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Abstract

Inosine 5′-monophosphate dehydrogenase (IMPDH) catalyzes the first unique step of the GMP
branch of the purine nucleotide biosynthetic pathway. This enzyme is found in organisms of all
three kingdoms. IMPDH inhibitors have broad clinical applications in cancer treatment, as
antiviral drugs and as immunosuppressants, and have also displayed antibiotic activity. We have
determined three crystal structures of Bacillus anthracis IMPDH, in a phosphate ion-bound
(termed “apo”) form and in complex with its substrate, inosine 5′-monophosphate (IMP), and
product, xanthosine 5′-monophosphate (XMP). This is the first example of a bacterial IMPDH in
more than one state from the same organism. Furthermore, for the first time for a prokaryotic
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enzyme, the entire active site flap, containing the conserved Arg-Tyr dyad, is clearly visible in the
structure of the apoenzyme. Kinetic parameters for the enzymatic reaction were also determined,
and the inhibitory effect of XMP and mycophenolic acid (MPA) has been studied. In addition, the
inhibitory potential of two known Cryptosporidium parvum IMPDH inhibitors was examined for
the B. anthracis enzyme and compared with those of three bacterial IMPDHs from Campylobacter
jejuni, Clostridium perfringens, and Vibrio cholerae. The structures contribute to the
characterization of the active site and design of inhibitors that specifically target B. anthracis and
other microbial IMPDH enzymes.

Inosine 5′-monophosphate dehydrogenase (IMPDH, EC 1.1.1.205) catalyzes the oxidation
of inosine 5′-mono-phosphate (IMP) to xanthosine 5′-monophosphate (XMP) with the
concomitant reduction of NAD+ to NADH. The reaction is a branch point between the
adenine and guanine nucleotide biosynthesis, and a rate-limiting step of GMP biosynthesis.
As a regulator of the intracellular guanine nucleotide pool, IMPDH is crucial for DNA and
RNA synthesis, signal transduction, and other processes involved in cell proliferation.
Inhibition of IMPDH causes an overall reduction in the size of guanine nucleotide pools, and
as GTP is a cofactor in the conversion of IMP to AMP, adenylate pools are also affected.1,2

Many inhibitors of human IMPDHs are used clinically as anticancer and
immunosuppressive agents.1,3–6 IMPDH is also a potential antibacterial target.7

Discovery of new antibiotic drugs against Bacillus anthracis, the causative agent of anthrax,
is an important goal of the biodefense program.8,9 Mycophenolic acid (MPA), a potent
inhibitor of eukaryotic IMPDHs, has antibacterial activity against B. anthracis10 and
Staphylococcus aureus.11,12 However, new antibiotics are needed to combat the emergence
of multidrug resistant bacteria.

Crystal structures of IMPDH enzymes from several organisms in complex with substrates,
cofactors, and inhibitors have been determined.13–22 IMPDH is a homotetramer with 4-fold
symmetry. Most IMPDH monomers contain two domains: the catalytic domain, which is a
classic eight-fold β/α-barrel (TIM barrel),23 and the CBS subdomain (homologous to a
domain in cystathionine β-synthase).24,25 The active site is composed of residues located in
loops on the proximal face of the TIM barrel near the C-terminal end with the adjacent
subunits also contributing residues. The active site loops are disordered in most IMPDH
structures, indicating conformational flexibility required by the IMPDH-catalyzed reaction.
Binding of the substrate and the cofactor results in conformational changes involving two
mobile elements of the IMPDH active site, with one being the active site loop containing
catalytic Cys308 (residues 302–317 in B. anthracis numbering) and the second, another
loop, commonly called the active site “flap” (residues 380–430). Interactions mediated by
these loops in the substrate-cofactor complexes vary between IMPDH enzymes from
different sources (bacterial vs human), and they are partly responsible for a different
sensitivity of these enzymes to inhibitors.26

The mechanism of IMPDH has been studied extensively (reviewed in ref 3). It involves a
two-step reaction that consists of a fast redox step and a rate-limiting hydrolysis step.
Cys308 from the active site loop attacks C2 of IMP and forms a covalent adduct. The NAD+

cofactor is bound; a hydride ion is transferred from C2 to NAD+, and NADH is released
(Figure 1). The catalytic flap moves into the site previously occupied by NADH, positioning
a conserved Arg-Tyr dyad (B. anthracis residues 404 and 405, respectively) in the active site
for hydrolysis of the covalently bound thioimidate intermediate, E-XMP* (Figure 1).3,27 An
active site water molecule activated through proton abstraction by the catalytic dyad
hydrolyzes E-XMP*,20,28,29 and XMP is released. IMPDH catalyzes two very different
chemical transformations, and the enzyme has two mutually exclusive conformations, an
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open conformation for ligand binding, redox reaction, and product release and a closed
conformation for hydrolysis.3 Both of these conformations can be targeted for inhibitors.

All IMPDH enzymes require monovalent cations such as K+ for activity. The ion is
proposed to play a dynamic role, possibly binding transiently near the active site cysteine
residue, stabilizing the E-XMP* complex, and influencing NAD+ binding.30,31

Although IMPDHs from all organisms are similar in sequence and structure, the eukaryotic
and prokaryotic enzymes differ significantly in their kinetic properties and sensitivity to
inhibitors.3,7,32 For example, mycophenolic acid (MPA) is a significantly more potent
inhibitor of the human enzyme than the bacterial IMPDHs.7,15 MPA binds in the
nicotinamide portion of the NAD+ binding pocket and traps the E-XMP* intermediate.33,34

The selectivity of MPA stems from its competition with the flap for the NAD+ site. Because
the closed conformation is required for the hydrolysis of E-XMP*, hydrolysis will occur
faster in the enzymes in which the closed conformation is preferred. Human IMPDHs favor
the open conformation, while bacterial enzymes prefer the closed one.7,35 The closed
conformation makes the prokaryotic IMPDHs resistant to MPA.3

Thus far, parasite-specific inhibitors have only been reported for Cryptosporidium parvum.
The X-ray structure of C. parvum IMPDH in complex with IMP and one such inhibitor,
compound C64, revealed a new binding mode in which the inhibitor interacts with the
purine ring of IMP as expected but bends across Ala165 toward the dimer interface to
interact with Tyr358 in the adjacent subunit.22 Mammalian IMPDHs contain substitutions at
positions 165 and 358 (Ala253 and Tyr445, respectively, in B. anthracis numbering), which
explain their resistance to these inhibitors. C. parvum IMPDH is closely related to
prokaryotic IMPDHs,36,37 and the C. parvum-specific inhibitors were shown to also inhibit
bacterial proteins, such as Helicobacter pylori, Borrelia burgdorferi, and Streptococcus
pyogenes.38 Thus, Ala165 and Tyr358 comprise a structural motif that defines the
susceptibility of the enzyme to C. parvum inhibitors. Ala165 and Tyr358 are present at
corresponding positions in IMPDHs from a wide variety of pathogenic bacteria, including B.
anthracis, Campylobacter jejuni, and Clostridium perfringens (Figure 2).

Currently, there are no examples of an IMPDH structure in more than one state from the
same bacterial species. Additionally, there has been no comparison of the active site in
noncovalently bound substrate and product complexes for a bacterial IMPDH. Here, we
report three crystal structures of IMPDH from B. anthracis, a phosphate ion-bound (Pi-
bound) form (2.60 Å), which will be interchangeably termed the “apo” state, and in complex
with its substrate (IMP) and product (XMP) (2.38 and 2.65 Å, respectively). We characterize
kinetic parameters of the B. anthracis enzyme with respect to the substrates IMP and NAD+,
MPA, and two inhibitors of C. parvum IMPDH,22,39,40 a quinolinium-substituted triazole
derivative, A110,41 and a 2-pyridinyl derivative of benzimida-zole, C9138 (Figure 7). We
compare the inhibition properties of B. anthracis IMPDH to those of three bacterial enzymes
from Ca. jejuni, Cl. perfringens, and Vibrio cholerae, and we show that these enzymes bind
inhibitors with very different affinities, indicating that small changes in the active site can
influence inhibitor binding.

