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Abstract

The continued rise of antibiotic-resistant infections coupled with the limited pipeline of new
antimicrobials highlights the pressing need for the development of new antibacterial agents. One
potential pathway for new agents is de novo purine biosynthesis as studies have shown that
bacteria and lower eukaryotes synthesize purines differently than humans. Microorganisms utilize
two enzymes, N3-CAIR synthetase and N®-CAIR mutase, to convert 5-aminoimidazole
ribonucleotide (AIR) into 4-carboxy-5-aminoimidazole ribonucleotide (CAIR) through the
intermediate AP-carboxy-5-aminoimidazole ribonucleotide (N>-CAIR). In contrast, vertebrates
directly convert AIR to CAIR via the enzyme AIR carboxylase. A high-throughput screen against
N>-CAIR synthetase identified a group of compounds with a 2,3-indolinedione (isatin) core that
inhibited the enzyme. While initial studies suggested that isatins inhibited the enzyme by a
noncompetitive mechanism, here we show that isatins inhibit N°>-CAIR synthetase by a substrate
depletion mechanism. Unexpectedly, we found that isatin reacts rapidly and reversibly with the
substrate AIR. The rate of the reaction is dependent upon the substituents on the phenyl moiety of
isatin, with 5- and 7-bromoisatin being faster than 4-bromoisatin. These studies suggest that care
should be taken when exploring isatin compounds because the biological activity could be a result
of their reactivity.

Graphical Abstract

A ccording to the Centers for Disease Control and Prevention, the rise of antibiotic-resistant
infections constitutes a critical public health threat that must be addressed. One way to
accomplish this is to discover antibiotics that target pathways not currently exploited by
existing antimicrobial agents.! One possible target is the de novo purine biosynthetic
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pathway. This pathway converts phosphoribosyl pyrophosphate (PRPP) to inosine
monophosphate (IMP) in all organisms. Research in the 1990s showed that microbes require
11 enzymatic steps to accomplish this transformation while humans utilize 10.23 The
divergence in the pathway occurs for the conversion of 5-aminoimidazole ribonucleotide
(AIR) to 4-carboxy-5-aminoimidazole ribonucleotide (CAIR) (Figure 1). Microorganisms
convert AIR to the unstable intermediate AP-carboxy-5aminoimidazole ribonucleotide (N°-
CAIR) using the enzyme N5-CAIR synthetase.# N5-CAIR is then converted to CAIR via N°-
CAIR mutase.® Direct carboxylation of AIR by the enzyme AIR carboxylase produces
CAIR in humans.®

The two unique enzymes found in bacterial de novo purine biosynthesis provide a
biochemical rationale for targeting purine biosynthesis in antibacterial drug design.
Additionally, microbes deficient in N>-CAIR synthetase and mutase are less virulent in
animal models of infection.”~12 Targeting N°-CAIR mutase represents a significant drug
design challenge because it is evolutionarily and structurally related to AIR carboxylase, the
enzyme found in humans. Thus, our lab initially focused on identifying inhibitors of N°-
CAIR synthetase. We conducted a high-throughput screen of 48000 compounds against the
synthetase.13 This screen identified 14 compounds, six of which contained an indenedione
core that decomposed in water to ninhydrin and were shown to be substrate-reactive.
However, another six compounds contained an indole-2,3-dione core, also called isatin,
exhibiting 1Csq values between 11 and 70 zM toward Escherichia coli N®>-CAIR synthetase.
Michaelis—Menten kinetic analysis of the most potent compound demonstrated
noncompetitive kinetics, suggesting that isatins bind to a unique site on the enzyme. To
better understand the mechanism of action of these compounds, a series of experiments were
performed to elucidate the structure—activity relationship of isatin inhibition of N>"CAIR
synthetase. In this paper, we discuss our findings that demonstrate that isatins do not bind to
N5-CAIR synthetase but instead inhibit the enzyme via substrate depletion. The kinetic
profile is substantially different from those of our previous studies on other substrate-
reactive synthetase inhibitors. Additionally, this result highlights the necessity for careful
analysis of the mechanism of action of compounds identified from high-throughput screens
and demonstrates the potentially facile reaction of isatins in aqueous environments.

