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The 1.6 A Crystal Structure of Mycobacterium smegmatis MshC: The Penultimate

Biochemistry 2008, 47, 13326-13335

Enzyme in the Mycothiol Biosynthetic Pathway"

L. W. Tremblay,* F. Fan,* M. W. Vetting, and J. S. Blanchard*

Department of Biochemistry, Albert Einstein College of Medicine, 1300 Morris Park Avenue, Bronx, New York 10461

Received September 8, 2008; Revised Manuscript Received October 21, 2008

ABSTRACT: Mycobacterium smegmatis MshC catalyzes the ATP-dependent condensation of GlcN-Ins and
L-cysteine to form L-Cys-GlcN-Ins, the penultimate step in mycothiol biosynthesis. Attempts to crystallize
the native, full-length MshC have been unsuccessful. However, incubation of the enzyme with the cysteinyl
adenylate analogue, 5’-O-[N-(L-cysteinyl)-sulfamonyl]adenosine (CSA), followed by a 24-h limited trypsin
proteolysis yielded an enzyme preparation that readily crystallized. The three-dimensional structure of
MshC with CSA bound in the active site was solved and refined to 1.6 A. The refined structure exhibited
electron density corresponding to the entire 47 kDa MshC molecule, with the exception of the KMSKS
loop (residues 285—297), a loop previously implicated in the formation of the adenylate in related tRNA
synthases. The overall tertiary fold of MshC is similar to that of cysteinyl-tRNA synthetase, with a
Rossmann fold catalytic domain. The interaction of the thiolate of CSA with a zinc ion at the base of the
active site suggests that the metal ion participates in amino acid binding and discrimination. A number of
active site residues were observed to interact with the ligand, suggesting a role in substrate binding and
catalysis. Analysis utilizing modeling of the proteolyzed loop and GIcN-Ins docking, as well as the
examination of sequence conservation in the active site suggests similarities and differences between
cysteinyl-tRNA synthetases and MshC in recognition of the substrates for their respective reactions.

Actinomycetes produce mycothiol (MSH, acetyl-cys-
GlcN-Ins)' as the predominant low molecular weight thiol
to minimize oxidative stress and protect against electrophilic
toxins (/—4). Among actinomycetes, mycobacteria generate
the highest intracellular levels of MSH (5). Mycobacterium
smegmatis mutants which are deficient in MSH production
become more sensitive toward oxidizing agents, electrophiles,
and antibiotics (/-3), indicating the critical role of MSH in
the survival and pathogenicity of mycobacteria (/). In
contrast, eukaryotes and many eubacteria produce glutathione
(GSH). This suggests that the enzymes involved in the
mycothiol biosynthetic pathway may be potential targets for
selective antimicrobial chemotherapy.

MSH is synthesized via a series of four unique enzyme-
catalyzed reactions (6-9), as illustrated in Scheme 1. My-
cothiol is reversibly oxidized by cellular oxidants and can
react with electrophiles to form the S-conjugates. A detailed
biochemical characterization of the cysteine ligase (MshC)
from Mycobacterium smegmatis, which is the penultimate
enzyme in mycothiol biosynthetic pathway, has been
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performed (10, 11). MshC catalyzes the ATP-dependent
condensation of cysteine and GlcN-Ins via a Ping-Pong
kinetic mechanism (Scheme 2). It has been proposed based
on sequence comparisons that MshC is related to cysteinyl-
tRNA synthetase (CysRS), and shares a common evolution-
ary origin (/2). Adenylate-forming enzymes, including class
I and II aminoacyl-tRNA synthetases (AaRS) (/3), pantoth-
enate synthetase (/4), malonyl-CoA synthetase (/5), and
acyl- and aryl-CoA synthetases/ligases (/6—18) catalyze
reactions that generally can be divided into two halves. In
the first half-reaction, one substrate reacts with ATP to form
an adenylate and inorganic pyrophosphate; in the second half-
reaction, the second substrate reacts with the adenylated
substrate to generate the product and AMP. The three-
dimensional structures of adenylate-forming enzymes com-
prise multiple domains that are usually linked by flexible
loops to allow conformational changes upon substrate binding
or domain alternation. In class I CysRS’s, binding of cysteine
induces a significant conformational change including the
movement of the zinc ion toward the substrate, the movement
of the conserved W205 indole ring to interact with the
cysteine side chain, as well as the closure of the loop which
contains the KMSKS signature motif (/9). In the case of
4-chlorobenzoate:CoA ligase, the C-terminal domain rotates
by ~140° to permit alternate catalysis of adenylation and
thioester formation reactions (20). Such a large conforma-
tional change has been termed “domain alternation”, and was
first introduced to describe such structural changes in B12-
dependent methionine synthetase (27).

