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The increasing risk of drug-resistant bacterial infections indicates that there is a growing need for new
and effective antimicrobial agents. One promising, but unexplored area in antimicrobial drug design is
de novo purine biosynthesis. Recent research has shown that de novo purine biosynthesis in microbes
is different from that in humans. The differences in the pathways are centered around the synthesis of
4-carboxyaminoimidazole ribonucleotide (CAIR) which requires the enzyme N>-carboxyaminoimidazole
ribonucleotide (N°-CAIR) synthetase. Humans do not require and have no homologs of this enzyme.
Unfortunately, no studies aimed at identifying small-molecule inhibitors of N°>-CAIR synthetase have
been published. To remedy this problem, we have conducted high-throughput screening (HTS) against
Escherichia coli N°>-CAIR synthetase using a highly reproducible phosphate assay. HTS of 48,000 com-
pounds identified 14 compounds that inhibited the enzyme. The hits identified could be classified into
three classes based on chemical structure. Class I contains compounds with an indenedione core. Class
I contains an indolinedione group, and Class III contains compounds that are structurally unrelated to
other inhibitors in the group. We determined the Michaelis-Menten kinetics for five compounds repre-
senting each of the classes. Examination of compounds belonging to Class I indicates that these com-
pounds do not follow normal Michaelis—-Menten kinetics. Instead, these compounds inhibit N°>-CAIR
synthetase by reacting with the substrate AIR. Kinetic analysis indicates that the Class II family of com-
pounds are non-competitive with both AIR and ATP. One compound in Class III is competitive with AIR
but uncompetitive with ATP, whereas the other is non-competitive with both substrates. Finally, these
compounds display no inhibition of human AIR carboxylase:SAICAR synthetase indicating that these
agents are selective inhibitors of N>~CAIR synthetase.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The standard for the treatment of antibiotic-resistant infections
is vancomycin. Vancoymcin is highly effective against most resis-

Antibiotic-resistant infections, once rare, are now becoming
commonplace and pose a significant challenge for healthcare pro-
fessionals.!? A recent study of methicillin-resistant Staphylococcus
aureus (MRSA) found that approximately 19,000 individuals die
each year from this disease, a number greater than that of those
who die from AIDS.? In addition to their lethality, resistance infec-
tions are responsible for longer hospital stays and higher health-
care costs.® Historically, MRSA infections have been associated
with prolonged hospitalization; however, recent studies have
shown an increase in community-acquired MRSA (CA-MRSA).>
CA-MRSA infections are especially troubling because they occur
in otherwise healthy individuals, and some strains of CA-MRSA
are extremely virulent.>®
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tant bacteria; however, infections due to vancomycin-insensitive
and vancomycin-resistant strains foreshadow the day in which this
agent may no longer be useful.”® Unfortunately, only two new
classes of antibiotics have been brought to the clinic over the last
40 years. The first, linezolid is an oxazolidone which effects protein
synthesis while the second, daptomycin, results in cell wall perme-
ability.>1° While studies have shown that these agents are active
against antibiotic-sensitive and antibiotic-resistant bacteria, resis-
tance to linezolid has already been reported and daptomycin has
potentially limiting side effects.’®!! Clearly, neither agent repre-
sents a long-term solution to the antibiotic crisis.

One unexploited target in antimicrobial drug design occurs in
the de novo purine biosynthetic pathway where studies have re-
vealed that purine biosynthesis in humans is different from that
in microbes.'>'7 In humans, purines are synthesized from phos-
phoribosyl pyrophosphate (PRPP) by a 10-step metabolic pathway.
However, in bacteria, yeast, and fungi, 11 steps are required, with
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the extra step being necessary for the synthesis of the intermedi-
ate, 4-carboxy-5-aminoimidazole ribonucleotide (CAIR, Fig. 1).1>17

During purine synthesis in microbes, CAIR is synthesized from
5-aminoimidazole ribonucleotide (AIR) by the action of two en-
zymes. N°-Carboxyaminoimidazole ribonucleotide (N°-CAIR) syn-
thetase takes AIR, ATP, and bicarbonate and produces the
unstable intermediate N°-CAIR.!” N°-CAIR mutase converts N°-
CAIR into CAIR by catalyzing the transfer of CO, from the N5 posi-
tion to C4.'® Humans do not produce N°-CAIR and thus do not have
a N°>-CAIR synthetase homolog. Instead, in humans, AIR and CO, are
directly converted to CAIR by the enzyme AIR carboxylase.!?!3 AIR
carboxylase is evolutionarily related to N°-~CAIR mutase; however,
AIR carboxylase cannot utilize N°-CAIR as a substrate.'?

