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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
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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 A 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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UNWI

1. anudduaziianvasiitiansdse

Iuﬂ%ﬁgﬁuﬂﬂiLLWiizi_l’]@wE]dI‘JﬂLE]@ﬁ (Acquired immunodeficiency syndrome,
AIDS) Lﬂuﬁﬁoluﬂqmﬁﬁ%wﬁ@aﬂwﬁwaommsmqmﬁﬂamwﬁzﬂuﬂs:mﬂ"lmsJ
Hasandaluforfialafisansaldlumssnelsaeadldmonald lsaeadiiaan
msaatalhimarled (Human immunodeficiency virus, HIV) lwasasdiavaslaia HIV &
wlsdwanssfiafadylunsdsdia wewlodnsdouuuerled-1 (HIV-1 Reverse
Transcriptase, HIV-1 RT) 1Junilaluonloigdniitiolunmsiraasuuy (replication) lu
4@%N1359% viral RNA genome 1411115 proviral DNA Fevinlwiewladafiaiiiiu
Whwinsdadalunsld erdneuiedulsaead ms%’ﬂmluﬁagﬁummmﬁ'u:‘T’oms
LﬁtyLauimmaoL%avlu%'amﬁ@f?l,éﬂ@mlﬁaﬁiﬁugaluﬂgu 2', 3’ dideoxynucleoside LT 3"
azido-2’,3"-dideoxy thymidine (AZT) lug1l U“?'iLﬂuIiﬂLamﬁLLazﬁjﬁa@L%@Lamﬁ? aeng e
munuhdsriaiausnduginseiuiulaseatoeadldluszaunile iesnlu
Jagdunuinliaiesled-1 Bufignidiunin (resistance) dasn AZT Bnvafad
HadhaLAsadaie sawiningmandlaaaduisansioninunnunswanssiaid
ﬂavl,ﬂﬂ’liaaﬂfm%fﬁu@ﬂﬁi’mﬁ]’m AZT wudﬂmiﬂizﬂaﬂumjw nonnucleoside reverse
transcriptase inhibitors (NNRTIs) L% 1-[(2-Hydroxyethoxy)-methyl]-6-
(phenylthio)thymine (HEPT), tetrahydroimidazo [4,5,1-jk]benzodiazepine-2(1H)-thione
(T1IBO %30 ﬁI‘LI) ILee dipyridodiazepinone %30 nevirapine ‘%dﬁ&lﬂiﬁ ﬁﬁ{l"i_lgx‘ll,auvlﬁﬁﬁ
MITBRULLET b83-1 NYuLLIN (the first generation NNRTIs) Lﬂuﬂﬁjwﬁmaﬁlamﬂ
ilesanituiuanw (activity) AEUss WAz (specific) da HIV-1 RT laglifinasussde
HIV-2 v HIV 1iiadn Tasianizotnebednuduanindu s laiaanududuednislainls
\anathdssdarile dnalnlumssurvienladfidunis allosteric  site 37l
selectivity @iau%dqﬂ@mzvlajﬁwa@ia DNA polymerase 2adtaaunddsdanutdune
Aoudnge é’afumﬂumﬁu NNRTI %oLﬂumsﬁgﬂmml“ﬁ’[umﬁnm;&”ﬂqm”mﬁ'u AZT
38089 nevirapine 1H%aNT dausnlungy NNRTI Alesunissusaslianldlunms
nmdtholsaead laslglunmsdnsgdieiinny o1 AZT  adslsfianadedninmn
°11aomﬂ%mlumjuf‘fné’ua@aamnLﬁﬂd%ﬁﬂﬂ@ﬁﬂﬂﬂiﬁwuﬂwuswmaa"h%’a (drug
resistance) ‘?'iLﬁ@"fuazh<m@1L%Wﬁ'\amﬂﬂ'ﬁ"l,ﬁ%'ums%'ﬂmﬁ'swﬂumﬁu NNRTI lalszae
Wike Al hsaifanInaiowug (mutation)agssrainasanlaiunsinmeinlu
nga NNRTI lulsznzniie msnmUﬁuflﬂuwaLﬁaammﬁ@msm‘é"wuﬂawammazﬂuﬁ

a%ié”ama'u binding pocket TIHINADENININADNITURAINUNUANINVBILN LaLanIz



au’n@amiﬂmﬂﬁuﬁ?‘naamma:ﬂuﬁnmiwn%’uﬁﬁﬁLmula Tyr181 Tyr 188 Uaz Lys103
MR e anTa w0981 siatanadatindsiasy  39badanuneneulnn1INaI w67
. 2 . L4 . .
dussewlominmytiouuuiesled-1 ndufigesuanlni (the second generation NNRTIs)
lasasdudalunguitiilasiairontionubontu (resilience) datawlminmstnauuuile
NABWUT (Y181C, Y188C waz K103N) ldunnniransdudslunguusn Jevldaaduss
Iuﬂajuﬁuamﬁ'wﬁ'umwlunwﬂ'uﬂ'ﬁgd@ial,auvlsﬁﬁ AMIENUBLUNITHANILAN LR
mﬁ@ﬂamﬁuf LT aﬁmgﬁuﬂumjmaa efavirenz mju carboxanilides  U&e ﬂ@:&l
quinoxaline  lasiawizatidiasUsznaulungy efavirenz lumsdudsnignianlgluy
ms%'ﬂm;jﬂ’mkma@ﬂ@Umsﬂ'usTa’LuﬂQuﬁuamﬁ'uﬁu@mwgaﬁaLauvleﬁﬁ“zjﬁﬂé‘uau
(WT) uazsfianaiowug (K103N) ﬂ’]‘s%‘ﬂmluﬁﬁ]qﬂ'u"lﬁwmmmt.ﬁ”ﬂtgmmiﬁmmum
v A a £ ' = o Aa a a Vo o o
maavhm“nm@muam<m@1LSQI@ﬂmﬂmmmﬂimmmwgmmUnqmmﬂuhmﬁﬂm
(The highly active anti-retroviral therapy, HAART) tiNaNaz#anLagItamInI @ nnen
o o A A o &
maamﬂqwumawmﬂ?jmm@mm (monotherapy) l4n33n11l5aLanE
Efavirenz Lﬂumisﬁ'uifﬂuﬂa;u second generation NNRTI nlasunssusesld
ﬁﬂmlﬁumﬁnmﬁﬂa ﬁiima@ﬂﬂumﬁ'ﬂmgﬂa alynLand Iuﬂﬁ]ﬁgﬁ'u FBan19n13a1In
SUSTIVA mﬂum\juﬁﬁﬂsz'ﬁw%mwgo‘lumsﬁuﬁaLauvl,sﬁﬁﬂwrhml,umaﬂa%-1 Tha
QUGN (WT) uazzilana1uwus (Y181C, Y188C 1az K103N) mnﬁayamﬂmaa‘%ﬁawﬁﬂ
' @ o gj [ ad ° v v 12/ =3 d' tvdq’
JerINIAuEINULaW kN las3D X-ray crystallography ¥inl#idnlasnnuiianan laduue
o & A, & % ' @ = o ' v < .
natnnssugINtinazdw il lenaznuinlassgInanNIIILARITAINIENTEUL efavirenz
waztan lrain1anauuy 1aThed-1 AsuAUA8UHd NNRTI lunga first generation
NNRTIs 11% HEPT TIBO LLaz nevirapine ad14 lsfaadwin1sdnuniugnvadia s sl
mimmmuﬁiﬁmag ANNINA N IWATIULIVAIRITEUHIURZNA b LBNITATWNWLU DI
awlaal HIV-1 RT g9ladiluinsuuusauazsadulgninosdasnisdiaiuie asnu
YUIUNITANBILAZ WA WILNDRILIA IR UNT NN T WANTIN LBAITAIWNIUAITA LIV
R o & (2 = o a 1 A £ U a o ci 1 1
L lrda93dunaasinisaiudaly INMIFUAUTDYAVDINUTTBNRIUUIND T
\1’m’ﬁzﬂuﬂﬁjmaa g1 MIITRUBITILAT AL vlﬁﬁ’m’liﬁﬂ‘ls}’m’liaaﬂLLUUINLaQRI(ﬂUﬂ’Ii
fwinuniuzausasialnlauduaasasivoaenloinistsunuiesled-1 lunguvas
first generation NNRTIs fia HEPT TIBO Wag nevirapine Namﬂmiﬁﬂmﬁﬂﬂﬁﬁaga
nlassaisvasdaduaslungs NNRTI Aidenuddglunisnazasuisanudinizues
éTaETUETaLau"Lmﬁ’Lumjuﬁ"l@TLﬂuasma LAZEINITDLABALATIRIIITRIA 8 U IR NT
ﬂi:‘ﬁw%quﬂﬁ FNIURIIEULY efavirenz 89 lANIANBIT8RNTANIIIATIRTIS
maﬂmaqaéf’sEl'u5111‘*11aaaﬂiﬂzjuﬁiuﬁwuiﬂiaa§ﬁawwoﬁL§nmaumn'au ﬁﬂﬁ;ﬁ%’ﬂﬁmm
sulanazdnmauianielasegssvasaguad HIV-1 RT Fl,uﬂgiumsmgﬁmf efavirenz lag

adu3nduudT Computer-Aided Molecular Design UUWW#I1U18LAIAI8UAN (Quantum



chemistry) uaz N13$1884UUL (Molecular Modeling) laslwidiasduiideldvinnsdnm
kg . . A v L ' o o o o
NN961% Ligand based drug design A8 lR1ANNFNAKEIZAIN9lATIRIIALANIUANIN
lunsaues (Quantitative Structure-Activity Relationships, QSAR) maomﬂumjw
efavirenz lagld3z108 077 2D-uaz 3D-QSAR uazw LA NAIAYVEIRNIITUDIIUNT
dutstanloinisdiounuiarled-1 Nevfiaaudn (WT) uazsanaioWug (K103N) Wa
= Al v ® R A1 v & X o @ o aa A a &
NNMIANEENNIAB AR TR IRUTIANUmAYTaIa UAINILNRIAEIN DIANIATRLAS
dauazlalasivin Mufedninazasmuiaiustlalasauvasluananiidanisaannis
£ A A o oo & A « e & o L Aa
anineBinw sainlilddayaiugundudszlomtlunsesnuuumsgussdalnand
Uszansangalunsdugenladnisdisuuuerled-1 nizfiaaudu (WT) uazzfia
NAUWUT (K103N)
#nsunuisslulassnisfazdnfiunisdattasannunlavinlduailasd
wWhananenanluwns@ansnmsdrwimlassaisnaunasiutunadaisuss efavirenz LLaz
AN dunInIesznieasdudilunguaynus efavirenz uaztaulainisiny
wuULeT b3 -1 62833 molecular docking T9nuINLTUNIIANEINIIAY Structure-based
. o oA o AV o A & v ~ ad o &
drug design lasaianisindlatiienan laanmsiansdalrssadouitasnarndh uay
Nafi laaNNA1IANEINNIATY Ligand based drug design N baaLARATANBINILEINN
Avantinnu deyadmdgiduiuputisiiuenudilalunsiiaduasitenszninee
HUEINAZLOM b (inhibitor-enzyme interaction) AaanIRaTUNLNA AR I uNIUL4
ed o @ ' A A v o & -
ow brdniuilgmisagadraniieinuaasardugs wazaziduwuwinislunisaanuuy
[ . v & a LA A o & o &
las3a$19 (molecular design) vass3tutirialninilildnoningsnlunisduds

eulodnisthouuy terled-1 Merfeaandn (WT) uszrdanaiowus (K103N)
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1N 1 Tav9gi9ua9a 8y Efavirenz
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2. Janszan

1. iednunlaseainawna st uuaIssiuss efavirenz LAZETIIUNKAN
wé’aamﬁ'ﬂﬁmaﬂuLaqmﬁaa%msauﬁ'@mﬂmm“f’mﬁé’uﬁuﬁﬁuﬁwﬁummwhmiﬁu5’0
wulrdnmsanssuuiesled-1

2. ﬁﬂmé'umﬁ%mszijmsﬂ'uﬂtaluﬂéjwmgﬁuf efavirenz LazlWIINIIIL
(binding pocket) VadLa brsinTanswuLLaT ba3-1 aTfiaay (WT) LLa:"nﬁ@ﬂmﬂﬁuﬁf
(K103N) Iﬂymiﬁﬁmmima@m%ﬁaﬂﬁa (molecular docking calculation)

3. a‘i”wmmé’uﬁuﬁimﬁﬂmaﬁwLLazﬁ’wﬁu@mwlumsﬂ'uEly‘waamiau‘,ﬁuflu

nqu efavirenz laol¥az1iou3T 3D-QSAR waznlassasdayuesassudslunisduds
ewlainsinouuuierled-1 merdaaida (WT) LLaz"nﬁﬂﬂmﬂWuhf (K103N)

4. aamLLuumﬁJ‘szﬂaulumjumgﬁuf efavirenz ﬁﬁé‘ﬂﬂmwgﬂumﬁuEl'al,au"l,sﬁﬂms

fouuy Lar'le?-1 nrfiaaady (WT) uazTiana1uWUs (K103N)

3. 2aULYAVDINISIVY
aw dyd Y . . o =2 J
NUIVUYUNUN AT computer-aided molecular design TagimsanyInounasy
@ 9 v 7 . A Yo 09/’ 4
Funazmseoniuuy 1n5aa3 19909a150UWUT efavirenz 1o l9gudaueu ol HIV-1 RT Taglu
= %

4 o o A o
ﬂ’]ﬁﬁﬂ‘HWﬂ’ﬂuwﬂﬁLll%'ua’]ﬁ'ﬂléwu‘ﬁ efavirenz ﬂz%ﬁﬁztﬁﬂﬂ?%ﬂ1iﬂ’lu3ﬂ!ﬂ’]ﬂﬂﬂﬂ?@u@]u uae

@ o d y a A oy o do o o
ﬁ%l"NLLNUﬂWWWﬁQQWUﬁﬂﬂmﬂQINLﬁf}ﬁlﬁﬂ@‘ﬁﬂ’]ﬂﬁuﬂ@]‘ﬂ’lﬁIﬂﬁ\?ﬁ%’]\iﬁﬁuwu‘ﬁﬂﬂﬂuu‘u@ﬂ']w

Y [
v A

TumsSusuoulen] HIV-1 RT dmuismsoonuun Tnssadisvesmsdudaildlunuised
1 2 3579 37 structure based drug design c?ﬂ%’%’%miﬁmam molecular docking L1a¥ ligand—
based drug design lagldszilouds 3D-QSAR fa IFAaneiiBaLSoufisuawaluiana
(Comparative Molecular Field Analysis, COMFA) k&35 myiansAidadTouifouasii

ﬂ’J’]&lmﬁauL%dI&lLaqa (Comparative Similarity Index Analysis, COMSIA)
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NUNIBLDNFITULAZITWIFYNLALIVDY

1) 1995 Kroeger tazaaz 18 145ziisvismsmuramaniintoudy Taeldsidonis
AMI, HF/3-21G*, HF/6-31G* 11ag3BmImuIal molecular docking 1UmsARMINSINABUAST
Asrweamsdusuoulel HIV-1 RT Hamwaiia 1un 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¢  8-chloro-tetrahydro-imidazo(4,5,1-jk)(1,4)-
benzodiazepin-2(1H)-thi one (TIBO) 1 binding pocket vouou'lwi HIV-1 RT 21AMIAnEN
NN binding mode UDIAT gi_lgﬁ nevirapine, alpha-APA t1ag TIBO Tu binding pocket U®3
oulayl HIV-1 RT Tdnvaziindiondsty  Tasmsfuiatamusziasunsisonmy -
Stacking AU2902 15ANYDY binding pocket

U 1995 Young lazAm I daunsiiazasin e angamlumssuss
ulyl HIV-1 RT vesansisznou 1,4-dihydro-2H-3,1-benzoxazin-2-ones (DMP-266) 911
MsAnEMUT DMP-266 aunsadudueuliriasudy Taelim IC,, 1M 1.5 nM U@l

4

a A o 3 1 4 d a [
Useansmmlumsdudaves DMP-266 %3ﬁﬂﬁ\i’EJEJN‘JJ”IﬂLﬁ’E)LE’Juul‘*Bmﬂﬂﬂ”liﬂfﬂEJWLl‘ﬁ

a

] A o oA { a 1
Tagmwizag g lumsnaeiugnumslasuuilasvesnsaoziTuly binding pocket 11NN
nilad s

