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Abstract:

The reverse transcriptase (RT) of the human immunodeficiency virus type-1 (HIV-1) is the
essential enzyme converting the single-stranded viral RNA genome into double-stranded proviral
DNA. Non-nucleoside reversetranscriptase inhibitors (NNRTIs) are interesting for developing novel
potent inhibitors because of their high sensitivity and high specificity. However, there occurs rapid
development of drug resistance caused by mutation. Nowadays, novel NNRTIs influencing the
mutation of HIV-1 RT are challenging. In this study, some new NNRTIs are investigated as follows;
(1) A series of NNRTIs, pyrazinones, are found to active against wild-type HIV-1 RT and some of
them are also active against mutant HIV-1 RT. Therefore, the specific binding mode of
pyrazinones to HIV-1 RT is needed for suggesting the design of novel potent NNRTIs active
against both wild and mutant HIV-1 RT. The combination of molecular docking, 3D-QSAR and
quantum chemical calculations has been applied. The docked conformation of each pyrazinone is
selected to construct COMFA and CoMSIA models. Both models suggest that the substituent at p-
amionphenyl position prefers the steric bulky, electron-withdrawing, H-acceptor, and disfavored
hydrophobic groups. In addition, the obtained interaction energies between compound no. 9 and
the binding pocket by quantum chemical calculations show the important attractive interactions
with Glu138(B). (2) The interaction of a HIV-1 reverse transcriptase inhibitor, S-3-ethyl-7-fluoro-4-
isopropoxy-carbonyl-3,4-dihydro-quinoxalin-2(1H)-one (GW420867X), with the wild type HIV-1 RT
binding pocket has been analyzed by using quantum chemical calculations. Interaction energies
between GW420867X and the surrounding amino acids are calculated by B3LYP and MP2
methods using 6-31G(d), 6-31G(d,p), 6-311G(d), and 6-311G(d,p) basis sets with BSSE.
Particularly, the interaction energy with Lys101, recognized as the most important amino acid for
the binding of the inhibitor, was calculated using various models, to evaluate which terminating
residues have to be taken into account. The optimal results confirmed that GW420867X forms the
most important attractive interaction with Lys101 via a hydrogen bond between the ammonium
group and the backbone atoms of Lys101. The results are powerful to describe the binding mode

of NNRTIs and suggest the design of new potent NNRTIs.
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1. UnAagad

Abstract:

The reverse transcriptase (RT) of the human immunodeficiency virus type-1 (HIV-1) is the
essential enzyme converting the single-stranded viral RNA genome into double-stranded proviral
DNA. Non-nucleoside reversetranscriptase inhibitors (NNRTIs) are interesting for developing novel
potent inhibitors because of their high sensitivity and high specificity. However, there occurs rapid
development of drug resistance caused by mutation. Nowadays, novel NNRTIs influencing the
mutation of HIV-1 RT are challenging. In this study, some new NNRTIs are investigated as follows;
(1) A series of NNRTIs, pyrazinones, are found to active against wild-type HIV-1 RT and some of
them are also active against mutant HIV-1 RT. Therefore, the specific binding mode of pyrazinones
to HIV-1 RT is needed for suggesting the design of novel potent NNRTIs active against both wild
and mutant HIV-1 RT. The combination of molecular docking, 3D-QSAR and quantum chemical
calculations has been applied. The docked conformation of each pyrazinone is selected to
construct COMFA and CoMSIA models. Both models suggest that the substituent at p-amionphenyl
position prefers the steric bulky, electron-withdrawing, H-acceptor, and disfavored hydrophobic
groups. In addition, the obtained interaction energies between compound no. 9 and the binding
pocket by quantum chemical calculations show the important attractive interactions with Glu138(B).
(2) The interaction of a HIV-1 reverse transcriptase inhibitor, S-3-ethyl-7-fluoro-4-isopropoxy-
carbonyl-3,4-dihydro-quinoxalin-2(1H)-one (GW420867X), with the wild type HIV-1 RT binding
pocket has been analyzed by using quantum chemical calculations. Interaction energies between
GW420867X and the surrounding amino acids are calculated by B3LYP and MP2 methods using 6-
31G(d), 6-31G(d,p), 6-311G(d), and 6-311G(d,p) basis sets with BSSE. Particularly, the interaction
energy with Lys101, recognized as the most important amino acid for the binding of the inhibitor,
was calculated using various models, to evaluate which terminating residues have to be taken into
account. The optimal results confirmed that GW420867X forms the most important attractive
interaction with Lys101 via a hydrogen bond between the ammonium group and the backbone
atoms of Lys101. The results are powerful to describe the binding mode of NNRTIs and suggest

the design of new potent NNRTIs.
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4.1 Investigation the Binding Mode of Pyrazinones to HIV-1 RT Using CoMFA and CoMSIA

Analyses and Quantum Chemical Calculations Based on Docked Conformation
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aulod HIV-1 RT viimaidvlalasiauezaanuuy Al hydrogen uazviimai@adszasfia Kolman
charges &WSUE2TUE R185545 rmudnlalasianezaauuaziszasiia Gasteiger-Huckel

igu@]aumsﬁw Molecular Docking L’%N@T’J ANIINAFAVUIZRNTNIWYDY Lamarckian Genetic
Algorithm WUU Default  W138ta83 2891UTunTN AutoDock3.05 1a8n1s redock  LaTI&319289
R185545 naulUg9lwsan139uved HIV-1 RT pdb code 1suq bseauwas grid box Fiuua 60x60x60
laoflowna grid spacing LYinNU 0.375 A BIAKALAIIUWINIBUANTAIWIDMINALY 50 114n13%n docking
¥8991n1wY Molecular Docking 111 aunutlnndluuiman 24 lassashs lasrimaidenlassass
#l#dn docked energy @‘iwﬁq@ﬁﬁiﬂsaa%wmnwéf’smﬁau R185545

@iamﬁﬂmmﬁ”’]waaagﬁuﬂmﬁiuuﬁ"lﬁmﬂmiﬁw Molecular Docking 81 blun1sa3ns
LUUIR8Y (model) suTAVaIzLd8UAT Comparative Molecular Analysis (COMFA) Liaz Comparative
Molecular Similarity Indices Analysis (COMSIA) é'fiaLﬂu”?%msﬁnmmmé’uﬁuﬁszqumawﬁama
Tassaiouazszansawlun1siiugs (3D-Quantitative Structure Activity Relationship, 3D-QSAR) lag
utislanaiavaseunutinndluueanidu 2 ngudia ﬂ@;wﬁI%a%”woLLuuéﬁaaa (Training Set) uaz gl
Aldnasauuuusiany (Test Set) w3l Test Set lamaidon 5‘[maa%wﬁmamqwﬁawaam
log1/ICsy Uaziinnumainnanzuaslasaine aalaseaef 8, 12, 16, 17, uaz 19 uazlilaseaneh
widawdu Training Set laadankiluUsunIn Sybyl7.0 @1%IUMIFNIULULII1889 COMFA Laz CoMSIA

lun53iaTz% CoMFA vinldlasnsdwins Steric field Waz Electrostatic field lagaide
Lennard-Jones LA Coulombic potentials lasltwisAeasuuy Default, 1 probe T positively
charged sp3 hybridized carbon, 15au1au8d grid YAy 2 A wazlden energy cutoff values 1AL
125.52 KJ/mol

luns3a e CoMSIA 1T similarity fields $111 5 wuulun1sdnsfa steric, electrostatic,
hydrophobic, hydrogen bond donor L8z hydrogen bond acceptor lasfuin similarity indices maaﬁga
5 WUUDKIA grid point LANZIA 1 probe w#ia carbon atom %dﬁﬂizﬁg +1.0 charge

I Partial least squares (PLS) regression analyses lunsifan uuudnaes CoMFA uas
CoMSIA uuusnaasfildazianannusunusszninedaudsdass (COMFA uaz CoMSIA fields) Uas 69
w3 (A1 log(1/1Cs,) VB IaARIATIET9 LaslEddn maximum number of component WinAy 6 wazld

35017 leave-one-out (LOO) lunsnamavdsz@ntnnlunsviuisvesuuudiass uazlden cross-
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validated correlation coefficient (q- %38 ro) lwmsuanyUszanininvasuuuinass wazlald 35
AUk Partial least Square (PLS) #'13'16%n cross validation WULS1889189 COMFA 1Az CoMSIA
uaasnalaglFununiwaaning (Contour map) uazlumsdnmnitl@vinn13sdausi Contour map a4
Tuwlwsenssupas HIV-1 RT wiathglumadiamey

L msfnEnsuasisefiAeuszning auWus I Flunuazninazlluduniisengglu
VS olnssmIsuzas HIV-1 RT 39l6vnnisduiundsmusuasisenszninlaseainei 9 uazninas
luudazdrlagmsduaadnoudy dslassaf 9 ulasiaofiuaasdszansnwlumssugs
HIV-1 RT mﬁﬂﬁvlaiﬁmiﬂmﬂﬁuﬁﬁaﬁqﬂiuagﬁuﬁﬁa 241A5983719 1A8MIIEUWI WWRIUBUAINTEN
@573 3d U0 basis set superposition error (BSSE) correction Lﬁ{alﬁmwﬁodﬂuﬁiﬁﬁﬂjﬁwgﬂﬁad
mﬂé\‘lﬁu ﬁwwé’amuﬁ"l,ﬁqammiﬁw single point calculation ¢ asziieuld B3LYP/6-31G(d) LR
MP2/6-31G(d) lasTUsunsu Gaussian03 Taglassasefi 9 tdanainlassairofivih Molecular Docking
gnsunsaazdluldinsaadonninasluswan 14 drumiafiiminserludnalnssmysulas
14Tas9839189 HIV-1 RT fil#lun13vi1 Molecular Docking Tagu312as backbone a9nsaasiiluudaz
dldvinmsiduozaay H vaenu carbonyl uas amino Lﬁ'alﬁmméﬁmuysrﬁ ATWRIIN WA TN I
(Interaction Energy, INT) 12islassatsft 9 uaznsaaziluudazdrldanmadiwimeait

INT = E(compound no. 9 + each amino acid) — [ E(compound no. 9) + E(each amino acid) ]

Lfia E(compound no. 9 + each amino acid) ﬁaﬁﬂw§d01uiauiﬂida§ﬂdﬁ 9 LL&:ﬂi@]a:ﬁIu,
E(compound no. 9) ﬁamwﬁi‘imumaﬂﬂﬁﬁy’mﬁ 9 Ly E(each amino acid) AOATNRII WL BINTABLE

