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Abstract:

HIV-1 RT is one of the key enzymes in the duplication of HIV-1. Inhibitors of HIV-1
RT ae classfied as nonnucleosde RT inhibitors (NNRTIs) and nucleosde anaogues.
NNRTIs bind in a region not associated with the active dte of the enzyme. Within the
NNRTI category, there is a set of inhibitors commonly referred to as TIBO inhibitors. 52
TIBO inhibitors were used in the work to build 3-D QSAR modds. The dignment of
molecules and “active’ conformation sdlection are key to a successful 3D-QSAR mode
by CoMFA. The flexible docking (Autodock3) was used on determingtion of “ective’
conformation and molecular dignment and CoMFA and CoMSIA were used to develop
3D-QSAR models of 52 TIBOs in the work. The 3D QSAR models demonstrate good
ability to predict activity of studied compounds ¢ = 0.962, 0.948, ¢ = 0.701, 0.708). It
is shown that the steric and eectrogtatic properties predicted by CoMFA contours can be
related to the binding structure of the complex. The results demondrate that combination
of ligand-based and receptor-based modeling is a powerful approach to build 3D-QSAR

modéds.
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I ntroduction

The Reverse Transcriptase of Human Immunodefidency Virus type 1 (HIV-1 RT)
function is to transcribe a sngle-sranded vird RNA genome into double-stranded DNA
and plays a vitd role in the replication of HIV-1.2* Severad drugs that target this enzyme
have been approved to treat Acquired Immune Deficency Syndrome (AIDS). There are
two types of RT inhibitors. One type of RT inhibitor is commonly referred to as a
nucleosde inhibitor. This inhibitor inserts as nucleosde andogue into DNA and acts as
chan-terminating agent, therefore, terminding vird synthess. The other type is cdled
the nonrnucdeoside inhibitor (NNRTI).>** NNRTIs bind in a nonnudeocside binding
pocket (NNBP) to inhibit the activity of RT. TIBO and its derivatives are a class of
NNRTIs that have demongrated good activity towards RT inhibition. One (Tivirgpine) of
them has moved onto the dlinicd development cyde® The crystd structures of severa
TIBOYRT complexes are currently available®?* These complexes provide some insight
into the binding and interactions of TIBOs in RT. However the inhibition mode of
TIBOs dill needs to be eucidated in order to find and design new and more potent
inhibitors that remain effective to HIV-1 RT mutants due to the presence of NNRTIs.

Docking is one method in which the binding of an inhibitor to a receptor can be
explored®%  Comparative molecular fidd andyss (CoMFA)** and comparative
molecular Smilarity indices andysis (COMSIA)®?® are powerful and versdile tools to
build and desgn an activity modd (QSAR) for a given set of molecules in rationd drug
design and related applications?’>® Recently, we use an Autodock3 to successfully dock

a st of NNRTIs into RT. The cdculated binding energies, based on the docked



sructures, agree well with the experimenta activities®” QSAR modes of 46 TIBOs were
studied by Hannongbua et d.%® using CoOMFA and by Huuskoner™® based on the atom
levd E-date indices and cadculated molecular properties (logP, MR). Also the correlation
between activities and logP of severd sets of TIBOs were explored by Garg et d.*° Some
works show tha the binding affinity caculated by Monte Carlo and Linear Response
equation has good correlation with the activity of TIBOs*!42

In CoMFA or other 3D-QSAR dudies, the molecule dignment and conformation
determination are o important that they affect the success of a modd. In mogt cases a
bound TIBO/RT complex is not available and therefore a computation method has to be
deployed to determine conformations and adignment of a st of molecules so that 3-D
QSAR work can be carried out. Severa drategies have been used to determine
conformation and dign molecules. Of them, docking is an aitractive way to dign
molecules for CoMFA. Severad applications of docking aignment with CoMFA have
been reported.***°

In this paper, determination of the “active’ conformation of each molecule and the
molecular dignment are done using the flexible docking program, Autodock3*® The
molecular adignment is done according to the dectrodtaic and dructura properties of the
active dte of RT. Then 3D-QSAR modds based on the active conformation and the
digned cluster are condructed usng CoMFA and CoMSIA. The drategy of combining
conformations and aignment obtained from the Autodock3 with the CoMFA produces a

naturd and reasonable ducidation of activation from a3D-QSAR cdculation.