METHODS

Reagents and Equipment.

Ampicillin sodium salt, MgCl,, B-PER (Pierce Biotechnologies), and Amicon Ultra
centrifugal filters were purchased from Fisher Scientific. IPTG (isopropyl S-pb-1-
thiogalactopyranoside) and HisPur Cobalt resin were purchased from Gold Biotechnology.
KCI, ATP, PEP (phosphenolpyruvate), PK/LDH (pyruvate kinase/lactate dehydrogenase),
and streptomycin sulfate were purchased from Sigma-Aldrich. NADH, NaHCOs3, 1-
methylisatin, and 5-bromoisatin were purchased from Acros. The malachite green phosphate
assay was purchased from Bioassay Systems. Aspartic acid was purchased from Gibco
Laboratories. 4-Bromoisatin was purchased from Matrix Scientific. 7-Bromoisatin was
purchased from Alfa Aesar. N°-CAIR synthetase (£. coli and Aspergillus clavatus, residues
1-383), N5-CAIR mutase (£. coli), and SAICAR synthetase (£. coli) were expressed as His-
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tagged proteins as previously described3-15 and purified via a cobalt column per the
manufacturer’s instructions. The protein was determined to be >95% pure based on sodium
dodecyl sulfate—polyacrylamide gel electrophoresis analysis. AIR was prepared as
previously described.13 The stock AIR concentration was determined by measuring the
absorbance at 250 nm in 100 mM Tris (pH 8.0) and using an extinction coefficient of 3270
M~1 cm~1.16 The amount of functional AIR was determined using the SAICAR coupled
assay and was determined to be 40% of the ultraviolet-visible (UV-vis) absorbance-
determined value. A Synergy?2 plate reader by BioTek was used for UV-vis absorbance
experiments performed in Corning 96-well UV transparent flat bottom plates. A 1-Bio Cary
UV-vis spectrophotometer from Varian was used for UV-vis measurements in 1 mL
cuvettes. For the synthesis of iSOAIR, all reactions were performed under argon. Solvents
were purchased from Acros and used without further purification. Reactions were monitored
by thin layer chromatography (TLC) (w/UV at 254 nm) and visualized by UV (254 nm).
Column chromatography was carried out with silica gel (40-60 zm). 1H nuclear magnetic
resonance (NMR) was recorded on a Varian 600 MHz NMR spectrometer. Chemical shifts
are given in parts per million (8) using tetramethylsilane (TMS) as an internal standard.
Mass spectra were recorded with a Micromass LCT Premier XE instrument (Waters) with
ESI/TOF.

N°-CAIR Synthetase ATP-NADH Coupled Assay.

Ina 1 mL cuvette, the following components were added to obtain the listed final
concentrations: 50 mM HEPES, pH 7.5 buffer containing 20 mM KCI and 6.0 mM MgCly,
1.1 mM ATP, 0.2 mM NADH, 2.0 mM PEP, 1.0 mM NaHCOg, 5 units of pyruvate kinase/
lactate dehydrogenase, 200 M isatin compounds, 25 1M AIR, and N5-CAIR synthetase (70
ng of A. clavatus or 110 ng of E. coli). The reaction was initiated by the addition of the
enzyme or the substrate, and the mixture was maintained at room temperature. NADH
oxidation was monitored at 340 nm, and the initial velocity of each reaction was determined
during the first minute. The data in Figure 2 were fit using smooth curve fit in Kaleidagraph
software.

ISOAIR Competition Assay.

The N3-CAIR synthetase coupled assay was conducted with the following modifications. 1-
Methylisatin (200 ¢M) was incubated with isoAIR (200, 400, or 800 1M) for 2 min. The
reaction was initiated by the addition of 70 ng of A. c/avatus N°>-CAIR synthetase, and the
reaction was monitored at 340 nm.

SAICAR Synthetase Coupled Assay.

