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Computational design and discovery of dengue virus inhibitors
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Project Title: Computational design and discovery of dengue virus inhibitors
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Dengue virus infection is an important public health problem in Thailand because there is no
effective preventive vaccine and antiviral drugs available for dengue virus inhibition. This results
in high rates of infection and death each year. This research aims to develop the computational
methods (1) to design peptide inhibitors to inhibit protein functions of dengue envelop and (2) to
identify drugs or chemical compounds to inhibit protein functions of envelop, NS3 protease,
helicase and NS5 methyltransferase of four dengue serotypes. In this study, we applied genetic
algorithm to identify short peptide inhibitors for envelop protein of four dengue serotypes. The
result shows that our method is much faster in identifying peptides than the conventional
method, i.e. monte carlo simulation. We also developed a new virtual screening method where
the ligands with inappropriate structures were removed from the ligand library prior to the
screening step. This method substantially shortens the calculation time and could be applied for
screening of large ligand library. By using our peptide inhibitor design and virtual screening
methods, we could identify potential peptides and chemical compounds that should be further
tested against the envelop, NS3 protease, helicase and NS5 methyltransferase of dengue virus

serotype 1, 2, 3 and 4 in vitro.

Keywords: dengue, genetic algorithm, virtual screening, peptide inhibitor, antiviral drugs
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lasawz dndaluaaianedalszinalnoiesnniifdadeuazifodialundaztidudwim
> > 1 @ =} o = U = L 1 U Q dl Q{Q/ g; Qo dldl v
an Jagtudsldidadudmivesiuuazdlifindwliianeangniduoshizesnfldua [1]
aa [ a & o Ad &A a wa aa v a o
Armsinmlindase himasnfuwndted jodluedinludesiwduiisinisinmainernis
runslRasinTeasdug iaflastunaiinenisfaanisaannuiuuiivaseinidenuaz
o [ o ' o A ° ' A Aa L AN e Lo &
flosriuainizaszuudni g sumardsenai llgmudsdia [1-3] smawarildldeanagnddud
v A | = A A 6 v ea & a ' A o o

himasnlasass udidwfosasngrongslild@aedonisudasiiesaliinanioaing
Qﬁ@juﬁ'umﬁﬁ@"h%'a Favnsasanssnsnanuan i laua Q@m%avl,&imauauawiams%'ﬂm

A Aa o & A o o R A o a a & o A
LasIFDTA@ [4-6]  @InBEInIaEIAInTRIINaNuEIanlwnIThenlsadalta laSaiaen
Wasannwinenduhsasinnsaduginsiindiwineasiida bhiiaesneanainiramelaagng

3 dl va dtly a [ t:ll dl va ‘g’ =) A & a
Mnan lamangdageziinensfeauazanuisafiddaieanfsiiafinzaaas minm
laslduduhianduwzivhisesnishaiideininmuazlszauanudiiagininisnig
% d' v ] b
Snmanwamsnunndlfagludagiu

aun1nvad himasndznavlddnlsdusaingunan [71  nduusniduldsdundu
sautsznavvedlassainsvatannialada (structural protein) Usznavlddrnldsiuausiiafa 4
198laufuSalds@ud (nucleocapsid protein  C), lUs@uLAN (prM) %38 non-glycosylated
. [ . & (<3 .
membrane protein kaznaslalusdud (glycoprotein E) Satiuiduiaatlusdn (envelope protein)
gruldsdunguisendulusdunlaldidudiudsznavvailasiairsvasaynia’lais (non-
structural protein) 13unlagtadin wuaaldsdn (NS protein) Usznavluamisldsduidszinnda
NS1, NS2, NS3, NS4 uaz NS5 laalisan NS2 waz NS4 sansautstasad lladndszinnas
x09THafa NS2A, NS2B way NS4A, NS4B Iuauaaun1suiiaivad hiaadn lsauninuavad
T¥aazgn translate aanuiduany polyprotein a1u1dy Tadaanazgnaasdinllsiunlusdiasan
laiduldsfundazafiadeinninfians g nw audldusseneauaidnedn ldsdnldsdieaiing
lhs@estiiuvasihimeasuazidulbs@iosfiuanmanhisondoey laolusduldsdias 1w
W3u (furin) uaz TATLaR (secretase) Nunanumailiizenduet azdawuszszninallsfin NSt
waz NS2A LHusuauusnlu endoplasmic reticulum eNNAIBWHEEIZHING C-prM, prM-E, E-NS1
LRz NS4A-NS4B  &IWNWILITHING NS2A-NS2B, NS2B-NS3, NS4A-NS4A ey NS4B-NS5 ¢
o A = { o o

andalag NS3 protease Taidulisdutszinndiulysion (serine protease) Nunandalaiaias

Alad [7]



A o , o o P a A o . o
139N 1 LLﬁ@ﬂ@nLL‘lﬁu\'jLLﬂgﬂjﬂ'ﬂﬂi@BZNIH"HﬂﬂIﬂi@uﬂQﬂ@(ﬂﬂﬂqﬂiﬂjquzI@ﬂ NS3 protease

vashimeaindlod 14 1030wy | weasduniivad scissile bond fignaasan NS3

protease LazFyaNHoinInasdlunuaasfruaransssmwiiinniaoziludunis P1 [7]

Capsid-protC NS2A-NS28 NS2B-NS3 NS3-NS4A NS4B-NS5

97 104 1341 1348 1471 1478 2090 2097 2489 2496

DENV1 RRKR | SVTM WGRK | SWPL KKCR| SGVL AGRR|SVSG GGRR|GTGA
97 104 1342 1349 1472 1479 2090 2097 2488 2495

DENV2 RRRR | SAGV SKKR | SWPL KKQR | AGVL AGRK|SLTL NTRR | GTGN
97 104 1342 1349 1472 1479 2090 2097 2488 2495

DENV3 KRKK|TSLC LKRR| SWPL QTQR| SGVL AGRK|SIAL TGKR|GTGS
96 103 1341 1348 1471 1478 2089 2096 2484 2491

DENV4 GRKR|STIT ASRR| SWPL KTCR| SCAL SGRK|SITL TPRR|CTGT

Tus6u NS3 1 Julusaunrinminfvaisesng USiios N-terminal (nTaazRluduniaf 1-180) 1Tu
A o v A & L. . . Y . A A = P o A

Taunvinninndu trypsin-like serine protease 8314@1% C-terminal NLRaL Julawwunvinnna
\J% nucleoside triphosphatase, 5-RNA triphosphatase Waz helicase N138U83NIHIRUNNLT
lUsGas 2091U560% NS3 2a9hTaiadn wuinausadugsruIwmMsLLIa AN wIne s Ia e
\uatned [8-11] tikasnnnlusiuzashizligndaeanainas polyprotein ld

NS3 protease v Liimasndsfianuinnzgslumsivuazaamoilyladuesdlimas
A soldladnunaniaanliiaenduaguu NS3  protease  vashiTanmunInidn lUduldud
UszanTanlumssuwazdesaoddladiudiniiunn [7-9] a9 NS3 protease 2891340497
BduihnansnddydwiuniseanuuulszawrIa e 138 Lhosan NS3 protease Liln
essential protein THALIWANITULIANANTIWIBLAZ ANV N zALEGUNTAa A Invasanay
laduandliTaasnivintu @91u peptide  inhibitor  faanuuuNlRIVBLIITLNILAL NS3

