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Abstract: Malaria is one of the leading causes of death by infectious disease worldwide. The
widespread of resistance of Plasmodium falciparum to the current antimalarial drugs makes urgent
the search and discovery of new targets and new drugs. A potential target for the development of
new antimalarial drugs is deoxyuridine triphosphatase (dUTPase), and it has been validated for
other organisms such as Escherichia coli, Saccharomyces cerevisiae and Mycobacterium
smegmatis. This enzyme plays an important role in maintaining the balance between 2'-
deoxyuridine 5'-triphosphate (dUTP) and 2'-deoxythymidine 5'-triphosphate (dTTP), in order to
avoid the erroneous incorporation uracil in the DNA tape. In this study, we developed robust
conformation-independent fragment-based quantitative structure—activity (QSAR) and structure—
selectivity relationship (QSSR) models for a series of B-branched acyclic nucleotides inhibitors of
Plasmodium and human dUTPase, aiming to design new antimalarial agents. The Hologram QSAR
and QSSR models generated showed good robustness and external predictability, and is capable
of predict affinity and selectivity of untested compounds inside the applicability domain.
Therefore, the generated models can be used in virtual screening campaigns in the search of new
potent and selective PfAUTPase inhibitors.
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1. Introduction

About 3.2 billion of people in 97 countries and  cases of malaria occurred in 2013, and the disease
territories are under the risk to contract and  caused 584,000 deaths. 90% of cases of malaria
develop malaria. It is estimated that 198 million  deaths occur in Africa, and of those, 78% in
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children below 5 years-old[1]. Recently, notable
reduction in cases of malaria have been achieved
by vector control, proper case management, and
combination of drugs, but the emergence of drug
resistant Plasmodium falciparum creates a
frequent need to continue the search for new
antimalarial drugs [2].

The enzyme 2’-deoxyuridine 5’-triphosphate
nucleotide hydrolase (dUTPase) is responsible for
the hydrolytic cleavage of dUTP (deoxyuridine
dUMP

pyrophosphate  [3].

triphosphate) in (deoxyuridine
monophosphate)  and
Although the enzyme DNA glycosylase can
excise the uracil base of DNA, many repairs can
destabilize the DNA strand resulting in the
breaking of the tape, that is fatal to the cell[4].
Because of that, dUTPase is a potential target for
development of new drugs, and there are
experimental findings that dUTPase is essential
2. Results and Discussion

The fragment-based QSAR and QSSR models
were derived for a series 127 inhibitors of
PfdUTPase and 47 inhibitors with biological data
for both enzymes PfdUTPase and HsdUTPase (as
measured by K;) were determined under the same
experimental conditions [4,8—13]. The K; values
were converted to the corresponding pKi (—log K)
and used as dependent variables in the QSAR
investigations. The selectivity parameter (S) was
defined as the ratio of the binding affinities of the
Plasmodium and human enzyme (PfdUTPase K; /
HsdUTPase Ki), then

converted to the corresponding log S. The

whose values were
generation of reliable QSAR models is dependent
on the creation of appropriate modeling and
evaluation sets. Therefore, we used a modified
Kennard-Stone (KS-MD) algorithm to guide an
appropriate compound selection in such a way
that structurally diverse molecules, possessing
activities of a wide range, were included in both
sets.

for some organisms such as Escherichia coli,
Saccharomyces cerevisiae and Mycobacterium
smegmatis [5—7]. Moreover, the P. falciparum
enzyme (PfdUTPase) has relatively low sequence
similarity with human ortholog (HsdUTPase)
(28,4% 1dentity) [4], making it an attractive target
for the development of selective inhibitors as
potential new antimalarial drugs.

The aim of this work was to develop robust
conformation-independent fragment-based
structure—activity (QSAR) and
structure—selectivity relationship (QSSR) models

quantitative

for a series of B-branched acyclic nucleotides
inhibitors of Plasmodium and human dUTPase, in
order to obtain structural information on the
requirements for affinity and selectivity of the
PfdUTPase and to
antimalarial agents.

enzyme design new

Table 1 shows the results for the best HQSAR
and HQSSR models developed for affinity and
PfdUTPase, with different
of atoms (A), bonds (B),
connections (C), hydrogen atoms (H), chirality

selectivity  for
combinations

(Ch), and donor and acceptor (DA) as fragment

distinctions  for obtaining the molecular
fragments. According to Table 1, the best
statistical results for HQSAR were obtained for
the combination A/B fragment distinction (¢’ =
0.80; 7 = 0.89). For HQSSR, the best model was
obtained using C/H/Ch/DA as fragment
distinction (¢° = 0.79; ° = 0.98). Moreover, the
best HQSAR and HQSSR models showed
substantial predictive power with values of Q%ex
equal to 0.79 and 0.83, respectively. These values
indicate the reliability of the models in predicting
the affinity and

compounds. We have also performed an analysis

selectivity of untested
of the modified correlation coefficient (r;2). This

method is considered a parameter for an
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additional external validation, because it is based
on the actual difference between the predicted and
experimental values, and is not influenced by the
division of modeling and evaluation sets [14—16].
All ;2 metrics for our models were within the
recommended range values, confirming the
robustness of the models.