In a1 mL cuvette, the following components were added to obtain the listed final
concentrations: 50 mM HEPES, pH 7.5 buffer containing 20 mM KCI and 6.0 mM MgCly,
220 1M ATP, 0.2 mM NADH, 2.0 mM PEP, 1.0 MM NaHCOg, 5 units of pyruvate kinase/
lactate dehydrogenase, 10 mM aspartic acid, 1.1 ug of £. coli N>-CAIR synthetase, 7 /g of
E. coliN®>-CAIR mutase, and 7 ug of £. coli SAICAR synthetase. To the reaction mixture
were added 1-methylisatin (200 ¢M) and AIR (50 ¢M) followed by the initiation of the
reaction by the addition of N°-CAIR synthetase. The reaction was performed at room
temperature. The reaction was monitored at 282 nm to determine the concentration of
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SAICAR.Y7 The amount of SAICAR produced was determined by measuring the change in
absorbance at 282 nm using an extinction coefficient of 8480 M~1 cm™1.

Reversibility of the AlR:Isatin Product.

The reversibility of the product of 1-methylisatin and AIR was determined using the
SAICAR synthetase assay with modifications as described. In a 1 mL cuvette, the following
components were added to obtain the listed final concentrations: 50 mM HEPES, pH 7.5
buffer containing 20 mM KCI and 6.0 mM MgCl,, 220 /M ATP, 0.2 mM NADH, 2.0 mM
PEP, 1.0 mM NaHCOs3, 5 units of pyruvate kinase/lactate dehydrogenase, 10 mM aspartic
acid, 1.1 g of £. coliN>-CAIR synthetase, 7 1 of £. coli N>-CAIR mutase, and 7 /g of £,
coli SAICAR synthetase. To monitor the production of isatin, 500 /M 1-methylisatin was
incubated with 1200 zM AIR for 30 min in buffer. To this were added N5-CAIR synthetase
(1.1 1), N°-CAIR mutase (7 1), and SAICAR synthetase (7 £g) to initiate the reaction, and
the progress of 1-methylisatin formation was monitored at 420 nm. The production of AIR
from the reversal of the AlR:isatin complex was measured on the basis of the production of
SAICAR from AIR. Fifty micromolar AIR was incubated with or without 200 /M 1-
methylisatin for 30 min to reach equilibrium. To this were added the remaining materials
from the SAICAR synthetase assay, added and the amount of SAICAR produced was
monitored at 282 nm. The concentration of SAICAR was determined as described above.

Substrate Depletion Analysis.

The N3-CAIR synthetase ATP-NADH coupled assay was conducted as noted above scaled
to a total volume of 200 z1_, and the assay was conducted in a 96-well UV plate. For the
assay, seven different concentrations of AIR were used (10, 20, 40, 80, 120, 160, and 200
4M). For each AIR concentration, a range of 7-bromoisatin concentrations were selected
such that the relationship between inhibitor and fractional inhibition, x [z = i/(1 — i), where 7
is the concentration of the inhibitor], was linear. The data were analyzed according to the
method of Reiner outlined here.18

Two potential mechanisms of inhibition are considered for a reaction between a potential
inhibitor and a substrate (Scheme 1). In the first, the reaction of a substrate with an inhibitor
results in removal of substrate, and thus, the observed inhibition is due to depletion of the
substrate available for the enzyme. In the second, reaction with the inhibitor depletes the
substrate but the SI complex itself is also an inhibitor. Reiner derived equations that
described the relationship between the total inhibitor concentration (4) and yfor each
mechanism (egs 1 and 4). When gis large (as 7approaches 1), these equations simplify to
linear equations.

For substrate depletion, eq 1 simplifies to the linear eq 2 with a slope ()») of K3(1 + §/K7).
A plot of y» versus & will be linear according to eq 3. For the mixed mechanism in which
substrate depletion and inhibition by the SI complex occur, eq 4 simplified to eq 5. The slope
()») of eq 5 is more complex, KK (1 + S,/K,)/(S, + K ). and thus, a plot of y» versus S; is

nonlinear. Therefore, the relationship of ), to S is linear for a substrate depletion
mechanism and exhibits curvature toward a constant for a substrate—inhibitor complex that
inhibits the enzyme.
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Synthesis of IsOAIR.