= Y o =2 = ~ 9 =3 4
1 1996 Hopkins LIATAUE ”lﬂ‘ﬂ1ﬂ1'iﬁﬂ‘kﬂ!ﬂiﬁmmﬂﬂiﬂiﬂfﬁNNﬁﬂ"lJ?NLE]u]lGlfil HIV-1 RT
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shape wonNUEIRToyanNsz TemilumseenuuuaseyWus pyridinone ludnumzh
1< 4 I o 09: Jd a T AA o
1111 hybrid pyridinone molecules 1o 1Hilumsduduou lmistialniniidneningala
= = @ 09/’ .. A 9
1l 2004 Kalyan tazase ANBIE56UEGY TMC125-R165335 (etravirine) tWo l1iuans
[ :/l 4 1 a, 1 4
viaeu lani HIV-1 RT 1Uﬂqm NNRTI #2835 molecular docking UAEWUINHT etravirine 1o
1 4 { o ]
pgn181u binding pocket Wouou el HIV-1 RT awnsonfasudmmiwazvyulnseadig
Y
v A o .. =\ 4
(iigeling) 18 wonanHuna torsional flexibility (wiggling) H1¥ etravirine Iraneneunleasiy
Y Y
Hu Samunsaduduen lydyiaduauuazsianaieiug 1aa
a V= o o @ o o
1 2005 Rodriguez-Barrios ttazaaiz lagnuimsdudueu e HIV-1 RT natetiug
Y
¥a Lys103Asn ¥09a1360891Ungy NNRT 15U nevirapine, efavirenz, 1ag etravirine 10835
molecular dynamics simulations 1az25MIAIUIN molecular docking NAMIANINRIUNIVDS
k4
' o [ 1 Y] 4 a
Rodriguez-Barrios WU11M390v09esdudelungu NNRT Auteulad HIV-1 RT wilanaig
4 4 4 a Y] 1
Wuganas esomeoulyd HIV-1 RT nawuselaTasiousening side chains Y99 Asnl03
& a Y] dy ] 4 a uaj a [V us/' av dyd
wag Tyr188 Famsnawuseiioy lunulueulysl HIV-1 RT sHiadudy duiuluaulsedise
¢ W ¢ o Ao o o v o '
Anvnounlesmduveuoulyd HIV-1 RT siehduuas ludusuansduds minmsdnymun
4
HAYBINSINATNUEE 18 151915211314 side chains Y99 Asn103 1z Tyr188 Inanoa156UGLA
E4
azwiialungy NNRTI uana e wu msinanuse leTasnuiivzinativsuindenuiuanin
4 F4
MIIVTIVDIET etravirine LAVZUHADINNINADE1TIVEN efavirenz LLAE nevirapine
= . YR 1Y [ o’/’ . [ 4
1 2005 Mei tazaue JAANEINITIVVOIESEVEN efavirenz nutoY lasa] HIV-1 RT
4
A o A a Y4 A
FUAAIANLAEFUANAINUT (K103N tag Y181C) ﬁ?ﬂﬁmﬁﬂﬂﬁg molecular fractionation with

conjugate caps (MFCC) waznaanunlglunsdy (binding energy) 3Y¥I19 efavirenz N1l

uls] HIV-1 RT fuiadiesedleudd ab iniio 1@un HF/3-21G, B3LYP/6-31G* and
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MP2/6-31G* 91nM3ANINDT efavirenz Sufuewlal HIV-1 RT wiiadadudrosunsnze
UV strong electrostatic NUNSABZA Y Lys101 wazmaRasuasAsouLiz sy
souluou lainaneviuiyiia K103N ERANMMIEUE1veq cfavirenz anaudniios
drumstutuenlsinaeiuiaia  YISIC szanauduiy udvziailoannifa  steric
SYNAN efavirenz 1AZN3ADZHTY Glu698 FaBuMiNSUATATOWEN cfavirenz fuNsADEH Ty
Hid235 1azan steric NU Glu69s 92 1¥ian binding energy ﬁ?ﬁuﬂszmm 4 kcal/mol

3 2005 Chen wazpmy AAM binding mode U8 3',4'-di-O-(S)-camphanoyl-(+)-cis-
khellactone (DCK) analogs ‘ﬁ%ﬁﬁmau"lcﬁﬁ HIV-1 RT Iagd5mMsfiiulal molecular docking
I8¢ molecular dynamics simulation HAINMIANEINDIT DCK tnaiuse lalasnuny NH
Yo4nIAeLdi 11 Lys101 vosou los HIV-1 RT uazﬁwqﬁﬂﬁumﬁaumiﬁugqmullcﬁﬁ HIV-1
RT wiinou uaﬂmﬂf:ﬁqwufhmiﬂmaﬁuﬁmmmu%ﬂﬁwuﬁaﬂﬁm%’umsﬁugq DCK o
MInaeuiyia K103N uag 19 SVM model Tumseenuuuasdudaialiinazinnemfy
ﬂummw”lumié'fugﬂﬁmi”umﬂuﬂﬁju DCK Fawuhasdudaieenuuuniamnsaduda
wou'lwsd HIV-1 RT 18 Taedieh EC,, @1n91 1.95 uM

3/ 2005 Heeres tazanz Idoonuumsdudasiinlng dunszviaz195% molecular
docking TuAnmawduiugszviaTnssadiaasfusiuanmlumsdudaew sl Hrv-1 RT
Y9815 1UNQY pyrazinones MINAMIANEINU A MNUST 4 V09 aniline ring Hudmmiaii

1 v o Y

[ 4 v
AN YADNNITUANINYDY pyrazinones TABBAWMUSTYNUNUNRIBYY methyl 2233114

4
% o/ I

~ =< A 1 A = A ] o Yo o
uiuamWavY uaieviunuiueznonvearlgeoiu nsony CF, sz lnnuiiuaninlu
Y Y Y Y
M3dudianas UeNNNHIINUNTOUATASEUDY  electrostatic  NAVUTLHINANTTUHIRY
a A o Yo o [ 3 dg
nsaezi Ty H235 Reim ldnuduamunlumsdvdsnauu
= Y . =
1/ 2005 Ragno ttazaAme 193515 docking 1182 GRID/GOLPE 3-D QSAR lumsann
4 1
wa v o v v J . <
auianiInssad ez iivanimvesasdudalungu indolyl aryl sulfones (IASs) Faiilu
{ Q"’ [ qaj 4 09/‘ a :Jl a a 4
asdgnigalumsdudueulel HIv-1 RT  fwwidesudauuazastianaieius (Y18IC,
o Ay Y an . ) 9 as
K103N-Y181C, K103R-V179D-P225H) M35319839 1491033 docking 1111/19113% 3-D QSAR
= 1 o 4; 9 = o z:'d s 2 1
MsANEINLILUUTIa09h 1ae1n 3-D QSAR Hanuansalumsiuenalaeiial r uaza
q 0811329 0.79-0.93 118z 0.59-0.84 mud WY Hazdawuinuse lalasauil NH 404 2-car-
;& o o egj 4
boxamide ¥uiluyse Temilumsduduonlas HIV-1 RT
1) 2005 Weinzinger tazaaiz 1935 IAIUIN molecular docking ANHIGUATNI BV
v o o ¢ aa ¢ g o v o
156U efavirenz aga150 YW UT Nligotou lasd HIV-1 RT 910111111 geometry Y94e1358169
Y [
Wanuahn 18 1Ay molecular dynamics simulation ({82A11IA binding energy VINMIANN

WU3A binding energy Nf v ldaandpeiuminaaes Taglia1r 110D 0.865 LazNan
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J v v

o . . . ! . @ 4
1391 molecular dynamics simulation WU efavirenz LASA1TOUYNUD Fuiueu lwd HIV-1
RT Taonasiuse 1a1asa15e1319 NH V04 efavirenz 1Az 00nFU0zAoNv0InsAoii 11 Lys

v 9

101 Nszozlszun 1.88 A° UoNINHINUNA electrostatic interaction NUNTADLI 1M Lys 101

iag His 235
=1 9 o [ I'd [ YY) 1] 09/’
1 2005 Martino tazANE "lﬂﬂTﬂTifNLﬂﬁ”I$°ViLlagﬂﬂﬁﬂﬂﬂﬂi\luﬁﬂTWﬂluﬂ”lﬁfJ‘]JfN

9

wulsl HIV-1 RT  vesansduds 1-[2-(Diarylmethoxy)ethyl]-2-methyl-5-nitroimidazoles
£ & 1Y) 3 a 1 1 o 3 4 BJdI
(DAMNIs) G]N!,‘ﬂuﬁ”lsfmfmmﬂ“lwu“luﬂqu NNRTI Llﬁgﬁ”lll"Iﬁf]’t]f’)ﬂf]‘ﬂﬁﬂ”]_lﬂﬁlﬂuul%'ﬂulﬂﬂ
5EAUANUYNYY  submicromolar IAMTNARDINUIULBUNUA phenyl ring V93 1-[2-
(diphenylmethoxy)ethyl]-2-methyl-5-nitroimidazole Ay heterocyclic rings (U 2-thienyl or 3-

pyridinyl i liiusuiuanInues DAMNIs 1az91ANTAIUIA molecular docking WU

9 A g . (= 1 Y 4 dyqz 1
I‘ﬂﬁ\?ﬁi”ﬁﬂlﬂu enantiomer Y934 DAMNIs Illlllwaﬁi’)ﬂ"l'iﬁlﬂﬂﬂmu"lcﬁll UDNIINUIINVINAT

Y
v o A

1< v 7 =% o z 4 v Jd A
dugsmiluensoyiusuos DAMNIs Ugnslumsduduoulesld HIV-1 RT natewWugwiia
PG ' .
K103N 18an71 efavirenz
= . o o L4 @ 5 . A g
1/ 2005 Ranise tHazANE NINMTTUATIEHAITIVEN thiocarbamates (TCs) el uens
4 4
fudasiialvailungy NNRTI w¥ounaiin1sAnuIm1eaIu structure-based ligand design 1ag
1 [ 4
3% molecular docking INMSANHINUI TCs NRNYUNUNA WU para 3ZAWNTOIVE
4 a lel a A @ ] ]
ulyl HIV-1 RT wiaauan lanszauaudy nanomolar (EC,, 0g1u%29 0.04-0.01 uM)
§ = ] { 4 ) ] { A o 1
Lﬁ’é)iJ‘ViiJ“ methyl NMTUDUMUKUIN 4 VoI phthalimide wazdl nitro group NALUUN para YD
= Q‘{ U :JI le 1
N-Ph ring 921 1% TCs HgnFlumsdudagaga (EC,, = 0.01 uM) uenaIntdan selectivity

Y
v J % [ Y

. { ' ) s
indexes Nauaz lulNad1UAs AIpUNUTV1AWBY TCs amnsaduduoule] HIV-1 RT

Q
k4

naoWuRia Y181C ua lieusaduduoulaninateiugyiia K103R tag K103N + Y181C
910 docking model T¥msineiuiuanniideandesiumsnaasa

1) 2006 Saparpakorn tazAME 1A ITATAIUIY molecular docking JHNITOBALUL
TuanavesmIoniius nevirapine ﬁﬁﬁﬂﬂquq@iamiﬁugmuhlcvﬁ HIV-1 RT #ilanang
Wus (K103N uay Y1810) Tae1¥1151n54 GOLD wag SILVER wuimg dock asiuduth
1Y% binding pocket vouou lasidleT1sunsu GOLD A1 GoldScore qmaﬁfﬁﬁmammﬂ
Talsunsu SILVER uagnunasoyWus nevirapine thasiuse lalasiu funsaeyiiu N103
%50 C181 waziinste13s quantum chemical calculations (QCCs) 11 1FlumsiIma

interaction energies FINUID QCCs ﬁ”l‘JJ”I’iﬂﬁ”lmﬁl‘%)ﬂ’J‘Iijf%]J?%ﬂﬁﬁU?ﬂ! molecular docking
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1. qﬂnszﬁﬁiﬁ‘lum‘sﬁﬁﬁﬂ
11 1e309nanfal@es PCs (Pentium IV) 2.8 MHz
12 1e309naufLae3 High performance (SGI)
13 edasRan (Laser Printer)
14 16309RUW (Color Printer)
15 ldsunsunsdiwiamaniiniauay (Gaussian 98)
16 ldsunsunmsdwianaluaflansluieads (Alchemy 2000, Hyperchem
6.0 Wae Weblabviewer 3.0, ChemDraw, Sybyl, Autodock, GOLD )
17 Tdsunsunsdwian9i@ (SPSS for Windows 10.0)
1.8 ldunsudsdaya (WS-FTP)

2. ﬁ’agafmm%"]euaz@hﬁ'&lﬁummwmaaé’aﬁnﬁa‘lumju Efavirenz 1»n138v89
owlssin1sanauuy HIV-1
¥ o o o & 1 . o & 6
24 FeyanasiwanNaIa 8uaslungs  Efavirenz lun1sgussianlas
AMSANYRUY HIV-1
samwﬁa;&amﬂmm%aLLaz@hﬁ'NiTu@]mwmaoms‘luﬂq’u efavirenz 31U 56
asUsenay TN I L WATLRAIN NI UANIN WAL LIV DILa% krall o laa—1
(inhibitory ~ activity) uandwiu 2 aiia fa vHeaudn  (WT) uszziiananuWug
o & a L e o o & € a & a & a
(K103N)T@umi“qnmuuumsmaaumnuuummwiummumLau"l,snuw@mmu 918N
817UI2NAUIIWIN 56 AANHAINNNBANINWIWATHUEILAN M NITENELULNG 2 Thaln
1 U d' =S :3/ d' = a 1 % o >3 L™ 6’:
ﬂqmayjawiﬂummﬂmmwmﬂmumsmmmme@mmaﬂmamwmmyiummum
au ol (A913197 1) A1euLsaa (dependent variable) Aadn log (1/C) lag C Aadn
ANULTNTUEINA (effective concentration) lunstlasnuisassiia MT-4 @a cytopathic
effect va3taw laicnsuuutastadt o 90% (90% inhibitory concentration, 1Cq)

2.2 Mmyaduuazawimlassaiiszalaanaiduds

lawsaiiaudusas efavirenz léandayania x-ray crystallography 283 WT
HIV-1 RT/ efavirenz complex (FK9) 91nuuansayiuivedefavirenz 31u3m 56 luiana
anaslaslglsunsnluiadianiluaads ALCHEMY2000 Galassashananaaftazyinms
° @ v A o A ) L. ) ad PN
dwrndiulasaiefiafiosniga  (full geometrical optimization) lap3Suaudizle
(HF/3-21G)
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2.3 nIawmlassasnannasiutn
2.3.1 mmwiagaﬁ’mimm%ﬂwﬁﬂ (X-ray crystallography) 370013
NARDIVEINITIUAUITAINIRNTHUEI efavirenz waztaw lasinnsansuuuLasbad-1 (HIV-1

RT/ efavirenz complex)NdTfiaaiauuazsianinsnaenus

23.2 lumsiiaszhasunafinduuuiugiuniaaiiaaudue
8135089 efavirenz Imoa%nL'%f&lé’uﬁﬁmmﬂﬁagamﬂmm%awﬁﬂmaa
HIV-1 RT/efavirenz complex arfiasiduuazsianimsnaewng wazshandumlas
Irmsluafianiesiivafe wlBuRsAa (AM1 uaz PM3) wau 843l (HF/3-21G uas
HF/6-31G**) uazdtnaujlandd WeTuuua (B3LYP/6-311++G*)laglisunsy
GAUSSIAN Lﬁmﬂ%ﬂmﬁﬂﬂmmﬁ”’mﬁmﬁmﬁlq@maaLL@iﬂ:ﬁ%LLa:ﬁwmsm%uLﬁﬂu

