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Abstract

Inosine 5′-monophosphate dehydrogenase (IMPDH) catalyzes the first committed step of 

guanosine 5′-monophosphate (GMP) biosynthesis, and thus regulates the guanine nucleotide pool, 

which in turn governs proliferation. Human IMPDHs are validated targets for immunosuppressive, 

antiviral and anticancer drugs, but as yet microbial IMPDHs have not been exploited in 

antimicrobial chemotherapy. Selective inhibitors of IMPDH from Cryptosporidium parvum have 

recently been discovered that display anti-parasitic activity in cell culture models of infection. X-

ray crystal structure and mutagenesis experiments identified the structural features that determine 

inhibitor susceptibility. These features are found in IMPDHs from a wide variety of pathogenic 

bacteria, including select agents and multiply drug resistant strains. A second generation inhibitor 

displays antibacterial activity against Helicobacter pylori, demonstrating the antibiotic potential of 

IMPDH inhibitors.
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Introduction

Multiply drug resistant microbes are on the rise and poised to breach the last line of 

antibiotic defense [1, 2]. Mycobacterium tuberculosis strains resistant to both isoniazid and 

rifampicin, the front-line anti-tuberculosis drugs, are found in ~4% of new tuberculosis cases 

worldwide and are quickly spreading [3]. A significant fraction of these strains are also 

resistant to fluoroquinolines and at least one second line drug; some strains are also resistant 

to all second line drugs [4]. Drug resistant strains of Staphylococcus aureus are similarly 

threatening. In the United States, approximately 50% of hospital-acquired S. aureus 
infections are methicillin resistant (MRSA) and MRSA is now resident in the community as 

well. Vancomycin-resistant S. aureus (VRSA) has also appeared, suggesting that this second 

line drug may soon be obsolete. Drug resistant Streptococcus pneumoniae, Enterococcus 
faecilis, Clostridium difficile, Klebsiella pneumonia and Helicobacter pylori are increasingly 

prevalent. No effective antibiotic treatment exists for Acinetobacter baumannii. The threat of 
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biowarfare agents also looms large; no drugs are available to deal with the catastrophic 

effects of accidental or intentional release of Coxiella burnetii, Francisella tularensis, 

Burkholderia mallei/pseudomallei or drug resistant Bacillus anthracis. These challenges 

demand a new arsenal of antibiotics and create an urgent need for novel scaffolds and targets 

[5-7].

Inosine 5′-monophosphate dehydrogenase (IMPDH) presents an intriguing, but as yet 

unexploited, target for antimicrobial drug discovery. This enzyme catalyzes the penultimate 

and rate-limiting step in guanine nucleotide biosynthesis, the oxidation of inosine 5′-

monophosphate (IMP) to xanthosine 5′-monophosphate (XMP) with the concomitant 

reduction of NAD+, Fig. (1A). Guanosine 5′-monophosphate synthetase (GMPS) catalyzes 

the conversion of XMP to guanosine 5′-monophosphate (GMP) in a reaction that consumes 

ATP and glutamine. Proliferation requires an expansion of the guanine nucleotide pool, so 

rapidly growing cells depend on IMPDH. Thus IMPDH is a target for immunosuppressive, 

cancer and antiviral chemotherapy [8]. IMPDH-targeted drugs include mycophenolic acid 

(MPA), mizoribine, tiazofurin, merimepodib and ribavirin, Fig. (1B). Rapid proliferation is 

also a feature of most microbial infections, which suggests that the inhibition of IMPDH 

may also be successful strategy for the design of antimicrobial chemotherapy.

Here we review recent advances toward IMPDH-targeted antibiotics. The structure, 

mechanism and inhibition of IMPDH have recently been reviewed in [8, 9]. Though several 

more IMPDHs have been characterized in the last decade, the general properties of 

eukaryotic and prokaryotic IMPDHs noted in reference [10] still hold.

Overview of the structure and mechanism of IMPDH

IMPDH is a tetramer; each monomer has a catalytic domain with the classic β8/α8 barrel 

structure (also known as a TIM barrel, Fig. (2A)) [8]. Most IMPDHs also contain a 

subdomain containing two cystathionine beta synthase domains (CBS or Bateman domains). 

CBS domains bind adenine nucleotides in other proteins [11], but their function in IMPDH 

is currently under debate [8]. Deletion of these domains has no effect on enzymatic activity 

[8]Gan, 2002 #767}.

