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Abstract 

 

Project Code : MRG4880001 

Project Title : Computer-aided inhibitor design of HIV-1 RT inhibitors: Structural 

conformational analysis and molecular  docking  study of efavirenz derivatives, active 

against mutant type HIV-1 RT 

Investigator : Asst.Dr.Pornpan Pungpo, Department of Chemistry, Faculty of Science, 

Ubonratchathani 

E-mail Address : pornpan_ubu@yahoo.com  

Project Period : 1 June 2005 – 31 May 2007 

 

Conformational analysis, molecular docking and 3D-QSAR analyses were performed for 

efavirenz derivatives against WT and K103N. In the conformational analysis, the 3D 

PES of efavirenz derivatives based on DFT calculations could be informative for better 

understanding the sidechain flexibility and preferable conformation of these derivatives. 

Consecutively, molecular docking approach using Autodock 3.05 program reveals a 

good ability to reproduce the X-ray bound conformation with rmsd less than 0.6 Å for 

both WT and K103N enzymes. The predicted binding orientations of efavirenz 

derivatives give additional information to probe the inhibitor-enzyme interactions. Based 

on the molecular docking alignment of conformations, the high predictive 3D-QSAR 

models were produced by using CoMFA and CoMSIA approaches. The CoMFA and 

CoMSIA models reveal the importance of steric and electrostatic interactions through 

contour maps. Moreover, the CoMSIA models also enhance the understanding of 

electron donor and acceptor requirements for ligands in HIV-1 RT binding pockets. The 

integrated results obtained from structure-based and ligand-based design approaches 

lead to better understanding of the structural requirements for the higher activity of HIV-

1 RT inhibitors in the class of efavirenz compounds. Accordingly, the obtained 

information can be a gainful guideline to design and predict novel and highly potent 

compounds against WT and K103N HIV-1 RT. 

 

Keywords:  HIV-1 RT inhibitors, Efavirenz, Conformational analysis, molecular  

docking, CoMFA, CoMSIA 
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;�$
*	�""�$
�"�����*	�"����/�	YO& (K103N) ������=>�?�/#�����	[�//��

�	=���&
	             

�*�
�����!���
�����������&��	9��&��*�	"���������	�\;�
���+���	!��;��
������
�'>
  

��	9��&��*�	;+Z���	���"���
����	O/�	Y&�+9������	%& 	�����	+$������	�\<��������&"�����$
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�����!���
����	O/�	Y&�+9������	%&
	�����#��$
��	�%�&���

'����##��*���+-1 "������#+�#��Y+�����������&�*�
���+�#�;+�#�	����
<����O� (CoMFA) 

�����Y+��������&���+�#�;+�#"�*	+�������{�	�*�
<����O� (CoMSIA) /#����##�����
;+Z�"�

���;�$
��
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	�����#��$
;+Z��"����
��#���;+Z�"�������;"��
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1. ����������!"#�����$�����$��%����&�� 


	����O#�	����/����#�"��
<����"�& (Acquired immunodeficiency syndrome, 

AIDS) ���	�	>Z

	��j��;+Z�����j����
��Z
��
��Y��\�O�;�Z�<�����;�$

	����;=�;� 

�	{Z�
�����
����+��*	�"
";+Z�����'
*�
	������?�<����"�&
�������"�"�   <����"�&���"���

���!�"�*{$��������*���+ (Human immunodeficiency virus, HIV)  
	�
��*+��!��
����� HIV �+

��	�%�&����*	�";+Z�����j
	���"���
*+��! ��	�%�&���'����##��*���+-1 (HIV-1 Reverse 

Transcriptase, HIV-1 RT) ���	�	>Z

	��	�%�&�����j;+Z*���
	��������
�## (replication) 
	

��$	!�	������ viral RNA genome ������
	 proviral DNA �>
;��
����	�%�&*	�"	+$���	

�������������j
	���
*� �����?��/{Z�!��	<����"�& ������?�
	����O#�	�����'��#��$
���

����j�!�#<!��
�*{$������*	�"	+$�"�<"�
*������#��$

	��O�� 2’, 3’ dideoxynucleoside �*�	 3’-

azido-2’,3’-dideoxy thymidine (AZT) 
	�������;+Z���	<����"�&������;+Z!�"�*{$���"�& ����
����

!��/#���!����*	�"	+$�����'��#��$
�������j�!�#<!��
�*{$���"�&�"�
	��"�#�	>Z
 �	{Z�
���
	

����O#�	/#����������*���+-1 ���Z��+`;Y�!��	;�	 (resistance) !���� AZT �+�;�$
��
�+

�����
��+�
!��������� "�
	�$		����;��=��!�&�"���"��	��
������&�����	�	����������*	�";+Z�+

����������`;Y�];+Z�!�!��
��� AZT  /#�����������#
	��O�� nonnucleoside reverse 

t r a n s c r i p t a s e  inhibitors  ( NNRT I s)  � *� 	  1 -[ ( 2 -H yd r o x y e th o x y ) -me t h y l ] -6 -

(phenylthio)thymine (HEPT), tetrahydroimidazo [4,5,1-jk]benzodiazepine-2(1H)-thione 

(TIBO ��{� ;+<#)  ��� dipyridodiazepinone ��{� nevirapine %>Z
��+����� �����#��$
��	�%�&

���'����##��*���+-1 ��O������ ( the first generation NNRTIs)  ���	��O��;+Z	���	
����

�	{Z�
����+�����	![�/ (activity) ;+Z��#��$
����/�� (specific) !�� HIV-1 RT <"�����+����#��$
!�� 

HIV-2 ��{� HIV *	�"�{Z	 <"���/������
��Z
�+�����	![�/��#��$
�"�;+Z����������	!Z���>
���;��
��

���"�����
��+�
!��������� �+����
	�����#��#��	�%�&;+Z!�����	�
 allosteric site �+�;�$
�+ 

selectivity ���	���
��
<"�������+��!�� DNA polymerase ��
�%��&��!��>
�+�������	/�?

���	���
!Z�� "�
	�$	���
	��O�� NNRTI �>
���	���;+Z'��	����
*�
	������?��������������# AZT 

�����#��$
 nevirapine  ���	��� !�����
	��O�� NNRTI ;+Z�"���#�����#��

��	����
*�
	���

���?��������<����"�& <"�
*�
	������?��������������# �� AZT   ����
����!�������;Y�[�/

��
���
*���
	��O��	+$���#�"�
����	{Z�
�����j�����!��	;�	����
����� (drug 

resistance) ;+Z���"�>$	����
��"�������
�������"���#������?�"�����
	��O�� NNRTI ������

�	>Z
 ;��
����������"�������/�	YO& (mutation)����
��"�������
����"���#������?�"�����
	

��O�� NNRTI �������	>Z
 �������/�	YO&���	���	{Z�
������"������+Z�	���
��
��"����<	;+Z

����������# binding pocket %>Z
��
������
���!�������"
�����	![�/��
�� <"���/��



2

����
��Z
�������/�	YO&��
��"����<	#����\</�
��#;+Z!����	�
 Tyr181 Tyr 188 ��� Lys103 

;��
�������;Y�[�/��
��*	�"	+$�"�
����
��"����   �>
�"��+����/�����
	���/�|	�!��

��#��$
��	�%�&���'����##��*���+-1 ��O��;+Z��
�>$	��
��� (the second generation NNRTIs) 

<"������#��$

	��O��	+$�+<��
����
;+Z�+�����{"��O�	  (resilience) !����	�%�&���'����##*	�"

����/�	YO& (Y181C, Y188C ��� K103N) �"�������������#��$

	��O�����  �>
;��
��!����#��$



	��O��	+$��"
�����	[�/
	�����#��$
��
!����	�%�&            ���'����##;�$
*	�""�$
�"�����

*	�"����/�	YO& �*�	 ����	O/�	YO&
	��O����
 efavirenz ��O�� carboxanilides ��� ��O�� 

quinoxaline <"���/������
��Z
��������#
	��O�� efavirenz ���	�����#��$
;+Z'��	����
*�
	

������?��������<����"�&<"������#��$

	��O��	+$��"
�����	![�/��
;�$
��	�%�&*	�""�$
�"�� 

(WT) ���*	�"����/�	YO& (K103N) ������?�
	����O#�	�"�/����������j�����!��	;�	��

��
�����;+Z���"�>$	����
��"����<"����
*���;+Z�+�����;Y�[�/��
������O��������	
	������?� 

(The highly active anti-retroviral therapy, HAART) �/{Z�;+Z����+���+Z�
��j�����!��	;�	��

��
����O��	+$��{Z��+���
*���*	�"�"+�� (monotherapy) 
	������?�<����"�& 

Efavirenz  ���	�����#��$

	��O�� second generation NNRTI ;+Z�"���#�����#��

��

	����
*�
	������?��������<����"�&
*�
	������?��������<����"�& 
	����O#�	 �+*{Z�;�
��������� 

SUSTIVA ���
	��O��	+$�+�����;Y�[�/��

	�����#��$
��	�%�&���'����##��*���+-1  *	�"

"�$
�"�� (WT) ���*	�"����/�	YO& (Y181C, Y188C ���� K103N) ���������;�
<��
����
��>�

������
!����#��$
��#��	�%�&<"���Y+ X-ray crystallography ;��
������
�����>$	'>
��;+Z�"�*+$�	�

���������#��$
;+Z	�������	���"����/#���<��
����
��>������#��	������
�����#��$
 efavirenz 

�����	�%�&���'����## ��*���+-1 �������#!����#��$
 NNRTI 
	��O�� first generation 

NNRTIs �*�	 HEPT TIBO ���� nevirapine ����
����!����j�����!��	;�	����
��	�%�& 

���'����##����
�
���� �+�;�$
����
	�����#��$
��
�����#��$
�������
	���!��	;�	����


��	�%�& HIV-1 RT ��
������	;+Z;��#�	�*�"�����
���	��j��;+Z��
!��
�������Y�#�� "�
	�$	

�#�	���=>�?����/�|	��/{Z�����!��
���;+Z�+�����	![�/
	���!��	;�	���"{$�����


��	�%�&�>
������	!��
�+���"���	�	!���� �������{#��	��������

�	�����;+Z���	��/#���


�	�����
	��O����
 �O[� ����	�
#������\�  �"�;�����=>�?��������##<����O�<"����

���	�\#	/{$	��	��
���+���	!����
�����#��$
��	�%�&���'����##��*���+-1 
	��O����
 

first generation NNRTIs  �{� HEPT TIBO ��� nevirapine ��������=>�?�;��
���"�������

;�
<��
����
��
!����#��$

	��O�� NNRTI ;+Z�+���������j
	���;+Z���Y�#����������/����


!����#��$
��	�%�&
	��O��	+$�"����	����
"+ ��������'��	�<��
����
��
!����#��$

���;+Z�+

�����;Y�[�/��
�"�    ������#�����#��$
 efavirenz ��
����+���=>�?��������#�!�;�
<��
����


��
<����O�!����#��$
��
�����O��	+$
	"��	<��
����
;�
������!��	�����	  ;��
�����������+����

�	
�;+Z��=>�?���#�!�;�
<��
����
��
!����#��$
 HIV-1 RT 
	��O������	O/�	YO& efavirenz <"�

��=�����#+�#��Y+  Computer-Aided Molecular Design #	/{$	��	��
���+���	!�� (Quantum 
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O

N

Cl

F

O

F
F

chemistry) ��� ��������
�## (Molecular Modeling) <"�
	�#{$�
!�	���������"�;�����=>�?�

;�
"��	 Ligand based drug design �{��"����������/�	Y&������
<��
����
��#�����	![�/


	�����#��$
 (Quantitative Structure-Activity Relationships, QSAR) ��
���
	��O�� 

efavirenz <"�
*����#+�#��Y+ 2D-��� 3D-QSAR �����<��
����
�����j��
�����#��$

	���

��#��$
��	�%�&���'����##��*���+-1 ;�$
*	�""�$
�"�� (WT) ���*	�"����/�	YO& (K103N) ��

������=>�?������'*+$
�����	'>
*+$
�����	'>
���������j��
��	!���������!���� ������<!���!�

!�������<"�<9#�� ���'>
��;Y�/���
������"/�	Y���<"���	��
<����O�;+Z�+!��������;�


`;Y�];�
*+�[�/ %>Z
;��
���"�������/{$	��	;+Z���	���<�*	&
	�������##�����#��$
!��
���;+Z�+

�����;Y�[�/��

	�����#��$
��	�%�&���'����##��*���+-1 ;�$
*	�""�$
�"�� (WT) ���*	�"

����/�	YO& (K103N) 

������#
�	�����
	<��
���	+$��"���	�	���!���	{Z�
���
�	;+Z�"�;��������<"��+

������������
	���=>�?�������	�\<��
����
��	9��&��*�	��
!����#��$
 efavirenz ����

=>�?�             ��	!�������������
�����#��$

	��O���	O/�	Y& efavirenz �����	�%�&���'���

�##��*���+ -1  "�����Y+ molecular docking  %>Z
	�#������	���=>�?�;�
"��	 Structure-based 

drug design <"���"���
�����{Z�	�������;+Z�"���������������&"������#+�#��Y+"�
�����	+$ ���

��;+Z�"�������=>�?�;�
"��	 Ligand based drug design ;+Z�"�"���	�	���=>�?���������

/����\�������	 �����������j;+Z���	/{$	��	*����/�Z���������
�
	������"��	!�������������
!��

��#��$
�����	�%�& (inhibitor-enzyme interaction) !��"�	�Y�#������;+Z���"���!��	;�	��


��	�%�&;+Z���	��j�������j����
�	>Z
;+Z/#��
!����#��$
 ��������	�	�;�

	�������##

<��
����
 (molecular design) ��
�����#��$
*	�"
���;+Z�+
���+=���[�/��
�>$	
	�����#��$


��	�%�&���'����## ��*���+-1 ;�$
*	�""�$
�"�� (WT) ���*	�"����/�	YO& (K103N) 

      

 

 

 

 

 

 

 

 

��F'�3 1  <��
����
��
!����#��$
 Efavirenz 
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2. ��#�/F�$���� 

 1. �/{Z�=>�?�<��
����
��	9��&��*�	��
�����#��$
 efavirenz �������
��	[�/ 

/��

�	=���&��
<����O��/{Z��Y�#����#�!�;�
<��
����
;+Z���/�	Y&��#�����	![�/
	�����#��$


��	�%�&���'����##��*���+-1 

2.  =>�?���	!�������������
�����#��$

	��O���	O/�	Y& efavirenz ���</�
�����# 

(binding pocket) ��
��	�%�&���'����##��*���+-1 ;�$
*	�""�$
�"�� (WT) ���*	�"����/�	YO& 

(K103N) <"�������	�\<��������&"�����$
  (molecular docking calculation) 

3. ��!���������)��"(��*�	��+�����!�����������
,�)-���������.��
����
�&)��"&(-�
��&	� efavirenz +��-/!���������"� 3D-QSAR ���*�+�����!���������
���������.�-���������.� 
�
�12�(���4	������
/1
��-1 ��.�/�����.����� (WT) ���/�������)��"&( (K103N) 

4. ����##��������#
	��O���	O/�	YO& efavirenz ;+Z�+=���[�/��

	�����#��$
��	�%�&���

'����## ��*���+-1 ;�$
*	�""�$
�"�� (WT) ���*	�"����/�	YO& (K103N) 
 

3. $�
�$'$��%����&�� 

�������	�
��
������������ computer-aided molecular design ��	��������������������

����!"�������##����$����%��$����&'��(� efavirenz �')*�+��	�#	������,.�� HIV-1 RT ��	+�

��������������������$����&'��(� efavirenz �"+���"�#
	#��(
��������/������
����0�� �!"