MATERIALS AND METHODS
Materials

IMP was purchased from Acros Organics. XMP was purchased from Fluka. NAD+, NADH,
and MPA were purchased from Sigma. Two C. parvum-selective inhibitors, compounds
A110 (4-{(1R)-[1-(4-chlorophenyl)-1H-1,2,3-tria- zol-4yl]ethoxy}quinoline-1-oxide,
C19H15ClN4O2, CAS Regis- try Number 1185388–35–5) and C91 [α-methyl-N-2-naphtha-
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lenyl-2-(2-pyridinyl)-1H-benzimidazole-1-acetamide, C24H18N4O, CAS Registry Number
125749–66–9], were synthesized as described in refs 41 and 38, respectively. Crystallization
reagents were purchased from Hampton Research (Aliso Viejo, CA) and Microlytic
(Woburn, MA).

Gene Cloning, Protein Expression, Purification, and Crystallization
The coding sequences of IMPDH enzymes were amplified by polymerase chain reaction
(PCR) from chromosomal DNA of B. anthracis (strain Sterne), Ca. jejuni, Cl. perfringens,
and V. cholerae using primers compatible with the ligation-independent cloning vector
pMCSG7.42 The genes were cloned into pMCSG7 using a modified ligation-independent
cloning protocol.42 The recombinant constructs produced fusion proteins with an N-terminal
His6 tag and a TEV protease recognition site (ENLYFQ↓S). The fusion proteins were
expressed in Escherichia coli strain BL21(DE3) harboring the pMAGIC plasmid encoding
one rare E. coli Arg tRNA (covering codons AGG/AGA) in the presence of 100 μg/mL
ampicillin and 30 μg/mL kanamycin. The cells were grown in LB medium at 37 °C to an
OD600 of 0.6–0.8. This was followed by overnight induction with 0.5 mM isopropyl β-D-
thiogalactoside (IPTG) at 20 °C. Cells were harvested, resuspended in lysis buffer [50 mM
Hepes (pH 8.0), 500 mM NaCl, 10 mM imidazole, 10 mM 2-mercaptoethanol, and 5%
glycerol], and stored at −80 °C.

The selenomethionine (SeMet) derivative of B. anthracis IMPDH was prepared as described
previously.43 The BL21-(DE3)/pMAGIC cells were grown at 37 °C in M9 medium
supplemented with 0.4% glucose, 8.5 mM NaCl, 0.1 mM CaCl2, 2 mM MgSO4, and 1%
thiamine. After the OD600 reached 0.8, Leu, Ile, Lys, Phe, Thr, and Val each at 0.01% (w/v)
were added to inhibit the methionine metabolic pathway and increase the level of SeMet
incorporation. SeMet was added to the culture (60 mg of SeMet/L of culture), and 15 min
later, protein expression was induced with 0.5 mM IPTG. The culture was then incubated at
18 °C overnight. Cells were harvested, resuspended in lysis buffer, and stored at −80 °C.

For inhibitor binding studies using ForteBio Octet, all IMPDH proteins presented here were
expressed from the vector pMCSG50. This vector was constructed by modification of the
dual-LIC vector pMCSG60. Vector pMCSG60 contains the SmaI LIC site from
pMCSG2644 downstream from the Ssp I LIC site in pMCSG7,42 allowing for expression of
two proteins from a single vector. A pair of synthetic oligos encoding a 15-amino acid
biotinylation signal45 and including the His6 tag was ligated into pMCSG60 between the
NdeI and Acc65I restriction sites of pMCSG60. This regenerated the pMCSG7 LIC site with
the biotinylation signal inserted between the His6 tag and the TEV protease recognition site.
The biotin-protein ligase gene (birA) was synthesized from E. coli BL21 by PCR. The two-
step PCR introduced a silent single-base mutation that eliminated the SspI site from the
native gene. The birA PCR product was cloned into the SmaI LIC site of the new vector
using the standard LIC protocol. The resulting plasmid (pMCSG50) retains the standard
pMCSG7 LIC site for protein expression and coexpresses the biotin-protein ligase gene.
Target protein overexpressed from this plasmid contains a biotinylated tag (GLNDIFEAQ-
KIEWR) that is modified at the lysine residue (underlined). The enzymatic activities of the
native enzyme and the biotin-labeled derivative were comparable within 10%.

All IMPDH proteins were purified according to a standard protocol.46 Lysozyme (final
concentration of 1 mg/mL) and protease inhibitor cocktail (Roche, Indianapolis, IN; 50 mL/
g of wet cells) were added to the thawed cell suspension. The solution was incubated on ice
for 20 min and lysed by sonication. The lysate was clarified by centrifugation at 36000g for
1 h and filtered through a 0.44 μm membrane. Clarified lysate was applied to a 5 mL HiTrap
Ni-NTA column (GE Healthcare Life Sciences, Piscataway, NJ) on an ÄKTAxpress system
(GE Healthcare Life Sciences). The column was washed with lysis buffer containing 20 mM

Makowska-Grzyska et al. Page 4

Biochemistry. Author manuscript; available in PMC 2013 November 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



imidazole, and the protein was eluted with the same buffer containing 250 mM imidazole.
IMPDHs were dialyzed against crystallization buffer containing 20 mM Hepes (pH 8.0), 150
mM KCl, and 2 mM DTT, concentrated, flash-frozen, and stored in liquid nitrogen. The
His6 tag was not cleaved from the protein for either the crystallography or enzyme assays.

Native (i.e., not labeled with SeMet) IMPDH enzyme preparations were used for all enzyme
assays, and these were subjected to an additional purification step on a Superdex 300 16/60
size exclusion chromatography column equilibrated with buffer containing 50 mM Tris-HCl
(pH 8.0), 100 mM KCl, 1 mM DTT, 3 mM EDTA, and 10% glycerol or containing 20 mM
Hepes (pH 8.0), 150 mM KCl, and 2 mM DTT. Fractions containing IMPDH were
identified by sodium dodecyl sulfate–polyacrylamide gel electrophoresis, concentrated, and
flash-cooled.

Crystallization screens were initially performed by the sitting-drop, vapor-diffusion method
at 16 and 18 °C. Crystals containing IMP were optimized using the hanging-drop, vapor-
diffusion method. Hanging drops consisted of IMPDH at a concentration of 15 mg/mL and 4
mM IMP mixed with an equal volume of reservoir solution [20% PEG 3350, 0.2 M MgSO4,
and 0.1 M Tris-HCl (pH 7.6)]. Crystals with XMP were obtained at 16 °C from a sitting-
drop solution containing 8 mg/mL protein and 1.6 mM XMP mixed with an equal volume of
reservoir solution [0.5% PEG MME 5000, 0.8 M K/Na tartrate, and 0.1 M Tris-HCl (pH
8.5)]. Phosphate ion-bound crystals were obtained via the sitting-drop method from a
solution containing 15 mg/mL protein mixed with an equal volume of reservoir solution [1.0
M Na2HPO4/K2HPO4 (pH 8.2)]. Diffraction quality crystals typically appeared within 3
days. The crystals were mounted on CryoLoops (Hampton Research) and flash-cooled in
liquid nitrogen. The cryopro-tectant consisted of 15% glycerol for the IMP-containing
crystals and a saturated glucose solution in the crystal mother liquor for the Pi- and XMP-
containing crystals. Native and SeMet-labeled IMPDHs crystallized under similar conditions
and diffracted X-rays from 2.38 to 2.65 Å.

