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Abstract Pneumocystis carinii is typically a non-
pathogenic fungus found in the respiratory tract of healthy
humans. However, it may cause P. carinii pneumonia (PCP)
in people with immune deficiency, affecting mainly prema-
ture babies, cancer patients and transplant recipients, and
people with acquired immunodeficiency syndrome (AIDS).
In the latter group, PCP occurs in approximately 80% of
patients, a major cause of death. Currently, there are many
available therapies to treat PCP patients, including P. carinii
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dihydrofolate reductase (PcDHFR) inhibitors, such as tri-
metrexate (TMX), piritrexim (PTX), trimethoprim (TMP),
and pyrimethamine (PMT). Nevertheless, the high percent-
age of adverse side effects and the limited therapeutic suc-
cess of the current drug therapy justify the search for new
drugs rationally planned against PCP. This work focuses on
the study of pyrimidine inhibitors of PcDHFR, using both
CoMFA and CoMSIA 3D-QSAR methods.

Keywords 3D-QSAR - CoMFA - CoMSIA - Dihydrofolate
reductase - Pneumocystis carinii

Introduction

Acquired immunodeficiency syndrome (AIDS) is a disease
of the immune system caused by the human immunodefi-
ciency virus (HIV) [1]. This illness is a major health prob-
lem in many parts of the world. In 2009, the World Health
Organization (WHO) estimated that there were 33.4 million
people worldwide living with HIV/AIDS, with 2.7 million
new HIV infections per year, and 2.0 million annual deaths
due to AIDS. According to the UNAIDS 2009 report, some
60 million people have been infected worldwide since the
start of the pandemic, with some 25 million deaths, and 14
million orphaned children in southern Africa alone.
Because patients infected with HIV are more susceptible
to opportunistic infections and the cost of antiretroviral
therapy remains high, AIDS has had a major impact on
several diseases caused by protozoan pathogens. For exam-
ple, Pneumocystis carinii pneumonia (PCP), caused by
Pneumocystis jirovecii (formerly Pneumocystis carinii), is
still the most common AIDS-defining opportunistic infec-
tion in HIV-infected patients in the United States and
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Europe [2]. PCP was described almost simultaneously by
Chagas, in 1909, and Carini, in 1910 [3]. The drugs cur-
rently prescribed for the prophylaxis and treatment of PCP
in AIDS patients fall into several classes. All of them consist
of lipophilic dihydrofolate reductase inhibitors.

Dihydrofolate reductase [DHFR; 5,6,7,8-tetrahydrofo-
late-NADP" oxidoreductase (E.C.1.5.1.3)] is an important
target for drug development against cancer and a variety of
infectious diseases caused by bacteria, protozoa, and fungi
[4]. Its importance arises from its function in DNA biosyn-
thesis and cell replication. DHFR catalyzes the reduction of
dihydrofolate (DHF) to tetrahydrofolate (THF), an essential
cofactor in the thymidylate monophosphate (dTMP) biosyn-
thesis. Inhibition of DHFR leads to a deficiency of dTMP,
since DHF cannot be recycled, and thus causes inhibition of
cell growth.

Trimethoprim (TMP) and pyrimethamine (PMT) are
weak inhibitors of DHFR from P. carinii and T. gondii [5].
An association with sulfonamides is necessary to increase
their potency. However, the use of sulfa drugs induces an
increase in the frequency of adverse side effects. In addition,
several active site mutations of parasitic DHFR have ren-
dering infections refractive to known DHFR inhibitors.

Trimetrexate (TMX), and piritrexim (PTX), which are
100-10000 times more potent than TMP and PMT against
DHFR from P. carinii and T. gondii, are also potent inhib-
itors of mammalian DHFR; hence, their use is associated
with significant toxicity [6]. As a result, TMX is coadminis-
tered with leucovorin, a classical folate. The clinical use of
TMX and PTX is therefore limited because of their systemic
host toxicity and requirement of expensive cotherapy with
the rescue agent leucovorin.

Thus, there is a dire need for new single agents with high
potency and selectivity against these organisms. Several
research groups have established programs aimed at discov-
ering potent and pathogen selective DHFR inhibitors as
agents against AIDS associated opportunistic infections.
The overall goal is to improve therapy and to minimize the
adverse side effects.

This work is an application of CoMFA/CoMSIA 3D-
QSAR modeling to a set of pyrimidine inhibitors of P.
carinii DHFR (PcDHFR).

Computational methods

Molecular data set and biological activity

Table 1 shows the data set of 64 pyrimidine derivatives,
including some known drugs, assembled from the literature
[4, 6-11]. All compounds have two aromatic systems, a

heteroaromatic quinazoline, pyrido[2,3-d]pyrimidine, or
pteridine ring and a phenyl or naphthyl ring, linked by a
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spacer group (X;-X5) (Table 1). The corresponding biolog-
ical activity measures are expressed as the half maximal
(50%) inhibitory concentration (IC) against PcDHFR
(ICsp). However, in order to construct the 3D-QSAR mod-
els, the ICs, values were expressed in negative logarithmic
units (pICsg, M).