(% A 2 a ) A o & o a el &
protease 183 113% (@19147 1) Rsiilamaiasfiazluiuginsinurasddsfesluaysdbain
a A A o ' a v a A 1 R 6

nadiiasnnguanddainanzllaalamamuianadnadosn ifadszasdaam

ininmmaaldlidoyaluaimen 1 sanuuuuazdanzdasdiuwliianidu peptide

. & = o ' . A o ' ° o

mimic R1U&W 9 Fagusatn lugsane polyprotein LWB3UBETNIILNIENY NS3 protease LLAZ
129nun136@ scissile bond WadIae polyprotein ¥ lihTaldaunsauwtsaAniuwinle lavans
duhsmnariduddladniluansUsznauvasansnanosiia beun alpha-keto amide [12, 13],
amide [14], aldehyde [12, 15], trifluoromethyl ketone [13], boronic acid [13], A% cyclohexenyl
chalcone derivative [16] LlanagaulssdnTAwnsougInIsRNS wINwed Saasnglsnod
gaawudaananiilien inhibitory constant (i) agluzag 1-50 uM [7]
anlatunniivaslds@n NS3 Sevinirniluionlod helicase ARANMUEAYLTULALING lag
helicase Ynw¥1fiAaTL (unwinding) Bansiduiafinnaugnuiu duplexes luvmeilaiariinis
WUIA NN WU BnAInenmaas leanilassauiidlasldinadia x-ray crystallography Waz

6% alanine scaning mutagenesis tWaaurIELRUINLTY active site wazANEINATEILUREY



nynazilwlu active site 6@ enzymatic activity WUINALAS Ser-364, lle-365, Arg-376 Waz Lys-
396 a%iluﬂ%t)m active site LLaxﬁmm conserve iﬁﬂ ﬂ’ISLﬂﬁiluLLiJadﬂmazﬁIuluU%L’Jmﬁddwa
o 12 . . .. . 2 = o A ° )

7]’]1% helicase ﬁ enzymatic activity aaaJdagidiuin GINLﬁu@nLLVi%\‘]ﬁL%Nq$ﬁqﬁiﬂﬂqiaﬂﬂuﬂﬂEl']

TWidnunauatss Wiz ot lena El'avl,&iﬁnaw%mmjul@aam,mum%%aaﬂ%um@ia NS3 helicase
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wananldsaw NS3 uaa 1usdn NS5 vaglaTmasnniuldsdundramdniunig
aanuuum Wi hasanlusdu NS5 fiduldsdundaaiy conserve g4 [17, 18] lanlatau
N1961% N-terminal  ¥inntin7ldu methyltransferase  wazdanani9e1w C-terminal  ¥innsinfLdn

o A ] . . ~ .
RNA-dependent RNA polymerase UNINLEFATWUIN ribavirin Tailu guanosine analogue Y
£ o & o d d . . @ o
anIaanIngusa imasn (19] lasla ribavirn 1g1girausazgn phosphorylated lasiaw el
lawug (kinase) Fvagmuluiss vldlinmadunesinaidrfidais 5 vasluanaved ribavirin
9IN% ribaviin - NAnguWesWa azidlduts guanosine  triphosphate UL NS5
methyltransferase WaZIUEINIIRN9I BT NS5 methyltransferase %anaN ribavirin - LA
£

acyclovir L8z 5-ethynyl-1-beta-D-ribofuranosylimidazole-4-carboxamide (EICAR) ﬁflrmﬂumi
L 3; g d' v A a . .. 1 g; o dyv a a A o g: g nll v
guguTaan lalnalfseny ribavirin uasnianualtgiiiuszansanlunsguashaasnla
laiaivin Tasfdn inhibitory concentration a%iﬁ high micromolar level [19]

lihs@weniaaidulusdunaguuivaslharimiinlusniunis membrane fusion waz
cell entry laalus@uauiaatvashIsasnglimodzasdowianinueid 495 nsaazilu Wi
saniusulaiu (domain) dafiuaadlugti 1 lawwunnitsiuas, lawunaesdinios uazlaiun
dl = 3’ a gd 1 dl I3 . a A gy
NRINFIEIU wananhUa1unLilu trans-membrane region 8121321 ™ 100 nyaazilu (&)
20] hasamansnihgiaiihwingldlasseadiudaovadlaiuuiiaes (Fnies) i lulufves
wrartrane nnuazdunulatuuiay (FiEw) Wwhm lawuingedlasldlawninits (Fuaq)
\Duganasw MlRveshisdhanlnanuiiaaihrunsuwasionsdssanuainuuasfinves s
uazRLaaLivang V‘iﬂﬂwh%'amminLiﬂg’(mmﬂmmﬂﬁ (3U% 2) n38anuuy peptide inhibitor

A Aad o o o = a o A A o & o

WIaanTadnaNTRIvLUUIwznulUsiutewiaetvasliTaias NN duEIN1TH9 U B
lihs@uasnanfazaansadesiuldldhindhguadwinedazds waldhialiamainsause

nswanle [20]



a’ a2 132 1483 280 296 an4 485

gﬂﬁ 1 ugnalassans X-ray crystallography vaslusaueniaatvashimasidlsvodaas (a) lUsdwaniasy
fianuen 495 nnazdilu (b) fanwmziu homodimer JuUTadBaaNYY L Ysznavlddiaulawm e
Tawuniinits (Fua) 9E/ATINAIVDY monomer ﬁmﬁwﬁlﬂuﬁ;wqu Tawufigas @wmaos) ududmenlhss
soauin lUluArvesmadhmans uaslawudiau (ﬁﬁ'n’fm) Lﬂuu‘%nmﬁaga@ﬁuﬁwaﬂa%’a FIuaH1 (nIaazl
Iuﬁ 394 19 495) 1 &% transmembrane region

3171 2 usaana lnmadhgisaithnansveshismesndlswivdass lao (a-c) hizseadiudasaslawniaes
W lulufvesaaihuune @dwn), @) nnswdenmsanuwuedlawuiasldmelawuigaslaslslaiwun
ld & o va Q a : a ﬂl v L s a
wiadwganau, (e) vldfnashis @Ghes) wezfusaihnanoeiewdanlndiu, @) wazifienmlszau
dnuuasiizes hisuazAngaimans dlwhizawmndigisaidhwansgle n1seanuuy peptide inhibitor
A A ) ° ) a a o A d o & o A o \ =
Wlam sl nzanTaduuuudwziulysduenisetveshTmasfiineduginisvinanuvaslUsduasnaniay