The IMPDH reaction involves two chemical transformations, a dehydrogenase reaction 

where the catalytic Cys319 attacks C2 of IMP to form the covalent intermediate E-XMP* 

and NADH, and a subsequent hydrolase reaction where E-XMP* is released as XMP, Fig. 

(3A). During the dehydrogenase reaction, IMPDH assumes an open conformation that 

allows NAD+ to bind. However, a mobile flap binds in the NAD+ site during the hydrolase 

reaction, bringing Arg418 into the active site where it can act as a general base catalyst, Fig. 

(3B) [8]. The affinity of NAD+ and the flap are precisely balanced- if the flap binds too 

tightly, NAD+ will not be able to compete effectively and the dehydrogenase reaction cannot 

occur. If NAD+ binds too tightly, then the flap will not close and E-XMP* cannot hydrolyze. 

The flap also competes with many inhibitors, and this competition can be a major 

determinant of inhibitor potency [8]. The open conformation comprises a significant fraction 

(≥10%) of most IMPDHs, so this competition does not profoundly influence inhibitor 

design.
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Validation of IMPDH as a bacterial target

Although IMPDH catalyzes the pivotal step in guanine nucleotide biosynthesis, it is not 

generally considered an essential enzyme. Many microorganisms can salvage guanine and/or 

xanthine via phosphoribosyltranferase reactions, Fig. (1A). Although less well documented, 

the salvage of xanthosine and/or guanosine via kinase/phosphotransferase reactions is also 

possible. Such salvage pathways may provide resistance to IMPDH inhibitors. Of course, the 

efficiency of a salvage pathways depends on the availability of xanthine/guanine in the 

particular environmental niche and the idiosyncrasies of a given bacteria’s purine 

transporters and enzymes. The mere presence of a salvage enzyme in a microbial genome 

does not guarantee that the organism can establish an infection in the absence of IMPDH 

activity.

To illustrate the complexities of the purine pathways, the protozoan parasite Tritrichomonas 
foetus can salvage xanthine and guanine, yet is susceptible to IMPDH inhibitors when 

cultured in rich media. This parasite contains a single phosphoribosyltransferase that has a 

strong preference for hypoxanthine over xanthine and guanine [12, 13]. Therefore 

hypoxanthine salvage drives purine biosynthesis, so that T. foetus relies on IMPDH. This 

parasite becomes resistant to IMPDH inhibitors via two loss-of-function mutations that 

prevent hypoxanthine uptake and accumulation. These mutations reconfigure the salvage 

pathways to enable xanthine to supply the purine nucleotide pools [13].

T. foetus is not an exception- many microorganisms are susceptible to IMPDH inhibition 

when cultured in rich media despite the apparent presence of xanthine/guanine salvage 

pathways. In fact, the IMDPH-targeted immunosuppressive drug mycophenolic acid was 

originally discovered by virtue of its inhibition of Bacillus anthracis growth in Loffler's 

broth [14]. Mycophenolic acid also blocks proliferation of Staphylococcus aureus [15, 16] as 

well as the eukaryotic pathogens Candida albicans [17], Pneumocystis carinii ; [18], 

Leishmania donovani [19], Trypanosoma brucei gambienese [20], Eimeria tenella [21] and 

Cryptosporidium parvum [22]. Mizoribine, another natural product IMPDH inhibitor, blocks 

the growth of C. albicans [17] and Plasmodium falciparum [23]. Unfortunately, both MPA 

and mizoribine are potent inhibitors of mammalian IMPDHs, and so can only serve to 

provide proof of concept. A prokaryotic IMPDH-specific inhibitor C91 does display 

antibacterial activity against Helicobacter pylori cultured on rich medium (described in more 

detail below)[24]. These observations suggest that the salvage pathways are not sufficient to 

support proliferation in most microorganisms. Similar observations have been made in 

mammalian cells. Intriguingly, MPA and other IMPDH inhibitors induce differentiation in 

mammalian cells [25-28], and it is possible that such inhibitors will also disrupt the 

developmental program of bacteria.

Mutations in the IMPDH gene (guaB) profoundly decrease the virulence of many, but not 

all, bacteria, providing further target validation. Intriguingly, ablation of the adenine 

nucleotide biosynthetic pathways usually render bacteria avirulent, but mutations that block 

the biosynthesis of IMP often have no effect on virulence (see discussion in [29]). This 

observation suggests that the balance, rather than the supply, of the adenine and guanine 

nucleotide pools is critical. The loss of IMPDH renders B. burgdorferi [30, 31] and Yersinia 
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pestis noninfectious [32]; guanine-requiring strains of K. pneumoniae are also avirulent [33]. 

