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ABSTRACT

To study a series of derivatives of 4-Benzylpyridinone with inhibition activity on inverse transcriptase of HIV-1 using computational tools and
bioinformatics. A Linear Regression Model (LRM) associated that anti-HIV-1 activity was obtained. This model was correlated with charge on nitrogen
atom at the position 3 of 4-BP structure and the total energy of molecule. The LRM was statistically significant with p-value < 0.001, R2 = 0.9006, and a cross
validation coefficient of R2cross = 0.8482. A discriminating analysis classified the molecules as active and inactive with high predictive power. In addition,
six new molecules based on theoretical analysis were proposed as anti- HIV-1 activity candidate to be synthesized.

An equation model that relates the anti-HIV-1 activities of molecules studied was obtained. This model depends basically of two molecular descriptors,
the charge on the nitrogen atom in the position 3 and total energy. The charge on the nitrogen atom descriptor gives us an idea of more active site of the
molecule while the energy is related with on overall stability of the molecule.
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Introduction

In order to explore physicochemical properties of a set of
derivatives of 4-benzylpyridinone (BP) (Figure 1, Table 1) a
Quantitative Structure Activity Relationships (QSAR) was used
to correlate molecular properties through of a series of theoretical
molecular descriptors that account for hydrophobicity, electronic
properties, and steric effects of molecules, among others; these
descriptors were determined by well-established computational
methods under the assumptions that “the biological activity
can be correlated with physical-chemical properties that are
adequately described by the set of descriptors”. The use of these
descriptors has allowed obtaining a robust model that related
molecular descriptors and biological activity providing insights
of the mechanism of action of the group of molecules [1-4].

The BP derivatives have been proven selective and potent non-
nucleoside inhibitors of the Human Immunodeficiency Virus
type 1 Reverse Transcriptase (HIV-1 RT) [5,6]. The human
immunodeficiency virus (HIV) is a retrovirus, which contain
ribonucleic acid (RNA) as genetic material (retrovirials family),
characterized by integrating into the genome of the infected cell
in the form of acid deoxyribonucleic (DNA). The most important
property of HIV is its replication ability on a reverse transcription
that involves the formation of DNA from RNA, using biological
machinery of the infected cell [5,6].

Non-nucleoside HIV-1 RT inhibitors have attracted special
attention due to these compounds may be drug candidates
providing a unique mode of action which do not form non-covalent
and non-competitive binding at the allosteric site present only in
the HIV-1 RT enzyme [7].

In addition, the interest for HIV-1RT inhibitors has been increased
recently due to the emergence resistance shown by some HIV
variants to current drugs used to control the AIDs disease.
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Figure 1: Structure of 4-Benzylpyridinone

Correlating the anti-human immunodeficiency virus (HIV) activity
with specific structural characteristics of non-nucleoside inhibitors
is a theoretical approach to the understanding of the biological
inhibition mechanism of action of the 4-benzylpyridinone
derivatives. The aimed of this paper is estimate inhibitory power
of 4-benzylpyridinone and establishing the differences among its
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derivates. In this way, it is possible to get some valuable information that can be used as the basis for seeking possible new candidate
compounds for proposing to make new syntheses with higher biological activities for this disease which has been affected thousands
of people around the world.

In the present work we have taken a dataset containing a series of 4-benzylpyridinone compounds with HIV-1 RT inhibitory activities
from literature [6]. The 4-benzylpyridinone derivative compounds used in the work inhibit a wide range of the HIV-1 RT activities
with values of IC, values from 0.2 to 41400 through a high diversity of structural dataset.

Also, were calculated a variety of electronic descriptors from molecular structures but only one of them were included in the adjusted
model. The descriptors used in the model of this study were chosen for their non-colinearity and its ability to describe the molecular
structure of the compounds under study. The model obtained in this paper predicts that molecules of the dataset with the higher
positive charge on the nitrogen atom on BP and the higher total energy value experiment a better biological activity log(1/IC,,).

