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Abstract Comparative molecular field analysis (CoM-

FA) and comparative molecular similarity indices analysis

(CoMSIA) based on the docked conformation were per-

formed for 24 pyrazinone derivatives. All compounds were

docked into the wild-type HIV-1 RT binding pocket and

the lowest-energy docked configurations were used to

construct the 3D QSAR models. The CoMFA and CoMSIA

models enable good prediction of inhibition by the pyraz-

inones, with r2cv = 0.703 and 0.735. Results obtained from

CoMFA and CoMSIA based on the docking conformation

of the pyrazinones are, therefore, powerful means of elu-

cidating the mode of binding of pyrazinones and

suggesting the design of new potent NNRTIs.

Keywords HIV-1 � CoMFA � CoMSIA �
Molecular docking � NNRTI

Introduction

Acquired immunodeficiency syndrome (AIDS) is caused

by the human immunodeficiency virus (HIV). The reverse

transcriptase (RT) of human immunodeficiency virus type-

1 (HIV-1) is the essential enzyme converting the single-

stranded viral RNA genome into double-stranded proviral

DNA prior to its integration into the host genomic DNA.

HIV-1 RT is an asymmetric heterodimer consisting of a

560-residue chain (p66 subunit) and a 440-residue chain

(p51 subunit). Nucleoside inhibitors (NRTIs) and non-

nucleoside inhibitors (NNRTIs) are two types RT inhibitor

widely used for treatment of AIDS. Nucleoside analog

inhibitors, for example AZT, ddI, and ddC, are competitive

inhibitors causing termination of the growing DNA chain.

Although these nucleoside inhibitors are selective for HIV-

1 RT, they are not highly specific and can affect cellular

polymerases, with toxic effects [1, 2]. Non-nucleoside

analog inhibitors, for example nevirapine, TIBO, and

efavirenz, are non-competitive inhibitors binding in a

hydrophobic pocket that is about 10 Å away from the

enzyme’s active site in the p66 subunit. Because of their

use at low concentration and their high specificity, non-

competitive inhibitors are of interest for developing novel

potent inhibitors. Unfortunately, the major problem is the

rapid development of NNRTI resistance, for example,

Leu100Ile, Lys103Asn, and Tyr181Cys [3]. In order to

improve the biological activity of NNRTIs, some classes of

NNRTI, for example diaryltriazine (DATA) [4], diaryl-

pyrimidine (DAPY) [5], TMC-125 [6], indolyl aryl sulfone

(IAS) [7], and TMC-278 [8], have been proposed and

designed to enhance activity against wild-type and mutant

type HIV-1 RT. A series of non-nucleoside reverse trans-

criptase inhibitors (NNRTIs), pyrazinones, have been

found to be active against wild-type HIV-1 RT and some

are also active against mutant HIV-1 RT [9]. Information

about the specific binding mode of pyrazinones to HIV-1

RT is therefore needed to suggest designs of novel potent

NNRTIs active against both wild and mutant HIV-1 RT.

Comparative molecular field analysis (CoMFA) [10]

and comparative molecular similarity indices analysis

(CoMSIA) [11] are three-dimensional quantitative struc-

ture–activity relationship (3D QSAR) methods widely used
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to study and design new inhibitors. These methods have

been used successfully for many classes of inhibitor by

studying the relationship between their chemical structures

and their biological activity. For NNRTIs, these methods

are also able to reveal the dominant interaction of some

types of NNRTI, for example TIBO [12], (aryl)bridged

2-aminobenzonitriles [13], and efavirenz [14]. In addition,

the idea of a ligand’s active conformation has been studied

by using the docked conformation from the molecular

docking method to construct 3D QSAR models. The

docked conformation of some NNRTIs has been obtained

by constructing and satisfying CoMFA and CoMSIA

models [15, 16]. To avoid use of an incorrect conformation

for construction of the 3D QSAR model, the docked con-

formation has been successfully used to select the bioactive

conformation of the compounds [17]. Moreover, the 3D

QSAR contour map obtained from the docked conforma-

tion can be superimposed on the active site for better

explanation of the binding. In order to study the binding of

pyrazinones to wild-type HIV-1 RT, the aim of this work

was to derive their CoMFA and CoMSIA models based on

their docked conformations.

