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Abstract

UDP-N-acetylglucosamine enolpyruvyl transferase (MurA; EC 2.5.1.7) catalyzes the first com-
mitted step of peptidoglycan biosynthesis in bacteria, i.e., transfer of enolpyruvate from phospho-
enolpyruvate to UDP-N-acetyl-glucosamine. Because the crystallization condition contained a high
concentration of ammonium sulfate, our inhibitor binding studies were not successful. Therefore,
we employed a docking approach to investigate the inhibitor binding. Our results will be useful in
structure-based design of specific inhibitors of MurA for antibacterial discovery.

1. Introduction

UDP-N-acetylglucosamine enolpyruvyl transferase
(MurA; EC 2.5.1.7) catalyzes the first committed
step of peptidoglycan biosynthesis in bacteria, i.e.,
transfer of enolpyruvate from phosphoenolpyruvate
to UDP-N-acetyl-glucosamine.” Crystal structures
of MurA from Enterobacter cloacae (apo: PDB
code INAW,” binary with a reaction intermediate:
PDB code 1Q3G,” binary with a reaction product:
PDB code IRYW,” and binary with an inhibitor:
PDB code 1YBG”) and Escherichia coli (ternary
with UDP-N-acetylglucosamine and fosfomycin:
PDB code 1UAE,” binary with a reaction interme-
diate: PDB code 1A2N”) were reported previously.
We also reported crystallization of MurA from H.
influenzae® and its structures were determined as a
ternary complex with UDP-N-acetylglucosamine and
fosfomycin (PDB code 2RL2), and as a binary
complex with UDP-N-acetylglucosamine (PDB code
2RL1). Crystal structures of MurA revealed differ-
ent conformations for the active site loop, which
ranged from an open conformation for the ligand-
free MurA from E. cloacae (PDB code INAW)?
and a half-open conformation for the binary com-
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plex with UDP-N-acetylglucosamine or the ternary
complex with UDP-N-acetylglucosamine and fosfo-
mycin of MurA from H. influenzae (PDB code 2RL2)
to a closed conformation for the ternary complex of
MurA from E. coli bound with UDP-N-acetylglu-
cosamine and fosfomycin (PDB code 1UAE).”

Fosfomycin is a naturally occurring broad-spec-
trum antibiotic and is the best-known inhibitor of
MurA.” Tt is an epoxide that specifically inhibits
MurA by forming a covalent adduct with a cysteine
residue in the active site (Cysll5 in both E. coli
and E. cloacae; Cys117 in H. influenzae).'” How-
ever, there is a high frequency of fosfomycin resis-
tance and efforts have been made to discover new
classes of MurA inhibitors.""?

We tried crystallographic studies of inhibitor binding
with RTW-3981 or RIW-110192"" but were not suc-
cessful. The inhibitor RIW-110192 was not found at
the expected active site of refined model, probably
because a high concentration of ammonium sulfate
in the crystallization medium precluded the inhibitor
binding. We also tried to co-crystallize H. influen-
zae MurA in the presence of UDP-N-acetylglu-
cosamine and the cyclic disulfide inhibitor RWJ-
3981"" but could not obtain any crystals. Therefore,
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we have employed a docking approach to investi-
gate the inhibitor binding in the active site of H.
influenzae MurA. Here we report the crystal struc-
ture of H. influenzae MurA complex with substrate
UDP-N-acetylglucosamine and inhibitor RTW-110192,
and the docking study of H. influenzae MurA with
the Johnson and Johnson inhibitors: the cyclic dis-
ulfide (RWIJ-3981), the pyrazolopyrimidine (RWJ-
110192), and the purine analog (RWJ-140998).""

2. Experimentals

X-ray data collection and structure determina-
tion. Overexpression and crystallization conditions
of H. influenzae MurA were same as described pre-
viously.” We could grow crystals in the presence of
UDP-N-acetylglucosamine and the pyrazolopyrimi-
dine inhibitor RWJ-110192'" under identical condi-
tions. X-ray diffraction data was collected at 100 K
at the BL-18B experimental station of Photon Fac-

Table 1. Data collection and refinement statistics

tory, Japan. The complex structure with UDP-N-
acetylglucosamine and RWJ-110192 was solved by
the molecular replacement method using H. influen-
zae MurA in the presence of UDP-N-acetylglu-
cosamine and fosfomycin (PDB code 2RL2). The
model was refined with the program CNS,""
ing the bulk solvent correction. Several rounds of
model building, simulated annealing, positional
refinement, and individual B-factor refinement were
then performed. Manual model building was done

includ-

using the program O." The structure figures were
drawn using the program PyMOL (http://pymol.
sourceforge.net).