s 1 Qs U 1 lé 1 Qs 1 1 L QI o U
su130dl aanu"luiﬁ'hmmgmaLi’]’mm U ITRING LA FF LN RINITONLIAL AN W L6
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lufiuisnsduniddladniisauniaeziilunldrazuuuilama (drazuunlunis
Urzifiumoildlad) ndngalditnimisaenfiaiaes inlasnisiarsanlundazduniin
a LY % A 1 f&/ g.; ] a dl o (%
ldséniihnune Lmeaﬂqummﬂﬂvl@mum nnuBrIAazuBwiainalli3as 9 auaau
N300zl ulagaId TIN1IAIIWIBEN B AINGIIHINTaI1NA Aa FaININITRNITTIIA WA
Ul N a1as LA AL LINLANIZIUTIWIBNINIRLARAMUFINIIDNAAURNILAD SIS
° Y o & o ' ' A A v o & a e a
dumlarualunizasIanangn 21081913 % Iwnstinazaanuuualgussrhatldlaaniainw
817 10 nyaazdln wdazdunisvadddladsiursnidfouwnsaazilule 20 1iha AIHURIN
{ = =) 1 o 1 v g: o 10
Lﬂ‘§ﬂumu@ﬂma:uiﬂmqwlunﬂ6] dunisraadllad Aazlalddladnivua 91w 20 wIa
UrzanmFuainarwldlad lagltiaarlunisdrwimarazunuiaiwsvasddladudazay
' ~ % & ° o o & a Y [
sz 5 mﬁma%m%ﬁg 1 TAINIRNALTENI D 96,500 T F1ATUNITAIWI IANIRUA U
willadeanile@iy asuu 393uDudasltdanaitudun (search algorithm) L3 saudanladuy
< = Aa A A = ' o
L% (Monte-Carlo  simulation) @9tIuiTn1inenaniiaasdnsianienngialunisdunigy
faid 1 A nid [ I ad Fai ) a a ai
ladndaazunuiaiwang adswisnitaanuuutdlladnuaas luwd1vadansuas tnandsenea
T w1 WO/2009/045596 Jenwitheesuk Lazanse 1389 “Optimized dengue virus entry inhibitory
peptide (10ANY wazdvadNTUas taufdsenmalasm WO/2009/048658 Jenwitheesuk Lay
Atue 1389 “Optimized dengue virus entry inhibitory peptide (DN81)” a&n9130a ?J'ﬁ'&lauamia%uyj
inrwibesdtasinasinany hlunsdunnddladnidrezunuiamwsnanazilylaanawnt le
v = faA A A [ v o ¢ L. = 9 A
umﬂmﬂﬂ%@mmmuuuﬂmLuammug@gaq@awwm (local minima) m"l,wgl%mﬂgaqmaa
Wariau Lﬁmu,@iLﬂumgaq@Lﬁal,ﬁzmﬁ'm;m]"mﬁmwhﬁfu WIaNaaNtanie Aa 0AINEIEY
"L&ilﬁfg@ﬁmm:auﬁq@lumiaammuLUUVL@]@T uardadltiatwinainlumsawnidd ladanaaui
A A Aa A eaa o & L.
ummuuwl@mem’]mammmﬂﬂvlmwumgaq@awyim (global minima)
aruTasnavasiTnisaanuuuargugIThatlUlaaniannawadnandITIeaw adibishis
dyd A A a > asf d' v o % v [ o o 3; a
Imamimamanlmmam@ﬂaaﬂasﬁw”l@wwmﬂsuﬂ‘;alumm:amumiaammumﬁum"ﬁu@
Wi laasrunumslaanaTanetaw 2 shalunisniaiacuuniaing hasanaiuanaanassuln
suupuasdmduiuaaulunuddymidronmsdwisuienidraeundngavasidyni lag

LR OWLUUNIZUIBAITANTEN sma@ﬁuqﬂsswaaﬁummsmma FIRIVTAINNVAN BTN

1
1A

ﬁugmwﬁmmmmzﬁﬁaag'vl,ﬁamﬂaaﬁ%’i@ﬁﬁé’ﬂwmzmaﬁuﬁqﬂﬁﬂ&imm:awﬁ'u?mm@é’au
& A o A Ada a @ o A A dad o &
Wi 9 I@Ulufﬁﬁu"m@wuqmimamaumm:umiwwmmﬂ@slmiﬂmaaﬂmmﬂq@lumﬂwuq
iWafunaaludaiuda 9l Wahwannstanlglunsdwm sndunslddszaunsaindanlu
& ° ' o A o ° A a ' < ., £ )
TuaanmMIwImnaunin  naaunidaaunanitluande 91l Svezaransotioun luilynn
a .d' - % % v o A ™ 3; a > Aa s = U
msmagmwuqmgoqmuwnﬁ@ a93UN 3 muumLu@maanaiﬁmommmwlumsﬂi:qn@ﬂm

o v dl v v o |
ﬂUﬂ’]iLLﬂﬁfy‘ﬁ’Wﬂ“ﬁL’JE\l’]l%ﬂ’]iﬂu‘ﬁ’lﬂ’]@] UL wIRI W
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3UN 3 mwuaasdiadanud ledyninifeegfidigegaduins (Yagigazasuniiiui) vaadtiaudn
o a L a o o o a o ] & A
gana3ty lanw A ugainsgudnisudusaidiney lasaznszanglddidaeufidunisengg vasiuil aw

B uaasliiinidmaud ldazagndunenlnfifsaniaannuigagaduysol (funikingengauasiud)

NARNAMTIBNHIUIN TaWL AR UIALANNZFIRTUNNTENULYD peptide inhibitor 2
duwnis lasldaanasty Metropolis Monte Carlo lunnseuni wazlt3s RAPDF lun13nien
A, v o & A & o o o Aa o 6 I o '
azuuuNarinnseanwuualtusssiailyledsniuhaesndlvsdaas wuindrunisuaziiy

& o ) e Y ooa o & & A o o v
ladasna1n susaduaslainevenesioud laswddlaaiazidnldsuniunisiiunuaes
ldsfwewiaadilwhialdaansadhguoaiwangld 211 wanainit Ggaanuuy peptide
inhibitor  lagtRsukuudauntaasiluvadlawuiaasnaslawuiauveaslusdueniaatvad
TSmasndlsvpdaesiaziiuinasaumian inhibitory activity wanuindyladsvugshsaasnle
ladinnaas 221 asnululasinisit 39ldzasdrunisuvnliTaiasna bsnodsasunlalung
sanuuuatugsrhadladdsniudlsmadauy uaznawmitninsaanfiataasinuduiiald
mmmaammuéﬁEl'u51'\1Lﬂﬂ%ﬁﬁﬁﬂi:ﬁﬂﬁmwmﬂﬁqﬂ

funwidpdunaesnumaaiinanosialungw p-glucosidase inhibitor #3INTUL
mivanuesldsduteniaadlaasnsiUssAnsa1n 1 castanospermine Wae deoxynojiimycin
sunTagusd hiaasnlauinnin 90% Annuitudu 50 uM [23-25] lag cryatallographer ey
a d' o a & & 1 =3 1A 1 d' & a d' a a
vinandmaydaduteandng aguinmsznivlawunniiulawunsesvasldsdnenisay
{ o ) ) A A
lupaenvinmsanwanlysduiawiaadlasld n-octyl-p-D-glucoside (B-OG) &91ilu detergent ik
‘é 1 U 1 1 =3 = [ L= v = =}
Wik wud p-0G mwnnd ldeglugandng dinduazaunsadarnemadiunuzaslysdiu
qdlé 1 Y 1 a L 1 a {
udaaUlesiterinynaatnaitduusnaisunsalsluniseenuuunioaniuen [23, 25]
faudazianuneisuluniseanuwuy peptide inhibitor  wazfurIE1 W TE watddlaan

v s

o A a a AN o/ A o A Yo a a o A
aaﬂLL‘U‘UN’]Uﬁuﬂﬁzaﬂﬁﬂqulvl,ul,ﬂu'ﬂqual"i] LLazUﬁvngsJN'ﬂqq Uaﬂiuﬂqluaﬂﬂmzﬂlaﬂu large-