M ethods

Data Set and Molecule Preparation.

The condruction and preparation of molecular coordinates of al molecules were
done usng Molecular Operating Environment (MOE) program (Chemicd Computing
Group, Montred, Canada). The darting coordinates of the HIV-1 RT/TIBO complex
(1IREV) were taken from the Protein Daa Bank®. After hydrogen atoms were added
usng MOE, the substrate (9CIFTIBO) and the protein (RT) were saved separately.
Partid charges for the protein were assgned from the AMBERX force fidd*’ The
protein was minimized holding al northydrogen aoms fixed. All other inhibitors were
built using the 9CFTIBO as a template. The FEOE charge set*® was used on the ligands
and full optimization was peformed to minimize each dructure. The dructure and

experimenta activity (plCso) for theinhibitors used in thiswork arelist in Table 1.49-%3

Docking Smulation.

Autodock3*® was usd in this study to peform the docking smulations. All single
bonds of a subgrate were dlowed to rotate fredy. The Lammarckian Genetic Algorithm
(LGA)** in Autodock3 was used to explore the energy landscape. The hybrid search
technique consists of a globa optimizer™ modified from a genetic dgorithm with 2-point
crossover, random mutation, and a loca optimizer with a Solis and Wets dgorithm. A

docking box of 60x60x60 points with a grid spacing of 0375 A wes used in the



cdculations. Random conditions were used in the settings of seed, initid quaternion,
coordinates and torsions. A 0.2 A step was used for trandation and a 25-degree was used
for quaternion and torson. The maximum number of energy evauation was 250,000 and
the maximum number of generations was 27,000. The rate of gene mutation was 0.02 and
the rate of crossover was 0.8. The number of cycles was set to 20. So a totd of 20
docking configurations were determined in each docking cadculation. The “preferable’
docking configuration, which was chosen based on the lowest empirical binding free
energy and the most frequent cluster®’, was chosen as the “active’ binding conformation.

This conformation was used in two dignment schemes as “bioactive’” confromation.

Alignment.

The program SYBYL (verson 6.8) was used in the deveopment of the 3D-QSAR
models. CoOMFA and CoMSIA studies require the coordinates of molecules to be digned
according to reasonable bioactive conformations. In this case we used the conformation
obtained from our docking cdculaions as the “bioactive’ conformation needed in the
dignment sep. Two dignment schemes were used to build the 3D-QSAR models.
Scheme 1 is that the rdative binding podtions of dl molecules obtained from the docking
cdculations were used. In other words, the dignment was done using flexible docking
based on the steric and eectrostatic properties of the binding pocket of the receptor (RT).
Scheme 2 is to use the Atom Fit method in SYBYL. The 9CITIBO was used as a

template to dign the remaning inhibitor molecules. The core dructure used for the



dignment is shown in Figure 1. The reference aoms, marked black in the figure, are al

in one plane and were used to dign al other molecules.



CoMFA and CoM SIA 3D QSAR Models.

CoMFA?* and CoMSIA?>?® descriptors were caculated using the following
parameters. A 3D grid spacing of 2 A in x, y and z directions ad an extenson of 4 A
beyond the aigned molecules in dl directions are used. An §p° carbon probe atom with a
charge of +1.0 and a vdW radius of 1.52 A was used to calculated COMFA steric and
electrodatic fiedd descriptors. The distant-depended dielectric constant was used for
treating electrodtatic term. A default cutoff of 30 kca/mol was used to truncate the seric
field and eectrogtatic field energies. The COMFA standard method was used for scaling.

CoMSIAZ? cdculates the smilarity descriptors by way of a grid lattice For a
molecule | with aoms i a the grid point g, the CoMSIA smilarity indices Ar are
caculated by the equation as follows:

q . _ Q -ar|q2
AF,k (J) - 'a Wprobe,ijke

Where Wi is the actud vaue of the physicochemica property k of aom i; Wpygbe k

is the property of probe atom with pre-set charge (+1 in this case), radius (1.53 A), and
hydrophobicity of 1; and §qy is the mutud distance between the probe atom at grid point q
and aom i of the molecule. In the COMSIA cdculations, five physcochemica properties
(steric, eectrogtatic, hydrophobic, hydrogen bond donor, and hydrogen bond acceptor)
were determined for dl of the molecules. The same parameters used in the CoMFA

cdculations were used here.