Table 1: Substituted 4-Benzylpyrodinone Molecules with HIV-1 RT Inhibitory Activities

Ry
Rz
Compound Substituent ICS0
R1 R2 R3 R4 RS R6 R7 X Olzlsl‘f\rlv)ed

BP-1 CH, CH, CH,CH2 CH, H o= NH, CH, 17
BP-2 CH, CH, CH,CH2 CH, H o= NHCOCH, CH, 100
BP-3 CH, CH, CH,CH, CH, H o= NHCHO CH, 3
BP-4 CH, CH, CH,CH, CH, H o= NHCHO S 6600
BP-5 CH, CH, CH,CH, CH, H o- NHCH, CH, 30
BP-6 CH, CH, CH,CH, CH, H o- NHCO,CH,CH, CH, 460
BP-7 CH, CH, CH,CH, CH, H o= N(CH,), CH, 02
BP-8 CH, CH, CH, H H o- NHCO,CH,CH, S 7500
BP-9 CH, CH, CH, H H o- NHCOCH,CH, S 41400
BP-10 CH, CH, CH,CH, CH, - | CH30- | NHCOC(CH), CH, 1000
BP-11 CH, CH, CH,CH, CH, - | cH30- | NHCOC(CH), | CHOH 1000
BP-12 CH, CH, CH,CH, CH, - | cH30- | NHCOC(CH)), co 10000
BP-13 CH, CH, CH,CH, CH, H o= o CH, 1000
BP-14 H H CH,CH, CH, H o= NH, CH, 730

Computational and Theoretical Details

Modeling

Molecular structures of BPs (Tables 1), were optimized with semi-empirical MO AM1 Methods, in Gaussian program version 03
[8-11]. Stable conformations of molecules obtained at the minimum energy through molecular optimization were used as input to
perform the calculation of molecular descriptors from a higher computational calculation level using DFT/ B3LYP method, with
6-31G basis sets [12-15].

The most stable structure of each compound was used for computing several physico-chemical descriptors such as thermodynamic
and electronic properties including atomic charges. All descriptors considered in the model were the independent variable while
the biological activity was the dependent variable. All possible combinations of parameters were used in order to generate a robust
QSAR model in this study.

Statistical Analysis

Relationships between the biological activity log(1/IC50) and the molecular descriptors generated were established by the backward
stepwise multiple regression technique. The best model was selected on the basis of the highest multiple regression coefficient
of determination (R2). The statistical predictive power of model was performed by assessing the cross-validation (CV) test. The
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CV correlation coefficient (Rcross) was computing between one
leaving-out log(1/1C, ) generated and the experimental log(1/
IC, ) values [16]. Higher Rcross values are an indicative of the
robustness of linear regression model. An additional predictive
power of the model was carried out by performing a linear
discriminant analysis (LDA). The LDA function was obtained to
classify calculated and experimental log(1/1C,)) values [17,18].
All statistical calculations were performed using the R statistical
program [19].

Results and Discussion

In the present study, a QSAR model was performed over a set of
14 BP derivatives [6]. A wide range of molecular descriptors were
calculated. The descriptors included in the adjusted model were
chosen for pair wise colinearity below of 80% and its ability to
describe the molecular structure of the compounds under study.

The best linear regression model (Equation 1) describe the
independent variable log(1/IC, ) on function of charge on the
nitrogen atom at the position 3 (Q,) and the total energy (E) as
parameters of the dependent variable. This model is characterized
by a coefficient of determination of R* = 0.9006 and a cross
validation coefficient of Rcross = 0.921. This finding suggests
that the model explains the 90.06% of the variability with a model
robustness of 92.1%.

Log (1/IC,,) = 11.7643 +1,05015x10° E +9,72234Q,, (Equation])
R2=0.9006, R%__= 0.8482, p-value = 0.0000, F = 45.3,n = 13.

A correlation between log(1/1C, ) calculated obtained from multiple
linear regression model (Equation 1) and experimental values was
made (Figure 2 and Table 2). The linear regression model was
obtained from the dataset excluding the BP-14 compound (Table
1). This BP-14 was considered as an outlier from dataset in which
whose molecular behavior is dissimilar from the rest of structures.
The calculations excluding the BP-14 compound were of R? =
0.9006 for the coefficient of determination, standard error

of estimate (SEE) values (SEE =
n

MJ SEE = 0.466 where
prediction error sum of the squared (PRESS),
PRESS = 3" (Yyyotice = Yoeniar)” - and q’=0.8896 for predictive

Z (}tpredim: B }ractuaf)z ]

7 7 2
(} actual ~ }mean)

correlation coefficient g° (gz =1-

while the same calculation including the structure BP-14 were
lower for R? = 0.8052, q*=0.7819, and higher for SEE = 0.653.
From the chemical point of view the BP-14 revealed to be a
compound structurally different from the rest of other compounds.
The unusual behavior of BP-14 can be explained due to the
two methyl groups at the position 3” and 5’ on benzyl ring are
replaced by hydrogen atoms on the BP-14 contrary to the rest
of compounds. For instance, when two 3°,5’-methyl groups are
placed on the structure BP-14 replacing the hydrogen atoms and
resulting the structure BP-1, the activity measured as log(1/IC, )
increased the biological activity from -2.863 for BP-14 to -1.23

for BP-1. Therefore, the substitution of methyl groups at position
3’y 5’ on the 4-BP play an important role on the activity of these
compounds.