Both N°-CAIR synthetase and N°-CAIR mutase are potential tar-
gets for the development of antimicrobial agents. However, N°-
CAIR synthetase is absent in humans indicating that this is an ideal
target for the identification of selective inhibitors against microbial
purine biosynthesis. Genetic studies on N°-CAIR synthetase sup-
port the role of the enzyme in microbial growth and disease pro-
gression. Mutations of N°-CAIR synthetase in Escherichia coli,
Salmonella typhimurium, Streptococcus pneumonia, Shigella, Pseudo-
monas aeruginosa, Bacillus anthracis, Cryptococcus neoformans, and
Candida albicans generate microorganisms that possess a signifi-
cant reduction in growth in human serum and animals.'8-2%

The differences in de novo purine biosynthesis, coupled with
existing genetic studies, suggest that de novo purine biosynthesis
may be an ideal target for the development of antimicrobial drugs.
Unfortunately, there are no known small-molecule, drug-like
inhibitors for this enzyme. In this report, we describe our efforts
at identifying small-molecule inhibitors of N°-CAIR synthetase
using high-throughput screening (HTS).

2. Results

2.1. High-throughput screening for N°>-CAIR synthetase
inhibitors

In an effort to identify drug-like lead agents against N°-CAIR
synthetase, we initiated a high-throughput screen (HTS) at the
Center for Chemical Genetics (CCG) at the University of Michigan.
The published assay for N>-CAIR synthetase relies upon the mea-
surement of ADP using a system in which ADP production is cou-
pled to the reduction of pyruvate.!*'” While this assay is well
known, it suffers from the problem that false hits could be gener-
ated by inhibiting the coupling enzymes rather than N>-CAIR syn-
thetase. Thus, additional screening would have to be done to
identify the true target of any inhibitor identified in the assay.

Bacteria, yeast and fungi

To circumvent this problem, we utilized the well-known mala-
chite green/phosphomolybdate assay to detect the AIR-dependent
production of phosphate by the enzyme.?® This assay has also been
used in HTS of other enzyme systems.?” In this assay, the phos-
phate produced complexes with molybdate to form a colorless
complex which upon reaction with malachite green generates a
blue color that can be measured at 600 nm.2® We observed that
this assay worked well for N°>-CAIR synthetase with the exception
that the concentration of ATP had to be maintained at <100 pM
(~Ky,) in order to avoid a significant AIR-independent ATPase
activity. However, if the concentration of ATP is kept at 100 puM,
we found that this assay could easily be run in 384-well plates
and is highly reproducible (Z' score of ~0.7).

Using this assay, 48,000 drug-like, commercially available com-
pounds were screened at a single inhibitor concentration ranging
from 5 to 27 pM (depending upon supplier) and we found 212 po-
tential inhibitors (hit rate: 0.44%). Dose-response curves, using the
phosphate assay, were generated for the most potent 107 com-
pounds as determined from the primary screen. Of these, only 14
displayed a dose-response relationship (hit rate: 0.03%). Impor-
tantly, none of these 14 were identified as hits in the PubChem
database indicating that our compounds display some measure
of selectivity.

The structures of the 14 compounds are shown in Table 1 along
with their ICsq values. The hits identified from HTS can be classified
into three classes based on chemical structure. Class I contains
compounds with an indenedione core. Class Il compounds contain
an indolinedione group, and Class Il contains compounds that are
structurally unrelated to any other inhibitor. We determined the
Michaelis-Menten kinetics for five compounds (1, 2, 7, 13, and
14) using the standard, published N°>-CAIR synthetase assay based
on the PK/LDH coupled assay system. The results are given in Table
1.