$�����2�3�''!��������	�%�����!�&!�')*��(�#�	$�#�0��������$�����
*$��'��(���#������03�'

+����	�#	������,.�� HIV-1 RT $��4��#��(
�������##����$����%��$��	�#	����
*+��+��������	�
�

�
 2 ��(
�)� ��(
 structure based drug design .�*�+����(
��������/ molecular docking �!" ligand–

based drug design ��	+���"�#
	#��(
 3D-QSAR �9
 ��"��������*(�/�����������������+����&� 
(Comparative Molecular Field Analysis, CoMFA) �����"� ����������*(�/���������������/��
�����*�9
��/��+����&� (Comparative Similarity Index Analysis, CoMSIA) 
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���� 2 

�
�����%���!"#�����&������%����$��� 

 


7 1995 Kroeger �!"�/" ,��+���"�#
	#��(
��������/������
����0�� ��	+���"�#
	#��(
 

AM1, HF/3-21G*, HF/6-31G* �!"��(
��������/ molecular docking +�������������������0�

����	�%��$��	�#	������,.�� HIV-1 RT ����$������ ,����> 2-cyclopropyl-4-methyl-5,11-dihydro-

5H-dipyrido[3,2-b :2',3'-e][1,4] diazepin-6-one (nevirapine), alpha-anilino-2,                                 

6-dibromophenylacetamide (alpha-APA), �!" 8-chloro-tetrahydro-imidazo(4,5,1-jk)(1,4)-

benzodiazepin-2(1H)-thi one (TIBO) +� binding pocket %�����,.�� HIV-1 RT �����������

'#�>� binding mode %��$��	�#	��� nevirapine, alpha-APA �!" TIBO +� binding pocket %��

���,.�� HIV-1 RT �
!���/"�
*�!��	�!����� ��	$��	�#	�������$���"�������0�����	��## �-

Stacking ��#���"����0��%�� binding pocket 


7 1995 Young �!"�/" ,��������$������"4��!"0������
�"$��(�3�'+����	�#	���

���,.�� HIV-1 RT %��$��
�"��# 1,4-dihydro-2H-3,1-benzoxazin-2-ones (DMP-266) ���

��������'#�>� DMP-266 $����N	�#	������,.�������������� ��	+4��>� IC95 ��>���# 1.5 nM �0>


�"$��(�3�'+����	�#	���%�� DMP-266 �"!�!��	>�������)*����,.����������!�	'��(&� 

��	�X'�"�	>��	�*�+�����!�	'��(&��
*�
����
!
*	��
!�%������"����+� binding pocket �����>�

4��*�0���4�>�  

 
7 1996 Hopkins �!"�/" ,��������������
�
	#��
	#����$����2!��%�����,.�� HIV-1 RT 

�
*��#��# MKC-442, TNK-651 �!" HEPT .�*��
��$��	�#	���+��!&>� NNRTI �!"�������
�
	#��
	# 

binding mode %��$��	�#	�������$������+� binding pocket %�����,.�� HIV-1 RT '#�>��������

���- 0�����	�%��$��	�#	��� HEPT ��# Tyr181 +� binding pocket %�����,.�� HIV-1 RT �
��$>��

$����^+�����'�*����	3�'+����	�#	������,.�� HIV-1 RT %�� HEPT +4��
%���  

 
7 1997 Font �!"�/" ,�����������$��'��(��"4�>������$�����!"������03�'+����

	�#	������,.�� HIV-1 RT %��$����&'��(� quinoline ��	+���"�#
	#��(
 QSAR �!"��������/��	

�"�#
	#��(
 AM1 semiempirical �����������'#�>�N������#��0���4�>��
* 6 %���� quinoline Ǹ�

����
*���	4�̀> electron-withdrawing �"���+4�!��"��#����'!����� LUMO %��$��
�"��# .�*�

�
��$>��$����̂ +�����������0�����	��## charge transfer �"4�>�����"����0��%�� quinoline �!"

���,.�� HIV-1 RT  

 
7 1998 Vig �!"�/" ,��������$������"4��!"����##$����&'��(� phenethylthiazolyl 

thiourea (PETT) �')*��
��$��	�#	���+��!&>� NNRTI �
*�
���	3�'$̀�+����	�#	������,.�� HIV-1 RT 
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��	��(
�
*+��������)� ��(
��������/ molecular docking .�*���������0�����	��"4�>��$��	�#	��� 

PETT �!" binding pocket %�����,.�� HIV-1 RT �!"�����������'#�>�$����&'��(� PETT �
*

,������##%�����+4�>$����N	�#	������,.�� HIV-1 RT ,���
��>� AZT 4�)� trovirdine ��	+4��>� 

IC50 ���	��>� 1 nM �!"�>� selectivity indices �����>� 100,000 

 
7 1998 Sudbeck �!"�/" ,��+����(
 structure-based drug design +���������$��	�#	���

���,.�� HIV-1 RT +��!&>�%�� NNRT �
*�
���	3�'$`�+����	�#	���.�*�,����> $����&'��(�%�� 

dihydroalkoxybenzyloxopyrimidine (DABO) �!",��������0���$�#
�"$��(�3�'+����	�#	���

���,.�� HIV-1 RT %��$��	�#	���+��!&>��
����	 �����������'#�>� 5-isopropyl-2-

[(methylthiomethyl)thio]-6-(benzyl)-pyrimidin-4-(1H)-one $����N	�#	������,.�� HIV-1 RT ,��

+��"��#�����%��%��������!��� �0>,�>$����N���2!%�����
	�,���
*�����%��%���
�  

 
7 1998 Hsiou �!"�/" ���������������$����2!��%�� S-4-isopropoxycarbonyl-6-

methoxy-3-(methylthiomethyl)-3, 4-dihydroqui noxalin-2(1H)-thione (HBY 097) �
*��#��#���,.�� 

HIV-1 RT �����������������!"�����!�	'��(� �����������'#�>� HBY 097 .�*��
��$��	�#	���+�

�!&>� NNRT �
��������'�"���"��0>����,.�� HIV-1 RT �����!�	'��(� �!"�
 binding mode �
*

�0�0>��,
���$��	�#	���+��!&>� NNRT .�*�
�0� binding mode %��$��	�#	���+��!&>� NNRT �


!���/" butterfly-like shape �������
� binding mode %�� HBY 097 +����,.�� HIV-1 RT ����

�������������!"�����!�	'��(�����,�>�0�0>����� ������������������$����2!��%�� HBY 097 

�
�+4��4���>�$��	�#	����
*�
����	)�4	&>� $����N	�#	������,.�� HIV-1 RT �����!�	'��(�,���
    

 
7 1999 Barreca �!"�/" ,�����������$��'��(��"4�>������$�����!"������03�'+����

	�#	������,.�� HIV-1 RT %��$����&'��(� TIBO ��	��(
 CoMFA �!"+����������/ flexible 

docking �')*�	)�	�� binding mode %�� TIBO +� binding pocket %�����,.�� HIV-1 RT �!"���

����������	��(
 CoMFA +4�����$��'��(��"4�>���>� binding energies �!"����$����N+����

	�#	��� (inhibitory potency) �
*�
 ��������##���!���
*,��$����N�����	������03�'+����	�#	���

���,.�� HIV-1 RT ,���
 ��	�
�>� r2 ��>���# 0.90 

 
7 1999 Lawtrakul �!"�/" ,�������������������������%��$��	�#	������,.�� HIV-1 

RT +��!&>�%��$�� 1-[(2-hydroxyethoxy)methyl]-6-(phenylthio)thymine (HEPT) ��	�����/���	

�"�#
	#��(
 semiempirical (AM1, PM3 �!" MNDO), ab initio (HF/6-31G**) �!" DFT 

(B3LYP/6-31G**) ��������0�����	�%��$��	�#	��� HEPT �!"���,.�� HIV-1 RT ���	��(
���

�����/ molecular docking �����������'#�>��
$���������������
*�
'!�����0*��$&� ��	���

����������
*4��*��
 � dihedral angle �	`>�"4�>�� 65-76� �!"�������������
*$���
 � dihedral angle 

�	`>�"4�>�� 244-250� �������
�'#�>��
'��(",��������"4�>��4�`> hydroxyl %�� HEPT �!"
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����"���� K103 .�*�������������������$����2!��,�>'#���0�����	��
� �����
���)*�����+���� 

simulation ,�>�
���!�&!%�������%������
*	�%��� 

 
7 1999 Hannongbua �!"�/" +����(
 CoMFA +�������������$��'��(��"4�>��

����$�����!"������03�'+����	�#	������,.�� HIV-1 RT %��$����&'��(� TIBO '#�>�

�##���!���
*,���
�����>���)*�N)����$N�0��!"$����N�����	������03�'+����	�#	���,�� .�*�+4��>� 

r2
cv ��>���# 0.771 ��	0���(�#�	��������$�����
*$����^�)� $�#�0��������!��0����!"$�#�0�����

���!�&! �������
�	���
�+4��4��N�������0�0>��%������$�����
*$����^+����	�#	������,.�� HIV-1 

RT %��$��	�#	��� �0>�	>��,���0���##���!���
� ,�>$����N�(�#�	���(�'!�
*�
2!0>� hydrophobic 

,�� �'��"�
����$��'��(��"4�>�� C2 �!" log P $̀� 

 
7 1999 Patel �!"�/" $������"4��!"0������
�"$��(�3�'+����	�#	������,.�� HIV-1 

RT %��$����&'��(� efavirenz '#�>�$����&'��(� efavirenz �
*�
4�̀>����
* 5,6-difluoro (4f) 

$����N	�#	������,.�� HIV-1 RT ,�������������������!"�����!�	'��(&� �������
�	���"+���
��

0���##+����$������"4�$��	�#	���+��!&>� second generation NNRTI 0>�,
 

 
7 1999 Patel �!"�/" $������"4��!"0������������03�'+����	�#	������,.�� HIV-1 

RT %��$����&'��(� efavirenz ��	0���4�>��
* 5 �!" 6 +��� benzoxazinones Ǹ�����
*���	 fluoro 

(5a-d) �!" nitro (5e-h) 0��!����# ��������!��'#�>�$����&'��(� efavirenz �
*$������"4�%�����

+4�>�
��
������03�'+����	�#	������,.�� HIV-1 RT �
*�
��>� efavirenz �
*�
��$��0���##  

 
7 2000 Corbett �!"�/" $������"4��!"0������������03�'+����	�#	������,.�� HIV-1 

RT %��$����&'��(� efavirenz ,����> DPC 082, DPC 083, DPC 961 �!" DPC 963 �����������

'#�>�$���4!>��
��
��(��+����	�#	������,.�� HIV-1 RT ������������,��+��"��#�����%��%������

��!��� ��	�
�>� IC(90) ��>���# 2.0, 2.1, 2.0 �!" 1.3 nM 0��!����# �������
�	��$����N	�#	���

���,.�� HIV-1 RT �����!�	'��(&��
*�
����
!
*	��
!�%������"����0���4�>���
	�4�)�4!�	

0���4�>�,�� 

 
7 2000 Patel �!"�/" $������"4��!"0������������03�'+����	�#	������,.�� HIV-1 

RT %��$��
�"��#+��!&>� 3,3-disubstituted quinoxalinones .�*��
��$����&'��(�%�� efavirenz 

�����������'#�>�$��
�"��# N-allyl (6b and 6f), N-cyclopropylmethyl (6a, 6g, 6h, and 6k) 

�!" N-carboalkoxy (6m-6y) �
������03�'+����	�#	������,.�� HIV-1 RT ,���
��>� efavirenz 

�!" GW420867X 

 
7 2000 Pungpo �!" Hannongbua +����(
 CoMFA +�������������$��'��(��"4�>��

����$�����!"������03�'+����	�#	���%��$����&'��(� dipyridodiazepinone (nevirapine) �')*�+��

�
��$��	�#	������,.�� HIV-1 RT �����������������!"�����!�	'��(&� 2!�
*,��'#�>��##���!���
*,��

�����������/���	��(
 CoMFA �
�>�����$����N+���������	 (predictive ability) �
*�
0>����,.��
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�������������!"�����!�	'��(&���>���# 0.624 �!" 0.726 0��!����# ��� CoMFA contour maps 

