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Uncovering false positives on a virtual screening search
for cruzain inhibitors
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Abstract—Some unexpected promiscuous inhibitors were observed in a virtual screening protocol applied to select cruzain inhibitors
from the ZINC database. Physical–chemical and pharmacophore model filters were used to reduce the database size. The selected
compounds were docked into the cruzain active site. Six hit compounds were tested as inhibitors. Although the compounds were
designed to be nucleophilically attacked by the catalytic cysteine of cruzain, three of them showed typical promiscuous behavior,
revealing that false positives are a prevalent concern in VS programs.
� 2007 Elsevier Ltd. All rights reserved.
Identification and avoidance of potential false positive
results, such as screening hits that are unsuitable as lead
structures, have been recognized as a big concern in
every virtual screening (VS) or high throughput screen-
ing (HTS) program.1,2 These undesired results could
be due to many reasons,3 being one of them the presence
of promiscuous inhibitors among the tested com-
pounds.4 Organic molecules able to form micromolar
or submicromolar aggregates in aqueous buffers are
classified as promiscuous inhibitors5 due to the capacity
of these aggregates to inhibit nonspecifically enzymes at
in vitro assays. For this reason, these molecules are
rarely suitable for drug development and their early
detection can avoid worthless work.2

Promiscuous inhibitor prediction studies, based on
chemical properties, have been carried out with some de-
gree of success.6,7 Despite these early positive results, the
widespread application validity of these empirical mod-
els is still being discussed considering that they have
been applied only to a limited size test series, and also
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they seem to be still unreliable for filtering databases
with up to a million compounds. Additionally, it has
been stressed that more studies should address the issue
of false positives and the appearance of promiscuous
inhibitors in HTS/VS programs.2,3,6,7 Therefore, a de-
mand for higher quality data to feed knowledge-based
tools which will, one day, be able to reliably identify
these undesirable compounds is quite clear.

It has been observed, in this attempt to find specific
inhibitors for cruzain (the recombinant form of cruzipa-
ine, a major Trypanosoma cruzi protease present in every
stage of the parasite life cycle8), that some compounds
showed typical promiscuous properties, such as poor
specificity, micromolar activity, and no structure activity
relationship. The procedures applied to select these po-
tential cruzain inhibitors and the methods used for iden-
tification and confirmation of promiscuous inhibitory
activity have been described in the present work.

Cruzain crystal structures have been elucidated in at
least 13 PDB entries (1AIM, 1EWL, 1EWM, 1EWO,
1EWP, 1F29, 1F2A, 1F2B, 1F2C, 1ME3, 1ME4,
1U9Q, and 2AIM, whose resolutions range from 1.2 Å
to 2.2 Å). All of them were covalently bonded to a pep-
tide-like inhibitor. Cruzain belongs to the papaine-like
family of cysteine proteases and binds peptide substrates
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Table 1. Physical–chemical properties applied as filters

Property Values

Atoms types H; C; N; O; F; Cl; Br; I; P; S

Molecular weight 250–600

Partition coefficient (logP) �2 to 5

Hydrogen bond donors 2–5

Hydrogen bond acceptors 2–10

Sum of N + O 3–8

Number of halogens 0–2

Number of rings 0–4

Max ring members 3–8

Rotatable bonds 0–6

CH3ðCH2Þn� chain length 0–2

Figure 1. Aligned cruzain inhibitor (PDB ID 1ME4) superimposed

over the generated pharmacophore model (magenta sphere: H-bond

donor; green sphere: H-bond acceptor; left beige sphere: hydrophobic

aromatic, and right beige sphere: electrophilic group).
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Figure 2. Chemical groups considered in the electrophilic feature

engineering. Each arrow points to the corresponding electrophilic

atom subject to a nucleophilic attack by the activated catalytic cysteine

(X = F, Cl, Br, I).
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in its active site cleft through backbone and side chain
interactions, which lie around several defined pockets
in the enzyme. Using the structural information avail-
able from the 13 cruzain complex PDB entries, strategies
including structure–ligand-based design procedures
have been applied to filter the ZINC9 compound data-
base and to select candidates to be submitted to
in vitro enzymatic assay.

Initially, the ZINC compound database (3,294,741
compounds) has been searched by means of DBFilter10

program and the application of a set of physical–chem-
ical properties filters, in order to select drug-like com-
pounds. Table 1 presents the physical–chemical
properties (with their corresponding range values) used
to filter the database. These physical–chemical filters
and their corresponding values have been derived from
the Lipinski’s ‘rule of five’,11 which has been modified
considering the known cruzain inhibitors and their ac-
tive site structural information. The size of the ZINC
dataset has been reduced to 296,700 compounds,
approximately 10% of the initial value, through these fil-
ters’ application.

The resulting filtered compounds were then searched
with a 3D pharmacophore model (using the Catalyst12

program), built from the 13 inhibitor structures ex-
tracted from the cruzain complexes. The resulting phar-
macophore (Fig. 1) model comprised four different
chemical features: hydrophobic aromatic, H-bond
acceptor, H-bond donor, and the electrophilic. The
hydrophobic aromatic feature corresponds to the occu-
pation of the S2 pocket by a hydrophobic group. The
H-bond donor feature corresponds to the hydrogen
bonding with cruzain’s backbone oxygen of Asp158,
and the H-bond acceptor feature corresponds to a
hydrogen bond with the enzyme backbone –NH of
Gly66. The last feature corresponds to the presence of
an electrophilic atom of a chemical group (Fig. 2) sus-
ceptible to a nucleophilic attack by the activated cata-
lytic cysteine. The application of the 3D
pharmacophore filter excluded approximately 99.9% of
the previously selected compounds, being only 308 com-
pounds left.

