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Abstract
Mycobacterium tuberculosis and other members of the Actinomycetes family produce mycothiol
(MSH or Acetylcysteine-Glucosamine-Inositol, AcCys-GlcN-Ins) to protect the organism against
oxidative and antibiotic stress. The biosynthesis of MSH proceeds via a five-step process that
involves four unique enzymes, MshA-D, which represent specific targets for inhibitor design.
Recombinant Mycobacterium smegmatis MshC catalyzes the ATP-dependent condensation of
glucosamine-inositol (GlcN-Ins) and cysteine to form Cys-GlcN-Ins. The 1.6 Å three-dimensional
structure of MshC in complex with a tight binding bisubstrate analog, 5'-O-[N-(L-cysteinyl)-
sulfamonyl]adenosine (CSA), has suggested specific roles for T46, H55, T83, W227 and D251. In
addition, a catalytic role for H55 has been proposed based on studies of related aminoacyl-tRNA
synthetases. Site-directed mutagenesis was carried out to evaluate the functional roles of these highly
conserved residues. All mutants exhibited significantly decreased kcat values, with the exception of
T83V for which less than a seven-fold decrease was observed compared to WT. For the T46V, H55A,
W227F, and D251N mutants, the rate of cysteine activation decreased 100 - 1,400 fold compared to
WT, consistent with the important roles of these residues in the first half reaction. The ~2,000 fold
decrease in kcat/Km as well as the ~20 fold decrease in Km for cysteine suggested a significant role
for T46 in cysteine binding. Kinetic studies also indicate a function for W227 in cysteine binding
but not in substrate discrimination against serine. H55 was also observed to play a significant role
in ATP binding as well as cysteine adenylation. The activity of H55A was partially rescued with
exogenous imidazole at acidic pH values, suggesting that the protonated form of histidine is exerting
a catalytic role. The pH dependence of the kinetic parameters with the WT enzyme suggests an
additional requirement for a catalytic base in cysteinyl ligation.
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Mycothiol (MSH, AcCys-GlcN-Ins) is biosynthesized via a series of enzymatic reactions
(1-4) and is the predominant low molecular weight thiol that protects actinomycetes against
oxidative stress and cellular electrophilic toxins (5-8). Mycobacteria generate the highest
intracellular levels of MSH among actinomycetes (9). Studies have shown that Mycobacterium
smegmatis mutants lacking MSH become more sensitive towards oxidizing agents,
electrophiles, and antibiotics (5-7), suggesting a critical role of MSH in the survival and
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pathogenicity of mycobacteria (5). MshC, which catalyzes the ATP-dependent condensation
of cysteine and GlcN-Ins (Scheme 1) in the penultimate step of MSH biosynthesis, was shown
to be essential for production of MSH in M. smegmatis (7). For Mycobacteria tuberculosis,
the mshC gene has been demonstrated to be essential for in vitro growth (10,11). MshC is hence
a potential target for drugs to treat tuberculosis.

In our laboratory, MshC from M. smegmatis has been recombinantly expressed, purified and
characterized (12). The steady state kinetics along with positional isotope exchange (PIX)
experiments demonstrated that the reaction catalyzed by MshC follows a Bi Uni Uni Bi Ping
Pong mechanism (Scheme 2), with the random binding of ATP and L-cysteine, release of
pyrophosphate, binding of GlcN-Ins and finally the release of Cys-GlcN-Ins and AMP (12,
13). On the basis of this kinetic mechanism, the overall reaction can be divided into two steps,
cysteine adenylation, and the subsequent ligation of cysteine to GlcN-Ins. Single-turnover
reactions of the first and second half reactions and PIX studies supported the cysteinyl adenylate
as a kinetically competent intermediate in the reaction by MshC (12,13).