�$��+4��4���>� steric �!" electrostatic interactions �
*��
*	�%�����#���	�#	������,.���������������


�>���>���# 58.5% �!" 41.5% 0��!����# +�%/"�
*���,.�������!�	'��(&�+4��>��>� steric �!" 

electrostatic interactions ,�>�0�0>����� 

 
7 2000 Ren �!"�/" [10] ,�������������$�#�0��������$����2!��%�� efavirenz �!" 

nevirapine �
*��#��#���,.�� HIV-1 RT �������������!"�����!�	'��(� (K103N) efavirenz �
��$��

	�#	������,.�� HIV-1 RT +��!&>� second-generation NNRT �����������'#�>� efavirenz $����N

	�#	����!"�
����	)�4	&>� (resilience) 0>����,.�� HIV-1 RT �����!�	'��(� (K103N) ,���
��>�$��

	�#	���+��!&>� first-generation NNRT ��>� nevirapine   

 
7 2001 Markwalder �!"�/" $������"4��!"0������������03�'+����	�#	������,.�� 

HIV-1 RT %��$����&'��(� efavirenz �����������'#�>�$����&'��(� efavirenz �
*$������"4�%�����

+4�>�

�"$��(�3�'0*��+����	�#	������,.�� HIV-1 RT ��)*��
�
	#��
	#��#$�� efavirenz 0���## 

 
7 2001 Cocuzza �!"�/" $������"4��!"0������������03�'+����	�#	������,.�� HIV-

1 RT %��$����&'��(� efavirenz ��	+����$������"4��"�#>�$����&'��(�����
��$���!&>� ��	

�!&>��������������
*4�̀> cyclopropane ���	 heterocyclic �
*�
%����!�� $>���
��!&>�����
* 

acetylenic side chain ���	4�`> alkyloxy �����������'#�>�$����&'��(�%�� efavirenz ����$���!&>�

�����(����>���� +����	�#	������,.�� HIV-1 RT �������������!"�����!�	'��(&� (K103N)  

 
7 2001 Cocuzza �/"$������"4��!"0������������03�'+����	�#	������,.�� HIV-1 RT 

%��$��
�"��#+��!&>�%�� 4,1-benzoxazepinone .�*��
��$����&'��(�%�� efavirenz '#�>� cis-3-

alkyl benzoxazepinones �
����$����N+����	�#	������,.�� HIV-1 RT �����>�����$�����
*�
�� 

trans isomers �������
�$��+��!&>� 4,1-benzoxazepinone 	��$����N	�#	������,.�� HIV-1 RT 

�������������!"�����!�	'��(&� (K103N) ,��     

 
7 2001 Hannongbua �!"�/" ���������$��'��(��"4�>������$�����!"������03�'+�

���	�#	���%��$����&'��(� HEPT ��	+����(
 CoMFA '#�>��##���!���
*,�������������/���	��(
 

CoMFA �
����$����N+���������	$`� ��	�
�>� r2
cv ��>� 0.858 �!"��� contour maps �$��+4�

�4���>� steric �!" electrostatic interactions �
����$����^+�����������0�����	�%�� HEPT ��#

���,.�� HIV-1 RT ��	 steric interactions �"�����"4�>�����!�&!%�� HEPT ��#���"����0��%��

����"���� Tyr181 .�*�N������#��0���4�>��
* 5 %�� HEPT �
4�̀>����
*%���
���!���"�>�	+4�


�"$��(�3�'+����	�#	������,.���
%��� 

 
7 2001 Hannongbua �!"�/" �����������������%�� (+)-(S)-4,5,6,7-tetrahydro-8-

chloro-5-methyl-6-(3-methyl-2-butenyl)-imidazo[4,5,1-jk][1,4]benzodiazepine-2(1H)-thione (8-

chloro-TIBO) ���	�"�#
	#��(
 ab initio �!" DFT �������
!
*	��
!��>� dihedral angles %�� side 
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chain 2 �&� �!��4� potential energy surface �')*��(�#�	������������%�� heterocyclic ring 

�������'����/��������������
*�
'!�����0*��$&��
*,�������������/�
�
	#��
	#��#����$�����
*

,����� X-ray crystallo-graphy '#�>��
����$���!������ ��	$>���
*�
����#
*	��#�����������0�

����	���# binding pocket %�����,.��  

 
7 2001 Hannongbua �!"�/" ,�������������������%�� nevirapine #�')��������

�����/���
����0�� ,����>�"�#
	#��(
 semi-empirical (MNDO, AMI �!" PM3) ab initio (HF/3-

21G �!" HF/6-31G** ) �!"�"�#
	#��(
 DFT (B3LYP/6-31G**) �����������'#�>����������

����
*�$N
	��
*$&�%�� nevirapine �
*�����/,�������(
�4!>��
� �4�)����#%�� nevirapine �
*��#��#

���,.�� HIV-1 RT �
*,����������!�� �������
�	�������/ 1H-NMR and 13C-NMR spectra %��

����$�����
*�$N
	�%�� nevirapine ���	��(
 DFT (B3LYP/6-31G**) '#�>�2!�
*,�������������/

$���!�����#2!�
*,����������!�� 

 
7 2001 Cobett �!"�/" $������"4��!"0������������03�'+����	�#	������,.�� HIV-1 

RT %��$��
�"��# 3,3a-dihydropyrano[4,3,2-de]quinazolin-2(1H)-ones �!" 2a,5-dihydro-2H-

thieno[4,3,2-de]quinazo-line-4(3H)-thione .�*��
��$����&'��(�%�� efavirenz �����������'#�>�

$��
�"��#�
*$������"4�,��+������!���
� $����N	�#	������,.�� HIV-1 RT ,������������������

�!"�����!�	'��(&� (K103N �!" K103N/L100I) 

 
7 2003 Chen �!"�/" ,���
�
	#��
	#��������$�#�0������������$����%�� HEPT �!" 

TIBO �
*�����/��	��(
 3D-QSAR �!"��(
��������/ molecular docking ��	��(
 molecular 

docking +����������0�����	��"4�>��$��	�#	��� HEPT �!" TIBO ��# binding pocket %�����,.�� 

HIV-1 RT �!"�����������'#�>� HEPT �!" TIBO �������0�����	���# binding pocket %��

���,.�� HIV-1 RT +�!���/"�
*�4�)����� ��	�"$����'��(",���������#����"���� Lys101 

�!"�������0�����	��## hydrophobic ��#����"���� Tyr181, Tyr188 �!" Tyr318 %�����,.�� 

HIV-1 RT $��4��#��������/ 3D-QSAR ���	��(
 CoMFA �!" CoMSIA '#�>�,���##���!���
*�


+���������	������03�'%�� HEPT �!" TIBO +����	�#	������,.�� HIV-1 RT ��	�
�>� r2 

��>���# 0.940 �!" 0.920 0��!����# �������
�	�����+4��%��+�N�����0�����	�%��$��	�#	����!"

���,.��,���
%��� �!"�
��������+��������##����$����%��$��	�#	�������+4�>�
*�


����$����N+����	�#	���$̀�  

 
7 2003 Saenoon �!"�/"�����������������%�� (+)-(s)-4,5,6,7-tetrahydro-9-chloro-5-

methyl-6-(3-methyl-2-butenyl)imidazol[4,5,1-jk][1,4]benzodiazepin-2(1H)-thione (9-Cl TIBO) 

��	��(
 HF/6-31G** �!" B3LYP/6-31G** �����������'#�>��
 8 �������������
*�$N
	� ��	�0>

!"�������������
�>� energy barriers 0*����>� 15 kJ/mol �������
���������/ 1H NMR �!" 13C 
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NMR spectra %���������������
*�
'!�����0*��$&� ���	��(
 B3LYP/6-311++G** +4�2!�
*

$���!�����#2!�����!�� 

 
7 2003 Pungpo �!"�/" +����(
 hologram quantitative structure-activity relationships 

(HQSAR) +�������������$��'��(��"4�>������$�����!"������03�'+����	�#	���%��$�� 

TIBO, HEPT �!" dipyridodiazepinone �����������'#�>��##���!���
*,�������������/

$����N+�������	������03�'%��$��	�#	���,�� ��	�
�>� r2
cv �	`>+��>�� 0.62-0.84 �!"	���
�+4��4���>�

���0�����	��
*$����^%��$��	�#	�������$���
*�
0>����,.���
!���/"�
*�!��	�!�����  

 
7 2004 Medina-Franco �!"�/" ������������0�� (alignment) %��$����&'��(� 

pyridinone +� binding pocket %�����,.�� HIV-1 RT �
*�����/,�������(
��������/ molecular 

docking ,
��������	��(
 CoMFA �!" CoMSIA ��������������	��(
 CoMFA �!" CoMSIA ,��

�##���!���
*+4�����$��'��(��
*�
�"4�>�� binding free energies ��#�>�������03�'+����	�#	����
*

,����������!�� ��	�
�>� r2 ��>���# 0.720 �!" 0.750 0��!����# �!"	��$����N�
���"���

����##���!�&!%��$����&'��(� pyridinone �
*�
����$����N+����	�#	���$̀�,�� �������
����

�����/���	��(
 molecular docking 	���>�	+4��%��+�N������%�����0�����	��
*����%����"4�>��$��

	�#	����!" binding pocket %�����,.�� HIV-1 RT �!"	��$����N�(�#�	���	�#	������,.���!�	

'��(����� Tyr181 �!" Tyr188 %��$����&'��(� pyridinone ,���
����	  

 
7 2004 Ragno �!"�/" '	�	��
��#
�&�������03�'+����	�#	����!" selectivity %�� 

thio-DABOs (S-DABOs), DATNOs �!" difluoro-thio-DABOs (F(2)-S-DABOs) .�*��
��$��

��&'��(�%�� dihydro-alkoxy-benzyl-oxopyrimidines (DABOs) ����������������$������"4�$��

��&'��(� DABOs ����+4�>%����� �������
�	���������������
�3�'�!" molecular modeling ��	

��(
 molecular docking +����$������"4��
����,����	����
*�"0�� sulfur %�� F(2)-S-DABOs ���	

4�̀>�"���� ��	�"+��$�� (5-alkyl-2-cyclopentylamino-6-[1-(2,6-difluorophenyl)alkyl]-3,4-

dihydropyrimidin-4(3H)-ones (F(2)-NH-DABOs) �
��$��0���## $��4��#��(
 molecular docking 

�"+�� reference model �
*,�����������������$����2!��%�� MKC-442 �
*��#��#���,.�� HIV-RT 

�����������'#�>� binding mode %�� F(2)-NH-DABO �!��	�!����# binding mode %�� F(2)-S-

DABOs �0>�0�0>�����0��0���4�>� NH �
*����#��0���4�>��
* 2 .�*��
��0���4�>�+4�>�
*+��+����

��#��#���,.�� �!"'#�>� F(2)-NH-DABOs �
����$����N+����	�#	���$̀���>� MKC-442 �
*

�>�$�+��
��	>���)� 2-cyclopentylamino-6-[1-(2,6-difluorophenyl)ethyl]-3,4-dihydro-5-methyl 

pyrimidin-4(3H)-one $����N	�#	������,.�� HIV-1 RT �!�	'��(����� Y181C ,���
*�"��#����

�%��%�� submicromolar �!"��������(���!��	��# efavirenz ��	0���4�>� pyrimidine C-2 NH 

group ���� hydrogen bond ��# Lys101  
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7 2004 Zhou �!" Madura ����������������!"��� alignment �����(
�����/ molecular 

docking ��+��+��������� CoMFA �!" CoMSIA %��$����&'��(� TIBO �����������'#�>�

�##���!���
*,���
����$����N+���������	������03�'+����	�#	������,.�� HIV-1 RT ,���
 

��	+4��>� r2 ��>���# 0.972 �!" 0.944 0��!����# �!"�$��+4��4���>� steric �!" electrostatic 

properties �
*�����	,����� CoMFA contours $���!�����# binding structure �
*,�������������/

��	 molecular docking .�*��
���"+4��4���>���������(
 ligand-based �!" receptor-based modeling 

��+���>��������+4�,���##���!���
*�
 

  
7 2004 Medina-Franco �!"�/" +����(
��������/ molecular docking �')*���������0�

����	�%��$����&'��(� pyridinone +� binding pockets %�����,.�� HIV-1 RT �
*��#�	`>��# 

nevirapine, 1051U91, 9-Cl-TIBO, Cl-a-APA, efavirenz, UC-781, �!" S-1153 2!��������!��

'#�>�$����&'��(� pyridinone +� binding pockets ����4���
 binding mode �## butterfly like 

shape �������
�	��+4�%���̀!�
*�

�"�	���+��������##$����&'��(� pyridinone +�!���/"�
*

�
�� hybrid pyridinone molecules �')*�+���
��$��	�#	������,.������+4�>�
*�
���	3�'$̀�,�� 

 
7 2004 Kalyan �!"�/" �����$��	�#	��� TMC125-R165335 (etravirine) �')*�+���
��$��

	�#	������,.�� HIV-1 RT +��!&>� NNRTI ���	��(
 molecular docking �!"'#�>�$�� etravirine ��)*�

�	`>3�	+� binding pocket %�����,.�� HIV-1 RT $����N�
!
*	�0���4�>��!"4�&�����$���� 

(jiggling) ,�� �������
�	������ torsional flexibility (wiggling) ���+4� etravirine �
4!�	���������

��� ���$����N	�#	������,.���������������!"�����!�	'��(�,���
 

 
7 2005 Rodriguez-Barrios �!"�/" ,����������	�#	������,.�� HIV-1 RT �!�	'��(&�

���� Lys103Asn %��$��	�#	���+��!&>� NNRT ��>� nevirapine, efavirenz, �!" etravirine ��	��(
 

molecular dynamics simulations �!"��(
��������/ molecular docking ������������
*2>����%�� 

Rodriguez-Barrios '#�>������#%��$��	�#	���+��!&>� NNRT ��#���,.�� HIV-1 RT �����!�	