MshC from M. smegmatis has been cloned, expressed,
purified and kinetically characterized (/7). The enzyme is a
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Scheme 1: Mycothiol Biosynthesis®
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“The MshA-D enzymes catalyze a glycosyltransferase, deacetylase, a ligase and an acetytransferase reaction, respectively. The phosphatase is

depicted as being unknown at present.

Scheme 2: The Reactions Catalyzed by MshC
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monomer with a molecular weight of ~ 47 kDa. A stable
analogue of the intermediate cysteineadenylate, 5"-O-[N-(L-
cysteinyl)sulfamonyl]adenosine (CSA), exhibits competitive
inhibition versus ATP, with an inhibition constant of ~300
nM versus ATP. Previous crystallization efforts of MshC,
using a variety of screening conditions and with a number
of different molecular constructs failed to produce protein
crystals.

Limited proteolysis has been documented as a powerful
tool to obtain structural information on stable domains in
proteins that have resisted crystallization (22, 23). It has been
observed that limited proteolysis occurs exclusively as
solvent-accessible and flexible regions of exemplary proteins
(24). These flexible regions include disordered N- and
C-termini as well as exposed loops or linkers between
domains (25), which could be the cause for unsuccessful
crystallization. Limited proteolysis generally yields a nicked
or cleaved species with the overall fold of the native protein

remaining intact. The products of proteolysis often exhibit
higher solubility and are often amenable to high-resolution
structural analysis (22, 23). We report here the limited
proteolysis of the MshC—CSA complex that yields a single
cleaved product that readily crystallized, and the three-
dimensional structure of the MshC—CSA complex at 1.6 A
resolution.

MATERIALS AND METHODS

Materials. Trypsin was purchased from Sigma (T-7409).
CSA was from TriLink BioTechnologies. Full-length MshC
was expressed and purified as described previously (/7).
Crystal screens were purchased from Hampton Research, and
all chemical reagents were purchased from Sigma-Aldrich.

Limited Proteolysis of MshC. The purified full-length
MshC protein was incubated with CSA at a molar ratio of
1:4 in 20 mM triethanolamine (TEA), pH 7.9 containing 100
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mM NH,SO,. Trypsin was added at a ratio of MshC:trypsin,
50:1(w/w), at room temperature for 4—24 h. Aliquots were
withdrawn at various time points and quenched with 0.01
mM phenylmethylsulfonylfluoride (PMSF). Samples were
then diluted into SDS buffer, boiled and subjected to
SDS—PAGE analysis.

Having established conditions to obtain limited proteolysis,
approximately 75 mg of purified full-length MshC was
concentrated to a volume of 15 mL. The protein solution
was incubated with trypsin in the presence of CSA at the
ratios described above, with gentle stirring at 4 °C for 24 h.
The proteolysis reaction was stopped at various times by
adding 0.1 mM PMSF, the solution was centrifuged to
remove precipitant, and then concentrated using a YM 10
Amicon ultracentrifuge membrane.