MshC has been suggested to share functional and, presumably, structural similarities with
cysteinyl-tRNA synthetase (CysRS) based on 37.6% sequence identity (14) . CysSR is a
member of the class I aminoacyl-tRNA synthetase (AaRS) family, which are characterized by
the Rossmann dinucleotide binding active site along with two highly conserved signature
motifs: HIGH and KMSKS (15-26). In MshC, the HIGH motif is replaced by HLGH. Both are
fingerprint sequences for ATP-binding in the cytidylyltransferase enzyme superfamily (27).
Crystallization efforts on MshC failed to produce protein crystals. This was overcome by
incubation of the enzyme with a cysteinyl adenylate analogue 5'-O-[N-(L-cysteinyl)-
sulfamonyl]adenosine (CSA, with an inhibition constant of ~300 nM versus ATP), followed
by a 24-hour limited proteolysis. The resulting enzyme preparation was successfully
crystallized, yielding the three-dimensional structure of MshC with CSA bound in the active
site at 1.6 Å resolution (28). The Rossman catalytic domain revealed that CSA binding is
stabilized by a set of completely conserved residues in the MshC active site (Figure 1). The
OG1 sidechain oxygens of T46 and T83 form hydrogen bonds with the cysteine moiety of
CSA. The 2'-oxygen of the ATP moiety makes a 2.7 Å hydrogen bond with the D251 side
chain carboxylate group. The conserved H55 on the HxGH motif is 3.4 Å away from the ribose
oxygen atom in the MshC-CSA complex, but it is likely that a hydrogen bond would form in
the structure with the cysteinyl adenylate intermediate. The indole ring nitrogen of W227,
proposed to be responsible for amino acid discrimination and positioning in CysRS (15), is 3.3
Å away from the thiol group of cysteine, and is likely to form a hydrogen bond with the cysteine
substrate in the adenylation reaction. To assess the functional roles of these residues in substrate
binding and catalysis, we have constructed the following mutant forms of the enzyme: T46V,
H55A, T83V, D251A, D251N, W227F and W227H. We have studied the pH effects on wild
type (WT) MshC, and examined the catalytic effects of these mutants via biochemical and
kinetic approaches.

MATERIALS AND METHODS
Materials

Pfu DNA polymerase was from Stratagene. pET28a(+) and the Escherichia coli strains, Rosetta
(DE3)2 and Top10, were obtained from Novagen. T4 DNA ligase and the restriction enzymes
NdeI and EcoRI were from New England Biolabs. The oligonucleotide primers were
synthesized by Invitrogen. Luria-Bertani broth was purchased from Fisher. All
chromatographic materials were from Pharmacia. Protease inhibitor cocktail tablet
(Complete™, EDTA free) was obtained from Roche. 5'-O-[N-(L-cysteinyl)sulfamonyl]
adenosine was from Integrated DNA Technologies. [14C]-L-cysteine and [α-33P]-ATP were
purchased from PerkinElmer Life Sciences. PEI-F-TLC and Silica-TLC plates were obtained
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from EMD Chemicals Inc. and Whatman Ltd., respectively. All other chemicals were
purchased from Sigma or Aldrich.

Site-directed mutagenesis
The mutations were generated using the QuikChange site-directed mutagenesis kit (Stratagene)
according to the manufacturer's instructions, with the template pET28amshC plasmid (12), as
well as the forward and reverse primers to introduce the desired mutation. DNA was sequenced
at the DNA Sequencing Facility at the Albert Einstein College of Medicine. The verified
plasmid was then transformed into to Escherichia coli Rosetta(DE3)pLysS competent cells.

Expression and purification mutants of MshC
The sequence verified plasmids were transformed into Rosetta(DE3)2 for protein expression.
A 10 ml pre-culture was used to inoculate 1L of Luria-Bertani broth media containing
ampicillin and chloramphenicol at final concentrations of 50 and 34 μg/ml, respectively. Cells
were grown at 37 °C. When the optical density at 600 nm of the culture reached 0.8, IPTG was
added into the culture to a final concentration of 0.3 mM and the temperature of the culture
was lowered to 20 °C for overnight growth. Cells were harvested by centrifugation at ~ 3,000
× g for 30 min at 4 °C and stored at -20 °C. The mutant enzymes were purified to homogeneity
using the same protocol used for the wild type MshC (12). The concentration of enzyme was
determined using the Bio-Rad protein assay kit with bovine serum albumin as the standard.