The ability of Shigella flexneri to invade Hela cells and proliferate is also dramatically 

reduced by the loss of both IMPDH and GMPS (guaA); almost 100 fewer ΔguaBA bacteria 

are found intracellularly than wild-type [34]. The ability of both Salmonella typhimurium 
and F. tularensis to invade and proliferate in mouse macrophages is severely impaired when 

guaB is disrupted [29, 35, 36]; these strains are also ~104 less virulent in mouse peritoneal 

infections. In addition, a decrease in IMPDH activity appears to underlie loss of virulence in 

stk1 mutants of Group B Streptococcus [37]. Lastly, although M. tuberculosis contains two 

IMPDH genes, deletion of guaB2 alone is sufficient to inhibit growth [38].

In contrast, guaB mutations have comparatively little effect on the virulence of Salmonella 
dublin (only by 10-100-fold [29]) and Streptococcus suis (2.5-fold; [39]). Similarly, while 

the growth of guanine-dependent B. anthracis was impaired in the mouse bloodstream and 

peritoneal cavity, virulence was not significantly decreased [40]. Some bacteria, e.g., M. 
tuberculosis, contain multiple genes encoding IMPDH [41], further complicating the design 

of IMPDH-targeted antibiotics (although, as noted above, guaB2 is required for growth) . 

These observations suggest that IMPDH-targeted antibiotics are unlikely to have the broad 

spectrum of betalactams. Nonetheless, such drugs could be valuable addition to the 

antibiotic arsenal.

IMPDH has additional moonlighting functions

IMPDH is found in a surprisingly diverse array of cellular contexts and several observations 

suggest that this protein has additional cellular functions beyond its enzymatic activity. In E. 
coli, IMPDH plays a role in maintaining balance between the adenine and guanine 

nucleotide pools that is unrelated to its enzymatic function [9, 42]. In yeast, IMPDH 

associates with actively transcribed promoters [43]. Whole genome screens have identified 

>100 potentially interacting proteins, including proteins involved in transcription regulation, 

splicing and rRNA processing [44-49]. In eukaryotic cells, IMPDH associates with 

polyribosomes [50], lipid vesicles [51] protein kinase B [52] and actively transcribing 

promoters [43]. Though the physiological consequences of these interactions have not yet 

been elucidated and a cohesive regulatory model has not yet emerged, the clear conclusion is 

that the cellular functions of IMPDH extend well beyond the provision of the guanine 

nucleotide pool. These observations argue that IMPDH may be “mission critical” for 

infection.

How IMPDH-targeted drugs will affect these 'moonlighting' functions is an open question. 

Tyrosine kinase inhibitors provide one instructive example. Simply blocking the kinase 

activity of the Bcr-Abl tyrosine kinase is not sufficient to block activation of all its 

downstream signaling pathways [53]. Another useful lesson is found in the selective 

antimalarial action of dihydrofolate reductase (DHFR) inhibitors [54]. DHFR binds to its 

own cognate mRNA and blocks translation. In mammalian cells, inhibitors release DHFR 

from its mRNA and translation is restored. Thus mammalian DHFR is over-expressed, 

protecting the host cell. In contrast, the malaria parasite DHFR remains bound to its cognate 

mRNA in the presence inhibitors; no new protein is made, and the malaria parasite cannot 

proliferate. Given the undefined nature of the 'moonlighting' functions of IMPDH, it is 
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impossible to predict how they may be perturbed by the presence of IMPDH inhibitors. 

Nonetheless, it is not unreasonable to believe that IMPDH-targeted chemotherapy may have 

more profound effects on proliferation and virulence than predicted by an IMPDH knockout 

strain that removes all traces of the protein.

The prospects for the development of resistance to IMPDH-targeted 

antibiotics

The propensity to develop drug resistance is an important consideration in antibiotic 

chemotherapy. Though it is difficult to predict the ability of a microorganism to develop 

drug resistance a priori, there are several reasons to be cautiously optimistic with respect to 