Tulsiazed
HAaN1INAaaI

M InasauwIHaasfilelun1srin Molecular Docking @28 11/31nsa AutoDock3.05 'l
¥inm3 redock 59 R185545 nautdn lluusimlnssmssuues HIV-1 RT wuinlassaiedile
91MN3¥N Molecular  Docking n529eatnilaulassairoftldan Xray Crstallography lusis 50
configurationslagfennnuuandny rmsd  32w319 1.03-1.38 A Faiiludrfivonsvlduaziian  final
docked energies 8t/3:11319 -14.89 to -15.25 kcal/mol Taslassa19nd rmsd iy 1.03 A uadlug
7 2. darnnndeasileiaunsninlu15lun13¥n Molecular Docking a4 auWus lwdlund i
24 Ta39a19 wafildanvasudaslassains (50 configurations ) anuanaaniilu Cluster anuzUuny
289mM 3190 lasnuilassassulngimamsdauniautudduds R185545 Suradauiinn i
wonlwssnssu lagiladnunen final docked energies WU lassa9NnTnssaandanda s
R185545 azflAwassudidinimiadnnuiadosniilassaefiinminedanenlnsemssy aonuis
msnaidanlasia1siien final docked energies @‘iﬁﬁqﬂﬁﬁmimdﬁmﬁau f5U89 R185545 Liva
THlunsaauuusnaas 3D-SAR ludunausaly Taslaseairefilédarnnnsvin Molecular Docking

maaamgﬁuﬂwwﬂum‘hmu 24 Tavsaind LLamlugﬂ‘ﬁ 3. WUIIN9Y 22 TasagFaniniIeaInuy



1"

a o v A a o A ' A o ° ' ' A
W@eanw laslasigsen 1 uas 2 ummwm‘nLmﬂ@nﬂ@wmsmmaommuow carbonyl w39 lw%
° ' o 9 A v A A ' A a =
Tunluduniiasanudny fasanazaew H uaz F 29 lassasef 1 uaz 2 ingunudl R Sawaiin
AIUURY methyl Ndune R1 Faxronusylalasiauny His235 wnungunui R iliiiansnnedan

v o a o A, , ! A a P v A o
nayuaIu LLﬂ:ﬁJﬂ’]Tﬂ’N@n‘ﬂ@nLLﬂu\‘]ijxﬁﬂ'J'] WatdIsumeunuan 22 Iﬂi\?ﬁﬁqﬁ

(rmsd 1.03 A)

X-ray conformation
docked conformation

317 2. Tavssraif3ousznielaseasnsves R185545 ildann X-ray Crstallography uazlasiasaf

l#31n Molecular Docking

31 3. lassadneflédann1avh Molecular Docking vasaunut nmluniuin 24 lasaaine
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HABINITIATIZHAIY PLS WULI18097LanIluus1889u89 COMFA uaz CoMSIA 7ilevinnis
Aadonuanslua1sei 2. Tagwudn uuus18a9 COMFA uaz CoMSIA usasdsz&nTaiwialunis
Fmpe8en g, LINAD 0.703 §11SULULE 1889 COMFA uaz 0.735 SWSULLUS 1809 CoMSIA lag
FIRSLUULIIRE9 CoMFA §idn r winiy 0.994, s WAL 0.092, uas f1 F value iy 230.253 lag)
Outliers Aalassasn9fl 3, 6, uaz 13 UAZLULSIA8I COMSIA D¢ 1 winy 0.980, s iR 0.158, Uas
@1 F value iy 87.871 lawdl Outliers falassasnsf 3 laswuinlassai1evas Outliers Haana
Lmﬂ@mﬁnﬂiﬂﬁa%dé"ue]ﬁm;jt,muﬁ R uaz R4 I@wy;l,muﬁ R waslassaiiof 3 uaz 6 13u Wy
methyl uas trifluoro methyl Fsuaneansainlassaroanlu Training set dnsulasoained 13 WUy
unufi R4 \Jumny benzyl Tupniziilassas98uglu Training set 1ilnazaay H wiany methyl

luuuudnaas CoMFA nuinadadsznauiinannawasnsen Steric 59.0 % WAZAWAINIEN
Electrostatic 41.0% %dwm’léw%'uagﬁuﬁ“’lwm%[uuﬁ?ué’umﬁ%mLLm_l Steric ¥aNVFIATYNINNT
Electrostatic 36U §M3ULUUI1809 COMSIA  WU11 89fUszneauLinannsuasisen Steric
11.8 %, auaIngElectroastatic 15.7%, auaINagN H-acceptor 36.6%, awa3N381 H-donor 2.9%,
WAZAWAIAILN hydrophobic 33.0% a8 auaIAEN H-acceptor Lazd1AINILN hydrophobic uauaT
Aspnan lasnaaILuUd1809nld91n CoMFA uaz CoMSIA usailasununInaaniias (Contour
Map)

Steric LY Electrostatic contours 984 CoMFA ez CoMSIA LL&@NﬁGEﬂ‘ﬁI 4 U8z 5 WU Steric
contour YBINIULULUIIA0I8I CoOMFA Uuaz CoMSIA uaasluuitimfiadeiuwluusiimlnssnissy ud
Tuuuusaoswes CoMsIA wuluudmfintinit lagriasesuuusasswy contour MTs103mlds
A #afiennsnemaaims 24 lassaiefifienuuandaintes lagag A Taumyedidinin
IWTIZANNIIAREUAIATLMUY pi-pi MU Tyr318 uazai1sWuselalasiaununy carbonyl 289 Lys101
I¢f wonanfAgawy Contour %Lﬁmu%nm%y]’l,muﬁ R3 uar R4 28939 WG lun luuuuitaesvas
CoMSIA WdUSImitALsIng Contour Fiwdasuwaiinduansinusnmisauanuiu steric ud'la
mﬂﬁﬂéf\‘lfuﬁgLmuﬁﬁﬁmmwlmy'mﬂluu%nm‘f‘:ﬁ]:ﬁﬂﬁﬂizaw%mwhmiﬁuéizaa@m fnTuny
wnuil R3 - dhiimgunuifivmnalvgazvinliieduasizn steic Auamolsves vait7e uaz cff vas
Glu138(B) WatSpuiiiuulasiai1efi 9 uay 20 W]J’j’]E]::@]E]&IVLEI@]‘SL%%?{%%]LLY]%“?]I R3 2zldse@nTan
&Lumiﬂ'uﬂgagaﬂi'mg methyl Lﬁaoaﬁﬂiﬂiaa‘?wadauI%nujmaq Training set Wu'jfmyj'l,muﬁ R4 Lﬂuuyj
methyl  anuiulassairon 22 @Taifu"l,sjmmmﬁﬂmwmﬂ?{wuﬂawamyj’mu‘ﬁ' R4 launuinlu
msanwiiuasinansznutasdedssansnwlunsiugs dnsulassats 22 %aﬁ%gl,muﬁ' R4 1iu
azaaw H wuinduszansawlumsiusamioutulasiaire 16 Lﬁaamﬂ%g methyl 2841A398319 16
uaz 22 ﬁ'm’ijuﬁ R3 hllassensiinsaenainnsinsdveslaseaing 9 Lﬁﬂﬁaaﬁafuﬁg methyl
mamyj’mwﬁl R4 283la39a319 16 39 balannsaaenuselalasiauny Glu13s(B) ¢ &%y Contour
%L%mu‘%nm%gl,muﬁ R uaz R1 LLa@mlﬁLﬁu'jwmmﬁ'mmmam%muﬁu‘%nmﬁa:ﬁﬂmﬁ'u

A A v & q vaa £ Y & ' A A wa Y
ﬂizaﬂﬁﬂ’]WIuﬂ’]ﬁﬂUEl\‘]l'ﬂ@UGTuLL@]@]a\TLL].]%'VIHLLﬂuﬂﬂLLa@ﬂﬂmaNU@Taﬂ Electrostatic 918
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&1%3U Electrostatic contour l1iuuUd1889 CoMFA WuinuSiasiweay negative electrostatic
' Y A A ! . AdA o , & P . . =

ﬁ]:aglﬂa'ﬂwmuﬂ R @9U3uanimmyunuinndiuniy R asidusiia electron withdrawing @3 contour
s adtliaunsanuluuuusnass ComsiA lunsdilassais 9 Ta8ny cyano iungununndunii
R 183239 A ﬁ]:mmma%ﬁumﬁog@ﬁu Leu234 uay His235 & uas Wy methyl u‘%nm%il,muﬁ R1
29479 B 3TRINIINRINILIS H-pi Ay Tyr188 ez Trp229 #ONAINNUNLY favored positive electrostatic
contour Fluu'%nm%il,muﬁ R3 U8z R4 N9luuus1aad9v8d CoOMFA waz CoMSIA §%3L electrostatic
contour AU luLLUF 88989 CoMFA e ldwuluiuudiaasves CoMSIA i wudmama%ﬂu field 9

ARBVBILULIIAEI COMSIA fia awaIn38LuL hydrophobic, H-acceptor, Was H-donor

A15191 2. Namﬁmﬁzﬁuuuﬁmaa CoMFA uaz CoMSIA ﬁvl,ﬁﬁ"lﬂﬁiﬁ(ﬂtaaﬂ

Model
CoMFA CoMSIA

o 0.703 0.735
noc 6 6
s-press 0.622 0.571

r 0.994 0.980

S 0.092 0.158

F 230.253 87.871

Field contribution (%)

Steric 59.0 11.8
Electrostatic 41.0 15.7
H-acceptor - 36.6
H-donor - 29
Hydrophobic - 33.0

A 2 A . . . .
Lla r ., A8 cross-validation coefficient
noc g optimum number of components

s-press fa the uncertainty of the prediction error sum of squares derived from the LOO method

24 . _
r AR regression coefficient
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.LE

PRO236

\ FrR181/
. ) ILE180
TYR318 )
) hE_y-1 00 VAL1TY
LYS101
BLU13E

511 4. Steric contour VaILLUUINREY COMFA (a) and CoMSIA (b) laoFdouaaddd favored steric

u

area LATRIBRAILRAIDI disfavored steric area.

LEWZ34

—TYR18Y
ILE186"
}

gﬂﬁ 5.Electrostatic contour Ua3LUUF1889 CoMFA (a) and CoMSIA (b) lasFinduuaasiie favored

positive electrostatic area LRTRUAILEAID favored negative electrostatic area.
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LWNWATW contour  §1WILOWAINILILLL hydrophobic, H-acceptor, Waz H-donor V8
WUU31889 CoMSIA LLa@ﬂugﬂﬁ 6. laUWULNWATW contour U84 disfavored hydrophobic area &)
LL‘Y]W?}I R %aaa@mﬁaﬁ‘mmumw contour Va4 disfavored hydrophobic area ¥adluuU3IN8ad CoMFA
uaﬂﬁnﬂf:ﬂ'dwmmumw contour U84 disfavored hydrophobic area lﬁU%Lam%y:Lmuﬁ R4 LLazﬁyuﬁ
WHINNW A Uaz B %aiﬁmuadwmuﬁw@muﬁLLmJ hydrophilic A3t mstazanunInLiy
Useansnwlunmsiudsld Tasannsnserveslassaafilédainnisvin Molecular Docking W7
U%L’smsl@’f@ﬁ”nmﬂwamgmuﬁ R4 AzRINIALAABUATATENNUE 5 Uad Lys101 Iuazus i ui
LRI A UaL B azannnsatiaauasnsennuanalauad Leu234 16 #1RSULNRATN contour V84 H-
acceptor WU favored Was disfavored H-acceptor area u’%nmléfmg}muﬁ R lasanguwui
favored H-acceptor area QﬂéTa&Iia‘]J@T’JEJ disfavored H-acceptor area %dﬂmaﬂ’i’m%hmuﬁ R tsmal
Y H-acceptor ud linasiizualnguin deRasanluuSinalwssnsdunndn disfavored  H-
acceptor area f:a%ilnﬁﬁuamaw N waz O 289 backbone His235 uaz Pro236 &§13U disfavored H-
donor area UnngiiuvTiamnisanuiimldas A aufisny carbonyl 1929 IwaTluu UONIINALT
WU favored H-donor area aw1alannale disfavored H-donor area %daa@ﬂﬁadﬁ’w‘mmﬂwamg

%

amino 31¥%119799 A Wt Iwn3luu lasanmseaizatayius iwndluuwudnng amino Hinfny
lasansansnaienusslalasianszninsezaow H WATWY amino Wazaz@al O W8y backbone
Lys101 i

Lﬁla@ﬁ’J‘ﬂﬁa‘]_lﬂ’J’mQﬂ(;faGLL&:LL&]‘H{I"I‘IJGGLLuUﬁiﬂaaOﬁvLﬁ%’m CoMFA 18 CoMSIA F3¥inng
uee log(1/1Cs,) maaagﬁuﬂwmﬂuuﬁa 24 Ta598319 (wuiatdlu Training set LAz test set) lagen
MW BLaANLANA1IITRINsan T ldann1InasauazA1aInnNIugY (Residual) LEAIAY
a13797 3. Tapwuindrenuuanasszningendildannnismasasuazaiannsinwguas Test set &
@hagﬂmi’m +0.9 log(1/ICs) INNNIINNUILAILULUIINES COMFA  Llaz COMSIA LAz ¢ w84
WUUE1889 COMFA SAuvini 0.7414 8% 61 r 289uuU31889 CoMSIA HAL¥iniy 0.8659 Giuans

Mgﬂﬁ 7.