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 (29). The decrease in absorbance of NADH at 340 nm (ε340 = 6,220
M-1 cm-1) was measured at 25 °C using a UVIKON 943 spectrophotometer with a circulating
water bath and thermospacers. The standard reaction contains 100 mM HEPES, pH 7.8, 10
mM MgCl2, 10 mM ATP, 1 mM L-cysteine, 2 mM DTT, 100 μM GlcN-Ins, 1 mM potassium
PEP, 300 μM NADH, 18 units of myokinase, 18 units of pyruvate kinase and 18 units of lactate
dehydrogenase in a total volume of 1 ml. After incubation for 5 min at 25 °C, reactions were
initiated by the addition of MshC (≤ 10 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 as described previously (12). Product inhibition studies
with pyrophosphate were performed at varying concentrations of ATP, 500 μM GlcN-Ins, and
40 μM or 2 mM cysteine in a total volume of 1 ml. The bi-substrate analog CSA was tested as
an inhibitor, versus ATP (at 50 μM cysteine and 100 μM GlcN-Ins) and cysteine (at 1 mM
ATP and 200 μM GlcN-Ins), respectively.

The pH dependence of the kinetic parameters exhibited by MshC were determined for kcat,
kcat/KATP and kcat/KGlcN-Ins. Reactions were performed by varying concentrations of ATP and
at saturating concentrations of cysteine and GlcN-Ins to determine kcat and kcat/KATP. For the
determination of kcat/KGlcN-Ins, GlcN-Ins was the variable substrates, with ATP and cysteine
kept at saturating concentrations. MshC activity was monitored over the pH range from 5.5 to
pH 10 using bis-Tris propane.
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The effect of imidazole on the turnover number of MshC H55A was determined by measuring
the enzymatic activity with 2 mM cysteine, 5 mM ATP, 200 μM GlcN-Ins in the presence of
varying concentrations of imidazole in the range from 0 -100 mM in 100 mM HEPES, pH 7.8
or 100 mM Bis-Tris propane at other pH values.

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

Fluorescence studies
Emission fluorescence spectra were recorded on a Jobin Yvon Horiba spectrofluorimeter
Model Fluoro Max-3 at 25 °C with a 1 cm light path quartz cuvette and 5 nm slits. The protein
was dissolved in 50 mM HEPES buffer, 5 mM Mg2+, pH 7.8. The tryptophan intrinsic
fluorescence was measured on a 0.1 μM solution of the protein using an excitation wavelength
of 295 nM and recording the emission spectrum between 300-400 nm. To measure the affinity
of CSA to MshC, the protein solution was titrated with aliquots of 100 μM CSA to a final
concentration of 8 -250 nM.

Data analysis
Parallel initial velocity patterns were fitted to eq 1 and intersecting patterns were fit to eq 2,
where Ka and Kb are the Michaelis constants for the varied substrates A and B. The pH
dependences of steady state kinetic parameters were determined by fitting initial rate data to
eqs 3 and 4, which describe a curve with slope of +1 and a plateau region at high pH, and a
bell shape curve with slope of +1 at low pH and a slope of -1 at high pH, respectively. Inhibition
data were fitted to eq 5 for competitive inhibition, where P represents the concentration of
inhibitor (5'-O-[N-(L-cysteinyl)sulfamonyl]adenosine or pyrophosphate), and Kis is the
inhibition constant for the slope term. The apparent substrate inhibition constant for ATP
(Kai) was determined by fitting the data to eq 6.

(1)

(2)

(3)
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(4)

(5)

(6)

Single-turnover progress curve data were fitted to eq 7:

(7)

For a two-step binding mechanism, the dependence of the single-exponential rate constant,
kobs, as a function of substrate concentration is given by eq 8. For both half reactions by MshC,
the intercept of kobs versus substrate concentration curves appeared to be approximately zero.
The data were thus fitted to eq 9, where koff = 0.

(8)

(9)

Fluorescence data were fit to an equation describing binding to a single site (eq 10), where
ΔF is the fluorescence quenching (change in fluorescence to the initial value), following
addition of a ligand at a concentration L, and Kd is the dissociation constant for binding to the
protein.

