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ABSTRACT

Objective: A computational approach was employed to determine the interaction of molecular
descriptors and the biological activity of the different fragments of HIV-1 reverse transcriptase
inhibitors (RTIs).

Methods: Using multiple linear regression analysis and leave-one-out validation method, a
quantitative structure activity relationship (QSAR) model was developed to relate the biological
activity (log 1Csp) of the different fragment-sized compounds against HIV-1 RT(WT) DNA-dependent
DNA polymerase and molecular descriptors of these compounds.

Results: QSAR model identified dipole moment, solvation energy, and ovality of fragment-sized
compounds to confer reverse transcriptase inhibitory action. A highly significant correlation with log
P, molecular weight, polarizability, molecular energy, zero-point energy, constant volume heat
capacity at 298 K, and entropy was identified to account for the variations in the potency of RTIs. An
increase in ovality, log P, and molecular weight of the fragment-sized compound renders a more
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active reverse transcriptase inhibition.

Conclusion: The quality of the established QSAR model has been validated and demonstrates its
potential as a tool for computational design and synthesis of next generation RTIs.
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1. INTRODUCTION

In 2016, individuals infected with human
immunodeficiency virus (HIV) were
approximately 36.7 million with around one
million  HIV-related mortality globally [1].
Considering that the number of new HIV
infections continues to rise, it remains to be a
major global public health issue. Given the
magnitude of this pandemic, novel classes of
antiretroviral drugs with mechanisms intended to
treat and prevent HIV are needed [2]. In HIV
replication, HIV-encoded reverse transcriptase
(RT), the first successful enzyme target for HIV
therapy [3], is responsible for the reverse
transcription of viral RNA to proviral DNA [4].
Inhibition of the function of this enzyme, either
genetic or chemical approach [5], can suppress
viral replication. However, of the 26 anti-HIV
drugs, only 13 can target HIV-1 RT [3].

In this study, fragments of HIV-1 reverse
transcriptase (RT) inhibitors [2] along with their
molecular descriptors accounting variations in
their specific biological activity (log 1Cso) were
examined using quantitative structure activity
relationship (QSAR) models. In drug design,
QSAR is employed to relate the experimentally
obtained biological activity of a compound
with its molecular properties [6]. Findings of
this study offer critical insight in the design of
novel RTIs as therapeutic interventions for
HIV. Moreover, the generated QSAR model
unveils the relevant physicochemical properties
of HIV-1 RT(WT) DNA-dependent DNA
polymerase (DDDP) and the extent of the
influence of a given molecular descriptor to
effect inhibition of the reverse transcriptase
activity (log 1Cs) using multiple linear regression
analysis and validated by leave-one-out
technique.

2. MATERIALS AND METHODS

2.1 Molecular Descriptors and Biological
Activity

Information on the biological activity (ICsp) of the
23 fragment-sized RTIs (Table 1) were obtained

from previous study [2] with geometry optimized
structures generated using Spartan’10
(Wavefunction, Inc.). Using density functional
theory, the molecular descriptors of these
fragment-sized compounds were calculated
employing the B3LYP 6-31G* basis set. The
calculated molecular descriptors were the
molecular energy, highest occupied molecular
orbital (HOMO) energy, lowest unoccupied
molecular orbital (LUMO) energy, chemical
potential, molecular hardness, molecular
softness, electrophilicity, dipole  moment,
solvation energy, molecular weight, area,
volume, polar surface area, ovality, log P,
polarizability, zero-point energy, constant volume
heat capacity at 298 K, enthalpy, entropy, and
Gibb’s free energy.

2.2 Model Construction

In this study, quantitative structure activity
relationship (QSAR) model correlates the
experimental biological activity (log 1Csy) of
fragment-sized RTIs with their structural and
physicochemical properties using multiple linear
regression analysis.

Multiple linear regression analysis, a commonly
employed method in QSAR, is simple and
reproducible [7]. In this study, the n molecular
descriptors (X;) were related to the biological
activity (Y) using a linear function E(Y/X) = a +
>1 B; X; with determined parameters a and . The
regression model was obtained using backward
elimination in V12.0 STATA®. To assess the
quality of the obtained model, squared
correlation coefficient (r’) was calculated [8].
Moreover, with the molecular predictors included
in the final model, using bivariate correlation
studies, multicollinearity among these predictors
was examined.