U

scale virtual screening LHadumaTiaiindluanasmaldn
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WawAITImManeniaaslaaldinaila genetic algorithm & IUIMWIMEBNWLL  peptide
inhibitor #8946 NRIWIAAINNEIT 20 NTRezluuas 28 nTaasdly LNasUEINNTINN UV
lusGuiauiaall (envelope) vadhasaiasnns 4 Slsnpd

Yan13rRIUaIlATINTRINA 2

dunronnaansdulisaasn laoldinafia  virtual  screening anIulasizireauifves
approved drugs W& drug-like compounds $1wuniliaulasigaalasiasanuifvalysdn
lawlinal (envelope), WBulaaaulysfies (NS3 protease), LaaLAR (helicase) WA LAULOERUNN

FanTuanalsa (NS5 Methlytransferase) vadhTaadnglsnad 1, 2, 3 uas 4



13

ad
AIDNIINAADI

§IUN 1 NNIBNLUU peptide inhibitor

1. anrilnaalassaumuiauesllsduwaniaoy (envelope) vasl5masialaiod 2 uaz 3 44
@a1nn3¥in crystallography 310 Protein Data Bank (PDB) lag&d PDB ID: 10AN W&z 1UZG

2. ailnaasiaunsaazdluveslystuwenisotaashsmasidlanod 1 usz 4 9105y
GenBank wazinunadlassanizuiddlasldlaseasaufifannde 1. WWulassaieduuuy

laglHlUsunsy Modeller UntnasiIas (http://www.salilab.org/modeller/)

3. tnala genetic algorithm Qﬂﬁﬁmlﬂumimuqumiﬁ’m mutant structures LNBAWRAIRIAL
nyaazllunien scoring function U843 discrete optimized protein energy (DOPE) [26] LR
dad g

residue-specific all-atom probability discriminatory function (RAPDF) [27] nanaa wwaltlunng

q

aanuuualsugsrhatlulaagnsuldsdwaniaataad saiaen negdlinat lasladiunian

Aad o A a

AU FNFIRTUNITEaNUULA2 U EITHaLl U lad s 1w I U096 L1A T I@ﬂmmagﬂw 4 ¥
~ o &
NUALAHG A9t
v 1 o v 1 ﬁ ‘g: o Qs 1 o et

3.1 #319N§V8I mutant sequences lasimualingunitsiinimue 50 s1au lasudaziau
2AAMNLIIANAILAUIN I WD T(ﬂﬂluLL@ia:@iwLmu',aLﬁ@mnn’]szﬁuﬁanmazmuﬁa 20 a1 lay
A o a o v & = o A LA L & o A
WahwuaGpuiasuds fezdulilugwdoys iheazldliianisgudndiida

32 luudaz mutant sequences lunguazgnihmndrwimmdrazunuiaiualasaziinis
WNuN mutant sequences adludursNmanzanluiaunIaasiiluvasudas Slsvnad waavia
maaslassaielusduaasdnaunsaaziluing laglslusunsy scwrld [28] ialalassaine
1U5AUUEY 32¥11A1T minimize energy vadlassainalasldlysunsy NAMD [29] waa39sinly
fuwImAn scoring function lasldvnalusunsy DOPE waz RAPDF

3.3 laldazuuusannglassaioaud Tuudazsavazdiimdalasiaine Aflazuuutan
aan lasaziiulanaiuaziauiusnfazuuuing 50 srauwinilflusauda’ly

3.4 3Faatian 2:1997 Roulette-wheel lauNudazd1aULUR AYNTLINUATUUUNINGD 14
o ~ v o ' ' = o ' o @ A o Aad a i
wopfiga udrtmuadiany ezduldivudazdrduius hadndngeazllana denaa
dalddiiudaly lavienazuuusaslaseaiionug w1sdin azuuununInuazes Nnlassads
A o ' & o ' A . o & ' A o A ' L1 o
Walderanuianduudy daldfansgudiazaud 0-1 algluns daguadnguitdau
wa'lwuadsazgnitenealddsiudaly lasfsrauianfidranuianduuin e1aazgniden
2ONNIRANLATI

35 Lﬁavlﬁé'lé'uLuaﬂf,iulmiaanmuﬁa a:v‘hmﬁu@;maaLwia:ﬁ'mﬁ'umaasmaju LaIINNT
crossover aé‘m‘mmﬂﬁwdwa@j e lWiAan1INIzan8vaInIaas i luiarinn1y crossover
a o o \ A o . A A | o @ o A
SouTauuan daldfanisvin mutation lasnisnwarsanlundazdaauius  Ainn1stdfuwung
o ' a ca/ [ 1 s [ fd' U o U
dunszasntnezllulastuediumygudiias uaziafioudn ldimuald
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tTl"lWﬂulT’\un’\'iqm
Tisunsauwdolsl

3. usufinuazuuy
uavsnlATIATIIR]
Azuuwiauaan

WU BINTADEH W U467

Ui

6. languiie:
Qnenevan
Whwgudaly

II

AMmuANEH +1

Ladla

naugming
winld

317 4 nmIeenuuudtusiziiayled dromadia genetic algorithm

3.6. nuvasdauiualdaga szgnih ludaazuuulmiluda 2.2 uaz azvimsudluiGen
' & o Aa v A a A v A A
TasluudazsauaziAuan wm:uuugoqmmvh Loauvl,ﬂuﬂwqmiﬂﬂmiuﬂa dAaludnig
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Lﬂaiwuﬂméﬁﬁiﬁmgaqmﬂuﬁwmm%muﬁﬁmu@LLéﬁ (ulassmsiimnnualy 200 a59) fazvi
magdldsunsy LLSTQL’%"miu mutant sequences ngalailuga 2.1
4. Mnafiaands 3 lunsesnuuuildladumananues 20 nsaazdludmindunisd 1 e
fusamsvinaupasTusdmaniaey (envelope) 189 Smasnnaaslsnodl
5. 1Hmafieanda 3 lunmseanuuuduladumaainuenn 28 ninesdludmiudunisd 2 e
Sussnsviouveslusiwaniasy (envelope) vaslhimasAnsdalsriad
6. AlaThansmlanzassfuriadllad A ldunnsnuaaudasd lsnadifaliiiainy
LN BLAE N TORALE AN ﬁv'a‘*nﬁ@Lﬂﬂvlmﬁﬁﬁmmuwuﬂugoq@ ToeRdunaneait
6.1 aadanmululedfidazuuniamainii widtype
6.2 aadanmululadnilaifl poly-H LLanLﬂﬁﬂma:ﬁwayﬁﬁuag’@@ﬁumﬂniﬁmuﬁa
6.3 Whmudladidmnmsiaasdousn luweneng 9 ot
6.3.1) % hydrophilic (fasazuasmsazasin) swalassoylasninsaesdluin
D, E, R, K, #38 H Jusudsznay Tassadladimansauazdasiidunnnii 25 %
6.3.2) % hydrophobic (3asazasnslaiazansing dwnlasaoyladfiinsaazdln
JwF 1L L MV, W, w38 Y lassmedladfitmanzavazdasdenstonnd 25 %
6.3.3) % forming H bond (3asazpasnusslalasian) dwnlasasidladidnaasd
lwilus, T,E D, K, R H N, Q %30 Y lasaoldlasimunzauazdasiidiasnii 75 %
6.3.4) Isoelectric point (pl) (A1Azunw Isoelectric) lagaaidyladfinanzauazdosiian
lnafeeny 7
6.4 o ladArwnmaivana LfluéhEl'uﬂv'mﬁmﬂﬂvlmﬁﬁa%ﬂummﬁﬁ uwazazgni