IMPDH-targeted therapy. The conformational gymnastics of the IMPDH catalytic cycle 

place additional functional constraints on the active site that should deter the development of 

drug resistance- a mutation would have to decrease the affinity of the inhibitor without 

disrupting the delicate balance between the binding of the flap and NAD+. The experience 

with the development of resistance to MPA, an eukaryotic-specific IMPDH inhibitor, is 

illustrative. In vitro, many organisms develop resistance to MPA by amplifying the IMPDH 

gene [19, 20, 55]. As noted above, the observation that IMPDH may be involved in 

transcription and translation suggests that over-production of IMPDH may have other 

consequences for a cell that may limit the amount of IMPDH that can be tolerated. MPA-

resistant mutations in IMPDH are also observed, but the resulting changes in MPA affinity 

are generally small in magnitude and/or accompanied by a decrease in enzymatic activity 

[55-57]. As noted above, two loss-of-function mutations were required to create a MPA-

resistant strain of T. foetus [13]. The requirement of IMPDH for virulence but not survival 

also bodes well- virulence factor targeted therapy is proposed to be less prone to develop 

resistance [58-60]. These arguments suggest that there are some reasons to believe that 

bacteria should not develop resistance to IMPDH inhibitors readily. However, even if 

resistance does occur, it will simply mean that these inhibitors will have to be used in 

combination with other drugs. Such therapy is already standard for many pathogens.

A comparison of prokayotic and eukaryotic IMPDHs

Prokaryotic and eukaryotic IMPDHs have distinct structural features and kinetic properties, 

which suggest that it should be possible to identify selective inhibitors [8, 10]. In general, 

the values of kcat and Km of the human IMPDHs are lower than those of the prokaryotic 

enzymes (Table 1). Most importantly for the prospects of selective inhibitor design, a 

eukaryotic IMPDH-selective inhibitor already exists: MPA. This compound binds 1000 

times more tightly to the human enzymes than to prokaryotic IMPDHs (Table 1). MPA binds 

in the nictotinamide half of the NAD+ site, trapping the covalent E-XMP* intermediate. 

Only two residues are variable in the MPA/nicotinamide binding site: residues 310/431 are 

Arg/Gln and Lys/Glu in eukaryotic and prokaryotic enzymes, respectively (T. foetus IMPDH 

numbering). These substitutions account for part of the resistance to MPA, while the 

remaining resistance derives from the competition between MPA and the flap [61].

With the exception of the two residues noted above, the IMP and nicotinamide sites are 

highly conserved, and therefore do not appear to be good candidates for the design of 
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selective inhibitors, Fig. (2B). In contrast, the adenosine and pyrophosphate portions of the 

NAD+ site are highly diverged, Fig. (2B), which suggests that prokaryotic IMPDH-specific 

inhibitors can be developed by interacting with these regions. A recently reported MPA-

adenine dinucleotide (MAD) provides some support for this strategy [62]. As expected, 

MPA is a very poor inhibitor of M. tuberculosis IMPDH (MtIMPDH) (Ki = 62 μM, Table 1), 

and eleven MAD derivatives failed to inhibit this enzyme. However, MAD9 does inhibit 

MtIMPDH with good potency (Ki = 1.5 μM, Fig. (4)). Although MAD9 is still a more better 

inhibitor of the human enzymes, the selectivity is only ~20, in contrast to 2000 for MPA. 

Modeling studies suggest that this change in selectivity originates from interactions of the 

triazole linker with the pyrophosphate binding portion of the NAD site of MtIMPDH, which 

is considerably more hydrophobic than the analogous region in the human IMPDHs due to 

the substitution of Thr and Ala for two Ser residues [62]. Perhaps the combination of MPA 

and triazole linker with a moiety selective for the adenosine subsite will produce MtIMPDH-

selective inhibitors.

Though the active site is contained within a single subunit, it is near the subunit interface. 

Two regions of the neighboring subunit, residues 12-21 and 453-462, display distinct 

sequence motifs in eukaryotic and prokaryotic IMPDHs and may be good targets for 

selective inhibitors (T. foetus IMPDH numbering; [10]). As described below, prokaryotic 

IMPDH-selective inhibitors have been discovered that span the nicotinamide subsite and 

453-462 region.

Prokaryotic-specific IMPDH inhibitors

The protozoan parasite C. parvum is a major cause of diarrhea and malnutrition and a 

potential bioterrorism agent [63]. The parasite has a streamlined purine salvage pathway that 

depends on IMPDH for the production of guanine nucleotides [22, 64]. Surprisingly, C. 
parvum IMPDH (CpIMPDH) is closely related to prokaryotic IMPDHs, Fig. (5), suggesting 

that C. parvum obtained its IMPDH gene by horizontal transfer [22, 65]. As expected, the 

recombinant CpIMPDH has the high values of Km for IMP and NAD+ and resistance to 

MPA typical of prokaryotic IMPDHs (Table 1; [66]).

