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ABSTRACT: Novel inhibitors of lupin diadenosine 50,500 0-P1,P4-tetraphosphate (Ap4A) hydrolase have been
identified by in silico screening of a large virtual chemical library. Compounds were ranked on the basis of a
consensus from six scoring functions. From the top 100 ranked compounds six were selected and ini-
tially screened for inhibitory activity using a single concentration isothermal titration calorimetry assay.
Two of these compounds that showed excellent solubility properties were further analyzed, but only
one [NSC51531; 2-((8-hydroxy-4-(4-methyl-2-sulfoanilino)-9,10-dioxo-9,10-dihydro-1-anthracenyl)amino)-
5-methylbenzenesulfonic acid] exhibited competitive inhibition with a Ki of 1 μM. A structural analogue of
this compoundalso exhibited competitive inhibitionwith a comparableKi of 2.9μM.1H, 15NNMRspectroscopy
was used to map the binding site of NSC51531 on lupin Ap4A hydrolase and demonstrated that the compound
bound specifically in the substrate-binding site, consistent with the competitive inhibition results. Binding of
NSC51531 to the human form of Ap4A hydrolase is nonspecific, suggesting that this compoundmay represent a
useful lead in the design of specific inhibitors of the plant-like form of Ap4A hydrolases.

Diadenosine 50,50 00-P1,P4-tetraphosphate (Ap4A)1 has wide
ranging physiological roles in both prokaryotes and eukar-
yotes (1, 2). In human physiology Ap4A has a pivotal role in
vasoconstriction and myocardial function, acting as both a
cellular signaling molecule and a second messenger in the
regulation of gene expression (3). In bacterial systems Ap4A
appears to have intracellular signaling roles involved in the
regulation of invasion and bacterial pathogenesis (4-6).

All cells produceAp4Aunder normal physiological conditions,
and the cellular systems for its degradation are ubiquitously
expressed (7). Ap4A (and related dinucleotide polyphosphates) is
typically degraded by nucleotide hydrolases that asymmetrically
cleave Ap4A to yield ATP (adenosine triphosphate) and AMP

(adenosine monophosphate) (8, 9). These asymmetrically cleav-
ing Ap4A hydrolases have been identified in plants, animals,
protozoa, and proteobacteria, and all are members of the Nudix
hydrolase family. The animal and plant Ap4A hydrolases have
little sequence similarity apart from the Nudix motif, while the
bacterial enzymes show greater similarity to the plant enzymes
than to their animal counterparts (4). Notably, of the 15 residues
identified to be involved in ligand binding in the plant Ap4A
hydrolase structure (10), 10 are strictly conserved and 4 are
conservative substitutions between the plant and bacterial en-
zymes. The plant hydrolase will therefore likely serve as a useful
model for the bacterial and parasitic enzymes. The plant-like
hydrolases (conserved domain cd03671) include those from the
potentially fatal human parasites Trypanosoma brucei (gi|
62360166), responsible for African sleeping sickness, Trypanoso-
ma cruzi (gi|70872560), the causative agent of Chagas disease,
and Leishmania major (gi|68128542), the pathogen causing
leishmaniasis.

The development of inhibitors of Ap4A hydrolases may
therefore have significant utility. Inhibitors of bacterial Ap4A
hydrolase may represent a novel class of antimicrobial agents.
Disruption of the cellular signaling controlled by Ap4A in
pathogenic bacteria may reduce microbial pathogenesis during
an infection. Methylene, halomethylene, and polyol derivatives
of Ap4A (11-13) are known competitive inhibitors of human,
bacterial, and plant Ap4A hydrolase. Suramin has also been
reported to inhibit rodent Ap4A hydrolase (14).

We report here the discovery of several novel small-molecule
inhibitors of Ap4A hydrolase from Lupinus angustifolius
discovered using in silico screening. This success in identifying a
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high-affinity inhibitor of lupin Ap4A hydrolase demonstrates the
potential to identify inhibitors of bacterial and parasitic Ap4A
hydrolases with potential human therapeutic applications.