(10)

RESULTS
pH-Dependent studies with WT-MshC

The kinetic parameters of WT-MshC were measured as a function of pH to probe the ionization
state of groups responsible for catalysis and binding. Since the enzyme activity was monitored
by coupled enzyme assays, the pH dependence of the coupling enzymes was considered. At
the pH extremes, concentrations of coupling enzymes and substrate were increased to ensure
that the pH dependence of the MshC reaction is the observed reaction. For the overall reaction,
kinetic parameters were determined at varying concentrations of ATP and fixed saturating
concentrations of cysteine and GlcN-Ins. The kcat increases with increasing pH values,
depending on the ionization group of one group with pKa value of 6.8 ± 0.1 (Figure 2A). The
kcat/KATP pH profile exhibits a bell shape curve (Figure 2B), that is depends on the ionization
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of two groups exhibiting pKa values of 6.8 ± 0.1, and 10.1 ± 0.1, respectively. The pH
dependence was also determined at varying concentrations of GlcN-Ins and fixed saturating
concentrations of ATP and cysteine. In this case, kcat/KGlcN-Ins (Figure 2C) values increase
with increases pH and reached a plateau above pH 8, due to a single ionizable group exhibiting
a pKa value of 7.9 ± 0.1.

Mutagenesis, expression and purification
Mutagenesis studies were preformed to probe the possible identity of the ionizable residues
observed in the pH profiles. Both the structure of the MshC-CSA complex as well as previous
studies with CysRS (15) suggested important roles for five completely conserved active site
residues: T46, H55, T83, W227, and D251. Alanine was substituted for H55. Valine
substitutions were introduced for both T46 and T83. W227 was substituted with both
phenylalanine and histidine. D251 was changed to both alanine and asparagine. All mutations
were confirmed by nucleotide sequencing, subsequently expressed in Rosetta(DE3) cells and
purified to homogeneity in a yield of ~ 25 mg from 1 L of cell culture as previously described
(12). The subunit molecular mass of purified MshC mutant forms were determined SDS-PAGE
to be ~ 47 kDa.

Steady state kinetic studies
The kinetic parameters of WT and mutant forms of MshC were determined by initial velocity
experiments using a coupled spectrophotometric assay. As expected, the best fits of the initial
data support a sequential steady-state kinetic mechanism for all mutant enzymes with the
exception of H55A, where parallel lines were observed by varying concentrations of both ATP
and cysteine (data not shown). These are consistent with the formation of a ternary MshC-
ATP-cysteine complex. The kcat values of these mutants were determined to be 0.08 - 15% that
of the WT enzyme (Table 1). The highest activity was observed with T83V, with Km values
for both ATP and cysteine similar to those of WT, suggesting that the importance of the T83
interaction with the cysteinyl α-amino group is modest. The nature and strength of inhibition
by CSA was also determined for mutant MshC enzymes. Competitive inhibition patterns were
observed with all mutant enzymes against ATP (data not shown). The highest inhibition
constants were observed for the H55A, D251N and D251A mutants, with values ranging from
~500 - 900 nM. Surprisingly, the Ki values are decreased to ~ 30 and 56 nM for W227F and
W227H mutants. In addition, similar to WT enzyme, no activity was observed when serine
was tested as substrate up to 5 mM with both W227 mutants.

Substrate inhibition studies
Substrate inhibition is commonly observed in Ping Pong and steady state ordered mechanisms
in a bireactant mechanism (30). For WT MshC, no substrate inhibition was observed up to 10
mM ATP (12). In contrast, the enzyme activity decreases at concentrations of ATP above ~1.1
mM with the D251A mutant as shown in Figure 3 and the substrate inhibition constant was
determined to be ~ 8.1 mM. Substrate inhibition is not observed for the D251N mutant at up
to 20 mM ATP. This type of inhibition can be observed when two molecules of substrate bind
to the enzyme, however, we believe that the loss of the hydrogen bonding between D251 and
the 2'-hydroxyl may result in the incorrect binding of ATP at high concentrations.