5-Amino-1-(5’-O-tert-butyldimethylsilyl-2”,3’-O-isopropylidene-B-p-
ribofuranosyl)imidazole-4-carboxamide (2).19—To a solution of 1 (1.23 g, 1.86
mmol)29-22 in anhydrous DMF (25 mL) was added dropwise ethylenediamine (6 mL, 90
mmol) (Scheme 2). The solution turned scarlet after the addition. The reaction mixture was
warmed to 50 °C for 4 h, and the solvent was removed /n vacuo. Column chromatography (2
to 5% MeOH/CH,Cly) gave 2 (0.52 g, 1.27 mmol, 68% yield) as a white solid: TLC (5%
MeOH/CH,Cl,) R¢=0.39; 1H NMR (600 MHz, CHCI3) §7.03 (s, 1H), 5.60 (d, J= 3.7 Hz,
1H), 5.48 (s, 2H), 4.97 (dd, J= 3.7, 6.8 Hz, 1H), 4.92 (dd, /= 3.8, 6.8 Hz, 1H), 4.19 (dt, /=
2.1,4.1 Hz, 1H), 3.96 (dd, /= 2.2, 11.5 Hz, 1H), 3.86 (dd, J= 2.0, 11.5 Hz, 1H), 1.59 (s,
3H), 1.37 (s, 3H), 0.92 (s, 9H), 0.12 (s, 3H), 0.11 (s, 3H).23

5-Amino-1-(2’,3’-O-isopropylidene-B-o-ribofuranosyl)imidazole-4-carboxylate
(3).24—A solution of 2 (390 mg, 0.94 mmol) in 6 N NaOH (3 mL) was refluxed for 5 h and
then concentrated to dryness /n vacuo. To the residue was added MeOH (3 x 3 mL), and the
remaining solid was removed by filtration. The combined methanol layers were dried /n
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vacuo, and the resulting residue was dissolved in water (100 mL, pH 10). The solution was
applied to a 10 mL DEAE cellulose column (HCO3~ form). The column was washed with
water followed by a gradient from 0 to 200 mM NH4HCO3. The appropriate fractions
containing the desired product were combined and dried by lyophilization three times to
remove excess salt to give 3 as a pale yellow solid (238 mg, 0.79 mmol, 83% yield): 1H
NMR (600 MHz, D,0O) §7.53 (s, 1H), 5.88 (d, /= 3.3 Hz, 1H), 5.31 (dd, /= 3.3, 6.5 Hz,
1H), 5.03 (dd, /= 3.3, 6.4 Hz, 1H), 4.38 (q, /= 3.8 Hz, 1H), 3.75 (dd, /= 3.8, 12.5 Hz, 1H),
3.71 (dd, J= 4.5, 12.4 Hz, 1H), 1.62 (s, 3H), 1.42 (s, 3H); ES-MS [M - 1] found 298.1046,
calcd for C1oH1gN30g 298.1045.

ISOAIR [5-amino-1-(2°,3’-O-isopropylidene-B-o-ribofuranosyl)imidazole] (4).24
—A solution of 4 (586 mg, 1.96 mmol) in ammonium acetate buffer (10 mL, 20 mM, pH
4.8) was stirred at room temperature for 7 h under argon. The reaction mixture was dried by
lyophilization, and the residue was purified by fast column chromatography utilizing 40-60
4m (micrometer, particle size) silica (94/5/1 to 78/20/2 MeOH/CH,CIl,/NH4OH) to give 4
(350 mg, 1.37 mmol, 70% yield) as a yellow solid that turned brown during storage at 20 °C:
TLC (89/10/1 MeOH/CH,Clo/NH,OH) R¢= 0.25; IH NMR (600 MHz, D,0) §7.57 (s, 1H),
6.44 (s, 1H), 5.89 (d, /= 3.2 Hz, 1H), 5.29 (dd, /= 3.1, 6.4 Hz, 1H), 5.01 (dd, /= 3.3, 6.6
Hz, 1H), 4.33 (q, /= 4.0 Hz, 1H), 3.72 (dd, /= 4.0, 12.6 Hz, 1H), 3.66 (dd, /=5.1, 12.4 Hz,
1H), 1.63 (s, 3H), 1.42 (s, 3H).?°

Inhibition Kinetics of Substituted Isatins.