ﬁayaﬁvlﬁﬁ'uﬁa%mﬂﬁmaaamo TaTIRINAN

2.3.3 Mnlassasisuduues efavirenz Mldanda 9.1.1 azRansanns
ﬂ%’mﬂ%mguﬁmwao yu'lagasan (dihedral angle) ﬁa%ﬂmzuu heterocyclic ring Ay
side chain Iuﬁ’mﬁLﬂu%g CF, uaz cyclopropyl lagaz#inn1siian dihedral angle 7id
flexibilty 11n7iga Aa yu O (06-C14-C17-C19) uaz y B (C21-06-C14-C15) (MW 2)
A5I82 30 BIAMUAIRIHI DALY partial optimization lasszi0auATIsRBNRTAR (AM1UAS
PM3) uaz3% waudidla (HF/3-21G) Lias319uk®AIW rotational potential ﬁa;&aﬁvlﬁmﬂ
miﬁﬂmmé’aﬂﬁhwzﬂﬂﬂg&msa%mﬂImaa%“ﬁwaami efavirenz ﬁmm:ﬁq@umé’um
Atnsznivmsuginulasasvesawlofldlumsdnsenuduinisznislasseis

LRNNNBANIWURIENIH LI bl

22

sun 2 lassaseves  H H?® efavirenz uazyuladasen oL uaz B 7
k. — 9

Tl N TUN AT NN A I AN
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2.4 "3@nw1 Molecular Docking

ihlasosefiad m‘madmsﬂ'uﬂy'ﬂumiwmia%ﬁuﬁ efavirenz 71ldanms
fwimkta 22 andnmsuasnsnTEinemstusonas IwsIn sy (binding pocket) Va4
awlminsnsuuuiesled-1 nerfianaau (WT) LLaz‘*ﬁﬁ@ﬂmmﬁuf (K103N)@835
molecular docking laglglUsunsy Autodock 3.0 TMIIAIAILAUINITININIAIVBIRNT
Fuislulassaravasionlodiinasnudr uazldinasnulunssu (binding energy)
SeIIEIT U ILazINTIN33Y (binding pocket) Vaatawlesd

2.5 MsANBIAMNFNNRSITUIvlaTIEI AU NI wAAINTBAT
fussnuuania

msanmanusunuiszninslassaenuiuduaninlunisdudiwuy 30-

QSAR MImm%wf'Iaﬂﬁ%mﬁLﬂﬁzﬁl,%am’%ﬂmﬁﬂuaummaﬂul,aqa (Comparative
Molecular Fields Analysis, COMFA) uazitiianziilisuiiudniianumniandluiana
(Comparative Similarity Index Analysis, CoMSIA) %dlﬂ%ﬁ%ﬁ’m Computer-Aided

Molecular Design

1
raAa

2.6 msaanLmufﬂsaa%'wmséfﬂwuwuﬂszﬁw%mwga
ﬁ'm'ﬁaaﬂLLqumoa%”waa’ﬁéﬁﬂmiﬁﬁﬂi:ﬁﬂ%mwga I@ﬂﬁuaﬁa%}aﬁw
a 6 v aa . A I 2
IINNTALATIERAI8IT molecular docking TILTUINWNIIA1U structure-based drug
design ﬁmsmﬁ'awﬁuﬁa;&aﬁ"lﬁmﬂmiﬁﬂmmmé{'&lﬁ'ufs:mwﬂmaa%mua:ﬁ'wifum-
ANIUATHUEY (QSAR) Tt UN1961% ligand based drug design 7 badnLAunNg
v dl vV & dq, o Qs dl 1 s dl U Qs Q g; 1
vuandeldiduwnugrudragnsislunmsssnuuudsuiaoulasssieargusinisdg
a ' . v o 3 o & 4 '

wuULaT ey —1 I%HQN efavirenz IﬂuﬁﬂﬂmwgwulumwumLauvLﬁﬁwmimmmu
@7 he3-1 NITHAAIEN (WT) uazziiana1uwug (K103N)

2.7 a*gﬂwa
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A1319N 1 Imaa%”wwaamiﬂs:ﬂaﬂumju Efavirenz MLunguues Training set Uaz

nudwamwlumsdudaauladnistiauuy HIV-1 sfieauduuszsiiananoWus (K103N)

R C

Fs3

N/
N
1
A
N 0
b
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 0) 8.27 5.96
03 6-Cl CC-3-pyridyl 0] 8.40 6.94
04 6-Cl CC-2-furanyl 0] 8.42 6.82
05 6-Cl CC-3-furanyl 0] 8.42 6.49
06 5,6-diF CC-3-pyridyl 0) 8.65 7.23
07 6-F CC-3-furanyl 0] 8.60 6.43
08 6-F CC-3-pyridyl 0] 8.59 6.48
09 5,6-diF CC-3-furanyl 0) 8.49 6.55
10 5,6-diF CC-2-thienyl (0] 8.65 6.81
11 5,6-diF CC-3-thienyl (0] 8.63 6.86
12 6-Cl OCH,CH,CH,CH, (0] 7.99 6

13 6-Cl OCH,CH,CH(CH,), (0] 8.00 6.54
14 6-Cl OCH,CHCH(CH,)cis 0] 8.36 6.63
15 6-Cl OCH,CHCH(CH,)tran 0] 8.25 6.39
16 6-Cl OCH,CHC(CH,), (@) 8.57 7.08
17 6-Cl OCH,CCCH, (0] 8.50 6.51
18 6-Cl OCH,CHCCI, (0] 8.02 6.62
19 6-F OCH,CHC(CH,), (0] 8.53 6.97
20 6-F OCH,CHCH(CH,)tran 0] 8.05 5.94
21 5,6-diF OCH,CHC(CH,), (0] 8.81 7.19
22 5,6-diF OCH,CHCH, (0] 8.19 5.79
23 5,6-diF OCH,CHCCI, (0] 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 V4
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-CL6-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-Me0,6-Cl CC-cyclopropyl NH 8.46 8.12
51 5-Me0,6-Cl1 CC-phenyl NH 8.10 6.95
52 5-Me0,6-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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UNN 4

NAN1SANE

o 6 % o @ o?: 6 1
1. m‘smwaml,%af&lLaqamaaﬂa%ﬂasm%ummmﬂumLauvlémmimmmu
10% la 3 —1 2@9 @13 Efavirenz
ﬁnﬂmsﬁﬁmmim\ﬁa%ﬁdﬁmﬁmﬁqmaaé’aﬂ’uﬁaﬂﬁmml,w HIV-1 luﬂajmaa
efavirenz  lagddmaaliaenaulasseidouitioldunsaa  (semiempirical molecular
orbital calculations) Waz wayu dATla (ab-iniic molecular orbital calculations) \Na
a a AN oo o i AN o \ o A ad
WIsuieunan lanulatiginuad efavirenz 71l6ann1INaaad I@]ﬂ&qld‘ﬁ?d‘ﬂ%%’n‘ﬁﬂ’li
° AN o o v Aad o ° A A A A °
mmmm"l,@wamsﬂiuimamwqu@LLazsl:’ﬁmsmmmﬂmmzau‘nq@ WWanaziinLen
v A o P & =< & ' . a =< v o ¢
IﬂsoasﬂoﬂLanqu@uuvlﬂﬂﬂmlumu@amﬂﬂ TaglanIzat19 89N IANENANUTUNWE
szijimaa%ﬁwaamiawﬁuﬂumju efavirenz  NUNNNWANIWIBNITEULILDW LerinT
fNuWUY HIV-1 LLazmiaammuImaqa@TﬁEl'uﬁ'ﬂmj
0 S W YL ad oA v W
lumsimsanyneurleswduvesaseyiusov IS udFRudaINUTUAN NG
{ [ lel o [ a Qall a a @ 4 [
ngalumsdudueu ladinmsoronuueslod-13taduauuaz yianatenus (K103N) Tagede
= as o dy = Y 9 1 =\ as
seidlouaTmIsauuiu Iumaaiinteudy laun sedlonds AMI, PM3, HF/3-21G,
[ [ YA a Aana Aan
HF/6-31G* tag B3LYP/6-31G* Tumsas 1auuunmndsnudnd ludaaeaiauazania  na
= [ o o oA 9 ) 9 ~ ax o Qs/l
VINMIANEINUNUHUAHUNAINUANGN TAnInmssiuudeszibeouITmsmuudugs
o s o oAd v o ad o
awnsoilddhladsneueswdundul) Idvesasduddvisus  waz  mseyiius
Alad < 2q v d v oA ad < v oA A
s us ez FMmu Tuanavesmsiugovh s usuas s uWUsIANNBANEY
% 0o [ g/} 4 1 3 a g/} a
TuTwanagedazuaasunumdiaglumsivdueu laimsmonueslod-1 Nriaauay

4

HAZFUANAIINUT

a

[ —e—AM1

—=—pm 0.9 —=—PM3
HF/3-21G
HF/6-31G*

—— B3LYP/6-31G*

10.0 HF/3-21G
9.0 ] HF/6-31G" 0.8
8.0 ﬂ‘ —%—B3LYP/6-31G" 0.7

0.6
0.5
0.4
0.3
0.2

0.1 . -/_
0.0 -

_0_1E 30 60 90 120 150 180 210 240 270 300 330 360

Relative energy (kcal/mol)

Relative energy (kcal/mol)

-1.0 30 60 90 120 150 180 210 240 270 300 330 360
Torsional angel (degree)

Torsional angel (degree)

A o o o v
31]71 3 uwum‘wwmmuﬁﬂﬂmmmwyumammmam (ﬂ) uazagm‘um ("IJ) maﬂmaqa

= =S o
s U
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Alpha dihedral angle

o ) &0 o 720 150 180 Fali) 240 xh0 300 330 3so

Eeta dihedral angle

sun4 Lmumwwé'amuﬁ'ﬂﬁmaamimmadsg‘uLLaa‘V\hLLazgmuﬁwam’ﬁmgﬁuf
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(Three- dimensional quantitative structure activity relationship, 3D-QSAR)
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(Comparative Molecular Fields Analysis, CoMFA)
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(Comparative Similarity Index Analysis, CoMSIA)
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a150Y s Log (1/C)

“aw d X R Z

oI5 ua CoMFA  CoMSIA
WT-DO1 5-F CC-cyclopropyl-R -CH, NH 8.71 8.57
WT-DO02 5-F CC-cyclopropyl-R,-CH, NH 8.91 8.69
WT-DO03 5-F CC-cyclopropyl-R,-CH, NH 8.44 8.63
WT-D04 5-F CC-cyclopropyl-R,-CH, NH 8.63 8.74
WT-DO05 5-F CC-cyclopropyl-R,-CH,CH, NH 8.75 8.67
WT-D06 5-F CC-cyclopropyl-R,-CH,OH NH 8.86 8.62
WT-D07 5-F CC-cyclopropyl-R,-CH,CN NH 8.81 8.67
WT-DO08 5-F CC-cyclopropyl-R,-OH NH 8.78 8.81
WT-D09 5-F CC-cyclopropyl-R,-OH NH 8.84 8.66
WT-D10 5-F CC-cyclopropyl-R,-OH NH 8.72 8.92
WT-D11 5-F CC-cyclopropyl-R,-OH NH 8.74 8.77
WT-D12 5-F CC-cyclopropyl-R,-CH,OCH, NH 8.87 8.54
WT-D13 5-F CC-cyclopropyl-R,-Cl NH 8.92 8.73
WT-D14 5-F CC-cyclopropyl-R -F NH 8.86 8.74
WT-D15 5-F CC-cyclopropyl-R -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-CH, CC-cyclopropyl NH 8.69 8.62
WT-D19 5-OCH,F  CC-cyclopropyl NH 8.81 8.66
WT-D20 5-OCHF,  CC-cyclopropyl NH 8.81 8.64
WT-D21 5-OCF, CC-cyclopropyl NH 8.81 8.63
WT-D22 5-OCH, CC-cyclopropyl NH 8.82 8.58
WT-D23 5-CH, CC-cyclopropyl NH 8.74 8.64
WT-D24 5-OH CC-cyclopropyl-R,-CH, NH 8.91 8.59
WT-D25  5-OCH,F  CC-cyclopropyl-R,-CH, NH 8.86 8.58
WT-D26 5-OH CC-cyclopropyl-R2-ClI NH 8.92 8.62
WT-D27 5-F CC-cyclopropyl-R,-CH, (0} 9.09 8.87
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WT-D28 5-F CC-cyclopropyl-R,-Cl (0] 9.10 8.91
WT-D29 5-F CC-cyclopropyl-R,-CN (0] 9.08 8.86
WT-D30 5-F CC-cyclopropyl (0] 9.04 8.86
WT-D31 5-OH CC-cyclopropyl-R,-CH, (0) 9.09 8.77
WT-D32 5-OH CC-cyclopropyl-R,-Cl (0} 9.10 8.80
WT-D33 5-OH CC-cyclopropyl (0) 9.04 8.76
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o ¢

aIYNUD Log (1/C)
X R Z
ISy CoMFA  CoMSIA
MT-DO1 5-OMe, 6-Cl CC-cyclopropyl-R,-CH, NH 8.19 8.06
MT-D02 5-OMe, 6-Cl CC-cyclopropyl-R,-CH, NH 8.29 8.04
MT-D03 5-OMe, 6-Cl CC-cyclopropyl-R,-CH,CH, NH 8.18 8.08
MT-D04 5-OMe, 6-Cl CC-cyclopropyl-R,- CH,CH, NH 8.25 8.04
MT-D05 5-OMe, 6-C1 CC-cyclopropyl-R,,R -CH, NH 8.28 8.02
MT-D06 5-OMe, 6-Cl CC-cyclopropyl-R ,-OCH, NH 8.17 7.81
MT-DO07 5-OMe, 6-Cl CC-cyclopropyl-R ,-OCH, NH 8.14 7.98
MT-DO08 5-OMe, 6-Cl CC-cyclopropyl-R -Cl NH 8.19 8.06
MT-D09 5-OMe, 6-C1 CC-cyclopropyl-R -Cl NH 8.29 8.02
MT-D10 5-OMe, 6-Cl CC-cyclopropyl-R,,R,-CH,, Cl NH 8.29 8.11
MT-D11 5-OMe, 6-C1 CC-cyclopropyl-R,-CN NH 8.29 8.00
MT-DI12 5-OMe, 6-Cl1 CC-cyclopropyl-R -CN NH 8.19 7.96
MT-D13 5-OCH,F, 6-Cl1 CC-cyclopropyl NH 8.28 8.01
MT-D14 5-OCHF,, 6-Cl1 CC-cyclopropyl NH 8.19 8.08
MT-D15 5-OCF,, 6-Cl CC-cyclopropyl NH 8.19 8.08
MT-D16 5-CH,CN, 6-Cl CC-cyclopropyl NH 8.09 7.09
MT-D17 5-CH,CH,, 6-C1 CC-cyclopropyl NH 8.28 8.07
MT-D18 5-CH,CH,F, 6-Cl CC-cyclopropyl NH 8.18 8.04

MT-DI19  5-CH,CHF,, 6-Cl CC-cyclopropyl NH 8.17 8.11



MT-D20
MT-D21
MT-D22
MT-D23
MT-D24
MT-D25
MT-D26
MT-D27
MT-D28
MT-D29
MT-D30
MT-D31
MT-D32
MT-D33
MT-D34
MT-D35
MT-D36
MT-D37
MT-D38
MT-D39
MT-D40

MT-D41

5-CH,CF,, 6-Cl
5-CH,, 6-Cl
5-CH,F, 6-CI
5-CHF,, 6-CI
5-CF,, 6-CH, F
5-OMe, 6-CN
5-OMe, 6-CH,
5-OMe, 6-CH,F
5-OMe, 6-CHF,
5-OMe, 6-CF,
5-OMe, 6-OH
5-OCH,F, 6-CN
5-CH,CH,, 6-CN
5-CH,, 6-CN
5-OCH,F, 6-Cl
5-CH,CH,, 6-Cl
5-CH,, 6-Cl
5-OMe, 6-CN
5-OCH,F, 6-CN
5-CH,CH,, 6-CN
5-CH,, 6-CN

5-OMe, 6-CN

CC-cyclopropyl
CC-cyclopropyl
CC-cyclopropyl
CC-cyclopropyl
CC-cyclopropyl
CC-cyclopropyl
CC-cyclopropyl
CC-cyclopropyl
CC-cyclopropyl
CC-cyclopropyl
CC-cyclopropyl
CC-cyclopropyl-R-CH,
CC-cyclopropyl-R,-CH,
CC-cyclopropyl-R -CH,
CC-cyclopropyl-R -CH,
CC-cyclopropyl-R,-CH,
CC-cyclopropyl-R,-CH,
CC-cyclopropyl-R -CH,
CC-cyclopropyl-R-Cl
CC-cyclopropyl-R -Cl
CC-cyclopropyl-R,-Cl

CC-cyclopropyl-R -Cl

NH

NH

NH

NH

NH

NH

NH

NH

NH

NH

NH

NH

NH

NH

NH

NH

NH

NH

NH

NH

NH

NH

8.16
8.28
8.05
8.05
8.05
8.20
8.09
8.09
8.09
8.09
8.06
8.27
8.29
8.09
8.28
8.30
8.33
8.28
8.28
8.30
8.10
8.29

31

8.18
7.90
7.86
7.88
7.95
7.92
7.95
7.87
7.90
8.06
7.78
8.02
8.07
7.91
8.07
8.13
7.97
7.99
7.99
8.05
7.85

7.89
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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 A 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



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 CoOMFA 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



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 (NNRTTI).
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,
Y 188C 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 KI03N [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.



