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Abstract

Inhibition of human immunodeficiency virus 1 (HIV-1) protease is an important strategy for the treatment of HIV
and acquired immune deficiency syndrome (AIDS). Therefore, HIV-1 protease inhibitory activity of dihydropyranone
derivatives has been analyzed with different physico-chemical parameters. In the present work, QSAR studies were
performed on a series of 4-hydroxy-5,6-dihydropyran-2-ones to explore the physico-chemical parameters responsible
for their HIV-1 protease inhibitory activity. Physico-chemical parameters were calculated using WIN CAChe 6.1.
Stepwise multiple linear regression analysis was performed to derive QSAR models which were further evaluated
for statistical significance and predictive power by internal and external validation. The selected best QSAR model
was having correlation coefficient (R)=0.875 and cross-validated squared correlation coefficient (Q*)=0.707. The
developed significant QSAR model indicates that hydrophobicity of whole molecule and the substituent present at
sixth position of dihydropyranones play an important role in the HIV-1 protease inhibitory activities of 4-hydroxy-5,6-

dihydropyran-2-ones.
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Introduction

Acquired immune deficiency syndrome (AIDS) is a
formidable pandemic that is still wreaking havoc world
wide. The catastrophic potential of this virally caused
disease may not have been fully realized. The causative
moiety of the disease ishuman immunodeficiency virus
(HIV), which is a retrovirus of the lentivirus family'. The
three viral enzymes, reverse transcriptase, protease,
and integrase, encoded by the gag and gag-pol genes
of HIV play an important role in the virus replication
cycle. Among them, viral protease catalyzes the forma-
tion of viral functional enzymes and proteins necessary
for its survival. The viral particles at this stage are called
virions. The virus particles after the protease action
have all the necessary constituents of mature virus and
are capable of invading other T4 cells and repeating the

life cycle of proviral DNA from viral RNA, the key stage
in viral replication. Its central role in virus maturation
makes protease is a prime target for anti-HIV-therapy?.

QSAR analyses of HIV-1 reverse transcriptase inhibi-
tors®, HIV-1 protease inhibitors*?, and HIV-1 integrase
inhibitors®® were reported. The present group of authors
has developed a few quantitative structure-activity
relationship models to predict biological activity of dif-
ferent group of compounds'*'é. In continuation of such
efforts, in this article, we have performed QSAR analysis
for HIV-1 protease inhibitory activity of 4-hydroxy-5,
6-dihydropyran-2-one derivatives'” using modelling
software WIN CAChe 6.1 (molecular modelling software)
and statistical software STATISTICA 6.

The purpose of the present study is to investigate the
physico-chemical parameters responsible for the HIV-1
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protease inhibitory activity of 4-hydroxy-5,6-dihydropy-
ran-2-ones, explore the correlation between them, and
expected to get more information for designing novel
dihydropyranone derivatives with potent HIV-1 protease
inhibitory activity.

There is high structural diversity and a sufficient
range of the biological activity in the selected series
of 4-hydroxy-5,6-dihydropyran-2-one derivatives. It
insists as to select these series of compounds for our
QSAR studies. We carried out QSAR analysis and estab-
lished a QSAR model to guide further structural opti-
mization and predict the potency and physiochemical
properties of clinical drug candidates.

Materials and methods

Materials

All of the molecular modelling studies reported herein
were performed using WIN CAChe 6.1 (product of
Fujitsu Private Limited, Nagano, Japan, http://www.
cachesoftware.com /contacts/japan.shtml) and Chem
Draw Ultra version 8 (Cambridge Soft, Swann Road,
CB5 8LA, UK.) modelling software and the QSAR mod-
els were executed with STATISTICA version 6 (Softstat,
Inc., Tulsa, OK) software.

Biological data

In the present work we have taken 59 4-hydroxy-5,6-di-
hydropyran-2-one compounds (Table 1) and their HIV-1
protease inhibitory activity from the reported work'". All
the HIV-1 protease inhibitory activities used in the pres-
ent study were expressed as pIC =-log  IC,; where
IC,, is the micro molar concentration of the compounds
producing 50% reduction in the HIV-1 protease activity is
stated as the means of at least two experiments. The com-
pounds which did not show confirmed HIV-1 protease
inhibitory activity and the compounds having particular
functional groups present only once at a particular posi-
tion in the above cited literature have not been taken for
our study.