Purification and Assay of the Proteolyzed MshC. All
purification steps were performed at 4 °C. The concentrated,
proteolyzed MshC was loaded onto a HiLLoad 16/60 Superdex
75 gel filtration column that was pre-equilibrated with 20
mM TEA, pH 7.9 containing 100 mM NH;SO,. The column
was eluted at 0.5 mL/min, and fractions containing MshC
were pooled and concentrated. The enzyme was then dialyzed
against 3 changes of 20 mM TEA, pH 7.9. After removal of
precipitated protein by centrifugation, the enzyme solution
was loaded onto a Mono Q (1.6/5) column pre-equilibrated
with 20 mM TEA, pH 7.9. The protein was eluted with two
gradients: a 60 column-volume gradient of NH;SO,4 from 0
to 500 mM, followed by a 5 column-volume gradient from
500 to 1000 mM NH4SO,. The fractions exhibiting A,gy were
examined by SDS—PAGE, and the relevant fractions were
pooled and concentrated. The resulting protein was dialyzed
against 3 changes of 20 mM HEPES, pH 7.8, then centri-
fuged to remove precipitated protein.

The concentration of enzyme was determined using the
Bio-Rad protein assay kit with bovine serum albumin as the
standard. The native molecular weight and oligomeric state
were estimated using gel filtration on a column calibrated
with Bio-Rad molecular weight markers. Mass spectrometry
was performed on a LTQ electrospray ionization from
Thermo Finnigan.

Crystallization and Data Collection. The proteolyzed,
inhibitor-bound MshC, (5 mg/mL in 20 mM HEPES, pH
7.5) was screened for crystallization in a 1:1 ratio using
Hampton 1 and 2 screens along with other in-house sparse-
matrix screens by vapor diffusion under silicon oil. Crystals
formed in 2 M NH4SO4, 0.1 M HEPES, pH 7.9, and 2%
(w/v) PEG400 within 7 days at 18 °C. The hexagonal crystals
(~0.1 x 0.1 x 0.1 mm) were briefly (~30 s) exposed to
cryo-conditions consisting of the crystallization buffer plus
20% (v/v) glycerol and immediately flash frozen. Initial data
were collected on an R, IV to 2.2 A resolution and were
indexed using Mosflm (26) into space group H3 with unit
cell dimensions @ = 123.5 A, b = 123.5 A, ¢ = 186.0 A.

Native and heavy metal-soaked diffraction data were
collected at the NSLS at Brookhaven National Laboratory
on beamline X12C. A single crystal was soaked for 30 s in
cryo-buffer containing 50 mM trimethylleadacetate, and data
were collected at a wavelength of 0.9486 A to a resolution
of 2.0 A. The unit cell dimensions were isomorphous to our
previous native data set, and revealed clear peaks in
isomorphous difference Patterson maps. Initial heavy atom
phases were obtained using the PHENIX (27) software by
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Table 1: Data Collection and Refinement Statistics™”

native heavy atom

Data Collection

resolution (A) 92.9-1.6 50.0—2.0

(1.66—1.60) (2.13—2.00)
completeness 99.7% (98.3%) 100.0% (100%)
redundancy 4.0 (3.7) 11.3(11.4)
I/sigma(l) 37.0 (3.1) 19.7 (6.77)
Rierge 0.062 (0.349) 0.086 (0.295)
FOM 0.41 (0.26)
wavelength (A) 1.1000 0.9486
space group H3 H3
unit cell® a=1235A,b=1235A4A,

¢ =186.0 A,

a=p=0900°y = 120.0°

unique reflections 139,087 97,521 (8954)

Refinement Statistics

Ryorx (%) 0.185 (0.259)

Riiee (%) 0.207 (0.307)
resolution range (A) 37.1—1.6 (1.64—1.60)
refined reflections 131,736 (10,031)
reflections in Rpee 6,973

number of atoms

protein 6,227
CSA inhibitor 58
solvent 868
zinc ions 2
ayerage B-factors
(A%
protein 22.51
inhibitor 16.06
solvent 37.06
zinc ions 14.83
all atoms 22.51
rms deviations
bonds (A) 0.011
angles (°) 1.656

94.7% core, 5.2% allowed,

0.1% generously, 0.0% disallowed
PDB accession 3C8Z

code

Ramachandra plot

¢ Statistics for the highest resolution shell are shown in parentheses.
»No Sigma(F) data cutoff was applied. ¢ Unit cells were isomorphous.