AT NULENIzRNLazYN M 1T uea T

' A a a o Y a
FIUN 2 FNIURILIRID ﬂ’]i(ﬂ’]uvhiﬁl,@\']ﬂ

NuwAud Iinadia virtual screening ¥inmsanIulasdaisauii@vas approved drugs wae drug-
. o s o Y . o Aa a a = a
like compound $wIunisRBlaTsaNIdalaTeas e uifvesldsineniaay, LBuaaanlus
a =3 v a 6 [ Ada o 6 A v A £
\ad, Ladlaa uazlduaaruniannudnelss vashTaesnadlmed iNadumenvIoasdiu

1351090 1auuRAITIL8ZLBLANIINARDY G35

1. tuaaunaeionlndlassaismuifvosaunuuas lUsauashimadn (gﬂﬁ" 5)

1.1 arilnanlassasaadavesdunusmiwnisdinlasea (S’J&laLLﬂW{iﬁ%N@ 9 ngw)
nnilodgiudaya http/ligand.info innnsudaslassaedunuliedlugduuy PDB  format
wazisidwlngiaen witslnddoniiolasaains uaaviinng assign atomic charges W& rotatable
bond 1531 single bond swsanawldlasdase

1.2 ¥iN1IAIWI LA molecular volume TadRUNBLARZIATIRINI
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1.3 ansilraalassaisaudfvasldsfuianiaey, dweaaulysdias, LaRAT LAz LOULER
Fansanmudinass vashsmasn type 2 Aldannsvn crystallography 970 Protein Data
Bank (PDB) S{fi\‘lﬁ PDB ID é’a@iavlﬂf:1OKE (envelop), 1R6A (NS5 methyltransferase), 2FOM
(NS2B/NS3 protease) Loz 2BMF (helicase)

1.4 fUITWAN volume Va4 active site Va9lUsAULAazlATIFI9NTD 1.3 wazvinnsiRenld
yﬂmaaﬁuﬂu‘ﬁ'ﬁ molecular volume MLwaNzaNiUIWIAT8S active site va9lUsanlasnIWTIN in
MytadauaNIENYIaITATUNULAIzTA IR RanAuNUTalaananIuiaunIanaY

1.5 AMWIURIAT inhibitory constant (Ki) szrinslds@unvfunulaslslysunsy AutoDock
version 4.0 LLaxLﬁaﬂwamaaauﬂﬂuu@ia:mmmaLmuﬁlﬁ@h Ki ﬁ@iﬁﬁqmiu 1,000 Runuusn viia
il #lunsmen Ki szninaldsuvaansalusauaashhsmen type 1, 3, uaz 4

1.6 ¥naunudile 1,000 ﬁLLﬂuLLiﬂmaa"gﬂﬁLLﬂuﬁy’a 9 NRN AIWIHAIAT Ki serinaldsfuves
h3madh type 1, 3, uaz 4 sraldsunsy AutoDock [30] Bnass mﬂﬁ?w,ﬁaﬂﬁLmusl,w,wia:f*gmaaﬁ
wnuflen Ki ﬁ@‘iﬂﬁig@lu 100 Aunuusnvaslusdumsallsausashimadh type 1, 3, uas 4

1.7 Ainzsinavasaunwile lasdanaunwly top 100 POIRUNURINUA O mj&flmwia:

IR

2. JuaaumIailasianiauiaves hiaedn type 1, 3 was 4

v A o A o A A ~ A o 6 o & a o a4 A
TassaFasudunniulasissesuld fa lusauludlamat 2 s lunsvidlsmaednmwaayia
¢ Tawsinen amino acid sequence 310 NCBI 93 accession number Ya95 syl 1, 3 ez 4
fa AAB70695.1, ACZ15977.1 WR: NP_073286.1 ANUANAL NN N accession number
o ' o . Y v o o o o %
@9na17 M3 alignment @a8lUsunsy clustalw nudeuiusvadldsinludlmed 2 Feele
feutugvadllsauludlinadnivia  LRPINAIOUILAN MAINE1?  YIAIaTelasdaIsnula
TaglHldsunya CPH models 3.0 server Ay e http://www.cbs.dtu.dk/services/CPHmodels/

Tassasnudauadldsduwdlanet 1, 2, 3 uaz 4 LEAIAIILTN 6-9 anudIa
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anilnaasunulasiaezuiia anlnaalassaeaufiavaslysdu type 2
(http://ligand.info) 10KE, 1R6A, 2FOM, 2BMF

(www.rcsb.org/pdb/home/home.do)

v
udlaslWdldiduguny PDB

AU volume B4 active site

1AuL3zquas rotatable bond
dnsluztuoy PDBQT

\ 4

3 Tu']ﬂ’llﬂdal,l,ﬂul,ﬂﬂ']xﬁﬂ
AUt molecular volume Ioudu priority Ja9nIanaaan

- nuawavedlusdn
VDILANSRLEN T

aaLilu priority Wan

\ 4

Tu Docking @28 AutoDock 4.0

\ 4

WRanfununfan Ki 61 1,000 &

WNLIN VBIRWNK 9 ‘lqi@]

\ 4

T Docking @78 AutoDock 4.0
Aulisin type 1, 3, 4

A

WRanAaunuiRal Ki 61 100 Bun

WIN VaIRUN 9 TA

31 5 auaaun1sliinadia virtual screening aniulassssisuiifvesdunudelassaiomaifveslysfiu
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Flyvpd 3 Slyvpdl 4

6 lavagvanuidvasllsduaniaal Glsvwi 1, 2, 3 uaz 4

)
il
=

lyvind 2

lyvind 3 Slyviwtl 4

35U 7 lawsasmuddvasldsfudwasiuunTannudivoss Sleivd 1, 2, 3 uaz 4
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Flsnnd 3 lsvind 4

lsvpd 3 Flynpd 4

317 9 lasssswmaddvesldsfuadiag Slavid 1, 2, 3 uaz 4
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3. A5N13¥ Molecular docking I@Ul“ﬁ"};@sﬁaWﬁLL’ﬁ AutoDock version 4

3.1 Ll@W charges TRuAlasoadovadlUsfunazaunn uas assign rotatable bonds U84y
lassasrsvassnlasldmanyiuas AutoDockTool (ADT) Taglden default Aimaniuasimuaunld

3.2 151Usunsu ADT &319' W& grid parameter file (GPF) JuiRarnnuas parameters 614
ioaslwlysunsn AutoGridd (aglurawanyiuaf AutoDock version 4) &34 Grid-box 21U
60x60x60 angstroms lasliyaguenanizas Grid-box agﬁqmquﬁﬂmwaa active site 28911381
%G Grid-box 241@ 60x60x60 angstroms f:mmiﬂﬂ‘iallﬂqw active site madIﬂiauvL@Tﬁga%&JmLa:
Imaa‘%”wmaaﬁLmummmm‘é"au"l,ma%ﬂu Grid-box bapeinIdasy