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



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
NNRTIL

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



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-n interaction calculation, whereas
MP2 method of calculations has taken into account the H-mt interaction [54] .

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

docking calculations were performed to explore the potential binding mode of



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 KI103N 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 (ICyq) [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.



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 1tk9) 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



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 CoOMFA and CoMSIA models.

To obtain CoOMFA and CoMSIA descriptors fields, a three dimensional cubic
lattice, with 2 A grid spacing, was generated automatically around these molecules
and it was ensured that the grid extended the molecular dimensions by 4.0 A in all
directions, performed by Sybyl 7.0 [61]. COMFA descriptors were computed using a
sp> 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 A using a common C probe
atom of 1 A radius, as well as a charge. COMSIA similarity indices (4rx) for a
molecule j with atoms i at a grid point are calculated according to the following

equation;

2

n
q9/0 N —ary,
AF,k (.] ) - ZW probe ,kW ike
i=1

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 ¢ and atom i of the molecule.
The default value of 0.3 was used as the attenuation factor (oc). 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 r’., 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 r2CV values were used to evaluate the overall predictive ability of the

model. r’., is calculated according to the following equation;
r’ey = (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)]"?

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 A 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 + cach amino acidy 1S the energy of the complex structure between
compound and each amino acid. Ecompound) and Ecach amino acidy 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 A and 1.0 A for WT and K103N RT binding pocket, respectively. Based on
Autodock results, the rmsd values are 0.35 A and 0.53 A 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 A 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 KI103N 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-m) 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-n 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-1RT.

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-m interaction of the NH group on Z position with the aromatic side chain of
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Tyr181, the Van der waals interactions on 5,6-substituent position with surrounding
amino acid residues (F227, V106, L234 and Y188) and the hydrophobic interactions
of the R group on benzoxazin-2-one ring with the aromatic side chain of W229 and

Y 188 serve as significant interactions for the particular inhibition.

The docked conformations of efavirenz derivatives derived from GOLD and
Autodock methods reveal very similar orientations in the WT and K103N RT binding
pockets. However, based on lower rmsd of the docked pose from the X-ray pose of
efavirenz, the docked conformations derived from Autodock method has been
selected for further study on 3D-QSAR analysis and interaction energy estimation

using quantum chemical calculations.
QSAR Analysis

The conformation with the lowest final docked energy was selected for the structural
alignment in 3D-QSAR analyses. CoMFA and CoMSIA studies were applied to
determine relationships between structural properties and HIV-1 inhibitions, based on

the docked conformations.

CoMFA models

Two different types of biological activities were considered, WT and K103N
HIV-1 RT inhibitory activities. The models obtained from the analyses include steric
and electrostatic field contributions. The statistical parameters of CoOMFA models of
compounds are summarized in Table 3. Regarding WT HIV-1 RT inhibition, the best
predictive ability QSAR model with ey Of 0.662, s-press = 0.145 and noc = 3, is
obtained. The steric and electrostatic contributions of this model are 63.8 % and

36.2 %, respectively. Other statistical results of the best CoMFA model are the
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conventional r* (r* = 0.936) and the standard error of estimation (0.066). F is 83.441
and the probability (P) of obtaining this value of F if 1* is actually zero (probability of
r* = 0) is lower than 0.001. The plot between predicted and experimental WT HIV-1
RT inhibitory affinities of the non-cross-validated analysis of the model is presented
in Figure 7a.

For further analysis, the CoMFA results with respect to K103N HIV-1 RT
inhibition were investigated. The high predictive model with r’, of 0.755,
s-press = 0.302 and noc = 6, is produced, shown in Table 3. The model has 51.2 %
contribution from the steric field and 48.8 % contribution from electrostatic field,
showing approximately equal contributions for explanation of the K103N inhibitory
activities. The statistical parameters obtained are that the conventional r*is 0.944, the
standard error of estimation is 0.144, F is equal to 107.318 and the probability (P) of
obtaining this value of F if s actually zero (probability of > = 0) is lower than
0.001. The plot between predicted and experimental K103N HIV-1 RT inhibitory

affinities of the non-cross-validated analysis of the model is presented in Figure 7b.

Prediction for compounds in the test set

As the obtained CoMFA models, listed in Table 3, show reasonable predictive
power for WT and K103N RT inhibition, both models were used to predict the
inhibitory activities of 7 efavirenz derivatives in the test set. The comparison of
predicted and observed biological activities of these compounds is listed in Table 5
and plotted in Figures 7a and 7b, respectively. Based on the residual value, the
inspection of the data reveals the usefulness of the models for the prediction of the

activities of the efavirenz compounds which are not included in the training set.
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CoMSIA analysis

The results of CoMSIA studies were presented in Table 4. COMSIA analysis
was performed using five different property fields (steric, electrostatic, hydrophobic,
hydrogen bond donor and hydrogen bond acceptor fields). In the present study, the
propose of using five different descriptors is not to increase the significance and the
predictive ability of the 3D QSAR models but to partition the various properties into
the spatial location where they play a decisive role in determining biological activity.
Comparing with the obtained CoMFA model, the best COMSIA model corresponding
to the WT HIV-1 RT inhibition reveals improved predictive ability than CoMFA
model with a high predictive model (r*., of 0.708, s-press = 0.142 and noc = 6). The
other statistical results are that the conventional r* value is 0.894, the standard error of
estimation is 0.085 and F is equal to 50.844. The corresponding field contributions of
these five descriptor variables are 12.2, 19.5, 24.1, 16.8 and 27.3, respectively. The
experimental and calculated affinities derived from the CoMSIA model for the WT

inhibitory affinity is plotted in Figure 8a.

According to the K103N HIV-1 RT inhibition, the best CoOMSIA model with
the combination of all fields yielded high predictive ability with 1, of 0.773, s-press
=(.286, noc = 3, the conventional = 0.938, the standard error of estimation = 0.155
and F = 93.344. The steric, electrostatic, hydrophobic, hydrogen bond donor and
hydrogen bond acceptor field contributions of the model are 13.4, 22.3, 20.5, 26.5 and
17.3, respectively. The experimental and calculated affinities derived from the

CoMSIA model for the K103N inhibitory affinity is plotted in Figure 8b.
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Prediction for compounds in the test set

In order to evaluate the predictive ability of the resulting CoMSIA models, the
same 7 efavirenz derivative tested set as used in CoMFA study was employed to
predict the inhibitory activities. The comparison of predicted and observed biological
activities of these compounds for WT and K103N inhibition, is reported in Table 6
and plotted in Figures 8a and 8b, respectively. The good correlation shows the
validation of the obtained CoMSIA models for efavirenz derivatives excluded from

the training set.

Graphical interpretation of Fields

CoMFA Contributions

The 3D—QSAR contour maps obtained from CoMFA results for all efavirenz
derivatives illustrate clearly the steric and electrostatic contributions for ligand
binding. To better understand the field interactions between the enzyme and
inhibitors, the amino acid residues surrounding efavirenz compound in the binding
pocket were merged into the contour mapsu. Sterically unfavorable regions are
depicted in yellow, whereas favorable regions are in green. Electrostatic positive
favorable regions correspond to the blue areas and the negative favorable regions

correspond to the red areas.

The steric and electrostatic field contributions to WT HIV-1 RT inhibition is
shown in Figure 9a. Compound 25, the most potent compound active against WT

HIV-1 RT of the series, is used as a reference structure. There is a prominent blue
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contour located between the C6 and C7 positions on the benzoxazin-2-one ring. It
reveals that incorporation of electropositive group at this position would be preferable
for the activity. This suggestion is supported by experimental data that, as clearly
examples, compound 25 having hydrogen atom attached to the C6 position produces
higher potency compared to compounds with halogen groups attached to the similar
position (compounds 28, 30, 33, 34, 36, 38, 47, 50 and 53). Particularly, compound 25
shows the highest potency for the WT inhibition in the data set. There are large green
contours corresponding to the location of the R substituent attached to the C4 position
on the benzoxazin-2-one ring. However, the tolerated steric requirements of this
region are highlighted by yellow contours presented around that region, especially a
yellow one overlapping with the Tyr188 residue. It is indicated that an additional
bulky group at this site would be favorable for the affinity, but the size and the
dimension of the substituents should not be too large. This means that steric
occupancy with too bulky groups of the sidechain leads to a steric conflict resulting in
diminished favorable interactions with the aromatic ring of Y188. These suggestions
agree well with the trend observed experimentally, reported in Table 1, that the
cyclopropyl acetylene group is the optimum sidechain for this position. Compound 1
with the cyclopropyl acetylene group attached at the C4 substituent shows higher
potency. Compounds 2-5 and 12-18, occupying the C4 site with too large substituents,
result in significantly reduced potency against WT RT. A large blue electrostatic
contour area close to the cyclopropyl group of the R position suggests that
electropositive groups are predicted to increase activity in those areas. This suggestion
agrees with the experimental data that compounds containing small heterocyclic rings

having more electron rich properties, such as pyridyl, furanyl or thienyl groups
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(compounds 2-9), have diminished affinities against WT RT, compared to

compound 1.

The contributions of steric and electrostatic fields to K103N RT inhibition is
shown in Figure 9b. The most potent compound active against K103N HIV-1 RT of
the series, compound 50, is put in the contour as a reference structure. Interestingly,
the large blue contour located close to the C6 position on the phenyl ring is
completely absent, compared to the WT inhibition. There are two red contours
presented in the vicinity of the substituent attached to C6 position instead. A sterically
favored green area is located in the region of the C5 substituent attached to the phenyl
ring. It can be summarized that, in contrast to the WT inhibition, compounds having a
bulky group attached to the C5 position and the preference of electronegative groups
at the C6 position are more favorable for the K103N inhibition. This is in agreement
with the experimental observation that compounds having sterically 5,6-halogen
substituents (compounds 28, 33 and 36) confer higher potency against the K103N
mutant compared to 5-halogen analogues (compounds 25 and 27). Compounds 50,51
and 53, occupying the C5 position with bulkier groups such as methoxy or hydroxyl
group and the C6 position with chlorine atom, yield higher potency compared to
compounds 38 and 45, respectively. In particular, compound 50 shows the highest
activity against K103N HIV-1 RT in the data set. This could be the reason why
compound 25, the highest active compound against WT HIV-1 RT, shows
a significantly reduced potency against K103N RT. A blue contour close to Z
substituent of the benzoxazin-2-one ring suggests that a group with low electron
density would play a favorable role in activity. This suggestion is consistent with the

experimental data that the replacement of an oxygen atom with the NH group at this
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position always yields much more potent derivatives active against K103N RT, as
exemplified by compounds 1, 2 compared to compounds 38 and 43, respectively.
At the region close to the R position, a large green contour is still presented for the
K103N RT inhibition and the yellow one overlapping with Y188 is also located close
to approximately similar region. The structural requirements for this region could be
explained in similar manner as those for WT RT inhibition. The structural
requirements obtained from the CoMFA models for WT and K103N HIV-1 RT
inhibition show high correspondence to molecular docking results previously

described and QSAR studies reported [37,38].

CoMSIA Contributions

Additional to the steric and electrostatic fields used in CoMFA study,
hydrophobic, hydrogen bond donor and hydrogen bond acceptor fields contributing to
binding affinities can be derived from the CoMSIA models. To better understand the
field interactions between the enzyme and inhibitors, the amino acid residues
surrounding the efavirenz compound in the binding pocket were merged into the
contour maps. In the present study, since the CoMSIA steric and electrostatic contours
(not shown) are similarly placed as those of the CoOMFA models, only hydrophobic,
hydrogen bond donor and hydrogen bond acceptor field contributions were discussed
further. The magenta and white regions highlight areas where hydrophilic and
hydrophobic properties are preferable, respectively. The cyan contours indicate region
where hydrogen bond donor groups increase activity, whereas purple contours

indicate region where hydrogen bond donor groups decrease activity. Hydrogen bond
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acceptors are favored in areas indicated by orange contours, whereas white contours

are areas where hydrogen bond acceptors are disfavored.

The contribution of hydrophobic fields to the WT inhibition is shown in
Figure 10a. A predominant feature of the hydrophobic contour plot is the presence of
a large pink contour corresponding to the locations of the groups attached to C5 and
C6 positions. It reflects that introducing hydrophobic substituents at the positions
would enhance the biological activity. As demonstrated, halogen groups attached to
C5 or C6 positions on the benzoxazin-2-one ring (compounds 25-33, 36 and 38) yield
increasing binding affinities. On the other hand, methoxy or hydroxyl groups attached
to C5 or C6 positions (compounds 34, 39-40, 49-53) would not be preferable for
binding affinities. Moreover, the favorable hydrophobic region is located close to the
vicinity of the R substituent, attached to the C4 position. As examples, more
hydrophilic derivatives with alkoxy groups substituted at C4 (compounds 12-18) are
less active for WT inhibition compared with compound 1. In contrast to WT
inhibition, the contour map of hydrophobic properties highlights different areas for
the K103N inhibition, as shown in Figure 10b. A white contour is presented near the
substituent attached to C5 position. With the combination of the steric contour map
obtained from CoMFA models, it suggests that the favorable hydrophilic together
with steric substituents at the position could enhance the K103N RT inhibitory
activity. This indicates that the bulky group with low hydrophobicity would be
favorable to the biological activity, as demonstrated by compound 50, the highest
active compound against K103N HIV-1 RT. A pink contour in the vicinity of the R4
substituent shows the importance of the hydrophobic component with an optimum

steric bulk of the sidechain at the R4 position. This suggestion agrees well with the
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experimental report that the optimum sidechain for this position is the acetylene

cyclopropyl group.

Figures 11a and 11b show the contributions of the hydrogen donor fields for
the WT and K103N inhibition, respectively. For WT inhibition, two cyan contours
located at the NH group of the benzoxazin-2-one ring and presented in the vicinity of
Z substituent represents that placement of hydrogen-bond donors at the positions is
beneficial for the receptor binding. This could be attributed to the hydrogen bond
interaction between the main chain carbonyl oxygen of K101 and the amide NH of
efavirenz compound [25]. For the K103N inhibition shown in Figure 11b, the cyan
contour located at the NH group of the benzoxazin-2-one ring is completely absent,
while a cyan contour close to the Z substituent is presented. The minor cyan contour
corresponds to the hydrogen donor substituent preferable at this position. This could
be the reason that compounds having NH group as the Z substituent are more
preferable for the K103N inhibitory activity than that of O atom. The contribution is
consistent with the docking study and the electrostatic contribution derived from the

CoMFA model.

The hydrogen bond acceptor field contribution for the WT and KI103N
inhibition are shown in Figures 12a and 12b, respectively. According to WT
inhibition, a prominent orange contour is presented in the region of R substituent
attached to the C4 site suggesting the preference of hydrogen bond acceptors at the
position. It is in agreement with the observation that compounds containing acetylenic
sidechain as the R substituent possessing hydrogen acceptor property, generally

enhance the inhibitory activities. Compounds having alkoxy groups rather than
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acetylenic sidechain at the R substituent show moderate to less binding affinities.
An orange contour close to the carbonyl oxygen of the benzoxazin-2-one ring reveals
that acceptor functions of the ligand directing to the location would be preferable for
the binding affinity. This suggestion is in consistent with the obtained docking results
described previously. Similar to the contribution obtained from the WT inhibition, a
large orange contour corresponding to the location of the R group substituted to the
C4 position shown in Figure 12b, suggests that hydrogen bond acceptors at the
position could be beneficial for K103N binding affinity. Based on the obtained
CoMSIA results, it could be confirmed that not only steric and electrostatic
interactions contribute to the WT and KI103N inhibitory activities, hydrophobic,

hydrogen donor and acceptor fields are important to explain the variance of the data.

