
 1

  

CoMFA 3D-QSAR Analysis of HIV-1 RT Non-nucleoside 

inhibitors, TIBO Derivatives based on Docking conformation 

and alignment  

 

 

 

Zhigang Zhou, Jeffry D. Madura* 

 Department of Chemistry and Biochemistry, Duquesne University, 

Pittsburgh, PA 15282. 

 

 

 

 

* To whom correspondence should be addressed, 

  e-mail: madura@duq.edu 

  Phone: 412-396-6341 

  Fax:   412-396-5683 



 2

 

3D-QSAR Analysis of HIV-1 RT Non-nucleoside inhibitors, TIBO Derivatives based 

on CoMFA, CoMSIA, and Docking  

Zhigang Zhou, Jeffry D. Madura 

 

2

4

6

8

10

2 4 6 8 10
Actual Activity

P
re

d
ic

te
d

 A
ct

iv
it

y

CoMFA
ComSIA
Linear (ComSIA)
Linear (CoMFA)

 

 



 3

Abstract: 

 

HIV-1 RT is one of the key enzymes in the duplication of HIV-1. Inhibitors of HIV-1 

RT are classified as non-nucleoside RT inhibitors (NNRTIs) and nucleoside analogues. 

NNRTIs bind in a region not associated with the active site 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 models. The alignment of 

molecules and “active” conformation selection are key to a successful 3D-QSAR model 

by CoMFA. The flexible docking (Autodock3) was used on determination of “active” 

conformation and molecular alignment 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 (r2 = 0.962, 0.948, q2 = 0.701, 0.708). It 

is shown that the steric and electrostatic properties predicted by CoMFA contours can be 

related to the binding structure of the complex. The results demonstrate that combination 

of ligand-based and receptor-based modeling is a powerful approach to build 3D-QSAR 

models.  
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Introduction 

 

The Reverse Transcriptase of Human Immunodeficiency Virus type 1  (HIV-1 RT) 

function is to transcribe a single-stranded viral RNA genome into double-stranded DNA 

and plays a vital role in the replication of HIV-1.1-4 Several drugs that target this enzyme 

have been approved to treat Acquired Immune Deficiency Syndrome (AIDS). There are 

two types of RT inhibitors. One type of RT inhibitor is commonly referred to as a 

nucleoside inhibitor. This inhibitor inserts as nucleoside analogue into DNA and acts as 

chain-terminating agent, therefore, terminating viral synthesis. The other type is called 

the non-nucleoside inhibitor (NNRTI).5-12 NNRTIs bind in a non-nucleoside binding 

pocket (NNBP) to inhibit the activity of RT. TIBO and its derivatives are a class of 

NNRTIs that have demonstrated good activity towards RT inhibition. One (Tivirapine) of 

them has moved onto the clinical development cycle.8 The crystal structures of several 

TIBOs/RT complexes are currently available.13,14 These complexes provide some insight 

into the binding and interactions of TIBOs in RT. However the inhibition model of 

TIBOs still needs to be elucidated 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.15-23 Comparative molecular field analysis (CoMFA)24 and comparative 

molecular similarity indices analysis (CoMSIA)25,26 are powerful and versatile tools to 

build and design an activity model (QSAR) for a given set of molecules in rational drug 

design and related applications.27-36 Recently, we use an Autodock3 to successfully dock 

a set of NNRTIs into RT. The calculated binding energies, based on the docked 
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structures, agree well with the experimental activities.37 QSAR models of 46 TIBOs were 

studied by Hannongbua et al.38 using CoMFA and by Huuskonen39 based on the atom 

level E-state indices and calculated molecular properties (logP, MR). Also the correlation 

between activities and logP of several sets of TIBOs were explored by Garg et al.40 Some 

works show that the binding affinity calculated by Monte Carlo and Linear Response 

equation has good correlation with the activity of TIBOs.41,42  

In CoMFA or other 3D-QSAR studies, the molecule alignment and conformation 

determination are so important that they affect the success of a model. In most cases a 

bound TIBO/RT complex is not available and therefore a computation method has to be 

deployed to determine conformations and alignment of a set of molecules so that 3-D 

QSAR work can be carried out. Several strategies have been used to determine 

conformation and align molecules. Of them, docking is an attractive way to align 

molecules for CoMFA. Several applications of docking alignment with CoMFA have 

been reported.43-45  

In this paper, determination of the “active” conformation of each molecule and the 

molecular alignment are done using the flexible docking program, Autodock3.46 The 

molecular alignment is done according to the electrostatic and structural properties of the 

active site of RT. Then 3D-QSAR models based on the active conformation and the 

aligned cluster are constructed using CoMFA and CoMSIA. The strategy of combining 

conformations and alignment obtained from the Autodock3 with the CoMFA produces a 

natural and reasonable elucidation of activation from a 3D-QSAR calculation. 
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Methods 

 

Data Set and Molecule Preparation.  