2.2. Class I compounds inhibit N°>-CAIR synthetase by reacting
with the substrate

The Michaelis—-Menten plot of 1 and 2 versus AIR concentration
revealed a biphasic relationship in which there was a lag followed
by an increase in velocity as the concentration of AIR increased
(Fig. 2, compound 2 not shown). Examination of the data revealed
that the breakpoint between the lag versus turnover always oc-
curred when the concentration of AIR was twice that of the inhib-
itor. This suggested that the inhibitor reacts with AIR. Once the
inhibitor is consumed by AIR, additional free AIR is available for
turnover by the enzyme.

Such a result is odd for two reasons. First, in these reactions, the
substrate and the inhibitor are added at the same time to the

N N N-_-COy
¢ ]\ ATP  ADP+P, ¢ ]\ & I
N7 NH, \ f N7 NHCO, N™"NH,
o + HCOs? e 0o - A 1 -
PRPP _ '203P°\——d ’ NE-CAIR 2ospo»/\j’ NE-CAIR ZOBPO\*JA === WM
5 “OH synthetase z oK mutase F. on
OH OH OH
AIR NS-CAIR CAIR
Human Pathway 0 COp
N N__-COy  ATP ADP N N
¢ ¢I " ke ¢ R dog
N"NH, N NH, N7 ™NH,
o} + CO,; 4 0 ; 0
— “04P0 ——F 5~ “0sPO 204P0.
PRPP _ —, E \,/\j AIR ¥ SAICAR 3 - — WP
! OH carboxylase % OH synthetase = OH
OH OH OH
AIR CAIR SAICAR

Figure 1. Differences between human and microbial de novo purine biosynthesis.
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4 Compound class was determined based on structural similarity to other hits identified in the screen.

b ICsq values determined from dose-response curves using the phosphate assay.

¢ K; values determined using the ATPase assay with variable amounts of either AIR or ATP at a fixed concentration of bicarbonate. Values determined by curve fitting data

using various models of inhibition.

4 Type of inhibition determined by fitting data to the modified Michaelis-Menten equations for the presence of different types of inhibitors. Equations that produced the
best fit to the data were used to determine the type of inhibition. Results of these curve fits were validated by Lineweaver-Burke plots. R: reacts with substrate; NC: non-

competitive; C: competitive; U: uncompetitive.

¢ The compounds react with substrate and thus do not follow normal Michaelis-Menten Kinetics.
f Obtained using variable concentrations of AIR and fixed ATP and bicarbonate concentrations.
& Obtained using variable concentrations of ATP and fixed AIR and bicarbonate concentrations.

enzyme. Thus, the reaction between the inhibitor and AIR had to
occur faster than the conversion of AIR to N°-CAIR. Second, the
structures of the Class I inhibitors do not display any obvious reac-
tive groups.

A clue as to what could be occurring came from an examination
of the synthesis of compounds related to Class I. Synthesis of these
agents is accomplished by reacting amines and amides with ninhy-
drin to form the hemiaminal or the 1-hydroxy acetamide. We
hypothesized that such molecules may be unstable in an aqueous
solution where they could decompose to the 1,2,3-triketoindane
(the dehydrated form of ninhydrin) and the amine or amide. If such
a reaction occurred, the 1,2,3-triketoindane present in the reaction
mixture could react with the amine of AIR thereby preventing AIR
from interacting with the enzyme (Fig. 3).

We examined aqueous solutions of 1 and 2 by TLC and
found that the compounds decomposed to generate ninhydrin.
The rate of decomposition was dependent upon the chemical
nature of the compound with compound 1 completely decom-
posing to ninhydrin after approximately 30 min while decompo-
sition of 2 took around 45 min. This decomposition was not
observed in DMSO solutions of the compounds indicating that
a proton (presumably from water) was necessary for the reverse
reaction.

Incubation of ninhydrin with AIR resulted in a very rapid reac-
tion (<20 s) as determined by TLC analysis. Experiments utilizing
TLC and UV spectroscopy indicated that the enzyme did not appear
to catalyze a reaction between AIR and ninhydrin. To determine if
the reaction between AIR and ninhydrin was responsible for the
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Figure 2. Michaelis-Menten plot for N°-CAIR synthetase in the presence (M) and
absence (@) of 1.

kinetics observed for 1 and 2, we determined the Michaelis-Men-
ten plot with variable AIR and ninhydrin. Once again, we observed
the same kinetic results as for 1 and 2; namely, no reaction until
the concentration of AIR exceeded that of ninhydrin. This sug-
gested that ninhydrin was responsible for the inhibition of the
reaction. To confirm this, we examined whether DMSO solutions
of 1 or 2 were capable of inhibiting the N°>-CAIR synthetase. We
found that upon addition of these non-aqueous solutions, neither
compound resulted in inhibition of the enzyme. Thus, our data sug-
gest that compounds belonging to Class I are not true inhibitors of
N°-CAIR synthetase, but rather inhibit the reaction by reacting with
the substrate and preventing it from being converted by the en-
zyme. Given this mechanism of action, Class I compounds do not
represent viable lead agents for the development of antimicrobial
agents.