As part of our initial studies to improve inhibition of £. co/i N>-CAIR synthetase by isatin
analogues, we previously examined the inhibitory activity of a variety of substituted isatins
utilizing the same discontinuous phosphate assay as the high-throughput screen. These
studies revealed that electron-withdrawing groups on C5 and/or C7 of isatin resulted in more
potent inhibitors, while substitutions on C4 and C6 gave worse inhibitors (data not shown).
As a follow-up to these studies, we examined the kinetics of inhibition of substituted isatins
using a continuous assay in which ADP production was coupled to the conversion of NADH
to NAD™. During these studies, we observed that the order of addition exhibited a profound
effect on the kinetics of the inhibitors. When the coupled assay was initiated by the addition
of enzyme, a straight line was observed in the assay. However, when the reaction was
initiated by the addition of substrate, a different kinetic profile emerged. As shown in Figure
2, curvature was observed for some but not all monosubstituted 4-, 5-, and 7-bromoisatins.
The observed curvature was independent of the enzyme source (A. clavatus or E. coli, 29%
identical), indicating that the unique kinetics were not due to a property of the enzyme. The
degree of curvature and the time to reach a steady-state rate were dependent upon the site of
substitution. 4-Bromoisatin demonstrated weak inhibition and a slight curvature, while 5- or
7-bromoisatin revealed stronger inhibition and more curvature.

The curvature of the kinetic data suggests a time-dependent inhibition of N°-CAIR
synthetase. Time-dependent inhibition could have a variety of mechanistic possibilities,
including (1) modification of the inhibitor, (2) reaction of the inhibitor with the enzyme, (3)
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reaction of the inhibitor with the substrate, and (4) a slow conformational change of the
enzyme. To determine if the time dependence was due to reaction with the substrate or
enzyme, preincubation studies were conducted. Incubation of 1-methylisatin with the A.
clavatus enzyme for 5 min followed by the addition of AIR resulted in curvature. However,
incubation of 1-methylisatin with AIR for 5 min followed by the addition of the enzyme
resulted in a straight line (Figure 3). These results suggest that the observed curvature is due
to a reaction between AIR and isatin. The steady-state slopes for both experiments were
comparable, suggesting that in both cases the same concentration of the AlR:isatin complex
was eventually formed.

To verify the proposed reaction between AIR and isatin, a competition experiment was
conducted using the AIR analogue, isoAIR (Figure 4). ISoAIR has an isopropylidene
protecting group on the 2”- and 3’-hydroxyl groups and no 5’-phosphate. Studies indicated
that isOAIR is not a substrate or an inhibitor of A. c/avatus N5-CAIR synthetase (data not
shown). Addition of increasing concentrations of iSOAIR reverses the inhibitory effect of
isatin (Figure 4). The most likely explanation for this observation is that the excess isoAIR
reacts with isatin, preventing a reaction between AIR and isatin. Therefore, AIR remains
available as a substrate for the enzymatic reaction.

Reaction of AIR and Isatin Is Reversible.

The observation that isatin reacts with AIR was unexpected as the observed kinetics were
completely different from those of a previously identified substrate-reactive molecule.13 In
our HTS efforts, a series of compounds that were converted to ninhydrin in aqueous solution
and reacted with AIR were identified. The Michaelis—Menten plots showed that the presence
of a slight excess of the ninhydrin analogues resulted in complete consumption of the
substrate and 100% inhibition of enzymatic activity. Addition of a slight excess of AIR
restored enzymatic activity. In contrast, the isatin analogues never achieved 100% inhibition,
even when isatin concentrations were 8-fold greater than AIR concentrations. There are two
possible explanations for this observation. First, the observed activity, as measured by
conversion of NADH to NAD* in the coupled assay, is due to the ATPase activity of N°-
CAIR synthetase. While N°-CAIR synthetase does exhibit ATPase activity, the rate is
approximately 500 times slower than that observed in the presence of isatin, indicating that
this explanation is not supported.