The molecular sampling procedure of this data set from the
literature was based on three prerequisites. The first one is the
structural similarity (isosteric pharmacophoric groups) be-
tween the data set, which makes the alignment process more
reliable [12]. These similarities can be noted in Table 1.

The second prerequisite referred to the pharmacological
protocols. Every compound of the data set used in a QSAR
study should be tested according to the same pharmacolog-
ical protocol, which increases robustness and makes the
results uniform [13]. A spectrophotometric assay was used
for the biological activity determination. It contained sodi-
um phosphate buffer pH 7.4 (40.7 mM), 2-mercaptoethanol
(8.9 mM), NADPH (0.117 mM), 1 to 3.7 IU of enzyme
(1 TU=0.005 molar absorptivity units per min), and dihy-
drofolic acid (0.092 mM). The first four reagents were
combined in a disposable cuvette and were brought to
37 C. Dilutions of drug were added at this stage. The
enzyme was added 30 seconds before the reaction was
initiated with dihydrofolic acid. The reaction was followed
for 5 min with continuous recording of molar absorptivity at
340 nm [14].

The third prerequisite concerns the distribution of the
biological activity values (in logarithmic scale) of the com-
pounds along the whole data set. Thus, the pICso values
must correspond to compounds of low, middle and high
potency [13]. The graphical distribution of the experimental
values for the 64 selected molecules for the 3D-QSAR
study, both training and test sets, is shown in Fig. Sl
(Electronic supplementary material).

Training and test sets selection and models refinement

The ultimate models achieved in this study underwent a
process of refinement carried out in two steps. In the first
step, all 64 compounds (51 as training set) were used to
build the CoOMFA/CoMSIA [15, 16] non-refined models. In
order to improve robustness and predictability of the final
QSAR models, ten detected outliers were excluded from the
original data set. Outliers are compounds that the residual of
fit (difference between experimental and predicted pICs,
values) exceed twice the standard deviations from the mean
of the model. Thus, the training set encompassed 51 com-
pounds in the non-refined models and 41 in the refined
models (Table 1). The test set encompassed 13 compounds
exhibiting good structural variation along the data set,
which were conserved in both sets of 3D-QSAR models
(non-refined and refined).
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Table 1 The data set: pteridine derivatives

Rs
N Ry " Re N R
NZ | Rj/x1\x2 R, NZ~ | Rj/ X1\Xz/ "
HZN)\\N RZ HzN)\\N RS
# R, R, R, X, X, R, Rs R R, W pICs,
MI®  C N H CH, NH Cl H H Cl - 4.96
M2 N N - CH, S H H H H - 5.02
M3 C N H CH, S Cl H H Cl - 5.23
M4®  C N H CH, S H Cl H Cl - 4.96
M5 C N H CH, S H OCH; OCH; H - 5.66
M6 N CH - CH, S H H H H - 5.70
M7 N CH - CH, S - - - - 1-naphthyl  6.33
M8 N CH - CH, S - - - - 2-naphthyl  6.42
M9* C H CH, S - - - - 1-naphthyl ~ 6.02
MI10® C H CH, S - - - - 2-naphthyl ~ 6.77
Mil11 C H CH, NH - - - - I-naphthyl  7.15
MI12°  C H CH, NH - - - - 2-naphthyl  5.70
M13*  C CH H NCH; CH, - - - - I-naphthyl ~ 7.77
M4 C CH H  N(CHs) CH, - - - - 2-naphthyl ~ 8.14
MI5 C CH H NH CH, - - - - l-naphthyl  6.14
Ml6  C N H NH CH, OCH, H H OCH, - 5.42
M17 C N H NCH; CH, OCH;, H H OCH;, - 7.08
MI8® C CH H NH CH, OCH; H H OCH; - 5.34
MI9 C CH H  N(CHs) CH, H H H H - 7.68
M20 C CH H  N(C,Hy) CH, OCH, H H OCH;, - 8.00
M2I C CH H N(CHy) CH, OCH;, H H OCH; - 7.42
M2 C N  CH; CH, NH H OCH; OCH; OCH; - 7.07
M23*  C N  CH; CH, N(CH>) H OCH; OCH; OCH; - 7.89
M24  C N CH, NH H OCH; OCH; OCH; - 5.82
M25*  C N CH, N(CH;) H OCH; OCH; OCH; - 6.62
M26  C N CH, NH H H H H - 5.66
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Table 1 (continued)