2.3. Class Il compounds are non-competitive inhibitors of N°-
CAIR synthetase

We determined the Michaelis-Menten kinetics of compound
7, which is the most potent member of the Class II family of
inhibitors. Kinetic analysis reveals that 7 is non-competitive with
both AIR and ATP (Fig. 4). N°-CAIR synthetase has no known
allosteric regulators, however, HTS of other enzymes related to
N°-CAIR synthetase has identified non-competitive inhibitors as
well.282° Given the structural similarity between 7 and the other
Class II inhibitors, we anticipate that all compounds belonging to
this class will be non-competitive inhibitors of the enzyme. We
are currently working to identify the binding site for the Class

Il inhibitors.
o] o
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Figure 3. Proposed mechanism for the reaction of Class I inhibitors with the
substrate AIR. RP is ribose phosphate.

2.4. Investigation of Class IIl compounds

We have identified two compounds that are chemically unre-
lated to any other hit identified in the screen. Compound 14 is ribo-
flavin. Although this compound is unlikely to be a lead agent, we
conducted kinetic analysis to determine the mechanism of inhibi-
tion. Steady-state kinetic analysis indicates that riboflavin is non-
competitive with both AIR and ATP (Fig. 5).

Steady-state kinetics of 13 indicate that the compound is com-
petitive with AIR but uncompetitive with ATP (Fig. 6). This suggests
that the compound binds to the AIR-binding site of the enzyme
only after ATP binds to the enzyme. Since there are no crystal
structures of N°-CAIR synthetase with bound AIR, information
gleaned from binding studies of 13 with the enzyme could be help-
ful in identifying important substrate-binding features on the
enzyme.

Since our screen was unable to identify other compounds re-
lated to 13, we conducted a structure-based search of all com-
pounds available at the CCG and assayed eight compounds,
which had structural similarity to 13. All eight failed to inhibit
N°-CAIR up to a concentration of 100 pM. Examination of a subset
of these compounds demonstrates the importance of substituents
in the molecule (Fig. 7). The isoxazole-thiazole rings are necessary
but not sufficient for activity as demonstrated by the fact that 15
does not inhibit the enzyme. The relative orientation of the substit-
uents on the isoxazole and thiazole is also important for activity.
Compound 16 is similar to 13 except that the thiazole is moved
from the C4 position to C5 position of the isoxazole. The presence
of a sulfonyl group beta to the thiazole is not required for inhibi-
tion since 15, 17, and 18 all have this group but are inactive. The
presence of an ester at C3 of isoxazole appears to be necessary
since 18 is inactive. Finally, there appears to be a requirement for
a particular distance between the thiazole and the phenyl ring on
the sulfonyl group. Compound 17, which has an added carbon, is
inactive.

2.5. The compounds do not inhibit human AIR carboxylase or
SAICAR synthetase

We were interested to determine if these agents had any inhib-
itory activity against the human bifunctional enzyme AIR carboxyl-
ase:SAICAR synthetase. We assayed both activities simultaneously
using the coupled assay system as previously described for the
chicken AIR carboxylase:SAICAR synthetase.!”*> We found that
inclusion of 200 uM of 7, 13, or 14 resulted in no inhibition of
either enzymatic activity. Incubation with higher concentrations
of the compounds resulted in precipitation. These results indicate
that these agents are selective for the microbial enzyme.