EXPERIMENTAL PROCEDURES

Virtual Screening. Virtual screening was performed using
theDOCK (4.0.1) program (15).Docking spheres were generated
using the SPHGEN utility. Energy and bump grids were calcu-
lated using the GRID program at a resolution of 0.35 Å; a
dielectric of 4.0r and distance cutoff of 10.0 Å were used to
evaluate the electrostatic components of the energy, and a 6-12
potential was used for the Lennard-Jones function. Flexible
ligand docking was performed using the automated matching
procedure for sampling ligand orientation, torsion drive and
minimization methods for conformational searching, and energy
optimization.

TheOpenNCIDatabase (October 2000 release) was converted
from sdf format to three-dimensional SYBYLmol2 format using
the Concord program (16). Gasteiger partial atomic charges were
assigned, and each molecule was minimized using SYBYL
(version 6.7; Tripos Inc., St. Louis, MO). After removal of
molecules incompatible with the docking methods, the virtual
library consisted of ∼120000 entries.

The structure of lupin Ap4A hydrolase in complex with ATP
(PDB accession code 1JKN, model number 17) with ligand
removed was used for virtual screening (10). Protons were added
to fill unsatisfied valencies, and Kollman all-atom charges were
assigned using the BIOPOLYMER module of SYBYL. Proton
positions were minimized (200 iterations of conjugate gradient)
with all other atoms held fixed.

The interaction energy between ligand and protein was
evaluated using six different scoring functions, DOCK (15),
SCORE (17), PMF (18), ChemScore (19, 20), SMoG (21, 22),
and AutoDock (23), using our in-house SCORER program. The
top-scoring 25 poses from the DOCK calculation were rescored
using all six scoring functions. The representative pose for each
ligand was chosen based on a product-of-ranks consensus
analysis of these scores (24, 25). A consensus ranking of all the
compounds in the database was obtained from a principle-
component consensus of the six scoring functions. The princi-
ple-component consensus uses a sum-of-ranks consensus where
each scoring function is weighted by the eigenvector components
of the principle eigenvalue of the matrix of rank correlations
between all scoring functions (Branson and Smith, manuscript in
preparation).

From the highest 100 ranked compounds, those compounds
with a calculated log P greater than 3 were excluded from further
consideration. The XlogP program (26) was used for predicting
octanol/water partition coefficients (log P).
Isothermal Titration Calorimetry. The hydrolysis of Ap4A

by the lupin Ap4A hydrolase enzyme was determined using an
ITC-based method (27). Reactions were carried out using a VP-
ITC isothermal titration calorimeter (Microcal) at a temperature
of 25 �C, and data were collected and analyzed using the
manufacturer supplied ORIGIN 6.0 software (OriginLab Corp.)
and the software package GRACE. Both a single injection
continuous kinetic assay and a multiple injection kinetic assay
were conducted using a stirring speed of 310 rpm. For the
continuous assay, reactions were started with a single 5 μL
injection of Ap4A (4.7 mM) into the sample cell (volume,
1.41 mL) containing the enzyme (5.3 nM), and the reaction

was followed to completion. For the multiple injection method,
2.5-5.1 nM enzyme in the reaction cell was titrated with 20-40
�2-3 μL injections ofAp4A (1.0mM) using a 60 s delay between
successive injections. The apparent enthalpy (ΔHapp) for the
hydrolysis of Ap4A by the lupin enzyme was determined in a
separate experiment in which 10 � 14 μL injections of ligand
(1mM) into either buffer alone or buffer containing enzyme (50.5
nM) were made using a 250 s spacing. ΔHapp was determined by
integration of the thermogram corrected for heats of dilution.
Buffer solution was carefully matched in both the ligand and
enzyme solutions and consisted of 100mMTris-acetate, pH 7.7,
5 mM magnesium acetate, and 5% DMSO, and samples
were degassed prior to the assay. Buffer solution, including
DMSO, was shown not to inhibit enzyme activity. Inhibitor
concentrations in the sample cell are as indicated in
the text.
NMR Interaction Assay. Samples of 15N-labeled lupin