Data Collection, Structure Determination, and Refine-ment
Diffraction data were collected at 100 K using the Q315r CCD detector (ADSC) at the 19-
ID beamline of the Structural Biology Center at the Advanced Photon Source, Argonne
National Laboratory.47 For the crystal of IMPDH complexed with IMP, the three-
wavelength inverse-beam multiwavelength anomalous dispersion (MAD) data sets from
peak (0.97939 Å), inflection point (0.97930 Å), and high-energy remote (0.95385 Å) were
collected from a single SeMet-labeled protein crystal (0.5 mm × 0.3 mm × 0.3 mm) to 2.38
Å resolution, with a 5 s exposure per 1° rotation frame and a 200 mm crystal-detector
distance. The total rotation range was 180° on ω as predicted using the strategy module in
the HKL3000 suite. The inflection data and the high-energy remote data were not included
for the phasing because there was no contribution of data due to crystal decay. Thus, only
peak 0.97939 Å was utilized. Similarly, the crystal data for the Pi-bound complex and the
IMPDH- XMP complex were collected at the same beamline. The single-wavelength data
for the Pi-bound form were collected to 2.6 Å at the 0.97940 Å value covering 130° (on ω),
with a 7 s exposure and 1°/frame. For the IMPDH-XMP complex, 2.65 Å single-wavelength
data at 0.97918 Å were obtained by collecting 220° (on ω) of diffraction images with a 5 s
exposure and 1°/frame. All data were processed and scaled with HKL3000,48 and the
detailed crystal and data collection statistics are listed in Table 1.

The structure of the IMPDH-IMP complex was determined by SAD phasing with the peak
data only up to 2.5 Å resolution using the HKL3000 software package:48 selenium sites
were determined by SHELXC49 and SHELXD, the handedness was checked by SHELXE,49

phasing was done by MLPHARE,50 density modification was done by DM,51 and the initial
model was built by ARP/wARP,52 which contained 90% of the total of 1022 expected
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protein residues of the dimer. The initial model was further extended manually using
COOT.53 Cycles of manual adjustment of the model using COOT and REFMAC (CCP4
suite)54 and PHENIX55 refinement against the averaged peak data converged the model to
the final Rwork of 0.170 and the Rfree of 0.201 with zero σ cutoff (Table 2). The structures of
the phosphate ion-bound form of IMPDH and the IMPDH–XMP complex were determined
by molecular replacement using MOLREP56 on HKL3000. After the molecular replacement
with chain A of the structure of IMPDH from S. pyogenes [Protein Data Bank (PDB) entry
1ZFJ, 69% identical sequence] as a search model to find a dimer, multiple cycles of both
rigid-body refinement and restrained refinement were conducted with REFMAC.56 This
molecular replacement-produced model with the S. pyogenes protein (PDB entry 1ZFJ)
sequence was then applied to AutoBuild routine on PHENIX55 to rebuild in an effort to
reduce a model bias and to correct the sequence (from S. pyogenes to B. anthracis IMPDH).
Several alternating runs of PHENIX and manual adjustment using COOT further refined the
resulting models, both for the phosphate ion-bound form and for the XMP complex. The
final Pi- bound structure contains 490 residues (from 511 residues, including uncleaved His6
tag residues) for chain A and 434 residues for chain B with Rwork and Rfree values of 0.181
and 0.242, respectively (Table 2). The final IMPDH–XMP structures with 442 residues for
chain A and 426 residues for chain B were converged to Rwork and Rfree values of 0.195 and
0.245, respectively. Both structures, except for approximately half of the CBS domain
(residues 94–202), which is partly disordered, overall were well-defined. Native and SeMet-
labeled IMPDHs have virtually identical structures.

The stereochemistry of all three structures was checked with PROCHECK57 and
MolProbity.58 Final refinement statistics are listed in Table 2. All figures were prepared
using PyMOL (W. L. DeLano, The PyMOL Molecular Graphics System, http://
www.pymol.org).

Enzyme Assays
In all kinetic studies, the His6-tagged fusion or biotin-His6-tagged fusion constructs of
native recombinant IMPDHs were used. When compared with that of the native enzyme, the
activity of the SeMet-labeled B. anthracis enzyme was reduced 2-fold (data not shown). The
concentration of the IMPDH fusion constructs was determined by absorbance at 280 nm
using an extinction coeficient calculated by the ExPASy ProtParam tool. Except where
noted, kinetic studies were performed in an assay buffer [50 mM Tris-HCl (pH 8.0), 100
mM KCl, 3 mM EDTA, and 1 mM DTT] containing varied concentrations of IMP and
NAD+ at 25 °C. Reactions were initiated by the addition of IMPDH to a final concentration
of 50 nM. The production of NADH was measured by monitoring the increase in absorbance
at 340 nm (ε = 6.22 mM−1 cm−1) using a Shimadzu BioSpec-1601, Hitachi U-2000, or Cary
100 Bio spectrophotometer. All IMPDH preparations were shown to be free of
contaminating NADH oxidase activity; this was verified with an assay buffer containing 50
μM NADH. No oxidation of NADH was observed during the 40 min incubation period (data
not shown). The pH dependence of the B. anthracis enzyme was determined in an assay
buffer prepared with MES (pH 5.2–7.2), Tris-HCl (pH 7.2–9.0), or glycine (pH 8.6–10).
Monovalent cation dependence was determined in an assay buffer in which KCl was
substituted with 100 mM NH4Cl, LiCl, CsCl, or NaCl. Kinetic parameters were determined
by collecting initial velocity data at varying concentrations of IMP (5–1000 μM) and NAD+

(100–8000 μM). For analysis of the steady state kinetic data for IMPDH enzymes displaying
strong substrate inhibition with respect to NAD+, the method described by Kerr et al. was
used.3,59 First, kinetic parameters with respect to NAD+ were obtained by plotting the initial
velocity versus IMP at fixed NAD+ concentrations and fitting the data to the Michaelis–
Menten equation (eq 1). Apparent Vmax values were then plotted versus NAD+

concentration and fit to the uncompetitive substrate inhibition equation (eq 2). This yielded
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kcat, Km, and Kii values for NAD+. The Km and kcat for IMP were obtained by plotting the
initial velocity versus NAD+ at fixed IMP concentrations, fitting to eq 2, and then plotting
the apparent Vmax versus IMP concentration and fitting to eq 1. The kcat values, identical
within error, were averaged. Prism 4 (GraphPad Software) or SigmaPlot (SPSS, Inc.) was
used for data analysis.

(1)

(2)

where v is the initial velocity, V is the maximal velocity, A and B are substrate
concentrations, KA and KB are the respective Michaelis constants, and Kii is the substrate
inhibition constant for NAD+. Inclusion of a biotin tag at the N-terminus of the examined
proteins had no significant effect on enzymatic activity.

Inhibitor Kinetics
Inhibition constants for XMP, MPA, A110, and C91 were determined with varying
concentrations of IMP, XMP, and NAD+ as indicated. Stock solutions of MPA, A110, and
C91 were prepared in DMSO, and the final reaction concentration of DMSO was 5%.
Because small amounts of DMSO (up to 15–20%) increased IMP dehydrogenase activity,
control reactions for MPA experiments included 5% DMSO. Initial velocity data were fit to
the equations for competitive inhibition

(3)

noncompetitive inhibition

(4)

and uncompetitive inhibition

(5)

where S is the concentration of the varied substrate, I is the inhibitor concentration, Km is
the Michaelis constant, and Kis and Kii are the slope and intercept inhibition constants,
respectively. Global curve fits of the data were performed with Prism 4, and the F test was
used to compare models.

Determination of IC50

Enzyme inhibition was assessed by monitoring the production of NADH by absorbance at
varying inhibitor concentrations (50 pM to 10 μM). Each enzyme was incubated with an
inhibitor for 10 min at room temperature prior to the addition of substrates. The following
buffer conditions were used: 50 mM Tris-HCl (pH 8), 100 mM KCl, 1 mM DTT, 3 mM
EDTA, 10 nM enzyme, and 1 mM IMP. Each enzyme required a different concentration of
NAD+; generally ~2.5Km (NAD+) was used as the NAD+ concentration. IC50 values were
calculated for each inhibitor according to eq 6 using SigmaPlot (SPSS, Inc.)
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(6)

where vi is the initial velocity in the presence of inhibitor I and v0 is the initial velocity in
the absence of inhibitor.