Optimization of molecules structure

All the 59 compounds (50 compounds in training set
and 9 in test set—test and training set compounds were
chosen manually such that low, moderate, and high
activity compounds were present approximately equal
proportions in both sets'®) were built on workspace
of molecular modelling software WIN CAChe 6.1. The
energy minimization was done by geometry optimiza-
tion of molecules using molecular mechanics followed
by semi-empirical PM3 method available in molecular
orbital package module until the root mean square
gradient value becomes smaller than 0.001 kcal/mol A.
Most stable structure for each compound was gener-
ated and used for calculating various physico-chemical
descriptors like thermodynamic, steric, and electronic
values of descriptors.

© 2011 Informa UK, Ltd.
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Descriptors calculation

The physico-chemical properties were calculated
on project leader file of the modelling software WIN
CAChe6.1. In the present study, the calculated descrip-
tors were conformational minimum energies, zero-or-
der connectivity index, first-order connectivity index,
second-order connectivity index, dipole moment,
total energy at its current geometry after optimization
of structure, heat of formation at its current geom-
etry after optimization of structure, highly occupied
molecular orbital, low unoccupied molecular orbital,
octanol-water partition coefficient (logP), squared
partition coefficient (logP?), molar refractivity, shape
index order 1, shape index order 2, zero-order valance
connectivity index, first-order valance connectivity
index, second-order valance connectivity index, and
solvent accessible surface area (physico-chemical
parameters data will be provided on request). We have
also considered some indicator variables for QSAR
model development. Those are IR (if the substituent
at R is -(CH,),C H, then the value of IR is 1 otherwise
0) and IR’ (if any substituent is present at R’ then the
value of IR’ is 1 otherwise 0).

QSAR models development and validation
The above properties were fed manually into statistical
software, STATISTICA version 6, and a correlation matrix
was made to select the parameters having very less
intercorrelation and maximum correlation with activity.
This was followed by a stepwise multiple linear regres-
sion analysis to achieve best model. Statistical measures
used were number of compounds in regression (n), cor-
relation coefficient (R), squared correlation coefficient
(R?), F-test (Fischer’s value) for statistical significance,
standard error of estimation (SEE), cross validated cor-
relation coefficient (Q?), and correlation matrix to show
intercorrelation among the parameters.

Internal validation was carried out by leave one out
(LOO) method using statistical software STATISTICA. Q?
was calculated using the following equation:

PRESS
Q= l-—,
gi(yl_ym)

2
’

N
PRESS = Zi(ypred,i - yi)

where y, is the activity for training set compounds, y_ is
the mean observed value, corresponding to the mean of

the values for each cross-validation group, and y_ . is
pred,i

the predicted activity for y,. The predictive ability of the
selected model was also confirmed by external R* and
RCV

ext’

test )
R*CV, —I—M

ext — test

2 (yexp _J,tr)2

i=1
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Table 1. Structure, selected parameters, and their HIV-1 protease inhibitory activity of 4-hydroxy-5,6-dihydropyran-2-one analogues.

R

OH

S
X n R'
R

(0) )
CompoundNo. N R R’ R” logP IR IR’
12 1 H H H 2.356 0.000 0.000
2 1 CH, H H 3.299 0.000 0.000
3 1 CH, H H 3.695 0.000 0.000
4 1 CH, H H 4.091 0.000 0.000
5 1 CH, H H 4.488 0.000 0.000
6 1 CH,CHMe, H H 3.629 0.000 0.000
7 1 CH,CH,CHMe, H H 4.026 0.000 0.000
8 1 CH,CH,CH,CHMe, H H 4.422 0.000 0.000
9 1 CH,-c-pentyl H H 3.918 0.000 0.000
10 1 CH,-c-hexyl H H 4.314 0.000 0.000
11 1 C.H, H H 3.868 0.000 0.000
12 1 (CH,),C.H, H H 4.516 1.000 0.000
13° 0 CH,CH,CH,CHMe, H H 4.327 0.000 0.000
14 0 C.H, H H 3.773 0.000 0.000
15 0 (CH,),C.H, H H 4.421 1.000 0.000
16 2 H H H 2.607 0.000 0.000
17 2 CH, H H 3.550 0.000 0.000
18 2 CH, H H 3.947 0.000 0.000
19 2 CH, H H 4.343 0.000 0.000
20 2 CH, H H 4.739 0.000 0.000
21* 2 CH,CHMe, H H 3.881 0.000 0.000
22 2 CH,CH,CHMe, H H 4.277 0.000 0.000
23 2 CH,CH,CH,CHMe, H H 4.673 0.000 0.000
24 2 CH,-c-pentyl H H 4.169 0.000 0.000
25 2 C.H, H H 4.120 0.000 0.000
26 2 (CH,),C.H, H H 4.768 1.000 0.000
27 0 CH, H H 3.773 0.000 0.000
28 0 C.H, Me H 4.240 0.000 1.000
29 0 CH, CHMe, H 4.967 0.000 1.000
30 0 C.H, CHMeEt H 5.363 0.000 1.000
31 0 C.H, c-Pentyl H 5.256 0.000 1.000
32 0 CH, c-Hexyl H 5.652 0.000 1.000
33 0 CH, CMe, H 5.400 0.000 1.000
34 0 CH, CHMe, Me 5.434 0.000 1.000
35 0 CH, CHMe, CHMe, 5.830 0.000 1.000
36° 0 CH, CMe, Me 5.867 0.000 1.000
37 0 (CH,), C.H, H H 4.025 1.000 0.000
38 0 (CH,),C.H, Me H 4.492 1.000 1.000
39 0 (CH,),CH, CHMe, H 5.219 1.000 1.000
40 0 (CHZ)2 CH; CHMeEt H 5.615 1.000 1.000
41 0 (CH,), C.H, c-Pentyl H 5.904 1.000 1.000
42° 0 (CH,),CH, c-Hexyl H 5.952 1.000 1.000
43 0 (CH,),C.H, CMe, Me 5.686 1.000 1.000
44 0 (CH,), CH, CHMe, CHMe, 6.413 1.000 1.000