 

The construction and preparation of molecular coordinates of all molecules were 

done using Molecular Operating Environment (MOE) program (Chemical Computing 

Group, Montreal, Canada). The starting coordinates of the HIV-1 RT/TIBO complex 

(1REV) were taken from the Protein Data Bank14. After hydrogen atoms were added 

using MOE, the substrate  (9Cl-TIBO) and the protein (RT) were saved separately. 

Partial charges for the protein were assigned from the AMBER94 force field.47 The 

protein was minimized holding all non-hydrogen atoms fixed. All other inhibitors were 

built using the 9Cl-TIBO as a template. The PEOE charge set48 was used on the ligands 

and full optimization was performed to minimize each structure. The structure and 

experimental activity (pIC50) for the inhibitors used in this work are list in Table 1.49-53 

  

Docking Simulation.  

 

Autodock346 was used in this study to perform the docking simulations. All single 

bonds of a substrate were allowed to rotate freely. The Lammarckian Genetic Algorithm 

(LGA)54 in Autodock3 was used to explore the energy landscape. The hybrid search 

technique consists of a global optimizer55 modified from a genetic algorithm with 2-point 

crossover, random mutation, and a local optimizer with a Solis and Wets algorithm. A 

docking box of 60x60x60 points with a grid spacing of 0.375 Å was used in the 
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calculations. Random conditions were used in the settings of seed, initial quaternion, 

coordinates and torsions. A 0.2 Å step was used for translation and a 25-degree was used 

for quaternion and torsion. The maximum number of energy evaluation 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 total of 20 

docking configurations were determined in each docking calculation. The “preferable” 

docking configuration, which was chosen based on the lowest empirical binding free 

energy and the most frequent cluster37, was chosen as the “active” binding conformation. 

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

 

Alignment.  

 

The program SYBYL (version 6.8) was used in the development of the 3D-QSAR 

models. CoMFA and CoMSIA studies require the coordinates of molecules to be aligned 

according to reasonable bioactive conformations. In this case we used the conformation 

obtained from our docking calculations as the “bioactive” conformation needed in the 

alignment step. Two alignment schemes were used to build the 3D-QSAR models. 

Scheme 1 is that the relative binding positions of all molecules obtained from the docking 

calculations were used. In other words, the alignment was done using flexible docking 

based on the steric and electrostatic properties of the binding pocket of the receptor (RT). 

Scheme 2 is to use the Atom Fit method in SYBYL. The 9Cl-TIBO was used as a 

template to align the remaining inhibitor molecules. The core structure used for the 
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alignment is shown in Figure 1. The reference atoms, marked black in the figure, are all 

in one plane and were used to align all other molecules. 
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CoMFA and CoMSIA 3D QSAR Models.  

 

CoMFA24 and CoMSIA25,26 descriptors were calculated using the following 

parameters. A 3D grid spacing of 2 Å in x, y and z directions and an extension of 4 Å 

beyond the aligned molecules in all directions are used. An sp3 carbon probe atom with a 

charge of +1.0 and a vdW radius of 1.52 Å was used to calculated CoMFA steric and 

electrostatic field descriptors. The distant-depended dielectric constant was used for 

treating electrostatic term. A default cutoff of 30 kcal/mol was used to truncate the steric 

field and electrostatic field energies. The CoMFA standard method was used for scaling. 

CoMSIA25,26 calculates the similarity descriptors by way of a grid lattice. For a 

molecule j with atoms i at the grid point q, the CoMSIA similarity indices AF are 

calculated by the equation as follows: 

           AF,k
q(j) = -∑ ω probe,kω jke

-αriq
2
 

Where ωjk is the actual value of the physicochemical property k of atom i; ωprobe,k 

is the property of probe atom with pre-set charge (+1 in this case), radius (1.53 Å), and 

hydrophobicity of 1; and riq is the mutual distance between the probe atom at grid point q 

and atom i of the molecule. In the CoMSIA calculations, five physicochemical properties 

(steric, electrostatic, hydrophobic, hydrogen bond donor, and hydrogen bond acceptor) 

were determined for all of the molecules. The same parameters used in the CoMFA 

calculations were used here.  
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PLS Analysis.  