Results and discussion

Molecular docking of pyrazinones

Because of the rotatable bonds connected to rings A and B

of the pyrazinones, their optimized structures had different

conformations from R185545, the conformation of which

is known from X-ray studies. Therefore, the molecular

docking method was used to propose bioactive conforma-

tions of the pyrazinones. The docked conformation was

then used for constructing the 3D QSAR in the next step.

To validate the AutoDock program for docking pyrazi-

nones into the HIV-1 RT binding pocket, R185545 was

docked back into its NNRTI binding pocket. From all 50

configurations, the results showed good ability to repro-

duce the same orientation as the X-ray position from

RMSD values for the docked positions from the X-ray

position of R185545 at about 1.03 to 1.38 Å. The final

docked energies were about -61.92 to -63.81 kJ/mol.

Therefore, these docking data were used to dock pyrazi-

nones into the NNRTI binding pocket. From the docking

results, each pyrazinone position was separated into several

clusters but most of the positions (out of 50 configurations)

were located in a binding orientation similar to that of

R185545. Several positions have some parts of the com-

pound located outside the binding pocket. For the final

docked energies, most positions located in the binding

orientation similar to that of R185545 had lower final

docked energies than the other positions. Consequently,

each pyrazinone position with the lowest final docked

energy having similar binding orientation to R185545 was

selected as the orientation used to construct 3D QSAR

models in the next step. The positions selected for the

pyrazinones are shown in Fig. 1. It is clearly apparent that

they adopt the same binding orientation, except for com-

pounds 1 and 2, both of which had the opposite position of

the carbonyl group in the central pyrazinone ring. Because

of the small atoms (H and F) attached at the R position of

compounds 1 and 2, the methyl group at the R1 position

formed an H-bond with His235 instead of the hydrogen

atom at the R position. This caused an upwards shift of the

orientation and the opposite position of the carbonyl group

on the central pyrazinone ring of the docking positions of

compounds 1 and 2.

CoMFA and CoMSIA models

From PLS analysis, the results from the best CoMFA and

CoMSIA models are shown in Table 1, where r2cv; noc,

s-press, and r2 represent the cross-validation coefficient,

the optimum number of components, the uncertainty of the

prediction error sum of squares derived from the LOO

method, and the regression coefficient. From Table 1,

Fig. 1 Selected docked conformation of all the pyrazinones

588 P. Saparpakorn et al.
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CoMFA and CoMSIA models reveal the good predictive

power with r2cv of 0.703 and 0.735. The r2, s, and F values

were 0.994, 0.092, and 230.253 for the CoMFA model and

0.980, 0.158, and 87.871 for the CoMSIA model. Outliers

of the best CoMFA model were compounds 3, 6, and 13.

For the best CoMSIA model, the outlier was compound 3.

These outliers are because of the different substituent

group at positions R and R4. The substituent groups at the

R position of compounds 3 and 6 are the methyl and tri-

fluoromethyl groups which are different from those of other

compounds in the training set. In compound 13, the R4

substituent is the benzyl group, which is different from the

hydrogen or methyl group used in the training set. For the

CoMFA model, the contributions of the steric and elec-

trostatic interactions were 59.0 and 41.0%. The main

contribution in the CoMFA model was steric interaction.

The field contributions of the CoMSIA model were 11.8,

15.7, 36.6, 2.9, and 33.0% for steric, electrostatic,

H-acceptor, H-donor, and hydrophobic interactions,

respectively. The H-acceptor and hydrophobic interactions

were found to be the major contributions in the CoMSIA

model. The 3D fields of the best CoMFA and CoMSIA

models were represented as contour maps.

Steric and electrostatic contours of CoMFA and CoM-

SIA for compound 9 are shown in Figs. 2 and 3. Some

steric contours of CoMFA and CoMSIA models (Fig. 2)

are shown in the same region as the binding pocket.