Table 1. continued on next page
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Compound No. N R R R” logP IR IR’

45 0 (CH,),C.H, CHMe, Me 6.119 1.000 1.000
46 0 (CH,),C.H, CMe, CHMe, 6.846 1.000 1.000
47 0 (CH,),C.H, CHMe, Me 5.686 1.000 1.000
48 2 (CHZ)ZCOOH H H 2.351 0.000 0.000
49 2 (CH,),COOH H H 2.768 0.000 0.000
50 2 (CHZ)ACOOH H H 3.185 0.000 0.000
51 2 (CH,),CONH, H H 2.117 0.000 0.000
52 2 (CH,),CONH, H H 2.535 0.000 0.000
53* 2 4-Pyridyl H H 2.908 0.000 0.000
54 2 CH,N(Me)CH, H H 3.587 0.000 0.000
55 1 CH,0CH, H H 3.896 0.000 0.000
56 1 (CH2)4OH H H 2.275 0.000 0.000
57 1 (CH,), H H 2.597 0.000 0.000
58* 1 (CH2)37 H H 3.654 0.000 0.000
59 1 (CH,),CH,_ H H 2.374 0.000 0.000

where y, is the averaged value for the dependent variable
for the training set.

Another term to check the external predictability of
the selected model is r* ~which was proposed by Roy
and Roy (2007)" and it was calculated by the following
formula:

r2, =r? (1_“”2 -7

where r* is squared correlation coefficient between
observed and predicted values and r? is squared cor-
relation coefficient between observed and predicted
values with intercept value set to zero. A value of r*_is
greater than 0.5 may be taken as an indicator of good
external predictability.

The robustness of a QSAR model was checked by
Y-randomization test. In this technique, new QSAR mod-
els were developed by shuffling the dependent variable
vector randomly and keeping the original independent
variable as such. The new QSAR models are expected to
have low R? and Q? values. If the opposite happens, then
an acceptable QSAR model cannot be obtained for the
specific modelling method and data.

Results

The QSAR studies of 4-hydroxy-5,6-dihydropyran-2-
oneseriesresultedinseveral QSARequations. Equation 1is
the best equation when one parameter was considered.

pIC,, = 4.963(+0.262)+0.459(+0.058)logP (1
n=50, R=0.750, R’=0.562, R =0.553, SEE=0.466,
F=18.95, p<0.001, Q*=0.482.

The above equation is statistically not a significant
one. The R* and internal predictivity of the model is poor.
Equation 2 is the best equation when two parameters
were considered.

© 2011 Informa UK, Ltd.

pIC;, = 5.184(+0.299)+ 0.396 (+0.072)logP

()
+0.312(+0.212)IR

n=50, R=0.762, R?=0.582, Rzadj=0.564, SEE=0.460,
F=32.69, p<0.001, Q*=0.483.

The above equation is also statistically not a significant
one. The R* and internal predictivity of the model is poor.
Equation 3 is the best equation when three parameters
were considered.

pIC,, =3.531(%0.785)+1.254(+0.385)logP

3)
—0.105(20.046)logP* +0.765(+0.232)IR

n=50, R=0.790, R?*=0.624, Rzadj=0.599, SEE=0.441,
F=25.42, p<0.001, Q*=0.521.