PLS Analysis.

After dl of the COMFA and CoMSIA descriptors were caculated, Partia Least-
Squares andysis (PLA) was performed to obtain a 3D QSAR moded. The PLS method
has been used in numerous applications in corrdating the activity with various
physicochemica properties. The PLS regresson tries to build a relationship between a
dependent variadble (normaly a activity) and severd independent varigbles (property
descriptors). The CoMFA standard scdling and column filtering of 2.0 were used in PLS
andyss.

Cross-vdidations in PLS were done by the leave-one-out procedure to find out the
optima number of components in building the regresson modes and to check ddidtic
ggnificance of modds. The leave-one-out technique provides a good way to
quantitativedly evduate the internd predictive ability of a modd by removing a one
compound out a a time and then building the QSAR modd and cdculating the activity of
the compound using the newly modd condructed from the remaning compounds in the

data set. The quality of a modd is expressed as the cross-vaidated correlation coefficient

0.

The optima number of components is the smdlest cross-vdidated standard error of
esimate SEpress (Or the number giving the largest vaue of o, as they are consstent in
mogt time).

The optima number of components obtained is then used to derive the find QSAR
model using al the compounds (without cross-vdidetion). The conventiona corrdation

coefficient (r?) is used to measure the quality of the modd.
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Results and Discussons

Docking and Atom Fit Alignments.

As previoudy dated, the conformation of each compound was obtained from
docking cdculations. Two dignments (Atom fit and flexible docking) were used to
explore the effect of molecular dignment on thre CoMFA and CoMSIA andysis. The
digned molecules by docking and aom fit ae shown in Figure 2 and Figure 3,
respectively. In Figure 3, one observes that the overall overlap is clear. Compared with
Figure 2, it can be seen tha the cluster of molecules aligned by the atom fit method is
better than the cluster digned by docking in term three rings overlap. The biggest
different is with the subdgtrate groups (especidly the R group). On the other hand, the
docking dignment produced different clusters of molecules as it digns each molecule a
its preferable binding pogtion in the active Ste of RT. From the Figure 2 it can be seen

that the positions of rings are different for each molecule.

QSAR Modéls.

The datistical results of CoOMFA and CoMSIA studied are summarized in Table 2
These andyses were based on the clusters of molecules that were digned by the two
methods. The regression coefficient (r?) and the cross-vaidation coefficient (g°) of the
QSAR modd constructed by CoMFA based on the docking dignment are 0.962 and

0.701, respectively. The two coefficients for the COMSIA mode are 0.948 and 0.708,
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repectively. Based on the coefficient vaues, the COMFA and CoMSIA yielded smilar
QSAR modes (CoMFA modd appears dightly better than CoMSIA). Both modds
exhibit good predictive capabilities as shown by the leave-one-out method. The standard
errors of estimate for the two models are 0.326 and 0.381, respectively.

In the QSAR modes based on the atom fit dignment, the regression coefficient (r?)
and the cross-vdidaion coeffident (g°) for COMFA models are 0.959 and 0.661,
respectively. The two coefficients of COMSIA modd are 0.916 and 0.680, respectively.
The coefficients are dl dight smdler than the corresponding values of docking dignment
models. Although the differences are not large, they show tha the docking dignment
models are dightly better than atom fit dignment modes.

The CoMFA and CoMSIA cdculated dectrostatic and dseric  properties
(descriptors) are based on the grid built around these molecules. In the atom fit system,
the largest difference between these cadculated properties for these molecules derives
from the side chain groups rather than the three rings (A, B and C). On the other hand, in
the docking dignment sysem, the difference between these calculated properties derives
from dl| the atoms.

Also it is observed that with the CoMFA reaults, the seric and electrodtetic
contributions are not very difference (0.41 vs. 0.59 in docking dignment, 0.50 vs. 0.50 in
atom fit dignment). The eectrodtatiic contributions in the CoOMSIA modds ae nearly
three fold of the deric contributions. It is aso observed that the hydrophobic
contributions are the largest pat in COMSIA modds.  This is consgtent with the concept
that the NNRTI active ste of RT is hydrophobic. In our docking®” works, it was

recognized that the hydrophobic part of a NNRTI binds indde and a water bridge
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network forms between hydrophilic atoms of NNRTI and residues around the entrance of
the active gte. It is bdieved that this water network helps stabilize the binding of NNRTI
in RT. These results support the idea that the hydrophobic and hydrophilic properties of
NNRTIs are important in the design of NNRTIs.