Inhibitor Binding Studies
Analysis of the binding of inhibitors to IMPDH proteins was performed using biolayer
interferometry (BLI)60 on the Octet RED (ForteBio, Menlo Park, CA). Assays were
performed in 96-well black microplates (Fisher Scientific, Pittsburgh, PA) at 25 °C. All
volumes were 300 μL. Biotinylated IMPDH was loaded onto Super Streptavidin (SSA)
Biosensors (ForteBio) at a concentration of 50 μg/mL in phosphate-buffered saline (PBS).
Reference SSA Biosensors were blocked with biocytin at 10 μg/mL in PBS buffer. Each
tested inhibitor was titrated from 0.2 nM to 10 μM (a concentration of up to 30 μM was
tested for the V. cholerae enzyme) in a buffer containing 50 mM Tris-HCl (pH 8), 100 mM
KCl, 1 mM DTT, 3 mM EDTA, 0.1 mg/mL BSA, 5% DMSO, 1 mM IMP, and NAD+ in
specific amounts for a given enzyme. Assays were run first using the protein biosensors,
followed by the reference biosensors using the same protocol. The reference data were then
subtracted from the protein data. The association and dissociation curves were fit using a
single-exponential fitting model using analysis software provided by the manufacturer.

Coordinates
The atomic coordinates for the Pi-, IMP-, and XMP-bound structures of B. anthracis IMPDH
have been deposited in the PDB as entries 3TSB, 3USB, and 3TSD, respectively.

RESULTS
Overall Structure of IMPDH from B. anthracis

We have determined three crystal structures of B. anthracis IMPDH, a phosphate ion-bound
form (an apo form), in complex with the substrate, IMP, and in complex with the product,
XMP. Both IMP- and XMP-containing structures were obtained by cocrystallization. The
phosphate ion present in the active site of the apo form most likely originated from the
crystallization buffer. The IMP-bound structure was determined by single-wavelength
anomalous diffraction (SAD) phasing using the HKL3000 software package.48 The
structures of the phosphate ion- and XMP-containing IMPDH were determined by molecular
replacement.

Size exclusion chromatography shows that B. anthracis IMPDH exists as a homotetramer in
solution (Figure S1 of the Supporting Information), and it crystallizes as such. All three
structures contain two monomers in the asymmetric unit. The B. anthracis IMPDH monomer
has a typical two-domain structure, the catalytic domain, which is a TIM barrel, and the
CBS domain (Figure 3). In all structures reported here, each monomer contains a ligand
bound in the active site (phosphate anion in the apo structure and IMP and XMP in the
substrate-and product-bound structures, respectively). In all the structures, the CBS domains
are partially disordered.

The tetrameric structure of IMPDH is stabilized by intermonomer contacts with each of the
adjacent subunits. The C-terminus is close (~15 Å) to the catalytic site and on the opposite
face of the tetramer from the N-terminus. In the tetramer, all C-termini are close to each
other (~12 Å). The subunit interactions can be categorized into three groups depending on
their proximity to the catalytic site and level of amino acid sequence conservation. In one
group, the first 14 residues of the N-terminus (including 310-helix, η1) project approximately
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20 Å from the TIM barrel (Figure 3) and interact with surface residues of an adjacent
IMPDH monomer. This regional contact is distal from the catalytic site and involves
residues 3–12 of the N-terminus that interact with β-sheet (β19) residues 460–463 of an
adjacent subunit. The interaction involves hydrogen bonds and salt bridges between residues
that display little sequence conservation. Another loop (residues 18–27) and 310-helix η2 are
involved in subunit contacts with the adjacent IMPDH molecule and also form part of the
active site pocket of the adjacent subunit. Additional subunit contacts originate from helix
α11 (residues 310–315) and a loop (residues 316–319), interacting with β-sheet β1 (residues
16–19) and residues 479–484 in an adjacent IMPDH monomer. These regions are
approximately 20 Å from the substrate-binding site.

The catalytic domain (residues 1–90 and 222–487) forms the core of the tetramer and is
approximately 40 Å × 40 Å × 50 Å. This domain is a classic eight-fold β/α TIM barrel with
the active site loop (residues 302–329) containing catalytic Cys308 positioned on the
proximal face of the β/α-barrel near the subunit interface (Figure 3). The CBS domain is
composed of tandem motifs (residues 91–221, approximately 20 Å × 20 Å × 40 Å) and
projects outward from the tetramer. Of the two monomers in the asymmetric unit, molecule
A in the phosphate ion-bound structure has the most complete electron density for the CBS
domain. In the IMP-containing structure determined at higher resolution (2.38 Å), four
residues are missing in the loop connecting the tandem CBS motifs and 12 residues are
missing in the structure with XMP. The structure of B. anthracis IMPDH is most similar to
that of IMPDH from S. pyogenes (PDB entry 1ZFJ).15 Alignment of these structures using
the SSM server of the European Bioinformatics Institute (http://www.ebi.ac.uk/msd-srv/
ssm)61 yielded a backbone rmsd of 1.34 Å and 69% sequence identity. In addition to the S.
pyogenes enzyme, there are four other structures of microbial IMPDHs available in the
PDB. These include IMPDHs from Thermotoga maritima [PDB entry 1VRD, 60% sequence
identity, 1.03 Å rmsd (DOI 10.2210/pdb1vrd/pdb)], C. parvum (PDB entry 3FFS, 57%
sequence identity, 1.03 Å rmsd22), Bo. burgdorferi (PDB entry 1EEP, 55% sequence
identity, 0.96 Å rmsd17), and Pyrococcus horikoshii [PDB entry 2CU0, 50% sequence
identity, 1.04 Å rmsd (DOI 10.2210/pdb2cu0/pdb)]. All of these enzymes show similar
structural features and active sites.

Substrate and Product Binding
IMP dehydrogenase catalyzes the oxidation of IMP to XMP with the concomitant reduction
of NAD+ to NADH. During the reaction, IMP forms a covalent adduct with the active site
Cys residue (Cys308 in B. anthracis), the hydride ion is transferred from the C2 atom of the
hypoxanthine ring to NAD+, and the oxygen atom is placed in this position resulting in the
formation of xanthosine. In the structures of B. anthracis IMPDH with IMP and XMP, the
substrate or product is bound in a pocket located inside the β-barrel structure. Binding of
these ligands is characterized by subtle conformational changes. In both structures, the
ribose and phosphate moieties assume virtually identical conformations and are highly
coordinated by the protein. The sugar moiety is in the C2′-endo conformation, and its 2′-and
3′-hydroxyl groups are hydrogen-bonded with Asp341. The phosphate group is anchored by
a number of amino acid side chains (Ser306, Ser365, and Tyr388; surprisingly, Tyr388 is
ordered in the XMP-bound structure but is disordered when IMP is bound) and three main
chain nitrogen atoms (Gly343, Gly364, and Ser365) (Figure 4A). The remaining hydrogen
bonding potential of the phosphate oxygen atoms is fulfilled by water molecules. The
conformation of the purine ring is somewhat different in the two liganded structures. In the
structure with IMP, the Cys308 sulfur atom is located 3.5 Å (chain A) and 3.9 Å (chain B)
from the C2 atom of the inosine ring and is not covalently linked to the ring. This
conformation of inosine seems to be stabilized by the side chains of Ile307, Cys308, and
Met51. In the XMP-bound structure, the xanthosine ring is rotated (rotation defined on the
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basis of the O4-C1′-N9-C4 torsion angle within the IMP and XMP molecule) by ~10° (the
difference between the chain A/B-averaged torsion angle for each ligand) with respect to the
position of the inosine ring and its C2 atom is closer (3.4 and 3.7 Å for chains A and B,
respectively) to the sulfur of Cys308 (Figure 4A). This conformation is typically observed in
other XMP-IMPDH complexes21 and causes the Cys308 side chain to rotate away from the
XMP molecule. The hydroxyl group of Thr310 forms a hydrogen bonding interaction with
the O2 atom of XMP. In the structure of the apoenzyme, the phosphate anion occupies the
same position as the IMP or XMP phosphate group and makes the same contacts with the
protein that are observed for the phosphate moiety in the structures with IMP and XMP.
These include interactions with amino acid side chains of Ser306, Ser365, and Tyr388 and
three main chain nitrogen atoms of Gly343, Gly364, and Ser365. In contrast to the
Tritrichomonas foetus IMPDH,21 in all three structures of the B. anthracis IMPDH the
catalytic loop containing Cys308 is ordered and exhibits very little conformational dynamics
(Figure 4A, B). Although potassium chloride was included in the crystallization medium,
electron density for a potassium ion was not observed in any of our structures (the metal ion
position is occupied by water molecules in our structures).