However, the steric contour map from the CoMSIA model

was more localized than that from the CoMFA model. In

both models, the green contours were localized near the

bottom of ring A and substituent groups R and R1. The

green contour localized near the bottom of ring A was

caused by the slightly different docked conformation of the

ring A position. Ring A preferred the lower position,

because in this position the ring formed a p–p interaction

with Tyr318 and an H-bond with the backbone carbonyl

group of Lys101. In addition, the favored steric area was

found at the R3 and R4 substituted groups of the pyrazinone

ring in the CoMSIA model. This favored steric area of the

CoMSIA model also had the small yellow contour. This

suggested that a group which was too bulky was not

favored in this area. For the R3 substituted group, a group

which was too bulky would cause steric interactions with

the sidechain of Val179 and the Cb of Glu138(B). Com-

pared with compounds 9 and 20, compounds with the

hydrogen atom at the R3 position have greater activity than

that with the methyl substituent. Because most of the R4

substituent groups in the training set were the methyl

group, the exception being compound 22, there was less

effect at this substituent. Compound 22, with the H sub-

stituent at the R4 position, had the same activity as

compound 16. The methyl group at the R3 position of

compounds 16 and 22 caused slight movement of the

structure compared with compound 9. Therefore, the

methyl group as the R4 substituent group of compound 16

Table 1 Statistical results for the CoMFA and CoMSIA models

based on the docking conformation of the pyrazinones

Model

CoMFA CoMSIA

r2cv 0.703 0.735

noc 6 6

s-press 0.622 0.571

r2 0.994 0.980

S 0.092 0.158

F 230.253 87.871

Field contribution (%)

Steric 59.0 11.8

Electrostatic 41.0 15.7

H-acceptor – 36.6

H-donor – 2.9

Hydrophobic – 33.0

Fig. 2 Steric contour of the

CoMFA (a) and CoMSIA (b)
models. The green (G) color
represents the favored steric

area and the yellow (Y) color
represents the disfavored steric

area
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could not form an H-bonding interaction with Glu138(B).

The green contours localized near the R and R1 substituent

groups suggest that increasing the bulkiness of groups

attached at R and R1 increase the activity but the increase

of this bulky group should be electrostatic in character, as

suggested by the following electrostatic contours. For the

electrostatic contour in the CoMFA model, the favored

negative electrostatic area was found at the R substituent

groups. This may suggest the advantage of having an

electron-withdrawing substituent group at the R position.

This located contour was not found in the CoMSIA model.

For compound 9, substitution of a cyano group at the R

position of ring A resulted in an attractive interaction with

Leu234 and His235, and a methyl group at the R1 position

of ring B resulted in an H–p interaction with Tyr188 and

Trp229. In both CoMFA and CoMSIA models, the favored

positive electrostatic contours appeared in the same area.

The contours were found near the R3 and R4 positions. The

electrostatic CoMFA contour, excluding the common

contour found in both CoMFA and CoMSIA models, can

be explained by using the contours in the three additional

field contributions of the CoMSIA model (i.e. hydrophobic,

H-acceptor, and H-donor interactions).

The CoMSIA contours of three additional field contri-

butions, i.e. hydrophobic, H-acceptor, and H-donor inter-

actions, are shown in Fig. 4. One disfavored hydrophobic

area is revealed at the R position. The results agree well with

the favored negative electrostatic area in the CoMFAmodel.

The other disfavored hydrophobic area appears at the bottom

of the R4 position and a space between ring A and B. These

basic structural interactions suggest the design of new

inhibitors by adding a hydrophilic substituent group around

these regions. From the docked conformation, the bottom of

the R4 position had the space to interact with the sidechain of

Lys101 and there was the space between ring A and B to

interact with the sidechain of Leu234. For the H-acceptor

contour, favored and disfavored H-acceptor areas were

located at the R position. The favored H-acceptor area was

surrounded by the disfavored H-acceptor area, as shown in

the line contour map in Fig. 4b. This suggests that the sub-

stituent group preferred at the R position is a H-acceptor

group but that this substituted H-acceptor group should not

be bulky. Considering the binding pocket, this indicated that

this disfavoredH-acceptor areawas located near the nitrogen

and the oxygen atoms of backbone His235 and Pro236. The

disfavored H-donor area was found in the wide region from

the bottom part of ring A to the carbonyl group of pyrazinone

ring. Moreover, there was a small favored H-donor area

inside the disfavored H-donor area, which agrees well with

the position of amino group between ring A and the pyrazi-

none ring. From the docked conformation in the binding

pocket, the amino group was important for these derivatives

because H-bonding occurred between the hydrogen atom of

an amino group and an oxygen atom of backbone Lys101.