The cdculated activity vs. experimenta activity of each compound usng the atom
fit and docking modds is shown in Figure 4. The black squares and red triangles are
CoMFA and CoMSIA results based on docking dignment and conformation
determination. The green diamonds and yellow cycles are CoOMFA and CoMSIA results
based on atom fit aignment and docking conformation determination. The black line is
the trend line of the COMFA modd of docking and the green line is the trend line of the
CoMFA modd of atom fit. It is seen that the trend lines of COMFA models based on the
docking and atom fit are nearly identical. The fits are nearly perfect with a dop of near 1.
It indicats that the COMFA and CoMSIA modes do not have a systematic deviation.. The
prediction resduds for both modds are shown in Figure 5. It is observed that the
CoMFA modd (black and green) has fewer long-bars than the CoMSIA mode (red and
ydlow). This means that the CoOMFA modd yidds a little better prediction than the
CoMSIA modd. In Table 2 it is seen hat the COMFA modes have r* values of 0.962
and 0959 for docking modd and atom fit model, respectively, which are dightly higher
than CoMSIA models r? vaues of 0.948 and 0.916, respectively. On the other hand, the

o vaue of the COMFA moddsis dightly smaler than that of the CoOMSIA models.
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Graphical Interpretation of the Results.

To further explore the hypotheticd interaction of a ligand with its receptor, the
geric and dectrogtatic contour maps of the CoMFA mode from docking mode are
shown in Figure 6and Figure 7. The compound &CI-TIBO (Tivirgpine, plCso =8.37) is
used in the figures for andyds. Consdering the geric contour fird, it is seen that there
are two regions where the addition of bulky groups may increase activity. One is in the
direction of the R group. It indicates that changing to a larger linear group from the
methyl group will increese the activity of the ligand. The other region is near the 8
postion of ring A above the ring plane. A nonfavorable region is indicated at the region
below the ring plane in the same direction. There are severd regions in yelow around
the R pogtion which indicates that smdler groups may incresse activity. Checking the
bound complex of this compound and RT (modded from crystd dructure of RT
complex) shown in Figure 8, it is seen tha there is extra room near the region of the
methyl group which corresponds to the green region in the CoMFA deric contour. In
addition there is no extra room in the region of the methyl group which corresponds to
the ydlow region on the COMFA geric map. It is aso seen that Tivirgpine in the complex
makes good contact with the protein near the linking area of the R group of ring B. The
predicted results from the steric CoOMFA contour are consstent with the caculated

complex.
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The dectrogtatic contour map (Figure 7), the postive-favorable regions (blue) are
roughly around the entire molecule except the area near the 8 and 9 positions of ring A
(indicated in red). Compared with bound complex (Figure 8), the podtive area a the R
position of the molecule maiches the negative (red) area of the active dte of RT. The
region of the active Ste where the 1 and 10 postions of rings bind is aso negative (red)
aea. The area on the ligand matches the postive-favorable areas (blue). Based on the
geric and eectrogtatic properties comparison between the CoMFA contours and bound
complex, it is seen that the predictions by the contours can be related to binding

characterigtics.
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Conclusons

The satisfactory 3D-QSAR modes of 52 TIBO derivatives have been constructed
usng CoMFA and CoMSIA methods based on the docking conformation determination
and two molecular dignments. They demondrate that flexible docking is a good method
to determinate the “activé’ conformation of molecules for 3D-QSAR andyses. The
combination of flexible docking with COMFA is an dtractive way to congruct 3D-QSAR
models.

The CoMFA QSAR modes show that the deric pat and eectrogtatic part
contribute equdly to the activity. The CoOMSIA QSAR modds show that the largest
contribution comes from the hydrophobic part. This was supported by our previous
docking results that hydrophobic and hydrophilic interactions are important for NNRTI
binding in RT active Ste.