Alternatively, the proposed reaction between AIR and isatin could be reversible. As the
enzyme consumes AlIR, the equilibrium of the AlR:isatin complex is shifted to supply AIR.
In addition, AIR is also produced by the non-enzymatic decarboxylation of N5-CAIR. An
increasing concentration of 1-methylisatin results in a more pronounced curvature, and the
steady-state enzymatic activity is decreased (Figure 5A), which is consistent with a shift in
the equilibrium with an increase in isatin concentration. To further assess the reversibility of
the AlR:isatin complex, the reaction must proceed beyond the reversible intermediates, N°-
CAIR and CAIR, to a stable product. To accomplish this, £. coli N5-CAIR synthetase was
coupled to £. coli N>-CAIR mutase and £. coli SAICAR synthetase (Scheme 3) to produce
the nonreversible product phosphoribosylaminoimidazole succinocarboxamide (SAICAR).
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Two experiments were independently performed to examine the recovery of the starting
materials, isatin and AIR. First, to examine the recovery of isatin, a characteristic absorbance
peak at 420 nm for isatin analogues was measured. As shown in Figure 5B, the reaction of
isatin and AIR results in a decrease in absorbance at 420 nm as the product is formed.
Conversely, when the AlR:isatin product reverts to starting materials, the absorbance peak
reappears. To minimize free isatin in these experiments and the associated absorbance at 420
nm, 500 /M 1-methylisatin was incubated with excess AIR (1.2 mM) for 30 min to generate
the AlR:isatin complex. Then, the SAICAR coupled assay was initiated by addition of all
enzymes required for SAICAR production. As SAICAR was produced, AIR was consumed
and the production of the original starting material, 1-methylisatin, was confirmed as the
absorbance at 420 nm increased (Figure 6A). Second, to examine the recovery of AIR, the
production of SAICAR was measured as an indirect measurement of AIR. In this
experiment, 200 ¢M 1-methylisatin was incubated with 50 M AIR and the SAICAR
synthetase coupled reaction was monitored at 282 nm to show the production of SAICAR.
More than 95% of the expected SAICAR was produced after 60 min (Figure 6B), indicating
the complete reversibility of the AlR:isatin complex. As expected, the production of
SAICAR from the AlR:isatin product is substantially slower than from AIR alone,
suggesting that the rate of the reverse reaction is slow.

Isatin Inhibits N>-CAIR Synthetase via Substrate Depletion.

While these results provide evidence that AIR reacts with isatin, this does not exclude the
potential that the AIR:isatin product is an N°-CAIR synthetase inhibitor. The methodology
proposed by Reiner to differentiate inhibition via substrate depletion and inhibition from the
substrate:inhibitor (SI) complex was utilized (see Methods for details).1 In the Reiner
methodology, a series of experiments are conducted to determine the fractional inhibition, 4,
at various inhibitor and substrate concentrations. The total concentration of inhibitor, £, is
plotted against the fractional inhibition, & The slopes of the resulting linear lines are
replotted against the substrate concentrations. A linear replot indicates enzyme inhibition is
due to substrate depletion, whereas a curvature in the replot indicates inhibition is a
combination of substrate depletion and inhibition of the enzyme by the substrate:inhibitor
complex. For these experiments, the potent inhibitor 7-bromoisatin was utilized. The
experiments were conducted with seven different AIR concentrations (10-200 x/M) and 14
different 7-bromoisatin concentrations (6.25-400 xM), and the fractional inhibition was
plotted against the concentration of 7-bromoisatin for each concentration of AIR (Figure
7A). The replot of slopes versus substrate concentration was linear with an A2 of 0.997
(Figure 7B), suggesting isatin inhibits N>-CAIR synthetase via pure substrate depletion and
not via binding to the enzyme. One characteristic of the replot of the slope versus substrate
concentration is that the y~intercept represents the equilibrium constant among the substrate
(AIR), the inhibitor (7-bromoisatin), and the substrate:inhibitor complex. The equilibrium
constant was calculated to be 1.6 + 2.5 ¢M, so the upper value of the equilibrium constant is
4.1 (/M. Equilibrium constants cannot be negative values, and we know that the value must
be greater than 0 because a reaction between isatin and AIR occurs. Given this, we can
estimate the range for the equilibrium constant to be 1.6-4.1 M. This result was compared
to the steady-state inhibitory rate of 100 £M 7-bromoisatin with 25 zM AIR. On the basis of
the estimated equilibrium constant, the amount of free AIR expected is 0.5-1.3 ¢M. This
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corresponds to an enzymatic activity of 0.0014-0.0034 OD/min, which is comparable to the
actual activity of 0.0024 OD/min measured in the assay.