Active Site Flap
After the hydride transfer, the E-XMP* intermediate is covalently trapped in the active site
and the Cys308–XMP* bond must be hydrolyzed for the product to be released. The active
site flap is a mobile element containing the catalytic dyad (Arg404 and Tyr405), which
positions itself into the active site during the hydrolysis phase of the reaction. This flap
shows a varying degree of disorder in reported structures. The structure of the complete flap
has been captured only for the T. foetus IMPDH in the presence of the transition state
analogue, mizoribine 5′-monophosphate (MZP).20 In the B. anthracis IMPDH structure with
IMP, residues 381–421, which comprise most of the flap region, are disordered. A larger
portion of the flap is visible in the structure with XMP, with only residues 394–414 missing.
Interestingly, the entire flap is visible in the apo (Pi-bound) structure (Figure 5). Figure 4B
shows a comparison of the three structures: the B. anthracis phosphate ion-bound enzyme,
the B. anthracis enzyme in complex with IMP, and the S. pyogenes IMPDH-IMP complex,
with a partially ordered active site flap. In the S. pyogenes structure, the base of the flap
consists of a small, three-stranded antiparallel β-sheet (β16–β18, the “finger domain”). A loop
that extends from the second strand of the β-sheet (β17) is partially ordered and contains
residues (S. pyogenes Met393 and Gly394) that contact the purine residue of IMP (Figure
4B). The distal portion of this loop, containing the catalytic Arg-Tyr dyad, is disordered in
the S. pyogenes structure as it is in most other IMPDH structures but is visible in the
structure of the apoenzyme. The portion of the loop ordered in the structure of the
apoenzyme contains a small α-helix (α15, residues 394–399) followed by a 310-helix (η3,
residues 401–405) (Figure 4B) and a longer loop (residues 406–416). The flap is ordered
because several residues (side chains of Lys386, Arg389, Asp403, Arg404, Asn410, Glu416,
and Lys425, main chain carbonyl, and amide groups of Gly400, Arg404, Glu419, Arg420,
and Gly426) of this structural motif interact with the main body of the enzyme (both within
the subunit and with the neighboring subunit). For example, the C-terminal sequence of the
neighboring subunit forms a β-strand (β20, residues 476–480) that complements the β-finger
of the flap with Lys480 providing an additional bridging interaction with Glu419 of the flap.
There are also interactions within the flap unit (for example, Lys402 and Gln407). Arg404
and Tyr405, located within the 310-helix, η3, extend toward the active site. The
conformation of these residues is maintained through the bridging interaction with Asp251.
An overlap of the B. anthracis phosphate ion-bound structure with the T. foetus structure of
the MZP–enzyme complex (PDB entry 1PVN, rmsd on Cα atoms of compared 362 residues
of 1.23 Å),20 the only other structure with a completely ordered flap, shows that the active
site flaps maintain remarkable structural similarity with only ~40% sequence identity
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(Figure 4C). Several conserved side chains assume virtually identical conformations
[numbers in parentheses are in T. foetus notation, Tyr388 (405), Gly390 (407), Gly392
(409), Ser393 (410), Arg404 (418), Tyr405 (419), Glu416 (431), Gly417 (432), Pro423
(438), and Tyr424 (439)]. The only significant differences are observed in the loop regions
of the flap. The small α-helix (α15, residues 394–399) in the B. anthracis structure is
replaced by a loop in the T. foetus structure (residues 411–414) (Figure 4C). Also, a portion
of the loop (residues 406–414) connecting helix 3 and sheet β18 (residues 406–419) is shifted
toward the center of the tetramer in the B. anthracis structure, whereas the corresponding
portion of the T. foetus loop faces the other monomer (Figure 4C). Interesting information
about the flap movement during catalysis can be obtained by comparing the B. anthracis apo
structure with the structure of T. foetus IMPDH in complex with IMP and an NAD+

analogue, β-methylene-thiazole-4-carboxamide-adenine dinucleotide (TAD).20 In that
structure, the TAD molecule lies in the cleft between two adjacent monomers; the thiazole
ring stacks against the inosine ring of IMP, and a portion of the flap is missing (T. foetus
residues 417–429). An overlap of the B. anthracis apo (Pi-bound) structure with the T. foetus
enzyme–IMP–TAD complex (PDB entry 1LRT, rmsd for Cα atoms of 338 compared
residues of 1.23 Å) indicates that the conserved Arg-Tyr dyad (helix η3) occupies the
nicotinamide subsite of NAD+ within the active site (Figure 4D). This observation suggests
that the portion of the flap swings in and out of the NAD+ site during catalysis. Because the
flap is disordered in all structures containing IMP and XMP, it suggests that binding of a
ligand causes the flap to become disordered by disrupting the interaction of this structural
motif with the main body of the enzyme. The conformation or ordering of the flap does not
seem to depend on the crystal packing because the structures of B. anthracis IMPDHs are
isomorphic. The flap environment is very similar in all B. anthracis structures, and the
contacts made by the flap are mainly intramolecular with the adjacent monomer within the
same tetramer. A possible explanation for the flap stability in the phosphate ion-bound
enzyme is the presence of a small hydrophobic core near the active site. This core is formed
by the flap (residues Tyr388, Ile418, and Val422), the active site loop (residues Ile307 and
Thr309), and the loop from the neighboring subunit (residues His471, Ile478, Tyr485, and
Tyr346). Disruption of this core by binding of a ligand would clearly have a detrimental
effect on the maintenance of the structure of the flap.

Kinetic Characterization of B. anthracis IMPDH
The kinetic properties of B. anthracis IMPDH are similar to those of other microbial IMPDH
enzymes.15,62–64 The enzyme has a pH optimum of 8.2 and a strict requirement for
monovalent cation. Optimal activation occurs with K+ concentrations between 100 and 150
mM; however, inhibition is observed at higher concentrations. The enzyme shows ≤1%
activity with 100 mM Na+ or Li+ or in the absence of monovalent cations; 100 mM NH4

+ or
Cs+ yielded 77 or 36% activity, respectively, relative to the activity in the presence of 100
mM K+, the typical assay concentration. Plots of initial velocity versus IMP concentration at
fixed NAD+ concentrations are consistent with the Michaelis–Menten kinetics. Substrate
inhibition was observed at high NAD+ concentrations (Figure 6B).3,65 Secondary plots of
the initial velocity versus IMP and NAD+ are shown in Figure 6, and the steady state
parameters are listed in Table 3. XMP is a competitive inhibitor versus IMP. MPA displays
noncompetitive inhibition versus IMP and NAD+ (Table 3). The Michaelis–Menten kinetic
characterization was also performed for IMPDHs from three other bacterial species, Ca.
jejuni, Cl. perfringens, and V. cholerae. All tested proteins exhibit similar Km values for the
substrate, IMP, and have requirements for higher NAD+ concentrations than eukaryotic
enzymes (Table 4).
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IMPDH Inhibition
C. parvum IMPDH-selective inhibitors have been recently indentified in a high-throughput
screen targeting the NAD+-binding site.22,39,40 Because B. anthracis IMPDH contains the
Ala253-Tyr445 (C. parvum Ala165-Tyr358) structural motif that defines the susceptibility
of the enzyme to C. parvum inhibitors, the B. anthracis enzyme should also be sensitive to
these inhibitors. To test this hypothesis, IC50 data for the B. anthracis IMPDH were
measured for two of the C. parvum inhibitors, a quinolinium-substituted triazole derivative,
A110,41 and a 2-pyridinyl derivative of benzimida-zole, C9138 (Figure 7). To compare the
inhibition properties of A110 and C91 for other bacterial enzymes, we also obtained IC50
values for IMPDHs from Ca. jejuni, Cl. perfringens, and V. cholerae. Because V. cholerae
IMPDH does not contain the Ala165-Tyr358 structural motif, a much lower affinity for
A110 and C91 was expected and the V. cholerae enzyme was used as a negative control.
The B. anthracis and Ca. jejuni enzymes exhibited similar sensitivities to A110 and C91
(IC50 values in the range of 51–120 nM), whereas Cl. perfringens IMPDH was generally
less sensitive to both inhibitors, with 2- and 10-fold larger IC50 values for A110 (280 ± 30
nM) and C91 (570 ± 20 nM), respectively (Table 5).