The geric and eectrogatic contours from CoMFA provide some useful ingght into
desgning nove inhibitors with increased activity. By comparing these predictions from
the CoOMFA contours and the bound complex of RT/8-CI-TIBO, we can see that part of
the prediction is congstent with the characteristics of the inhibitor and RT.

A ligand-based gpproach is used in raiond drug desgn to build activity modes,
which provide important informatiion on possble improvements in ligand dructure to
increase  activity.  Meanwhile receptor-based modding provides an indght into the
interaction model of a ligand in its receptor and ads in new ligand desgn. Both

gpproaches provide a powerful gpproach in building 3D-QSAR models.
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Table 1. Structures and HIV-1 RT Inhibitory Activity of Compounds used in the Work.

Compd. X Z R Y plCso
1 H S DMA? 5MeS)  7.36
2 9-Cl S DMA 5-Me(S) 747
3 8-Cl S DMA 5-MegS) 837
4 8-F S DMA 5-MeS) 8.24
5 8-SMe S DMA 5-MeS) 830
6 8-OMe S DMA 5-Me(S)  7.47
7 8-0OCzHs S DMA 5-Meg(§)  7.02
8 8-CN S DMA 5-MegS§) 7.25
9 8-CHO S DMA 5-Meg(S)  6.73
10 8-CONH_ @) DMA 5-MeS) 5.20
11 8-Br O DMA 5MeS)  7.33
12 8-Br S DMA 5-Meg(S) 852
13 8-l @) DMA 5-MegS)  7.06
14 8- S DMA 5-MeS) 7.32
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Table 2. The Comparison of PLS Statigtics Results of 3D QSAR Modds of CoMFA and

CoMSIA
Docking dignment Atom At dignment
CoMFA CoMSIA CoMFA CoMSIA

PCs 4 5 6 6
r? 0.962 0.948 0.959 0.916
o 0.701 0.708 0.661 0.680
SEpress 0.326 0.381 0.335 0.482

fraction

geric 0.41 0.077 0.50 0.070
electrogtatic 0.59 0.224 0.50 0.246
hydrophobic 0.483 0.453

H-acceptor 0.216 0.231




Figure 1. The molecule used as template for molecule dignment. The bold part isthe

core for dignment.
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Figure 2. Superpostion of al TIBOs aigned by the Autodock.

All molecules are digned according the bound position in the non-nucleoside binding

pocket of RT using flexible docking (Autodock3).
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Figure 3. Superposition of dl TIBOs digned by aom fit, in which dl molecules are
aligned according to core atomsin thering A and ring C (see Figure 1 for ring A

andring C).
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Figure 4. Experimentd activity (plCso) vs. Caculated activity vaues of 3D QSAR
Models.

The black squares and red triangles are CoMFA and CoMSIA results based on
docking dignment and conformetion determination. The green diamonds and yelow
cycles a'e CoMFA and CoMSIA results based on aom fit alignment and docking
conformation determination. The black line is the trend line of the CoMFA modd of
docking and the green line is the trend line d the COMFA modd of atom fit. The two set

data nearly have same trend lines.
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Figure 5. The resduds between experimental activities and predicted activities from the

four QSAR models.

The black and red bars are COMFA and CoMSIA results based on docking

dignment and conformation determination. The green and yelow bars ale CoOMFA and

CoMSIA results based on atom fit alignment and docking conformation determination.
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Figure 6. Steric contour maps of the CoMFA modd from the docking aignment.
8-CI-TIBO (Tivirgpine, plCso =8.37) is used to demonstrate the corresponding
aeas where a change on molecule may affect its activity. Green contours indicate
the regions where the addition of bulky groups may increase activity. Yelow
contours indicate the regions where the addition of bulky groups may decrease

activity.
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Figure 7. Electrogtatic contour of the CoMFA modd from docking aignmen.
8-CI-TIBO (Tivirapine, plCsp =8.37) is used to demonstrate the corresponding
areas where a change on molecule may affect its activity. Blue contours indicate
regions where positive groups may increase activity. Red contours indicate

regions where negative groups may increase activity.
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Figure 8. The actud binding structure of compound 3 (superposed on compound 2) from
crystd dructure. The blue is positive area and red is negative area caculated from

RT.
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Structurein Table 1

Structurein Figure 1.

40