Chemical Rescue
The histidine to alanine mutation in the active site is equivalent to the removal of an imidazole
moiety from the side chain. In principle, both the kinetic and biochemical properties that have
been affected by such a mutation should at least be partially restored in the enzyme in the
presence of exogenous imidazole. No significant activating or inhibitory effect of added
imidazole was observed with the WT enzyme. At pH 7.8 and pH 9, no changes were observed
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in enzyme activity upon addition of imidazole to the H55A mutant, whereas significant
increases of activity were seen at 6.75. A seven-fold increase was observed on the kcat value
of H55A at 100 mM added imidazole (Figure 4), indicating that the protonated form of
imidazole is the catalytically relevant species responsible for the partial rescue of enzyme
activity in MshC.

Fluorescence studies of inhibitor binding
The WT and mutant forms of MshC were investigated for binding of CSA by fluorescence
spectrophotometry. The WT enzyme exhibits an emission peak at 340 nm (Figure 5). The
normalized fluorescence intensity for W227H change 0.9 compared to WT, indicating that
W227 is not the only tryptophan whose fluorescence changes with CSA binding to the WT
and mutant forms of MshC. The tryptophan fluorescence of WT and mutant forms of MshC
decreases with the addition of CSA (Figure 5B), with the Kd value for WT MshC determined
to be 110 ± 10 nM. Significant increases in the Kd values of CSA were observed for the H55A,
D251N, and D251A mutants, whereas the W227 (H or F) mutants showed decreased Kd values
for CSA, following the trend observed in steady-state inhibition studies (Table 2).

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 [α-33P]-ATP in the absence of
GlcN-Ins. Plots of [α-33P]-AMP formation were obtained using different concentrations of
[α-33P]-ATP. In experiments using the T46V and W227F mutants, cysteine was varied. The
data were fit to eq 6 to obtain rate constants for adenylate formation at each concentration of
substrate used. These rate constants were plotted as a function of ATP or cysteine (Figure 6).
The data were fit to eq 7 to obtain the maximum value of the adenylate formation. The maximal
rates of adenylate formation for the H55A, T46V, W227F and D251A mutants are lower than
that of WT by 100 - 1,400 fold (Table 3). The D251N has the lowest activity among the mutants
tested. Both H55A and D251N exhibited 5-10 fold higher Kd values for ATP, while for the
T46V and W227F mutants, a significantly increased Kd value for cysteine was observed.

DISCUSSION
The 1.6 Å structure of MshC in complex with CSA (28) revealed a number of active site
residues that interact with CSA as shown in Figure 1. Among these residues, T46 and T83
interact with the α-amino group of the cysteine moiety of CSA, while D251 interacts with the
2'-ribose hydroxyl group of the ATP moiety. We have also selected two other highly conserved
active site residues, H55 and W227, for mechanistic characterization. Histidine 55 is the first
histidine residue on the HxGH signature motif, and is likely to form a hydrogen bond with the
cysteinyl adenylate intermediate. In the structurally and functional related CysRS, the highly
conserved tryptophan residue W205 (corresponding to W227 in MshC) was suggested to be
responsible for cysteine binding and for the discrimination against serine as a substrate (15).
We have constructed the T46V, H55A, T83V, D251A, D251N, W227F and W227H mutant
forms of MshC. Decreased but measurable MshC activities (~ 0.1 - 15%) were observed for
all mutant enzyme forms. We have examined the catalytic effects of these mutants via
biochemical and kinetic approaches.

ATP binding residue - D251
The three-dimensional structure of MshC revealed that the carboxylate oxygen atom of D251
is 2.7 Å from the 2'-oxygen on the ribose ring of CSA, suggesting its role in ATP binding. The
alanine and asparagine mutations of D251 were therefore introduced for kinetic
characterization. As expected, D251N has higher activity than D251A, but both exhibit steady
state turnover numbers that are ~ 400 and ~ 1,200 fold lower in comparison with WT MshC,
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respectively. The pre-steady state kinetic analysis of D251N showed a 1,200 fold decrease in
the rate of the first half reaction compared to WT, confirming that the effect of substitution of
D251 primarily lies within the first, adenylation reaction (12). The observation that D251N
exhibits a ~ 400 fold decrease in kcat yet a ~ 2,000 fold decrease in kcat/Km for ATP favors the
interpretation that D251 is primarily involved in ATP binding rather than the chemical
adenylation reaction. The observation of the substrate inhibition with the D251A mutant is also
consistent with this. Differences in the steady-state affinity for the D251 mutants are mirrored
in the Kd value for ATP determined in pre-steady state kinetics. Finally, the side chain carboxyl
group of D251 also influences the affinity of the enzyme for CSA, measured both by steady
state inhibition and inhibitor affinity changes upon CSA binding based on fluorescence
measurements with the WT and the D251 mutant enzyme forms.