PRO236
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g‘ﬂﬁ 6. Hydrophobic (a), H-acceptor (b), and H-donor (c) contours U83uLUI1889 CoMSIA FnRed

WRA9D favored hydrophobic area, f117uaasie disfavored hydrophobic area, RUIUANTUURAIDS

favored H-acceptor area, a9 WaadID disfavored H-acceptor area, #Ao713% waaadd favored H-

donor area, UarRN1Y LRAID

10.00
9.00
8.00

7.00

Predicted Activity

6.00

5.00

3UN 7. nMuEaIAMUFNRUT TN I log(1/ICso) VBIAUWRUT INTITLUUNI 24 TaTaaTiszning

@hﬁ"lﬁa’mﬂ’]smaaaLLazma'mmiﬁ’]mm’muum‘haaa CoMFA LL.az CoMSIA

disfavored H-donor area

& Training Set CoMFA
® Training Set CoMSIA
7 a Test Set CoMFA o :
® Test Set CoMSIA ° (2
i Am L4
, *
s ¢ r
i L
¥
»
7 [ 4
5.00 6.00 7.00 8.00 9.00

Experimental Acivity (pIC50)

10.00
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M15191 3. ArdEndawlunsgugsnnnisnaaaai Uﬂﬁﬂﬁﬂﬁqﬁ’ﬂﬁﬂﬂ’]ﬁﬁﬁu’JMﬁ’l HULUDIIRDY

CoMFA U8z CoMSIA LazfiANULANANIIZRINIANN LA NNITNARBILAZA1INNNTHNMIE (Residual)

CoMFA CoMSIA
Taseads log(1/ICs) Calc. Calc.
residual residual
log(1/1Csx) log(1/1Cxp)
1 6.60 6.52 0.08 6.54 0.06
2 5.90 5.96 -0.06 5.95 -0.05
3 4.00 6.44 -2.44 7.14 -3.14
4 7.60 7.65 -0.05 7.78 -0.18
5 7.10 7.10 0.00 7.02 0.08
6 6.30 8.85 -2.55 6.23 0.07
7 8.40 8.51 -0.11 8.35 0.05
8 7.70 8.19 -0.49 8.58 -0.88
9 9.00 8.92 0.08 8.76 0.24
10 8.30 8.34 -0.04 8.10 0.20
11 7.80 7.81 -0.01 8.14 -0.34
12 6.50 7.38 -0.88 6.45 0.05
13 7.49 8.80 -1.31 7.52 -0.03
14 7.00 7.05 -0.05 7.06 -0.06
15 8.30 8.13 0.17 8.29 0.01
16 7.40 7.36 0.04 7.48 -0.08
17 6.90 7.54 -0.64 7.48 -0.58
18 6.30 6.23 0.07 6.26 0.04
19 8.30 8.47 -0.17 8.70 -0.40
20 8.52 8.47 0.05 8.58 -0.06
21 8.22 8.26 -0.04 8.19 0.03
22 7.40 7.44 -0.04 7.40 0.00
23 8.10 8.14 -0.04 8.16 -0.06
24 8.30 8.31 -0.01 8.29 0.01
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A a R o aa A a 1 U a a e <R o
Wadanzinieuasnseniiaszninglaseaii 9 uaznsaaziiluluuSinalnssn1suivinnms
AW ATNARIINUOBATNIEN L ALAITAIWI N RN UIBASATEN LA TINANTA WD basis  set
- . lﬂl Vo e dl v v QI lg’ 1 Qo tﬂl U
superposition error (BSSE) correction Lwal%mwaamuw"l,@ummgﬂmaomﬂmmu mwaamuﬂvlm
97MN"15¥N single point calculation #2832 d8UAT B3LYP/6-31G(d) haz MP2/6-31G(d) Hafl baaIuaa-d
A @ aa 2 Ao o A, v o va o A
lug199 4. laswuduasfisouuudsganddniililasaiien 9 smansadulddlulsinisivde

Glu138(B) laaflfnadanuauasnseyinay 12.2 and -13.7 kcaldmol d183z18813F B3LYP/6-31G(d)

D.

War MP2/6-31G(d) aud1eU lasannnisindalvadlasiasnen 9 Iuiwsaﬂﬁs%'uwudﬁﬁg methyl
Fund R4 209lAT983190 9 mmma%“nﬁ'mﬂa‘[mmuﬁ'umi carboxylate 289 Glu138(B) @28

seend 251 A lapduasisonfiieszninlasiaiiem 9 uaz Glu138(B) uaadlugli 8.

AN9191 4. WRINUAUATAIEN (keal/mol) 2rInslaseainef 9 uaz ninasdlusay 9lusin1sauves

HIV-1 RT %ﬁ@ﬁvl,&iﬁmiﬂmuﬁuﬁj

Interaction Energy (kcalmol'1)

B3LYP/6-31G(d) MP2/6-31G(d)

Leu100 2.0 -3.9
Lys101 -0.4 -2.0
Lys103 6.4 2.7
Val179 1.6 -1.2
Tyr181 2.7 -2.1
Tyr188 8.1 4.2
Val189 0.5 -0.5
Gly190 0.3 -0.4
Trp229 3.8 0.1
Leu234 1.7 -0.9
His235 2.0 0.6
Pro236 -0.6 -1.6
Tyr318 1.1 -1.1

Glu138(B) -12.2 13.7
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&

o~

Glul38(B)

3N 7. duasienifieszninglessainen 9 uaz Glu13s(B) Tulwssnsauaas HIV-1 RT
a 3
ajduaziansaiwanmnanas

lavinseinsiniansdveseuiutinmdluudiuiu 24 lassafslulnsinsddlasfnm
anuFunusznivguantanslasiainsuasdszininwlunisguds (3D-QSAR)  lavandunis
13077 lea1n3z1881U3F Molecular Docking Was¥iNNITANMINRINUBUATATENTLAATERINI A&
{ né & v { a a et g; a { 1 a a ¥
71 9 sadulavsasrnddszdininwgegalunisdugs HIv-1 RT sllafldiinanaoiusvasayiusi
NNANIIANEN Molecular Docking iNaifamMIIIcIvaauiut v dluuiiuin 24 lassainslulneg
133U warsetdsyuds 3D-QSAR  lasandauuud1aaduad CoMFA Uaz CoMSIA ®1NNsavantaag
[ [ 6 ] d' o ] 1 d'd 1 a a s 6‘; o d' va
ANuFUNUTVaInunuiduniid1s9nldedszaniawlunisdugs  lasuvudinesn'lddl
a a o { v 1 2 1 o o gl o o gl
drzanTawlumsvinmendeisen r, ¥inAy 0.703 §1SULUUS1a89 COMFA LAz 0.735 §1%5U
WUU31889 CoMSIA 1asLHAIN contour UBIBUATNILN steric LAY electrostatic NNNILLUF 1889V
CoMFA uaz CoMSIA flafianund1aafeny lauuNwnIW contour 2898WAAIEN electrostatic Va3
wUUd1a89 CoMFA Nldanunsanylaluluuun1n contour 2898UAATEN electrostatic VaILLULI1AB4
CoMSIA a1315aWL L@ LULEWAN contour VBIBUATNTEN hydrophobic, H-acceptor, Waz H-donor 1u
uuudiaas CoMsIA lasuanldmaniniauaumwinislunmssanuuudmdudivesaywus pyrazinone 1%
A A a A X PN \ Ad o , v X A o IS
Judninwlidadulasmadungdununidiunis R ldflaunalngau, Sansuziu electron-
. . ' . . { d v o Aaa { a & o
withdrawing, H-acceptor, uazwy disfavored hydrophobic iNafiazldNauasiseMANTUAL leu234
Wae His235 1a8HALaINITAIWIMNRINUERATNTNTZRINNLATIFIN 9 uaznIaaziilusay 9luss
ar gj o ) o s an a a J 1 v dl s gj
MITUUBIIVBNANNEIAYVBIOUAINIVINLAATUTZRINILATIETIIN 9 LAz Glu138(B)  AIULNA
mIanaNtsaesutsfsanuausalunsaululnsinisduaed HIV-1 RT uasianauuinialunns
o o g: e a va a a dn‘ J
aanuuudgugivasaynus W Flunliluseininwatau
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4.2 Systematic investigation on the methodology of quantum chemical calculations in the

binding of GW420867X as NNRTI

luilagiiuenflédiun133useda1n Food and drug administration (FDA) tasnmgihnliaiaad
o o & 1 a P a a &l A A a ~ . .
fusulanlodnsatouuuies la 3 — 1 shaunauiiinilelodi 4 viafa (wIsAu (Nevirapine), 1a8
T18@% (Deravirdine), 1aW13L5WE (Efavirenz), WAL LaNI133% (Etravirine) U@ LU 9sRawung
UszanTanlunmsdudiaaasiiefiioulsifinsnaiuWus S-3-ethyl-7-fluoro-4-isopropoxy-carbonyl-

3,4-dihydro-quinoxalin-2(1H)-one (GW420867X) (Imoa%mmmlugﬂﬁ 8.) \Huddugsniialnin

wuhissansmwlumssudsewladnmstouny o 1o 5 -1 ﬁy'a"ﬁﬁw?'ivl,&iﬁmsnmUﬁuﬁ:ua:"ﬁﬁ@ﬁ
ﬁmsﬂmsﬁuﬁ:ﬁ@mmm 100, 101, W&z 188 IﬂﬂwmfﬂLﬁal,au"lfnﬁﬁmiﬂmﬁﬁmftmu Leu100lle,
Lys101Glu, uaz Tyr188Cys gnasiiilssanmmwanas 1.40.6, 2.5+0.7, uaz 2.4 e udeuiiieifiay
fudseantawiulewladsiad ludnisnan BWUT Satis GW420867X 1iulassainafivinaulaly
miﬁﬂmmuﬁ@é’umﬁ%mﬁum@a:ﬁiusluu‘%nmiwmmﬁuLLazm@ﬂmfiamuvlsﬁﬁﬁmiﬂmﬂﬁuﬁ:
GW420867X fsnsiitszansawlumssues

