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Abstract

Computational assisted modeling was carried out for several systems such as
scFv anti-p17, scFv G46 (scFv binds with HIV epitope p17 which is still attached to p24),
and antibody-CD147. The models were built by homology modeling and evaluate with
Ramachadran plot and PROCHECK. Molecular docking has been performed to obtain the
complex structure of antibody and antigen. In this study, scFv against HIV-1 epitope at
the C-terminal on p17 (scFv anti-p17) was mainly used as a candidate molecule for
evaluating the method. The wild-type p17 and its nine natural mutants were docked with
scFv anti-p17. Potential mean force (PMF) scores predicted the most favorable binding
interaction, and the correlation agreed well with the corresponding activity data from the
peptide based on competitive ELISA. In the interaction with solvent molecules, the 3D
structures of scFv anti-p17 and selected peptide epitopes were further investigated by
molecular dynamics (MDs) simulation with the AMBER 9 program. Post-processing of the
snapshot at equilibrium was performed to evaluate the binding free energy and pairwise
decomposition or residue-based energy calculation of complexes in solution using the
Molecular Mechanics Poisson—Boltzmann Surface Area (MM-PBSA) protocol. Our results
demonstrated that the specific residues located in the complementary determining regions
(CDRs) of scFv anti-p17, MET100, LYS101, ASN169, HIS228, and LEU229, play a
crucial role in the effective binding interaction with the absolute relative decomposed
energy more than 2.00 kcal/mol in comparison to the original substrate. A computational
alanine scanning mutagenesis was submitted to quest for the residues in the energetic
contribution of the mutation sites in scFv anti-p17 binding free energy with p17 c-terminal
peptide alternatives. The result demonstrated several influenced amino acid residues in
the scFv binding pocket i.e. ASP31, ASN35, TRP50, MET100, LYS101, SER103,
TYR104, SER162, ASN169, LEU185, LYS188, ASP190, TRP224, GLN225, and
LEU229. A candidate point mutation, M100R and M100G, were found to improve
remarkably improved the binding activity scFv anti-p17 of by the indirect ELISA. However,
some concerns on the correlation between the theoretical and experimental results of
competitive and indirect ELISA have been raised in several cases.

Besides, intracellularly expressed antibody fragments (intrabodies) have been
used as powerful tools for clinical applications and for the functional analysis of proteins
inside the cell. Among several types of intrabodies, single chain fragment variables (scFv)
composed of only the variable regions (VH or VL) of antibodies are the smallest and thus
the easiest to design. However, normal antibody fragments do not form disulfide bonds in
the cytoplasm and usually are unable to achieve a stable native fold in the absence of
the disulfide bonds. Recently, the crystal structure of anti-RAS VH and VL fragments
without disulfide bonds after substitution of cysteine residues and the wild type VH and
VL with intact disulfide bonds showed no structural differences between the two types of
the VH and VL. Another system of interest is the soluble scFv in cytoplasm. There is
great interest in engineering antibody fragments that will fold and are stable under
reducing conditions, and that could serve as framework to which other specificities could
be grafted. We have undertaken molecular dynamics simulations to investigate the two
types of such systems with and without disulfide bonds. The structural analysis in term of
distance geometry analysis, hydrogen bond analysis, residue interactions, the disulfide
strain energy and binding affinity between the domain, were observed in order to explain
the stability of the antibody scFv fragments. The experimental study is still ongoing for
comparison with the calculation results.

Keywords : Molecular design, Antibody-antigen, HIV-1, Single chain Fv, Docking,

Molecular dynamics
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ANNINAANIFYLFENLATZNT LLa:Lﬁuqmmw%ﬁmmaa@@m%avlﬁ wwamsnislunmssnenlduninig
1Wiadu Jaduendnasasfilasumanamndwinluoaed walu 2 sfiede Saduilostuuazindu
Snwn Saduilasiwiuiedasiuauidslildaagaie llidade lumm:ﬁi’ﬂ%ﬁﬂmffmﬁam:ﬁu
Qmﬁﬂuﬁa@L%aLLé’:ummmmuqaJL%aiﬁagj’lm:é’uﬁwLm:ﬁmﬂﬁiﬁfam‘?'iq@mwﬁa:ﬁaﬂ'lﬁ lasvinsau
lurumslendmdalhsa Tasnduiinsannamannnaansusiullsduuesdoiarlad
(3831 subunit protein vaccine LﬂumsﬁmmmammaaiﬂiﬁumnLﬁaﬁmminmz@ugﬁ@:fuﬁ'uvlﬁ
Toogulusduaananliieswafiasinliifamsaatolaluan daodneldsdudinannda 3/ 120 (gp
120) wazaAN 160 (gp160) S'fiaLfluiﬂsﬁwﬁ'é'@mmnd’m%muﬁﬁag’saué”u%a dainiaduumesau
Auuyed wohalassadaylunsdawiaduandie Lﬂﬁaﬂﬁ‘ﬁ'aﬁwﬂa%’aﬁuﬁ%i’wuwnwﬂunwmau
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SﬂLmemﬁaﬁma;ﬁﬁ’ﬂlumwaulﬁ]ﬁamsﬁ@umLLauauaﬁu%nm cleavage sites @149 28987 la
31 Tsdies wendaduiadu wialfuandvedluminmadiamsfilossinusiim cleavage site
GenanimaiAe mutation Aeudrsieailaeuniuusnmen nlEilamanesiamna luladiie
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ﬂﬁ]qﬁ'um’mjlﬁmﬁ'ﬂm\m%’m“uaﬂﬂﬁuﬁuwmwéwﬁtysluﬁy'mamﬁ%'ﬂ LAZEARNHNTI
anuimihmeduiinmeaulaana  ildmusonodauvesdudlnig  ldnanowubugan
sfiTaafiuanenein (1] anudnlalassairsasldsauwasvinliidnlawindvaslusawmait Tasanes
MIATNAlATIRTUa LYY [2-4] NMTIATZRMISIFEMamaiia NMR (NMR spectroscopy)
WATNNIANEN X-ray crystallography wadldséw [4, 5] asndlsianulusduursafian launsadenss
@ nmsnesasdingn  sedasandomiviwslessaionaslsiudiuindr  ww  m3lueanuy
\W3suLABy (comparative modeling %38 homology modeling) [6-11] E'Tiummu&iuﬂwaamﬂﬁﬂ‘iﬁuagui
Auanumianuszamonsiszninsldsauihvng  wssldsauinmulassesildlumssislues
[10] nfdaufimiannuwias anuuing Qﬂﬁawaﬂul,@aﬁvlﬁﬁ%@“i’]m wenanimslutaaludis
maau‘%nmﬁﬁmmﬁwﬂ;uga \T U519 variable loops finuluuaudved faeudnefesviuele
andod Tassafsuandvanuiiiasiismiidu conserved structural framework  mANWATLSII AT
waANENINKaLNINAaluUTI MM surface loop fi5unin complementarity - determining regions
(CDRS) §i9 6 hypervariable loops @93z lFUsuanfisfunisn138a3y (binding site) AMILANFAIIA
lulassaiiizes loops asnandnadannumuInveeuivadlunmaadiluanacdieeg (121 udh