Ap4A hydrolase were titrated with the compound NSC51531,
and changes to peak intensity or chemical shift weremonitored in
2D 15N, 1H HSQC spectra. The protein was expressed, puri-
fied, and prepared as previously described- the 1H, 13C, and 15N
resonances of the enzyme have been previously assigned (28). To
assess the specificity of NSC51531 for the lupin Ap4A hydrolase,
a similar titration against the 15N-labeled humanAp4Ahydrolase
(E63A) was performed. The enzyme was expressed and purified
as previously reported (29). The inactive E63A mutant is more
stable to precipitation thanwild type but binds substrate similarly
to wild type.

Stock solutions of NSC51531 were prepared from 50 μL of
DMSO to produce a 50 mM stock. NMR samples (0.22 mM
lupin Ap4A hydrolase, 0.25 mM human Ap4A hydrolase) con-
taining 20 mM [2H]imidazole (pH 6.5), 20 mM MgCl2, 0.02%
NaN3, and 90% H2O/10% 2H2O were prepared in 550 μL and
titrated to an equivalent concentration of ligandwith the addition
of 10 μL of DMSO. The NMR experiments were carried out at
25 �C using a Varian 500 or 600 MHz Inova spectrometer
equipped with a 5 mm 1H, 13C, 15N single z-axis gradient probe.
Data were processed using NMRPipe (30) and subsequently
analyzed in XEASY (31). 1H chemical shifts were referenced to
DSS at 0.0 ppm; 13C and 15N chemical shiftswere calculated from
the 1H spectrometer frequency. Structural images were prepared
using the PyMol program (DeLano Scientific LLC).
Cell Viability Assay. Primary human foreskin fibroblasts

(a gift fromDr. Christopher Tonkin, WEHI) were maintained in
DME medium containing 10% heath inactivated fetal bovine
serum at 37 �C in 5%CO2. The CellTiter Blue cell viability assay
(Promega, Madison, WI) was used to determine compound
toxicity as previously described (32). Briefly, compounds were
dissolved in DMSO at 10 mM working concentration and
titrated across the range of compound concentrations (2-fold
dilutions from 100 μMto 49 nM) in culture media. The assay was
set up in triplicate in 96-well plates with 103 cells/well. Cell
viability was assessed spectrophotometrically at 550 nm with the
reference wavelength of 630 nm. DMSO control was included in
the assay. Readings were compared to the nontreated control,
and the percent growth inhibition was calculated.

RESULTS

In Silico Screening. From the top-ranked 100 compounds
selected by consensus rescoring only 7 compounds had a
predicted log P of less than 3; this cutoff value for log P was
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considered a reasonable predictor of water solubility. Of these
7 compounds, all but 1 was available from the NCI Develop-
mental Therapeutics Program (NCI DTP). Thus, six compounds
(NSC51531, NSC89768, NSC113427, NSC133815, NSC232476,
and NSC305522) were initially assayed for inhibition of lupin
Ap4A hydrolase using ITC.
Hydrolysis of Ap4A by Lupin Ap4A Hydrolase. The

activity of the wild-type Ap4A hydrolase was determined using
ITC. The apparent enthalpy, ΔHapp, for the hydrolysis of Ap4A
by thewild-type lupinAp4Ahydrolase enzymewas determined to
be -123 kJ mol-1. The kinetic constants, Km and kcat, were
determined from a nonlinear least-squares fit of the calorimetric
profile generated during replicatemultiple injection kinetic assays
to the standardMichaelis-Menten equation (Figure 1) and were
2.72 ( 0.49 μM and 10.15 ( 0.56 s-1, respectively. These values
are similar to those previously determined by other methods (33).
Inhibition of Lupin Ap4AHydrolase. Six compounds from