To validate the best CoMFA and CoMSIA models, the

biological activities of compounds in the test set were pre-

dicted by using the best CoMFA and CoMSIA models

obtained from the training set. The predicted log(1/IC50) and

residuals for all the compounds are shown in Table 2. The

residuals of the test set were within ±0.9 log(1/IC50) unit in

both models. The r2 of the test set are 0.7414 and 0.8659 for

theCoMFAandCoMSIAmodels. The ability of bothmodels

to predict the biological activity of the pyrazinones is

summarized in Fig. 5 as a plot of experimental activity

[log(1/IC50)] against activity predicted by the best CoMFA

and CoMSIA models.

Conclusions

To investigate the important mode of binding of pyrazinones

to HIV-1 RT, 3D QSARmethods were used with the docked

conformations of the pyrazinones. Twenty-four pyrazinones

were docked into the HIV-1 RT binding pocket and the

orientations of the pyrazinones in the binding pocket were

demonstrated. The docked conformation of each pyrazinone

Fig. 3 Electrostatic contour of

the CoMFA (a) and CoMSIA

(b) models. The blue (B) color
represents the favored positive

electrostatic area and the red (R)
color represents the favored

negative electrostatic area
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was used to construct CoMFA and CoMSIA models. These

models had good predictive power, with r2cv of 0.703 and

0.735. Steric and electrostatic contours of the CoMFAmodel

are more or less similar to those of the CoMSIA model. The

electrostatic contour found only in the CoMFAmodel agrees

well with the contours from the three additional field

contributions of the CoMSIA model (i.e. hydrophobic,

H-acceptor, and H-donor interactions). Both models led to

similar results and suggested that the preferred substituent at

the R position should be a bulky, electron-withdrawing,

H-acceptor, and that hydrophobic groups are not favored for

forming an attractive interaction with Leu234 and His235.

Therefore, the results obtained from the CoMFAmodel, and

CoMSIA analyses based on the docked conformation of the

pyrazinones, were powerful methods for describing the

binding mode of pyrazinones and suggesting the design of

new potent NNRTIs (Fig. 6).

Computational details

Data set and molecule preparation

Twenty-four pyrazinone structures and their experimental

activities [log(1/IC50)] used in this work are shown in

Table 3. Starting geometries were optimized by quantum

chemical calculations at the HF/3-21G level of theory

using the Gaussian03 program [18]. Gasteiger–Hückel

charges were added by using SYBYL software version 7.0

[19]. Because of the similar structures of the pyrazinones,

the X-ray structure of HIV-1 RT complex with R185545

was selected from the Protein Databank (pdb code 1suq

[20]) and used in this study. After removing R185545 from

the complex structure, all-hydrogen atoms were added to

the protein using standard SYBYL geometries, and Koll-

man charges were also added. For the R185545 structure,

hydrogen atoms and Gasteiger–Hückel charges were added

using SYBYL software.

Molecular docking of the pyrazinones

The pyrazinones were docked into the binding pocket of

HIV-1 RT by using the software AutoDock3.05 [21] with

the Lamarckian genetic algorithm. First, the validity of the

docking method was verified by redocking R185545 back

into the binding pocket of the protein structure (pdb code

1suq). The grid size and grid spacing were set to

60 9 60 9 60 and 0.375 Å, respectively. The numbers of

runs was set to 50. All other parameters were the default

value. To select the configuration for setting up the 3D

QSAR models, the lowest docked energy configuration

having similar orientation of R185545 was used.

Fig. 4 Hydrophobic (a), H-
acceptor (b), and H-donor (c)
contours of the CoMSIA

models. The yellow (Y) color
represents the favored

hydrophobic area, the white (W)

color represents the disfavored

hydrophobic area, the magenta
(M) color represents the favored

H-acceptor area, the red (R)
color represents the disfavored

H-acceptor area, the cyan (C)
color represents the favored H-

donor area, and the purple (P)
color represents the disfavored

H-donor area
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CoMFA and CoMSIA models

The selected configurations of each compound from

molecular docking were used to construct the 3D QSAR

models. These docked structures were divided into the

training set and the test set. Five compounds representing the

diversity of the pyrazinone derivatives and the range of

activities [log(1/IC50)] served as the test set. These were

compounds 8, 12, 16, 17, and 19. The remaining compounds

served as the training set for constructing 3D QSARmodels.