# Rl R2 R; Xl X2 R4 R5 R6 R7 w pICs()
M27 C N H CH, NH H OCH; H H - 6.28
M28 C N H CH, NH OCHj, H H OCH, - 5.21
M29 C N H CH, NH H OCH; OCH, H - 6.37
M30 C N H CH, NH H Cl Cl H - 6.60
M31 C N H CH, NH H Cl Cl Cl - 6.46
M32¢ C N H CH, N(CH;) H Cl Cl H - 6.88
M33*  C N H CH, N(CH;) H Cl Cl Cl - 6.71
M34*  C CH H NH CH, H H H H - 5.06
M35 C CH H NH CH, H OCH; H OCH; - 5.66
M36*° C CH H NH CH, OCH; H OCH, H - 5.36
M37 C CH H NH CH, H OCH; OCH; OCH; - 5.17
M38 C CH H NH CH, OCH; OCH; OCH; H - 531
M39 C CH H NH CH, OCHj; H OCH; OCH; - 5.27
M40*  C CH H NCH;4 CH, H OCH; H OCH; - 7.62
M4l C CH H NCH; CH, OCHj; H OCH; H - 7.00
M42 C CH H NCH;4 CH, OCH; OCH; OCH; H - 7.28
M43 C N  CHs CH, N(CH3) H Cl Cl Cl - 6.98
M44 C N  CHs CH, NH H OCH; OCH, H - 7.36
M45® C N  CHs CH, N(CH;) H OCH; OCH, H - 6.49
M46®  C N  CHs CH, N(CH;) OCH; H H OCH; - 6.67
M47* C N  CHs CH, N(CH3) H Cl Cl H - 7.00
M48  C N  CHs CH, NH H Cl Cl H - 6.49
M49 C N  CHs CH, NH H H H H - 7.10
M50 C N  CHs CH, NH OCH; H H H - 6.93
M51*  C N  CHs CH, NH H OCH; H H - 7.16
M52  C N  CHs CH, NH H H OCH; H - 7.02
M53 C N  CH; CH, N(CH;) Cl H H H - 7.08
M54 C N  CHs CH, N(CH3) H H Cl H - 7.54
M55 C N  CH; CH, N(CH;) H H Br H - 7.43
M56*  C N  CHs CH, N(CH3) H H OCH; H - 7.46
M57 C N  CHs CH, N(CH3) H OCH; H H - 7.52
M58 C N  CHs CH, NH H H Br H - 7.09
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Table 1 (continued)

# R, R, R; X X, R4 Rs Re R, W pICsp
M59 C N CH; CH, NH H H Cl H - 7.26
M60 C N CH; CH, NH H Cl H H - 7.64
Meél C N CH; CH, NH Cl H H H - 7.33
M62 C CH H NCH; CH, OCH; H H OCH; - 7.06
M63 C N CH; CH, NH OCH; H H OCH; - 7.47
M64* C CH CH; CH, NH H OCH; OCH; OCH; - 7.38

4 Test set molecules.
® Molecules excluded in refined models construction.

General procedures

Compound M62 (Table 1) has its 3D-structure solved in the
RCSB Protein Data Bank (PDB) [17] in complex with
PcDHFR (PDB ID: 1LY3) [18], and it was used as a molec-
ular template in the assembling of the pyrimidine derivatives.
The “grow hydrogen atoms” tool of the Spartan’06 software
[19] was used to add the missing hydrogen atoms of M62,
which often are not detected in the X-ray diffraction experi-
ments used to solve ligand-protein complexes. All structures
were built in the Spartan’06 program [19], aligned along the
PcDHFR bound conformation of M62, assuming that it rep-
resents the most probable “bioactive” conformation of all
pyrimidine derivatives at the PcDHFR active site and that all
analogs have the same binding mode [13].

Visual molecular dynamics (VMD) [20] was used to
generate the molecular electrostatic potential (MEP) map
of PcDHFR (Fig. S2) and to perform the superposition
of active site residues of human DHFR (hDHFR; PDB
ID: 3NZ9) [21] and PcDHFR (PDB ID: 1LY3) [18].

Both CoMFA [15] and CoMSIA [16] 3D-QSAR analyses
were carried out as implemented on the SYBYL v.8.0 pack-
age [22]. The Gasteiger-Hiickel charges [23] were assigned
to all molecules.

Alignment rules

The molecular alignment is the crucial step for any success-
ful application of CoMFA/CoMSIA approaches [15, 16].
The common molecular moiety should be in the same con-
formation in all molecules, and the other molecular groups
should be superimposed as closely as possible [12]. Again,
since compound M62 (Fig. 1a) has its 3D-structure solved
in the RCSB Protein Data Bank (PDB) [17] in complex with
PcDHFR (PDB ID: 1LY3) [18], it was used as the molecular
template for the alignment of all compounds, assuming its
conformation as the bioactive one (Fig. 1b).

In this study, a two-atom based alignment was carried out
using the “fit atoms” tool available in the SYBYL v.8.0
selected for alignment of all structures. The root-mean-
square (RMS) value obtained for this particular selection
was equal to zero A since all atoms selected belong to the
common substructure.