applying the SAD technique. An overall figure of merit of
0.41 was sufficient to phase the SAD data. This yielded
density maps in which the autobuilding program ARPWARP
(28) was able to fit about 75% of the initial backbone and
some side chains. The partially completed model was used
within the molecular replacement software, MOLREP (29),
to phase a final 1.6 A resolution native data collected at
beamline X12C. Further model building in Coot (30) and
structural refinement were performed in REFMAC (31). Due
to the high resolution of the data, noncrystallographic
constraints were not applied, and the two monomers in the
asymmetric unit were refined independently. The data
collection and refinement statistics are shown in Table 1.

RESULTS AND DISCUSSION

Limited Proteolysis of MshC. Initial crystallization experi-
ments utilizing full-length MshC were unsuccessful, so
limited proteolysis was attempted to delineate rigid domains,
leaving a core which might be more amenable to crystal-
lization. In other systems, the addition of substrates or tight-
binding inhibitors has been shown to significantly alter the
susceptibility of certain loops to limited proteolysis (22, 23).
In this case, the bisubstrate analogue CSA was chosen as it
binds to MshC with nanomolar affinity (/7). As shown in
Figure 1 (lanes 2—5), the nearly complete proteolysis of
MshC occurred by trypsin in the absence of CSA, generating
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FIGURE 1: SDS—PAGE visualization of MshC proteolysis. Lanes 1 and 12,: molecular weight markers. Lanes 2—5: proteolysis of MshC
with 2% (w/w) trypsin digestion at 0, 1, 4, and 24 h. Lanes 6—9: proteolysis of MshC—CSA complex with 2% (w/w) trypsin digestion at
0, 1, 4, and 24 h. Lane 10: proteolyzed MshC after purification using gel filtration and anion exchange chromatographies (as detailed in
Materials and Methods). Lane 11: proteolyzed MshC—CSA crystals dissolved in water.

fragments at 32, 25, 21 and 13 kDa after four hours, which
were further degraded after 24 h of proteolysis. In contrast,
in the presence of CSA, the 32, 21 and 13 bands are observed
at 4 h and after 24 h these bands remained intact (lanes
6—10). The 24-h proteolyzed MshC solution was purified
initially on a Superdex 75 gel filtration column, which
separated smaller fragments from the 32, 21 and 13 kDa
fragments. Elution from a Mono Q column yielded a protein
that could be resolved into 13 and 32 kDa fragments.
Typically, from 50 mg of purified full-length MshC we
recovered ~5 mg of the purified and proteolyzed protein.
The molecular mass of the 32 kDa core domain observed
on SDS—PAGE, was more precisely determined to be
32,434.5 Da by electrospray ionization mass spectrometry,
which is in agreement with a domain composed of residues
1—284 (data not shown). In addition the size of the remaining
C-terminal residues 298—412 is in agreement with the 13
kDa fragment observed on SDS—PAGE. While the presence
of additional nonspecific nicks in the 13 kDa domain are
supported by the SDS—PAGE and mass spectrometry
analysis (data not shown), they are not clearly observed in
the crystal structure. Such nonspecific cuts in the C-terminal
13 kDa domain during the extended 24 h proteolysis would
not be visualized in the crystal structure, as over the sum of
the population, these random nicks would give rise to overall
occupied density. While a few weak spots in the C-terminal
peptide chain density were observed, none could be obviously
attributed to proteolysis. In this manner, nonspecific cuts in
the C-terminal domain loops could result in degradation of
the 13 kDa band on SDS while not being observed in the
crystal structure. Alternatively, the unnicked protein could
have been selectively crystallized.