In addition, to test an alternative to a typical kinetic assay, biolayer interferometry (BLI)60

was utilized to determine the apparent dissociation constant, KD, for binding of the
inhibitors to IMPDHs. The relationship of IC50 to Ki (KD values in BLI) is described by
Cheng and Prusoff.66 This relationship depends on substrate concentration [S], the reaction
mechanism, and the inhibitor’s mode of inhibition. In the case of competitive inhibition,
IC50 values approximate KD when the [S] used in the assay is much lower than Km. For
uncompetitive inhibition, IC50 values approximate KD when the [S] in the assay is much
higher than Km. For noncompetitive (mixed) inhibition, IC50 does not depend on [S] and
will be equal to KD.67 This last mode of inhibition applies to the case of IMPDH inhibition
presented here. BLI is a label-free technology for measuring biomolecular interactions. It is
an optical technique that analyzes the interference pattern reffected from two surfaces: a
layer of the immobilized protein on a biosensor tip and the reference layer. The binding
between an immobilized protein and a ligand in solution produces the increase in optical
thickness at the biosensor tip, which causes a shift in the interference pattern that can be
measured in real time.60,68 Binding affinities of A110 and C91 for B. anthracis, Ca. jejuni,
Cl. perfringens, and V. cholerae IMPDHs were measured using BLI (Figure 7). A
comparison of IC50 values and KD is presented in Table 5. The values for KD obtained using
BLI agree within 3-fold with the IC50 values obtained spectrometrically. Generally,
regardless of the mode of inhibition, IC50 values are expected be higher or equal to KD
values. All KD values listed in Table 5 are higher than the corresponding IC50 values, but
they agree within 3-fold (i.e., 57 ± 7 nM vs 150 ± 20 nM). This correlation is considered to
be within the experimental error, given the two vastly different experimental designs.69

DISCUSSION
Overall Structure of Bacterial IMPDHs

All IMPDH enzymes share several common characteristics. The active form of the enzyme
is a tetramer with four active sites per oligomer. The reaction proceeds through several
distinct steps. IMPDH enzymes have an active site cysteine residue that upon IMP binding
forms a covalent intermediate. Here we were able to capture the B. anthracis IMPDH in
three different states. A substrate-bound form shows that IMP is anchored in the active site
using the phosphosugar moiety. The inosine ring remains quite flexible, and on the basis of
our structures and those previously reported, it assumes at least two distinct conformations.
The B. anthracis IMPDH product-bound state is very similar to all structures reported to
date. In both of these forms, the active site flap is mostly disordered. The third structure is of
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an apoenzyme, which contains a phosphate ion bound in the active site (corresponds to the
position of a phosphate group in IMP and XMP). In this structure, the active site flap is fully
ordered and its conformation is consistent with the role of Arg404 and Tyr405 as the
catalytic dyad during the hydrolysis step.

A consensus sequence that includes an active site cysteine has been proposed as a signature
motif for the IMPDHs as well as GMP reductase enzymes. Alignment of these consensus
sequences of bacterial and eukaryotic IMPDH enzymes shows a significant conservation
with 30–40% sequence identity among organisms. However, regions that lack homology on
the basis of a global comparison show similarity when the comparison is restricted to the
bacterial or eukaryotic group. In this restricted comparison, 90% of the residues are
conserved in this region of the active site for either the bacterial or eukaryotic group.32 The
availability of structural information for several IMPDH enzymes provides a resource for
defining the distinct characteristics of bacterial and eukaryotic enzymes. Features such as the
catalytic pocket, catalytic loop, and flap are conserved, but some distinct characteristics have
been identified for bacterial IMPDHs. These discriminatory signatures of bacterial and
mammalian IMPDH enzymes can be exploited in the development of bacterium-specific
inhibitors. For example, the presence of the Ala165-Tyr358 structural motif defines the
susceptibility of the enzyme to C. parvum inhibitors.

Currently, there are 26 structures of IMPDHs deposited in the PDB, only seven of which
(including three B. anthracis structures presented here) are from bacteria and one of which is
from archaea. The best structurally characterized is the IMPDH from T. foetus for which
several structures with substrate, cofactor, MPA, transition state analogue MZP, and
ribavirin 5′-monophosphate (RMP) have been determined. However, there is still the need
for more comprehensive structural characterization of bacterial enzymes, which would offer
valuable insights into the mechanistic specifics of prokaryotic IMPDHs. Three crystal
structures of the B. anthracis IMPDH presented here provide an important contribution in
the process of elucidation of the bacterial IMPDH signature.

Catalytic Site and Implications for the Mechanism of Bacterial IMPDH
Covalent tetrahedral intermediate formation has been proposed.70 However, our structures
show that IMPDH does not form a covalent bond with the substrate in the absence of the
NAD+ cofactor. Therefore, the cofactor not only plays the role of hydride acceptor but also
completes the structure of the catalytic pocket. Initiation of the reaction cycle requires
alignment of inosine and nicotinamide rings in near parallel fashion and positioning of the
C2 atom of the inosine ring close to the C4 atom on the pro-S face of the nicotinamide
ring.27,71 It appears that only then can the formation of thioimidate occur. This mechanism
is in striking contrast with results obtained with halogenated derivatives of IMP. IMPDH
catalyzes the dehalogenation of 2-fluoro- and 2-chloroinosine 5′-monophosphate in the
absence of NAD+.72 This suggests that the Cys308 activation system is in place, but the
reaction does not proceed with IMP alone because the hydride is a poorer leaving group than
chloride and fluoride. However, the inosine ring seems to exist in multiple conformations,
some of which may result in a productive covalent adduct, providing a suitable leaving
group is present. For IMP, the NAD+ cofactor is required to position the inosine ring for the
Cys308 attack and the subsequent transfer of hydride. In the structure of the hamster
IMPDH (PDB entry 1JR1), which also contains a molecule of MPA in the active site, the
inosine ring is covalently attached to Cys331 (equivalent to Cys308 in our structure). The
hamster IMPDH structure represents the covalent thioimidate (E-XMP*) intermediate of the
reaction, in which MPA, an uncompetitive inhibitor, prevents the hydrolysis of the
thiopurine intermediate by the catalytic dyad (Arg404 and Tyr405) as was originally
suggested by Link and Straub.34
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Unlike previous structures, with the exception of the T. foetus enzyme complex with
MZP,20 the entire flap is well-ordered in the structure of the B. anthracis phosphate ion-
bound enzyme. The distal portion of the flap folds into the active site, creating a closed
conformation. This closed conformation is stabilized by the interactions of several residues
of this structural motif with the main body of the enzyme. Binding of IMP or XMP disrupts
these interactions and forces the flap to move away from the active site. This is signified by
the disorder of portions of the flap in the structure of substrate and product complexes. This
may indicate that for the B. anthracis enzyme, the equilibrium between the open and closed
conformation is shifted toward the closed conformation in the absence of IMP and/or NAD+.
Binding of the substrate appears to induce the open conformation.