 

After all of the CoMFA and CoMSIA descriptors were calculated, Partial Least-

Squares analysis (PLA) was performed to obtain a 3D QSAR model. The PLS method 

has been used in numerous applications in correlating the activity with various 

physicochemical properties. The PLS regression tries to build a relationship between a 

dependent variable (normally a activity) and several independent variables (property 

descriptors). The CoMFA standard scaling and column filtering of 2.0 were used in PLS 

analysis. 

Cross-validations in PLS were done by the leave-one-out procedure to find out the 

optimal number of components in building the regression models and to check statistic 

significance of models. The leave-one-out technique provides a good way to 

quantitatively evaluate the internal predictive ability of a model by removing a one 

compound out at a time and then building the QSAR model and calculating the activity of 

the compound using the newly model constructed from the remaining compounds in the 

data set. The quality of a model is expressed as the cross-validated correlation coefficient 

q2. 

The optimal number of components is the smallest cross-validated standard error of 

estimate SEpress (or the number giving the largest value of q2, as they are consistent in 

most time). 

The optimal number of components obtained is then used to derive the final QSAR 

model using all the compounds (without cross-validation). The conventional correlation 

coefficient (r2) is used to measure the quality of the model.   
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Results and Discussions 

 

Docking and Atom Fit Alignments.  

 

As previously stated, the conformation of each compound was obtained from 

docking calculations. Two alignments (Atom fit and flexible docking) were used to 

explore the effect of molecular alignment on the CoMFA and CoMSIA analysis. The 

aligned molecules by docking and atom fit are 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 that the cluster of molecules aligned by the atom fit method is 

better than the cluster aligned by docking in term three rings overlap. The biggest 

different is with the substrate groups (especially the R group). On the other hand, the 

docking alignment produced different clusters of molecules as it aligns each molecule at 

its preferable binding position in the active site of RT. From the Figure 2, it can be seen 

that the positions of rings are different for each molecule.   

 

QSAR Models.  

 

The statistical results of CoMFA and CoMSIA studied are summarized in Table 2.  

These analyses were based on the clusters of molecules that were aligned by the two 

methods. The regression coefficient (r2) and the cross-validation coefficient (q2) of the 

QSAR model constructed by CoMFA based on the docking alignment are 0.962 and 

0.701, respectively. The two coefficients for the CoMSIA model are 0.948 and 0.708, 
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respectively. Based on the coefficient values, the CoMFA and CoMSIA yielded similar 

QSAR models (CoMFA model appears slightly better than CoMSIA). Both models 

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 models based on the atom fit alignment, the regression coefficient (r2) 

and the cross-validation coefficient (q2) for CoMFA models are 0.959 and 0.661, 

respectively. The two coefficients of CoMSIA model are 0.916 and 0.680, respectively. 

The coefficients are all slight smaller than the corresponding values of docking alignment 

models. Although the differences are not large, they show that the docking alignment 

models are slightly better than atom fit alignment models. 

The CoMFA and CoMSIA calculated electrostatic and steric properties 

(descriptors) are based on the grid built around these molecules. In the atom fit system, 

the largest difference between these calculated 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 alignment system, the difference between these calculated properties derives 

from all the atoms.  

Also it is observed that with the CoMFA results, the steric and electrostatic 

contributions are not very difference (0.41 vs. 0.59 in docking alignment, 0.50 vs. 0.50 in 

atom fit alignment). The electrostatic contributions in the CoMSIA models are nearly 

three fold of the steric contributions. It is also observed that the hydrophobic 

contributions are the largest part in CoMSIA models.  This is consistent with the concept 

that the NNRTI active site of RT is hydrophobic. In our docking37 works, it was 

recognized that the hydrophobic part of a NNRTI binds inside and a water bridge 



 14

network forms between hydrophilic atoms of NNRTI and residues around the entrance of 

the active site. It is believed 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 calculated activity vs. experimental activity of each compound using the atom 

fit and docking models is shown in Figure 4.  The black squares and red triangles are 

CoMFA and CoMSIA results based on docking alignment and conformation 

determination. The green diamonds and yellow cycles are CoMFA and CoMSIA results 

based on atom fit alignment and docking conformation determination. The black line is 

the trend line of the CoMFA model of docking and the green line is the trend line of the 

CoMFA model 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 slop of near 1. 