2.3 Model Validation

Using Leave-One-Out (LOO) technique [9],
predictive ability of the obtained QSAR model
was evaluated. In LOO cross-validation [10], the
training set was basically modified by having a
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Table 1. Chemical structures of fragments inhibiting HIV-1 RT(WT) DNA-dependent DNA
polymerase activity [2]
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compound eliminated from the entire data set.
Subsequently, with the remaining n-1
compounds, a QSAR model was constructed
and used to determine the biological
activity of the deleted compound. These
predicted response values were obtained for all
the training set compounds and were used for
the calculation of different internal validation
parameters.

A cross-validated r* (g°) value was determined
(Equation 1) to assess the statistical validity of
the obtained model. These q° values were
obtained from the model PRESS (prediction error
sum of the squares) (Equation 2).
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compound, respectively. Yopsgaing @nd Y pred(rain)
are the observed and predicted biological activity
of the training set compounds, respectively,
using the LOO technique. These two measures,
r* and qz, are useful determinants of model
validity, which quantify the goodness-of-fit and
the goodness of prediction [8] of the obtained
QSAR models, and are considered satisfactory
when r* > 0.6 and g’ > 0.5 [11].

3. RESULTS AND DISCUSSION

Molecular descriptors of the fragment-sized
compounds were defined using the density
functional theory. Preliminary analysis identified
and removed molecular descriptors that had
invariant values in the 23 fragment-sized
compounds, subsequently leaving 21 molecular
descriptors. Considering that chemical potential,
molecular hardness, molecular softness, and
electrophilicity were derived from the HOMO and
LUMO values of the molecule, then these four
molecular descriptors were removed from the list
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of 21 independent variables to avoid possible
presence of multicollinearity. In this study, there
were only 23 available fragment-sized
compounds, and in model construction, the
presence of one regressor variable in the model
requires five samples [8,12] suggesting that the
appropriate QSAR model should contain at most
four descriptors.

When multiple linear regression analysis was
performed on the 23 fragment-sized compounds
using backward elimination method, four
independent variables were included in the
model (r2 = 0.747, p = 0.004). The obtained
QSAR model (Equation 3) has four molecular
predictors and is sufficient to explain the
variations in the biological activity of the
fragment-sized compounds. These molecular
descriptors explaining almost 75% of the
variations in the biological activity (log 1Cs) of
the fragment-sized compounds were dipole

moment (DIPOLE, p = 0.022), solvation
energy (SOLVATION, p = 0.028), area-volume
ratio (AVR, p = 0.009), and ovality
(OVALITY, p = 0.032). The combination of

dipole moment and solvation energy explains
almost 50% of the fluctuations in the
response variable, while the addition of AVR
in the set of independent variables
would account for 57% of the variations in the
log 1Cs values.

log ICso = —11.757(+11.436) — 0.231(x0.090)*DIPOLE
—0.017(+0.007)*SOLVATION + 21.882(7.160)*AVR
— 17.648(+7.401)*OVALITY (3)

Having identified the statistically significant
molecular descriptors in the proposed QSAR
model, assumptions of multiple linear regression
analysis were assessed. These assumptions
include linearity, independence, normality,
equal variance, presence of outliers, and
multicollinearity.

Linearity of the constructed regression function
was examined using the scatter plot of the
predicted values with the residuals (Fig. 1). Since
the plot of the residuals does not exhibit any
linear pattern, this suggests that there exists a
linear relationship between the identified
molecular descriptors and the biological activity
of the fragment-sized compounds. For the test of
independence of the error terms, the null
hypothesis states that the data is random.
Twelve observations had residual values below
0.036 (z = 0.22, p = 0.82), suggesting that the
data is random.

In assessing normal distribution of the error
terms, a scatter plot between residuals and the
inverse normal values was generated (Fig. 2)
which reflects agreement with normality.
Moreover, Shapiro-Wilk test further confirmed
the normal distribution of the residuals (p =
0.545).

For heteroskedasticity, Breusch-Pagan and
Cook-Weisberg test was used (p = 0.829)
suggesting that the error terms had a constant
variance. Moreover, no outlier was identified in
the data set as reflected in the generated boxplot
of the residuals (Fig. 3). Lastly, the presence of
multicollinearity was examined among the
identified molecular descriptors using their
respective variance inflation factor (VIF). If VIF
exceeds 10, multicollinearity among independent
variables is present. The VIF of DIPOLE, AVR,
OVALITY, and SOLVATION is 1.55, 1.45, 1.19,
and 1.06, respectively. There is no
multicollinearity among the identified molecular
descriptors since the VIFs were all less than 10.