the NCI DTP were initially screened for inhibition of the Ap4A
hydrolysis reaction using ITC. A first-pass screen was conducted
using the single injection continuous assay and potential inhibi-
tion of the hydrolysis reaction identified from thermograms
exhibiting an increased time to return to baseline relative to the
enzyme reaction in the absence of inhibitor (Figure 2a). Three
compounds, NSC113427, NSC133815, and NSC305522, did not
exhibit any enzyme inhibition at concentrations in excess of
100μM.The remaining three compounds,NSC51531,NSC89768,
and NSC232476, were soluble in 5% DMSO (Table 1) and were
observed to inhibit the enzyme. The molecular structures of these
compounds are presented in Figure 3. NSC89768 was poorly
soluble and was excluded from the subsequent analysis where
accurate inhibitor concentrations were required for estimation of
the apparent Ki. From visual inspection of the thermograms from
the continuous assays compound NSC51531, possessing a 1,4-
diaminoanthracene-9,10-dione core, exhibited the most potent
inhibition of the three compounds identified.

Compounds NSC86169, NSC30051, and NSC401611 are clear
structural analogues of NSC51531, containing the 1,4-diamino-
anthracene-9,10-dione core (Figure 3); these compounds were also
obtained from the NCI DTP. The analogues NSC86169 and
NSC300513were poorly soluble in 5%DMSO (Table 1); however,
inhibitionwas observed at relatively high concentrations in the ITC
assays. In contrast, NSC401611 was readily soluble in 5%DMSO
and showed inhibition of the single injection assay. Inhibition
constants for NSC51531, NSC232476, and NSC401661 were
subsequently determined using a multiple injection assay. The
predicted log P of NSC401611 was 3.0 and narrowly missed being
included in the initial selection of compounds.
Determination of Inhibition Constants. A multiple injec-

tion ITC method was used to determine inhibition constants for
NCI compounds NSC51531, NSC232476, and NSC401611.
Under pseudo-first-order and steady-state conditions, the rate
of reaction for a series of substrate concentrations was obtained
from the measured thermal power following each injection. The
inhibition constants (Ki) were derived from a nonlinear least-
squares fit of the multiple injection ITC data to the Michaelis-
Menten equation for competitive inhibition (1):

ν ¼ kcat½E�½S�t
KM 1þ ½I�

Ki

� �
þ½S�t

ð1Þ

where v is the reaction velocity; [E], [I], and [S] are the
concentrations of enzyme, inhibitor, and substrate at a given

FIGURE 1: Calorimetric thermogram and Michaelis-Menten curve
for Ap4A hydrolysis. (a) Raw data for the multiple injection method
are shown for 40� 2 μL sequential injections of Ap4A (1.0 mM) into
a sample cell containing the lupin Ap4A hydrolase (2.5 nM) at 25 �C.
An initial delay of 60 s and a spacing of 60 s between injections were
applied. (b) The change in thermal power was converted to rate and
fit using ORIGIN 6.0 software and was corrected for enzyme
dilution.

FIGURE 2: Inhibition of Ap4A hydrolysis. (a) 5.3 nM lupin Ap4A
hydrolase in 100 mM Tris-acetate, pH 7.7, 5 mM magnesium
acetate, and 5% DMSO was equilibrated at 25 �C in the presence
or absence of potential inhibitors (see Table 1 for compound con-
centrations). Reaction was started with a single 5 μL injection of
Ap4A (4.7 mM). (b) Michaelis-Menten curves constructed from
multiple injection ITC data using ORIGIN 6.0 for lupin Ap4A
hydrolase (2.5 nM) hydrolysis of Ap4A (1.0 mM) in the presence of
inhibitors (see Table 2 for compound concentrations).
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time t, respectively; and kcat, KM, and Ki are the catalytic,
Michaelis-Menten, and inhibition rate constants, respectively.