CpIMPDH-selective inhibitors were identified in a high throughput screen [67]. To target the 

highly diverged NAD site, the screen utilized saturating concentrations of IMP but low 

concentrations of NAD+, Fig. (3B). Ten compounds were obtained with values of IC50 

ranging from 200 nM to 20 μM that did not inhibit the human IMPDHs (the structures of 8 

of these compounds, A-H, are shown in Table 2). Intriguingly, with one exception, all the 

CpIMPDH inhibitors contained two aromatic systems linked via an amide or similar 

functional group. Kinetic characterization confirmed that the inhibitors bind in the NAD+ 

site as predicted, and further localized binding to the nicotinamide subsite [67]. Several of 

these inhibitors display antiparasitic activity in a tissue culture model of C. parvum infection 

[67, 68].
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Medicinal Chemistry Optimization

Inhibitors A and C were chosen for further optimization based on preliminary structure 

activity relatinships (SAR), potency, antiparasitic activity and synthetic accessibility [69, 

70]. Optimization initially focused on potency in the enzyme inhibition assay, while 

subsequence efforts addressed nonspecific protein binding, antiparasitic activity and 

metabolic stability.

For the A series, small alkyl groups in the (S) configuration are necessary at R1, Fig. (5A) 

[68, 69]; isopropyl and cyclopropyl are tolerated. Modest increases in potency are observed 

when R2 is p-fluorine, p-hydroxyl, and p-methoxymethyl ether. The best substitutions on the 

phenoxy ring are lipophilic (+π) and electron withdrawing (+σ) substituents such as 2,3-

dichloro and 1-naphthyl. However, even with these improvements, the potency of these 

amide compounds remained >100 nM.

Potency increased 10-fold when the amide group was replaced with the 1,2,3-triazole. 

Although the SAR of the aniline and phenoxy groups was similar to the earlier amide 

compounds, this substitution changed the stereoisomer preference to (R). The naphthyl 

group further increased potency, but also bound to bovine serum albumin with high affinity. 

N-oxide derivatives decreased this non-specific protein binding. The selectivity for 

CpIMPDH was maintained throughout optimization; the values of IC50 for human IMPDH 

remained >10 μM. The resulting compound A110 displays good selectivity in a Toxoplasma 
gondii model of C. parvum infection [68].

The optimization of the C series displayed similar, though not identical, SAR, Fig. (5B). 

Potency increased 10-fold when the 4-OMe group was replaced with chlorine [70]. 

Replacement of the aniline with naphthyl increased potency by another factor of 10. 

Changing the connection between the benzimidazole and thiazole ring also increased 

potency, as did substitution of the thiazole with pyridine. The resulting compound, C91, is 

1000 more potent than the initial hit in the enzyme assay. As described below, C91 displays 

antibacterial activity against H. pylori. Unfortunately, issues with metabolic stability may 

preclude further advancement of this series.

The structural basis of inhibitor selectivity

X-ray crystal structures show that IMPDH-targeted drugs such as MPA and merimepodib 

bind within a single subunit of an IMPDH homotetramer, stacking against the purine ring of 

the substrate in a manner similar to the nicotinamide portion of NAD+ [71, 72]. Surprisingly, 

the structure of CpIMPDH in complex with IMP and compound C64 revealed a new binding 

mode: the benzimidazole-thiazole portion stacks against the purine ring of IMP as expected, 

but the rest of the inhibitor bends across Ala165 and extends out of the active site and across 

a dimer interface into the bacterial signature segment (residues 453-462 in T. foetus IMPDH 

numbering; these residues are 351-360 in CpIMPDH [70]. The aniline group binds in a 

pocket in the adjacent subunit, where it stacks against Tyr358, Fig. (2C). Mammalian 

IMPDHs contain substitutions at both Ala165 and Tyr358 that account for selectivity, Fig. 

(2C).
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Spectrum of IMPDH inhibition

The prokaryotic origins of CpIMPDH suggested that compounds A-H might also inhibit 

bacterial IMPDHs. Indeed, IMPDHs from H. pylori (HpIMPDH), Borrelia burgdorferi 
(BbIMPDH) and Streptococcus pyogenes (SpIMPDH) are inhibited by these compounds. As 

shown in Table 2, HpIMPDH and BbIMPDH display very similar SAR to CpIMPDH, while 

the SAR for SpIMPDH is significantly different. No inhibition is observed for E. coli 
IMPDH (EcIMPDH). However, the installation of both Ala165 and Tyr358 into EcIMPDH 

is sufficient to make this enzyme susceptible to compounds A-H (these residues are 250 and 

444 in EcIMPDH numbering; Table 2). Thus Ala165 and Tyr358 comprise a structural motif 

that defines enzymes susceptible to CpIMPDH inhibitors. Importantly, the optimized 

compound C91 is a potent inhibitor (IC50<10 nM) of all five IMPDHs that contain Ala165 

and Tyr358.