As the availability of the crystal structure of efavirenz complexed with HIV-1
RT [25,26], there are numerous contacts involving a series of hydrophobic contacts;
the aromatic sidechains of Y181, Y188, W229 and F227 in the binding pocket with
the bound inhibitor. The hydrogen bond between the benzoxain-2-one NH and the
mainchain carbonyl oxygen of K101 is formed. There is also a Van der Waals contact
between the y-C of the sidechain of K103 and the nitrogen of benzoxain-2-one ring of
efavirenz. An analysis of the structure of efavirenz complexed with the K103N RT
reveals that the substitution of a charged and linear lysine for the uncharged and
branched asparagine at the position 103 resulting in a drastic change in the chemical
environment in the proximity of the mutation and a significant conformational
rearrangement within the drug binding pocket compared with the wild type complex.
Mainly, there are two consequences for the binding of NNRTI: changed hydrophobic

and electrostatic properties of the binding pocket. It is evident that favorable
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hydrophobic interactions of the amino acid in the binding pocket with the bound
inhibitors and the hydrogen bond interaction are eliminated. Accordingly, the
inhibitory affinities of some inhibitors are drastically reduced. Based on the obtained
results, it could be suggested the methoxy group attached to the C5 position could be
possible to generate favorable interactions compensating the hydrophobic interactions
lost. The presence of NH group as the Z substituent in the benzoxazin-2-one ring
possibly contributes to form the H-n interaction with the phenyl ring sidechain of
Y 181. The interactions should compensate the loss of significant interactions between
the bound inhibitor and surrounding amino acid residues in the binding pocket. These
results show high consistency to the obtained docking and CoMFA and CoMSIA
models in the present study, highlighting the structural difference required for WT

and K103N inhibitions of efavirenz derivatives.

Interaction Energy Calculations

Interaction energy of X-ray structure and docked efavirenz in the WT and KI103N

binding pockets

The interaction energies between efavirenz from the X-ray structure and each
amino acid surrounding in the WT and K103N RT binding pockets are shown in
Table 7. In the WT binding pocket, the interaction energies of efavirenz are -16.1 to
1.0 kcal/mol at the B3LYP/6-31G(d) level of theory. In case of interaction energies at
the MP2/6-31G(d) levels of theory, all attractive interaction energies are obtained (-
18.6 to -0.9 kcal/mol). Interaction energies from both levels of calculation shows in
the same trend and the major attractive interaction is the interaction with K101 (-16.1

and -18.6 kcal/mol at the B3LYP/6-31G(d) and MP2/6-31G(d) levels of theory,
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respectively. From the complex structure, amino and carbonyl groups of benzoxazin-
2-one ring of efavirenz compound could form two H-bonding with carbonyl group
(1.98 A) and amino group (3.17 A) of backbone K101, respectively. The interaction
energies at the MP2/6-31G(d) levels of theory also reveal the important interaction of

efavirenz to the WT binding pocket with L100, K103, Y181, Y188, H325, and P236.

For the K103N binding pocket, the interaction energies of efavirenz are -10.1
to 1.2 kcal/mol and -12.1 to -0.9 kcal/mol at the B3LYP/6-31G(d) and MP2/6-31G(d)
levels of theory, respectively. Although K101 is the major attractive interaction of
efavirenz in K103N binding pocket, the results clearly show the loss of attractive
interaction with K101 about 5.0-6.5 kcal/mol, as compared with the WT binding
pocket. Their interaction energies in the K103N binding pocket with K101 are -10.0
and -12.1 kcal/mol at the B3LYP/6-31G(d) and MP2/6-31G(d) levels of theory,
respectively. Because of the effect of amide group at N103, the efavirenz position has
slightly changed from the position in WT binding pocket and caused the longer
H-bonding with carbonyl group of backbone K101. Amino and carbonyl groups of
benzoxazin-2-one ring of efavirenz formed two H-bonding with carbonyl group (2.75
A) and amino group (2.93 A) of backbone K101, respectively. As compared to the
interaction with K103 in the WT binding pocket, the interaction energies to N103 are
decreased about 0.4 and 2.1 kcal/mol at the B3LYP/6-31G(d) and MP2/6-31G(d)
levels of theory, respectively. These may cause from the loss of H-bonding between
sidechain K103 between the WT binding pocket and efavirenz. For the interaction
with other amino acids in the K103N binding pocket, the interaction energies are
about +1 kcal/mol in both levels of theory as compared with those in the WT binding

pocket.
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In order to investigate the interaction energies of the docked conformation of
other efavirenz derivatives, the interaction energies of docked efavirenz (compound.1)
in WT and K103N binding pockets are firstly studied in comparison to those of X-ray
structure. The interaction energies of compound 1 with the WT and K103N binding
pockets are shown in Table 8 and Table 9, respectively. For the WT binding pocket,
the interaction energies of compound 1 are -17.1 to 0.9 kcal/mol and -19.9 to -0.9
kcal/mol at the B3LYP/6-31G(d) and MP2/6-31G(d) levels of theory, respectively.
Except K103, the interaction energies of compound 1 with other amino acids from
both levels of theory are similar to those of X-ray structure with +1.5 kcal/mol. The
interaction energies between compound 1 and K103 are more attractive than X-ray
structure and K103 which the different of interaction energies are 3.6 and 2.9
kcal/mol at the B3LYP/6-31G(d) and MP2/6-31G(d) levels of theory, respectively.
This more attractive interaction is caused from the stronger attractive interaction
formed between fluoro atom of trifluoro group in efavirenz and y-C of sidechain
K103. The distances are 3.81 A and 3.51 A in X-ray structure and compound 1,
respectively. Because this substituted group (trifluoro group) does not vary in this
study, more attractive interaction with K103 may occur to other efavirenz derivatives
with the same trend. According to this explanation, compound 1 can be used to
compare the interaction with other efavirenz derivatives. In case of compound 1 in the
K103N binding pocket, the interaction energies are -7.3 to 4.6 kcal/mol and -10.3 to -
1.3 kcal/mol at the B3LYP/6-31G(d) and MP2/6-31G(d) levels of theory,
respectively. The interaction energy differences between X-ray and compound 1 are
+1.7 kecal/mol, except L100 and K101. Because of a little movement of compound

no. 1 to form more attractive interaction with Y181, attractive interaction with L100



29

and K101 are lost about 1.8 and 2.7 kcal/mol at MP2/6-31G(d), respectively. More
attractive interaction with Y181 could occur with other efavirenz derivatives in the
same manner. Therefore, to determine the interaction energies of other docked
efavirenz derivatives, compound 1, which is the docked conformation of efavirenz, is

used to compare in the further step.

Interaction energy of compounds 25 and 12 in WT binding pocket

The individual interaction is also observed with the compounds 25 and 12, the
highest and less WT activity, respectively. Their interaction energies compared with
compound 1 are shown in Table 8. The interaction energies of compound 25 in WT
binding pocket are -17.2 to 0.4 kcal/mol and -20.0 to -0.4 kcal/mol at the B3LYP/6-
31G(d) and MP2/6-31G(d) levels of theory, respectively. As compared with
compound 1, the results confirm the docking results that slightly more attractive
interaction to compound 25 could be formed to L100, K101, Y188, G190, and H235
with +1.0 kcal/mol from both levels of theory. K103 and V106 are formed more
attractive interactions within 2.0 kcal/mol. More attractive interaction with V106 is
formed with the 5-F of the ring and this cause a slight shift of the fluoromethyl group
to come closer to K103. For the less WT activity compound, interaction energies of
compound 12 are -153 to 3.6 kcal/mol and -18.0 to -0.8 kcal/mol
the B3LYP/6-31G(d) and MP2/6-31G(d) levels of theory, respectively. The decreased
attractive interaction, as compared with compound 1, is found between compound 12
and most amino acids. Because of the bulky group attached at R position, steric

interaction occurs with L100, K101, and Y181. The individual interaction results
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support and agree well with the experimental results that compounds 25 and 12 show

higher and lower potency than compound 1, respectively.

Interaction energy of compound 50 and 22 in K103N binding pocket

In the case of the K103N RT binding pocket, compounds 50 and 22, the
highest and less potency against K103N RT, respectively, are selected to study. Their
interaction energies are shown in Table 9. The interaction action energies of
compound 50 in K103N binding pocket are -14.8 to 0.8 kcal/mol and -17.3 to -1.1
kcal/mol at the B3LYP/6-31G(d) and MP2/6-31G(d) levels of theory, respectively.
From both levels of theory, more attractive interaction has significantly formed to
L100, K101, Y181, and Y188. The attached substituted groups in compound 50 cause
more fit of its conformation in K103N binding pocket than compound 1. Stronger
attractive interaction is also formed with L100 and K101. The nitrogen atom on the Z
substituent of compound 50 make the attractive interaction increased. The H-n
interaction to the aromatic sidechain of Y181 could be formed. The methoxy group
attached at CS5-position of phenyl ring has fitted with the hydrophobic pocket
consisting of V106, Y188, and L234. Most of other amino acids in the binding pocket
also slightly form more attractive interaction with compound 50. For the less active
compound against the K103N RT, the interaction energies of compound 22 are -6.9 to
2.8 kcal/mol and -9.8 to -0.7 kcal/mol at the B3LYP/6-31G(d) and MP2/6-31G(d)
levels of theory, respectively. From their docked conformation, it can be seen that the
substituting group at R-position has caused the steric effect with the pocket around
R-position. From the interaction energies, this substituting group at R-position of

compound 22 has caused the less attractive interaction with P95, Y188, W229, and
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L234. The individual interaction results are in agreement with the experimental results
that compounds 50 and 22 shows highest and less potency against the K103N RT,

respectively.

Based on the calculated results, more attractive interaction are found by using
the MP2/6-31G(d) level of theory, as compare with B3LYP/6-31G(d) level of theory.
The obtained interaction energies agree well as compared with the results previously
reported [36,54]. Therefore, to ensure that H-m interaction is included in the
calculation, MP2 method should be appropriated applied in the study. The interaction
energies could be helpful for understanding the individual interaction between ligand
and the binding pocket and suggesting for the guideline of the new more potent

inhibitor design.

CONCLUSION

The molecular docking calculations and 3D-QSAR analyses were successfully
combined to investigate the interaction and the relationship between structural
requirements of efavirenz derivatives for WT and K103N HIV-1 RT. The potential
binding orientation of the inhibitors in the binding pockets could be identified, by
using docking studies. The docking results provide additional insight into essential
inhibitor-enzyme interactions for different types of wild type and mutant type of
HIV-1 RT. Based on the docking conformations, the reliable and predictive CoMFA
and CoMSIA models of efavirenz derivatives for the WT and K103N RT inhibition
were derived. The QSAR models are successfully used to discriminate between the
structural requirements for WT and KI03N inhibitory activities. Moreover, the

interaction energy trend calculated from quantum chemical calculations of the
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inhibitors and individual amino acid residues in the binding pockets is informative to
highlight particular ligand-receptor interaction in molecular level. The results derived
from all approaches validate each other and agree well with the ligand-receptor
complex interaction derived from the X-ray crystallographic data. Evidently, in the
present study, molecular modeling with the combination of structure-based and
ligand-based drug design approaches integrated with quantum chemical calculations
has been proven as attractive and efficient tools for better understanding of the key
structural element for enhancing the interaction between efavirenz compounds and the
WT and K103N RT. Consequently, the obtained results enable to provide beneficial
guidelines to design novel compounds with higher anti-HIV—-1 RT activities against

WT and K103N RT.
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Table 1. Structures of 56 efavirenz derivatives and experimental biological activities
against both WT RT and K103N RT

R /CF3
- 5 \4
6 \ \z
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I = /K
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Compound X R 7 Experimental log(1/C)
no. 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
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6.00
6.54
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6.51
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7.19
5.79
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* seven compounds comprising of compounds 03,19,22,37,39,42 and 47, used as the

test set

Table 2. The rmsd (A) of the docked pose from the X-ray pose of efavirenz by using

GOLD and Autodock methods.

: Rmsd (A)
Docking method g0 4" 46 T/9) | K103N (pdb code 1fko)
GOLD 0.94 1.00
Autodock 0.35 0.53

Table 3. Summary of CoOMFA models for the WT and K103 N HIV-1 RT inhibition

Statistical results WT inhibition K103 N inhibition
e 0.662 0.755
noc 3 6
s-press 0.145 0.302
I’ 0.936 0.944
S 0.066 0.144
F 83.441 107.318
Field Contribution
Steric 63.8 51.2
Electrostatic 36.2 48.8

Table 4. Summary of CoMSIA models for the WT and K103N HIV-1 RT inhibition

Statistical results WT inhibition K103 N inhibition
ey 0.708 0.773
noc 6 3
s-press 0.142 0.286
r’ 0.894 0.938
S 0.085 0.155
F 50.844 93.344
Field Contribution
Steric 12.2 134
Electrostatic 19.5 22.3
Hydrophobic 24.1 20.5
Hydrogen donor 16.8 26.5




Hydrogen acceptor

27.3

17.3
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Table 5. Predicted log (1/C) WT and K103N HIV-1 RT inhibitory affinities of the
tested efavirenz compounds derived from CoMFA models

Compound WT HIV-1 RT inhibitory affinity K103N HIV-1 RT inhibitory affinity
No. Expt.log(1/C) | Calc.log (1/C)" | Residual Expt.log(1/C) | Calc. log (1/C)° | Residual
03 8.40 8.50 -0.1 6.94 6.28 0.66
19 8.53 7.99 0.54 6.97 6.46 0.51
22 8.19 8.73 -0.54 5.79 7.42 -1.63
37 8.64 8.43 0.21 7.14 6.76 0.38
39 8.42 8.34 0.08 7.25 7.79 -0.54
42 8.18 8.27 -0.09 6.49 6.51 -0.02
47 8.10 8.63 -0.53 7.74 7.78 -0.04

* calculated by CoMFA model for the WT inhibition

® calculated by COMFA model for the K103N inhibition

Table 6. Predicted log (1/C) WT and K103N HIV-1 RT inhibitory affinities of the
tested efavirenz compounds derived from CoMSIA models

Compound WT HIV-1 RT inhibitory affinity K103N HIV-1 RT inhibitory affinity
No.
Expt.log(1/C] Calc.log (1/C)* Residual Expt.log(1/d Calc. log (1/C)° | Residual

03 8.40 8.46 -0.06 6.94 6.58 0.36
19 8.53 8.27 0.26 6.97 6.23 0.74
22 8.19 8.58 -0.39 5.79 6.43 -0.64
37 8.64 8.20 0.44 7.14 6.72 0.42
39 8.42 8.54 -0.12 7.25 7.48 -0.23
42 8.18 8.23 -0.05 6.49 6.54 -0.05
47 8.10 8.47 -0.37 7.74 7.81 -0.07
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? calculated by CoMSIA model for the WT inhibition

® calculated by CoMSIA model for the K103N inhibition

Table 7. Interaction energies between efavirenz from X-ray structure and each amino
acid surrounding in the WT and K103N binding pockets

Interaction energy (kcal/mol)

Amino acid residue WT binding pocket K103N binding pocket
23%&% MP2/6-31G(d) 33?&% MP2/6-31G(d)
P95 -0.3 -0.9 -0.3 -0.9
L100 -0.6 -7.6 0.2 -7.7
K101 -16.1 -18.6 -10.1 -12.1
K103/N103 -1.8 -5.3 -1.4 -3.2
V106 1.0 2.4 -0.1 -3.2
Y181 -0.6 -3.8 1.2 -4.3
Y188 -1.0 -5.7 -1.6 -6.6
G190 -1.0 -1.7 -1.0 -1.9
F227 0.1 -1.0 0.4 -1.0
W229 -0.7 2.5 -1.3 -3.3
L234 0.2 -1.8 0.0 -2.5

H235 -1.7 -3.2 -1.9 -3.0
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P236 -0.9 -3.1 -1.1 -2.7
Y318 -0.3 -2.7 -0.2 -3.3

