.

CONCLUSIONS

The essential nature of MSH biosynthesis in actino-
mycetes, the lack of these enzymes in mammals, and the
hypersensitivity toward antibiotics observed forM. smeg-
matisstrains lacking MshC activity suggest that MshC is an
important target for inhibitor design. The kinetic mechanism
was determined to be ordered Bi Uni Uni Bi Ping Pong using
a combination of initial velocity, product, and bisubstrate
inhibition studies. The namomolar binding of 5′-O-[N-(L-
cysteinyl)sulfamonyl]adenosine to MshC suggests that this
compound could be a starting scaffold for further elaboration.
These studies have demonstrated that a kinetically competent
cysteinyl-adenylate intermediate is formed in the first half
reaction. The subsequent reaction of GlcN-Ins with the

cysteinyl adenylate is slower. The overallkcat value calculated
from the individual maximal rates of the two half reactions
is, within experimental error, equal to thekcat values for the
overall reactions determined in the steady state. These studies
provide the necessary information for future rationale inhibi-
tor design.
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