Figure 2b shows the reaction rates at each substrate
concentration for the enzyme alone (no inhibitor) and in the
presence of NSC51531 or NSC401611, fit to eq 1. The Kis for
the three inhibitors, determined from the fits, are presented in
Table 2.
NMR 15N Chemical Shift Perturbation. The compound

exhibiting the greatest inhibition, NSC51531, was tested for its
ability to bind the Ap4A binding site of the enzyme. Titration of
15N-labeled lupin Ap4A hydrolase with NSC51531 caused only
small chemical shift changes but markedly broadened a number
of resonances, indicating that the binding of ligand was in the
intermediate exchange regime (34). Figure 4a shows a histogram
plot of the intensity changes at 1:1 enzyme to ligand ratio. The
most significant intensity changes were mapped onto the struc-
ture of the protein in Figure 4b. These changes are localized to
helix II, the N-terminal end of helix IV, and the strands of the
five-stranded β-sheet and are consistent with the binding of
NSC51531 to the Ap4A binding site (10, 35). Compound
NSC51531 may therefore inhibit Ap4A hydrolase by competing
for substrate binding.

Titration of 15N-labeled human Ap4A hydrolase (E63A) with
NSC51531 also broadened a number of resonances. A histogram
plot of the intensity changes at 1:1 enzyme to ligand andmapping
the most significant intensity changes onto the structure are
shown in Figure 5. In this case, while several resonances (H42,
E135) near the ligand binding site were broadened, a number of
resonances distant from the binding site were also affected,
suggesting that NSC51531 is less specific in its interaction with
this form of the enzyme. Substrate is expected to sandwich
between Y87 and F133; however, the resonances of Y87 and
its flanking residues were not affected. The NH of F133 is broad
prior to the addition of ligand. The resonances of K137 and its
flanking residues, which are distant from the binding site, are
markedly broadened, suggesting nonspecific binding to the hu-
man enzyme.
Toxicity of NSC51531. The effect of NSC51531 on human

fibroblasts was examined to determine the potential toxicity
against mammalian cells. NSC51531 was incubated with human
fibroblasts for 24 h, after which the effect on cell growth was
assayed. No effect on cell viability or growth was detected at
concentrations up to 100 μM (Figure 6).

DISCUSSION

Virtual screening has identified several novel small molecule
inhibitors of lupin Ap4A hydrolase with Ki values in the low
micromolar range. This is the first successful application of
virtual screening to an Ap4A hydrolase. Three of the six
compounds received from the NCI exhibited inhibition of the

Table 1: Assay Conditions and Properties of the NCI Compounds That

Inhibited Lupin Ap4A Hydrolasea

compound concn (μM)b solubility rankc inhibitiond

In Silico Screening Predictions

NSC51531 100 good 6 þ
NSC133815 <539 poor 54 -
NSC89768 <356 poor 65 þ
NSC305522 <428 very poor 87 -
NSC232476 341 good 93 þ
NSC113427 171 good 99 -

Structural Analogues

NSC401611 223 good 73 þ
NSC86169 <232 very poor 691 þ
NSC300513 <272 poor 2026 þ

DMSO 5% (w/v) N/A N/A -
a Inhibition was measured as an increase in the time for the calorimetric

signal to return to baseline relative to the wild-type enzyme without
inhibitor added. bConcentration was dependent on compound solubility
in 5% DMSO. Where the solubility was poor, only an upper limit of the
concentration was available. cRank from the consensus scoring of the six
scoring functions described. d (þ) indicates inhibition; (-) indicates no
observed inhibition.

FIGURE 3: Chemical structures of inhibitors of lupin Ap4A hydro-
lase. NSC51531, NSC89768, and NSC232476 were identified
through in silico screening. NSC86169, NSC300513, and NSC-
401611 are structural analogues of NSC51531.