MshC Crystal Structure. The crystal structure of MshC
revealed two nearly identical (rmsd = 0.61 A) nearly full-
length 47 kDa monomers in the asymmetric unit. All residues
of the full-length protein were observed, with the exception
of residues 285—297, which was likely the loop removed
during proteolysis. The overall structure and fold of the
MshC monomer is shown in Figure 2 and Figure S2
(Supporting Information). The three-dimensional structure
of MshC is similar to that of CysRS (/9) and other class I

Anticodon
Binding

Rossmann
Fold

FIGURE 2: The overall tertiary structure of MshC displayed as a
ribbon colored according to fold domains: The CP domain is green,
the Rossmann fold domain is blue, the anticodon binding domain
is red, and the SC fold is light blue. The zinc metal is displayed as
a pink sphere. The CSA inhibitor (carbons yellow, oxygen red,
sulfur orange, and nitrogen blue) is bound in the active site. An
N-terminal coil and f3-hairpin are colored yellow, and the sites of
proteolysis are marked with asterisks.

AaRS’s (32—42). MshC shares 36.1% primary sequence
identity to class I CysRS, suggesting a common evolutionary
heritage (/2). A superposition of MshC and CysRS (PDB
1UOB) yielded an rmsd of 2.70 A for overlapping Ca-atoms,
excluding the additional extended anticodon-binding domain
of the CysRS. All members of this enzyme superfamily
contain a Rossmann nucleotide binding fold along with two
highly conserved signature motifs: HIGH and KMSKS (43, 44).
Both motifs participate in the activation of an amino acid
with ATP. In MshC, the isoleucine residue in the conserved
HIGH motif is replaced with a structurally conserved leucine
residue. The KMSKS motif is located on a flexible loop
directly following the final C-terminal S-strand of the
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Rossman fold in both CysRS and the structurally related
methionyl-tRNA synthetases (MetRS) (7/9). In the MshC
structure, the KMSKS motif and loop (residues 289—293)
are not observed, as they were proteolyzed. This allowed
MshC to form a crystal lattice dimerization interface within
the asymmetric unit. An a helix forms the “lower lip” of
the active site and self-associates in the proteolyzed crystal
dimer, whereas this interaction may be sterically hindered
in the presence of the loop (Figure S3 in the Supporting
Information). Gel filtration results of the native MshC
indicate that the monomer is the biologically relevant form.
The dimer observed in the asymmetric unit is a nonphysi-
ological artifact of the proteolysis.

Similar to class I AaRS’s, the biologically relevant
monomeric structure of MshC can be divided into two
primary domains and two connecting domains: (i) the active
site Rossman fold; (ii) an interdomain connective polypep-
tide, designated as the CP domain; (iii) a C-terminal
antiparallel a-helix domain (termed the anticodon binding
domain in CysRS); and (iv) a domain that contains the
KMSKS signature motif and connects the C-terminal domain
and Rossman fold, known as the stem-contact (SC) fold
(Figure 2) (19).

The Rossman fold of MshC is composed of a five-stranded
parallel f3-sheet, surrounded by o-helices. As observed in
other class I AaRS structures, the Rossmann fold of MshC
is divided into two halves comprising residues 37—146 and
230—280, which are interrupted by the CP domain (/9). As
shown in Figure 3, the adenosine portion of the CSA
inhibitor, as well as the zinc ion, are tightly associated with
the nucleotide-binding motif. The CSA ligand is bound by
residues (T46, T58, T83, G249, D251, and 1283), which
reside on multiple small loops between the core set of
p-sheets and o-helices. The CP domain of MshC is folded
into a four-stranded antiparallel 5-sheet motif, similar to all
class I AaRS structures (/9). The C-terminal domain of
MshC consists of a series of a-helices composed of residues
332—412. In the case of CysRS, this C-terminal domain is
responsible for the recognition and specific binding of the
anticodon region of tRNA®* (19, 45). The MshC SC-fold,
like that found in CysRS and other class I tRNA synthetases,
is composed of a 5-a-a-3-a motif and contains the KMSKS
motif (19, 32—42). In the case of CysRS this sequence is
important for the binding and positioning of the L-shaped
tRNA molecule as well as amino acid activation. In the case
of tyrosyl-tRNA synthase, this loop domain was observed
in both an open, flexible conformation in the unliganded
enzyme and in a rigid ATP-bound state (46). Based on these
structural results, we propose that this loop in MshC
participates in the formation of the adenylate in the first half-
reaction, and may also participate in the binding of the GIcN-
Ins substrate in the second phase of the reaction.