CoMFA studies

CoMFA studies were performed with SYBYL v.8.0 molec-
ular modeling package. Both steric and electrostatic CoOMFA
fields were sampled at each point of regularly spaced grids
of 2.0 A, and were calculated using Lennard-Jones and
Coulomb potentials, respectively. The interaction energies
were calculated for a sp® carbon probe atom with a
charge of +1 [15]. The cutoff value for both fields
was set to 30 Kcal.mol ™.

CoMSIA studies

The same alignment generated for CoMFA (Fig. 1) was used
in the CoMSIA [16] analysis. Steric, electrostatic, hydro-
phobic, and steric/electrostatic CoMSIA fields were built
using a Gaussian distance dependent function. Thus, the
CoMFA/CoMSIA studies could be compared for similarities
and differences, with the aim of selecting the most predic-
tive and robust model. The default value of 0.3 was used as
the attenuation factor.

CoMFA/CoMSIA models statistical analysis

In this 3D-QSAR modeling, CoMFA/CoMSIA [15, 16]
descriptors were used as the explanatory (independent) varia-
bles, and pICs, values were used as the target (dependent)
variable. Moreover, partial least square (PLS) regression anal-
ysis was the statistical tool used for constructing the models.
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Fig. 1 a 64 aligned structures
superimposed; b in yellow the
template structure M62; ¢ atoms
from M62 used in the two-
atoms based alignment

The optimum number of components (C) was determined by
leave-one-out (LOO) cross-validation [24] by using a maxi-
mum of 15 principal components in each model.

The statistical q* parameter (LOO-cross-validated squared
correlation coefficient) was used to evaluate robustness of the
CoMFA/CoMSIA models. These models are considered
robust when g7 is greater than 0.5 and the standard error of
prediction (SEP) is lower than 0.5 [13]. However, the external
validation (test set), by predicting the potency of compounds
not included in the training set, was the main criterion
for inferring the predictive strength of each constructed
3D-QSAR model.

Results and discussion

CoMFA/CoMSIA models statistical analysis

Five CoOMFA/CoMSIA 3D-QSAR models were constructed
for each training set (51 and 41 compounds) of pyrimidine

) ot
'S |

inhibitors of PcDHFR. Both the CoMFA/CoMSIA non-
refined (N=51) and refined (N=41) models have statistical
parameters shown in Table 2. Forty-one training set com-
pounds were used for deriving the optimized models, and 13
compounds were used as the test set for external validation
purpose. All further analysis will be based on these final
refined models.

The statistical significance of the constructed CoMFA/
CoMSIA models is shown in Tables 2 and 3, and Fig. 2. The
biological predictions of the training set molecules (internal
validation) of the CoMFA/CoMSIA models are shown in
Table 3. The majority of molecules allowed good QSAR
predictions. Training set molecules were considered outliers
when residual values exceed twice the standard deviation of
the residuals. Thus, according to the CoMFA/CoMSIA ste-
ric/electrostatic models, M48 was the only outlier. In the
CoMSIA hydrophobic model, four molecules were outliers
(M9, M28, M40, and M48).

The statistical significance of the CoMFA models is
shown in Tables 2 and 3, and Fig. 2a, which shows high

Table 2 Statistical parameters of the non-refined (51 training set compounds) and refined (41 training set compounds) CoMFA/CoMSIA models

q° ce SEP¢ e SEEf Fe
Non-refined models (N=51)*
CoMFA 0.67 0.50 0.78 0.42 83.68
CoMSIA steric 0.66 0.53 0.81 0.40 31.67
CoMSIA electrostatic 0.64 10 0.58 0.85 0.37 23.16
CoMSIA steric/electrostatic 0.63 9 0.58 0.86 0.36 27.92
CoMSIA hydrophobic 0.60 13 0.64 0.86 0.37 17.78
Refined models (N=41)*
CoMFA 0.83 0.40 0.95 0.21 98.83
CoMSIA steric 0.80 0.43 0.89 0.31 57.55
CoMSIA electrostatic 0.83 10 0.43 0.95 0.22 60.89
CoMSIA steric/electrostatic 0.82 10 0.43 0.96 0.21 70.50
CoMSIA hydrophobic 0.72 6 0.51 0.88 0.33 42.01

#Number (N) of training set compounds

® Cross-validated squared correlation coefficient (q°)

¢ Optimal number of components (C) used by the model
9 Standard error of prediction (SEP)

®Squared correlation coefficient ()

fStandard error of estimation (SEE)

&F-Test (F)

@ Springer
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Table 3 Experimental and predicted ICso (M) and the corresponding residual (pICsogxp - PICsoprea) Values for the data set molecules. The
predictions were based on the CoMFA, CoMSIA steric/electrostatic, and CoMSIA hydrophobic refined models