DISCUSSION

Our previous characterization of isatin analogues as inhibitors of N5-CAIR synthetase
indicated that these compounds were noncompetitive inhibitors of the enzyme. As
demonstrated in this paper, that observation was incorrect, and instead, isatins inhibit N°-
CAIR synthetase via substrate depletion. Our results highlight the importance of not relying
upon a discontinuous assay for the analysis of inhibitors and the need to validate kinetics
with various reaction conditions. From previous work, the phosphate assay and the ATP-
NADH coupled assay provide similar results for determining N°-CAIR synthetase
inhibition. However, due to the limitations of the discontinuous phosphate assay and the
reaction conditions of the ATP-NADH coupled assay used to assess the type of inhibition by
isatins, the time-dependent nature of the inhibition was masked. Previously, the ATP-NADH
coupled assay was performed by allowing the reaction mixture to equilibrate to 37 °C and
then initiated by addition of enzyme. On the basis of the investigation presented here, it is
most likely that during the equilibration period the AlR:isatin complex was formed,
resulting in a linear rate of activity upon initiation with enzyme. Such a result indicates that
the reactivity of isatins is rapid in an aqueous environment and thus more facile under assay
conditions than, perhaps, anticipated.

The reaction between isatin and AIR is surprising given the fact that the kinetics are distinct
from those of previously observed AIR-reactive molecules and the fact that the reported
isatin reactivity with aromatic amines is poor.26 An analysis of the PubChem database
indicates that isatins have not been identified as promiscuous inhibitors. Reports regarding
isatin-like compounds as PAINS (pan-assay interference compounds) have produced
differing results. In 2010, interrogation of a series of HTS-campaigns found isatin
substructures associated with problematic compounds and could be a component of PAINS.
27 In contrast, two other reports identified the 1-imineisatin substructure as a moderate risk
of promiscuity and a nonfrequent hitter.28:29 |satins have been shown to react with the
sulfhydryl groups in cysteine residues, and isatin analogues inhibit cysteine protease
caspase-3 through formation of a covalent bond.39 Currently, there are no reports of isatins
reacting with biological amines. Thus, the reactivity between AIR and isatin appears to be
novel. Such a result highlights the unique reactivity of AIR that is likely important for the
carboxylation of AIR to produce CAIR in de novo purine biosynthesis. The chemical
structure of the product formed by the reaction between AIR and isatin is currently under
investigation, and that report is forthcoming.

Isatins have been reported in the literature to possess cytotoxic effects across a range of
microorganisms and various cancer cell lines.31-57 The mechanism of cytotoxic action of
isatins is unknown, and it is tempting to speculate that one mechanism of cytotoxicity is due
to the depletion of AIR resulting in the inhibition of purine biosynthesis. While plausible,
the reactivity of isatins with biological sulfhydryl groups complicates the determination of
the effect of isatin on purine biosynthesis. The use of substrate depletion as a mechanism to
inhibit bacterial growth is intriguing because it would presumably be difficult for bacteria to
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develop resistance to such a mechanism. Vancomycin, a currently used antibiotic, can be
thought of as working via a substrate depletion mechanism because it binds to the substrate,
thus preventing it from reacting with the enzyme. Resistance to vancomycin took more than
20 years to be observed in the clinic, attesting to the challenge of bacteria developing
resistance to a substrate depletion drug. Unfortunately, AIR is an intermediate of de novo
purine biosynthesis for bacteria and humans. Therefore, substrate depletion of AIR by isatin
does not provide the selectivity required to be utilized as an antibacterial agent.
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Figure 1.
Divergence in the de novo purine biosynthetic pathway. Humans convert AIR to CAIR using

the enzyme AIR carboxylase with CO, as the one-carbon source (top). Microbes convert
AIR to N°-CAIR using the enzyme N°-CAIR synthetase and HCO3™ as the one-carbon
source along with ATP. The conversion of N°-CAIR to CAIR is conducted by the enzyme
N5-CAIR mutase (bottom).
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Figure 2.