Table 2: Inhibition Constants from Multiple Injection Assay

compound concna Ki (μM)b kcat (s
-1)b,c

NSC51531 4.8 1.09( 0.29 10.14( 0.56

NSC232476d 6.8 ∼5 ∼12

NSC401611 4.5 2.89( 2.06 10.54( 0.24

aFinal concentration in sample cell (μM). bReported values are the
mean of three replicate determinations and the standard deviation.
c kcat and Km constrained during fitting procedure within experimental
errors. dData for this compound could not be adequately fit to simple
competitive inhibition.
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enzyme. The most active of these, NSC51531, was ranked
number 6 in the initial rank-ordered list of ∼120000 compounds
and was the highest ranked compound with a log P less than 3.
Reiterating, NSC51531 was the highest ranked compound we
considered suitable for testing.

Comparison of the docked pose ofNSC51531with the original
NMR complex of Ap4A hydrolase with ATP-MgFx (10),
combined with the NMR titration analysis (Figure 4), indicates
that the compound occupies the binding site in a very similar
manner to ATP (Figure 7). The naphthalene group occupies the
same space as the adenine ring of ATP, flanked by the hydro-
phobic side chains of I36, A39, V88, V147, and F149. The
naphthyl-hydroxyl forms a hydrogen bond with the NH3

þ

group of the side chain of K150. One of the sulfonate groups
of NSC51531 is in close proximity to K58 on the surface of the
protein, while the second sulfonate group forms an interaction
with the guanadinium group ofR33; this latter sulfonate lies close
to where the furan-linked phosphate of ATP lies (in the NMR
structure of the complex of Ap4A hydrolase with ATP-MgFx).
The side-chain groups of several other residues of the hydrolase
contact NSC51531, including F84, K91, L92, and W96.

NSC51531 and NSC401611 have comparable affinities to the
previously reported substrate analogue di(adenosine-5-O-phos-
phorothio)erythritol that inhibits lupin Ap4A hydrolase with aKi

of 1.5 μM. The substrate analogues also inhibit the human form
of the hydrolase (Ki of 0.5 μM) (12). Although NSC51531
interacts with human Ap4A hydrolase, it also appears to interact
nonspecifically. The solution structure of human Ap4A hydro-
lase (29) and the crystal structure ofCaenorhabditis elegansAp4A

FIGURE 4: NMRtitration of 15N-labeled lupinAp4AhydrolasewithNSC51531. (a)Histogramplot of relative intensity of the 15NHresonances in
the absence of NSC51531 (I�) versus the presence of a molar equivalent of NSC51531 (I). The mean intensity and standard deviation are 0.746(
0.282.Dashed lines represent themean and one and two standard deviations. Residues L3, E11,G18,N23, A31,M42, Q44,R54,G66, Y82,R89,
L92,W96,G97,D99,K101,G114,Q117, E118,D124, andS126were excludeddue to resonance overlap. Proline residues are inpositions 9, 10, 37,
43, 77, 85, 86, 129, 139, 152, and 163. (b) Structure ofAp4Ahydrolase.Green indicates no significant broadening, bluewithin one to two standard
deviation, and red more than two standard deviations of the mean intensity. The ligand ATP is presented to indicate the location of the enzyme
active site; the largest perturbations are localized about the enzyme active site.

FIGURE 5: NMRtitration of 15N-labeled humanAp4AhydrolasewithNSC51531. (a)Histogramplot of relative intensity of the 15NHresonances
in the absence ofNSC51531 (I�) versus the presence of amolar equivalent ofNSC51531 (I). Themean intensity and standarddeviation are 0.719(
0.266.Dashed lines represent themeanandone and two standarddeviations.ResiduesL8,R9,A10,C11,G12, I15,K23,N26, I29,L34,W43,T44,
A60,A63, T64, E67, I78,R90, I97, S113,R120,A127,Q129, L130,A131, F133,K134,Q141, andE142were excluded due to resonance overlap or
the peak in the absence of ligand was very weak. Proline residues are in positions 22, 45, 46, 52, and 93. (b) Structure of human Ap4A hydrolase.
Green indicates no significant broadening, blue within one to two standard deviation, and red more than two standard deviations of the mean
intensity.