Table 8. Interaction energies between docked conformations (docked efavirenz
(compound 01), compounds 25 and 12) and each amino acid surrounding in the WT
binding pocket

Interaction energy (kcal/mol)

Amino

acid compound 01 compound 25 compound 12
residue T R3LYP/ MP2/ B3LYP/ MP2/ B3LYP/ MP2/
6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d)
P95 -0.1 -0.9 -0.1 -0.9 -0.3 -0.8
L100 0.9 -6.3 0.4 -7.0 3.6 -3.2
K101 -17.1 -19.9 -17.2 -20.0 -15.3 -18.0
K103 -54 -8.2 -7.3 -10.2 -4.6 -7.7
V106 0.7 -2.5 -1.7 -4.1 1.2 -2.2
Y181 -0.1 -4.1 -0.1 -4.0 2.1 -1.9
Y188 -0.7 -5.2 -1.2 -6.1 1.0 -4.6
G190 -1.4 2.1 -1.5 2.3 -1.3 2.3
F227 -0.1 -1.1 0.0 -0.4 -0.2 -1.2
W229 -1.4 -2.5 -0.4 -2.3 0.3 -2.5

L234 0.2 -1.8 -0.1 -1.4 0.1 -1.8




49

H235 -1.5 -2.9 2.2 -3.0 -0.4 -2.0
P236 -1.4 -3.6 -0.8 -2.7 -1.2 -3.7
Y318 -0.3 -3.7 0.3 -3.4 0.1 -3.7

Table 9. Interaction energies between docked conformations (docked efavirenz
(compound 01), compounds 50 and 22) and each amino acid surrounding in the
K103N binding pocket

Interaction energy (kcal/mol)

A;I;iigo compound 01 compound 50 compound 22
residue . B3 YP/ MP2/ B3LYP/ MP2/ B3LYP/ MP2/
6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d)
P95 -0.3 -1.3 -0.1 -1.1 -0.1 -0.7
L100 4.6 -5.0 0.8 -7.8 2.8 -5.1
K101 -7.3 -10.3 -14.8 -17.3 -6.9 -9.8
N103 0.0 -1.5 0.3 -1.2 -0.1 -2.0
V106 0.7 -2.0 0.3 -3.1 0.1 -3.0
Y181 0.4 -5.9 -2.1 -8.9 1.5 -5.0
Y188 -1.6 -5.1 -1.9 7.5 -0.5 -4.1
G190 -1.3 2.2 -1.5 -2.5 -1.0 -2.0
F227 -0.3 -1.3 0.7 -1.4 -0.4 -0.9
W229 -1.0 -3.8 -1.1 -4.0 -0.7 -1.6
L234 -0.2 -2.0 0.0 -2.9 0.3 -0.4
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Figure 1. The conformations of docked efavirenz by using GOLD (grey) and
Autodock (dark grey) and compared with the orientation of X-ray pose (black); (a) in
the WT binding pocket (pdb code 1fk9) and (b) in the K103N binding pocket (pdb
code 1fko).
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() (d)

Figure 2. The orientation of docked efavirenz derivatives by using Autodock in the
WT binding pocket ( a. top view and b. side view) and in the K103N binding pocket

(c. top view and d. side view).

[ ReEa
‘-\
W\
A
N Lpfay
b
Y
|
L w,  HIszd
_‘i"'m._ }j -
~ F




53

[ =
S— 0
= HIS23 YoowaLTe
~Ie\, - o \A
=} ==\

Figure 3. The conformations of docked efavirenz derivatives by using GOLD (grey)
and Autodock (dark grey) and compared with the orientation of X-ray pose (black) in

the WT HIV-1 RT; (a) Compound 25 and (b) Compound 12.
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Figure 4. The conformations of docked efavirenz derivative (compound 25) by using
GOLD (grey) and Autodock (dark grey) compared with the orientation of X-ray pose

(black) in the K103N HIV-1 RT.
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Figure 5. The conformations of docked efavirenz derivatives by using GOLD (grey)

and Autodock (dark grey) compared with the orientation of X-ray pose (black) in the

K103N HIV-1 RT; (a) Compound 50 (b) Compound 22.



56

< HsZ3
J/ —

Figure 6. The conformations of docked efavirenz derivative (compound 50) by using
GOLD (grey) and Autodock (dark grey) compared with the orientation of X-ray pose

(black) in the WT HIV-1 RT.
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Figure 7. The plots between predicted and experimental inhibitory affinities of the

non-cross-validated analysis of the CoMFA model; (a) WT inhibitory affinities

and (b) K103N inhibitory affinities.
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Figure 8. The plots between predicted and experimental inhibitory affinities of the
non-cross-validated analysis of the CoMSIA model; (a) WT inhibitory affinities and

(b) K103N inhibitory affinities.
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(b)

Figure 9. Stereoview of CoMFA steric and electrostatic STDEV*COEFF contour
plots based on WT and K103N HIV-1 RT inhibitions from the analysis of CoOMFA
models with non-cross-validation, as shown in (a) and (b), respectively. Green
contours refer to sterically favored regions; yellow contours indicate disfavored area.
Compound 25 and 50 are displayed inside the fields as ball and stick presentation in

(a) and (b), respectively.
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(b)

Figure 10. Stereoview of CoMSIA hydrophobic STDEV*COEFF contour plots based
on WT and K103N HIV-1 RT inhibitions from the analysis of CoMSIA models with
non-cross-validation, as shown in (a) and (b), respectively. Magenta contours refer to
positive hydrophobic favoring areas; white contours indicate hydrophilic favoring
areas. Compound 25 and 50 are displayed inside the fields as ball and stick

presentation in (a) and (b), respectively.
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(b)

Figure 11. Stereoview of CoMSIA hydrogen donor STDEV*COEFF contour plots
based on WT and K103N HIV-1 RT inhibitions from the analysis of CoOMSIA models
with non-cross-validation, as shown in (a) and (b), respectively. Cyan contours refer
to hydrogen donor fields favoring areas; purple contours indicate hydrogen donor
fields disfavoring areas. Compound 25 and 50 are displayed inside the fields as ball

and stick presentation in (a) and (b), respectively.
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Figure 12. Stereoview of CoMSIA hydrogen acceptor STDEV*COEFF contour plots
based on WT and K103N HIV-1 RT inhibitions from the analysis of CoOMSIA models
with non-cross-validation, as shown in (a) and (b), respectively. Orange contours
refer to hydrogen acceptor fields favoring areas; white contours indicate hydrogen
acceptor fields disfavoring areas. Compound 25 and 50 are displayed inside the fields

as ball and stick presentation in (a) and (b), respectively.
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Abstract: HIV-1 Reverse transcriptase (RT) is an essential enzyme for HIV-1 replication and, therefore, it is an important

target for the attack of antiviral agents. Although some products are already on the market, there is need to design new drugs,

because mutation in drug interacting disease proteins decreases the efficiency of the existing drugs. Non-nucleoside RT

inhibitors fill up an allosteric, mainly hydrophobic pocket in a distinct distance from the enzyme’s active center. X-ray

crystallographic investigations on the enzyme and on enzyme complexes provide information about the structural consequences

of the protein-inhibitor interaction. Applying molecular simulations the dynamic behaviour of these biomolecular systems can be
obtained in order to get some insight into the molecular flexibilities and into the detailed inhibition mechanism. Amino acids which

are important for the inhibition mechanism and the interaction with inhibitor molecules can be identified for further

considerations with more accurate molecular calculations. QSAR studies allow the development of proper prediction models,
which are used to design new drugs. Combination of molecular docking, energy minimization and MD or MC calculations with

various QSAR methods will support screening methods to find new lead compounds.

Keywords: HIV-1 reverse transcriptase, Non-nucleoside reverse transcriptase inhibitor, X-ray structures, quantitative structure-

activity analysis, molecular simulation.

1. STRUCTURE OF HIV-1 REVERSETRANSCRIPTASE AND
INHIBITOR COMPLEXES

1.1 The Enzymes of HIV-1

The human immunodeficiency virus type 1 (HIV-1) is a
retrovirus responsible for the Acquired Immunodeficiency
Syndrome (AIDS). The viral genome (GenBank Accession
number NC 001802) consists of 9181 base pairs and encodes
nine open reading frames. One of these encodes the Pol
polyprotein, which is proteolyzed into three enzymatic
proteins, reverse transcriptase (RT), protease (PR) and integrase
(IN) [1,2]. These enzymes are essential for the replication of the
virus and therefore for the whole viral life cycle. After
absorption of the virus by the cell, the RT converts the single-
stranded viral RNA into double-stranded DNA, which is then
integrated into the host chromosome by the IN. The polyprotein
expressed from the resulting cellular RNA is cut into the
individual proteins by the PR. These viral enzymes are
important targets for the treatment of HIV-1 infection. Several
products are already on the market [3-7], especially for the
inhibition of the two enzymes PR and RT.

1.2. HIV-1 Reverse Transcriptase

HIV-1 RT is a multifunctional enzyme that converts the viral
RNA into DNA and has the following functions: RNA-
dependent DNA polymerase, DNA-dependent DNA polymerase
and ribonuclease H (RNase H). Chain elongation takes place by
adding desoxyribonucleotide triphosphates to the 3’OH
terminus of the primer sequence. This process is essential for
the replication of HIV-1, and the enzyme is therefore an
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Austria; Fax: +43-1-4277 52771; Tel: ++43 1 4277 9527; E-mail:
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important target for anti-HIV-1 drugs [8-10]. Three classes of
inhibitors exist, acting on HIV-1 RT. Nucleoside Reverse
Transcriptase Inhibitors (NRTIs) and Nucleotide Reverse
Transcriptase Inhibitors (NtRTIs), which interact with the
enzyme’s active site and are competitive inhibitors. Non-
nucleoside inhibitors (NNRTIs) are the third class of RT
inhibitors. They act allosterically and are highly specific for
HIV-1 RT. NNRTIs are compounds of a surprisingly different
chemical constitution, and all bind to the same site of RT, near
to, but distinct from the polymerase active center. They inhibit
the RT activity by inducing conformational changes at
functionally important residues.

A major drawback of NNRTIs is the occurrence of drug
resistance by mutation of the RT protein [11-13]. Additionally,
such mutations in many cases also lead to a decreased
sensitivity to other NNRT inhibitors. This is the reason for the
necessity of the development of new and more mutation-
independent drugs.

1.3. Structure of HIV-1 Reverse Transcriptase

Extended structural information about HIV-1 RT has been
obtained from X-ray crystallography. A large number of
structures of free or complexed HIV-1 RT, resolved by X-ray
crystallography, have been deposited in the Protein Data Bank
(RCSB PDB; http://www.pdb.org) [14]. The following classes of
structures are included in the data bank: Free HIV-1 RT without
ligand, HIV-1 RT bound to double-stranded oligonucleotide
template-primers both in the presence and in the absence of a
deoxynucleotide triphosphate substrate and HIV-1 RT
complexed with different NNRTIs. Moreover, Structures of HIV-
1 RT mutants in free or complexed form are also available.
Several HIV related databases are maintained at Los Alamos
National Laboratory (www.hiv.lanl.gov.) [15]. NIST (National
Institute of Standards and Technology) runs the” HIV Structural

© 2007 Bentham Science Publishers Ltd.
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Table 1. Sequences of Two Variants of HIV-1 RT (S1 and S2)
S1 1 PISPIETVPV KLKPGMDGPK VKQWPLTEEK IKALVEICTE MEKEGKISKI GPENPYNTPV 60
S2 1 PISPIETVPV KLKPGMDGPK VKQWPLTEEK IKALVEICTE MEKEGKISKI GPENPYNTPV 60
S1 61 FAIKKKDSTK WRKLVDFREL NKRTQDFWEV QLGIPHPAGL KKKKSVTVLD VGDAYFSVPL 120
S2 61 FAIKKKDSTK WRKLVDFREL NKRTQDFWEV QLGIPHPAGL KKKKSVTVLD VGDAYFSVPL 120
S1 121 DEDFRKYTAF TIPSINNETP GIRYQYNVLP QGWKGSPAIF QSSMTKILEP FRKQNPDIVI 180
S2 121 DEDFRKYTAF TIPSINNETP GIRYQYNVLP QGWKGSPAIF QSSMTKILEP FKKQNPDIVI 180
S1 181 YQYMDDLYVG SDLEIGQHRT KIEELRQHLL RWGLTTPDKK HQKEPPFLWM GYELHPDKWT 240
S2 181 YQYMDDLYVG SDLEIGQHRT KIEELRQHLL RWGLTTPDKK HQKEPPFLWM GYELHPDKWT 240
S1 241 VQPIVLPEKD SWTVNDIQKL VGKLNWASQI YPGIKVRQLC KLLRGTKALT EVIPLTEEAE 300
S2 241 VQPIVLPEKD SWTVNDIQKL VGKLNWASQI YPGIKVRQLC KLLRGTKALT EVIPLTEEAE 300
S1 301 LELAENREIL KEPVHGVYYD PSKDLIAEIQ KQGQGQWTYQ IYQEPFKNLK TGKYARMRGA 360
S2 301 LELAENREIL KEPVHGVYYD PSKDLIAEIQ KQGQGQWTYQ IYQEPFKNLK TGKYARMRGA 360
S1 361 HTNDVKQLTE AVQKITTESI VIWGKTPKFK LPIQKETWET WWTEYWQATW IPEWEFVNTP 420
S2 361 HTNDVKQLTE AVQKITTESI VIWGKTPKFK LPIQKETWET WWTEYWQATW IPEWEFVNTP 420
S1 421 PLVKLWYQLE KEPIVGAETF YVDGAANRET KLGKAGYVTN RGRQKVVTLT DTTNQKTELQ 480
S2 421 PLVKLWYQLE KEPIVGAETF YVDGAANRET KLGKAGYVTN KGRQKVVPLT NTTNQKTELQ 480
S1 481 AIYLALQDSG LEVNIVTDSQ YALGIIQAQP DQSESELVNQ IIEQLIKKEK VYLAWVPAHK 540
S2 481 AIYLALQDSG LEVNIVTDSQ YALGIIQAQP DKSESELVNQ IIEQLIKKEK VYLAWVPAHK 540
S1 541 GIGGNEQVDK LVSAGIRKYL 560
S2 541 GIGGNEQVDK LVSAGIRKIL 560

Database” which has some additional information not included
in PDB (http://xpdb.nist.gov/hivsdb/hivsdb.html) [16].

Two variants of slightly different protein sequences have
been used throughout these studies, denoted here as S1 and S2.

In this table the differences between the two variants are
shown. There is one difference in the Palm domain, whereas the
others are located in the RNase H domain [17, 18].

A summary of all structures currently available in PDB is

Both sequences are given in Table 1. given in Table 2.
Table 2. HIV-1 Reverse Transcriptase X-ray structures in the Protein Data Bank. Resolution (Res) in A
PDB Code Ligand Res Year Ref. Model Mutation

1 IRTI HEPT 3.00 1995 [19] S1 560 -
2 IRTI MKC-422 Emivirine 2.55 1996 [20] S1 560 -
3 IRT2 TNK-651 2.55 1996 [20] S1 560 -
4 1JLA TNK-651 2.50 2001 [21] S1 560 Y181C
5 IS1V TNK-651 2.60 2004 [22] S1560 L100I
6 ICIB GCA-186 2.50 1999 [23] S1 560 -
7 ICIC TNK-6123 2.50 1999 [23] S1 560 -
8 1JLQ 739W94 3.00 2001 [24] S1560 -
9 IHNV 8-C1 TIBO (R86183) 3.00 1995 [25] S2 558 C280S
10 1UWB 8-C1 TIBO (R86183) 3.20 1996 [26] S2 558 C280S Y181C
11 ITVR 9-C1 TIBO (R82913) 3.00 1996 [26] S2 558 C280S
12 IREV 9-C1 TIBO (R82913) 2.60 1995 [27] S1560 -
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(Table 2)contd.....