Inhibition of N®-CAIR synthetase by isatin in the ATP-NADH coupled assay. The ATP-
NADH coupled N3-CAIR synthetase reaction was initiated with AIR (25 M) and
bromoisatin (100 £M) at time zero, and the conversion of NADH to NAD* was measured at
340 nm. Seventy nanograms of the A. c/avatus enzyme (A) or 110 ng of the £. colienzyme
(B) was used in the assay. (C) 4-Bromo-, 5-bromo-, and 7-bromoisatin from left to right,
respectively. Legend: no isatin (@), 4-bromoisatin (), 7-bromoisatin (A), and 5-
bromoisatin (4). The Y-axes have different scales, from 0.85 to 1.00 for panel A and from
0.70 to 1.00 for panel B. The lines in all graphs are the best-fit lines as executed by
KaleidaGraph. The experiments generated continuous data; however, only a limited number
of data points for each curve are shown for the sake of clarity.
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Figure 3.
The order of addition is important between the reaction of isatin and AIR. Left: 1-

Methylisatin. Right: A. clavatus N>-CAIR synthetase ATP-NADH coupled assay with 200
4M 1-methylisatin incubated with AIR and initiated with the enzyme (@) or 200 M 1-
methylisatin incubated with the enzyme and initiated with AIR (H). The steady-state rates
for initiation with the enzyme (-0.003 OD/min) or AIR (-0.004 OD/min) are colored gray.
The steady-state rate for the initiation of AIR was determined from data from 10 to 12 min.
The data in the graph are 24 evenly selected points from a continuous data set from 0 to 12
min.
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Structures of AIR and isoAIR and the effect that isoAIR has on the inhibition of N>-CAIR
synthetase. Structures of AIR and isoAIR (left). A. clavatus N>-CAIR synthetase ATP-
NADH coupled assay with 200 £M 1-methylisatin with the addition of various
concentrations of isoAIR (right). Legend: 0 (@), 200 (M), 400 (@), and 800 /M (A)
iSOAIR.
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(A) Dose-dependent inhibition of N°>-CAIR synthetase. ATP-NADH coupled assay with 0
(@), 50 (M), 100 (@), and 200 1M (A) 1-methylisatin. (B) Monitoring AlR:isatin product
formation at 420 nm. UV-vis scan of the reaction of 500 ;M 1-methylisatin with 1200 ¢/M
AIR at 0 (—) and 5 min (---).
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Reversibility of 1-methylisatin and AIR reactions via the SAICAR synthetase coupled assay.
(A) 1-Methylisatin (500 M) incubated with excess AIR coupled to the enzymes necessary
to convert AIR into the irreversible product SAICAR (Scheme 3). The conversion of the
product to the starting material, 1-methylisatin, was monitored by UV-vis at 420 nm. (B)
Production of SAICAR from 50 ¢M AIR was monitored by UV-vis at 282 nm without 1-
methylisatin (@) and with 200 xM 1-methylisatin (l). The inset displays the first 5 min of

the reaction.
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Figure7.
Determination of the substrate depletion mechanism. (A) Plot of inhibitor, 7-bromoisatin

(tM), vs w4, fractional inhibition, of the ATP-NADH coupled assay with various
concentrations of AIR: 200 (black circles), 160 (gray circles), 120 (black squares), 80 (gray
squares), 40 (black triangles), 20 (gray triangles), and 10 M (black diamonds) from top to
bottom, respectively. (B) Plot of the final slope (y») from panel A vs AIR (¢/M).
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Scheme 1.
Two Mechanisms for Inhibition of an Enzyme by an Inhibitor:Substrate Complex?

4Mechanism 1 is inhibition by pure substrate depletion. Mechanism 2 is inhibition by
substrate depletion and inhibition of the enzyme by the inhibitor:substrate complex.
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Scheme 2.
Synthesis of IscAIR?

4Reagents and conditions: (a) ethylenediamine, dimethylformamide, 50 °C, 4 h, 68%; (b) 6
N NaOH, reflux, 5 h, 83%; (c) NH4OAc, 20 mM, pH 4.8, room temperature, 7 h, 70%.
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Scheme 3.
Coupled Enzymatic Assay System for Converting N°-CAIR into SAICAR?

4The solid arrows represent enzymatic reactions, while the dashed arrows represent non-
enzymatic reactions.
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