The refined structure reveals that a zinc ion is coordinated
to the terminal thiol group of CSA, as well as the side chain
thiol groups of C43 and C231, and the NE2 atom of H256.
The zinc atom is coordinated to these residues at distances
of 2.1—2.4 A, and forms a tetrahedral ligand field geometry
(Figure 3C). The ligand field geometry and thiol—metal
distances are most suggestive of an active site zinc ion;
however, we cannot rigorously rule out a nickel ion being
present after Ni-NTA affinity chromatography. These zinc
coordination residues are conserved with those in CysRS,
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FIGURE 3: Binding of CSA and zinc in the active site of MshC.
(A) The inhibitor density is displayed as a F, — F. omit map
contoured at 30. (B) Schematic illustration of the interactions of
CSA with residues in the active site of MshC. (C) Tetrahedral
geometry of the active site Zing, in a 2F, — F. map contoured at
lo. All bond distances are in A.

i.e., C28, C209, and H234 (19), and attempts to generate
zinc-free CysRS have been unsuccessful (47). Mutagenesis
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of the zinc coordinating residues generated mutant forms of
the enzyme with native structure but impaired activity,
suggesting a catalytic rather than structural role for the zinc
atom (47, 48).

There is clear electron density for the bisubstrate analogue,
CSA, with an average B-factor of 16.06 A2, which is similar
to that of neighboring protein residues (Figure 3A). The CSA
molecule is stabilized in the MshC active site in four
positions: interactions with the adenine group, the 2’-oxygen
on the ribose ring, the o-amino group of the cysteinyl moiety,
and the Zn>"—thiolate interaction. The adenine ring binds
in a narrow pocket flanked on either side by the planar
backbone atoms of G54 (part of the HIGH signature
sequence) and the side chain of M282. The side chain oxygen
of T58 hydrogen bonds to the Nj position, while 1283 makes
hydrogen bonding interactions with N; and Ng through amide
and carbonyl backbone atoms, respectively. The 2’-ribose
hydroxyl is hydrogen bonded to the side chain carboxyl of
D251 and to the amide nitrogen of G249. In the third set of
interactions, hydrogen bonds are observed between the
inhibitor a-amino nitrogen and the side chain hydroxyls of
T46 and T83, along with an interaction to the mainchain
carbonyl of G44. Additionally, H55, although 3.5 A away
from the ribose ring oxygen of CSA, is highly conserved in
MshC and CysRS from different species, and might play an
important role in cysteine adenylation (/9). In the structure
of MetRS crystallized with its bisubstrate analogue (MSA)
(42), the ligand is stabilized not only by the interactions
discussed above for MshC, but also at the nonbridging
oxygen moiety of the adenylate mimic. The sulfamoyl
nonbridging oxygen atom of MSA is hydrogen bonded to
MetRS H24, corresponding to H55 in MshC, which is part
of the HIGH motif. Although in the structure of MshC, H55
is 3.5 A away from ribose oxygen atom, it is possible that
such a hydrogen bond would form with a bona fide
cysteinyladenylate intermediate. Figure 4 illustrates the
similarity of the binding of the CSA to MshC to the binding
of MSA to MetRS.

The cysteine portion of CSA binds at the base of the active
site cleft in a position similar to the amino acid binding sites
of other class I AaRs (19, 32—42), and interacts with residues
in the first half of the Rossmann fold (i.e., T46 and T83).
The cysteine thiol forms a direct contact with the zinc atom
at a distance of 2.4 A. This zinc—thiolate interaction was
suggested to be responsible for amino acid discrimination
in CysRS (49). Another study showed that zinc binds the
serine hydroxyl group with significantly lower affinity than
the thiolate moiety of cysteine (50). The inherently strong
and specific zinc—thiolate interaction presumably allows
MshC to select cysteine versus serine without the need for
any editing step (47). The class II threonine tRNA synthetase
(ThrRS) also contains an active site zinc atom that is used
to coordinate the side chain hydroxyl group of the substrate
threonine (57, 52). Since this is not an interaction that can
easily discriminate between threonine, serine and cysteine,
an additional editing step is required in ThrRS to hydrolyze
the misactivated amino acids.