3. Discussion

In the last 40 years, only two new antibacterial agents have been
brought to market, and most major pharmaceutical companies have
drastically reduced or eliminated their programs on antimicrobi-
als.>3%De novo purine biosynthesis represents an undervalued path-
way for antimicrobial drug design, although a recent study has
identified an agent selective for microbial guanosine monophos-
phate synthase (GMPS).3! In this paper, we have described our ef-
forts at identifying inhibitors of the enzyme N°-CAIR synthetase.
We have identified, for the first time, selective, non-nucleotide
inhibitors of this enzyme. These compounds inhibit the enzyme in
the range of 30-120 uM and follow Lipinski’s rules. The compounds
were classified into three distinct classes based on structural simi-
larity. Members of Class I contained an indenedione group, which
upon incubation in water resulted in the production of ninhydrin
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Figure 4. Lineweaver-Burke plots for the inhibition of N°-CAIR synthetase by 7. (A) Lineweaver-Burke plot with varied concentration of ATP, fixed concentration of AIR, and
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thatreacted with the substrate AIR. Since these compounds are pres-
ent in commercial chemical libraries, researchers conducting HTS
should be aware of the potential of these compounds to decompose
and react with amines present in the substrate.

Compounds belonging to Class II are ideal lead agents in that
they display non-competitive kinetics with respect to both AIR
and ATP. Such a feature is necessary for agents targeting an en-
zyme in the middle of a biosynthetic pathway since increases in
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the concentration of the substrate could not overcome inhibition
by the drug. Class Il compounds are small (~250 MW) and thus
provide flexibility to build additional binding features into the
molecule to enhance potency.

Although the kinetic mechanism of the enzyme remains to be
determined, the non-competitive kinetics of Class I molecules
could indicate that these agents recognize a unique binding pocket
on the enzyme. Interestingly, HTS of other members of the N°-CAIR
synthetase superfamily has identified compounds that regulate
activity and bind to sites distinct from the active site. For example,
the natural product soraphen A inhibits acetyl-CoA carboxylase by
binding to a pocket some 25 A away from the active site.?® Binding
to this location is thought to disrupt protein dimer formation
resulting in inactivation of the enzyme. HTS against S. aureus p-
ala:p-ala ligase also identified a non-competitive inhibitor that
bound very near the active site and precluded binding of both
ATP and p-alanine.?® Crystallographic studies are currently under-
way to determine the structure of the 7:synthetase complex. Such
information will be invaluable for identifying the binding site for
this compound, and these investigations will have important ram-
ifications for future structure-guided drug design efforts aimed at
improving the potency of these agents.

Compound 13, which belongs to Class Il inhibitors, displays
competitive kinetics with respect to AIR. This suggests that 13
binds at or near the AIR-binding site. To date, no structure of N°-
CAIR synthetase with AIR has been solved, however, the binding
site for AIR can be postulated based on a homology model between
N°-CAIR synthetase and a related enzyme PurT.>? PurT catalyzes an
alternative formylation of the purine intermediate glycinamide
ribonucleotide (GAR) and the structure of this enzyme complexed
with GAR has been solved.>* The location of GAR binding in PurT
corresponds to a region in N°-CAIR synthetase with conserved ami-
no acids suggesting the location of the AIR binding site. Using this
information, preliminary molecular modeling of 13 into the pre-
sumed AIR-binding site is being conducted and structural studies
are under way to determine the structure of the protein:13
complex.

The uncompetitive nature of 13 with respect to ATP is interest-
ing because it indicates that the inhibitor binds only to the enzy-
me:ATP complex. Given that 13 is competitive with AIR and thus
likely binds to the AIR binding site, this suggests that N°-CAIR syn-
thetase may function via an ordered kinetic mechanism with ATP
binding first followed by AIR. Once both substrates are bound,
catalysis occurs. Additional kinetic studies are necessary to vali-
date or refute this conclusion.

3.1. Conclusion

There is little doubt that the increases in antibiotic-resistant
infections pose a significant public health threat. Unfortunately,

there are a limited number of antibiotics that are available for
treating resistant infections. In this paper, we have described the
identification of compounds that inhibit N°>-CAIR synthetase. This
enzyme is involved in de novo purine biosynthesis and is unique
to microbes. These compounds follow Lipinski’s rules and although
they possess modest potencies, they represent ideal lead agents for
the development of novel antimicrobial agents. Additional studies
aimed at determining the binding sites of these molecules and
increasing the potency of these compounds are underway. The re-
sults of these studies will be reported in due course.