It indicats that the CoMFA and CoMSIA models do not have a systematic deviation.. The 

prediction residuals for both models are shown in Figure 5.  It is observed that the 

CoMFA model (black and green) has fewer long-bars than the CoMSIA model (red and 

yellow). This means that the CoMFA model yields a little better prediction than the 

CoMSIA model. In Table 2, it is seen that the CoMFA models have r2 values of 0.962 

and 0.959 for docking model and atom fit model, respectively, which are slightly higher 

than CoMSIA models’ r2 values of 0.948 and 0.916, respectively. On the other hand, the 

q2 value of the CoMFA models is slightly smaller than that of the CoMSIA models.  
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Graphical Interpretation of the Results.  

 

To further explore the hypothetical interaction of a ligand with its receptor, the 

steric and electrostatic contour maps of the CoMFA model from docking model are 

shown in Figure 6 and Figure 7. The compound 8-Cl-TIBO (Tivirapine, pIC50 =8.37) is 

used in the figures for analysis. Considering the steric contour first, 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 increase the activity of the ligand. The other region is near the 8 

position of ring A above the ring plane. A non-favorable region is indicated at the region 

below the ring plane in the same direction.  There are several regions in yellow around 

the R position which indicates that smaller groups may increase activity. Checking the 

bound complex of this compound and RT (modeled from crystal structure of RT 

complex) shown in Figure 8, it is seen that there is extra room near the region of the 

methyl group which corresponds to the green region in the CoMFA steric contour. In 

addition there is no extra room in the region of the methyl group which corresponds to 

the yellow region on the CoMFA steric map. It is also seen that Tivirapine 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 CoMFA contour are consistent with the calculated 

complex.  
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The electrostatic contour map (Figure 7), the positive-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 positive area at the R 

position of the molecule matches the negative (red) area of the active site of RT. The 

region of the active site where the 1 and 10 positions of rings bind is also negative (red) 

area. The area on the ligand matches the positive-favorable areas (blue). Based on the 

steric and electrostatic properties comparison between the CoMFA contours and bound 

complex, it is seen that the predictions by the contours can be related to binding 

characteristics. 
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Conclusions 

 

The satisfactory 3D-QSAR models of 52 TIBO derivatives have been constructed 

using CoMFA and CoMSIA methods based on the docking conformation determination 

and two molecular alignments. They demonstrate that flexible docking is a good method 

to determinate the “active” conformation of molecules for 3D-QSAR analyses. The 

combination of flexible docking with CoMFA is an attractive way to construct 3D-QSAR 

models.  

The CoMFA QSAR models show that the steric part and electrostatic part 

contribute equally to the activity. The CoMSIA QSAR models 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 site. 

The steric and electrostatic contours from CoMFA provide some useful insight into 

designing novel inhibitors with increased activity. By comparing these predictions from 

the CoMFA contours and the bound complex of RT/8-Cl-TIBO, we can see that part of 

the prediction is consistent with the characteristics of the inhibitor and RT.  

A ligand-based approach is used in rational drug design to build activity models, 

which provide important information on possible improvements in ligand structure to 

increase activity. Meanwhile receptor-based modeling provides an insight into the 

interaction model of a ligand in its receptor and aids in new ligand design. Both 

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

 

1 2

4

5

789

10
A B

C N

N

NH
Z

R

X

Y

 

 

Compd. X Z R Y pIC50 

1 H S DMAa 5-Me(S) 7.36 

2 9-Cl S DMA 5-Me(S) 7.47 

3 8-Cl S DMA 5-Me(S) 8.37 

4 8-F S DMA 5-Me(S) 8.24 

5 8-SMe S DMA 5-Me(S) 8.30 

6 8-OMe S DMA 5-Me(S) 7.47 

7 8-OC2H5 S DMA 5-Me(S) 7.02 

8 8-CN S DMA 5-Me(S) 7.25 

9 8-CHO S DMA 5-Me(S) 6.73 

10 8-CONH2 O DMA 5-Me(S) 5.20 

11 8-Br O DMA 5-Me(S) 7.33 

12 8-Br S DMA 5-Me(S) 8.52 

13 8-I O DMA 5-Me(S) 7.06 

14 8-I S DMA 5-Me(S) 7.32 
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15 8-C=-CH S DMA 5-Me(S) 7.53 