FIGURE 6: Toxicity of NSC51531 against human fibroblasts. Inhibi-
tion of cell growth after 24 h incubationwithNSC51531 andDMSO,
corrected against a nontreated control.
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hydrolase (36) have revealed a different mode of binding of
substrate compared to the lupin hydrolase. Neither the human
nor C. elegans enzymes possess the mobile helix II observed in
lupin Ap4A hydrolase. The side-chain groups of four residues on
helix II, V88, K91, L92, and W96, contact ATP; these residues
also contact NSC51531 in the predicted docked pose of the
inhibitor. The side-chain groups of R33 and K150 of the lupin
Ap4A hydrolase engage the furan-linked phosphate of ATP; both
of these residues are predicted to bind one of the sulfonates of
NSC51531. Notably, no basic residues exist in the vicinity of R33
or K150 in the human Ap4A hydrolase.

The dichotomy between the structures of lupin and human
Ap4A hydrolase, particularly in the ligand-binding site, suggests
that the lead reported here presents a reasonable starting point
for the design of specific inhibitors of bacterial pathogen Ap4A

hydrolases. Such inhibitors might also provide a valuable re-
search tool for understanding the roles of Ap4A in bacterial
pathogenesis or in other mechanisms. NSC51531 shows no
adverse effects against human fibroblasts up to concentrations
of 100μM, intimating tolerance to this class of compound and the
applicability for drug development.

Neither of the structural analogues NSC86169 or NSC300513
contain a sulfonate group; the role of the sulfonate groups in
engaging basic residues in the ligand-binding site of Ap4A
hydrolase offers a clear explanation for the decreased binding
affinity of these compounds. It is reassuring, also, that these
compounds were not rated highly in the in silico screening
procedure.

CONCLUSIONS

In silico screening has been used to identify several novel
inhibitors of lupin Ap4A hydrolase. Two of these compounds,
possessing a 1,4-diaminoanthracene-9,10-dione core, bind with a
Ki of 1-3 μM, as determined through isothermal titration
calorimetry. NMR chemical shift analysis of the compound
exhibiting the highest affinity for the enzyme indicates that the
interaction is in the intermediate exchange regime, consistent
with a low micromolar affinity. Perturbations of the peak
intensities in the NMR spectra were observed to cluster around
the substrate-binding site, demonstrating that the inhibitor
bound specifically in this site. Sulfonate groups on the inhibitors
appear to be necessary for the observed affinity and likely
substitute for the phosphate groups of the substrate.

The in silico screening protocol applied here has been excep-
tionally successful. The highest ranked compound considered
suitable for assaying exhibited tight binding to the enzyme. Of the
six compounds selected from the original database of ∼120000
compounds three exhibited inhibitory effects. Half the com-
pounds assayed exhibited poor solubility, and an alternative
accurate method for the prediction of solubility (in DMSO
mixtures) is required to improve the rate of recovery of active
compounds.

Ap4A hydrolases are expressed ubiquitously across all cellular
systems. NSC51531 exhibits binding in the substrate-binding site
of lupin Ap4A hydrolase, whereas for the human form the
interaction is nonspecific. Thus, the 1,4-diaminoanthracene-
9,10-dione core may serve as a useful scaffold for future design
of specific inhibitors of the plant/bacterial family of Ap4A
hydrolases that capitalize on the differences in ligand binding
sites between animal and plant/bacterial forms of the enzymes.
We have demonstrated here the ability to identify inhibitors of
this group of enzymes. It remains to determine whether Ap4A
hydrolases are critical for parasite survival to validate this as a
target for therapeutic intervention. The compounds identified
here will be valuable for determining the importance of Ap4A
hydrolases in pathogenesis.
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