The negative coefficients of DIPOLE,
SOLVATION, and OVALITY suggest that
increasing their respective values would result to
a lower log ICsq which improves potency of the
RTIs, while the positive regression coefficient for
AVR means higher log ICsy concentrations for
fragment-sized compounds with larger AVR
values. Moreover, to visualize the influence of
other molecular descriptors generated in this
study on the biological activity of the RTIs, these
molecular descriptors were correlated with the
relevant variables included in the QSAR model
(Table 2).

It appears that there is some interrelatedness
between the identified relevant regressors in the
constructed QSAR model with the other
molecular  descriptors.  Apparently, dipole
moment is significantly directly correlated with
the logarithm (base 10) of negative of molecular
energy (LOG ENERGY) which suggests that the
stability of the molecule influences the biological
activity of the compound. Moreover, solvation
energy (SOLVATION) is highly significantly
directly correlated with log P (LOG P). However,
solvation energy is highly significantly inversely
correlated with highest occupied molecular
orbital (HOMO) energy. This indicates a lower
HOMO value corresponds to a lower log ICs
value. The positive coefficient of AVR, which is
highly significantly inversely correlated with
polarizability (POLAR), zero-point energy (ZPE),
and constant volume heat -capacity (CV)
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suggests that more polarizable, higher ZPE, and
higher CV variants of RTIs would have lower log
ICso values. Ovality of the molecule is highly
significantly directly correlated with molecular
weight (WEIGHT), CV, ZPE, and entropy (S).
These results suggest that a more spherical
fragment-sized compound with higher WEIGHT,
CV, ZPE, and S values would be a more potent
inhibitor of reverse transcriptase.

Moreover, a cross-validation was performed
using the leave-one-out (LOO) method (Fig. 4)
regarding the predictive ability of the obtained
QSAR model. The generated QSAR model can

Residuals
0
Il

be utilized in designing next generation RTIs
(9% = 0.77).

Given the findings of the present study,
molecular descriptors of fragments of HIV-1 RT
drugs can possibly lead to better elucidation of
novel inhibitors of HIV-1 RT allosteric sites and
enzymatic activity. The allosteric binding to HIV-1
RT [13] was identified to have a critical
dependence on the conformational flexibility [14].
The presence of new allosteric pockets in the
HIV-1 RT [15,16] can induce conformational
changes in substrate binding site of reverse
transcriptase [17] resulting to its reduced activity.
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Fig. 1. Linearity assessment between residual and predicted values of the biological activity
(log ICsp) of the 23 compounds
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Fig. 2. Graphical representation of the normal distribution of the error terms
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Fig. 3. Box-plot of the residuals for outlier detection

Table 2. Correlation coefficients between the identified relevant regressors in the QSAR model

and some of the molecular descriptors

Dipole Solvation AVR Ovality
LOG ENERGY 0.478* 0.072 0.405 0.067
HOMO -0.152 -0.664** 0.011 0.233
WEIGHT 0.403 -0.076 -0.115 0.648**
LOG P 0.192 0.722** 0.029 0.196
POLAR -0.069 -0.265 -0.608** 0.817**
ZPE -0.349 -0.232 -0.638** 0.625**
Ccv 0.049 -0.274 -0.419* 0.904**
S 0.306 -0.205 -0.158 0.958**
*(0.05) and **(0.01) significance level, two-tailed
3.5 4
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Fig. 4. Experimental log ICsy versus calculated log ICs values (Leave-One-Out cross-validation

method, g = 0.77, n = 23)
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4. CONCLUSION

Computational approach such as quantitative
structure activity relationship studies identified
the activity and designed the structure of new
compounds. In this study, a QSAR model was
constructed to identify molecular descriptors of
HIV-1 RT(WT) DNA-dependent DNA polymerase
influencing their biological activity. Using multiple

linear regression analysis on a set of 23
fragments derived from known reverse
transcriptase inhibitors, four molecular

descriptors were identified to confer reverse
transcriptase inhibitory action. These molecular
descriptors were dipole moment, solvation
energy, ovality, and area to volume ratio of RTIs.
A highly significant correlation with log P,
molecular  weight, polarizability, molecular
energy, zero-point energy, constant volume heat
capacity, and entropy was identified to account
for the variations in the potency of RTIs. Increase
in ovality, log P, and molecular weight of the
fragment-sized compound render a more active
reverse transcriptase inhibition. The established
QSAR model has been validated and
demonstrates its potential as a tool for
computational design and synthesis of next
generations RTIs.
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