PDB Code Ligand Res Year Ref. Model Mutation

13 3HVT Nevirapine (Viramune) 2.90 1994 [28,29] S2 556 -

14 IVRT Nevirapine (Viramune) 2.20 1995 [19] S1560 -

15 1FKP Nevirapine (Viramune) 2.90 2000 [30] S1 543 K103N

16 1JLB Nevirapine (Viramune) 3.00 2001 [21] S1560 Y181C

17 1JLF Nevirapine (Viramune) 2.60 2001 [21] S1560 Y188C

18 ILWC Nevirapine (Viramune) 2.62 2002 [31] S1 560 M184V

19 1LWO Nevirapine (Viramune) 2.80 2002 [31] S1 560 T215Y

20 ILWE Nevirapine (Viramune) 2.81 2002 [31] S1 560 M41L T215Y

21 ILWF Nevirapine (Viramune) 2.80 2002 [31] S1 560 M41L D67N
K70R M184V
T215Y

22 1S1U Nevirapine (Viramune) 3.00 2004 [21] S1560 L1001

23 1S1X Nevirapine (Viramune) 2.80 2004 [22] S1560 V1081

24 IRTH 1051091 2.20 1995 [19] S1560 -

25 IRT3 1051091 3.00 1998 [32] S1555 D67N K70R
T115F K219Q

26 | 1LW2 1051U91 3.00 2002 [31] S1560 T215Y

27 IVRU 2,6-CI12 a-APA (R90385) 2.40 1995 [19] S1 560 -

28 IHPZ 2,6-C12 a-APA (R90385) 3.00 2000 [33] S2 560 K103N C280S

29 1HNI 2,6-Br2 a-APA (R95845) 2.80 1995 [34] S2 558 C280S

30 1BQM HBY097 3.10 1998 [35] S2 556 C280S

31 IBQN HBY097 3.30 1998 [35] S2 558 Y188L C280S
E248Q E546Q

32 1HQU HBY097 2.70 2000 [33] S2 560 K103N C280S

33 IKLM BHAP U-90152 2.65 1997 [27] S1560 -

34 IRT5 UC-10 2.90 1998 [27] S1 560 -

35 IRT6 UC-38 2.80 1998 [27] S1 560 -

36 IRT7 UcC-84 3.00 1998 [27] S1 560 -

37 IRT4 UC-781 2.90 1998 [27] S1 560 -

38 1JLG UC-781 2.60 2001 [21] S1 560 Y188C

39 ISIT UC-781 2.40 2004 [22] S1560 L1001

40 IS1W UC-781 2.70 2004 [22] S1 560 V106A

41 1COT BM+21.1326 2.70 1999 [37] S1 560 -

42 1COU BM+50.0934 2.52 1999 [37] S1 560 -

43 IDTT PETT-2 (PETT130A94) 3.00 2000 [38] S1560 -

44 1JLC PETT-2 3.00 2001 [21] S1560 Y181C

45 IDTQ PETT-1 (PETT131A94) 2.80 2000 [38] S1560 -

46 1IEET MSC204 2.73 2000 [39] S2 557 E478Q

47 1KY MSC194 3.00 2001 [40] S2 560 K103N E478Q
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PDB Code Ligand Res Year Ref. Model Mutation
48 1HKX PNU142721 2.80 2001 [40] S2 560 K103N E478Q
49 1IFK9 DMP-266 (Efavirenz) 2.50 2000 [30] S1543 -
50 1HKW DMP-266 (Efavirenz) 3.00 2001 [40] S2 560 E478Q
51 1FKO DMP-266 (Efavirenz) 2.90 2000 [30] S1 543 K103N
52 1IKV DMP-266 (Efavirenz) 3.00 2001 [40] S2 560 K103N E478Q
53 1JKH DMP-266 (Efavirenz) 2.50 2001 [21] S1560 Y181C
54 1EP4 S-1153 2.50 2000 [41] S1 560 -
55 1Sep R100943 2.90 2005 [42] S2 560 C280S
56 189G R120394 2.80 2005 [42} S2 560 C280S
57 1S9E R129385 2.60 2005 [42] S2 560 C280S
58 1S6Q R147681 3.00 2005 [42] S2 560 C280S
59 2BAN R157208 2.95 2005 [43] S2 560 C280S
60 1SV5 R165335 2.90 2004 [42] S2 560 C280S K103N
61 2BS5J R165481 2.90 2005 [43] S2 560 C280S
62 1SUQ R185545 3.00 2005 [42] S2 560 C280S
63 2BE2 R221239 243 2005 [43] S2 560 C280S
64 1TKT GW426318 2.60 2004 [44] S1560 -
65 ITKZ GW429576 2.81 2004 [44] S1 560 -
66 ITKX GW490745 2.85 2004 [44] S1 560 -
67 1TL3 GW450557 2.80 2004 [44] S1 560 -
68 ITL1 GW451211 2.90 2004 [44] S1560 -
69 1TV6 CP-94 2.80 2004 [45] S2 560 -
70 2B6A THR-50 2.65 2005 [46] S2 560 C280S
71 IHAR - 2.20 1994 [47] NA 216 N-Term
72 IHMV - 3.20 1994 [48] S2 560 -
73 IRTJ - 2.35 1995 [49] S1 560 -
74 1IDLO - 2.70 1996 [50] S2 556 C280S
75 IHQE - 2.70 2000 [51] S2 560 K103N C280S
76 1JLE - 2.80 2001 [21] S1 560 Y188C
77 1QE1 - 2.85 1999 [51] S2 558 C280S M1841
78 2HMI DNA/FAB 2.80 1998 [52,53] S2 558 C280S
79 1C9R DNA/FAB 3.50 1999 [51] S2 556 C280S M1841
80 1J50 DNA/FAB 3.50 2002 [51] S2 558 C280S M1841
81 1TOS DNA/Fab 3.00 2004 [54] S2 558 C280S Q258C
82 1T03 DNA/Fab 3.10 2004 [54] S2 558 C280S Q258C
83 IN6Q DNA/Fab 3.00 2002 [55] S2 558 C280S Q258C
84 INSY DNA/Fab 3.10 2002 [55] S2 558 C280S Q258C
85 IRTD DNA/dNTP 3.20 1998 [56] S1553 Q258C R461K
T468P E478Q
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(Table 2)contd.....

PDB Code Ligand Res Year Ref. Model Mutation
Q512E
86 IHVU RNA 4.75 1998 [57] S2 554 -
87 IHYS RNA/DNA 3.00 2001 [58] S2 553 C280S

HIV-1 RT is a heterodimer and contains two chains with
identical amino acid sequences but of different lengths. The
first chain (p66), has a molecular weight of 66kDa and consists
of 560 amino acids. The second chain (p51) is built up from 440
residues and has a molecular weight of 51kDa. It lacks the
RNase H domain at the C-terminus. Both subunits contain a
polymerase domain composed of four subdomains, called
fingers, palm, thumb and connection. p66 and p51 are expressed
by the same gene and their sequences are therefore identical
(p51 is processed by proteolytic cleavage of p66). Nevertheless,
the polymerase subdomains are arranged in different way, p66
forming a large-active site pocket (with the catalytic triad
Aspl10, Aspl85 and Aspl86) and p51 with a closed and
therefore inactive structure. The complete structure of HIV-1 RT
(p66 and p51) is shown in Fig. 1.

1.4. Structure of the HIV-1 RT NNRTI Binding Site

NRTIs and NtRTIs bind to the active center, whereas the
binding pocket for NNRTIs is about 10A away from the catalytic
site. This cavity is located between two B-sheets (B4, B7 and B8
of the fingers domain — amino acids 73-77, 128-134, 141-147,
and B9, B10 and B11 — amino acids 178-183, 186-191, 214-217
and 219-222 of the palm domain of p66 by. Additionally, the
B5-B6 loop (Pro97, Leul00, Lys101, Lys103), B6 (Serl05,
Val106, Val108), the hairpins 9-p10 (Vall79, Tyrl181, Tyrl88,
Gly190, Aspl192), and B12-B13 (Glu224, Phe227, Trp229,
Leu234, Pro236), and two amino acids B15 (Tyr318, Tyr319) of
the thumb domain [18]. Two amino acids from p51 (Thrl35,

Glul38) are also involved in the inhibitor. The binding pocket
is mainly hydrophobic, with some aromatic amino acids
(Tyr181, Tyr188, Phe227, Trp229, Tyr232) but includes a few
hydrophilic residues (Lys101, Lys103, Serl05, Aspl92,
Glu224) and backbone atoms, which are able to form hydrogen
bonds. These structural features of the binding site are highly
important for the association of inhibitors. The entrance to the
cavity is formed by residues Leul00, Lys103, Vall79, Ser191
and Glul38 from p51. Examples for the interaction of various
inhibitors with amino acids in the NNRTI binding pocket are
outlined in Table 3.

The table indicates residues which have distances less than
4A to the related inhibitor in the X-ray crystal structure. The
importance of Leul00, Lys101 (B6 of palm domain), Tyrl81,
Tyr188 (B9 of palm domain), Trp229 (12 of palm domain) and
Tyr318 (B15 of thumb domain) can be easily deduced. These
amino acids are in close contact with almost every inhibitor.
Superpositions of four structures of NNRTIs, HEPT, TIBO,
nevirapine and efavirenz, attached to the WT HIV-1 RT binding
pocket are presented in Fig. 2.

1.5. Structural Requirements for NNRTIs

A butterfly-like shape with two hydrophobic, mostly
aromatic wings, was postulated as pharmacophor for NNRTIL.
However, for second generation inhibitors this molecular shape
gets less stringent, but there is still a similarity in shape and
charge distribution. Not surprisingly, also hydrogen bonding

atahvtic Sfe

Fig. (1). Structure of HIV-1 RT.
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Table 3. Amino acid residues in contact with NNIs within the distance of 4A
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Pamino acid residues of p51

plays an important role for the association specificity and
affinity of the various inhibitors.

2. MOLECULAR SIMULATIONS OF THE INTERACTION
BETWEEN NNRTIS AND HIV-1 RT

X-ray crystal structures of proteins and protein ligand
complexes deliver valuable information about the geometries of
such aggregates, which can be used for further investigations
like structure based drug design. There are some restrictions for
this method so far, as the structural information is bound to
solid state, and, moreover, no information about the dynamics
of the systems can be given — in contrast to another very
important method for elucidation of biomolecular geometries,
the nuclear magnetic resonance spectroscopy (NMR). Because of
the size of the protein no NMR experiments can be performed on
RT up to now. Moreover, for in silico screening of large
numbers of compounds and for the target based design of new
drugs the geometries of enzyme-inhibitor complexes have to be
determined. The specific association of drugs to a well-defined
binding site at the receptor is controlled by the energetics of the
system, the sum of local interactions between the molecular
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surface of the ligand and the complementary surface of the
receptor. Various methods of molecular docking, using proper
force fields provide some possibilities to obtain possible
orientations of the ligands in the receptor pocket. Molecular
dynamics (MD) and Monte-Carlo simulations (MC) are used to
get some insight into the dynamical behaviour of protein-
ligand interactions taking into account the surrounding, the
solvent shell or even membrane structures. Depending on the
quality of the molecular calculations the latter methods need
large computer resources. Nevertheless, both methods are
nowadays routinely used and are widely applied in newer
strategies for calculations of protein-ligand complexes.
Particularly, combinations of molecular docking, energy
minimization and molecular dynamics simulations are
promising tools for drug design investigations.

2.1. Molecular Docking to HIV-1 RT

Many newly synthesized NNRTI candidates were tested by
docking to targets obtained form crystal structures. Deng et al.
[59] visualized hypothetical complex models for a series of
alkenyldiarylmethane derivatives using the molecular docking
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Fig. (2). Superimposition of four X-ray structures of NNRTIs, HEPT (1RTIL shown in gray), TIBO (IHNV, shown in dark gray), nevirapine (1VRT, shown
in light gray) and efavirenz (1FK9, shown in black), bound to the WT HIV-1 RT binding pocket.

method GLIDE (Schrodinger Inc.). Other examples of very recent
applications of various docking procedures are: Heeres et al.
[60], De Martino et al. [61], Heemateenejad et al. [62], Medina-
Franco et al. [63], Zhou et al. [64], Sciabola et al. [65], Ranise et
al. [66].

Extensive docking studies using AutoDock [67] have been
performed by Ragno et al. [68] to test the applicability of this
method for reproducing the geometries obtained from X-ray
crystallography and, to undertake cross-docking experiments
on the wild-type and mutant type enzyme’s structures.

Docking studies have been used in combination with other
methods. Chen et al. [69] combined molecular docking, MD
simulations and Support Vector Machine (SVM) based methods
to predict new compounds of the class of 3’,4’-di-O-(S)-
camphanyl-(+)-cis-Khellactone analogs.

QSAR investigations together with docking simulations
were applied on indoyl aryl solfunes [70], Barrecca et al. [71]
combined flexible docking with QSAR studies. Evidently, data
base screening uses also different docking methods. A recent
expample is the work of Sangma et al. [72]. A fast and robust
computational method for predicting NNRTIs activities by
correlating molecular docking energies and biologically
activities was proposed by de Jonge [73].

2.2. MD and MC Simulations of HIV-1 RT and of Complexes
with NNRTIs

Generally, the applicability of MD simulations increases
with the development of more sophisticated methods and
related computer power. Free energy calculations and the
structural information from MD simulations contribute to the
advanced computer-assisted techniques in drug discovery and
drug design [74]. However, not too many investigations have
been published on RT MD simulations. The reason for this fact
is, that HIV-1 RT is a very large system. When hydrogen atoms
are added, The 556 and 427 amino acid residues in p66 and p51
subunits of RT alone (1DLO), consists of 16,000 atoms after
adding hydrogen atoms to the X-rax crystal structure data. If an
eight A truncated octahedral box with water molecules is added,
the system will carry almost 40,000 water molecules. MD of this
enzyme requires a huge computer resource with respect to
calculation time and mass storage.

A MD simulation of HIV-1 RT indicating subdomain
rearrangements was reported by Madrid et al. [75], another
simulation showed increasing flexibility upon DNA binding
[76].

Gardozo et al. [77] reported a MD simulation of the p66
subunit of RT with nevirapine. Tyrosine 181 showed a
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remarkable interaction with the inhibitor during this MD
simulation. Monte Carlo methods (MC) in combination with a
linear response approach [78], adaptive chemical Monte
Carlo/molecular dynamics (CMC/MD), and Poisson-
Boltzmann/solvent accessibility (PB/SA) [79,80] were used to
determine the relative binding free energies to HIV-1 RT of
TIBO and efavirenz series with rather encouraging results. Wang
et al. [81] proposed that molecular docking combined with MD
simulations (500 ps) followed by Molecular Mechanics
Poisson-Boltzmann/surface area (MM-PBSA) analysis is an
attractive approach for modeling the protein a priori. In this
work, the obtained binding mode of efavirenz to HIV-1 RT in
aqueous solvent was in reasonable agreement with X-ray
crystallographic experiments. The binding and unbinding
processes of another NNRTI, a-APA, have been investigated
using two nanoseconds molecular dynamics and steered
molecular dynamics simulations (SMD). The bound a-APA was
pulled out from the binding pocket of HIV-1 RT by employing
an artificial harmonic potential on o-APA [82]. Only p66
subunit (without RNase H subdomain) was involved in this
simulation with water. The results show that the polar group of
o-APA plays key roles in inhibition and binding.

In June 2005, the 2.5 nanoseconds MD simulations of
complete solvated HIV-1 RT systems (approximately 142,000
atoms) were handled by Zhou er al. [83] on the Terascale
Computing System at the Pittsburgh Supercomputing Center.
The flexibility of wild type and mutant RT complexed to
nevirapine was studied and the free energy of binding was
calculated using Molecular Mechanics Poisson-Boltzmann
Surface Area (MM-PBSA). Nevirapine interacts stronger with
wild-type RT than with mutant RT as a consequence of the
diminished van der Waals interactions between the inhibitor
and the amino acid around the binding pocket. Their
simulations point out that the flexibility of RT depends on the
volume of the binding pocket occupied by the inhibitor.
Weinzinger et al. [80] applied successfully MD analyses to
obtain prediction models, correlating the binding energies for
efavirenz and a series of its derivatives, benzoxazinones, with
experimental inhibitory activities. Moreover, the importance of
the hydrogen bonding interaction of this class of inhibitors
with Lys101 and electrostatic interactions with Lys101 and
His235 was demonstrated. Similar considerations based on MC
simulations have been undertaken by Rizzo er al. [84]. The
molecular basis of resilience in NNRTI to the effect of a
mutation was the topic of a paper of Rodriguez-Barrios et al.
[85].