Log(1/1C50) Calculated

Log(1/IC50) Observed

Figure 2: Plot of observed and calculated log (1/IC50) using
Equation 1

The multiple linear regression model (Equation 1) is able to predict
that derivate of 4-benzylpiridinone compounds with higher both
positive charge on the nitrogen atom at position 3 and total energy
values shown an increasing trend on biological activity log(1/IC, ).
Therefore, it is necessary to consider both descriptors explain
satisfactorily the biological activity of BP derivatives. In addition,
the most active molecules are obtained when the substituted groups
on nitrogen atom at position 3 are strong electron attractive.

The influence of size of substitute groups on nitrogen atom at
position 3 was also observed that bigger size groups shown better
and significant biological activity which can related with the
interaction of the allosteric site of the enzyme which is crucial to
inhibit the transcription of viral RNA to a double chain of viral
DNA. Further studies are necessary on molecular docking to know
the role of substituent group size.

A linear discriminating function (LDF) (Equation 2) with two
predictive variables and statistical significantly P-value less than
0.05 ranks the dataset of 14 molecules into two groups. The first
subset of molecules are considered inactive compound to an
inhibition activity of the enzyme reverse transcriptase HIV-1 with
values log (1/1C, ) between -4.67 to -3.00 while the second part of
dataset with values of log(1/IC, ) between -2.863 and 0.69 were
classified as active compound (Figure 3).

F = CONSTANT + ¢ E + ¢, QN (Equation 2)

Inactive Active
CONSTANT -206.862 -134.812
E (Kcal/mol) -0.000266283 -0.00021018
QN -228.411 -188.806

n=14 P-value= 0.002
F = linear discriminating function
¢, and c, are coefficient for E and QN
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Figure 3: Low and high activity classification of 4-BP derivate compounds by Linear discriminating function

The LDF obtained was enabled to predict 85.7% of all cases correctly classified. The higher percentage of molecules correctly
classified as low and high activity is an indicative of power of predictive of the biological activity for the model presented [16].

A qualitative structure activity relationship analysis on 4-BP dataset shows that methylene fragments of X on the 4-benzylpiridinone
led the best anti-HIV-1 activities (IC,) ranging from 0.2 to 1000 nM while compound where sulphur atom is replaced by the methylene
group the activities are lower ranging from 6600 to 41400 nM. In addition, the molecules 10, 11 and 12 did not show significant
biological activity. It can be explained by the reason that in the molecules have been replaced by carbonyl groups at the N-2 position
instead of methoxy group (OCH,), giving as a result a different chemical environment. The substituted OCH, group increases the
intermolecular forces.

The effect of hydrogen atoms in the methyl groups is compensated with the presence of a carbonyl tert-butyl group on the nitrogen
atom at position N-3 which affects the charges of this atom. This means that the charges decrease due to presence of attracting group
instead of weakly electrons of nitrogen atom which it is bonded. These features allow us to suggest that the carbonyl group in position
N-2 is important to activity of this molecule. The methoxy group also makes that the pyridinones are protected to interact with the
active site of reverse transcriptase.

However, the best activities are controlated by replacing high electro-attractive groups on the nitrogen to confer higher positive charge
on this atom. However, these groups do not help to decrease the total energy of the molecule, thereby achieving a way to control of
inhibiting activity of the reverse transcriptase of HIV-1 in the CD4 T-lymphocytes.