# PICs0Exp CoMFA CoMFA CoMSIA str/ELEC CoMSIA s1r/ELEC CoMSIA 1ypro CoMSIA nypro
PICs0pred Residual PICs0pred Residual PICs0pred Residual
M2 5.02 5.42 -0.40 5.23 -0.21 5.13 -0.10
M3 5.23 5.12 0.11 5.15 0.08 5.39 -0.16
M5 5.66 5.63 0.02 5.50 0.15 6.25 -0.59
M6 5.70 5.46 0.24 5.54 0.16 5.57 0.12
M7 6.33 6.38 -0.05 6.53 -0.20 6.33 0.00
M8 6.42 6.34 0.09 6.22 0.20 6.51 -0.09
M9? 6.02 6.45 -0.43 6.52 -0.50 7.09 -1.07°
M1l 7.15 6.82 0.33 6.98 0.18 6.82 0.34
M13? 777 7.90 -0.13 8.13 -0.36 7.67 0.10
M14 8.14 8.47 -0.32 8.27 -0.13 8.40 -0.25
M15 6.14 6.21 -0.06 6.07 0.07 6.33 -0.18
M16 5.42 5.43 0.00 5.24 0.18 5.12 0.30
M17 7.08 7.16 -0.08 7.00 0.07 6.47 0.60
M18? 5.34 5.43 -0.09 5.55 -0.21 5.57 -0.23
M19 7.68 7.60 0.08 7.59 0.09 7.46 0.22
M20 8.00 7.69 0.32 7.69 0.31 7.46 0.54
M21 7.42 7.49 -0.06 7.51 -0.09 7.88 -0.46
M22 7.07 7.27 -0.21 7.19 -0.12 7.02 0.05
M24 5.82 5.98 -0.15 5.97 -0.15 5.82 0.00
M26 5.66 5.93 -0.28 5.99 -0.33 6.06 -0.40
M27 6.28 6.23 0.05 6.37 -0.08 6.15 0.13
M28 521 5.25 -0.04 5.24 -0.02 6.04 —-0.83°
M29 6.37 6.05 0.32 6.10 0.27 5.98 0.39
M30 6.60 6.55 0.05 6.70 -0.10 6.57 0.04
M31 6.46 6.17 0.28 6.19 0.27 5.94 0.52
M32? 6.88 6.38 0.51 6.71 0.17 6.65 0.23
M34% 5.06 5.35 -0.29 5.44 -0.38 5.56 -0.50
M35 5.66 5.62 0.04 5.62 0.04 5.50 0.16
M36* 5.36 5.30 0.06 5.20 0.16 5.55 -0.20
M37 5.17 5.39 -0.22 5.36 -0.19 5.34 -0.17
M38 5.31 5.41 -0.10 5.55 -0.24 5.65 -0.34
M39 527 527 0.00 527 0.00 5.39 -0.12
M40? 7.62 7.35 0.27 7.38 0.24 6.85 0.77°
M41 7.00 7.02 -0.02 6.96 0.04 6.91 0.09
M42 7.28 7.06 0.23 7.24 0.04 7.00 0.28
M43 6.98 7.28 -0.29 7.38 -0.39 7.23 -0.24
M44 7.36 7.32 0.04 7.18 0.18 7.18 0.18
M4g? 6.49 7.83 -1.33° 7.78 -1.29° 7.77 -127°
M49 7.10 7.23 -0.14 7.20 -0.11 7.26 -0.16
M50 6.93 7.28 -0.35 731 -0.38 7.42 -0.49
M51? 7.16 7.51 -0.35 7.45 -0.29 7.35 -0.19
M522 7.02 7.12 -0.10 7.05 -0.03 7.08 -0.06
M53 7.08 7.09 -0.02 7.17 -0.10 7.03 0.04
M54 7.54 7.29 0.25 7.32 0.22 7.48 0.06
M55 7.43 7.34 0.09 7.29 0.14 7.58 -0.15
M56* 7.46 6.99 0.47 7.05 0.40 7.17 0.29
M57 7.52 7.34 0.18 7.42 0.10 7.44 0.08
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Table 3 (continued)

# PICs0Exp CoMFA CoMFA CoMSIA grEELEC CoMSIA stE/ELEC CoMSIA yypro CoMSIA yypro
PICs0pred Residual PICs0pred Residual PICs0pred Residual

M58 7.09 7.52 -0.42 7.31 -0.21 7.48 -0.38

M59 7.26 7.47 -0.21 7.35 -0.09 7.39 -0.13

M60 7.64 7.66 -0.02 7.64 0.00 7.64 0.00

M61 7.33 7.18 0.15 7.20 0.13 6.95 0.38

M62 7.06 7.08 -0.02 7.24 -0.18 6.92 0.14

Mo64 7.47 7.28 0.19 7.30 0.17 7.27 0.20

M64* 7.38 7.25 0.13 7.37 0.01 7.47 —-0.09

 Test set molecules

® Qutliers.