Although potassium chloride was included in the crystallization medium, electron density
for a potassium ion was not observed in any of our structures. To date, only five (of 26
deposited) X-ray crystal structures of IMPDHs identified a conserved metal (K+ or Na+)
binding site near the loop containing the catalytic Cys residue. K+ ion has been observed in
the structures of the Chinese hamster E-XMP*-MPA complex (PDB entry 1JR1)13 and IMP
analogue complexes, human type II E-RVP-MAD [PDB entry 1NF7 (DOI 10.2210/pdb1nf7/
pdb)] and T. foetus E-MZP (PDB entry 1PVN).20 Na+ ion was located at the same site in the
structures of T. foetus E-RVP (PDB entry 1ME8) and E-RVP-MPA (PDB entry 1ME7).18

In the case of K+ ion, its binding site is formed by six main chain carbonyls from two
adjacent monomers. For T. foetus, these include three carbonyls from the Cys319 loop
(Gly314, Gly316, and Cys319) and three from an α-helix in the C-terminal portion of the
adjacent subunit (Glu485, Gly486, and Gly487).18,20 A second potassium site is observed
exclusively in T. foetus IMPDH. This site is also located at the interface of two monomers
and involves interactions with residues that are not conserved in B. anthracis or any other
organism.18,19 The metal binding site associated with the active site Cys-containing loop is
thought to be catalytically important. This site is disrupted in many structures that are
believed to reffect intermediate stages of the catalytic cycle, suggesting that K+ binds only to
the specific state of the enzyme, such as E-XMP*.13,20 However, it was recently shown
through biochemical experiments and molecular dynamics simulations that K+ is present
throughout the catalytic cycle but plays a major role in influencing the rate of the catalytic
flap closure. Specifically, the presence of K+ is proposed to decrease the activation barrier
for the flap movement by providing an alternative orientation (or disruption) of the Cys loop
and thus facilitating the interaction between the loop and the flap, allowing flap closure.73

Interestingly, T. foetus IMPDH is also activated by Na+ and thus it is not K+-specific. This
lack of ion specificity is thought to be associated with a higher flexibility of the catalytic
loop that is observed for T. foetus.3 This flexibility is not seen in the B. anthracis enzyme or
any other K+-specific IMPDHs such as that of Bo. burgdorferi or S. pyogenes. It was
proposed that the presence of a Pro residue within the Cys loop (position 304 in B.
anthracis) in the K+-specific IMPDHs prevents the adaptation of the Cys loop to smaller
monovalent cations.3 Indeed, the Cys loop seems to be in the same orientation in all three B.
anthracis structures presented here (Figure 4A, B). The three structures of the B. anthracis
IMPDH represent the specific but static states of the enzyme, with no cofactor present and
no reaction occurring. It is possible that because K+ acts as the ball-and-socket joint
facilitating the conformational changes, the presence of this ion is necessary during the
reaction but not before (structure with IMP) or after (structure with XMP and Pi) the
reaction has occurred.

The active site of IMPDH can be subdivided into five subsites. Two of these subsites are
occupied by IMP and XMP, with phosphosugar and purine base moieties. The NAD+

binding site has the nicotinamide monophosphate binding subsite, the adenosine
monophosphate binding subsite, and the pyrophosphate binding subsite. All C. parvum
inhibitors are designed to occupy the NAD+ site.39 Kinetic characterization further localized
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binding to the nicotinamide monophosphate subsite.39 Because B. anthracis IMPDH
possesses the Ala253-Tyr445 minimal structural motif (C. parvum Ala165-Tyr358) that
defines the susceptibility of the enzyme to C. parvum inhibitors, the protein is inhibited by
inhibitors A110 and C91. Two other bacterial enzymes, those of Ca. jejuni and Cl.
perfringens, also exhibit sensitivities to A110 and C91, whereas the V. cholerae protein,
which does not contain the Ala165-Tyr358 motif, is not inhibited by these two compounds.
The values of IC50 and KD of A110 are within a factor of 2 for B. anthracis, Ca. jejuni, and
Cl. perfringens enzymes, indicating that the binding sites of these compounds are conserved.
Notably, the Cl. perfringens enzyme displays a different sensitivity to C91, with IC50 and
KD values approximately 10-fold higher than the corresponding values for the B. anthracis
and Ca. jejuni enzymes. This suggests that C91 binds in a region that is conserved in B.
anthracis and Ca. jejuni IMPDHs, but different in Cl. perfringens. It is important to mention
that because the KD values obtained for the examined IMPDHs are proportional to the IC50
values calculated in a conventional assay, BLI can be utilized as a convenient method for
primary screening of inhibitor candidates.

Bacterial enzymes bind NAD+ poorly (Km > 1 mM)3,74,75 and are inhibited by MPA only at
relatively high concentrations (Ki > 3 μM). This suggests that the NAD+ binding pocket is
different in bacterial IMPDH. In T. foetus and human IMPDHs, the adenosine portion of
NAD+ is stacked with at least one aromatic and/or arginine residue (Arg241-Trp269 in T.
foetus, Arg253-Tyr282 in human type I, and His253-Phe282 in human type II
enzymes).16,21 This stacking is not present in B. anthracis (Thr230-Gly259) or other
bacteria. Other differences include the presence of a serine residue (T. foetus Ser263, human
type I Ser275, and human type II Ser276) forming a hydrogen bond with the NAD+

pyrophosphate group.21 In B. anthracis, this residue is replaced with Ala253. All these
differences may account for the lower affinity of the B. anthracis and other bacterial
enzymes for NAD+. Interestingly, the overall catalytic mechanism seems to remain the
same. Bacterial IMPDH enzymes appear to favor a closed conformation (as shown in our
phosphate ion-bound structure), in which the catalytic flap occupies the NAD+ site. This
closed conformation is needed for the hydrolysis step of the reaction. Therefore, it is
possible that the bacterial enzymes, to increase the efficiency of hydrolysis, evolved toward
a reduced affinity for the cofactor. This is consistent with the lower NAD+ affinity and
higher catalytic rate observed in bacterial IMPDH enzymes. Conversely, the mammalian
IMPDH enzymes favor the open conformation. Accordingly, these display higher NAD+

affinities and lower hydrolysis rates.

We have determined three crystal structures of B. anthracis IMPDH, a phosphate ion-bound
(apo) form, one with substrate, IMP, and one with product, XMP. The Pi-bound structure is
the first bacterial structure with a complete active site flap. In this structure, the distal
portion of the flap folds into the active site mimicking a closed conformation, which is
required for the hydrolysis stage of the catalysis.

Rising microbial antibiotic resistance creates an urgent need for new drugs for the treatment
of bacterial infections such as methicillin resistant St. aureus (MRSA). Because IMPDH is a
crucial regulator of the intracellular guanine nucleotide pool, the inhibitors against IMPDH
may strongly augment currently applied drugs against many other multidrug resistant strains
even in cases where IMPDH is not essential. Some bacteria like Ca. jejuni lack the guanine
salvage pathway, making their IMPDH enzymes an excellent targets for drug development.
Thus, IMPDH inhibition offers a promising strategy for the development of broad-spectrum
antibiotics.

Inhibition studies have, thus far, primarily focused on the active site, with inhibitors
occupying the IMP or NAD+ site. NAD+-based inhibitors that target the cofactor binding
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site can interact with three subsites, the nicotinamide monophosphate binding subsite, the
adenosine monophosphate binding subsite, and the pyrophosphate binding subsite. The
nicotinamide subsite of NAD+ is highly conserved, and it is likely that more potent and
selective inhibitors can be obtained by designing compounds that extend into the more
diverged adenosine and pyrophosphate subsites. Because we observe that bacterial enzymes
exhibit different sensitivities to the two tested C. parvum inhibitors, this study provides
additional support for the strategy that prokaryotic IMPDH-specific inhibitors can be
developed by focusing on the divergent portions of the NAD+ site.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