In addition, a highly conserved tryptophan residue W205
is proposed to be responsible for amino acid discrimination
and positioning in CysRS (/9). In CysRS, a W205Y CysRS
mutant exhibited weak activity toward serine (48). This
tryptophan residue is strictly conserved in all 64 known
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FIGURE 4: Structural superposition of MshC—CSA complex with
MetRS—MSA complex. The CSA molecule (gray carbons) and the
MSA molecule (light blue carbons) show similar binding positions
within their respective enzyme active sites.

CysRS sequences, and exhibits a conformational change upon
cysteine binding (19, 53). The corresponding W227 in MshC
may play a similar role in amino acid recognition. Significant
pockets surrounding W227 suggest a similar flexibility
allowing W227 to exist in alternate conformations prior to
cysteine and ATP binding. W227 is 3.3 A away from the
thiol group of CSA, suggesting a potential hydrogen bonding
interaction. The interactions of cysteine with both the zinc
atom and indole ring of W227 likely provide a coordinated
mechanism of amino acid discrimination (cysteine vs serine)
in MshC.

An additional structural motif of five conserved residues
is at the base of the active site: H228, Q246, H256, H257,
and H279. The four histidine imidazole rings interact with
each other via hydrogen bonds. H228 is within 2.9 A of
H256, which is one of the zinc ligands, and is 3.9 A away
from H257. H257 is 2.8 A from H279. The function of this
arrangement is unknown, but has been previously observed
in the related CysRS, where it was proposed to serve as a
possible second zinc binding position for further amino acid
discrimination (/9).

The MshC structure exhibits an active site architecture
which is poised to accept either substrate in the first half-
reaction, which is consistent with a random binding of ATP
and cysteine. In addition to the structural information,
previous steady state kinetic studies suggested that ATP binds
to MshC prior to cysteine (/7), while later studies suggested
that cysteine could bind to free MshC before ATP binding,
supporting a random kinetic sequence for ATP and cysteine
binding (/0). More recent fluorescence data show that both
ATP and cysteine can bind to free MshC (data not shown).

CSA is a tight binding inhibitor of MshC, which mimics
the cysteineadenylate intermediate formed in the first half
of the ligase reaction. The second half-reaction catalyzed by
MshC is the nucleophilic attack of the 2-amino group of
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GlcN-Ins

FIGURE 5: Active site docking of GlcN-Ins as well as modeling of the proteolized MshC loop segment based on the CysRS-tRNA%* (1UOB)
structure. (A) The modeled conformation of the proteolyzed loop (pink) on MshC (deep blue). The loop is positioned directly over the
GlcN-Ins molecule (carbons colored black). Conserved residues D86 and W227 are shown in green, while the MshC orthologue identifying

sequence is displayed in orange. These features likely bind and

coordinate the GlcN-Ins molecule in the active site for catalysis. (B)

Sequence alignment of MshC orthologues and CysRS. The ERGGDP sequence (orange dots) is highly conserved among MshC orthologues

but absent in the CysRS homologues.

GlcN-Ins on the enzyme bound cysteineadenylate to form
the Cys-GlcN-Ins product and AMP. The structure of CSA
bound to MshC provides some insight into the enzyme—ligand
coordination just prior to the second ligation reaction.
Interactions are observed between the Ng and N; purine
nitrogen atoms of CSA and the carbonyl backbone oxygen
and amide of 1283, a residue directly adjacent to the
proteolized loop (285—297). Based on these interactions and
the KMSKS motif observed in the CysRS-tRNA®* structure
(1UOB), the proteolyzed loop was modeled onto the MshC
structure (Figure 5).