The above equation is statistically significant. The R*
and internal predictivity of the model is good. Equation
4 is the best equation when four parameters were
considered.

pIC,, =3.200(£0.719)+1.523(+0.390)logP

(4)
—0.155(0.050)logP? +0.578(+0.223)IR +0.503

n=50, R=0.812, R?=0.660, Rzadj:0.629, SEE=0.424,
F=21.84, p<0.001, Q*=0.599.

When we considered five parameters for developing
model, there was no significant improvement in R* and
Q% Equations 3 and 4 were selected as the best, signifi-
cant model on the basis of high Q? values and R?* values.
The values given in the parentheses are 95% confidence
intervals of the regression coefficients. The residual of
observed and calculated activity of compound number
50 and 57 was found two times larger than the stan-
dard deviation of Equations 3 and 4. Hence they were
removed as outliers; we rebuilt the models with 48
compounds and got the following equations (Equations
5and 6):
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Table 2. Calculated and predicted (LOO) activities of training and test set using equation 5 and 6.

pIC,, (M)

Equation 5 Equation 6
Compound No. Observed activity (M)? Cal. Act. Pred. Act. Cal. Act. Pred. Act.
1° 5.05 5.924 — 5.961 —
2 6.54 6.5 6.498 6.518 6.517
3 6.57 6.695 6.699 6.68 6.685
4 6.91 6.863 6.861 6.801 6.796
5 6.74 7.004 7.014 6.878 6.886
6 6.36 6.664 6.675 6.656 6.667
7 7.01 6.837 6.831 6.784 6.775
8 6.74 6.983 6.992 6.868 6.875
9 7.06 6.793 6.783 6.753 6.742
10 6.86 6.946 6.949 6.85 6.849
11 6.58 6.772 6.778 6.738 6.744
12 7.22 7.013 7.006 6.882 6.862
13° 5.85 6.940 — 6.852 —
14 6.96 6.73 6.722 6.708 6.698
15 6.89 6.983 6.986 6.868 6.867
16 5.68 6.093 6.141 6.131 6.184
17° 5.29 6.618 — 6.626 —
18 6.40 6.805 6.819 6.762 6.776
19 7.08 6.956 6.951 6.855 6.844
20 6.95 7.08 7.085 6.905 6.902
21° 5.92 6.767 — 6.741 —
22 7.02 6.933 6.930 6.842 6.834
23 6.81 7.061 7.071 6.9 6.907
24 6.29 6.893 6.914 6.819 6.842
25 6.82 6.874 6.876 6.808 6.807
26 7.29 7.088 7.079 6.907 6.875
27 6.96 6.73 6.722 6.708 6.698
28 6.41 6.919 6.938 6.835 6.854
29 7.64 7.139 7.114 7.418 7.382
30 7.77 7.22 7.175 7.401 7.354
31 7.85 7.201 7.155 7.41 7.352
32 6.90 7.262 7.310 7.362 7.431
33 7.31 7.226 7.219 7.397 7.408
34 7.42 7.231 7.214 7.393 7.390
35 6.92 7.281 7.348 7.326 7.404
36° 7.92 8.118 — 7.875 —
37 6.89 6.837 6.835 7.286 7.432
38 7.14 7.547 7.691 7.433 7.546
39 7.85 7.735 7.712 7.966 8.000
40 8.00 7.798 7.771 7.923 7.910
41 7.49 7.828 7.870 7.864 7.911
42° 8.52 8.124 — 7.347 —
43 8.15 7.807 7.762 7.91 7.875
44 7.85 7.845 7.843 7.705 7.669
45 8.00 7.84 7.818 7.805 7.777
46 7.33 7.823 8.094 7.514 7.674
47 8.22 7.807 7.752 7.91 7.864
48 5.92 5.922 5.922 5.955 5.961
49 6.57 6.195 6.162 6.232 6.202
50 8.30 * * * *
51 5.89 5.755 5.714 5.778 5.744
52 6.47 6.046 5.990 6.083 6.031
53 6.10 6.637 — 6.640 —
54 6.76 6.784 6.293 6.747 6.330