The remaining compounds were then docked into the
cruzain binding cavity by using the Gold13 program.
In this procedure, each compound was docked 10 times
over the cruzain binding site structure, extracted from
the 1ME4 complex (resolution 1.2 Å). After the docking
runs, the binding fitness values were estimated by the
scoring function and the top 50 scored compounds were
visually inspected in their docked position inside the ac-
tive site. In order to select potential hits, through visual
inspection the following criteria were considered: (1) de-
gree of occupancy of S2 and S1 enzyme pockets, in par-
ticular related to the achieved protein–ligand surface
complementarity; (2) distance and orientation of the
electrophilic group in relation to the activated catalytic
cysteine; (3) formation of hydrogen bonds with Gly66
and with Asp158, and (4) quality of the overall binding
conformation, from which six compounds have been se-
lected. The structures of the selected compounds are
shown in Table 2, together with their corresponding
molecular weight, calculated logP14 values, and the
vending company from which the compounds had been
purchased. The selected compounds were then tested as
cruzain inhibitors. All assays were performed at 37 �C,
pH 6.5 (using 1 mL of disodium phosphate (50 mM)
and EDTA (2.5 mM) buffer). Cruzain15 (0.18 nM) and
DTT (500 mM) were pre-incubated for 5 min. The reac-
tion was initiated with the addition of the substrate Bz-
FR-MCA (845 lM). Finally, increasing aliquots out of
each of the six inhibitors were added until either total



Table 2. Hit compounds selected by virtual screening and their corresponding molecular weight, calculated logP values, and the vending company

Number Compound Mw logPa Vendor
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411.5 2.5 Enamine Ltd

a Values calculated using the XLOGP14 program.
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inhibition of the enzyme or lack of solubility of the
inhibitor was observed. Stock solutions of each inhibitor
were prepared in DMSO. The effect of DMSO on the re-
sults was controlled and, in all assays, the maximum
concentration of DMSO was less than 10% (v/v). All
reactions were recorded on an Hitachi 4500 spectropho-
tometer (kex = 380 nm and kem = 460 nm). As suggested
by the literature,4 the promiscuous mechanism was ana-
lyzed through the observation of the inhibitor potency
after the addition of 0.1% of Triton X-100 as well as
after a 10-fold increase in the enzyme concentration
(from 0.18 nM to 1.80 nM) using the same experimental
conditions as described before. It is assumed that the
promiscuous mechanism occurs, if a compound loses
its potency after the addition of Triton X-100 and after
the increase of the enzyme concentration, respectively.4

Three out of the six tested compounds, 1, 2, and 6,
showed no cruzain inhibition activity up to the tested
concentrations of 7.22 mM, 38.71 mM, and 0.67 mM,
respectively. At higher concentrations, compounds were
insoluble. The other three, compounds 3, 4, and 5,
showed some degree of enzyme inhibition at micro mo-
lar concentrations, respectively at 44.91 lM, 17.26 lM,
and at 4.17 lM. However, after the addition of Triton
(0.1%, v/v), the inhibition activity was lost and the
enzyme returned to its previously uninhibited value.
Figure 3 presents the inhibition assay plots showing sub-
strate consumption by cruzain in the presence of each of
the six tested compounds and the effect of the addition
of Triton X-100 on the assays where inhibitory activity
was observed.

Confirmation of promiscuous mechanism of compounds
3, 4, and 5 was verified by analyzing the effect of enzyme
concentration (increased by 10-fold) on the cruzain inhi-
bition potency for each compound, due to the fact that,
a well behaved lM competitive inhibitor would not be
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Figure 3. Inhibition assays. Plots showing substrate consumption (fluorescence units per second) by cruzain in the presence of each of the six tested

compounds (using at least two different concentrations) and the effect of the addition of (0.1%) Triton X-100 in the assays, where inhibitory activity

has been observed (compounds 3, 4, and 5, respectively).
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significantly affected by a nM change in the concentra-
tion of the enzyme, but instead an aggregating promis-
cuous inhibitor would show a dramatic decrease in
potency.4 It has been observed, in the present work, that
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compounds 3, 4, and 5, respectively.
all the three compounds were not only sensitive to the
enzyme concentration but they also lost their activity
when cruzain concentration was increased by 10-fold.
Figure 4 presents the inhibition assay plots showing
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ts per second) by cruzain in the presence of compounds 3, 4, and 5.

s) to 1.8 nM (bottom rows), to confirm the promiscuous mechanism of
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substrate consumption by cruzain in the presence of
compounds 3, 4, and 5 at two different enzyme concen-
trations (0.18 nM and 1.8 nM). The plots show that, in
every case, the selected inhibitors were less potent at
higher enzyme concentrations.

In conclusion, although the six compounds have been
engineered to be nucleophilically attacked by the cata-
lytic cysteine of cruzain through the inclusion of chemi-
cally reactive groups (ex. nitriles, semicarbazones, and
unsaturated ketones) into the pharmacophoric features
used to select compounds, three of them were, in fact,
promiscuous inhibitors, regarding cruzain. This high
proportion (50%) of promiscuous acting compounds
shows that this kind of artifact cannot only be prevalent
at in vitro assays but also present a real concern in both
HTS and VS programs.
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