N o
H

gﬂ‘ﬁ' 7. las9a31909 GW420867X

Tun1IIAN BN AN BIWRIINTHABATNATUITEWINY GWA20867X 1Az NIAaZH Ll LTt sl W
) & , a a9 v oo = & o A
NNV BILAU lmInITENELLUL LaT 1a 9 -1 uaﬂﬁnﬂuvl,@mmwmmmgﬂLLuwaoLLuumaaw
AN UL N LTl N1 TR WA IIN A AT LT Namamma:ﬁiuﬁaglﬂﬁlﬁm, wamamgﬁaﬁ%’uﬁ
1¥lun17 terminate NYA0zT1k laNITAIUI BWRIINWAWATATLN LATINNITAIUITH basis  set
. . A o [ AN v o a £ ' [ AN o
superposition error (BSSE) correction Lwal%ﬂ’]waamuw"l,ﬂwmmgnmaamnmmu mwaamuﬂvl,@e]
1NNNI9N single point calculation @283:L08U3T B3LYP ez MP2 @1# basis set 6-31G(d), 6-
31G(d,p), 6-311G(d), and 6-311G(d,p) laali/sunsy Gaussian03 wanINNRLABIAIAN BB UATAIEN
284 Electrostatic I@mmsﬁnmﬂszguu backbone az@aNMBNIANWIBU5ZTRAG199 1TU Mulliken
population analysis, NPA, ChelpG, LIuat
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I aA
LU HUIDNTIINARDY

1 1A3983192849 X-ray Crystallography GW420867X waznsaaziiluluusiislnsinisauvad
HIV-1 RT mﬁ@ﬁ"l,aiﬁmiﬂmﬂﬁufuawﬁ@ﬁﬁmiﬂmsﬁuﬁf Lys101Glu 3 nTayalu Protein Data
Bank pdb code 2opp KR 20pr Nsuanlassasng Lo baaiiay GW420867X %é'wﬂﬂffmauamau
lalasiausldsunsy Sybyl7.2 ﬁﬂnﬁﬁmﬁaﬂm@azmuﬁﬁamauag’lmw: 4 A 970 GW420867X
VL@TV'?G%&I@ 15 ﬂi@azﬁiu Ao Pro95, Leu100, Lys/Glu101, Lys103, Val106, Val179, Tyr181, Tyr188,
Gly190, Phe227, Trp229, Leu234, His235, Tyr318, uaz Glu138(B) LAavnn1sAnsnascusnasisen
ffdansnesiluudazen ninozdluudaz@avinn1s terminate backbone C- uasN- srgazaanlalasian
NI U ANAINUOUATAIEN 83T BALYP wae MP2 wazlt Basis set 6-31G(d), 6-31G(d,p), 6-
311G(d), waz 6-311G(d,p) olUsunsy Gaussian03 waz¥inMIA U4 basis set superposition error
(BSSE) correction Lﬁiammgﬂéfaamnﬁu ATWRIIIBAUATNIEN (Interaction Energy, INT) 32#379
GW420867X uazninasiluudazea ldannmisdnuwmesii

INT = E(GW420867X + each amino acid) — [ E(GW420867X) + E(each amino acid) ]
\ilo E(GW420867X + each amino  acid) AAINEIUIIN  GWA20867X uaznimaszdlu,
E(GW420867X) Aaf wadinuuad GW420867X Laz E(each amino acid) AadWRduuainIaasilu
uAazea nonandtiadumsinguisdnasnusuasise lavimsdnsnavesnsaesdludradss
Tagnafinsmauniaazdludiwin 1-2 daaslunmadinu C- uazN- luuuuiiaesiriinisdiuam, i
MINARUEINDDI sidechain  NIHAAINSINUEUAIATLN, LLa:Lﬁaﬁwmsﬁﬂmwamamyj’ﬁl“ﬁ’lums
termnate C- Waz N- 89 backbone NLeNAlTiRBIuAzAan H G9an9svinlWanumenas peptide
bond 1Uapuulasly %aﬁwmﬁnmmﬁmamgﬁmm terminate  lagvhnsiinvwalwRansme
IndiAnariy Peptide bond, uazvitn1IdiwImiszy Mulliken, NPA, Uaz ChelpG uuazaay H (09%y

amino Ut backbone) wazazaad O (Vad Backbone) lasnIFIUIaNIe residue
Han1InNaaayg
-  WAVaJ Basis set

ﬂ"lw§ddﬂu5umiﬁ%ﬂﬂﬁﬁﬁﬂﬁiﬁﬁudm basis set superposition error (BSSE) correction 3¢%314
GW420867X wazninazdlu laui3s B3LYP uaz MP2 uazld Basis set 6-31G(d), 6-31G(d,p), 6-
311G(d), waz 6-311G(d,p) w&aslua139fi 5. wudmnizdsuislidwasnuduasitenszning
GW420867X Lay Lys101 u’"flué'umﬁ'%mLLuuﬁag}@ﬁéwﬁ'@I@U"?% B3LYP HAWAIUa Iz -15.6
04 -15.9 keal/mol UAzAT MP2 HATWa3IUag52319 -16.0 B9 -16.3 keal/mol %daa@ﬂﬁaaﬁuﬁaya
malasaai19iléan X-ray Crystallography 31 GW420867X snansnasannszlalasiawlaniuozaan
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O uazH 84 backbone Lys101 é’auamiugﬂﬁ 8  WANIINAINNAINEIUEUATAZ WL
GW420867X H180unIN3eLULAIQaNY Lys103 I8 WAIUEUATNILN -4.8 019 4.9 keal/mol Uaz
6.4 A9 -6.9 kcal/mol §283% B3LYP and MP2 mudnél %ananniandwassnusuasisendasis
MP2  fawudn GW420867X MuNTnilduasATeMuuAIany Tyr181, Tyr188, Trp229, Leu234,
His235, uaz Tyr318 1larinadSuuifisunauas basis set LABIRUALT \aunned128435 MP2 1/
AN UENATAS B TA13128935 BALYP lagiawizadneds Leu100 wuin33 B3LYP Tawasan
SUAIASLULLNGN (~ 6 keal/imol) luumiias MP2 Idmasnuduasiteuuufgaianites (-0.9 o9
-1.97 kealimol) @suansi13% B3LYP lianunsnsaunisduwissiuy dispersion 'lef wenanitdwsy
DUATNILILUY H-pi WA pi-pi (4% Tyr181. Tyr188, Trp229, Uaz Tyr318) 3% MP2 lAA 1 WaINuauaT
ﬁ'%m"?‘il,ﬂul,muﬁag@mnﬂ’jﬁ% B3LYP u&adi735 MP2 TFlanadnuauasnssn H-pi wae pi-pi 10070
B3LYP iloifinwuiaues basis set lun1sdimimensds BILYP wuinddnlndidsetiuain (£0.24
kealimol) lunIdémimarsds MP2  wuinSenanuuananstszanos +1.20 kealimol (Hatfinuny
basis set 6-31G(d) &Nt Leu100 AfAauLAnNaIs 2.12 keallmol LiaimMIswItiene basis set
6-311G(d,p) z1inldinavas basis set vinliTianluuandrsiuunniin aein basis set 6-31G(d) 59
QﬂLﬁaﬂLﬁasl,%’l,umsﬁ']mmﬂy'umau@iavl,ﬂl,ﬁiaLflumiﬂsm{f@L’Jawlunﬁﬁmam

2.96
Lystol *=- -..\. 4

gﬂﬁ' 8. NN13IFIVaI GW420867X Tulwssn13auaas HIV-1 RT 1wﬁﬁ@ﬁ"l,ajﬁﬂ’n?ﬂawﬁ'u§
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a\ ¥ a
- Nﬁ‘].l'él\‘iﬂiﬂﬂ$3d‘[%?.l’l\‘ilﬂil\‘l

Lﬁlaﬁ’]ﬂﬁiﬁﬂﬂﬂad‘lﬂlui’ma:lﬁEl(ﬂﬁdET%@]Sﬁ%EI’]LL‘]J‘]Ja\‘]glﬂﬁLﬁ@izﬁ’i’N GW420867X WA
Lys101  LUUS1I88INIIMIUI Naswanasnsofiiiunsnasiludrafissuas Lys101 fa Gly9o,
Leu100, Lys102, uaz Lys103 laasnnassnuugasluasd 6. uazlassanivasudazninoziluugas
1u3ﬂﬁ 9. miw:malu%mﬂé’damawvl@ﬁl,a@ﬂugﬂLﬁaa%mﬂﬁaLLiaaa@mLazLLidwé'ﬂ Model1-Lys101
ugasltifudsnusslalanauiiudousesswninsazaan H uaz O 289249 quinoxaline Uaz 8zAal O LaS
H 284 backbone Lys101 lapszeznnaszniniaz@ay O 28979 quinoxaline LAz BxMad H aIny
ammonium 783 Lys101  wuindiszazagnislu 4 A aanlassai1ouuudtass model1-Gly99 uaz
model1-Lys102 wudﬂvl,s\iﬁl,l,sﬁa@@@iaﬁ'u fMIULUUII889 modell-Leu100 N lATIETIINLINEND
\AAUIINANTEAINING dimethyl 289 Leu100 WAz GW420867X UdANWLEUAINITLIMLLUIIAIQAIN
wuse lalasianuszning CB 209 Leu100 uszaz@any N 18929 quinoxaline ez auaIN381 H-pi
327319 CO 289 Leu100 Waz3d phenyl ring 284349 quinoxaline lATIaNIuUUF1889 modell1-Lys103

WuUTIAIgauUDdauInius: lalaiauszning GW420867X uaz Lys103

I@]mﬁaLiﬁsuL"?']ﬂumwé'qmué'umﬁ%mmauwia:nma:ﬂuﬁagJi?TN6] Lys101 ee3z1dsuD
B3LYP/6-31G(d) Huwuin Wifisuasiseniy Gly99, Husenanniy Leu100,Jussnaniinitosny Lys102
UAzUIIRIQANY Lys103 Tunsdennasnusuasnseildnnmsw menesaouss MP2/6-31G(d)
vlajwué’umﬁ%muummﬁaﬂmﬁu Gly99, Leut00, uaz Lys102 UAWUEUATATHULLUTIAIQANY
Lys103 #nsuLUUaasfiinntaaslud 1w unilisn models 2-1 uaz 2-2 WUAFINAINUEUAT
AsendanlluandsnumIninavedLaaznInezi lu %owuimam@‘fﬂaaa@ﬂﬁaaﬁuLmuﬁwaauﬁ'wg
Frafineniud 2-4 nsnezdln Mnuundmesnanuai labusuldimasausuasisenfisdnlunmssy

289 GW420867X AaBUATIILULLAIQANY Lys101
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Lys102

(0]

Lys101

Leu100

Gly99

(0]

(0]
Tl i e gy
CH

- NH—| —
; CH ! CH ! i CH i C !
L I
. (CHp, | (CHpy | (CHp, | THZ | ;
; i . CH | |
| gJ ! gJ | gJ AN : i
l H; ! H; ! H; HC CH; ! !
Interaction Energy (kcal/mol)
Model Residues
B3LYP/6-31G(d) MP2/6-31G(d)
Model1-Lys101 Lys101 -15.65 -16.28
Model1-Leu100 Leu100 5.86 0.15
Model1-Lys102 Lys102 1.53 1.07
Model1-Gly99 Gly99 0.60 0.45
Model1-Lys103  Lys103 -4.81 -6.42
Model2-1 Lys101 Leu100 -10.37 -16.89
Model2-2 Lys102 Lys101 -15.55 -16.74
Model3-1 Lys102 Lys101 Leu100 -10.39 -17.48
Model3-2 Lys101 Leu100 Gly99 -9.88 -16.51
Model3-3 Lys103 Lys102 Lys101 -20.26 -23.03
Model4-1 Lys102 Lys101 Leu100 Gly99 -9.90 -17.10
Model4-2 Lys103 Lys102 Lys101 Leu100 -14.52 -23.28
Model5-1 Lys103 Lys102 Lys101 Leu100 Gly99 -13.80 -22.67