'��(&�!�!� ��)*��������,.�� HIV-1 RT ����'��(",��������"4�>�� side chains %�� Asn103 

�!" Tyr188 .�*��������'��("�
��",�>'#+����,.�� HIV-1 RT ������������ �������+��������	�
����

�����������������%�����,.�� HIV-1 RT �����
*��#�!",�>��#��#$��	�#	��� �����������'#�>�

2!%���������'��(",��������"4�>�� side chains %�� Asn103 �!" Tyr188 �
2!0>�$��	�#	����0>

!"����+��!&>� NNRTI �0�0>����� ��>� �������'��(",��������
��"�
2!���	���0>�������03�'

���	�#	���%��$�� etravirine �0>�"�
2!�	>�����0>�$��	�#	��� efavirenz �!" nevirapine  

 
7 2005 Mei �!"�/" ,������������#%��$��	�#	��� efavirenz ��#���,.�� HIV-1 RT 

�������������!"�����!�	'��(&� (K103N �!" Y181C) ���	�"�#
	#��(
 molecular fractionation with 

conjugate caps (MFCC) �!"'!������
*+��+������# (binding energy) �"4�>�� efavirenz ��#

���,.�� HIV-1 RT �����/���	�"�#
	#��(
 ab initio ,����> HF/3-21G, B3LYP/6-31G* and 
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MP2/6-31G* �����������'#�>� efavirenz ��#��#���,.�� HIV-1 RT ���������������	���0�����	�

�## strong electrostatic ��#����"���� Lys101 �!"����������0�����	��##�
��"�
������##

�>��+����,.���!�	'��(&����� K103N ���+4�������03�'���	�#	���%�� efavirenz !�!��!�����	 

$>�������#��#���,.���!�	'��(&����� Y181C �"!�!���>���� �0>�"������)*��������� steric 

�"4�>�� efavirenz �!"����"���� Glu698 .�*�N���'�*����0�����	�%�� efavirenz ��#����"���� 

Hid235 �!"!� steric ��# Glu698 �"+4��>� binding energy �
%���
�"��/ 4 kcal/mol  

 
7 2005 Chen �!"�/" ����� binding mode %�� 3',4'-di-O-(S)-camphanoyl-(+)-cis-

khellactone (DCK) analogs �
*��#��#���,.�� HIV-1 RT ��	��(
��������/ molecular docking 

�!" molecular dynamics simulation 2!�����������'#�>� DCK ����'��(",���������# NH 

%������"���� Lys101 %�����,.�� HIV-1 RT �!"�
'�0������4�)��$��	�#	������,.�� HIV-1 

RT �����)*� �������
�	��'#�>�����!�	'��(&�%�����,.���
*'##>�	$��4��#$��	�#	��� DCK  �)�

����!�	'��(&����� K103N �!"+�� SVM model +��������##$��	�#	���0��+4�>�!"�����	�>����

���03�'+����	�#	���$��4��#$��+��!&>� DCK .�*�'#�>�$��	�#	����
*����##��+4�>$����N	�#	���

���,.�� HIV-1 RT ,�� ��	�
�>� EC50 0*����>� 1.95 �M 

 
7 2005 Heeres �!"�/" ,������##$��	�#	�������+4�> $������"4��!"+����(
 molecular 

docking +����������$��'��(��"4�>������$�����!"������03�'+����	�#	������,.�� HIV-1 RT 

%��$��+��!&>� pyrazinones �����������'#�>�0���4�>��
* 4 %�� aniline ring �
��0���4�>��
*�


����$����^0>�������03�'%�� pyrazinones ��	��)*�0���4�>��
�Ǹ�����
*���	4�̀> methyl �"���+4�

�
������03�'�
%��� �0>��)*�4�̀>����
*�
���"0��%���!`���
� 4�)�4�̀> CF3 �"���+4�������03�'+�

���	�#	���!�!� �������
�	��'#�>��
���0�����	��## electrostatic ����%����"4�>��$��	�#	�����#

����"���� H235 �
*�>�	���+4�������03�'+����	�#	����
%��� 

 
7 2005 Ragno �!"�/" +����(
��� docking �!" GRID/GOLPE 3-D QSAR +���������

$�#�0��������$�����!"������03�'%��$��	�#	���+��!&>� indolyl aryl sulfones (IASs) .�*��
��

$���
*�
��(��$̀�+����	�#	������,.�� HIV-1 RT �����������������!"�����!�	'��(&� (Y181C, 

K103N-Y181C, K103R-V179D-P225H) ������0���
*,�������(
 docking ���,
+��+���(
 3-D QSAR 

��������'#�>��##���!���
*,����� 3-D QSAR �
����$����N+���������	�
*�
��	�
�>� r2 �!"�>� 

q2 �	`>+��>�� 0.79-0.93 �!" 0.59-0.84 0��!����# �!"	��'#�>��
'��(",��������
* NH %�� 2-car-

boxamide .�*��
��
�"�	���+����	�#	������,.�� HIV-1 RT 

 
7 2005 Weinzinger �!"�/" +����(
��������/ molecular docking ��������0�����	�%��

$��	�#	��� efavirenz �!"$����&'��(� �
*�
0>����,.�� HIV-1 RT ���������� geometry %��$��	�#	���

����4���
*,��,
����� molecular dynamics simulation �!"�����/�>� binding energy �����������

'#�>��>� binding energy �
*�����/,��$���!�����#�����!�� ��	�
�>� r2 ��>���# 0.865 �!"2!���
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������ molecular dynamics simulation '#�>� efavirenz �!"$����&'��(� ��#��#���,.�� HIV-1 

RT ��	����'��(",��������"4�>�� NH %�� efavirenz �!"���.�����"0��%������"���� Lys 

101 �
*�"	"
�"��/ 1.88 A� �������
�	������ electrostatic interaction ��#����"���� Lys 101 

�!" His 235  

 
7 2005 Martino �!"�/" ,��������$������"4��!"��$�#������03�'+����	�#	���

���,.�� HIV-1 RT %��$��	�#	��� 1-[2-(Diarylmethoxy)ethyl]-2-methyl-5-nitroimidazoles 

(DAMNIs) .�*��
��$��	�#	�������+4�>+��!&>� NNRTI �!"$����N�����(��	�#	������,.��,���
*

�"��#�����%��%�� submicromolar ��������!��'#�>���)*�����
* phenyl ring %�� 1-[2-

(diphenylmethoxy)ethyl]-2-methyl-5-nitroimidazole ���	 heterocyclic rings ��>� 2-thienyl or 3-

pyridinyl �"���+4��'�*�������03�'%�� DAMNIs �!"�����������/ molecular docking '#�>�

����$�����
*�
�� enantiomer %�� DAMNIs ,�>�
2!0>������#��#���,.�� �������
�	��'#�>�$��

	�#	����
*�
��$����&'��(�%�� DAMNIs �
��(��+����	�#	������,.�� HIV-1 RT �!�	'��(&����� 

K103N ,���
��>� efavirenz   

 
7 2005 Ranise �!"�/" ������$������"4�$��	�#	��� thiocarbamates (TCs) �')*��
��$��

	�#	�������+4�>+��!&>� NNRTI '�������������������������� structure-based ligand design ��	

��(
 molecular docking  �����������'#�>� TCs �
*�
4�̀>����
*0���4�>� para �"$����N	�#	���

���,.�� HIV-1 RT ������������,���
*�"��#�����%�� nanomolar (EC50 �	`>+��>�� 0.04-0.01 �M) 

��)*��
4�̀> methyl �
*����#��0���4�>��
* 4 %�� phthalimide �!"�
 nitro group �
*0���4�>� para %�� 

N-Ph ring �"���+4� TCs �
��(��+����	�#	���$̀�$&� (EC50 = 0.01 �M) �������
�	���>� selectivity 

indexes �
*�
�!",�>�
2!%�����
	� $����&'��(�#��0��%�� TCs $����N	�#	������,.�� HIV-1 RT 

�!�	'��(&����� Y181C �0>,�>$����N	�#	������,.���!�	'��(&����� K103R �!" K103N + Y181C 

��� docking model +4���������	������03�'�
*$���!�����#�����!��  

 
7 2006 Saparpakorn �!"�/" ,��+����(
��������/ molecular docking +��������##

���!�&!%��$����&'��(� nevirapine �
*�
���	3�'$̀�0>����	�#	������,.�� HIV-1 RT �����!�	

'��(&� (K103N �!" Y181C) ��	+���
����� GOLD �!" SILVER '#�>���� dock $��	�#	����%��

,
+� binding pocket %�����,.�����	�
����� GOLD +4��>� GoldScore $̀���>��
*�����/���

�
����� SILVER �!"'#�>�$����&'��(� nevirapine ����'��(",������� ��#����"���� N103 

4�)� C181 �!"�
�����������(
 quantum chemical calculations (QCCs) ��+��+���������/�>� 

interaction energies .�*�'#��(
 QCCs $����N�����+����#�`>��#��(
��������/ molecular docking 

,�� 
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���� 3 

�#�
��
��
���&�� 

 

1. �()%��*���+,�+�%�������&�� 

1.1 ���9�
��
�)���

�(  PCs (Pentium IV) 2.8  MHz 

1.2 ���9�
��
�)���

�(  High performance (SGI)  

1.3 ���9�
�)��)(  (Laser Printer) 

1.4 ���9�
�)��)(  (Color Printer) 

1.5 +��������������'���������
�
��  (Gaussian  98) 

1.6 +��������������'���+���������(+������� (Alchemy 2000, Hyperchem 

6.0 ��� Weblabviewer  3.0, ChemDraw, Sybyl, Autodock, GOLD ) 

1.7 +��������������'����4�
�  (SPSS  for   Windows  10.0) 

1.8 +�������	��!
�=� (WS-FTP) 

 

2. $���-"	��������!"#���%�����'.��$��'����
��/�+�%"(�� Efavirenz +�%����
��/�
���01�*%��2���!

 HIV-1  
 2.1  $���-"%�����'.��$��'����
��/�+�%"(��  Efavirenz +�%����
��/����01�*                     
%��2���!

 HIV-1  
 �������!
�=����+�����!������	�������
,�)�
����-���&	� efavirenz ������ 56   
�������
� +��������������	�����������
,�)-���������.��
��
�12�(�
/1
��–1 
(inhibitory activity) �
�
	����� 2 /��� �9
 /�����.����� (WT) ���/�������)��"&(
(K103N)+������&�
����.���������
��	�������
,�)-���������.��
�12�(/�����.����� �$���9
�
�������
������� 56 
��������	�������
,�)-���������.��
�12�(���4	�������.� 2 /�����>�
��&	��!
�=����-/!-�����$�%���.�)9�
����������������
�
	���
�+�����!��������-���������.�
�
�12�( (���
������� 1) �	�
�����
�� (dependent variable) �9
�	� log (1/C) +�� C �9
�	�
������!��!����#� (effective concentration) -�����@
�����2��(/��� MT-4 
	
 cytopathic 

effect �
��
�12�(4	������
/1
��1 1�! 90%  (90% inhibitory concentration, IC90)  

 

2.2 %�������!"#������	��������$��	��"%("'����
��/� 

+�����!�������
!��
� efavirenz  1�!����!
�=���� x-ray crystallography  �
� WT 

HIV-1 RT/ efavirenz complex (FK9) 
 �����.����
�&)��"(�
�efavirenz ������ 56 +����&� 

4=���!��+��-/!+������+���������(+�������� ALCHEMY2000 2$��+�����!����.�*����.��������
�����'����+�����!�������4�������&� (full geometrical optimization) +����"��
�
���/�+
   
(HF/3-21G)  
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H
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�

 

2.3 ����A����������!�����&�������� 

 2.3.1  ��#���������"��	<��
����
��>� (X-ray crystallography) ������

;"��
��
�����#��	������
�����#��$
 efavirenz �����	�%�&���'����##��*���+-1 (HIV-1 

RT/ efavirenz complex);�$
*	�""�$
�"�����*	�";+Z�+�������/�	Y& 

 2.3.2 
	�����������&��	9��&��*�	#	/{$	��	;�
���+���	!����
                

�����#��$ 
  e fav i r enz  <��
��� � 
 ���Z �!�		� ����������� �;�
<��
��� � 
��>���
                    

HIV-1 RT/efavirenz complex ;�$
*	�""�$
�"�����*	�";+Z�+�������/�	Y& ���	�������	�\<"�

��Y+;�
<���������&���&#�;���{�  �%�����/������  (AM1 ��� PM3) ��# ��	�*�<� (HF/3-21G ��� 

HF/6-31G**) �����Y+;`?�+�"	%�!+ 9�
*�	�	�  (B3LYP/6-311++G**)<"�<������ 

GAUSSIAN  �/{Z����+�#�;+�#<��
����
;+Z��'+��;+Z�O"��
�!�����Y+���;��������+�#�;+�#

������;+Z�"���#���������;"��
;�
 <��
����
��>� 

 2.3.3 ���<��
����
���Z�!�	��
 efavirenz ;+Z�"������� 9.1.1  ��/����\����

���#���+Z�	�O�/�	Y���
 �O��"�+"��� (dihedral angle) ;+Z����
	��## heterocyclic ring ��# 

side chain 
	���	;+Z���	���� CF3 ��� cyclopropyl <"���;�������{�� dihedral angle ;+Z�+ 

flexibility ���;+Z�O" �{� �O� � (O6-C14-C17-C19) ��� �O� � (C21-O6-C14-C15) ([�/;+Z 2) 

���$
�� 30 �
=��������	�\�## partial optimization <"����#+�#��Y+�%�����/������ (AM1��� 

PM3) �����Y+ ��#��	�*�<� (HF/3-21G) �/{Z�����
��	[�/ rotational potential  ������;+Z�"����

������	�\"�
�������	�����������Y�#��<��
����
��
��� efavirenz  ;+Z�����;+Z�O"�����	!�

������������
!����#��$
��#<��
����
��
��	�%�&
*�
	���=>�?��������/�	Y&������
<��
����


��������	![�/��
�����#��$
!���� 

 

 

 

 

 

 

 

 

 

��F'�3  2  <��
����
��
 efavirenz ����O��"�+"��� �  ��� � ;+Z


*�
	�����	[�//��

�	=���& 
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 2.4 ���)*�+� Molecular Docking  

   	��<��
����
;+Z��'+����
�����#��$

	��O������	O/�	Y& efavirenz ;+Z�"�������

���	�\��� 2.2  ��=>�?���	!�������������
�����#��$
���</�
�����# (binding pocket) ��


��	�%�&���'����##��*���+-1 ;�$
*	�""�$
�"�� (WT) ���*	�"����/�	YO& (K103N)"�����Y+ 

molecular docking <"�
*�<������ Autodock 3.0 
	�����!����	�
�����"��
!����
���

��#��$

	<��
����
��
��	�%�&;+Z�+/��

�	!Z�� ����"����/��

�	
	�����# (binding energy) 

������
�����#��$
���</�
�����# (binding pocket) ��
��	�%�& 

   2.5 %��5�%6�����������
*�#�����	��������%�
%�����'.��+�%��
��
��/�!