SYBYL software, version 7.0, was used to study the CoMFA

and CoMSIA models. In CoMFA analysis, the steric and

electrostatic fields were calculated using Lennard–Jones and

Coulombic potentials. Default values for probes were

Table 2 Predicted log(1/IC50)

and residuals for the CoMFA

and CoMSIA models

Compounds log(1/IC50) CoMFA CoMSIA

Calc. log(1/IC50) Residual Calc. log(1/IC50) Residual

1 6.60 6.52 0.08 6.54 0.06

2 5.90 5.96 -0.06 5.95 -0.05

3 4.00 6.44 -2.44 7.14 -3.14

4 7.60 7.65 -0.05 7.78 -0.18

5 7.10 7.10 0.00 7.02 0.08

6 6.30 8.85 -2.55 6.23 0.07

7 8.40 8.51 -0.11 8.35 0.05

8 7.70 8.19 -0.49 8.58 -0.88

9 9.00 8.92 0.08 8.76 0.24

10 8.30 8.34 -0.04 8.10 0.20

11 7.80 7.81 -0.01 8.14 -0.34

12 6.50 7.38 -0.88 6.45 0.05

13 7.49 8.80 -1.31 7.52 -0.03

14 7.00 7.05 -0.05 7.06 -0.06

15 8.30 8.13 0.17 8.29 0.01

16 7.40 7.36 0.04 7.48 -0.08

17 6.90 7.54 -0.64 7.48 -0.58

18 6.30 6.23 0.07 6.26 0.04

19 8.30 8.47 -0.17 8.70 -0.40

20 8.52 8.47 0.05 8.58 -0.06

21 8.22 8.26 -0.04 8.19 0.03

22 7.40 7.44 -0.04 7.40 0.00

23 8.10 8.14 -0.04 8.16 -0.06

24 8.30 8.31 -0.01 8.29 0.01

Fig. 6 Orientation of compound 9 (ball and stick model) in the

binding pocket surface of HIV-1 RT

Fig. 5 Plot of experimental activity [log(1/IC50)] against activity

predicted by the best CoMFA and CoMSIA models
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positively charged sp3 hybridized carbon, 2 Å of grid spac-

ing, and energy cutoff values of 125.52 kJ/mol for steric and

electrostatic fields. For CoMSIA analysis, five different

similarity fields were studied: steric, electrostatic, hydro-

phobic, hydrogen-bond donor, and hydrogen-bond acceptor.

The similarity indices of five fields at regularly spaced grid

points were calculated. Probes with carbon atom with ?1.0

charge and 1 Å radius were used. Partial least-squares (PLS)

regression analysis was used to derive the CoMFA and

CoMSIA models. The models represented the relationships

between the independent variables (CoMFA and CoMSIA

fields) and the dependent variable (the experimental activi-

ties [log(1/IC50)] for each compound). The maximum

number of components was set to six and leave-one-out

(LOO) was used to evaluate the predictive capability of the

model and to obtain the optimum number of components.

The cross-validated correlation coefficient (q2 or r2cv) repre-

sented the quality of the model. The PLS procedure without

cross-validation was performed to generate the CoMFA and

CoMSIA models by using the chosen optimum number of

components. The CoMFA and CoMSIA models were rep-

resented by use of contour maps. For better understanding of

the pyrazinones, the contour maps were superimposed on to

the NNRTI binding site.
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Hernández-Campos A, Castillo RJ (2004) J Comput Aided Mol

Des 18:345

17. AbdulHameed MDM, Hamza A, Liu J, Zhan C (2008) J Chem Inf

Model 48:1760

18. Frisch MJ et al (2003) Gaussian03. Gaussian, Inc., Pittsburgh

19. SYBYL 7.0 TRIPOS, Assoc., Inc., St. Louis, MO

20. Das K, Clark AD Jr, Lewi PJ, Heeres J, De Jonge MR, Koymans

LM, Vinkers HM, Daeyaert F, Ludovici DW, Kukla MJ, De

Corte B, Kavash RW, Ho CY, Ye H, Lichtenstein MA, Andries

K, Pauwles R, Debethune MP, Boyer PL, Clark P, Hughes SH,

Janssen PA, Arnold E (2004) J Med Chem 47:2550

21. Morris GM, Goodsell DS, Halliday RS, Huey R, Hart WE, Belew

RK, Olson AJ (1998) J Comput Chem 19:1639

594 P. Saparpakorn et al.

123