The GlcN-Ins substrate was modeled into the active site
in a position that would allow for the attack by the 2-amino
group of glucosamine on the cysteineadenylate, as shown
in Figure 5. One feature of the model is the stacking
interaction of the GIcN ring with W227. As discussed above,
W227 is likely to exist in alternate conformations prior to
the binding of cysteine and ATP and may also interact with
GlcN-Ins in the cysteineadenylate complex. In addition, D86
is a strictly conserved residue among MshC orthologues
(Figure S1 in the Supporting Information), and is positioned
to interact with the GIcN hydroxyls. Finally, a region of strict

amino acid conservation unique to MshC orthologues is
positioned near the modeled GlcN-Ins. The combined
network has the potential to position GlcN-Ins in a favorable
catalytic orientation. Since this consensus sequence,
E57RGGDP, ¢, is only present in MshC orthologues, this
sequence can be used to distinguish between MshC and
CysRS sequences during annotation. In addition to these
interactions, the docked inositol ring of GIcN-Ins molecule
is positioned directly under the predicted proteolyzed loop.
While this loop likely plays a role in adenylate formation in
the first half-reaction, it may also participate in positioning
the GlcN-Ins. Two lysine residues and one arginine reside
on this loop and are positioned for possible interactions with
the inositol ring hydroxyls. After adenylate formation in the
first half-reaction, interactions with the bound adenylate could
act to stabilize the loop in an intermediate conformation,
permitting binding by the GlcN-Ins. Engineered constructs
of MshC lacking this conserved loop, while being well folded
(data not shown), showed no enzymatic activity, suggesting
a critical role for the loop in the catalytic mechanism.
Structural studies of CysRS have implicated the two lysine
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FIGURE 6: The structural alignment of MshC with cysteinyl-tRNA®* synthetase (1U0OB) using the SCOP (54) database. Left: Shown in blue
is MshC and in orange CysRS. The cysteinyl-tRNA extended anticodon binding (AB) domain is labeled. Right: The L-shaped tRNA from
the CysRS-tRNA%* bound structure 1UOB (orange) is modeled as though bound to MshC (blue plus predicted loop in pink). The absence
of the extended AB domain conferring tRNA specificity and an alteration in the location and fold of the 37/8 loop and preformed helix

(red star) structurally distinguish these related enzymes.

residues on the KMSKS motif in binding and positioning
the tRNA substrate (/9).

While MshC shares strong overall structural homology
with CysRS, the most important features distinguishing these
enzymes are also directly connected to their different
functional roles. The largest structural difference is the
extended anticodon binding (AB) domain (Figure 6), which
is observed in the tRNA—CysRS complex but is not a part
of the MshC protein. In CysRS, the extended AB domain
provides discrimination for the cysteinyl-tRNA. This struc-
tural feature is disordered in the unliganded structure of
CysRS (19), but is ordered in the presence of tRNA®* and
forms an o/f domain interacting with the anticodon loop of
tRNA®®., The extended anticodon binding domain is not
required in the case of MshC function and has been
evolutionarily discarded. A second difference observed in
MshC is the conformation of the loop between 7 and 38
of the CP domain (164—202). In CysRS a portion of this
loop becomes ordered upon binding tRNA®*, forming mostly
random coil and a small 5-residue helix. The loop, ap-
proximately 20 A from the zinc ion, forms the outer edge of
a pocket that interacts with the 3’-end of the tRNA®*. In the
structure of MshC, this loop is ordered and forms a
10-residue helix (178 —187) in addition to a random coil. It
is this helix that self-associates to form a noncrystallographic
dimer axis, placing the two active sites in close proximity
(Figure S3 in the Supporting Information). Interestingly, the
CysRS and MshC loops show no sequence conservation and
both take on different conformations, with the MshC loop
making a much closer approach to the zinc ion (~10 A). In
addition, the conformation of this loop places the unique

MshC ERGGDP sequence adjacent to the reaction center,
suggesting that this loop may participate in binding of GIcN-
Ins. MshC has retained many of the structural features of
the AaRS’s relevant to catalysis of the common first half-
reaction, amino acid adenylation, while discarding other
features to accommodate its different acceptor substrate.
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