Flexible docking. Flexible dockings have been
performed with the Sybyl 7.0 software package'®
(Tripos, Inc., St. Louis, MO) based on Red-Hat
Linux 7.0. The structures of fosfomycin and other
inhibitors were prepared in MOL2 format using the
sketcher module and Gasteiger-Huckel charges were

A. Data collection

Data set

X-ray wavelength (A)
Space group

a, b, c (A)

Resolution range (A)
Total/unique reflections
Completeness (%)

UD+RWIJ-110192 complex
1.0000

1222

63.8, 126.0, 126.7
50.0~2.15

160,060/27,842

99.3 (95.3)"

R, (%) 8.7 (45.1)°
B. Model refinement
Resolution range (A) 30~2.30
Data completeness (%) 98.5
No. of reflections (working/free set) 19,179/2,120
R, /Ry (%) 19.7/23.6
Average B-factors (A%

For 420 amino acid residues 32.1

For UD molecule 28.3

For 3 sulfate molecules 62.8

For 182 water molecules 34.7
R.m.s. deviations from ideal geometry

Bond lengths (A)/bond angles (°) 0.0060/1.20

*Values in parentheses refer to the highest-resolution shell (2.23~2.15 A).
°R oree = ZnZiI(h),— <I(h)>|/Z,ZI(h),, where I(h) is the intensity of reflection /, X, is the sum over all reflections,

merge

and Z, is the sum over i measurements of reflection 4.

R =2|F,| = IF.ucll/Z|F,, where Ry, is calculated for a randomly chosen 10% of reflections, which were not used
for structure refinement and R, is calculated for the remaining reflections.
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assigned to the ligand atoms. The minimization was
run until converged to a maximum derivative of
0.001 kcal mol™ A™, and the final coordinates were
stored in a database. The crystal structure of H.
influenze MurA complexed with the substrate UDP-
N-acetylglucosamine and fosfomycin (PDB code
2RL2) was used as a target for flexible docking. All
crystallographic water molecules were removed and
the active site was defined as all the amino acid res-
idues enclosed within a sphere of 8 A radius cen-
tered around the bound fosfomycin. UDP-N-acetyl-
glucosamine was also included in the active site as
a heteroatoms file after fixing the atom types. The
main settings were set with 1,000 solutions in order
to generate the maximum conformers per each com-
pound during FlexX docking. The ‘assign formal
charge, if necessary’ and ‘place particle’ options
were turned on. The scores for all FlexX solutions
were calculated by the consensus scoring function
(Cscore)'® and used for database ranking. One of

SERE LT

the conformers having the highest consensus score
(Cscore = 5) was selected by visual inspection and
was docked into H. influenzae MurA, resulting in
the docking models shown in Fig. 2.

3. Results and Discussion

The complex crystal with substrate UDP-N-acetyl-
glucosamine and inhibitor RWJ-110192 could improve
with the reservoir solution of 1.8 M ammonium sul-
fate and 5~10% (v/v) glycerol by co-crystallization.
X-ray diffraction data of the complex crystal was
collected at 100 K at the BL-18B experimental sta-
tion of Photon Factory, Japan, under further-opti-
mized cryo conditions (25% glycerol and 1.8 M
ammonium sulfate). The crystal has unit cell param-
eters of a=63.8A, b=126.0A, ¢c=126.7 A in the
1222 (or I2,2,2,) space group. We have refined
model to reasonable R values with excellent stere-
ochemistry at 2.3 A (Table 1). The model accounts

Fig. 1. (A) Stereo ribbon diagram. UDP-N-acetylglucosamine (UD, orange) and sulfates (SO,, green) are
shown in a ball-and-stick model. a-Helices, -strands, and loops are colored in cyan, yellow, and grey,
respectively. (B) Stereo view of superimposed structures with substrate and inhibitor of H. influenzae MurA
at active site. Ribbon models for H. influenzae MurA with UDP-N-acetylglucosamine and RJW-110191
(could not see binding model), and H. influenzae MurA with UDP-N-acetylglucosamine and fosfomycin
(PDB code 2RL2) are colored in cyan and orange, respectively. Two UDP-N-acetylglucosamine, fosfomycin
bound Cys117 (red), and sulfate ions are shown in a ball-and-stick model.
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for 420 residues (residues 1-420), UDP-N-acetylglu-
cosamine, three sulfate ions, and 182 water mole-
cules (Fig. 1A). In structure, electron density is
missing for C-terminal three residues (421-424) of
MurA as well as all eight residues belonging to the