16 8-Me O DMA 5-Me(S) 6.00 

17 8-Me S DMA 5-Me(S) 7.87 

18 8-NH2 O CPMb 5-Me(S) 3.07 

19 8-NMe2 O CPM 5-Me(S) 5.18 

20 9-NH2 O CPM 5-Me(S) 4.22 

21 9-NMe2 O CPM 5-Me(S) 5.18 

22 9-NHCOMe O CPM 5-Me(S) 3.80 

23 9-NO2 S CPM 5-Me(S) 5.61 

24 9-F S DMA 5-Me(S) 7.60 

25 9-CF3 O DMA 5-Me(S) 5.23 

26 9-CF3 S DMA 5-Me(S) 6.31 

27 10-OMe O DMA 5-Me(S) 5.18 

28 10-OMe S DMA 5-Me(S) 5.33 

29 9,10-di-Cl S DMA 5-Me(S) 7.60 

30 10-Br S DMA 5-Me(S) 5.97 

31 H O CH2CH=CH2 5-Me(S) 4.15 

32 H O 2-MA 5-Me(S) 4.33 

33 H O CH2CO2Me 5-Me(S) 3.04 

34 H O CH2-2-furanyl 5-Me(S) 3.97 

35 H O CH2CH2CH=CH2 5-Me(S) 4.30 

36 H O CH2CH2CH3 5-Me(S) 4.05 

37 H O CPM 5-Me(S) 4.36 
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38 H O CH2CH=CHMe(E) 5-Me(S) 4.24 

39 H O CH2CH=CHMe(Z) 5-Me(S) 4.46 

40 H O CH2CH2CH2Me 5-Me(S) 4.00 

41 H O DMA 5-Me(S) 4.90 

42 H O CH2C(Br)=CH2 5-Me(S) 4.21 

43 H O CH2C(Me)=CHMe(E) 5-Me(S) 4.54 

44 H O CH2C(C2H5)=CH2 5-Me(S) 4.43 

45 H O CH2CH=CHC6H5(Z) 5-Me(S) 3.91 

46 H O CH2C(CH=CH2)=CH2 5-Me(S) 4.15 

47 8-Cl S DMA H 7.34 

48 9-Cl S DMA H 6.80 

49 9-Cl O DMA 5-Me(S) 6.74 

50 9-Cl S CPM 5-Me(S) 7.47 

51 H S CPM 5-Me(S) 7.22 

52 H O DMA 5-Me(S) 5.48 

      

    a 3,3-Dimethylallyl. b Cyclopropylmethyl. c 2-Methylallyl. 
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Table 2. The Comparison of PLS Statistics Results of 3D QSAR Models of CoMFA and 

CoMSIA 

 Docking alignment  Atom Fit alignment 

 CoMFA CoMSIA  CoMFA CoMSIA 

PCs 4 5  6 6 

r2 0.962 0.948  0.959 0.916 

q2 0.701 0.708  0.661 0.680 

SEpress 0.326 0.381  0.335 0.482 

 fraction 

steric 0.41 0.077  0.50 0.070 

electrostatic 0.59 0.224  0.50 0.246 

hydrophobic  0.483   0.453 

H-acceptor  0.216   0.231 
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Figure 1. The molecule used as template for molecule alignment. The bold part is the 

core for alignment. 
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Figure 2. Superposition of all TIBOs aligned by the Autodock.  

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

pocket of RT using flexible docking (Autodock3). 
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Figure 3. Superposition of all TIBOs aligned by atom fit, in which all molecules are 

aligned according to core atoms in the ring A and ring C (see Figure 1 for ring A 

and ring C). 
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Figure 4. Experimental activity (pIC50) vs. Calculated activity values of 3D QSAR 

Models. 

 The black squares and red triangles are CoMFA and CoMSIA results based on 

docking alignment and conformation determination. The green diamonds and yellow 

cycles are CoMFA and CoMSIA results based on atom fit alignment and docking 

conformation determination. The black line is the trend line of the CoMFA model of 

docking and the green line is the trend line of the CoMFA model of atom fit. The two set 

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

four QSAR models.  

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

alignment and conformation determination. The green and yellow bars are CoMFA and 

CoMSIA results based on atom fit alignment and docking conformation determination.  
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Figure 6. Steric contour maps of the CoMFA model from the docking alignment. 

8-Cl-TIBO (Tivirapine, pIC50 =8.37) is used to demonstrate the corresponding 

areas where a change on molecule may affect its activity. Green contours indicate 

the regions where the addition of bulky groups may increase activity. Yellow 

contours indicate the regions where the addition of bulky groups may decrease 

activity. 
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Figure 7. Electrostatic contour of the CoMFA model from docking alignment. 

8-Cl-TIBO (Tivirapine, pIC50 =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 actual binding structure of compound 3 (superposed on compound 2) from 

crystal structure. The blue is positive area and red is negative area calculated from 

RT.  
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Structure in Table 1                           Structure in Figure 1. 