�����'� 

�������$�%��������)��"(��*�	��+�����!�����������
,�)-���������.���� 3D-

QSAR -�+�����!����.��-/!��"�����������*(�/������������������
�+����&� (Comparative 

Molecular Fields Analysis, CoMFA) �����"��������*(�������������/�������*�9
��/��+����&� 
(Comparative Similarity Index Analysis, CoMSIA) 2$����>���"��!�� Computer-Aided 

Molecular Design  

2.6  �������

������!�����#��5%��'�3��F�$�	'0	4�"��� 

;���������##<��
����
���!��
���;+Z�+�����;Y�[�/��
 <"�	�����������;+Z�"�

��������������&"�����Y+ molecular docking  %>Z
���	
�	;�
"��	 structure–based drug 

design  /����\�������#������;+Z�"�������=>�?��������/�	Y&������
<��
����
��������	!-

[�/
	�����#��$
 (QSAR) %>Z
���	
�	;�
"��	 ligand based drug design ;+Z�"�"���	�	���

�������/{Z�
*����	/{$	��	�����j;+Z*���
	�������##���#���+Z�	<��
����
!����#��$
���'���

�##��*���+ –1 
	��O�� efavirenz 
���+=���[�/��
�>$	
	�����#��$
��	�%�&���'����##              

��*���+-1 ;�$
*	�""�$
�"�� (WT) ���*	�"����/�	YO& (K103N) 

2.7 ��/F7( 
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'������� 1 +�����!���
��������
�-���&	� Efavirenz �����>���&	��
� Training set ���      
������
,�)-���������.��
�12�(���4	����� HIV-1 /�����.��������/�������)��"&( (K103N) 

6

5

N

Z

4

H

O

R CF3

X

H

H

 
log(1/C) 

Cpds No. X R Z 
WT K103N 

01 6-Cl CC-cyclopropyl O 8.77 7.19 

02 6-Cl CC-2-pyridyl O 8.27 5.96 

03 6-Cl CC-3-pyridyl O 8.40 6.94 

04 6-Cl CC-2-furanyl O 8.42 6.82 

05 6-Cl CC-3-furanyl O 8.42 6.49 

06 5,6-diF CC-3-pyridyl O 8.65 7.23 

07 6-F CC-3-furanyl O 8.60 6.43 

08 6-F CC-3-pyridyl O 8.59 6.48 

09 5,6-diF CC-3-furanyl O 8.49 6.55 

10 5,6-diF CC-2-thienyl O 8.65 6.81 

11 5,6-diF CC-3-thienyl O 8.63 6.86 

12 6-Cl OCH2CH2CH2CH3 O 7.99 6 

13 6-Cl OCH2CH2CH(CH3)2 O 8.00 6.54 

14 6-Cl OCH2CHCH(CH3)cis O 8.36 6.63 

15 6-Cl OCH2CHCH(CH3)tran O 8.25 6.39 

16 6-Cl OCH2CHC(CH3)3 O 8.57 7.08 

17 6-Cl OCH2CCCH3 O 8.50 6.51 

18 6-Cl OCH2CHCCl2 O 8.02 6.62 

19 6-F OCH2CHC(CH3)2 O 8.53 6.97 

20 6-F OCH2CHCH(CH3)tran O 8.05 5.94 

21 5,6-diF OCH2CHC(CH3)2 O 8.81 7.19 

22 5,6-diF OCH2CHCH2 O 8.19 5.79 

23 5,6-diF OCH2CHCCl2 O 8.20 6.74 

24 5,6-diF CC-ethyl NH 8.82 7.85 

25 5-F CC-cyclopropyl NH 8.85 7.05 
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log(1/C) 
Cpds No. X R Z 

WT K103N 

26 5-Cl,6-F CC-isopropyl NH 8.52 7.82 

27 5-Cl CC-cyclopropyl NH 8.60 7.2 

28 5,6-diF CC-cyclopropyl NH 8.68 7.89 

29 5,6-diF CC-isopropyl NH 8.68 7.85 

30 6-F CC-cyclopropyl NH 8.70 7.32 

31 5,6-diF CC-2-pyridyl NH 8.70 6.96 

32 6-F CC-ethyl NH 8.60 7.15 

33 5-Cl,6-F CC-cyclopropyl NH 8.57 7.74 

34 6-MeO CC-cyclopropyl NH 8.54 7.4 

35 6-F CC-2-pyridyl NH 8.30 6.32 

36 5-F,6-Cl CC-cyclopropyl NH 8.32 7.74 

37 5-Cl,6-F CC-2-pyridyl NH 8.64 7.14 

38 6-Cl CC-cyclopropyl NH 8.57 7.66 

39 6-MeO CC-isopropyl NH 8.42 7.25 

40 6-MeO CC-phenyl NH 8.49 6.55 

41 5,6-diF CC-phenyl NH 8.21 6.72 

42 6-F CC-phenyl NH 8.18 6.49 

43 6-Cl CC-2-pyridyl NH 8.47 6.8 

44 6-Cl CC-ethyl NH 8.48 7.59 

45 6-Cl CC-phenyl NH 8.15 6.6 

46 6-F CC-isopropyl NH 8.59 7.57 

47 5,6-diCl CC-cyclopropyl NH 8.10 7.74 

48 6-Cl CC-isopropyl NH 8.52 7.66 

49 6-MeO CC-2-pyridyl NH 8.09 6.47 

50 5-MeO,6-Cl CC-cyclopropyl NH 8.46 8.12 

51 5-MeO,6-Cl CC-phenyl NH 8.10 6.95 

52 5-MeO,6-Cl CC-3-pyridyl NH 8.15 6.86 

53 5-OH,6-Cl CC-cyclopropyl NH 8.44 7.55 

54 6-Cl CHCO-cyclopropyl NH 8.44 7.12 

55 6-Cl CHCO-phenyl NH 8.09 7.34 

56 6-Cl CHCO-3-pyridyl NH 8.34 7.12 
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���� 4 

7"%��5�%6� 

 

1. %���������,��	��"%("$�����8��*��,��$��'����
��/����01�*%��2���!

            
��, 0� �� –1 $�� ��� Efavirenz 

�����������'+�����!�������4�������&��
�
�������.����4	����� HIV-1 -���&	��
� 
efavirenz +����"����������
�
��+�����������"��2��
��)������ (semiempirical molecular 

orbital calculations) ��� �
� 
���/�+
 (ab-initio molecular orbital calculations) �)9�

�����������#����1�!���+�����!���
� efavirenz ���1�!���������
� +���&	�*��������*���"����
�����'���1�!#��������+�����!�����������&����-/!��������'����*���������&� �)9�
���������
�
+�����!�������4�������&���.�1��$�%�-���.�

�
	
1� +���A)��
�	����������$�%��������)��"(
��*�	��+�����!���
����
�&)��"(-���&	� efavirenz ���������
,�)-���������.��
�12�(���
4	����� HIV-1 ������

����+����&�
�������.�-*�	  

+���������������������������%��$����&'��(��
��������.��
*�$��������03�'$`�

�
*$&�+����	�#	������,.�����N>�	�##���,��
-1�������������!"�����!�	'��(&� (K103N) ��	����	

�"�#
	#��(
��������/#�')�����������
����0�� ,����> �"�#
	#��(
 AM1, PM3, HF/3-21G, 

HF/6-31G* �!" B3LYP/6-31G* +����$�����2�3�''!��������	�+�����$����0��!"$����0�  2!

�����������'#�>��2�3�''!��������	��
*,�������������/���	�"�#
	#��(
��������/%���$̀� 

$����N���+4��%��+�N���������������
*�
��,
,��%��$��	�#	����
��������.� �!" $����&'��(�                     

�
��������.� �!" �
�+4��4���>����!�&!%��$��	�#	����
��������.��!"$����&'��(��
����	)�4	&>�                  

+����!�&!$̀�.�*��"�$��#�#��$����^+����	�#	������,.�����N>�	�##���,��
-1 ����������������

�!"�����!�	'��(&�  
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��F'�3 4  ��	[�//��

�	=���&��
�����O	��
�O����9�����O��#!����
����	O/�	Y&                     

�+9������	%&;+Z��"
�����	![�/��
;+Z�O"
	�����#��$
��	�%�&���'����##��*���+-1*	�""�$
�"�� 

 

 
 

��F'�3 5  ��	[�//��

�	=���&��
�����O	��
�O����9�����O��#!����
����	O/�	Y&                     

�+9������	%&;+Z��"
�����	![�/��
;+Z�O"
	�����#��$
��	�%�&���'����##��*���+-1*	�"����

/�	YO& (K103N) 

 

2. ���)*�+� Molecular Docking  

,���������$�����
*������
��#�$N
	�%��$��	�#	����
��������.� �!"$����&'��(��
��������.� 

����������0�����	��"4�>��$����&'��(��
��������.� �!"�'�������#%�����,.�� HIV-1 RT ����

�������������!"�����!�	'��(&� (K103N) ��	��������/���!�`!����������� �����������'#�>����

�����/���!�`!������������
����$����N+���������	0���4�>����������0��%��$��	�#	����
��-                

������.�+��'�������#%�����,.�����N>�	�##���,��
-1 �����������������!"�����!�	'��(&�,��

$���!�����#2!�
*,�����������������$����2!���������.���	���	+4��>� RMSD ���	��>�                       
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1.0 ���$0���  ���������������/���!�`!���������������
�����4��"$��
*�"���,
+��+���������	

0���4�>� �!"���������0��%��$����&'��(��
��������.�+��'�������#%�����,.�����N>�	�##

���,��
-1 �
*	��,�>�
��������%���̀!�������$����2!���������.���	����>�� �!"2!�
*,��������

�����/���!�`!������������
�$����N�(�#�	N�����0�����	��
*$����^%��$��	�#	����
��������.� �!"$��

��&'��(��
��������.�+����	�#	������,.�����N>�	�##���,��
-1 �����������������!"�����!�	'��(&� 

(K103N) ,��  �������
�����$��'��(��"4�>�����0�����	��
*,�������������/���!�`!����������� 

�!"�>�������03�'+����	�#	����
*,����������!��$����N���+4��%��+�N�����0�����	��
*$����^%��

0��	�#	������,.�����N>�	�##���,��
-1     

 

 

 

 

 

 

 

 

 

 

 

 

(�) (%) 

��F'�3 6  ���%��	;�#��	9��&��*�Z	��
�����#��$
�+9������	%&;+Z�"�������"L����$
�����	9��&��*�Z	;+Z�"����

<��
����
��>� X-ray 
	</�
�����#��
��	�%�&���'����##��*���+-1 ;�$
*	�""�$
�"�� (�) ���*	�"����

/�	YO& (K103N) (�)  

 

 

(�) (%) 

��F'�3 7 ��	9��&��*�Z	��
�����#��$
�+9������	%&;+Z��"
�����	![�/��
;+Z�O"
	�����#��$
��	�%�&���'����##

��*���+-1*	�""�$
�"��
	</�
�����#��
��	�%�&���'����##��*���+-1 ;�$
*	�""�$
�"�� (�) ���*	�"  

����/�	YO& (K103N) (%) ;+Z�"�������"L����$
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(�) (%) 

��F'�3 8 ��	9��&��*�Z	��
�����#��$
�+9������	%&;+Z��"
�����	![�/��
;+Z�O"
	�����#��$
��	�%�&���'����##

��*���+-1*	�"����/�	YO& (K103N) 
	</�
�����#��
��	�%�&���'����##��*���+-1 ;�$
*	�""�$
�"�� (�) 

���*	�"����/�	YO& (K103N) (%) ;+Z�"�������"L����$
 

 

 

 

 

 

 

 

 

 

 

 

 

(�) (%) 

��F'�3 9 ���%��	;�#��
��	9��&��*�Z	��
����	O/�	Y&�+9������	%&���	�	 56 l��������# ;+Z�"�������  

"L����$

	</�
�����#��
��	�%�&���'����##��*���+-1;�$
*	�""�$
�"�� (�) ���*	�"����/�	YO&(K103N) (%) 
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3. %��5�%6�����������
*�#�����	��������!"#%�����'.��+��,�������'� 
(Three- dimensional quantitative structure activity relationship, 3D-QSAR) 

3.1 ��
�%��������#�*�,���)���
����
����$��	��"%("  
(Comparative Molecular Fields Analysis, CoMFA)  

���*���#�����$�%��
�B���.�������
��
��������
�
�������.������#�
	
�
�12�(���
4	����� 2 ����9
 
��
���������

��� ���
��
�������
����+
���

�� +������������
�
�
�B����������&�������
��	����������"�C�
�
��
"����-������������>�,�)�
�����(  
positive coefficient contour map *���4$�����)���
��
�������-�+�����!��+����&��)9�
�)���
���������4-���������.� ��� negative coefficient contour map *���4$� �����
��
�
������-�+�����!��+����&��)9�
�)������������4-���������.� -�����$�%���.������

��
�
�������
�+�����!��+����&� +�����!��-�+����&���.����������������
���
	
1���. Green 

coefficient contour map ����4$�����)���
��
������������

���-�+����&���/	���)���
���������4-���������.� Yellow coefficient contour map ����4$������
��
�������
�����

���-�+����&���/	���)������������4-���������.� Red coefficient contour map 

����4$�����)������������
���D�
�
�-�+����&���/	���)������������4-���������.� Blue 

coefficient contour map ����4$���������������
���D�
�
�+����&���/	���)���
���������4-���������.�  -����)����'��#�,�)�
�����(�
�B� (�=���� 10) 1�!����
�
+�����!���
��
�12�(���4	������
/1
��-1 �����'+)�����������������������.���)����'�
�)9�
��>��	��/	���)���������!�-�-��������
��
�������������

����+����&��
�
�������.�
�
�12�(�
�
�������.� �
/1
��-1 �����������
,�)�=�
	
1�  

 

 

 

 

 

 

 

 

 

 

 

 

 

(�) (�) 

4�"'�3 10 ��	[�/��	;���&;+Z�"�������=>�?�<"����#+�#��Y+ CoMFA ������
!����#��$
 efavirenz ��#

��	�%�&���'����##*	�""�$
�"�� (WT) (�) ���*	�"����/�	YO& (K103N) (�) 
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3.2 ��
�������#�*�)���
����
��,�������������,��	��"%("  
(Comparative Similarity Index Analysis, CoMSIA) 

#�����$�%��
��2����.�������
��
��������
�
�������.������#�
	
�
�12�(���4	��
��� 5 /����9
 
��
���������

��� 
��
�������
���D�+
���

�� 
��
�������1F+��+B��� 

��
����������-*!+��

����
��
�������������+��

� -�����
�������������$�%��
�B� 
�����4���������
��	����������"�C�
�
��
"����-������������>�,�) �
�����(  positive 

coefficient contour map *���4$�����)���
��
�������-�+�����!��+����&��)9�
�)���
���������4-���������.� ��� negative coefficient contour map *���4$� �����
��
�
������-�+�����!��+����&��)9�
�)������������4-���������.� -�����$�%���.������
                

��
��������
�+�����!��+����&� +�����!��-�+����&���.����������������
���
	
1���. 
Green coefficient contour map ����4$�����)���
��
������������

���-�+����&���/	��
�)������������4-���������.� Yellow coefficient contour map ����4$������
��
�������
�����

���-�+����&���/	���)������������4-���������.� Red coefficient contour map 

����4$�����)������������
���D�
�
�-�+����&���/	���)������������4-���������.� Blue 

coefficient contour map ����4$���������������
���D�
�
�+����&���/	���)���
���������4-���������.� Magenta coefficient contour map ����4$�����)���������>�
1F+��+B���-�+����&���/	���)������������4-���������.� White coefficient contour map 

����4$������������>�1F+��+B���-�+����&���/	���)������������4-���������.� Cyan 

coefficient contour map ����4$�����)������������4-����-*!+��

�-�+����&���/	��
�)������������4-���������.� Purple coefficient contour map ����4$���������������4
-����-*!+��

�-�+����&���/	���)������������4-���������.� Orange coefficient contour 

map ����4$�����)������������4-�������+��

�-�+����&���/	���)������������4-�
��������.� White coefficient contour map ����4$���������������4-�������+��

�-�
+����&���/	���)������������4-���������.� ��	[�/��	;���&����%+���
�	�� ��!���� 
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�12�(���4	������
/
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(�) (�) 

4�"'�3 11 ��	[�/��	;���&��!������� ������<!���!!�� ;+Z�"�������=>�?�<"����#+�#��Y+ CoMSIA ������
!��

��#��$
 efavirenz ��#��	�%�&���'����##*	�""�$
�"�� (WT) (�) ���*	�"����/�	YO& (K103N) (�) 

 

 

 

 

 

 

 

 

 

 

 

  

(�) (�) 

4�"'�3 12 ��	[�/��	;���&��<"�<9#�� ;+Z�"�������=>�?�<"����#+�#��Y+ CoMSIA ������
!����#��$
 efavirenz ��#

��	�%�&���'����##*	�""�$
�"�� (WT) (�) ���*	�"����/�	YO& (K103N) (�) 
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4�"'�3 13 ��	[�/��	;���&�	�����
��<��!�	��������#<��!�	;+Z�"�������=>�?�<"����#+�#��Y+ CoMSIA 

������
!����#��$
 efavirenz ��#��	�%�&���'����##*	�""�$
�"�� (WT) (�) ���*	�"����/�	YO& (K103N) (�) 

 

 

��9�
)����'��#�,�)�
�����(���1�!������$�%���� QSAR �&���"��	�����+)��1F+��              
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�
�������.����-/!-����
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�12�(���4	���������
�
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�
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������.�����
���!
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�=����������
��!�������������*�	����������.����
�
�12�( ���-*!�����4
"���������������
�
��
������������

������1F+��+B���-�
+�����!��
�������.����+)��1F+��+B��� �
��
�12�(2$������
��!�� amino acid residues 

+���A)��
�	������ ���
����*�	� Lysine 103 1�!��>�
�	���� �����9�
 amino acid -�
���*�	�
�����	�������������)��"&(��� Lysine ��>� Asparagine �$����-*!
��
�������-��	���
� steric   
electrostatic hydrophobic H-donor ��� H-acceptor  ��*�	�� 
�������.�����
�12�(-������'
��.�������1� ���
�����-*!
�������.�1�	�����4����������
,�)�����1�! 2$��#�����$�%���.
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�12�(
���4	������
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��-1 ���1�	���������)��"&( (WT) �������������)��"&( (K103N) 1�!+��
����$�%����+���������(+�������� 2$����>����+�/�(-����

������������.�-���&	�
�&)��"( 
efavirenz �������	���������
,�)�=��$.�-���������.�
	
�
�12�(���4	������
/1
��-1 ��������
����)��"&( (K103N) 
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��9�
)����'�#����1�!�������$�%���� structure-based drug design +��-/! 
molecular docking ����
����#����1�!�������$�%���� ligand-based drug design +��-/!
��"�   CoMFA  ��� CoMSIA ���-*!1�!+�����!������������
�
�������.�-���&	����
�&)��"(              

�B��������2( -���������.��
�12�(���4	������
/
��-1 /�����.��������/����������)��"&( 
(K103N) ��&�1�!���0�����
* 2  

 

�������	 2 +�����!������������
�
�������.�-���&	����
�&)��"(
�B��������2( -���������������
*�=	������-�
���*�	�
	��H-���������.��
�12�(���4	������
/1
��-1 /�����.��������/������
����)��"&( (K103N) 

6

5

N

Z

4

H

O

R CF3

X

H

H

 
 

 

��-�!����� %����
��/����01�*%��2���!


��,���-1 ,�����/����� 

%����
��/����01�*%��2���!


��,���-1 ,���%��%"�����
(* 

(K103N) 
C5       hydrophobic group steric, hydrophilic group 

C6 -The positive charge group 

- H-donor group 

- Hydrogen bond interaction 

 

-The negative charge group 

- Van der waal interaction 

 

R The bulky group,electron rich, 

hydrophobic group 

 

-The bulky group but not 

too large size 

-electron acceptor group 

 

Z - H-acceptor  group 

- electron rich group 

 

-H-donor group 

- H-� interaction 
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2$��#����1�!�������������*(��.�����4-/!��>��!
�=�)9.�G�����������-/!-�/�.������
�����������+�����!���
����
��-*�	-���&	� efavirenz �����������"�,�)�=�-���������.��
�12�(
���4	������
/1
��-1 /�����.��������/�������)��"&( (K103N) 1�!
	
1�   

 

4. %����%!

	��"%("$��'����
��/����01�*%��2���!

 HIV-1 +�%"(�������(���
*
��8��������1* 
 �������
����1�!�������$�%��������)��"(��*�	��+�����!�����������
,�)�!����"� 
COMFA ��� COMSIA �������	��/9�
49
-�����4�
� �����������"�,�)-�����������=� �$�
����	���>��������
���������4
"�����������)��"(��*�	��
��
"����+�����!�����          
������
,�)1�!��>�
�	���� �#�,�)�
�����(���1�!����������
������"� COMFA /�.-*!�*D�4$�
�����������
�
��
���������

��� ���
���D�+
���

���
�+����&������
	
������
,�) ���
#�����������
���"� COMSIA -*!�!
�=�����)���������!�-�-�����
!
�������������

��� 
����
���D�+
���

�� ����1F+��+B��� �����.����������4-����-*!������+��

��
�
�������
����-/!-�����������
�12�(���4	������
/1
��-1 

 ��9�
)����'��#�,�)�
�����(���1�!�������$�%��&���"��	����� Hydrophobic pocket 

2$����>������'�������
��
���������*�	����������.��
�12�()��	���>��!
�=����+�����!�����������
���/	��-����/�.���-����

����+����&�
�������.�-���&	�
�&)��"(
�B��������2(
��-*�	�����   
������
,�)�=�-���������.��
�12�(���4	������
/1
��-1+���A)��/�������)��"&( (K103N)  

 

 -����

����+����&�/���-*�	��.� ��������������)����'������������*�=	������

���*�	� X  R ��� Z �
��������
�
�B��������2(��� 46 ���
������� 1 (���������	�������
-

,�)-���������.��
�12�(���4	�����/�����.������=�����&�) +��
����*������+�����!��
��!����$� (Bioisosterism) ���-*!�����4

����+�����!��1�!*������ ,������$����$��

	�#	���0��+4�>+����	�#	������,.�����N>�	�##���,��
-1 ������������������ 33 ����$���� �!"

�����!�	'��(&������� 41 ����$���� ����$��+�0�����
* 3 �!"0�����
* 4 0��!����# �!"'#�>�

$����&'��(��
��������.� WT-D27 – WT-D33 +4��>�������03�' (Log (1/C)) �
*,����������/$`�$&�

+����	�#	������,.�����N>�	�##���,��
-1 ����������������$��+�0�����
* 3 �!"$����&'��(�            

�
��������.� MT-D02, MT-D04, MT-D05, MT-D09 – MT-D11, MT-D13, MT-D17, MT-D21, 

MT-D31, MT-D32, MT-D34 – MT-D39 �!" MT-D41 �$���>�������03�'�
*,����������/

$̀�$&�+����	�#	������,.�����N>�	�##���,��
-1 �����!�	'��(&� ����$��+�0�����
* 4 
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'������� 3  ����$�����!"�>�������03�'+����	�#	������,.�����N>�	�##���,��
-1 ������������       

�
*,�������������/%��$����&'��(��
��������.��
*,������##%�����+4�> 
 

Log (1/C) 
����
�����

������������ 
X R Z 

CoMFA CoMSIA 

WT-D01 5-F CC-cyclopropyl-R1-CH3 NH 8.71 8.57 

WT-D02 5-F CC-cyclopropyl-R2-CH3 NH 8.91 8.69 

WT-D03 5-F CC-cyclopropyl-R3-CH3 NH 8.44 8.63 

WT-D04 5-F CC-cyclopropyl-R4-CH3 NH 8.63 8.74 

WT-D05 5-F CC-cyclopropyl-R2-CH2CH3 NH 8.75 8.67 

WT-D06 5-F CC-cyclopropyl-R2-CH2OH NH 8.86 8.62 

WT-D07 5-F CC-cyclopropyl-R2-CH2CN NH 8.81 8.67 

WT-D08 5-F CC-cyclopropyl-R1-OH NH 8.78 8.81 

WT-D09 5-F CC-cyclopropyl-R2-OH NH 8.84 8.66 

WT-D10 5-F CC-cyclopropyl-R3-OH NH 8.72 8.92 

WT-D11 5-F CC-cyclopropyl-R4-OH NH 8.74 8.77 

WT-D12 5-F CC-cyclopropyl-R2-CH2OCH3 NH 8.87 8.54 

WT-D13 5-F CC-cyclopropyl-R2-Cl NH 8.92 8.73 

WT-D14 5-F CC-cyclopropyl-R2-F NH 8.86 8.74 

WT-D15 5-F CC-cyclopropyl-R2-CN NH 8.91 8.68 

WT-D16 5-OH CC-cyclopropyl NH 8.86 8.58 

WT-D17 5-CN CC-cyclopropyl NH 8.75 8.54 

WT-D18 5-CH3 CC-cyclopropyl NH 8.69 8.62 

WT-D19 5-OCH2F CC-cyclopropyl NH 8.81 8.66 

WT-D20 5-OCHF2 CC-cyclopropyl NH 8.81 8.64 

WT-D21 5-OCF3 CC-cyclopropyl NH 8.81 8.63 

WT-D22 5-OCH3 CC-cyclopropyl NH 8.82 8.58 

WT-D23 5-CH3 CC-cyclopropyl NH 8.74 8.64 

WT-D24 5-OH CC-cyclopropyl-R2-CH3 NH 8.91 8.59 

WT-D25 5-OCH2F CC-cyclopropyl-R2-CH3 NH 8.86 8.58 

WT-D26 5-OH CC-cyclopropyl-R2-Cl NH 8.92 8.62 

WT-D27 5-F CC-cyclopropyl-R2-CH3 O 9.09 8.87 
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WT-D28 5-F CC-cyclopropyl-R2-Cl  O 9.10 8.91 

WT-D29 5-F CC-cyclopropyl-R2-CN O 9.08 8.86 

WT-D30 5-F CC-cyclopropyl O 9.04 8.86 

WT-D31 5-OH CC-cyclopropyl-R2-CH3 O 9.09 8.77 

WT-D32 5-OH CC-cyclopropyl-R2-Cl O 9.10 8.80 

WT-D33 5-OH CC-cyclopropyl O 9.04 8.76 

 

'������� 4  ����$�����!"�>�������03�'+����	�#	������,.�����N>�	�##���,��
-1 ����                

�!�	'��(&�  (K103N) �
*,�������������/%��$����&'��(��
��������.��
*,������##%�����+4�> 

 