Inhibition of H. pylori growth

The availability of the potent HpIMPDH inhibitor C91 presented an opportunity to test the 

antibacterial potential of the CpIMPDH inhibitors. The susceptibility of H. pylori to C91 
was assessed in Brucella broth, a nutrient rich medium that contains purines. This bacteria 

does contain a gene encoding a likely hypoxanthine-guanine phosphoribosyltransferase [73, 

74], although the literature is conflicting with respect to the ability of H. pylori to salvage 

guanine [75, 76]. H. pylori will be resistant to IMPDH inhibitors if this salvage pathway can 

provide sufficient guanine nucleotides to support proliferation, so these assay conditions 

provide a demanding test for the antibiotic potential of IMPDH-targeted inhibitors. C91 
blocked the growth of both stationary phase and exponentially growing H. pylori and was 

bacteriocidal at high concentrations, Fig. (6A). As expected, little inhibition of E. coli 
growth is observed at similar concentrations of C91, suggesting that the antibacterial activity 

results from the inhibition of HpIMPDH, Fig. (6B). H. pylori was cultured on defined media 

to further confirm the target of C91, (Ham's F12, Fig. (6C)). No proliferation is observed in 

the absence of fetal bovine serum; C91 is bacteriocidal under these conditions. Addition of 

fetal bovine serum induced proliferation. Again C91 blocked growth; addition of 10 μg/ml 

guanine protected against C91, as expected. Curiously, higher concentrations of guanine and 

xanthine inhibit H. pylori growth [75]. These results demonstrate the antibiotic potential of 

IMPDH-targeted antibiotics, as well as difficulty in predicting the contribution of salvage 

pathways to microbial metabolism.

CpIMPDH-like enzymes are present in many pathogenic bacteria

A BLAST search reveals that Ala165 and Tyr358 are present in IMPDHs from a wide 

variety of pathogenic bacteria (a partial list, with disease in parentheses): A. baumannii 
(wound infection), Arcobacter butzleri (food poisoning), B. anthracis (anthrax), Bacteroides 
capillosis (abscesses), Bac. fragilis (infection), Borrelia burgdorferi (Lyme disease), Brucella 
spp (brucellosis), Burkholderia cepacia (opportunistic infections), Bu. mallei/pseudomallei 
(glanders/melioidosis), Campylobacter jejuni (food poisoning), C. lari (food poisoning), 

Clostridia botulinum (botulism), Coxiella burnetii (Q fever), F. tularensis (tularemia), H. 
pylori (stomach ulcers), L. monocytogenes (listeriosis), Mycobacterium leprae (leprosy), M. 
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tuberculosis (tuberculosis), Neisseria gonorrhoeae (gonorrhea), N. meningitides (bacterial 

meningitis), Pseudomonas aeruginosa (opportunistic infections), S. aureus (major cause of 

nosocomial infection), and Str. pneumoniae (pneumonia) and Str. pyogenes (erysipelas, 

pharyngitis, impetigo, cellulitis). To quote Payne and colleagues, "Gram-positive …and 

Gram-negative..bacteria share less in common genetically than do humans and paramecia 

[77]”, yet the IMPDHs predicted to be sensitive to the CpIMPDH inhibitors span the 

bacterial world. No effective therapy exists for many of these pathogens, while others have 

developed multi-drug resistant strains, underscoring the urgent need for new antibiotics. 

These observations suggest that IMPDH inhibition provides a promising strategy for the 

development of a new broad spectrum antibiotic. Importantly, E. coli IMPDH lacks the 

crucial Ala165 and Tyr358, and are therefore resistant to the CpIMPDH inhibitors, 

indicating that CpIMPDH-targeted therapy will spare some commensal bacteria.