3.3 151Usunsy ADT #3198 dock parameter file (DPF) Furofinuadn parameters 6149
iness1WlUsunsy AutoDocks (ag/luramanyiuag AutoDock version 4) fnnsduimdnasinu
swinlassafovasiunuuazlsin osFaaunisdwim a2 lddaduasdunuEusaudiey

AMNRINTD MM TaUnU e nusazavadlTaLadn

AANIINA[DY

U 1 N1IBNLUL peptide inhibitor

1. freunInacilnlundasdlinoudasd1uniid LazI I UINVAIEIAUNIRNANI LA Lwueaz3 T
WIDNNIAAZUULA AL URVBI02 wildtype LEAIAIAITIIN 2

2. §1aunInaziluaaIa L sTaLiJiJ"L@l@Tﬁmummeﬁmamﬂ%kﬁﬂﬂnﬂ@‘mmm TunINanlaann

6 [ A =
LATU LLRANGIATT19N 3 13 10
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A, o o a oAy« : ° : ° o o & = \ ad @ [
MN1379N 2 m@‘unmaxﬂuimma:sﬂimﬂl,maz@mmm LLNV'D']%’J‘LHIENfﬂ']ﬂi_l"/]\‘]‘lﬂll@’lﬂ‘lﬂ’]vl,(;lil.ul,mﬂ:’)ﬁW'ﬁﬂN‘ﬂ\‘l

Anzunnilaluguadal wildtype

serotype region wildtype sequence RAMP score DOPE score
1 1 LDIELLKTEVTNPAVLRKLC -14982.60 -37586.10
2 SWLVHKQWFLDLPLPWTSGASTSQETWN -15142.11 -37773.16
2 1 LDFELIKTEAKQPATLRKYC -32466.92 -81226.66
2 AWLVHRQWFLDLPLPWLPGADTQGSNWI -32519.60 -81313.80
3 1 LDIELQKTEATQLATLRKLC -32020.57 -78558.65
2 AWMVHRQWFFDLPLPWTSGATTKTPTWN -32016.59 -78637.19
4 1 LDFELTKTTAKEVALLRTYC -15419.25 -37338.92

2 TWLVHKQWFLDLPLPWTAGADTSEVHWN -15517.08 -37414.58
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Abstract:

Virtual drug screening using protein-ligand docking techniques is a time-consuming process, which requires high
computational power for binding affinity calculation. There are millions of chemical compounds available for docking.
Eliminating compounds that are unlikely to exhibit high binding affinity from the screening set should speed-up the virtual
drug screening procedure. We performed docking of 6353 ligands against twenty-one protein X-ray crystal structures. The
docked ligands were ranked according to their calculated binding affinities, from which the top five hundred and the bottom
five hundred were selected. We found that the volume and number of rotatable bonds of the top five hundred docked ligands
are similar to those found in the crystal structures and corresponded with the volume of the binding sites. In contrast, the
bottom five hundred set contains ligands that are either too large to enter the binding site, or too small to bind with high
specificity and affinity to the binding site. A pre-docking filter that takes into account shapes and volumes of the binding
sites as well as ligand volumes and flexibilities can filter out low binding affinity ligands from the screening sets. Thus, the

virtual drug screening procedure speed is increased.

Keywords: virtual drug screening; ligand volume; protein binding site; docking filter; binding affinity

Background:

Virtual screening techniques are becoming increasingly
more important in drug discovery. A popular method for
virtual screening is molecular docking [1, 2], which selects
small-molecule structures from databases such as
ChemBank [3], ChemPDB [4], KEGG [5], and NCI [6]
and docks them into the protein binding site [7]. These
processes involve the prediction of binding energies and
analysis of molecular binding modes, which are time
consuming and computationally expensive. The two-
dimensional (2D) fingerprint technique, a virtual screening
method which measures the structural similarity of
molecules has been developed to address the above
problems [8]. The similarity search is based upon the
“similar property principle”, which states that molecules
that are structurally similar are likely to have similar
properties [9]. This technique uses a ligand with known
chemical properties, inhibitory activities, or binding modes
for a target of interest as a reference for searching similar
ligands in the database regardless of the shape and size of
the protein binding site. The accuracy of this method
depends on which similarity coefficient is used [10-12],
and the Tanimoto coefficient is most popularly employed
[13]. Based on the “lock-and-key” principle, we propose a
novel pre-docking procedure that matches the sizes of the
ligand with the protein binding site, and optimizes the grid-
box size before docking. This simple procedure
dramatically reduces the size of screening ligand sets,
significantly reducing time and effort required for virtual
drug screening.

ISSN 0973-2063 (online) 0973-8894 (print)
Bioinformation 3(5): 189-193 (2008)

Methodology:

Preparation of ligand and protein structures for
docking

Preparation of ligand structures

The ligands used in this study were downloaded from
Ligand.Info Meta-Database [14]. Ligands set-1 consisted
of 2344 structures from ChemBank and set-2 consisted of
4009 structures from ChemPDB. The downloaded ligands
in the SDF format were first converted to the Protein Data
Bank (PDB) format using Open Babel [15]. The Gasteiger
charges and rotatable bonds were then assigned to the PDB
ligands using AutoDockTool [16]. All rotatable bonds
were allowed to move freely.

Preparation of protein structures

Twenty-one protein X-ray crystal structures from the
Protein Data Bank [17] were downloaded. The proteins
and their PDB structure identifiers (PDB ID) are given in
Table 1 (supplementary material). Of the twenty-one
protein structures, sixteen have co-crystallized ligands (X-
ray ligand) in the binding site. The ligand contained in
each protein structure was removed from the binding site
and saved to a new file. The missing atoms in each protein
structure were searched for and fixed using SwissPDB
[18]. The Gasteiger charges and the solvation term were
then added to the protein structure using the
AutoDockTool.

Bioinformation, an open access forum
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Ligand SMILES string similarity search

The ligands extracted from the X-ray crystal structure
obtained from the previous step were converted to the
SMILES string format, and used as an input for similarity
search against the ligands in the ChemBank and the
ChemPDB sets in step of the Preparation of ligand
structures using Tanimoto coefficient cutoffs of 0.5, 0.6,
and 0.7, respectively.

Calculation of ligand molecular volume

The volumes of the ligands in the screening set were
calculated using Mol Volume version 1.0 [19]. The van
der Waals radii value for each atom type was derived from
the CHARMM 22 force field. The radius of the spherical
probe (R_PROBE) was set to 2.0 A, and the GRID_STEP
was set to 0.5 A. The volumes of the ligands extracted
from the X-ray crystal structures were calculated using the
same protocol. The extracted ligand name (X-ray ligand)
and its calculated volumes are shown in Table 2
(supplementary material).

Calculation of protein binding site molecular volume
Protein binding site volumes were calculated using the
CASTp server (http:/sts-fw.bioengr.uic.edu/castp) [20].
The solvent probe radius used for volume calculation was
1.4 A. CASTp identifies all surface pockets with the
chosen volume values, and then displays them on the
computer screen. Pockets calculated by CASTp that
matched the pocket resolved by crystallography were
selected, and the volume of that calculated pocket was
taken as the volume of the protein binding site.