3.64% 13,11

Lys102

@ (e)

gﬂ‘ﬁ' 9. WUUFRBIVBILARZNIABA 1M a)lys101, (b)Gly99), (c)Leu100, (d)Lys102, and (e)Lys103) 7

n3¥india GW420867X lagszueniuand luniiusiansay (A)
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- uavava1ulsuas Lys101

iefzdnuAsdIuvasnsaasiln Lys101 ﬁﬁalmﬁmmﬁa@@m GW420867X 341e¥inn13
é’ml,ﬂaw%imﬂsﬁmaa Lys101 W aadImud LA AN NAIN HaBAIATINaT Id s uaaalu
a9i 7. ilanfSpufisuiusuusiassuesnsaazdln Lys101  (model1-A0) I@m‘hmnmuﬁ%yj’
ammonium @‘vasg methyl WUINANS I USHATASEN T ALRNTY 7.91 uaz 7.68 keallmol dansziiloy
7% B3LYP/6-31G(d) Uaz MP2/6-31G(d) @u&16y waadliiiuiing ammonium fnadn Ay lniie
Lm?iog]mwdw GW420867X Laz Lys101 douieanmwavasasldainuinlitiansi o uulas
PDIFNIINHEUATASENUNAN AL TAAINULANANI BTN INUEUATATEN <1 kcalimol §9UI
agﬂ"l@ﬁmiaﬁdgmzwjn GW420867X LLaz Lys101 ﬁf’mﬁ@mﬂmumaam‘g ammonium WRZFIUVDI
backbone Lys101

A519N 7. AINAINUBUATAILNTEWING GWA20867X wazniaazilu Lys101 Neautasznels

Lys101

Interaction Energy (kcal/mol)
Model R

B3LYP/6-31G(d) MP2/6-31G(d)

Model1-Lys101 ~(CHy)4-NHa+ -15.65 -16.28
Model1-A0 -(CH,)4-CHs -7.74 -8.60
Model1-A1 ~(CHy)3-CH; -7.70 -8.47
Model1-A2 -(CH,),-CH, -7.66 -8.39
Model1-A3 -CH,-CH; -7.57 -8.18
Model1-A4 -CH, -7.44 -7.98
Model1-A5 -H -7.36 -7.62
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- HaP@I%al Terminal (NH uazCO) 2a9 Lys101

Harnsaaniaosdluunyinnmsanswa s usuasissvasuaazniaasdluuazinnisaa
pr@aN H fiansudazi19989 backbone wuiniunsinanssnwmeaasnuszidInduosudazdn
maam@a:ﬁiué’dﬁfmﬁaﬁﬁmiﬁﬂmwam:ﬂuﬁﬁ@iaﬁwwé’omué’umﬁ%mLﬁ'aﬁﬂmsmﬁﬂum&' Terminal
vameddnivesnsaa=dln Lys101 FIUULUS1809 model-R1A-D and model-R2A-D "Lﬁgmaua%um
Lﬁaﬁﬂmwamamg terminal MLEaUABNINIIFIH C- Uaz N- U89 backbone Lys101 fasiinasad
WRIIWAUATNILN é’mamlugﬂﬁ 10 waz 11 lasuuus1asd modell-R1A-2A §19 model1-R1D-2D
LLammsLmu‘ﬁ'mamg terminal AALAUINIFBIRIUVDI backbone Lys101 daugasluaisad 8. lu
NITANAVBINY terminal 11961 carbonyl W‘udm%iLmuﬁ‘ﬁ'Lﬁmiﬁ"l,ﬂﬁ?u'l&iﬁwa@iaminﬁ"lﬂa%ﬁaﬁuﬁz
lalasianiy GW420867X Liiatl3uutfiaudIna s uauasnsena9 modell-Lys101 AINSINUEWAT
AS17094UUS1889 model-R1A  fl9  model-R1D 2 HANAI9NMawATATINAAINIUULIIRD
model1-Lys101 Uszutk 0.36 19 1.78 kcal/mol and 0.46 19 2.16 kcal/mol Lﬁaﬁwmsﬁ'}mmﬁw
2108137 B3LYP/6-31G(d) Waz MP2/6-31G(d) auaau I@mLﬁaLﬁmmmaw@muﬁmaﬁmm;j
carbonyl AMVLANAIVDIATNE IS UATATEN 9 DeR T wuaduwr Idufiezanasanddnlng
LUUFI809 modell-Lys101  13% LUDU3I18a3d model1-R1D A1ANLANANITBINSINUEUAIAT B
Wisu s uADLULS1889 model1-Lys101 asfldnnniy -0.83 was -1.38 keal/mol Liavinsdwi s

832 d81U3T B3LYP/6-31G(d) waz MP2/6-31G(d) @us1au

ﬁ%’m%'uwamadmg terminal fiLFaudoNIIAI% amino Va9 Lys101 wudm@muﬁﬁﬁmiﬂﬂfu
au1snaInusslalasiauwny Gw420867X ¢ @Tﬂﬁ?u%gLmuﬁﬁl,ﬁmﬁwﬂﬂfmzmmmdma
ATENUGABAITNAIINUEUATNIEN b6 lunsﬁmammm‘haaoﬁmewamamyj terminal  AdURHITIFDS
Fup89 backbone  Lys101 WUINAIAINNLANAIITBINAIHERATATB S oL B U ULL USR8
model1-Lys101 1321319 0.40 519 -2.46 kcal/mol W&z 0.07 &9 -2.72 kcalimol 1a¥inn13ewI e
52 8U3% B3LYP/6-31G(d) Uy MP2/6-31G(d) audau Tagenananananaasnsasniininnineg
NNANNWAVBINIIGW carbonyl WNNNTINIIG1UVEYI amino I@Umm@;mmﬁ@mﬂé’umﬁ%mﬁﬁmﬁﬂ
UVBINIGIWAY amino I(ﬂwamaomﬂﬁwgﬁaaaaﬁmmaa backbone Lys101 WUIIREAAAEINL

mmﬁumﬁa:ﬁ’]maa Backbone
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Eﬂﬁ 10. LLuuﬁﬁaadﬁﬁﬂH’mamadﬂg terminal ﬂﬁdﬁﬁu%%i carbonyl 184 backbone (a) Model1-R1A,
(b) Model1-R1B, (c) Model1-R1C, uasz (d) Model1-R1D I@m:m:maswdwmg terminal LAY
GW420867X uaaslugy angstrom (A)
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gﬂ‘ﬁ' 11. Lmuﬁﬁaaaﬁiﬁﬂmwamamg terminal maéﬁuﬂg amino a4 backbone (a) Model1-R2A, (b)
Model1-R2B, (c) Model1-R2C, uwaz (d) Model1-R2D I@mzmﬂ’lﬁm’i’mm‘} terminal W
GW420867X uaaslugy angstrom (A)
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Terminal
| Lystor |
.
oar
e
]
Interaction Energy (kcal/mol)
Model R, R,
B3LYP/6-31G(d) MP2/6-31G(d)
Model1-Lys101 H H -15.65 -16.28
- terminal at carbonyl group
Model1-R1A -CH, H -16.01 (-0.36)* -16.74 (-0.46)
Model1-R1B - NH, H -17.43 (-1.78) -18.29 (-2.01)
Model1-R1C -NH-CH,4 H -17.41 (-1.76) -18.44 (-2.16)
Model1-R1D -NH-CH,-CHO H -16.48 (-0.83) -17.66 (-1.38)
-terminal at amino group
Model1-R2A H -CH,4 -15.25 (0.40) -16.22 (0.07)
Model1-R2B H -CHO -18.11 (-2.46) -19.00 (-2.72)
Model1-R2C H -CO-CH;, -17.40 (-1.75) -18.81 (-2.53)
Model1-R2D H -CO-CH,-NH, -16.97 (-1.32) -18.52 (-2.24)
-terminal at carbonyl and amino groups
Model1-R1A-2A -CH, -CH,4 -15.55 (0.09) -16.59 (-0.31)
Model1-R1A-2B -CH, -CHO -18.26 (-2.62) -19.26 (-2.98)
Model1-R1A-2C -CH, -CO-CH, -17.96 (-2.31) -19.49 (-3.21)
Model1-R1A-2D -CH,4 -CO-CH,-NH, -17.34 (-1.69) -18.97 (-2.69)
Model1-R1B-2A - NH, -CH,4 -17.20 (-1.55) -18.35 (-2.07)
Model1-R1B-2B - NH, -CHO -19.85 (-4.20) -20.98 (-4.70)
Model1-R1B-2C - NH, -CO-CH,4 -19.30 (-3.65) -20.96 (-4.68)
Model1-R1B-2D - NH, -CO-CH,-NH, -18.89 (-3.24) -20.68 (-4.40)
Model1-R1C-2A -NH-CH,4 -CH, -17.06 (-1.42) -18.39 (-2.11)
Model1-R1C-2B -NH-CH,4 -CHO -19.71 (-4.07) -21.01 (-4.73)
Model1-R1C-2C -NH-CH,4 -CO-CH, -19.16 (-3.51) -21.00 (-4.71)
Model1-R1C-2D -NH-CH,4 -CO-CH,-NH, -18.76 (-3.11) -20.71 (-4.43)
Model1-R1D-2A -NH-CH,-CHO -CH,4 -16.13 (-0.48) -17.62 (-1.33)
Model1-R1D-2B -NH-CH,-CHO -CHO -18.78 (-3.13) -20.24 (-3.96)
Model1-R1D-2C -NH-CH,-CHO -CO-CH,4 -18.24 (-2.59) -20.22 (-3.94)
Model1-R1D-2D -NH-CH,-CHO -CO-CH,-NH, -17.83 (-2.19) -19.94 (-3.66)
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Lﬁlaﬁﬁmiﬁﬂ‘mma"uad electrostatic I@Umiﬁﬁmmﬂizﬁyﬁﬁ@ mulliken, NPA, .8z ChelpG Ut
8zqay O V8INY carbonyl UAzBzABN H U84y amino Va9 backbone Lys101 1ABAIWAINUIUAT
ﬁ%mﬁvlﬁuamﬁagﬂﬁ 12. lawldud residue lumsdiuios (lisan Gw420867X adluluuuuinaas)
lasduirwdruszidsudd B3LYP6-31G(d) waz MP2/6-31G(d) ﬁ%m%'uﬂizﬁ;uuamaw O VaInY
carbonyl U84 backbone Lys101 mﬂi:gﬁvlﬁmmuﬁ BUAD MP2/6-31G(d) azdidanuduauninnin
dfleanszouis B3LYP/6-31G(d) Uszanmh 0.1 e wazlavimuySouiisulszy uuezaey O Va9
W4 carbonyl VaIULUUII889 model1-Lys101 funuuisaaienaunussddinditnanlueuusisss
G28ABLLULINa8Y models 3-1 LA 5-1 I@uﬂi:ﬁg mulliken, NPA, W&z ChelpG Unazaay O UaIny
carbonyl 283LULUF1809 models 3-1 uaz 5-1 Aa1autduauuinninvesuuusiasd model1-Lys101
Uszanm 0.12-0.18e uaz 0.14-0.21e 1iafwimeosziiouis B3LYP/6-31G(d) waz MP2/6-31G(d)
AURIA I@ﬂmmaaﬂizquuamaw O w831y carbonyl V8ILUVFIREY models 3-1 fanlnatfgeny
models 5-1 ugasltduinwussily ndInadanaa electrostatic vasuuusaas lunsdifidnsus
maa%gmu‘ﬁ'ﬁm carbonyl LLU13IN8ad model1-R1A ‘%Gﬁ‘ﬁ%} terminal Lflum;j methyl wu*jﬂﬁ@hﬂizﬂaj
UANEINULULI188 model1-Lys101 agalvpdAny uanmﬂf:wudwﬂizg Mulliken W8z NPA Uu
8:@ay O V8IUUUI1aad models R1B-D JalndlAusnuuasnuudiaes models 3-1 uaz 5-1 lasilen
ANUANANVDIUIER < 0.03e NI M NnIFeIs o uin Iumtﬁ‘ﬁﬁnmmﬂi:q ChelpG
LUUF1889 models R1B-D wuinddranuiduuinuinnituuudnass models 3-1 uaz 5-1 Uszanms
0.04-0.09 NNMFAIMIBTIFEITELTBDAT ﬁm%’mmuﬁmaaﬁuamNamamg terminal oﬁ"’mmj
amino (models 1-R2A-D) vL&i‘wummLmﬂ@mmao@hﬂizquuamau O 184 Lys101 lagannansmenng
Iﬂsaas”ﬁavlstULLiaﬁag@ﬁLﬁ@mﬂ%g terminal ﬁLamﬁ'lvl,ﬂéﬁﬁ?umﬂﬂszqauﬁmn%uuuamaw O vle