Log (1/C)  
����
�����

������������ 
X R Z 

CoMFA CoMSIA 

MT-D01 5-OMe, 6-Cl CC-cyclopropyl-R2-CH3 NH 8.19 8.06 

MT-D02 5-OMe, 6-Cl CC-cyclopropyl-R4-CH3 NH 8.29 8.04 

MT-D03 5-OMe, 6-Cl CC-cyclopropyl-R2-CH2CH3 NH 8.18 8.08 

MT-D04 5-OMe, 6-Cl CC-cyclopropyl-R4- CH2CH3 NH 8.25 8.04 

MT-D05 5-OMe, 6-Cl CC-cyclopropyl-R2,R4-CH3 NH 8.28 8.02 

MT-D06 5-OMe, 6-Cl CC-cyclopropyl-R2-OCH3 NH 8.17 7.81 

MT-D07 5-OMe, 6-Cl CC-cyclopropyl-R4-OCH3 NH 8.14 7.98 

MT-D08 5-OMe, 6-Cl CC-cyclopropyl-R2-Cl NH 8.19 8.06 

MT-D09 5-OMe, 6-Cl CC-cyclopropyl-R4-Cl NH 8.29 8.02 

MT-D10 5-OMe, 6-Cl CC-cyclopropyl-R2,R4-CH3, Cl NH 8.29 8.11 

MT-D11 5-OMe, 6-Cl CC-cyclopropyl-R4-CN NH 8.29 8.00 

MT-D12 5-OMe, 6-Cl CC-cyclopropyl-R2-CN NH 8.19 7.96 

MT-D13 5-OCH2F, 6-Cl CC-cyclopropyl NH 8.28 8.01 

MT-D14 5-OCHF2, 6-Cl CC-cyclopropyl NH 8.19 8.08 

MT-D15 5-OCF3, 6-Cl CC-cyclopropyl NH 8.19 8.08 

MT-D16 5-CH2CN, 6-Cl CC-cyclopropyl NH 8.09 7.09 

MT-D17 5-CH2CH3, 6-Cl CC-cyclopropyl NH 8.28 8.07 

MT-D18 5-CH2CH2F, 6-Cl CC-cyclopropyl NH 8.18 8.04 

MT-D19 5-CH2CHF2, 6-Cl CC-cyclopropyl NH 8.17 8.11 
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MT-D20 5-CH2CF3, 6-Cl CC-cyclopropyl NH 8.16 8.18 

MT-D21 5-CH3, 6-Cl CC-cyclopropyl NH 8.28 7.90 

MT-D22 5-CH2F, 6-Cl CC-cyclopropyl NH 8.05 7.86 

MT-D23 5-CHF2, 6-Cl CC-cyclopropyl NH 8.05 7.88 

MT-D24 5-CF3, 6-CH2 F CC-cyclopropyl NH 8.05 7.95 

MT-D25 5-OMe, 6-CN CC-cyclopropyl NH 8.20 7.92 

MT-D26 5-OMe, 6-CH3 CC-cyclopropyl NH 8.09 7.95 

MT-D27 5-OMe, 6-CH2F CC-cyclopropyl NH 8.09 7.87 

MT-D28 5-OMe, 6-CHF2 CC-cyclopropyl NH 8.09 7.90 

MT-D29 5-OMe, 6-CF3 CC-cyclopropyl NH 8.09 8.06 

MT-D30 5-OMe, 6-OH CC-cyclopropyl NH 8.06 7.78 

MT-D31 5-OCH2F, 6-CN CC-cyclopropyl-R4-CH3 NH 8.27 8.02 

MT-D32 5-CH2CH3, 6-CN CC-cyclopropyl-R4-CH3 NH 8.29 8.07 

MT-D33 5-CH3, 6-CN CC-cyclopropyl-R4-CH3 NH 8.09 7.91 

MT-D34 5-OCH2F, 6-Cl CC-cyclopropyl-R4-CH3 NH 8.28 8.07 

MT-D35 5-CH2CH3, 6-Cl CC-cyclopropyl-R4-CH3 NH 8.30 8.13 

MT-D36 5-CH3, 6-Cl CC-cyclopropyl-R4-CH3 NH 8.33 7.97 

MT-D37 5-OMe, 6-CN CC-cyclopropyl-R4-CH3 NH 8.28 7.99 

MT-D38 5-OCH2F, 6-CN CC-cyclopropyl-R4-Cl NH 8.28 7.99 

MT-D39 5-CH2CH3, 6-CN CC-cyclopropyl-R4-Cl NH 8.30 8.05 

MT-D40 5-CH3, 6-CN CC-cyclopropyl-R4-Cl NH 8.10 7.85 

MT-D41 5-OMe, 6-CN CC-cyclopropyl-R4-Cl NH 8.29 7.89 
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1�!�������$�%����� computer-aided molecular design ��	+��������������
����0��+�
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Understanding the interaction and the structure–activity correlation 

of HIV-1 RT inhibitors of efavirenz derivatives and WT and K103N 

HIV-1 RT using molecular docking, 3D-QSAR approaches and 

quantum chemical calculations 

Pornpan Pungpo1*, Auradee Punkvang1, Patchreenart Saparpakorn2 and

Supa Hannongbua2

1Faculty of Science, Ubonratchathani University, Ubonratchathani, Thailand, 34190 

2Faculty of Science, Kasetsart University, Bangkok, Thailand, 10900 

Molecular docking and 3D-QSAR analyses were performed to understand the 

interaction between a series of efavirenz derivatives with WT and K103N HIV-1 RT. 

To model the potential binding modes of efavirenz derivatives in the binding pocket 

of WT and K103N HIV-1 RT, molecular docking approaches by using GOLD and 

Autodock 3.05 programs were performed. The results show that the docking results 

obtained from both methods reveal a good ability to reproduce the X-ray bound 

conformation with rmsd less than 1.0 Å for both WT and mutant enzymes. The 

docking calculations of all efavirenz derivatives in the data set were, consecutively, 

performed to elucidate their orientations in the binding pockets. The results derived 

from docking analysis give additional information and further probes the inhibitor-

enzyme interactions. The correlation of the results obtained from docking models and 

the inhibitory activities validate each other and lead to better understanding of the 
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structural requirements for the activity. Therefore, these results are informative to 

improve the development of more efficient HIV-1 RT inhibitors, especially, active 

against mutant enzyme. Based on the molecular alignment of conformations obtained 

from molecular docking procedures, the high predictive 3D-QSAR models were 

produced by using CoMFA and CoMSIA approaches. The CoMFA models reveal the 

importance of steric and electrostatic interactions through contour maps. The resulting 

CoMSIA models enhance the understanding of steric, electrostatic, hydrophobic, 

electron donor and acceptor requirements for ligands binding to the K103N HIV-1 

RT.  Moreover, quantum chemical calculations were carried out to analyze the 

interaction energies of the selected inhibitors with the individual amino acids in the 

binding pocket. The obtained results show the important interactions of inhibitors 

with the enzyme at the residue level. Consequently, the results obtained from 

structure-based, ligand-based design approaches and quantum chemical calculations 

can be integrated to identify the structural requirements of HIV-1 RT inhibitors in the 

class of efavirenz compounds. The principle derived from the present study provides a 

gainful guideline to design and predict new and more potent compounds active 

against WT and K103N HIV-1 RT.

INTRODUCTION

Human immunodeficiency virus type-1 (HIV-1) is the primary etiological agent of the 

Acquired Immune Deficiency Syndrome (AIDS). HIV-1 reverse transcriptase (RT) 

plays an essential role for virus replication from single-stranded RNA viral genome 

into a double-stranded proviral DNA. As RT is virus specific and acting before viral 

integration into the host chromosome, it is an attractive target for several antiviral 
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therapeutic agents used for current anti-HIV therapy. Over the past decade, numerous 

HIV-1 RT inhibitors have been developed and classified into two major classes [1,2]. 

The nucleoside RT inhibitors (NRTI) such as AZT, ddC and ddI have been widely 

used to treat AIDS patients.  NRTI are attractive drug candidates in that their binding 

site is unique to HIV-1 RT. Thus these derivatives are high cellular toxicity and 

several side effects result from the disruption of normal DNA polymerase activity. 

The other class of HIV-1 RT inhibitors is the non-nucleosides RT inhibitors (NNRTI). 

NNRTI are highly specific for HIV-1 RT by binding an allosteric site in a 

noncompetitive manner with respect to the substrate and displacing the polymerase 

active site catalytic residues [3]. The NNRTI have been classified into first and 

second generation NNRTI. The first generation NNRTI such as HEPT, TIBO and 

dipyridodiazepinone or nevirapine [4] are much less toxic than the NRTI.  However, a 

serious problem with the NNRTI is the emergence of drug-resistant variants of HIV-

1, both in cell culture and in patients, leading to the decreased therapeutic efficacy of 

NNRTI [5,6]. The primary cause of this viral resistance to NNRTI is the mutation of 

the enzyme, which changes the shape of the pocket, where most of the reported 

NNRTI are bound [7]. A Common features among these are mutations of Y181C, 

Y188C and K103N which confer some degree of resistance to all of the NNRTI [8,9]. 

In clinical trials and therapeutic use of NNRTI, the most commonly observed 

mutation within RT is K103N [10]. Therefore, the second generation NNRTI such as 

efavirenz, carboxanilides, and quinoxalines is identified and discovered for high 

binding affinity in both the absence and presence of specific mutations. The second 

generation NNRTI have a more favorable resistance profile, showing small losses of 

activity against many common drug-resistance mutation. 
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Efavirenz, (-)-6-chloro-4-cyclopropylethynyl-4-trifluoromethyl-1,4-dihydro-

2H-3,1-benzoxazin-2-one,  is one of 20 anti-HIV drugs approved for clinical use [11]. 

Although HIV-1 infection is generally well controlled by efavirenz-containing

regimens, one of the difficulties encountered clinically during antiviral therapy has 

been the emergence of resistance mutant viral forms. 90% of patients who have 

rebounded after efavirenz-inclusive HAART possess the K103N mutation [12]. Like 

other NNRTI, the K103N mutation is the most frequent mutation observed within RT 

resulting from the therapeutic interventions involving NNRTI [13-15]. Since the 

current available drug could not cover enough to completely eradicate HIV within the 

AIDS patients, to provide the optimum chemical benefit, the inhibitor-enzyme 

interactions and the structure–activity correlation of efavirenz derivatives and the WT 

and K103N HIV-1 RT are necessary to identify. 

There is considerable interest in SAR investigations of efavirenz derivatives 

[16-24]. Moreover, the X-ray crystallographic structures of efavirenz in complex with 

both wild-type and K103N HIV-1 RT were determined leading to an understanding of 

some structural factors that confer resilience to drug-resistance mutation [25-26]. 

Molecular modeling and computer-aided molecular design approaches have been 

applied to develop informative models for rational drug design. A review about the 

structural information and drug–enzyme interaction of the NNRTI based on 

computational chemistry approaches has been recently reported [27]. Moreover, the 

activity prediction of efavirenz analogues with the K103N RT was examined by 

MC/ELR calculations identifying controlling factors for binding with K103N mutant 

[28]. The effect of the K103N mutation of HIV-1 RT on the activity of efavirenz 

analogues was studied via MC/FEP calculations. The relative fold resistance energies 
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indicate that efavirenz binds to K103N RT in a manner similar to the wild-type 

enzyme. The improved performance of the quinazolinones against the mutant enzyme 

is attributed to formation of a more optimal hydrogen-bonding network with bridging 

water molecules between the ligands and E138 [29]. A series of targeted MD 

simulations were studied on the effect that the common K103N mutation in HIV-1 

reverse transcriptase has on the binding of NNRTI, including efavirenz [30]. The 

obtained results suggest that resilience to the insidious effects of the irksome K103N 

mutation can be attained by designing ligands that are able to disrupt the N103 – 

Y188 interaction. Molecular mechanics PBSA ligand binding energy and interaction 

of efavirenz derivatives with HIV-1 RT were studied based on molecular docking and 

MD simulations [31]. The results indicate that the tight association of the ligand to the 

HIV-1 RT binding pocket was based on hydrogen bonding between efavirenz's                  

N1 and the oxygen of backbone of K101. Moreover, electrostatic interaction was 

mainly contributed by two amino acid residues in the binding site; K101 and H235. 

The hypothetical 3D pharmacophore model for NNRTI was developed by using a 

combined ligand- and structure-based molecular modeling approach [32]. The 

obtained information leads to the design and synthesis a new potential class of 

NNRTI.  

As the X-ray crystallographic data of HIV-1 RT complexed with NNRTI are 

available, it is possible to apply structure-based drug design techniques using 

molecular docking calculations to predict the potential binding mode of ligand in a 

receptor binding site and also yield important information for other ligands binding to 

the same target [27,33-41]. The docking analysis provides additional structural 

information and further probes the interactions of inhibitors and the HIV-1 RT 
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binding site. Three dimensional quantitative structure-activity relationship                      

(3D-QSAR) method by using comparative molecular field analysis (CoMFA) [42] and 

comparative molecular similarity indices analysis (CoMSIA) [43] are highly active 

areas of research in drug design. A number of QSAR studies were reported to identify 

important structural features responsible for the inhibition by NNRTI [27,37,38,            

44-49]. As the molecular alignment is a crucial step to a successful 3D-QSAR model 

by CoMFA and CoMSIA, the alignment scheme generated from the docking study 

shows a promising molecular alignment producing reliable QSAR models for the 

NNRTI [38, 50-52].  