Cysteine binding residues
The side chain hydroxyl groups of T46 and T83 are both observed in the MshC-CSA complex
2.9 Å from the α-amino group of the cysteine moiety of CSA, suggesting roles in cysteine
binding. In addition, a highly conserved tryptophan W227 was observed 3.3 Å from the zinc
coordinated thiol, which has been proposed to be responsible for the amino acid discrimination
and positioning in CysRS (15).

T46V exhibited an ~ 100 fold decrease in kcat compared to WT, while T83V showed less than
a 7 fold decrease. When compared to WT, the kcat/Km values of T46V decrease ~ 60 and ~2,000
fold for ATP and cysteine, respectively. This is consistent with a role for T46V in cysteine
rather than ATP binding. The modest decrease in the kcat/Km value for ATP in T46V is
presumably due to the random binding order of ATP and cysteine to free MshC (31). The
observation that T83V exhibits a similar kcat value to WT, as well as the kcat/Km values for
both ATP and cysteine, argues against any significant role of T83 in binding and catalysis,
despite its proximity to the cysteine moiety. Pre-steady state kinetics were therefore only
carried out with T46V, where a ~ 180 fold decrease was observed in the adenylation rate
compared to WT.

Phenylalanine and histidine were substituted for W227 and characterized. The phenylalanine
(W227F) and histidine (W227H) mutants exhibited similar kinetic parameters, with an ~ 100
fold decrease in kcat, a ~ 800 fold decrease in kcat/Km value for cysteine and a ~ 4 fold increase
in the Kd value for cysteine, suggesting that W227 plays a role in cysteine binding. Interestingly,
the Kd values for CSA determined via fluorescence and the Ki values determined by inhibition
studies for these mutants are decreased compared to the WT enzyme. Whether the substitution
of these smaller aromatic side chains allows for enhanced thiolate-metal interaction is unclear,
but under investigation. Finally, there is no detectable MshC activity with serine as substrate
for either the phenylalanine or histidine mutant, which argues that W227 does not function in
MshC to discriminate between cysteine and serine, as proposed for CysRS (15). The pre-steady
state rate of the first adenylation reaction with W227F exhibited a ~ 220 fold decrease compared
to WT, confirming its role in this half reaction.

pH studies - implications to the chemical mechanism
The pH dependence of the kinetic parameters is consistent with the presence of ionizable group
(s) involved in catalysis and substrate binding. The decreased enzyme stability at high pH
values (>10) has prevented the examination of the kinetic parameters above pH 10. The pH
dependence of kcat depends on a single ionizable group that must be unprotonated and could
function as a general base in catalysis. The kcat/KATP pH profile is bell shaped, suggesting two
ionizable groups must be deprotonated and protonated in catalysis. Since the release of
pyrophosphate is reversible based on previous PIX studies (13), the catalytic base observed in
kcat/KATP is likely the same group observed in the kcat profile. The group whose protonation
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affects kcat/KATP is likely a group that binds ATP. The pH-profile of kcat/KGlcN-Ins reports on
the steps in the second half reaction, which is the nucleophilic attack on the cysteine adenylate
(12). As shown in Figure 2C, the pH-profile of kcat/KGlcN-Ins reveals the involvement of one
catalytic base. This catalytic base could be an enzyme residue that initiates the reaction by
abstracting a proton from the protonated amine group of GlcN-Ins, or initially formed
zwitterionic tetrahedral intermediate (Scheme 4, path a). An alternative mechanism involving
the nonbridging Sp oxygen of the cysteinyl adenylate acting as the base (Scheme 4, path b) has
also been proposed based on mechanistic investigations of other aminoacyl-tRNA synthetases
(32,33). This substrate-assisted mechanism was proposed for E. coli histidyl-tRNA synthetase
as the aminoacyl transfer rate decreased 10,000 fold when using phosphorothioate-substituted
ATP as substrate (32). Structural examination of histidyl-tRNA synthetase showed no other
side chains with ionizating groups in the immediate vicinity of the α-carboxylate carbon, which
supports the idea of nonbridging phosphate oxygen being the general base (32).