ANTWRIINUHAUAITNILINARIAE

fwiuA1Izauneaeu N 189wy amino 1523 Mulliken Uaz ChelpG Aenwmmsosnfouis
MP2/6-31G(d) Senaudunanuinnindniesafisusudarfidurmdasszdouis BALYPS-
31G(d) Uazanm 0.05-0.07e §%IUYIZY Mulliken WAz 0.03-0.04e §1%TUUTZ] ChelpG lunidivas
U329 NPA 132quuazaad N 289%3 amino LRAINATILA T D WA UITAININITFIUI TG Y BALYP/6-
31G(d) uaz MP2/6-31G(d) lasiidnanuuana1etiaanin < 0.01e uaﬂmﬂﬁtﬂszgmﬁ@ Mulliken, NPA,
WA ChelpG 289uUUIN89 models 3-1 Uaz 5-1 A lnRLALIALULLINRY model-1 Lys101 laiian
AMULANEIDILI2Y <0.03e 3NAIZY Mulliken sz NPA Lﬁaﬁﬂmmﬁ’syﬁaaaﬁuﬂwﬁ'ﬁ%g
terminal T89N196% carbonyl L&z amino Vlsjdmaﬂi:ﬂmia@hﬂi:'guuamaw N U3 amino lagiian
ANULANAIY <0.04e LilaLSouLfinufiuLULsI8a9 model-1 Lys101 #WIU3z3 ChelpG #ledanns
ﬁﬁmmﬁgdaaoiuﬁw”?%wudﬂﬁ@hﬁmﬁauﬁ'uﬂszﬁ;madLn_lm‘imad model-1  Lys101 ﬁVL@TLaumﬁi
terminal N14611% carbonyl a4 l3fimuNLI1U523 ChelpG FINANTZNUAULLUS8aIN TN terminal
fw amino  U3zanm 0.06-0.11e Liladuimdansndouis BILYP/6-31G(d) uaz 0.08-0.12e Lile

Awraenosziiouids MP2/6-31G(d) %ananiluauedlszy ChelpG uuazaay N 184Wa amino 284



33

LUUI1889 model1-R2A LLam@hmwu@m@mgaqmﬁmﬁf_mﬁ'uLL‘U‘U?{i"naaa model1-Lys101 Uszanmh
0.11e tlaswimdrnsnfouds BLYP6-31G(d) uaz 0.12e Wadiwindrnsndsuis MP2/6-31G(d)
wiad1915R a1 LI NU A ULANA1ITBIRNAIINUEUATATHNVILULINR0IH FMTLLLIIRe
models  1-R2A-D wmﬁmﬂi:@ﬁ'ﬁﬂmmiﬁmnﬁﬁ@ ChelpG Ha1anuduuindaanituuusiaes
model1-Lys101 %awudwmﬂszg ChelpG ligaansasnudnasusuasnseile é’aﬁ?ummma‘gﬂ
"L@Tdﬂwamaaﬂs:ﬁguuamam N 28313 amino laiganansznunuauasisen Electrostatic NAHALAAN

o a aa AA & &L & = A A i
Wﬂdd’]uﬂu@iﬂ‘i&l’m&lﬂ’]ﬂ’)’mLil.]um.m’m“lluuuu’]fﬂ’mLLN@GQ@‘I@% G]VIVI%I terminal



34

T~
=)
= L4 o ] (o] 53 Q 9] o]
2] L T — - 0y oy o
o~ =~ o o o x & ¥ ¥ &
s = § § § § § § 5§ § 5§ =
Atom O (Lys101)
o1 —#—Mulliken-B3LYP/8-31G(d)
—B—NPA-BILYP/E-31G(d)
—k—ChelpG-BILYP/E-31G(d)
02 1 —=—Mulliken-MP2/8-31G(d)
—B—NPA-MP2/8-31G(d)
g-’-, 0.3 4 i ChEIpG-MP2/5-31G(d)
@
o
Q
= -0.4 4
E
>
< -0.5 4
06 -
-0.7 4
038 -
05
o 04
=}
.
©
=
Q
e
£
S
<L 03
—e—Mulliken-B3LYP/G-31g(d)
—8—NPA-B3LYP/G-31a(d)
02 ——ChelpG-B3LYP/E-31g(d)

—=—Mulliken-MP2/6-31g(d)
—E—MNPA-MP2/6-31g(d)
—2—ChelpG-MP2/6-31g(d)

(b)

311 12. szauuazaay O (a) uaz H 184 backbone Lys101 Paduuudaadlarinisdiwinianie

residue



35

- wawaamﬂfsﬁmaa Leu100 uaz Leu102

Wafaztiugunavasntaazilutnafsinddasmwasnusuasnsouuuitaesvesnsaasdlun

ay;ﬁmﬁﬁﬂ@m‘hmsmﬁUmmawmmaamﬂsﬁmm Leu100 4@z Lys102 ANWAINUA bALaadInd
A A A o A o A \ A o @

17197 9. aRnsanuuuaasninmalfsuudasanslsuainsaazils Leu100 nMIdIwIMERE
s218U3% B3LYP/6-31G(d) LaAIaBAIATIMULNANALazaay O-carbon 284 Leu100 lagnuiniiie
AMsaarmaeiuuuitaedlasnisdnazaan O-carbon 284 Leu100 (Model2-1-A1 Wwas Model2-1-

o oA o Y Aaa AA . o oA \ o A A 2 o P Aaa
A2) e lAT AR uduasAsonlardas uallaldnuussnaniillavinmsdnsnalosaiouis
MP2/6-31G(d) 1$8391n32L080U33 B3LYP 21an13NaNTWINa8 dispersion contribution AMWRII%
duAIN3EN beanInidsuit MP2/6-31G(d) ldsnadaaialduas Leu100 lunsdinavasaslsuas
Lys102 ldnunsilfouudasndragiiiainmadasuudasswavasanols 3saydlddmaainns
fumal83e o vt MP2/6-31G(d) wuanelguasnsaaziilu Leu100 waz Lys102 JaigdHansznude

NN39UVAY GW420867X TSt mslwian1sau



36

A1319N 9. ANAINUBUATNTNTEWING GWA20867X uaz nsaaziilu Lys101 uaz NauedIaneld

Leu100 ez Lys102

Leu100

CH C|H CH
(cL2)4 Ry 1|12 |
b '
Interaction Energy (kcal/mol)
Model
B3LYP/6-31G(d) MP2/6-31G(d)
Model1-Lys101 -15.65 -16.28
Model1-Leu100 5.86 0.15
Model1-Lys102 1.52 1.09
R1
Model2-1-Lys101Leu100 -CH,CH(CH3), -10.37 -16.89
Model2-1-A1 - (CH4),-CH3(01) -13.18 -18.37
Model2-1-A2 - (CH4),-CH3(05) -12.47 -17.20
Model2-1-A3 - CH,-CH3 -15.08 -18.59
Model2-1-A4 - CH; -15.30 -17.79
Model1-R2D H -16.97 -18.52
R2
Model2-2-Lys101Lys102 -(CH,)4-NH3+ -16.55 -16.74
Model2-2-A1 -(CH,);-CH3 -16.60 -17.85
Model2-2-A2 -(CH,),-CH3 -16.59 -17.84
Model2-2-A3 -CH,-CHj, -16.57 -17.80
Model2-2-A4 -CH; -16.55 -17.76
Model1-R1D H -16.48 -17.66
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ALY 101

levihmsilSouiisulasegsirsves HIV-1 RT mﬁ@ﬁvl,xiﬁminmﬂﬁuﬁfuawﬁmﬁﬁmiﬂmﬂﬁuﬁ:
Lys101GIlu Way G420867X laun13Tauny backbone 2ainsaazilu éﬁuamlugﬂﬁ' 13. laawyuin
M99 G420867X lulnssmsiumigasnssludumisindundein udnuin G420867X T
In34m39u284 HIV-1 RT  7fla Lys101Glu §innsliavadng ethyl  uaz  isopropoxy Harinns
Wisufsununsaazdlu Lys101 wuiiselgves Glu101 Jnmafssiuneanainlnssnssuiinean
LLsawé'ﬂsszng carboxylic 484 Glu101 Wz Glu138(B) we lbauvad Backbone fieunns 101 §
ANNAINBARINUDBINTTINIGL NTRzily Trp229 lulwssnsauvad HIV-1 RT o%a Lys101GIu An13
\Wasw conformation Lijoifipunulwssnssuves HIV-1 RT mﬁﬂﬁvlajﬁmiﬂmﬂﬁmf wananiansia
28435UW1U289739 Phenyl 289 Tyr181 lwsan133uwad HIV-1 RT oHa Lys101Glu §1%3unIaazilu
FIAUNUATM TN dITImENEE @199 10. LEAIAINRINUEHATATINTERING G420867X Lok
TW39N39LV89 HIV-1 RT e Lys101GIu LUSsUAsuAUAWaInwauasnsen lulnssnisauaas HIV-
1 RT %ﬁ@ﬁvlaiﬁmiﬂmﬂﬁuf TagNUINAINSINUEUATAS BT ANULANFININA DI WS I IUEUAS
AsununIaezdilu Lys101 uazTyr181 lag G420867X gayifuusifigalasiFdIwasauduasnae
WYiNNU 12.44 kcal/mol LﬁaLﬁ@msnmUﬁufmaonmazﬂuﬁ@‘mmm 101 910 Lys LTu Glu %3
nynazdlufidunig Tyr181 Hlasandmidauasszmuueis Phenyl 284 Tyr181 fAeannsia
WBINY isopropoxy 189 G420867X AT TR T U 0 9A WS I UATAS LN 15.83 keal/mol
fgnsunsaosdludrdunuinliinisiaswulasasdr AE wnin é’afuﬁumaﬁag@ﬁa@aoﬁu
GIU101 UAsUTINANTLANTUAD Tyr181 vinlwdseansnnlunsiusiues G420867X aaasiilonis