4. Materials and methods
4.1. Compound library

The 48,000-member library was collected from the following
commercial sources: 16,000 compounds from the Maybridge Hit-
Finder library (Maybridge), 20,000 compounds from ChembDiv,
10,000 compounds from Chembridge, and 2000 compounds from
the MS Spectrum library. Each library member was dissolved in
DMSO and was stored at an initial concentration of 0.73-4 mM

—20 °C before use. Individual compounds were purchased from
suppliers for retesting.

4.2. High-throughput screening

E. coli N°-CAIR synthetase was prepared as previously stated.!®
Reactions were conducted in a 384-well plate (Corning 3701). Buf-
fer was added to each well of the plate (50 mM HEPES, pH 7.5,
20 mM KCl, 6.0 mM MgCl,, 100 uM ATP, supplemented with a 1/
100 dilution of saturated NaHCOs3) and 0.2 pL of the DMSO stock
of each compound was added to the plate using a Biomek FX pin
tool such that the final concentration of the compound in each well
was between 5 and 27 pM. Each plate contained a column of posi-
tive controls (enzyme + AIR + 0.2 pL of DMSO) and negative con-
trols (enzyme — AIR + 0.2 pL of DMSO). AIR (50 uM) was added to
the appropriate wells using a Thermo Labsystems Multidrop Micro
plate dispenser followed by 168 ng of N°-CAIR synthetase. The
reaction mixture was incubated at room temperature for 5 min
and was quenched by the addition of 6 pL of the malachite green
reagent (Bioassay Systems) to each well. The plates were incubated
at room temperature for at least 15 min and then the absorbance
(600 nm) of each well was determined using a PHERAstar (BMG
Labs) plate reader.

4.3. Dose-response assays

The eight-point dose-response assay uses the same protocol as
the high-throughput assay except that the concentration of each
compound assayed was varied from 0.78 to 100 uM. Each assay
contained the same positive and negative controls used for the
high-throughput screen. Data for compounds displaying a dose-re-
sponse relationship were fitted to Eq. 1 where R is the response, N
is the value of the negative control, P is the value of the positive
control, H is the Hill slope, and pIC50 is the negative logarithm of
the ICsp.

(P—N)

R=N+ a+ lO(plC50—Dose)><H)

(1)

4.4. Kinetic analysis of inhibitors against N°-CAIR synthetase

In a 1-mL cuvette, 50 mM HEPES, pH 7.5 buffer, containing
20 mM KCl and 6.0 mM MgCl,, was added followed by 0.2 mM
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NADH, 2.0 mM PEP, 1.0 mM NaHCOs;, 4 units of pyruvate kinase,
and 17 units of lactate dehydrogenase. To the cuvette, 168 ng of
N°-CAIR synthetase was added, followed by ATP and the cuvette
was incubated at 37 °C for 3 min. For experiments in which ATP
was held constant, the ATP concentration was 1.1 mM while the
concentration of AIR was varied from 5 to 250 pM. For experi-
ments in which AIR was held constant, the AIR concentration
was held at 100 pM while ATP was varied from 5 to 250 pM.
Background levels of ATP hydrolysis were measured, and the
reaction was initiated by the addition of AIR and the inhibitor
to be tested (0-50 uM). The reaction mixture was incubated at
37 °C and NADH oxidation was monitored at 340 nm. The back-
ground ATPase activity was very low (<0.5%) and thus was not
subtracted from the initial velocity. The initial velocity of each
reaction was determined during the first 2 min, and a plot of ini-
tial velocity versus varied substrate was generated. Lineweaver-
Burke plots of each experiment were constructed to determine
the likely mode of inhibition. Secondary plots of the slope versus
inhibitor concentration were used to determine the K; value for
each inhibitor. All graphing and curve fitting was done using
KaleidaGraph.

4.5. Kinetic analysis of inhibitors against human AIR
carboxylase:SAICAR synthetase

His-tagged human AIR carboxylase:SAICAR synthetase was pro-
duced from a pET22b expression vector and was purified using a
cobalt-column (Pierce) according to the manufacturer’s protocol.
The protein was judged to be greater than 95% pure based upon
SDS-PAGE analysis. Compounds 7, 13, and 14 were analyzed as
inhibitors against the human bifunctional enzyme using the cou-
pled assay as previously described for the Gallus gallus bifunctional
AIR carboxylase:SAICAR synthetase.'®
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