correlation between the experimental and predicted pICsg
values for all molecules, but M48, which has an overesti-
mated predicted value. The squared linear correlation coef-
ficient (R?) for the COMFA model is 0.89 (Fig. 2a) and the
q° value is equal to 0.83 (Table 2).
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Fig. 2 Experimental versus calculated pICs, values for the training (m)

and test (*) set compounds (circled points are outliers) according to: a
the refined CoMFA model (outlier=M48); b the refined CoMSIA
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The statistical significance of the CoMSIA models is
shown in Tables 2 and 3, and Fig. 2b-c. In accordance with
CoMFA, M48 was outlier in all other models. However, the
CoMSIAgTg/ELEc model showed higher R? (Fig. 2b) value
than the corresponding CoMFA (Fig. 2a) model. The high
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R? value of the CoMSIAgTg/ELECc model (Fig. 2b), as well as
its low residual predictions (Table 3), make it a good tool for
predicting the potency of PcDHFR inhibitors.

The CoMSIA hydrophobic (CoMSIAypro) model has
a R? value equal to 0.82 (Fig. 2¢), and q° value equal to
0.72, confirmed it as a very promising model. However, the
standard deviation residual predictions from that model
(0.38) are higher than the residuals from CoMFA and CoM-
FAsteELEC (0.29 and 0.27, respectively). Consequently, in
the CoMSIAzypro model, more molecules were outliers
(M9, M40, and M48 test set, and M28 training set), as
shown in Fig. 2c.

CoMFA/CoMSIA maps

Fig. 3a-b shows both COMFA and CoMSIA contour maps of
steric molecular field. One notices the presence of a favor-
able (green) field on the substituent group located around
X;-X; and Rj positions (Table 1). This is an indication that
large substituents on those positions could increase the
ligand-enzyme interaction. However, it is important to note
that near this favorable field on the X;-X,/R; positions,
there are unfavorable (yellow) fields. In 3D-QSAR studies,
when analyzing steric properties, it is always expected that
molecular “regions” described as favorable also be able to
determine its limits.

Thus, the presence of a favorable steric field on X;-X,/R;
positions surrounded by unfavorable steric fields in both
CoMFA (Fig. 3a) and CoMSIA (Fig. 3b) models provide
information about the “ideal” volume of the substituent at
the X;-X,/R5 positions. The same feature was also noticed
in the 3D-QSAR steric field models by Gangjee and Lin
[25]. However, probably due to the molecular diversity of
the used training set, the statistical validation of their models
is lower than that of our models.

In order to figure out which steric volume would be
desired for the substituents at the X;-X,/R; positions, a
correlation between the chemical structure and the biologi-
cal activity was carried out for molecules that show

Fig. 3 The CoMFA (a) and CoMSIA (b) contour maps of steric
molecular field. The red arrow indicates the unfavorable (yellow) field
close to the favorable (green) region

structural variation on the X;-X, spacer group: M16, M17,
M18, M20, M21 and M62. A closer look on M16 (X; = NH;
pICs50=5.42) and M17 (X; = NCHs;; plCs5,=7.08) shows
that the presence of the methyl group, so often considered
chemically, improves the potency. In fact, the presence of
methyl groups can have a huge impact on pharmacological
properties of a molecule such as selectivity and increased
potency [26]. Both M16 and M18 have a secondary
amine on X; position that, when changed by methyl
(M62), ethyl (M20), or propyl (M21) groups show an
increasing biological potency when compared with the
correspondent secondary amines. However, by changing
an ethyl (M20) by a propyl (M21) group shows a
decrease in potency of 0.58 in logarithmic scale. This
suggests that the substituent on X; position should not
exceed an ethyl group.

Some of the data set molecules have a naphthyl group as
substituent on W position (M7 to M15). The comparison
between M15 (X; = NH and W=1-naphthyl, pIC5,=6.14)
and M13 (X; = NCH; and W=1-naphthyl; pICs,=7.77)
shows that, as above, the presence of a methyl group
improves the biological potency.

The same steric molecular field identified on spacer X is
present on spacer X,. This finding reinforces the remarks
mentioned above regarding the steric-activity relationship
on spacer X;. However, on spacer X, there is no diminish-
ing activity molecular field. It is important to mention that
due to the proximity to the X; spacer, the size of the
substituent on X, spacer is already modulated by its steric
field.

In order to hypothesize a drug design strategy based on
the constructed QSAR models, structure-activity relation-
ships were analyzed for some molecules. The comparison
of M61 to M53 did not provide a useful hypothesis for lead
design because the only difference between those molecules
is in the X, position. Despite the smaller X, substituent of
M61, its activity (pICsy=7.33) is slightly higher than M53
(pIC50=7.08). Since none of those molecules were outliers,
probably they have a different binding mode into the active
site of the enzyme. It is worthy to note that all molecules that
have a sulfur atom as the spacer group X, (M2 to M10) have
low to moderate potency (4.96<pICs,<6.77). This activity
range can be attributed to the absence of large carbon chains
located on X;/X, spacers.