Outlook

The many obstacles inherent in the development of broad-spectrum antibiotics were recently 

articulated in reference [77]. To encapsulate the main points: (1) the genomic divergence of 

Gram-positive and Gram-negative bacteria make common targets difficult to find; (2) Gram-

positive and Gram-negative organisms pose distinct challenges in drug permeability that are 

difficult to negotiate with a single compound; and (3) the propensity to develop resistance is 

difficult to predict a priori. IMPDH is a rare target common to many Gram-negative and 

Gram-positive pathogens. While it would take some luck to overcome the remaining hurdles 

and develop IMPDH-targeted inhibitors into broad spectrum antibiotics, narrow spectrum 

antibiotics seem well within reach, and, given the current onslaught of multiple drug 

resistance, well worth pursuing.
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Abbreviations

ADSL adenylosuccinate lyase

ADSS adenylosuccinate synthetase

BbIMPDH B. burgdorferi IMPDH

CpIMPDH C. parvum IMPDH

DHFR dihydrofolate reductase

EcIMPDH-S250A/L444Y E. coli IMPDH engineered to resemble CpIMPDH.

GMP guanosine 5′-monophosphate

GMPR guanosine 5′-monophosphate reductase

GPRT guanine phosphoribosyl transferase
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HpIMPDH H. pylori IMPDH

HPRT hypoxanthine phosphoribosyl transferase

IMP inosine 5′-monophosphate

MAD mycophenolic acid adenine dinucleotide

MPA mycophenolic acid

MtIMPDH M. tuberculosis IMPDH

NAD+ nicotinamide adenine dinucleotide

NADH nicotinamide adenine dinucleotide, reduced form

NK nucleoside kinase

R5P ribose 5′-monophosphate

SpIMPDH S. pyogenes IMPDH

TAD tiazofurin adenine dinucleotide

XMP xanthosine 5′-monophosphate

XPRT xanthine phosphoribosyl transferase
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Fig. (1). 
Purine nucleotide biosynthesis. (A) The commonly occurring guanine nucleotide 

biosynthetic and salvage reactions are shown, as is the adenine nucleotide biosynthetic 

pathway. The IMPDH reaction is boxed. R5P, ribose 5′-monophosphate; NK, nucleoside 

kinase; HPRT, hypoxanthine phosphoribosyl transferase; XPRT, xanthine phosphoribosyl 

transferase; GPRT, guanine phosphoribosyl transferase; GMPR, guanosine 5′-

monophosphate reductase; ADSS, adenylosuccinate synthetase; ADSL, adenylosuccinate 

lyase. (B) Structures of drugs that target IMPDH.
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Fig. (2). 
Structure of IMPDH. (A) The tetramer of S. pyogenes IMPDH is shown (PDB accession 

1zfj). Each monomer is colored differently, IMP is depicted in spheres, the catalytic β8/α8 

domain and subdomain are circled, and arrows mark the proposed bacterial signature 

segments, residues 12-21 and 453-462 (T. foetus IMPDH numbering is used for consistency; 

[78]). (B) The active site of T. foetus IMPDH. IMP and tiazofurin adenine dinucleotide 

(TAD) (PDB 1lrt) are shown as ball-and-stick with transparent surface. The protein is 

colored by conservation (alignment from [79]). Main chain within 5 Å of IMP or TAD is 

shown in ribbon, as are the bacterial signature segments. Side chains within 5 Å of IMP or 

TAD are shown in stick. (C) The CpIMPDH inhibitor binding site. The structure of 

CpIMPDH (PDB accession number = 3khj; salmon) with IMP (spheres, colored by element) 

and C64 (spheres, carbon atoms are magenta) is superimposed on structures of mammalian 

IMPDHs are superimposed (PDB accesssion 1jr1 and 1nfb; blue). Residues within 4 Å of 

C64 are shown. CpIMPDH residues Ala165 and Tyr358 are labeled. The surface of NAD+ 

bound to mammalian IMPDH is shown, as are residues that stack against the adenine ring.
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Fig. (3). 
Mechanism of selective IMPDH inhibition. (A) Mechanism of the IMPDH reaction. T. 
foetus IMPDH numbering is shown. (B) A simplified kinetic mechanism is shown. Under 

the condition of the high throughput screen for CpIMPDH inhibitors, IMP adds first 

followed by NAD+, hydride transfer occurs, NADH is released, the flap folds into the NAD+ 

site and E-XMP* is hydrolyzed. The accumulation of each complex under the screening 

conditions is shown as a percentage; note that E•IMP and E-XMP* are the most abundant 

forms, so the screen is most likely to yield inhibitors that bind in the divergent NAD+ site. 