NAUWUTVRI Lys101GIu HIV-1 RT



317 13. My 9dagaunuued G420867X (Ball and stick model) TuuSiamlwsansduaas HIV-1 RT
phaf ldlnInaewug (Fiidu) wez slandnInaewus Lys101Giu (§d) ninaziilu Lys101

Laadl Stick model

A19197 10. ATWRIIUIBATATLITLAIN GWA20867X ez nIaazi luluuIiioslwiansausad HIV-1

A A 1 v § a Aa @ 6
RT %u@ﬂ"luwmsnm EIW%‘J%' LRSTUANUNIINAN UW%E

Interaction Energy (kcal/mol)

Residues -

wild-type Lys101Glu AE
Pro95 1.97 -0.65 -2.62
Leu100 0.15 0.08 -0.07
Lys101 -16.28 -3.84 12.44
Lys103 -6.42 -7.21 -0.79
Val106 -0.92 -0.16 0.76
Val179 -0.90 1.55 245
Tyr181 -2.37 13.46 15.83
Tyr188 -1.89 0.33 222
Gly190 -0.30 1.94 224
Phe227 -0.60 -1.07 -0.47
Trp229 -1.69 -2.25 -0.56
Leu234 -1.27 -0.98 0.29
His235 -1.55 -2.05 -0.50
Tyr318 -2.38 -2.42 -0.04
Glu138(B) 5.09 5.03 -0.06

* —
AE=IE. Lys10161u~1-E-wild-type
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Abstract Comparative molecular field analysis (CoM-
FA) and comparative molecular similarity indices analysis
(CoMSIA) based on the docked conformation were per-
formed for 24 pyrazinone derivatives. All compounds were
docked into the wild-type HIV-1 RT binding pocket and
the lowest-energy docked configurations were used to
construct the 3D QSAR models. The CoMFA and CoMSIA
models enable good prediction of inhibition by the pyraz-
inones, with 2, = 0.703 and 0.735. Results obtained from
CoMFA and CoMSIA based on the docking conformation
of the pyrazinones are, therefore, powerful means of elu-
cidating the mode of binding of pyrazinones and
suggesting the design of new potent NNRTIs.

Keywords HIV-1 - CoMFA - CoMSIA -
Molecular docking - NNRTI

Introduction

Acquired immunodeficiency syndrome (AIDS) is caused
by the human immunodeficiency virus (HIV). The reverse
transcriptase (RT) of human immunodeficiency virus type-
1 (HIV-1) is the essential enzyme converting the single-
stranded viral RNA genome into double-stranded proviral
DNA prior to its integration into the host genomic DNA.
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Department of Chemistry, Faculty of Science,

Kasetsart University (KU), Chatuchak,

Bangkok 10903, Thailand
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Center of Nanotechnology, Kasetsart University (KU),
Bangkok, Thailand

HIV-1 RT is an asymmetric heterodimer consisting of a
560-residue chain (p66 subunit) and a 440-residue chain
(p51 subunit). Nucleoside inhibitors (NRTIs) and non-
nucleoside inhibitors (NNRTIs) are two types RT inhibitor
widely used for treatment of AIDS. Nucleoside analog
inhibitors, for example AZT, ddI, and ddC, are competitive
inhibitors causing termination of the growing DNA chain.
Although these nucleoside inhibitors are selective for HIV-
1 RT, they are not highly specific and can affect cellular
polymerases, with toxic effects [1, 2]. Non-nucleoside
analog inhibitors, for example nevirapine, TIBO, and
efavirenz, are non-competitive inhibitors binding in a
hydrophobic pocket that is about 10 A away from the
enzyme’s active site in the p66 subunit. Because of their
use at low concentration and their high specificity, non-
competitive inhibitors are of interest for developing novel
potent inhibitors. Unfortunately, the major problem is the
rapid development of NNRTI resistance, for example,
LeulOOIle, Lys103Asn, and Tyrl181Cys [3]. In order to
improve the biological activity of NNRTIs, some classes of
NNRTI, for example diaryltriazine (DATA) [4], diaryl-
pyrimidine (DAPY) [5], TMC-125 [6], indolyl aryl sulfone
(IAS) [7], and TMC-278 [8], have been proposed and
designed to enhance activity against wild-type and mutant
type HIV-1 RT. A series of non-nucleoside reverse trans-
criptase inhibitors (NNRTIs), pyrazinones, have been
found to be active against wild-type HIV-1 RT and some
are also active against mutant HIV-1 RT [9]. Information
about the specific binding mode of pyrazinones to HIV-1
RT is therefore needed to suggest designs of novel potent
NNRTIs active against both wild and mutant HIV-1 RT.
Comparative molecular field analysis (CoMFA) [10]
and comparative molecular similarity indices analysis
(CoMSIA) [11] are three-dimensional quantitative struc-
ture—activity relationship (3D QSAR) methods widely used
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to study and design new inhibitors. These methods have
been used successfully for many classes of inhibitor by
studying the relationship between their chemical structures
and their biological activity. For NNRTIs, these methods
are also able to reveal the dominant interaction of some
types of NNRTI, for example TIBO [12], (aryl)bridged
2-aminobenzonitriles [13], and efavirenz [14]. In addition,
the idea of a ligand’s active conformation has been studied
by using the docked conformation from the molecular
docking method to construct 3D QSAR models. The
docked conformation of some NNRTIs has been obtained
by constructing and satisfying CoMFA and CoMSIA
models [15, 16]. To avoid use of an incorrect conformation
for construction of the 3D QSAR model, the docked con-
formation has been successfully used to select the bioactive
conformation of the compounds [17]. Moreover, the 3D
QSAR contour map obtained from the docked conforma-
tion can be superimposed on the active site for better
explanation of the binding. In order to study the binding of
pyrazinones to wild-type HIV-1 RT, the aim of this work
was to derive their CoMFA and CoMSIA models based on
their docked conformations.

Results and discussion
Molecular docking of pyrazinones

Because of the rotatable bonds connected to rings A and B
of the pyrazinones, their optimized structures had different
conformations from R185545, the conformation of which
is known from X-ray studies. Therefore, the molecular
docking method was used to propose bioactive conforma-
tions of the pyrazinones. The docked conformation was
then used for constructing the 3D QSAR in the next step.
To validate the AutoDock program for docking pyrazi-
nones into the HIV-1 RT binding pocket, R185545 was
docked back into its NNRTI binding pocket. From all 50
configurations, the results showed good ability to repro-
duce the same orientation as the X-ray position from
RMSD values for the docked positions from the X-ray
position of R185545 at about 1.03 to 1.38 A. The final
docked energies were about —61.92 to —63.81 kJ/mol.
Therefore, these docking data were used to dock pyrazi-
nones into the NNRTI binding pocket. From the docking
results, each pyrazinone position was separated into several
clusters but most of the positions (out of 50 configurations)
were located in a binding orientation similar to that of
R185545. Several positions have some parts of the com-
pound located outside the binding pocket. For the final
docked energies, most positions located in the binding
orientation similar to that of R185545 had lower final
docked energies than the other positions. Consequently,

@ Springer

Fig. 1 Selected docked conformation of all the pyrazinones

each pyrazinone position with the lowest final docked
energy having similar binding orientation to R185545 was
selected as the orientation used to construct 3D QSAR
models in the next step. The positions selected for the
pyrazinones are shown in Fig. 1. It is clearly apparent that
they adopt the same binding orientation, except for com-
pounds 1 and 2, both of which had the opposite position of
the carbonyl group in the central pyrazinone ring. Because
of the small atoms (H and F) attached at the R position of
compounds 1 and 2, the methyl group at the R' position
formed an H-bond with His235 instead of the hydrogen
atom at the R position. This caused an upwards shift of the
orientation and the opposite position of the carbonyl group
on the central pyrazinone ring of the docking positions of
compounds 1 and 2.

CoMFA and CoMSIA models

From PLS analysis, the results from the best CoMFA and
CoMSIA models are shown in Table 1, where rczv, noc,
s-press, and 1 represent the cross-validation coefficient,
the optimum number of components, the uncertainty of the
prediction error sum of squares derived from the LOO
method, and the regression coefficient. From Table 1,
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Table 1 Statistical results for the CoMFA and CoMSIA models
based on the docking conformation of the pyrazinones

Model
CoMFA CoMSIA
2, 0.703 0.735
noc 6 6
s-press 0.622 0.571
7 0.994 0.980
S 0.092 0.158
F 230.253 87.871
Field contribution (%)
Steric 59.0 11.8
Electrostatic 41.0 15.7
H-acceptor - 36.6
H-donor - 2.9
Hydrophobic - 33.0

CoMFA and CoMSIA models reveal the good predictive
power with rgv of 0.703 and 0.735. The r2, s, and F values
were 0.994, 0.092, and 230.253 for the CoMFA model and
0.980, 0.158, and 87.871 for the CoMSIA model. Outliers
of the best CoMFA model were compounds 3, 6, and 13.
For the best CoMSIA model, the outlier was compound 3.
These outliers are because of the different substituent
group at positions R and R*. The substituent groups at the
R position of compounds 3 and 6 are the methyl and tri-
fluoromethyl groups which are different from those of other
compounds in the training set. In compound 13, the R*
substituent is the benzyl group, which is different from the
hydrogen or methyl group used in the training set. For the
CoMFA model, the contributions of the steric and elec-
trostatic interactions were 59.0 and 41.0%. The main
contribution in the CoMFA model was steric interaction.
The field contributions of the CoMSIA model were 11.8,
157, 36.6, 2.9, and 33.0% for steric, electrostatic,

Fig. 2 Steric contour of the
CoMFA (a) and CoMSIA (b)
models. The green (G) color
represents the favored steric
area and the yellow (Y) color
represents the disfavored steric
area

LYS
LEU

LYS101

H-acceptor, H-donor, and hydrophobic interactions,
respectively. The H-acceptor and hydrophobic interactions
were found to be the major contributions in the CoMSIA
model. The 3D fields of the best COMFA and CoMSIA
models were represented as contour maps.

Steric and electrostatic contours of CoMFA and CoM-
SIA for compound 9 are shown in Figs. 2 and 3. Some
steric contours of CoMFA and CoMSIA models (Fig. 2)
are shown in the same region as the binding pocket.
However, the steric contour map from the CoMSIA model
was more localized than that from the CoMFA model. In
both models, the green contours were localized near the
bottom of ring A and substituent groups R and R'. The
green contour localized near the bottom of ring A was
caused by the slightly different docked conformation of the
ring A position. Ring A preferred the lower position,
because in this position the ring formed a n—= interaction
with Tyr318 and an H-bond with the backbone carbonyl
group of Lys101. In addition, the favored steric area was
found at the R® and R* substituted groups of the pyrazinone
ring in the CoMSIA model. This favored steric area of the
CoMSIA model also had the small yellow contour. This
suggested that a group which was too bulky was not
favored in this area. For the R? substituted group, a group
which was too bulky would cause steric interactions with
the sidechain of Vall79 and the Cg of Glul38(B). Com-
pared with compounds 9 and 20, compounds with the
hydrogen atom at the R® position have greater activity than
that with the methyl substituent. Because most of the R*
substituent groups in the training set were the methyl
group, the exception being compound 22, there was less
effect at this substituent. Compound 22, with the H sub-
stituent at the R* position, had the same activity as
compound 16. The methyl group at the R position of
compounds 16 and 22 caused slight movement of the
structure compared with compound 9. Therefore, the
methyl group as the R* substituent group of compound 16
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Fig. 3 Electrostatic contour of
the CoMFA (a) and CoMSIA
(b) models. The blue (B) color
represents the favored positive
electrostatic area and the red (R)
color represents the favored
negative electrostatic area

could not form an H-bonding interaction with Glul38(B).
The green contours localized near the R and R' substituent
groups suggest that increasing the bulkiness of groups
attached at R and R' increase the activity but the increase
of this bulky group should be electrostatic in character, as
suggested by the following electrostatic contours. For the
electrostatic contour in the CoMFA model, the favored
negative electrostatic area was found at the R substituent
groups. This may suggest the advantage of having an
electron-withdrawing substituent group at the R position.
This located contour was not found in the CoMSIA model.
For compound 9, substitution of a cyano group at the R
position of ring A resulted in an attractive interaction with
Leu234 and His235, and a methyl group at the R' position
of ring B resulted in an H-r interaction with Tyr188 and
Trp229. In both CoMFA and CoMSIA models, the favored
positive electrostatic contours appeared in the same area.
The contours were found near the R® and R* positions. The
electrostatic CoMFA contour, excluding the common
contour found in both CoMFA and CoMSIA models, can
be explained by using the contours in the three additional
field contributions of the CoMSIA model (i.e. hydrophobic,
H-acceptor, and H-donor interactions).