The involvement of a general acid in catalysis is unlikely both experimentally and
mechanistically. In the adenylation reaction, the cysteinyl carboxylate makes a direct
nucleophilic attack on the α-phosphate of ATP (Scheme 3), and the cysteinyl carboxylate group
is likely fully ionized while pyrophosphate is an excellent leaving group for such a nucleophilic
mechanism. This mechanism could also be assisted by a Mg2+-coordinated water molecule.
The nucleophilic mechanism has been proposed for other aminoacyl-tRNA synthetases
(33-38). Biochemical and structural studies of the E. coli glutaminyl-tRNA synthetase revealed
no enzyme residues that act as acid or base groups, suggesting that adenylation occurs via a
direct nucleophilic attack of the glutamine carboxylate on the ATP (33,38). Structural studies
of lysyl-tRNA synthetase from E. coli in complex with AMP-PCP, lysine, and the lysyl-
adenylate intermediate also revealed no major conformational changes and no residues directly
involved in catalysis other than those involved in stabilizing the transition state (36). This
nucleophilic mechanism has also been proposed for tyrosyl- and histinyl-tRNA synthetases
(32,34,35,39,40). The group exhibiting the pKa value of 10.1 observed in the kcat/KATP pH
profile likely reflects a protonated group involved in ATP binding and orientation.

Studies of H55A
H55 resides on the HxGH signature motif, and it is likely that a hydrogen bond would form
between H55 and the cysteinyl adenylate intermediate. A modeling study with tyrosyl-tRNA
synthetase suggested that the first conserved histidine (H45) residue is hydrogen bonded with
the γ-phosphate during the transition state of tyrosine activation (41). Indeed the role of H45
was confirmed by studies of the H45D mutant form of TyrRS, for which a dramatically
decreased activation rate was observed (42). For MshC, the H55A mutant exhibited an ~ 40
fold decrease in kcat, and an ~ 120 fold decrease in kcat/Km value for ATP compared to WT
MshC, suggesting that H55 plays a significant but less essential role in ATP binding than D251.
The dissociation constant for CSA determined by fluorescence and the Ki value determined by
inhibition studies increased significantly for the H55A compared to WT. Consistent with this
role of H55 in cysteine adenylation, the rate of the half reaction decreased ~100 fold compared
to WT enzyme. Intriguingly, H55A is the only mutant that exhibits a parallel initial velocity
pattern with varying cysteine and ATP concentrations. This could be the result of a change in
kinetic mechanism for the H55A mutant. The binding of ATP is significantly impaired in
H55A, causing cysteine to bind prior to ATP in an ordered sequence. If cysteine binding is
much faster than dissociation and ATP binding is at equilibrium, the observed “parallel” initial
velocity pattern simply reflects the near zero value of Kia.