Panel B is reproduced from [67] with permission (copyright Elsevier Press).
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Fig. (4). 
Structure of MAD9. This compound inhibits MtIMPDH with Ki = 1.5 μM.
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Fig. (5). 
Phylogeny of IMPDHs from selected organisms. CpIMPDH is groups with bacterial 

enzymes, suggesting that C. parvum obtained its IMPDH gene by horizontal gene transfer. 

The dotted line demarcates IMPDHs that are predicted to be sensitive to CpIMPDH 

inhibitors [24]. IMPDHs from H. pylori, B. burgdorferi and S. pyogenes have been shown to 

be sensitive to CpIMPDH inhibitors, while human, T. foetus and E. coli IMPDHs are 

resistant.
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Fig. (6). 
Medicinal chemistry optimization. Initial hits A and C, structure activity relationships are 

summarized and example inhibitors are shown [67, 69, 70]. (A) The A series. (B) The C 

series.
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Fig. (7). 
Antibacterial activity of C91. (A) Compound C91 in DMSO was added to freshly diluted 

stationary cultures of H. pylori strain G27 in Brucella broth. Samples were removed at the 

indicated time points, diluted, and plated to determine bacterial proliferation/survival. Each 

point is the average of duplicate determinations; a representative of three experiments is 

shown. C91 concentrations are listed in μM. (B) Compound C91 was added to freshly 

diluted cultures of E. coli MG1655 in Luria broth. Each point is the average of three 

determinations; the standard deviations are smaller than the point. C91 concentrations are 

listed in μM. Panels A and B are reproduced from [24] with permission from Elsevier Press. 

(C) Guanine protects against C91. H. pylori was cultured in defined media (Ham's F12) in 

the presence and absence of C91 and 10 μg/ml guanine. FBS is fetal bovine serum.
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Table 1

Steady state kinetic parameters of IMPDH from various organisms.

IMPDH
kcat

(s−1)

Km
IMP
(μM)

Km

NAD+

(μM)

Kii NAD+

(mM)
Ki MPA

(nM)

Human type I 1.2-1.8a 14-18a 42-70a 2.0b 11-33c

Human type II 0.4-1.4d 4-9d 6-32d 0.59e 7-14f

Aerobacter aerogenes t n.d. 60 800 n.d. n.d.

Borellia burgdorferi g 2.6 30 1100 2.3 8,000

Cryptosporidium parvum h 3.3 29 150 2.9 9,300

Escherichia coli 13i 61i 2000i 2.8i ~20,000j

Helicobacter pylori k 3.0 18 73 1.7 n.d.

Mycobacterium tuberculosis l 0.53 78 1000 5.0 62,000

Streptococcus pyogenes m 24 62 1180 n.d. >10,000

Tritrichomonas foetus n 1.9g 1.7g 150g 6.8g 9,000g

n.d., no data. Assay buffers are generally similar, but temperature varies between 25-37 degrees C. Values of kcat are reported per active site, not 

per tetramer. Note that while C. parvum and T. foetus are protozoan parasites, their IMPDHs are most similar bacterial enzymes, suggesting that the 
genes where obtained by horizontal transfer.

a
[80, 81] [82];

b
[82];

c
[80, 81];

d
[80, 81, 83];

e
[83];

f
[57, 80, 84];

g
[85];

h
[66];

i
[86];

j
N. Benfield and L. Hedstrom, unpublished data;

k
[24];

l
[62];

m
[78];

n
[87].
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Table 2

The values of IC50 for inhibition of bacterial IMPDHs.

IC50 (μM)

Cmpd CpIMPDHa HpIMPDH b BbIMPDH b SpIMPDH b EcIMPDH- S250A/L444Y b

A 3.3 2.2 1.4 96 1.8

B 1.6 1.3 1.8 85 0.70

C 1.2 0.60 0.60 70 0.60

D 5.4 3.0 1.7 49 2.3

E 1.6 1.5 0.90 15 1.8

F 1.4 1.1 0.80 13 1.1

G 0.1 0.30 0.22 0.55 0.40

H 0.9 1.2 0.90 0.86 1.0

C91 0.008 b 0.0011 n.d. 0.0054 0.0019

CpIMPDH, C. parvum IMPDH; HpIMPDH, H. pylori IMPDH; BbIMPDH, B. burgdorferi IMPDH; SpIMPDH, S. pyogenes IMPDH; EcIMPDH-
S250A/L444Y, E. coli IMPDH engineered to resemble CpIMPDH. No inhibition is observed with wild-type EcIMPDH (IC50>1 mM). n.d., no 

data.

a
data from [67].

b
data from [24].
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