C-terminal fusion tag (LEHHHHHH), presumably
because they are disordered in the crystal. However,
the refined structure did not reveal the inhibitor
bound at the active site, probably because a high
concentration of ammonium sulfate in the crystalli-

Fig. 2. Stereo view of docked poses of RJW3981 (A), RJIW110192 (B), and RJW140998 (C) in the
fosfomycin-binding site of H. influenzae MurA. The amino acid residues involved in hydrogen bonds within
the binding site are represented by stick models in the ribbon diagram of H. influenzae MurA. The X-ray
pose of fosfomycin (navy-blue) covalently attached to Cys117 and UDP-N-acetylglucosamine (orange) are
also shown in a ball and stick model (PDB code 2RL2). The bound inhibitors are rendered in capped stick
and their carbon atoms are colored in cyan (RJW-3981), magenta (RJW-110192), and yellow (RJW-140998),
respectively. Hydrogen bonds with shorter than 3.0 A distances are indicated by red dotted lines.
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zation medium precluded the inhibitor binding (Fig.
1A). We also tried to co-crystallize H. influenzae
MurA in the presence of UDP-N-acetylglucosamine
and the cyclic disulfide inhibitor RWJ-3981'" but
could not obtain any crystals.

Because the refined model has just a substrate
UDP-N-acetylglucosamine as binary complex, we
compared the structure with the UDP-N-acetylglu-
cosamine and fosfomycin complex as ternary com-
plex (PDB code 2RL2). The UDP-N-acetylglucos-
amine complex structure of H. influenzae MurA is
highly similar to its UDP-N-acetylglucosamine and
fosfomycin complex, with a root-mean-square (r.m.s.)
deviation of 0.32 A for 420 Ca atom pairs, with a
maximum Ca deviation of 1.6 A for Ser 118 (Fig.
IB). These results indicate that, in H. influenzae
MurA, no large movement of the active site loop
occurs upon binding inhibitor and the UDP-N-acetyl-
glucosamine complex structure (although RWIJ-
110192 was not bound in the structure) remains in
the half-open conformation as the UDP-N-acetyl-
glucosamine and fosfomycin complex.

Since we could not experimentally observe the
binding of MurA inhibitors (RJW-3981, and RJW-
110192),'"” have performed docking studies to
examine their possible binding modes. The docked
conformer of each inhibitor with the highest con-
sensus binding score from FlexX is shown in Fig.
2. The inhibitors are positioned at the fosfomycin-
binding site of H. influenzae MurA, contacting the
catalytic Cys117 and forming hydrogen bonds with
neighboring amino acid residues (Serl118 and/or
lle119). 1,2-Dithiole-3-one ring (a Michael accep-
tor) of RIW-3981 is in close contact with the sulfur
of Cysll7, suggesting that the Michael addition
reaction possibly occurs, and the carbonyl oxygen
atom forms a strong bidentate hydrogen bond with
backbone NH atoms of Serl18 and Ilel19 (Fig.
2A). The pyrazolopyrimidine ring of RJW-110192
also forms hydrogen bonds with the backbone NH
atoms of Serl18 and Ilel19, and the guanidino
group of Argl22 (Fig. 2B). Docked RJW-140998 is
superimposed over the X-ray pose of fosfomycin
with the hydrogen bond network centered on the
xanthine ring moiety (Fig. 2C). A nitrogen atom of
the imidazole moiety forms a hydrogen bond with
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Ser118, and one of the carbonyl oxygens of the
pyrimidindione ring is involved in a hydrogen bond
with the guanidino group of the conserved Argl22.
In addition, the other carbonyl oxygen of pyrimid-
indione forms a hydrogen bond with the backbone
NH atom of Leu372 in the loop located far away
from the loop containing residues Cys117-Ile119.
The tight interaction of bulky RJW-140998 with
amino acid residues surrounding the fosfomycin-
binding site may block the entrance of the second
substrate phosphoenolpyruvate to UDP-N-acetylglu-
cosamine bound in the active site (Fig. 2C). In sum-
mary, we employed a docking approach to investigate
the MurA inhibitor binding. Our results will be use-
ful in structure-based design of specific inhibitors of
MurA for antibacterial discovery.
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