We propose that H55 assists in the nucleophilic attack on the α-phosphate of ATP during
cysteine adenylation (Scheme 5). Evidence supporting this role comes from kinetic studies as
well as the imidazole rescue effect with the H55A mutant. From the three dimensional structure
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of MshC, the interaction of protonated H55 could be with either the α- phosphate via a hydrogen
bond (Scheme 5, path a), or with the α-carboxylate moiety of cysteine to maintain its ionization
state (Scheme 5, path b). Additional characterization is required to differentiate between these
two mechanisms.
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Scheme 1.
Reaction catalyzed by MshC
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Scheme 2.
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Scheme 3.
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Scheme 4.
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Scheme 5.
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Figure 1.
The active site residues of MshC from the three-dimensional structure resolved at 1.6 Å (PDB
code 3D8Z).
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Figure 2.
pH Dependence of the kcat (panel A), kcat/Km for ATP (panel B) and kcat/Km for GlcN-Ins
(panel C). MshC activity was assayed at saturating concentrations GlcN-Ins and cysteine, and
varying concentrations of ATP at 25 °C as described in the Experimental Procedures section.
The lines are fits of the data to eqs 3 and 4.
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Figure 3.
Substrate inhibition of D251A (▲) with ATP, with D251N (◆) as a control. MshC activity
was assayed at 2 mM cysteine, 200 μM GlcN-Ins, and varying concentration of ATP at 25 °C
as described in the Experimental Procedures section. The line of D251A is a fit of the data to
eq 6.
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Figure 4.
Activity of H55A mutant rescued by imidazole. Assays were carried out as described in
Materials and Methods.
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Figure 5.
Fluorescence studies with CSA as inhibitor. Panel A, fluorescence titration of WT MshC with
0 (solid line), 91 (broken line), and 410 (dotted line) nM CSA; Panel B, fluorescence spectra
of WT (solid line), W227F (big broken line), D251N (small broken line) and H55A (dotted
line) forms of free MshC. In all experiments, the concentration of enzyme utilized is 0.1 μM.
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Figure 6.
Pre-steady state kinetics of AMP formation in the first half reaction of MshC. Panel A and B,
plots of the determined rate constants as a function of the ATP concentration used with D251N
and H55A mutants; Panels C and D, plots of the determined rate constants as a function of the
cysteine concentration used with T46V and W227F mutant, respectively. Assays were carried
out as described in Materials and Methods. The curves are fits of the data to eq 9.
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Table 1
Steady State Kinetics Parameters of WT and Mutants MshC from M.Smegmatisa

Protein kcat, min-1 Km-ATP, mM Km-cys, mM Km-GlcN-Ins, mM

WT 189 ± 11 1.8 ± 0.1 0.1 ± 0.01 0.16 ± 0.05

H55A 4.4 ± 0.5 5.2 ± 0.1 1.1 ± 0.2 0.01 ± 10-3

W227F 1.0 ± 0.1 0.20 ± 0.05 0.4 ± 0.1 0.15 ± 0.06b

W227H 1.9 ± 0.1 0.12 ± 0.01 0.12 ± 0.04 0.6 ± 0.01b

T46V 1.8 ± 0.5 1.1 ± 0.03 1.9 ± 0.2 0.15 ± 0.08b

T83V 29 ± 1 0.32 ± 0.06 0.02 ± 0.001 0.17 ± 0.05b

D251N 0.45 ± 0.05 8.9 ± 1.6 0.48 ± 0.15 0.10 ± 0.06b

D251A 0.16 ± 0.02 0.36 ± 0.011 0.17 ± 0.02 0.16 ± 0.01b

a
Determined using spectrophotometric coupled enzyme assay to monitor the formation of AMP

b
Determined at fixed saturating concentrations of ATP and cysteine. Data were fit to eqs 1 and 2.

Biochemistry. Author manuscript; available in PMC 2010 August 4.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Fan and Blanchard Page 25

Table 2
Inhibition Constants of WT and Mutants MshC with Acylsulfamate Analogue (CSA) versus ATP.

Protein Ki
a, nM Kd

b, nM

WT 304 ± 40 110 ± 10

H55A 890 ± 60 350 ± 20

W227F 56 ± 8 53 ± 10

W227H 30 ± 5 45 ± 2

T46V 360 ± 47 150 ± 10

D251N 520 ± 110 180 ± 13

D251A 930 ± 170 340 ± 10

a
Determined using spectrophotometric coupled enzyme assay to monitor the formation of AMP. Data were fit to eq 5.

b
Determined using fluorescence method. Data were fit to eq 10.
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Table 3
Pre-Steady State Kinetics Parameters of WT and Mutants MshC

Protein kobs, min-1 Kd-ATP, mM Kd-cys, HIM

WT 560 ± 40 1.7 ± 0.2 0.16 ± 0.03

H55A 6 ± 1 15 ± 3

W227F 2.6 ± 0.2 0.6 ± 0.1

T46V 3.2 ± 0.2 0.8 ± 0.1

D251N 0.41 ± 0.06 10.2 ± 2.8

a The first half reaction, data were fit to eq 9.
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