At a closer look on the training set, it was realized that
there is just two possibilities for substituent moieties: carbon
or nitrogen on Ry, and methyl or hydrogen on Rj. Thus, the
evaluation of those positions was jointly carried out. Since
just four molecules have nitrogen atoms on the R position
M2, M6, M7, and M8), it was not possible to propose a
structure-activity hypothesis based on that position only.

By comparing the biological activity values of molecules:
M24 (R3 = H, pIC50:582) and M22 (R3 = CH3; pIC50:
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7.07), M26 (R; = H; pICs0=5.66) and M49 (R;=CHs;
plCs0=7.10), M25 (R3 = H; plCs50=6.62) and M23 (R; =
CHgs; pICs9=7.89), one noticed that the methyl group on the
R; position seems to contribute for the increasing of biolog-
ical value. This finding is in accordance with the work by
Gangjee and Lin [25], which shows a methyl group in R;
position located closer to a sterically unfavorable yellow
region.

Our hypothesis is that this unfavorable region (pointed by
the red arrows in Fig. 3) is probably related to the NADPH
co-factor, since in the 1LY3 X-ray structure, the NADPH
nicotinamide moiety is bound close to X;/R; positions of
M62, and delimited by residues Ile10, Valll, Alal2, Leul3,
lle19, Leu25, Trp27, Throl, Ilel123, Glyl124, and Tyrl29.
Therefore, there is a need of available space for the binding of
the nicotinamide ring of NADPH that could not be occupied
by large X,/R5 substituents of the ligand (e.g., propyl).

The R; and R, positions are located on the heteroaro-
matic system, a well-known pharmacophoric group of
DHEFR inhibitors. In order to ascertain any change caused
by substitution on that position, we compared M2 and M6,
as well as M22 and M64 to each other. R, substituents for
M2 and M6 are, N and CH, and the corresponding pICs,
values are 5.02 and 5.70, respectively. The R, substituents
for M22 and M66 are also N and CH, and the corresponding
pICso values are 7.07 and 7.38, respectively, so it is clear
that when an N atom is changed to a CH group the biolog-
ical activity increases. An investigation of the effect of
molecular substituents on the heteroaromatic system cannot
be satisfactory without considering the substituent effect on
spacers X;, X, and R, as well. It was noticed that ethyl-
amine at X;, methylamine at X,, and methyl at R; also
increases the biological activity, in comparison to smaller
fragments.

The electrostatic field contour map analysis shows that
substituents of low electronic density on the X; and X,
positions may increase the inhibitory activity (Fig. 4a) as
will be discussed latter.

Three maps were constructed: one (steric/electrostatic)
CoMFA map and two (electrostatic and steric/electrostatic)
CoMSIA maps. One notices that the CoMFA model shows
good statistics. Moreover, it explains more adequately the
structure-activity relationship (Fig. 4a). Thus, our discussion
will limit itself to the QSAR model only.

Gangjee and Lin’s CoOMFA model [25] shows an electro-
static field on the R; position, which is not present in our
model. That specific field is responsible for increasing the
activity, when the methyl group is linked to an aromatic
carbon atom. It is noteworthy to mention that this attribute is
actually related to the atom linked to the methyl group,
instead of to the methyl group itself. In other words, com-
pounds with a carbon atom at R; are more potent than
analogs with a nitrogen atom on that position.

@ Springer
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Fig. 4 a The CoMFA electrostatic field contour map showing the most
activity molecule (M14) in the data set: negative and positive charge
favoring areas are represented by red and blue contours, respectively. b
CoMSIA hydrophobic map showing the template structure M62: fa-
vorable and unfavorable hydrophobic areas are represented by yellow
and gray contours, respectively

There are also electrostatic fields around R4-R5 positions,
all of them showing favorable contributions on the activity.
It can be confirmed by analyzing analogs M50 and M61;
M54 and both M55 and M56; and M60 and M51.

The substituent, on R4-R; positions, with the highest
electronic density in our data set is chlorine. Among the
high potent analogs containing chlorine on their heteroaro-
matic systems are the monosubstituted compounds. Any
additional chlorine substituent decreases the activity regard-
less of its position. Monosubstituted analogs on Rs (M60)
and Rg (M54) characterize that position as being responsible
for the increased activity, even in the absence of hindering
groups on the spacer region, as it is the case of M60. A
possible explanation of such electronic feature is due to
residues present on that active site position, which form a
region around R4-R; position where groups with high elec-
tronic density tend to interact through electrostatic interac-
tions (Fig. S2).

The understanding of both steric and electrostatic prop-
erties is fundamental to predict the biological activity of a
molecule. Although a third parameter, the substituent hy-
drophobicity [27], is considered by Hansch as important for
the structure-activity relationship, this parameter can be
represented, partially, in the 3D-QSAR approach by hydro-
phobic contour maps.