3. STRUCTURE-ACTIVITY RELATIONSHIP STUDIES OF
HIV-1 INHIBITORS

The second important concept for the design of new drugs is
the use of Quantitative Structure-Activity Relationship
analyses (QSAR). From correlations between quantitative
biological effects with molecular descriptors prediction models
can be created, which are taken furthermore to design new drugs.
The general problems for the use of such methods are first of all
the accuracy of the biological data, which might be created by
different research groups, and the selection and determination
of proper molecular descriptors, which should be able to
describe the most important molecular features for the particular
activity. There are two steps to generate a QSAR model;
calculation of molecular descriptors, and statistical generation
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of the QSAR model. Therefore, QSAR approaches can be divided
into two main types: classical or two dimensional QSAR (2D-
QSAR) and three dimensional QSAR analysis (3D-QSAR),
classified by the descriptors used. 2D-QSAR descriptors do not
utilize 3D information concerning the ligand and their
geometries, dependent on the specific conformation and the
orientation of the molecules. This approach requires no
structural alignment of molecules in the data set. In contrast, the
3D structure and also the structure dependent molecular fields
of ligands are strongly involved in descriptor calculations used
to derive a 3D-QSAR model. In the case of such conformation
dependent descriptors the alignment of the molecules is a
challenging task, which could lead in worst case to misguided
statements.

Many drugs have been developed in the last years for anti
HIV-1 activities on the several viral targets, some of them are
already on the market or in clinical proof [6,7]. Virtual
screening based on structure based design lead to numerous
candidates for new drugs and this process will continue, due to
the necessity to overcome increasing drug resistance caused by
mutations. QSAR studies concentrate mainly on distinct groups
of compounds as the development of a general model is not
possible even for identical targets, due to changes of the
mechanism of action of different types of inhibitors. An attempt
to discriminate between active and non-active compounds
against HIV-1 has been done recently [86]. Various inhibition
mechanisms on different targets with totally 2720 active and
inactive compounds have been included in the study using a
probabilistic network. Although the prediction power of the
obtained model is good (around 85% of the external prediction
series are correct), a quantitative comparison with biological
data will be not possible.

3.1. 2D-QSAR Analyses of HIV-1 RT Inhibition

Numerous classes of structural different classes of
compounds have been identified as NNRTIs, which bind to an
allosteric, non-substratebinding site of the enzyme. Three
NNRTIs have been licensed for clinical use: nevirapine
(Viramune), efavirenz (Sustiva, Stocrin) and delavirdine
(Rescriptor). Many QSAR studies were performed to identify
important structural features responsible for the inhibition.
Based on multiple linear regression analysis, Garg et al. [87-91]
developed 2D-QSAR models for several classes of compounds,
HEPT, TIBO, nevirapine, pyridinone, BHAP, TSAO and a-APA
derivatives using physicochemical parameters of the inhibitors
calculated by the C-QSAR program. On the basis of the obtained
QSAR models, the most of models reported for NNRTIs involve
significant hydrophobic terms. However, the absence of any
hydrophobic interactions for o.-APA derivatives was found.
Electrotopological state atom (ETST) indices were used as new
molecular descriptors to set up QSAR models of a series of
TIBO, HEPT and arylsulfonylbenzonitrile derivatives [92-94].
The predictive and informative models were obtained proposing
that the atom or fragmental level descriptors are more useful to
interpret drug-receptor interactions in these analogues.

Hannongbua et al. [95, 96] successfully set up 2D-QSAR
models to NNRTIs in the class of HEPT and TIBO derivatives by
using various structural descriptors obtained from quantum
chemical calculations. The obtained models indicate the
importance of electronic and molecular properties contributing
to HIV-1 inhibitory potency. The performance and
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applicabilitiy of semi-empirical and ab-initio calculations with
respect to the QSAR analysis of HEPT analogues were
performed. The models derived by AM1 and ab initio HF/3-21G
seem to be the most suitable in terms of both statistical
significance and predictive ability. Based on structural
parameters, the obtained models indicate that molecular
polarizability and atomic charges of the hydrogen atom of the
thymine group and the amino group nitrogen play an important
role for the affinity of HEPT derivatives. However, the QSAR
models of nevirapine compounds using similar structural
parameters could not be satisfactorily derived for both WT and
Tyr181Cys HIV-1 RT inhibitory activities. Probably, the
descriptors used are insufficient to explain the variance of the
data set. In an attempt to improve the quality of the QSAR
model, additional descriptors such as connectivity and
topological indices were used and an artificial neural network
was applied [97]. The obtained non-linear QSAR models show
satisfactory relationships between the molecular descriptors
used and the inhibition of WT and mutant HIV-1 RT. In addition
to nevirapine derivatives, neural networks were applied to other
classes of potent NNRTIs such as HEPT and TIBO analogues [86,
98-104]. The main factors contributing to the binding affinity
of the inhibitors have been determined. Hologram QSAR
(HQSAR) [HQSAR, Tripos, Inc., (1997), St. Louis, MO}, is a 2D-
QSAR approach, which describes the molecular structural
compositions in terms of substructural fragments and is
independent on the alignments of the considered molecules.
This method was applied successfully on three different
inhibitors in the class of TIBO, HEPT and nevirapine
compounds. The results are able to explain the relationship
between molecular holograms constructed from counting the
molecular fragments and the HIV-1 inhibition potency of that
class of substances. HQSAR model provides hints about how
molecular fragments may be important descriptors to biological
activity. The molecule is color coded to reflect the individual
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atomic contributions to activity. The colors at the red end of the
spectrum (red, red orange and orange) reflect unfavorable
contributions, while colors at the green end (yellow, green, blue
and green) reflect favorable contributions. Atoms with
intermediate contributions are colored white. As x-ray
crystallographic structures of HIV-1 RT complexes with
inhibitors are available, the amino acid residues surrounding
TIBO, HEPT and dipyridodiazepinone in the binding pocket
were merged into inhibitors to get a better understanding the
interactions between the inhibitor-enzyme. The HQSAR results
can be helpful to indicate the similarity interactions of these
three molecular diverse analogues of HIV-1 RT inhibitors, as
depicted in Fig. 3. The obtained results indicated that HQSAR
method can be a useful tool in providing important structural
features of HIV-1 RT inhibitors [105].

Medina —Franco et al. [63] developed QSAR models for
highly potent NNRTIs of pyridinone derivatives by using the k
nearest neighbor (kNN) variable selection approach. The models
with high internal and external accuracy were generated. The
best models were successfully used to search for the promising
new NNRTI leads from the National Cancer institute database.

3.2. 3D-QSAR Analyses of HIV-1 RT Inhibition

3D-QSAR analyses take into account the steric interactions
between ligand and protein and, moreover, they include
geometry-dependent molecular properties like electrostatic
field, or hydrogen bond donor or acceptor abilities.
Comparative molecular field analysis (CoMFA) is one of the
most powerful 3D-QSAR techniques providing further insight
into the relationships between three-dimensional properties of
molecules and the biological activity of these compounds and
functions of inhibitor [106]. Additional to CoMFA approach,
comparative molecular similarity indices analysis (CoMSIA)
[107], which takes additionally into account more molecular 3D

Fig. (3). Superimposition of TIBO, HEPT, nevirapine derivatives, color coded by the best obtained HQSAR model, in the binding pocket of HIV-1 RT.

[105]
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properties, like hydrogen bond donor and acceptor properties,
is most commonly used in drug design process to find the
common features that are important for binding of the drugs to
the biologically relevant receptor [108]. A review about the
application of various 3D-QSAR techniques in the design of
anti-HIV drugs has been given by Debnath [109]. The crucial
step of using many 3D-QSAR techniques, particularly CoMFA
or CoMSIA lies on the alignment rule. To derive reliable models
for good predictive power, many attempts have to be performed
to search for the best molecular alignment, which generally
corresponds to the orientation of the ligand at the receptor site.
Based on the atom-by-atom alignment of all molecules on the
template molecule, selected from the highest active compounds
of each data set, predictive QSAR models were successfully
obtained in establishing the relationship between the fields
around molecules with their biological activities through
contour maps.
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CoMFA prediction models of HEPT together with TIBO
derivatives were considered by Hannongbua et al. [96, 110,
111], showing the importance of both steric and electrostatic
fields for the interaction of these class of inhibitors with the RT.
Corresponding to the WT and Tyr181Cys HIV-1 RT inhibitions,
CoMFA and CoMSIA models for nevirapine derivatives were
derived with satisfactory predictive ability and statistical
significance [112, 113]. The contour maps highlight different
characteristic for different types of wild—type and mutant type
HIV-1 RT, as presented in Figs. 4 and 5. The interpretation of
CoMFA and CoMSIA models reinforces each other and shows
good accordance with the inhibitor-receptor complex derived
from the experimental data. Consequently, the obtained results
not only lead to a better understanding of important enzyme-
ligand interaction and also provide helpful information in
identifying structural requirements for the design of new and
more potent compounds active against HIV-1 RT. A 3D-QSAR

Fig. (4). CoMFA steric and electrostatic STDEV*COEFF contour plots of nevirapine derivatives based on WT and Tyr181Cys HIV-1 RT inhibitions, as

shown in (a) and (b), respectively.

Fig. (5). CoMSIA steric, electrostatic and hydrophobic STDEV*COEFF contour plots of nevirapine derivatives based on WT and Tyr181Cys HIV-1 RT

inhibitions, as shown in (a) and (b), respectively.
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study based on the program HINT was also given by Gussio et
al. [114].

CoMFA and CoMSIA models of efavirenz analogues were
successfully developed by Pungpo ef al. [115, 116] in order to
explain the relationship between structural properties and HIV-

Table 4. QSAR studies on NNRTIs
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1 inhibition. The information obtained from all models
apparently reveals differentiating structural requirements
between WT and Lys103Asp HIV-1 RT inhibitory activities of
these inhibitors. The obtained results can be integrated to
provide a fundamental guideline to design and predict the new

NNRTIs QSAR methods References
HEPT MLR-QSAR [87, 93, 95]
NN-QSAR [86, 98, 99, 100, 101, 102, 103]
HQSAR [105]
CoMFA [110, 111, 117]
CoMFA CoMSIA [119]
4D-QSAR [124]
TIBO MLR-QSAR [87,91, 92, 96]
NN-QSAR [86, 104]
HQSAR [105]
CoMFA [71, 96]
CoMFA CoMSIA [119, 121]
Nevirapine MLR-QSAR [87]
NN-QSAR [86, 97]
HQSAR [105]
CoMFA [112]
CoMFA CoMSIA [113]
3D-QSAR (HINT) [114]
4D-QSAR [123]
Efavirenz CoMFA CoMSIA [115, 116]
Pyridinone MLR-QSAR [87]
NN-QSAR [63, 86]
CoMFA CoMSIA [122]
Arylsulfonylbenzonitrile MLR-QSAR [94]
3D-QSAR [126]
Benzenonitrile 3D-QSAR [65]
Indolarylsulfone 3D-QSAR [70]
Phthalimide CoMFA CoMSIA [120]
Quinolone 3D-QSAR [118]
Alpha-APA MLR-QSAR [87]
BHAP MLR-QSAR [87]
TSAO MLR-QSAR [87, 90]
NN-QSAR [86]
3-[N-(phtalimido)-5-ethyl-6-methylpyridin-2(1H)-one MLR-QSAR [88]
acyclouridine MLR-QSAR [89]
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compounds with enhancing HIV-1 RT inhibitory activities
active against WT and Lys103Asp HIV-1 RT. Barreca et al. [71]
applied CoMFA and molecular docking to a set of TIBO
derivatives endowed with reverse transcriptase inhibitory
activity. The predictive model was obtained from the
combination of steric and electrostatic fields and molecular
lipophilicity potential.

Kireev et al. [117] applied a special method, creating 3D
descriptors for a statistical analysis to a large dataset of HEPT
derivatives. A similar approach was reported by Filipponi et al.
[118], who applied a combination between Volsurf and GRID on
a set of quinolone derivatives. 2D-descriptors were created from
3D-grid map without superimposition of the molecules.

Chen et al. [119] applied molecular docking, CoMFA and
CoMSIA approaches to binding mode investigation of NNRTI
in the class of HEPT and TIBO derivatives. Partial and global
3D-QSAR models were built, based on the molecular alignment
of conformations obtained from molecular docking procedures.
The results demonstrate that the obtained model show better
prediction ability compared to 2D-QSAR models. A CoMFA and
CoMSIA based investigation on a small number of
phthalimides was reported by Samee ef al. [120]. 3D-QSAR
approaches have been applied to derive prediction models of
the NNRTI classes of TIBO, pyridinone and indolylarylsulfones
(IASs) derivatives [70,121,122]. With the combination of
ligand-(GRIND) and structure-based (GLUE/GRIND) 3D-QSAR
approaches, the 3D-QSAR models of (aryl-)bridged 2-amino-
benzenonitriles analogues were developed and compared [65]. It
can be seen from the study that the GRIND approach allows the
deviation of the valid 3D-QSAR models even in the absence of
proper X-ray information. A summary of QSAR studies on
selected groups of compounds is given in Table 4.

As the detailed information concerning intermolecular
interaction in three dimension is still required to encode,
several 3D-QSAR approaches have been developed. Ligand 4D-
QSAR analysis, developed by Hopfinger et al. [123], based on
the grid cell occupancy as descriptors, incorporates
conformational and alignment freedom. A series of nevirapine
derivatives was selected as training set. The general findings
from the applications are that the grid cell occupancy
descriptors associated with the constant chemical structure of
an analog series can be significant in the 3D-QSAR models and
there is a large data reduction. Recently, the 4D-QSAR method
coupled with PLS analysis and uninformative variable
elimination was applied to investigate the antiviral activity of a
series of HEPT compounds [124]. The results show that the
method properly indicates the mode of interaction revealed by
X-ray studies and is used to generate highly predictive QSAR
models. COMBINE analysis [125] were successfully applied to
derive the 3D-QSAR models which are able to take into account
for the variance in biological activities of highly potent
NNRTIs in a class of arylsulfonylbenzonitrile derivatives. The
obtained models are fruitfully used to provide chemometrical
identification of mutations in HIV-1 RT conferring resistance or
enhanced sensitivity to the inhibitors [126].

Evidently, QSAR approaches are widely and successfully
applied to derive the key structural features of several classes of
HIV-1 RT NNRTIs. The common structural requirements
obtained provide an insight into a structure-activity
relationship of ligands to their binding sites, leading to
valuable guideline in predicting new and more potent
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inhibitors. Although, the major limitation of QSAR application
is the use within congeneric series of compounds, QSAR
methodology has been proven as an attractive and efficient tool
in medicinal and pharmaceutical chemistry.

4. PERSPECTIVES

As the combat against HIV is of high importance, many
experimental data and also theoretical considerations are
available. The complete understanding of the mechanisms of the
action of the multifunctional enzyme RT is as important as the
cognition of the detailed inhibition mechanism for the
development of new drugs. Moreover, the influence of
mutations in the drug interacting disease proteins on the
inhibition reaction has to be investigated carefully. The
structures of RT and of the complexes with inhibitors or DNA
obtained from X-ray crystallographic analyses deliver
information about the structural changes induced by
association of NNRTI to an allosteric binding pocket, and,
moreover, structural requirements for new inhibitors can be
recognized, particularly with respect to mutations. The
increasing number of X-ray structures and the application of
various theoretical methods will lead to an easier access to new,
maybe more efficient drugs. The rapid determination of
sequences of viral proteins from various patients and the
subsequent prediction of the structure of mutants of RT could
facilitate the application of tailored drugs for a faster more
efficient offense against AIDS. Increasing possibilities of
computer technology, together with the development of new,
and more sophisticated simulation methods will allow to
determine the dynamical behavior of biomolecular assemblies,
in particular the motions of domains involved in the enzyme’s
activity and the inhibition reaction. Finally, the combination of
various theoretical methods will lead to faster and more accurate
algorithms to perform QSAR studies and in silico screening.
E.g. weaknesses like the molecular alignment in 3D-QSAR or the
ambiguities in docking procedures in virtual screening can be
avoided by such combinatorial procedures. All these
encouraging options will enable the medicinal chemists to
support medicinal research much stronger and more efficient in
very next future.
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