Protein-ligand docking

Grid-box generation

The grid parameter file of each protein was generated
using AutoDockTool. A grid-box was generated that was
large enough to cover the entire protein binding site and
accommodate all ligands to move freely. The number of
grid points in x, y, and z-axes were 60x60x60. The
distance between two connecting grid points was 0.375 A.
The center of the ligand in the X-ray crystal structure was
used as the center of the grid-box. For protein structures
that do not have ligands in the binding site, the center of
the binding site was estimated from the structure and taken
as the center of the grid-box.

Ligand docking

AutoDock4 and a Lamarckian Genetic Algorithm (LGA)
[21] were used for protein-fixed ligand-flexible docking
calculations. Ten search attempts (ga_run parameter) were
performed for each ligand. The maximum number of
energy evaluations before the termination of LGA run was
2500000 and the maximum number of generations of the
LGA run before termination was 27000. Other docking
parameters were set to the software’s default values. After
docking, the ligands were ranked according to their
protein-ligand affinity (calculated inhibitory constant, K7).

Discussion:

Size and shape of protein binding site

In this study, we categorized protein binding sites
according to their sizes and shapes. Protein binding sites
were classified as small (less than 1200 A%) or large

ISSN 0973-2063 (online) 0973-8894 (print)
Bioinformation 3(5): 189-193 (2008)

190

(greater than or equals to 1200 A®). Protein binding site
shapes were classified as either simple or complex. The
protein binding site classifications are shown in Table 1
(supplementary material). Sixteen protein structures had
co-crystallized ligands bound in the binding site. The
calculated volumes show that the majority of ligands are
larger (305-5922 A®) than the binding sites (1040-2690
A% in particular those in the small binding site group.
However, the average volumes of the ligands (1684 A%)
and the binding sites (1638 A’) are very similar. The
protein binding site typically accommodates 50-70% of
the ligand, with the remainder of the ligand occupying
pockets adjacent to the binding site. For example, 50% of
the GDP ligand (volume = 1460 A3) was contained within
the small binding pocket (volume = 594 A%) of the
“Filamenting temperature-sensitive mutant Z” protein
(PDB ID: 1RQ7), while the rest of GDP ligand occupied
pockets close to or floating over the binding site. This
suggests that the optimal ligand size can potentially exceed
the binding site volume.

X-ray ligand docking and ranking

To verify the docking procedure utilized in this work, we
re-docked the original X-ray ligand back to its
corresponding protein binding site. The X-ray ligands
along with all other ligands in the screening set were
ranked according to the calculated Ki. The X-ray ligands
were ranked in the top ten percentiles and were also able to
move back to the original positions with the root mean
square deviations of less than 3 A.

Docked ligand size and flexibility

The top 500 and the bottom 500 ligands ranked according
to the Ki value for each protein were selected for further
analysis. A scatter plot of the molecular volumes and the
number of active torsion bonds for these ligands is shown
in Figure 1. The top 500 ligands are clearly coincident
with the sixteen X-ray ligands, which occupy volumes of
800-2800 A’ whereas the bottom 500 ligands occupy
volumes outside this range, with 95% much smaller (300—
900 A®). There does not appear to be any correlation
between the number of active torsion bonds and calculated
Ki; however, the majority of the top 500 ligands have
twenty or fewer active torsion bonds. These data suggest
that ligands with high binding affinity are constrained by
their size (volume 800-2800 A% and flexibility (20 or
fewer active torsion bonds). For untested ligands, these
parameters could be wuseful to prioritize docking
calculations, so that priority is given to ligands of optimal
size and flexibility.

Optimal size of the grid-box

In this study, a very large grid-box (10830 A?, 22.125 A on
each side) was used because we wanted to ensure that the
grid-box could cover the entire binding site, and that all
ligands in the screening sets had enough space to enter and
move freely in the grid-box. The volume of the grid-box
was 10830 A’ while the volume of the largest protein
binding site was only 5921.8 A* (PDB ID: IN8W). We
hypothesized that using a very large grid-box would allow
the binding of some ligands to extend beyond the actual
binding site, with non-specific binding into adjacent
pockets. We tested this hypothesis by generating minimal

Bioinformation, an open access forum
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grid-boxes that perfectly encompassed the entire binding
site for each protein. The box sizes and their dimensions

are shown in Table 3 (supplementary material). The top
500 ligands were left on protein at the docked positions.
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Figure 1: The volume and the number of active torsion bonds of the top 500 (red) and the bottom 500 docked ligands (blue)
ranked according to the calculated inhibitory constant (K7). Of the twenty-one protein X-ray crystal structures used in this
study, sixteen structures had ligand bound in the binding site. The top 500 ligands generally had structural profiles in terms
of volume and number of active torsion bond similar to those of the X-ray ligands (green) while the bottom 500 ligands
were, on average, 800-900 A® smaller than the X-ray ligands.

Filtering of the top 500 docked ligands was performed to
test how ligands occupy space beyond the protein binding
site. Six thresholds of decreasing stringency, allowing
progressively more of the ligand atoms to be outside the
minimal grid-box were used (Table 4 in supplementary
material). It is clear that on average, the top 500 ligands
cannot fit entirely within the minimal grid-boxes extending
outside them, since 10.8% of the ligands were rejected,
even when a very relaxed 30% threshold was employed
(Table 4 in supplementary material). Visual inspection of
the docked structures revealed that the protein binding sites
contain at least one opening space, and parts of the docked
ligands were always outside of the minimal box on this
side. The rejected ligands might be either too large or too
long to fit entirely within the minimal box, or their
chemical properties may not match perfectly well with the
binding pocket so that parts of their structures bind
preferentially with adjacent pockets.

Reducing the grid-box size would significantly reduce
CPU time for docking calculation, an important
consideration for drug-discovery when potentially millions
of compounds are screened. However, it is clear from our
data that this would also increase the false negative rate,
leading to some high binding-affinity ligands to be missed.
These false-negatives would likely include molecules with
long linear shapes, or with branches which extend beyond
the target binding site and bind to adjacent pockets, in
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particular on the opening space side (see above). We
propose that the optimal grid-box size allows
approximately two-thirds of ligand molecule to occupy the
target binding site, with the remaining one third able to
bind with adjacent pockets. Grid-boxes of this size provide
the optimal balance between the number of screening
ligands and the CPU time required for docking.

SMILES strings similarity of the docked ligands and
the X-ray ligands

We further explored whether the top 500 and the bottom
500 ligands docked on each protein were chemically
similar to the X-ray ligand extracted from the protein-
ligand co-crystal structures using the SMILES strings
similarity search. The results show that, in general, more of
the top 500 ligands matched with the X-ray ligands than of
the bottom 500 ligands (Table 5 in supplementary
material). On the other hand, even at a Tanimoto
coefficient of 0.5, only thirteen ligands in the top500 list
matched with the X-ray ligand. This indicates that most of
the potential hits were chemically dissimilar to the X-ray
ligands, yet similar in size as discussed above. Conversely,
at a Tanimoto coefficient of 0.5, six out of the bottom 500
ligands matched with the X-ray ligand, suggesting that
these ligands although similar to the X-ray ligand have
chemical properties that are unfavorable to interactions
with the binding site.
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Conclusion:

There are millions of ligand structures currently available
in public databases. Virtual screening of these ligands
against a protein target using protein-ligand docking
methods requires lengthy calculations on a high
performance computer. This is a major obstacle that
prevents several research groups in academia, especially
those with limited computer resources to conduct research
in this field. To overcome this problem, several
computational techniques have been developed to reduce
the calculation time. In this study, we show that ligand size
may be used as an initial criterion for prioritizing ligands
for docking. The ligands that are greatly different in size to
that of the X-ray ligand, or to the binding site volume may
be set to have low priority for screening or removed from
the screening set, since these usually have low calculated
binding affinity (Ki/). On the other hand, ligands of
optimum size within +1000 A® of the X-ray ligand or
binding site volume may be assigned higher priority since
they tend to bind with higher calculated affinity. In
addition to clustering ligands into groups, adjusting the
grid-box size would also help limit the number of ligands
to be screened. The optimum grid-box allows one-third of
the ligand to lie outside of the target binding site. Our new
screening procedure, which takes into account the ligand
size, the binding site volume, and the grid-box size, is easy
to perform and could significantly reduce time and effort
required for virtual drug screening.
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Binding site shape PDB ID

Binding site volume

Small Large

Simple 10KE NA

-
|
|
|
|
|

L

1CET NA

1ZNY 1M4D

1C3V 1LQU

2FOM 1P44

1ZAU 1EYE

1K44 1F61
2DEN

Complex Irregular shape 1R6A 1ENY

and varied depth  1RQ7

L-shape with 1DF7 IMRN

varied depth IN2B
2C27
INEW

Table 1: Shape and size of the protein binding sites is shown. The binding sites were divided into groups according to their
shapes (simple and complex) and sizes (small; volume <1200 A? and large; volume >1200 A%).

Protein Ligand

PDB ID Name Binding site Name volume No. of

volume(A?) (A% active torsion
1C3V Dihydrodipicolinate reductase 668 NA NA NA
2FOM NS2B-NS3 protease 828 NA NA NA
1K44 Nucleoside diphosphate kinase 1012 NA NA NA
1F61 Isocitrate lyase 2735 NA NA NA
2DEN Helicase 5071 NA NA NA
1R6A Methyltransferase 305 RVP 1210 4
1RQ7 Filamenting temperature-sensitive mutant Z 594 GDP 1460 6
1ZNY Guanylate kinase 664 GDP 1460 6
IDF7 Dihydrofolate reductase 752 MTX 1790 8
1ZAU NAD+ dependent DNA ligase 904 AMP 1240 4
10KE Envelope glycoprotein E 1044 BOG 1310 6
1CET Lactate dehydrogenase 1074 CLQ 1410 8
IMRN Thymidylate kinase 1268 T5A 2690 16
1M4D Aminoglycoside 2’-N-acetyltransferase 1422 TOY 1680 6
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1LQU Mycobacterial oxidoreductase 1474 NDP 2400 13
1ENY Enoyl-acyl carrier protein reductase 1657 NAD 2180 11
1P44 Enoyl reductase 1692 GEQ 1600 2
IN2B Pantothenate synthetase 2008 APC 1570 8
1EYE 6-Hydroxymethyl-7,8-dihydropteroate 2278  PMM 1040 3

synthase
2C27 Mycothiol synthase 3150 MAS 1540 6
INSW Malate synthase 5922 COA 2370 18

Table 2: Details of protein and ligand X-ray crystal structures used in this study.

PDBID Box center coordinate on No. of axis points

X, ¥, Z axes on X, y, Z axes
1C3V 134.796 25.327 22.087 40x50x40
2FOM -4.451 -10.488 17.047 50%40x50
1K44 26.365 42.416 51.116 40x40x40
1F61 37471 66.151 4.837 40x44x40
2DEN -0.719 1.110 52.523 40x50%60
IR6A 16.498 -52.304 16.284 40x40%46
IRQ7 -8.274 37.324 7.065 40x40%40
1ZNY 24.782 8.849 30.726 40x40%40
IDF7 1.827 27.794 10.958 40x40%40
1ZAU -10.553 43.872 68.997 40x40%40
10KE -11.491 80.375 45.517 60x40x40
1CET 35.592 12.727 18.358 40x40x40
IMRN 25.094 14.419 2.243 40x50%x46
IM4D 20.818 29.061 13.435 40x40%40
1LQU -4.075 -3.490 5.319 50x40x40
1ENY -1.139 33.283 13.766 45x45%40
1P44 15.210 14.125 8.359 40x46x40
IN2B 34.878 35.004 40.786 40x40x40
1EYE 32.818 4.458 38.753 40x40%40
2C27 4.671 3.124 18.325 40x40%x40
IN8W 15.581 32.585 77.100 40x50%40

Table 3: The coordinates of the grid-box center and the number of grid points on the x, y, and z axes in grid-boxes of
minimum size is given. The distance between grid points was 0.375 A.

PDBID Percentage of ligand atoms allowed outside of the box

5% 10% 15% 20% 25% 30%

1C3V 642 598 546 512 492 464
2FOM 592 400 234 132 8.6 5.6
1K44 734 606 458 306 188 114
1F61 884 766 652 504 382 272
2DEN 6.4 3.0 12 0.4 0.4 0.4
IR6A 508 368 242 162 118 8.4
1RQ7 520 390 256 168 9.0 5.8
1ZNY 784 632 518 392 276 186
1DF7 378 234 138 8.4 5.4 3.0
1ZAU 520 470 396 314 218 144
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10KE
ICET
IMRN
1M4D
1LQU
1ENY
1P44
IN2B
1EYE
2C27
INSW

Average

12.8 7.6 3.6
61.4 47.6 34.8
42.6 242 14.2
38.0 29.0 19.8
34.6 17.8 10.4
40.2 22.6 11.8
41.4 31.6 224
64.0 53.8 44.8
95.6 89.2 78.8
42.8 29.0 20.4
49.4 27.2 16.2
51.6 394 29.6

1.8
232
5.4
13.6
5.6
5.6
14.0
33.8
64.2
14.0
9.6
213

1.0
15.0
1.8
9.2
3.0
2.2
9.6
242
49.4
6.2
4.8
15.1

0.8
8.4
0.8
52
1.8
1.2
6.0
15.8

39.6

3.6
2.8
10.8

Table 4: Percent of ligands rejected from the top500 ligand list docked with twenty-one protein binding sites and minimal
grid-boxes (see Table 3). Six thresholds for rejection were tested, in which the percentage of ligand atoms outside of the
grid-box was varied.

PDBID Ligand TC=0.7 TC=0.6 TC=0.5
nameé  Top Bottom Top Bottom Top Bottom
500 500 500 500 500 500
TR6A  RVP 1 0 19 0 4 0
1ZNY GDP 0 0 1 1 2 14
1DF7 MTX 7 0 15 0 24
1ZAU AMP 2 0 3 0
10KE BOG 0 0 0 0
1CET CLQ 0 0 0 0 0
IMRN T5A 1 0 11 2 23 16
1M4D TOY 0 0 0 0 1 0
1LQU NDP 8 0 13 4 21 4
1ENY NAD 1 0 4 0 5 3
1P44 GEQ 0 0 1 0 28 0
IN2B APC 0 0 7 8 13 9
1EYE PMM 0 0 0 0 0 1
2C27 MAS 0 0 4 0 19 0
INSW COA 0 27 0 28 0 30
Total 20 27 78 43 190 83

Table 5: SMILES string similarity search of X-ray ligands in sixteen protein-ligand co-crystal X-ray structures against the
top 500 and the bottom 500 docked ligands using Tanimoto coefficients (TC) of 0.5, 0.6, and 0.7, respectively.
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