The hydrophobic contour map was constructed through
CoMSIA (Fig. 4b). The regions where groups or atoms with
hydrophobic features contribute to the activity are in yellow.
The gray color represents unfavorable regions. Hydrophobic
contour maps are exclusively located around two ligand
positions: the spacer group (X;-X5), and the substituent of
the heteroaromatic system (R4-R).

Around X;-X, there is a yellow contour map, justified by
previous discussion. This result is probably due to hydrophobic



J Mol Model (2012) 18:4061-4072

4071

interactions of these substituents with hydrophobic enzyme
residue Ile123, which is located on the active site (Fig. 5).

The second region considered is located around the het-
eroaromatic system, on R4-R; positions. Figure 4b shows
gray maps (unfavorable for the presence of hydrophobic
groups) surrounding this region, clearly attributable to the
chlorine substituent which decreases the activity.

Comparing the CoOMFA/CoMSIA models with the hDHFR
and PcDHFR binding sites

When possible, it is always interesting to consider selectiv-
ity features in 3D-QSAR modeling. Figure 5 shows the
structural superimposition of both human (PDB ID: 3NZ9)
[21] and P. carinii (PDB ID: 1LY3) [18] DHFRs. The
similarity between these two enzymes is high (33.33% of
identity; 69 identical positions and 72 similar positions).
However, some differences are worthy of comment.
Residue Asn64 from the human enzyme (#DHFR) is
superimposed to Phe69 from PcDHFR (Fig. 5). This confers
to the PcDHFR a slightly more hydrophobic “micro-envi-
ronment” for ligand-enzyme interaction (67% and 58% of
the active site residues are hydrophobic, respectively, for the
P, carinii and human enzymes). However, Phe is more bulky
than Asn, increasing steric hindrance. Thus, both hydropho-
bic and steric effects of the substituent at R, position should
be considered for designing new lead inhibitors for
PcDHFR. According to the CoMSIA hydrophobic map
(Fig. 4b), the substituent at R, position should not be highly

PHEGO T

ASNG4

Fig. 5 Active site residues of PcDHFR (blue) and hDHFR (yellow)
around 7 A of compound M62, which is show in green

hydrophobic, and according to the CoMFA steric map
(Fig. 3a), the R7 substituent should not be highly bulky.
Another structural difference between #/DHFR and
PcDHEFR regards their active sites steric features. PcDHFR
might accommodate larger ligands than #ADHFR, since its
biding site has the Ile33 residue, instead of Phe31 (Fig. 5).
[le33 is not only smaller but also presents more conforma-
tional freedom than Phe31. Thus, the larger PcDHFR active
site cavity probably has a better chance of “adapting” itself
to larger substituents on R, through induced fit process.
Interestingly, we could not correlate any regions of the
CoMFA/CoMSIA maps because the data set does not con-
tain compounds with substituents other than N or CH at R,.
Residue Ile123 from PcDHFR is superimposed to Valll5
from the human enzyme (ADHFR) (Fig. 5). Both residues
are similar in terms of hydrophobic and steric properties,
and as discussed previously, this residue (Ile123) could be
correlated with regions of increasing potency in the CoM-
SIA hydrophobic (Fig. 4b) and CoMFA/CoMSIA steric
(Fig. 3) maps that are correlated to X;-X,/Rj3 positions.

Conclusions

A series of 64 pyrimidine derivatives (51 compounds in the
training set and 13 in the test set) with PcDHFR inhibitory
activity was subjected to a 3D-QSAR study. Five 3D-QSAR
models were built, using two different QSAR methods,
CoMFA and CoMSIA. All models have shown good pre-
dictabilities and statistical validation.

The resulting steric/electrostatic and hydrophobic contour
maps have provided useful insights in active-structure relation-
ship, allowing a discussion in terms of drug design. The methyl
group has shown a relevant role on the activity, by increasing
it. Substituents such as ethylamine on position X;, methyl-
amine on position X,, and methyl on position R; enhance the
inhibitory activity, in comparison to other fragments.

The electrostatic map of the CoOMFA model presented the
best statistical validation and, thus, it was used to explain
some of the structure-activity relationships. Substituents
with high electronic density in R4-R; positions have shown
putative favorable interactions. Thus, compounds mono-
substituted with a chlorine atom in this region have shown
values of pICsq all above 7.0. This effect is supported by
electrostatic potential map of PcDHFR active site, as
depicted in Electronic supplementary material.

Hydrophobic contour map around the spacer group (X;-
X5) has revealed that hydrophobic interactions enhance
activity, justifying the previous discussion about methyl
group. Overall, the results of the CoMFA/CoMSIA contour
maps analyses may serve as theoretical support for the
design of new putative inhibitors for PcDHFR with en-
hanced potency and selectivity.
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