Table 2: Substituted 4-benzylpyrodinone molecules and log(1/IC_) observed and calculated HIV-1 RT inhibitors

Compound Energy QN Log(1/IC,) Log(1/IC,) LDF
(Kcal/mol) observed calculated classification
BP-1 -530631 -0.802 -1.230 -1.6054 active
BP-2 -626394 -0.717 -2.000 -1.7847 active
BP-3 -601723 -0.68 -0.477 -1.1659 active
BP-4 -826901 -0.676 -3.820 -3.4917 inactive
BP-5 -555284 -0.72 -1.477 -1.0671 active
BP-6 -698244 -0.705 -2.663 -2.4226 *active
BP-7 -579938 -0.512 0.699 0.6962 active
BP-8 -874093 -0.717 -3.875 -4.3859 inactive
BP-9 -826906 -0.712 -4.617 -3.8418 *inactive
BP-10 -675701 -0.738 -3.000 -2.5067 inactive
BP-11 -772206 -0.737 -3.000 -3.5104 inactive
BP-12 -771459 -0.762 -4.000 -3.7456 inactive
BP-13 -821412 -0.696 -3.000 -3.6285 inactive
BP-14 -481298 -0.802 -2.863 -1.0874 active

*Molecule incorrectly classified by linear discriminating function of Equation 2.

An analysis on the sulfur atoms placed at the position N-4 replace the methylene group of the molecules 2 and 3 maintaining the activity.
It is assumed that the sulfur has a higher electronegativity, for these molecules are necessary to take into account the substituents
that are in the position of the nitrogen N3. The values of total energy (Table 1) and charge on the nitrogen atom are depicted of the
molecules 2 and 3 the values of total these values have the same trend that provides for the model, being the molecule 3 more active
that the molecule 2 this is due to the molecule 3 has a high energy and high charge on the atom nitrogen that the 2.
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The compound 13 has low activity, the reason for this behaviour could be the fact that the molecule has two bulky groups at position
N-3 and N-4 which possibly to prevent such a structure does not fit into the active site of reverse transcriptase. In the derivatives of
BP-8 and -9 which have IC, values of 7500 and 41,400 nM respectively, are observed that the values of total energy are -874092.96
kcal/mol for the BP-8 and -826905.74 kcal /mol for the BP-9. These two molecules have the lower levels of energy and biological
activity of the full range of study molecules, this is possibly due to structural differences, and these two compounds do not have the
replacements of ethyl group in position 5 and N-ethyl group in position N-6 in the main ring of BP, having only a methyl group at
position N-5.

On the other hand, a series of new substituent have been proposed (Table 3) in specific sites of the molecules considered in order to
get new compounds as potential RT inhibitors from theoretical parameters values of total energy and charge on the nitrogen atom
and then were tested in the linear regression model (Equation 1) in order to find the log (1/IC, ) calculated. In addition, the proposal
structures were classified as active and inactive by linear discriminating function of Equation 2.

The molecules proposal as possible candidate for synthesis (Table 3) were calculated physicochemical parameters such as the charge
values on the nitrogen atom and total energy and derivate corresponding log(1/IC,)) predicted. It is significant that LDA function
predicted well the inactivity of molecule with values of IC, below of 1000 nM but fail to predict as active the BP(b) structure.
Under theoretical consideration was proposal very high activities structures BP(c) y BP(f) with outstanding IC50 estimated values of
0,080and 0,070 nM respectively. It should be noted that these compounds present possible potent inhibitors of the RT but obviously
it is needed to experimental synthesis to corroborate this prediction.

Table 3: Probable New Transcriptase Inverse Inhibitors

Compound Structure E (Kcal/mol) QN Log(1/IC,) LDF
calculated classification
BP (a) -651047 -0.606 -0.9644 activity
BP (b) -746809 -0.677 -2.6603 inactivity*
(0}
o5
HN “H CHa
BP (¢) e | L . — -780468 -0.254 1.0987 activity
N/
HaC CH
BP (d) -1297970 -0.621 -7.9039 inactivity
-
HN‘ N\COCHB CHg
BP (e) HyC g o -865806 -0.231 0.4262 activity
N/
HaC o,
o]
o
H “CHy CHy .
BP (f) w P _— -795639 -0.232 1.1533 activity
N/
HeC CHs

*Structure incorrectly classified by linear discriminating function of Equation 2.
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Conclusions

An equation model that relates the anti-HIV-1 activities of
molecules studied was obtained. This model depends basically
of two molecular descriptors, the charge on the nitrogen atom in
the position 3 and total energy. The charge on the nitrogen atom
descriptor gives us an idea of more active site of the molecule
while the energy is a descriptor is related with on overall stability
of the molecule. To get a better biological activity, the substituent
groups on the nitrogen atom in the 3 position must possess the
characteristic of being an electron attractive group because these
kinds of substituent attract electrons on nitrogen atom to be greater
positive charge and thus the results of biological activity in the
model would be more satisfactory.
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