The CoMSIA contours of three additional field contri-
butions, i.e. hydrophobic, H-acceptor, and H-donor inter-
actions, are shown in Fig. 4. One disfavored hydrophobic
area is revealed at the R position. The results agree well with
the favored negative electrostatic area in the CoMFA model.
The other disfavored hydrophobic area appears at the bottom
of the R* position and a space between ring A and B. These
basic structural interactions suggest the design of new
inhibitors by adding a hydrophilic substituent group around
these regions. From the docked conformation, the bottom of
the R* position had the space to interact with the sidechain of
Lys101 and there was the space between ring A and B to
interact with the sidechain of Leu234. For the H-acceptor
contour, favored and disfavored H-acceptor areas were
located at the R position. The favored H-acceptor area was
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surrounded by the disfavored H-acceptor area, as shown in
the line contour map in Fig. 4b. This suggests that the sub-
stituent group preferred at the R position is a H-acceptor
group but that this substituted H-acceptor group should not
be bulky. Considering the binding pocket, this indicated that
this disfavored H-acceptor area was located near the nitrogen
and the oxygen atoms of backbone His235 and Pro236. The
disfavored H-donor area was found in the wide region from
the bottom part of ring A to the carbonyl group of pyrazinone
ring. Moreover, there was a small favored H-donor area
inside the disfavored H-donor area, which agrees well with
the position of amino group between ring A and the pyrazi-
none ring. From the docked conformation in the binding
pocket, the amino group was important for these derivatives
because H-bonding occurred between the hydrogen atom of
an amino group and an oxygen atom of backbone Lys101.

To validate the best COMFA and CoMSIA models, the
biological activities of compounds in the test set were pre-
dicted by using the best COMFA and CoMSIA models
obtained from the training set. The predicted log(1/ICsq) and
residuals for all the compounds are shown in Table 2. The
residuals of the test set were within +0.9 log(1/ICs0) unit in
both models. The * of the test set are 0.7414 and 0.8659 for
the CoOMFA and CoMSIA models. The ability of both models
to predict the biological activity of the pyrazinones is
summarized in Fig. 5 as a plot of experimental activity
[log(1/ICs0)] against activity predicted by the best COMFA
and CoMSIA models.

Conclusions

To investigate the important mode of binding of pyrazinones
to HIV-1 RT, 3D QSAR methods were used with the docked
conformations of the pyrazinones. Twenty-four pyrazinones
were docked into the HIV-1 RT binding pocket and the
orientations of the pyrazinones in the binding pocket were
demonstrated. The docked conformation of each pyrazinone
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Fig. 4 Hydrophobic (a), H-
acceptor (b), and H-donor (c)
contours of the CoMSIA
models. The yellow (Y) color
represents the favored
hydrophobic area, the white (W)
color represents the disfavored
hydrophobic area, the magenta
(M) color represents the favored
H-acceptor area, the red (R)
color represents the disfavored
H-acceptor area, the cyan (C)
color represents the favored H-
donor area, and the purple (P)
color represents the disfavored
H-donor area

was used to construct COMFA and CoMSIA models. These
models had good predictive power, with 2, of 0.703 and
0.735. Steric and electrostatic contours of the CoMFA model
are more or less similar to those of the COMSIA model. The
electrostatic contour found only in the CoMFA model agrees
well with the contours from the three additional field
contributions of the CoMSIA model (i.e. hydrophobic,
H-acceptor, and H-donor interactions). Both models led to
similar results and suggested that the preferred substituent at
the R position should be a bulky, electron-withdrawing,
H-acceptor, and that hydrophobic groups are not favored for
forming an attractive interaction with Leu234 and His235.
Therefore, the results obtained from the CoMFA model, and
CoMSIA analyses based on the docked conformation of the
pyrazinones, were powerful methods for describing the
binding mode of pyrazinones and suggesting the design of
new potent NNRTIs (Fig. 6).

Computational details
Data set and molecule preparation
Twenty-four pyrazinone structures and their experimental

activities [log(1/ICsg)] used in this work are shown in
Table 3. Starting geometries were optimized by quantum
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LYS101 o

=

chemical calculations at the HF/3-21G level of theory
using the Gaussian03 program [18]. Gasteiger—Hiickel
charges were added by using SYBYL software version 7.0
[19]. Because of the similar structures of the pyrazinones,
the X-ray structure of HIV-1 RT complex with R185545
was selected from the Protein Databank (pdb code 1suq
[20]) and used in this study. After removing R185545 from
the complex structure, all-hydrogen atoms were added to
the protein using standard SYBYL geometries, and Koll-
man charges were also added. For the R185545 structure,
hydrogen atoms and Gasteiger—Hiickel charges were added
using SYBYL software.

Molecular docking of the pyrazinones

The pyrazinones were docked into the binding pocket of
HIV-1 RT by using the software AutoDock3.05 [21] with
the Lamarckian genetic algorithm. First, the validity of the
docking method was verified by redocking R185545 back
into the binding pocket of the protein structure (pdb code
Isuq). The grid size and grid spacing were set to
60 x 60 x 60 and 0.375 A, respectively. The numbers of
runs was set to 50. All other parameters were the default
value. To select the configuration for setting up the 3D
QSAR models, the lowest docked energy configuration
having similar orientation of R185545 was used.
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:;‘;"r"eszi dgidgtffhioggﬁgi’) Compounds  log(I/Csy)  CoMFA CoMSIA

and CoMSIA models Calc. log(1/ICs) Residual Calc. log(1/ICs) Residual
1 6.60 6.52 0.08 6.54 0.06
2 5.90 5.96 —0.06 5.95 —0.05
3 4.00 6.44 —2.44 7.14 —3.14
4 7.60 7.65 —0.05 7.78 —0.18
5 7.10 7.10 0.00 7.02 0.08
6 6.30 8.85 —2.55 6.23 0.07
7 8.40 8.51 —0.11 8.35 0.05
8 7.70 8.19 —0.49 8.58 —0.88
9 9.00 8.92 0.08 8.76 0.24
10 8.30 8.34 —0.04 8.10 0.20
11 7.80 7.81 —0.01 8.14 —0.34
12 6.50 7.38 —0.88 6.45 0.05
13 7.49 8.80 —1.31 7.52 —0.03
14 7.00 7.05 —0.05 7.06 —0.06
15 8.30 8.13 0.17 8.29 0.01
16 7.40 7.36 0.04 7.48 —0.08
17 6.90 7.54 —0.64 7.48 —0.58
18 6.30 6.23 0.07 6.26 0.04
19 8.30 8.47 —0.17 8.70 —0.40
20 8.52 8.47 0.05 8.58 —0.06
21 8.22 8.26 —0.04 8.19 0.03
22 7.40 7.44 —0.04 7.40 0.00
23 8.10 8.14 —0.04 8.16 —0.06
24 8.30 8.31 —0.01 8.29 0.01
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S 9007 Lrestsetcomra F~ I
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Experimental Acivity (log 1//Csg)

Fig. 5 Plot of experimental activity [log(1/ICso)] against activity
predicted by the best CoMFA and CoMSIA models

CoMFA and CoMSIA models

The selected configurations of each compound from
molecular docking were used to construct the 3D QSAR
models. These docked structures were divided into the
training set and the test set. Five compounds representing the
diversity of the pyrazinone derivatives and the range of

@ Springer

Fig. 6 Orientation of compound 9 (ball and stick model) in the
binding pocket surface of HIV-1 RT

activities [log(1/ICsg)] served as the test set. These were
compounds 8, 12,16, 17, and 19. The remaining compounds
served as the training set for constructing 3D QSAR models.
SYBYL software, version 7.0, was used to study the CoMFA
and CoMSIA models. In CoMFA analysis, the steric and
electrostatic fields were calculated using Lennard—Jones and
Coulombic potentials. Default values for probes were
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Table 3 Structures of the pyrazinones and antiviral activity against
wild-type HIV-1 RT

R R!
R? CHs
HN N X
T'X
O N R3
L
Compound R X R R R R log(1/ICs0)
1 H O CHy H H CHy; 660
2 F O CH; H H CHy 590
3 CH; O CH; H H CH; 400
4 CI O CH; H H CH; 760
5 a oS CH; CH; H CH; 7.0
6 CF; O CH; H H CHy; 630
7 CN O H H H CHy 840
8 CN S H H H CHy 770
9 CN O CH; H H CHy 900
10 CN S CH; H H CH; 830
11 CN S CH; CH; H CH; 780
12 CN O H H H CHPh 650
13 CN O CH; H H CHyPh 749
14 CI O H H CH; CH; 7.00
15 CN O H H CHy CH; 830
16 CN S H H CH; CH; 740
17 Cl O CHy H CH; CH; 690
18 c S CH; H CH; CH; 630
19 CN O CH; CH; CH; CH; 830
20 CN O CH; H CH; CH; 852
21 CN O CN CH; CH; CH; 822
22 CN S H H CH; H 7.40
23 CN SO, CH; CH; H CH; 810
24 CN SO, CH; CH; CH; CH; 830

positively charged sp> hybridized carbon, 2 A of grid spac-
ing, and energy cutoff values of 125.52 kJ/mol for steric and
electrostatic fields. For CoMSIA analysis, five different
similarity fields were studied: steric, electrostatic, hydro-
phobic, hydrogen-bond donor, and hydrogen-bond acceptor.
The similarity indices of five fields at regularly spaced grid
points were calculated. Probes with carbon atom with +1.0
charge and 1 A radius were used. Partial least-squares (PLS)
regression analysis was used to derive the CoMFA and
CoMSIA models. The models represented the relationships
between the independent variables (CoMFA and CoMSIA

fields) and the dependent variable (the experimental activi-
ties [log(1/ICsg)] for each compound). The maximum
number of components was set to six and leave-one-out
(LOO) was used to evaluate the predictive capability of the
model and to obtain the optimum number of components.
The cross-validated correlation coefficient (¢> or r2,) repre-
sented the quality of the model. The PLS procedure without
cross-validation was performed to generate the CoMFA and
CoMSIA models by using the chosen optimum number of
components. The CoOMFA and CoMSIA models were rep-
resented by use of contour maps. For better understanding of
the pyrazinones, the contour maps were superimposed on to
the NNRTI binding site.
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