Recently, quantum chemical calculations were successfully used to calculate 

the interaction energies and the binding energies of the NNRTI, such as TIBO and  

nevirapine derivatives, in the HIV-1 RT binding pocket. These results reveal the 

effects of surrounding amino acid residues to the NNRTI [53, 54]. Based on the 

B3LYP/6-31G(d,p) and ONIOM2 methods, particular interaction between efavirenz 

and the HIV-1 RT binding site was investigated. The stability of this complex system 

indicates that hydrogen bond interactions play an important role in the bound 

efavirenz/HIV-1 RT complex [55]. The calculated interaction energies using                 

MP2/6-31G(d,p) level of theory could confirm the new designed nevirapine 

derivatives having the hydrogen bond interaction either N103 or C181 amino acid 

residues [36]. The results are in agreement with the previous study reported that 

density functional method can not handle for the H-� interaction calculation, whereas 

MP2 method of calculations has taken into account the H-� interaction [54] .  

In the present study, structure-based drug design approaches using molecular 

docking calculations were performed to explore the potential binding mode of 
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efavirenze derivatives in the WT and K103N binding pockets and to elucidate the 

inhibitor-enzyme interaction of the inhibitors in the corresponding binding sites. 

Then, the binding conformations obtained from docking calculations were subjected 

to 3D-QSAR studies by using CoMFA and CoMSIA approaches to determine the 

different structural requirements for the WT and K103N inhibition activities. 

Additionally, quantum chemical calculations were carried out to calculate the 

interaction energies of selected inhibitors with the individual amino acid residues in 

the binding pockets.  

METHODS OF CALCULATION

Biological data 

The chemical structures of various efavirenz derivatives and their inhibitory 

activities against both wild type (WT RT) and mutant type (K103N) are reported [19, 

20, 22]. All presented biological data are from the same laboratory and were 

estimated under the same experimental conditions. The potency has been defined as 

log (1/C), where C is the ability of efavirenz derivatives to inhibit wild-type and 

K103N RF strain of HIV-1 (IC90) [56]. In the present analysis, 56 efavirenz 

derivatives were separated into two groups; 49 compounds served as the training set 

and 7 compounds serve as the test set, sampling from structurally diverse molecules 

possessing various range of logarithm unit of activities, reported in Table 1.  
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Molecular modeling

As the availability of enzyme-inhibitor complexes (pdb codes 1fk9 and 1fko 

for the efavirenz/WT HIV-1 RT complex and the efavirenz/K103N HIV-1 RT 

complex, respectively), the starting geometries of efavirenz structures are obtained 

from the crystallographic structures [25]. All efavirenz derivatives were constructed 

and modified by ALCHEMY 2000 program [57]. Then, full geometry optimization, 

based on ab-initio molecular orbital method at the HF/3-21G level of theory, of all 

structures was carried out. The calculations were performed by the GAUSSIAN 03 

program [58]. Partial atomic charges required for the calculations of the electrostatic 

interactions were then derived. 

Docking Study 

To investigate the potential binding modes of efavirenz derivatives, all 

derivatives were docked to WT (pdb code 1fk9) and K103N (pdb code 1fko) HIV-1 

RT by using docking programs. Two docking programs, GOLD [59] and Autodock 

3.05 [60], were applied to determine the ability of these programs for reproducing the 

efavirenz’s X-ray orientation in its binding pocket for the efavirenz/RT complexes of 

WT and K103N mutation. GOLD (Genetic Optimization for Ligand Docking) is a 

docking method using a genetic algorithm (GA) for docking flexible ligands into 

protein binding sites. In this study, GA parameters were set to 7-8 times speed-up 

setting. The number of chromosome in each population and the number of operation 

were set to 100 and 10,000, respectively. Docked conformation which is the highest 

GoldScore was selected. Autodock 3.05 keeps the macromolecule rigid, while allows 

torsional flexibility for the ligand. Docking ligand to macromolecule was carried out 
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using Lamarckian Genetic Algorithm (LGA), with an initial population of 50 

randomly placed individuals. Fifty independent docking runs were carried out for 

each ligand. Docked conformation represented the lowest final docked energy was 

selected. The root-mean-square deviation (rmsd) of the top-scored pose from the                

X-ray pose was used to determine the validation of the docking methods.  

Molecular Alignment and CoMFA and CoMSIA set up 

The alignment rule, i.e., the positioning of the molecular structure within a 

fixed lattice, is the key to successfully set up CoMFA and CoMSIA models. For these 

reasons, in the present study, the molecular alignments derived from the molecular 

docking procedures were used to construct CoMFA and CoMSIA models.  

To obtain CoMFA and CoMSIA descriptors fields, a three dimensional cubic 

lattice, with 2 Å grid spacing, was generated automatically around these molecules 

and it was ensured that the grid extended the molecular dimensions by 4.0 Å in all 

directions, performed by Sybyl 7.0 [61]. CoMFA descriptors were computed using a 

sp3 carbon atom with +1 charge (default probe atom in Sybyl), served as the probe 

atom to generate steric (Lennard–Jones 6-12 potential) field energies and electrostatic 

(Coulombic potential) fields. The probe atom was placed at each lattice point and 

their steric and electrostatic interactions with each atom in the molecule were all 

calculated with CoMFA standard scaling and then compiled in a CoMFA QSAR 

table. The energy cutoff values of 30 kcal/mol were selected for both electrostatic and 

steric fields.  
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CoMSIA similarity index descriptors were derived with the same lattice box as 

used for the CoMFA calculations, with a grid spacing of 2 Å using a common C probe 

atom of 1 Å radius, as well as a charge. CoMSIA similarity indices (AF.K) for a 

molecule j with atoms i at a grid point are calculated according to the following 

equation; 

 

 

Five physicochemical properties k (steric, electrostatic, hydrophobic, hydrogen 

bond donor and hydrogen bond acceptor) were evaluated using the probe atom. A 

Gaussian-type distance was used between the grid point q and atom i of the molecule. 

The default value of 0.3 was used as the attenuation factor (�). In CoMSIA, the steric 

indices are related to the third power of the atomic radii, the electrostatic descriptors 

are derived from atomic partial charges, the hydrophobic fields are derived from 

atom-based parameters [62]. and the hydrogen donor and acceptor indices are 

obtained by the rule-based method derived from the experimental values [63]. 

 The CoMFA and CoMSIA descriptors were used as independent variables and 

log (1/C) values were used as dependent variables to derive the 3D QSAR model. 

Partial least square technique (PLS) was employed to derive a linear relationship and 

cross-validation was performed using the leave-one-out method with a 2.0 kcal/mol 

column filter to minimize the influence of the noisy columns. The analyses were 

carried out with a maximum of six components, and subsequently, using the number 

of component (noc) at which the difference in the r2
cv value to the next one was less 
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than 0.05 [64]. Consequently, a non cross-validated analysis was performed using the 

optimal number of components previously identified and was then employed to 

analyze the results. 

Predictive ability 

Q2 or r2
cv values were used to evaluate the overall predictive ability of the 

model. r2
cv is calculated according to the following equation;  

r2
cv = (SSY - PRESS)/SSY 

where SSY represents the variance of the biological activities of molecule around the 

mean value and PRESS is the prediction error sum of squares derived from the             

leave-one-out method. The uncertainty of the prediction is defined as; 

SPRESS =  [PRESS/(n-k-1)]1/2 

where k is the number of variables in the model and n is the number of compounds 

used in the study. 

Interaction Energy Calculations 

For clearly elucidate the interaction of efavirenz derivatives in the binding 

pocket, the individual interaction between some derivatives and the surrounding 

amino acid in the WT and K103N binding pocket are investigated by using quantum 

chemical calculations. In this study, X-ray structure of efavirenz, docked 

conformation of efavirenz (compound 01), compounds which have the highest and 

less activity against WT RT (compounds 25 and 12), and compounds which have the 

highest and the less activity against K103N RT (compounds 50 and 22) are selected to 
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calculate their interaction energies formed with the surrounding amino acids in the 

WT and K103N binding pocket. The geometries of the 14 amino acids surrounding 

within 6 Å from efavirenz are taken from the protein structures, which are starting 

geometries for docking. Each amino acid is terminated with hydrogen atoms. 

Compound with each amino acid are then performed single point calculation at 

B3LYP/6-31G(d) and MP2/6-31G(d) levels of theory by using Gaussian03 program. 

The interaction energy (INT) of the compound with each amino acid is defined as 

follows: 

INT = E(compound + each amino acid) – [ E(compound)  + E(each amino acid) ] 

Where E(compound + each amino acid) is the energy of the complex structure between  

compound and each amino acid. E(compound) and E(each amino acid) are the energies of 

compound and each amino acid, respectively.  

RESULTS AND DISCUSSION 

Docking analysis 

Validation of the docking method 

Two docking methods, GOLD and Autodock, were applied to dock the efavirenz 

compound back into the WT and K103N HIV-1 RT binding pockets. The rmsd values 

of the docked posed from the X-ray pose of efavirenz obtained from GOLD method 

are 0.94 Å and 1.0 Å for WT and K103N RT binding pocket, respectively. Based on 

Autodock results, the rmsd values are 0.35 Å and 0.53 Å for WT and K103N RT 

binding pocket, respectively, reported in Table 2. The results show that both methods 

reveal a good ability to reproduce the X-ray bound conformation with rmsd less than 
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1.0 Å for both WT and mutant enzymes. The binding mode of the docked efavirenz 

shows a very similar interaction with the X-ray crystallographic structure, depicted in 

Figure 1.  Therefore, GOLD and Autodock programs with the used parameters could 

be extended to search and evaluate the binding conformations of efavirenz derivatives 

in the corresponding binding pockets.  

Docking analysis of efavirenz derivatives in the binding pocket. 

To evaluate the binding orientation of efavirenz derivatives in the WT and K103N 

HIV-1 RT binding pocket, 56 efavirenz compounds, shown in Table 1, were docked 

into the binding pocket using GOLD and Autodock methods. The docked orientations  

of all efavirenz derivatives are laid to be similarly butterfly like shape as the efavirenz 

compound in the corresponding binding pocket, as shown in Figure 2. It shows that 

the common ring structures of all derivatives were well superimposed each other. To 

elucidate the potential binding mode of compounds in the binding pocket relating to 

their inhibitory activities, the docked results of highest and less active compounds  

against both WT and K103 N HIV-1 RT were considered. Comparing with the X-ray 

pose orientation of efavirenz, the docked conformations of compounds 25 and 12,         

the highest and less active compounds against WT HIV-1 RT, respectively,                    

are depicted in Figure 3. The docked conformations of compound 25 produced from 

both docking methods show similar orientation in the WT binding pocket. The 

conformations could form the hydrophobic interaction between the cyclopropyl group 

and the hydrophobic pocket of Y181, Y188 and W229, whereas the bulky alkoxy 

group of compound 12 may lead to conflict with these amino acids. The hydrogen 

bond between 6-H position of the benzoxazin-2-one ring with carbonyl group of 
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backbone H235 could be possibly formed, instead of the Van der waals interaction of 

6-Cl in efavirenz. Moreover, there is possibility for the Van der waals interaction 

between 5-F of the ring and V106. This may explain why compounds 25 and 12 

shows higher potency and less potency against WT HIV-1 RT comparing with 

efavirenz compound, respectively. Figure 4 shows the docked conformation of 

compound 25 in the K103N HIV-1 RT. The conformation reveals that the 

intermolecular hydrogen bond of hydrogen atom with H235 was eliminated. 

Moreover, the hydrophobic interaction between the cyclopropyl group with the Y181, 

Y188 and W229 was lost. This information obtained from docking conformations is 

in agreement with the experimental results that compound 25, showing the highest 

potency for WT HIV-1 RT inhibition, has diminished activity against K103N HIV-1 

RT. 

The docked conformations of compounds 50 and 22, the highest and less 

active compounds against K103N HIV-1 RT, were further analyzed. The docked 

conformations obtained from GOLD and Autodock methods comparing with the           

X-ray pose orientation of efavirenz are shown in Figure 5. Numerous favorable 

interactions found for compound 50 are described as follows. The Van der waals 

interaction could be formed between methoxy group substituted at C5 position of the 

benzoxazin-2-one ring and the sidechain of L234, F227 and Y188. There are 

additional Van der waals interaction between 6-Cl and the sidechain of L234, V106. 

The hydrophobic interaction between the cyclopropyl group with the aromatic 

sidechain of Y188 and W229 could be formed. It is interesting to note that the 

hydrogen atom attached to the nitrogen atom on the Z substituent could increase 

hydrogen-pi (H-�) interaction with the aromatic sidechain of Y181, whereas 
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compound 22 and efavirenz could not be found these interactions. Moreover, 

compound 22 with smaller substituents made the loss of the hydrophobic interactions 

with the aromatic ring of W229. These results may explain why compound 50 shows 

the highest activity and compound 22 has less inhibitory activity against K103N                

HIV-1 RT. It is interesting to note that, for compound 50, the docked conformation in 

the WT binding reveals the possibility of the hydrogen bond formation. The Van der 

waals interactions could be also found. Although the H-� interaction was eliminated 

in the pocket, the cyclopropyl group could match more to the hydrophobic pocket of 

Y188, W229 and Y181 in the WT binding pocket as show in Figure 6. This may be 

the reason that compound 50 shows excellent inhibition against both WT and K103N 

HIV-1 RT.  

Molecular docking approaches successfully prove as powerful tools to 

determine the potential binding mode and to elucidate inhibitor-enzyme interactions 

of efavirenz compound and its derivatives in the HIV-1 RT binding pocket. The 

important interactions of efavirenez derivative active against the WT and K103N 

HIV-1 RT can be drawn as follows. With respect to the WT HIV-1 inhibition, the 

hydrogen bond between the polar atom (H and oxygen carbonyl) on benzoxazin-2-one 

ring with the main sidechains of H235, K101 and P236 are favorable to enhance the 

inhibitory activity. In particular, the additional hydrogen bond at 6-substituent 

position seems to be important to active against HIV-1 RT. Another important 

interaction of WT HIV-1 RT inhibitors is the hydrophobic interaction between the               

R substituent attached to C4 on benzoxazin-2-one ring with the side chains of Y181, 

T188 and W229. It should be noted that regarding the K103N HIV-1 RT, the 

hydrogen-� interaction of the NH group on Z position with the aromatic side chain of 