IMPDH inosine 5′-monophosphate dehydrogenase

IMP inosine 5′-monophosphate

NAD+ nicotinamide adenine dinucleotide

NADH reduced nicotinamide adenine dinucleo-tide

XMP xanthosine 5′-monophosphate

CBS cystathionine β-synthase

Pi phosphate ion

MPA mycophenolic acid

MZP mizoribine 5′-monophosphate

RMP ribavirin 5′-monophos-phate

MAD mycophenolic adenine nucleotide

rmsd root-mean-square deviation

SAD single-wavelength anomalous diffraction

TAD β-methylene-thiazole-4-carboxamide adenine dinucleotide

BLI biolayer interferometry

MRSA methicillin resistant St. aureus
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Figure 1.
(A) Mechanism of the IMPDH reaction. The covalent enzyme–thioimidate intermediate is
shown as E-XMP*. B. anthracis numbering is used. (B) Inhibitors targeting human IMPDH.
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Figure 2.
Multiple-sequence alignment of IMPDHs from selected bacterial pathogens. The following
IMPDH sequences were used in the alignment: B. anthracis strain Ames, S. pyogenes,
Streptococcus pneumoniae, Cl. perf ringens, Ca. jejuni, Vibrio cholerae, Haemophilus inf
luenzae, Francisella tularensis, and Bo. burgdorferi. Identical residues are highlighted in red,
and similar residues are shown as red letters. Secondary structure elements derived from B.
anthracis IMPDH are depicted as arrows (representing β-strands) and cylinders (representing
α-helices and 310-helices) and are numbered consecutively. The positions for the active site
cysteine, hydrolysis dyad, and residues from the C. parvum signature motif are marked as
black rectangles and labeled.
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Figure 3.
Structure of chain A of the B. anthracis IMPDH complex with IMP (gray space-filling
model) showing the TIM barrel and CBS domains (left). Structure of the tetramer in a view
parallel to the 4-fold axis (right). The tetramer was generated by performing the appropriate
symmetry operation on the more complete monomer (chain A). Each subunit is shown in a
different color with a space-filling model of IMP in the active site of each subunit. The inset
above the tetramer shows the specific regions of the protein participating in the formation of
the tetramer.
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Figure 4.
Structural alignment of IMPDH active sites. (A) Overlap of the B. anthracis IMPDH
structures of Pi (green), IMP (magenta), and XMP (yellow) complexes showing the
positions of the IMP and XMP (magenta and yellow sticks, respectively). (B) Overlap of the
B. anthracis Pi-bound (green) and IMP-bound (magenta) structures with the S. pyogenes
enzyme-IMP complex (PDB entry 1ZFJ) (turquoise). IMP molecules (B. anthracis in
magenta, S. pyogenes in turquoise) are depicted as sticks. S. pyogenes residues Met393 and
Gly394 interacting with IMP are also depicted as sticks. (C) Overlap of the structures of the
B. anthracis Pi-bound enzyme (green) with the T. foetus IMPDH complex with MZP
(purple) (PDB entry 1PVN20). The conserved Arg-Tyr dyad within helix η 3 of the flap is
depicted as sticks. (D) Overlap of the structures of the B. anthracis Pi-bound enzyme (green)
with the T. foetus IMPDH (purple) complex with IMP (omitted for the sake of clarity) and
TAD (purple) (PDB entry 1LRT19). A distal portion of the B. anthracis catalytic flap with
the conserved Arg-Tyr dyad is clashing with the T. foetus β-methylene-thiazole portion of
TAD, indicating that these two elements are occupying the same space within the active site.
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Figure 5.
Different degrees of flap disorder in bacterial IMPDHs. (A) B. anthracis monomer
(molecule A) of the highly ordered Pi-bound (apo) structure. (B) Detail of the active site,
from left to right, of the B. anthracis Pi-bound enzyme (entire flap ordered), the S. pyogenes
complex with IMP (missing residues 402–415 that include helix η3), and the B. anthracis
complex with XMP (missing residues 394–414, including helices α15 and η3) and with IMP
(missing residues 381–421), respectively. The catalytic flap is colored magenta, and the
catalytic loop is colored dark blue, with the catalytic Cys represented as sticks. Ligands (Pi,
IMP, and XMP) are colored red, orange, and green sticks, respectively.
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Figure 6.
Steady state kinetics of B. anthracis IMPDH. (A) Secondary plot of kinetic data showing
apparent Vmax values (from initial velocity vs NAD+ plots) plotted vs IMP concentration.
The solid line represents the best fit to eq 1 for Michaelis–Menten kinetics. (B) Secondary
plot of kinetic data showing apparent Vmax values (from initial velocity vs IMP plots)
plotted vs NAD+ concentration. The solid line represents the best fit to eq 2 for
uncompetitive substrate inhibition.
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Figure 7.
Biolayer interferometry analysis using Octet RED of binding of A110 and C91 to B.
anthracis IMPDH. The analysis was performed in triplicate. For each triplicate, the
responses were fit to a 1:1 protein-ligand interaction model. The obtained values were used
to generate steady state plots.
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Table 1

Crystal and Data Collection Statisticsa

with Pi with IMP with XMP

space group I4 I4 I4

unit cell parameters (Å) a = 123.03, c = 140.72 a = 122.52, c = 140.90 a = 123.25, c = 141.64

no. of residues/protein 511 511 511

no. of molecules/asymmetric unit 2 2 2

no. of SeMet molecules/asymmetric unit 17 17 17

wavelength (Å) 0.97940 0.97939 0.97918

resolution limit (Å) 2.60 (2.60–2.64) 2.38 (2.38–2.42) 2.65 (2.65–2.70)

no. of observed unique reflections 31165 (1554) 41552 (2105) 30553 (1502)

data completeness (%) 97.0 (98.4) 99.9 (100) 99.9 (100)

〈I/σ(I)〉 10.6 (2.6) 12.9 (3.3) 10.4 (3.2)

redundancy 5.6 (5.6) 10.0 (9.6) 9.1 (9.2)

Rmerge b 0.095 (0.725) 0.070 (0.776) 0.094 (0.735)

a
Numbers in parentheses are values for the highest-resolution bin.

b
Rmerge = Σhkl Σi|Ii(hkl) − 〈I(hkl)〉|/Σhkl Σi|〈Ii(hkl)〉|, where Ii(hkl) is the intensity for the ith measurement of an equivalent reflection with

indices h, k, and l.
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Table 2

Phasing and Structure Refinement Statisticsa

with Pi with IMP with XMP

Phasing

resolution range (Å) 37.0–2.65 38.7–2.50 39.0–2.65

phasing method MR SAD MR

search model chains A and B of 1ZFJ – chains A and B of 1ZFJ

figure of merit – 0.301 –

phasing power – 1.465 –

Refinement

resolution range (Å) 37.00–2.65 38.70–2.38 39.00–2.65

no. of reflections 31065 40903 29052

σ cutoff 0.0 0.0 0.0

Rwork 0.184 0.172 0.195

Rfree 0.242 0.201 0.245

rmsd

 bond lengths (Å) 0.010 0.011 0.009

 bond angles (deg) 1.32 1.41 1.28

 dihedral angles (deg) 15.5 15.3 16.0

no. of protein residues 924 843 868

other molecules 124 H2O, 3 PO4
3− 416 H2O, 2 IMP, 2 SO4

2−, 4
glycerol, 1 Cl−

95 H2O, 2 XMP, 1 tartrate, 1
SO4

2−

mean B factor (Å2) 61.4 41.6 82.7

Wilson B factor (Å2) 49.54 27.59 56.56

Ramachandran plot [most favored/outliers
(%)]

94.9/0.1 98.3/0.0 95.7/0.0

PDB entry 3TSB 3USB 3TSD

a
Because the structure of the protein–IMP complex was not available at the time when the structures of the phosphate ion-bound form and the

complex with XMP were determined, the S. pyogenes structure (PDB entry 1ZFJ) was used as an MR model for these two B. anthracis structures.
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Table 3

Kinetic Parameters for Inhibition of B. anthracis IMPDH by XMP and MPA

inhibitor inhibition patterna Kis (μM) Kii (μM)

XMP vs IMPb C 218 ± 6 nac

MPA vs IMPb NC nac 4.83 ± 0.04

MPA vs NAD+ d NC nac 3.9 ± 0.2

a
C, competitive; NC, noncompetitive.

b
NAD+ concentration fixed at 1.3 mM.

c
Not applicable.

d
IMP concentration fixed at 750 μM.
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Table 4

Kinetic Parameters of Bacterial IMPDH Proteins

B. anthracis Ca. jejuni Cl. perfringens V. cholerae

kcat (s−1) 1.4 ± 0.2 2.2 ± 0.3 0.6 ± 0.1 2.1 ± 0.2

Km(IMP) (μM) 18 ± 2 25 ±3 11 ± 2 80 ± 10

Km(NAD) (μM) 550 ± 50 220 ± 20 370 ± 4 1200 ± 200

Kii(NAD) (mM) 3.9 ± 0.5 20 ± 4 13 ± 2 naa

a
Not applicable.
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