Besides predicting the biological property of
untested molecules, HQSAR models should also
provide important hints as to what molecular
fragments are directly related to the biological
property. This can be achieved through a careful
interpretation of the structural fragments
hologram-based QSAR

models. The contribution maps show color scales

incorporated to the

that indicate the magnitude of the contribution of
each atom/fragment. The colors next to red end of
the spectrum (red, orange and reddish orange)

indicate unfavorable or negative contributions,
while colors in the green region (yellow, green-
blue and green) indicate favorable or positive
with
contributions are colored white.

contributions.  Atoms intermediate

The most important fragments for the most
potent and less potent inhibitors of PfdUTPase
and (Hs/Pf)dUTPase can be viewed in their
individual contributions maps (Figure 1). It can be
noted that the trityl ring has a favorable for the
biological properties (affinity and selectivity)
(colored in green). This result suggests that the
trytil group could be important for the biological
activity. Previous molecular modeling and
crystallography studies indicated that two of the
three trityl rings have significant interaction with

hydrophobic site of the dUTPase enzyme[13].

Table 1. Fragment-based QSAR and QSSR models for afﬁniti and selectivity of P/dUTPase.

Model Affinity PfAUTPase
A 0.72 0.85 0.85 0.81 0.09
A/B 0.80 0.89 0.79 0.76 0.11
B/C 0.79 0.90 0.77 0.75 0.15
Model Selectivity

C/H/Ch/DA  0.79 0.98 0.83 050 0.25
H/Ch/DA 0.75 096 088 055 0.22
Ch/DA 0.75 096 088 055 0.22

g% Cross-validated correlation coefficient; 7”: non cross-validated correlation coefficient; (% determination coefficient of
the evaluation set; 7;2: average regression coefficient; Ar2: difference between regression coefficient; Fragment distinction:

A, atoms; B, bonds; C, connections; H, hydrogen atoms; Ch, chirality, DA, donor and acceptor.
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Figure 1. Structural features required for affinity, as highlighted by the fragment-based
HQSAR models. Contribution maps for the most potent inhibitor of P/dUTPase (A), and one
of the least potent inhibitor of PfdUTPase (B). Structural requirements for PfdUTPase
selectivity, as highlighted by the HQSSR models. Contribution maps for the most selective
compound (C) and one less selective compound (D).

3. Materials and Methods
which was later used to generate QSSR models.

The dataset was compiled and integrated from  The Ki (inhibition constant) values were

a series of publications of Prof. Ian Gilbert
(University of Dundee, UK) [4,8-13], and
contained of 127 compounds along with Ki values
against PfdUTPase.
compounds had data reported against both

From these, only 47
enzymes from Plasmodium and human. This data

was used to calculate the selectivity (S) (Eq. 1),

converted to the corresponding pKi (-logKi) and
used as dependent variables in fragment-based
QSAR and QSSR modeling.

Equation 1.
HsdUTPase Ki

S=1
°9 pfduTPase Ki
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The dataset was curated using the protocol
described by Fourches and co-workers [17].
Briefly, counterions were removed, whereas
specific chemotypes such as aromatic and nitro
groups were normalized using the ChemAxon

(v.5.3, ChemAxon,
http://www.chemaxon.com).  The

Standardizer Budapest,
Hungary,
presence of duplicates, i.e., identical compounds
reported several times in the same dataset, is
known to lead to over-optimistic estimations of
the predictivity for developed QSAR models.
Thus, structural standardization, the
duplicates were identified wusing ISIDA
Duplicates [18] and HiT QSAR [19] software and

carefully analyzed. If the experimental properties

after

associated with two duplicated structures were
identical, then one compound was deleted.
However, if their experimental properties were
significantly different, we deleted both records
from the dataset. The dataset was then divided into
modeling and evaluation sets, based on modified
(KS-MD)
applicability domain (AD) was assessed using the

Kennard-Stone algorithm.  The
gsaR in R package.

Hologram QSAR (HQSAR) and QSSR (HQSSR)
models were generated using SYBYL-X v.1.2
4. Conclusions

software (Tripos, Inc., St. Louis, MO, USA).
QSAR and QSSR models were constructed using
the HQSAR approach as previously described in
several drug design studies [20-22]. Briefly,
molecular holograms were generated for each
molecule of the dataset, using different
combinations of parameters concerning hologram
generation. Holograms were generated using 6
distinct fragment sizes over the 12 default series
of hologram lengths (53, 59, 61, 71, 83, 97, 151,
199, 257, 307, 353, and 401 bins). Several
combinations of fragment distinction parameters
were considered, such as atoms (A), bonds (B),
connections (C), hydrogen atoms (H), chirality
(Ch), and donor and acceptor (DA). The patterns
of fragment counts were then related to the
dependent variables using the partial least squares
(PLS) regression analyses to derive the HQSAR
and HQSSR models. Cross-validation procedures
(¢? leave-one-out, g°z00) were used to determine
the number of components that yielded optimally
predictive models and to assess the stability and
statistical significance of the models.

The HQSAR and HQSSR models presented good internal consistency, with values of ¢°>0.6 and
r?>0.7. The best models were used to predict the affinity of external sets and were rigorously evaluated
using several metrics, demonstrating high prediction accuracy. Therefore, the best models should be
useful in predicting the affinity and selectivity of untested compounds inside the applicability domain in
virtual screening campaigns, in the search of new potent and selective P/dUTPase inhibitors.
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