Table 2. continued on next page
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pIC,, (M)
Equation 5 Equation 6
Compound No. Observed activity (M)? Cal. Act. Pred. Act. Cal. Act. Pred. Act.
55 5.64 5.928 6.784 5.532 6.746
56 5.90 5.869 5.862 5.899 5.899
57 4.93 * * * *
58° 6.49 6.666 — 6.663 —
59° 5.64 5.931 — 5.968 —
Cal. Act., calculated activity; LOO, leave one out; Pred. Act., predicted activity (LOO).
“The experimental IC_ values (in nano molar) were converted into -logIC_ (pIC_, in molar).
bTest set compound. v Y ”
*Qutlier.
Table 3. Correlation matrix of physico-chemical descriptors and HIV protease inhibitory activity.
VIF
pIC,, logP logP? IR IR Equation 5 Equation 6
pIC,, 1 1 1 1 1 — —
logP 0.750 0.987 0.652 0.571 — —
logP? 0.723 0.600 — —
IR 0.561 0.714 0.725 2.019 2.021
IR 0.641 — 2.133

IR, if the substituent at R is -(CH,),C H, then the value of IR is 1 otherwise 0); IR’, if any substituent is present at R’ then the value of IR’ is

27675
1 otherwise 0; VIF, variance inflation factor.

pIC,, =3.817(+0.564)+1.098(+0.274)logP

(5)
—0.087(+0.033)logP* +0.854(+0.162)IR

n=48, R=0.875, R*=0.765, Rzadj:0.749, SEE=0.309,
F=47.86, p<0.001, Q*=0.707, Standard deviation of
Predicted residual sum of square (S,,,.)=0.337, standard
deviation of error of predictions (SDEP)=0.335, 7> =0.245,
optimum logP (logP ) =4.723.

Equation 5 could explain 76.5% and predict 74.9%
of the variance of the HIV-1 protease inhibitory activity
data. The calculated HIV-1 protease inhibitory activity
values by Equation 5 are given in Table 2. There was
no intercorrelation between the descriptors (Table 3).
This model showed good correlation coefficient (R)
of 0.875 between descriptors (logP, logP? and IR) and
HIV-1 protease inhibitory activity. This model also
indicates statistical significance > 99.9% with F-value
F.,, . =47.86.

(3,44) —

pIC,, =3.504(£0.518)+1.362(£0.259)logP

6
—0.136(£0.033)logP* +0.554(+0.149)IR +0.503 (©)

n=48, R=0.902, R*=0.814, Rzadj=0.796, SEE=0.278,
F=46.90, p<0.001, Q*=0.763, S, .. =0.303, SDEP=0.301,
7 =0.196.

Equation 6 could explain 81.4% and predict 79.6%
of the variance of the HIV-1 protease inhibitory activity
data. The calculated HIV-1 protease inhibitory activity
values by Equation 6 are given in Table 2. This model
showed good correlation coefficient (R) of 0.902 between
descriptors (logP, logP?, IR, and IR") and HIV-1 protease

© 2011 Informa UK, Ltd.

inhibitory activity. This model also indicates statistical
significance > 99.9% with F-value F, ,, =46.90.

Both the models showed good internal predictivity. The
predictive ability of the selected models was also confirmed
by external 7”CV_, method. The proposed QSAR model is
predictive as it satisfies the conditions ”CV_ > 0.5and R*, ,
>0.6%. Both the models satisfied these conditions (Equation
5:°CV_ =0.624 and R*, ,=0.843, Equation 6: ”CV_ =0.555
and R*, =0.694). The robustness of this model was checked
by Y-randomization test (maximum R? value is 0.210 and
maximum Q? is 0.080). The low R? and Q? values indicate
that the good results in our original model are not due to a
chance correlation or structural dependency of the training
set. But both the models failed to satisfy the condition that
r*_should be > 0.5.

Discussion

Both Equations 5 and 6 showed statistical significance
and good internal predictivity but Equation 5 showed
better external predictivity than Equation 6. Hence the
Equation 5 was selected as the best QSAR model to pre-
dict the HIV-1 protease inhibitory activity of 4-hydroxy-
5,6-dihydropyran-2-one derivatives.

The QSAR shows a parabolic relationship of HIV-1
protease inhibitory activity with the logP. It is interest-
ing to note that the optimum logP value in this case is
4.723. This value lies in the (4.49-6.96) range determined
by Garg and Patel®. Negative sign of logP? indicates that
highly hydrophobic groups are not good for improving
the activity of the series. The positive coefficient of IR
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showed that the presence of -(CH,),C H, group at sixth
position of dihydropyranone nucleus is essential for bet-
ter activity.

The proposed model, due to the good internal and
external predictive ability, can therefore act as a useful aid
to the costly and time consuming experiments for deter-
mining the molar concentration of compounds required
to achieve 50% inhibition in HIV-1 protease activity. Our
results lead to the conclusion that the HIV-1 protease
inhibitory activity of 4-hydroxy-5,6-dihydropyran-2-ones
can be increased if substituents that bring about changes
in the molecules as mentioned above are attached to it.
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