NIIQLI8 (alignment) NURIKVBY framework mﬂmiﬁaumaﬁmﬂﬂﬂaﬁu (immunoglobin) 2
Aoudnegnead LL@im'ﬂumau’%nmﬁ@%’uﬁ@iawﬁwaﬁwijuéﬁﬂdnﬂ'ﬂLﬂumuﬁﬁaaﬁmmﬁﬂﬂ
wonnnitlymlesaussnudedusidudentuin  mnlassisnadesuifiannmnuses
Fo9laLun (domains; heavy chain (V) wag light chain (V) %0LL@iazLLaua‘uaaﬁlzﬁu‘%L’JmﬁlL@m@h{lﬁu
14 112

ANumAYUaIMIANILandvaaiunuInInlumInsunng 1w lwmsineanis, ms
i1 biosensors Waz catalysis s'f}dmmﬁ’nﬂﬁﬂumsﬂi:qnﬁﬁaﬂdn 1 uWaN13n library-based in
vitro production of monoclonal antibodies Ms¥walaiaIcARNRILAES LA IRNAGUe
Lmua‘uaauaﬂmﬁamnimaa%”nﬁwulugmiayaiﬂs?m uaz lassanaditauuanduad — uaudiian
anfudslomllunsfine  uszmadszgndldnasuwims  wu  msidensaoinudeduaes
weudvadlniiialivnmifisufiaay mIsenuuULeudvadnsf U ldaTusgmiuandian
\Whwany n3UeT (identification) wandtaufisunsasuiuuandvedld uar miseanudladuas
ASNTTRINILOUALOA-LEUALIN  WATNA NTBILEUALBA UNNTINTT  (recognition) IuLaqaLﬂmmg
fayudiuzasuauivad #5un1 single chain Fv (scFv) sanIndszyndlilu gene therapy lannis
lfinafia intracellular antibodies (intrabodies) strategy I@lf;lﬁ scFv mmmvl‘i_lgﬂLﬁ'mmiJﬁﬁ’ILW’l:ﬁgﬁ
cellular cytoplasm, endoplasmic reticulum (ER), nucleus Waz mitochondria u@aIwlnaitlsay
aMUENSIALSIM ER  91nmMIAN®IWL intrachain disulfide bond luscFv fiflgiudamssaue
wazauiatos lasundudalifioslu reducing environment finululalansnadu vilwlisnansn
i e dadunawam scfv fisansaldowldly  lalawmnaduiadulandisofigdy  an
MINARDINFWY scFv Alailadalue uazdsnsiouldlulolansnady uszld@nsms graft CDRs
Aldsunuuandianliumu framework regions 289 SS-bond free scFvs ugdulwajudainlidszay
anudisa miseeslagdtaaufuaaslums grafing uszmsdizinamaasninansznuda
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2. anuiiugwingnuaiarlad

lsadaibalismasle? Human Immunodeficiency Virus (HIV) uazlsaiaadiiudam
o o & 0 o . =
smIngrndmayvenlsznalng lasdusiwadayuesnthouszminevasdszziniaiy 20 G
A = { o o & o W o ¥ o &
50 U Sadulsznnsfiagluivianusnduidsidgsenlzne alhiimerlad anawuasiun
lwRaavasgihoznaealnlull 1959 Tagtuwud wabimerleinddy HiReisessiia da HIV
type 1 (HIV-1) uaz HIV type 2 (HIV-2) annmsansndlunaeshsaaslainigessiia daunaslunans
FuT wud HIV-1 Gudedageuassusniliodszanad a.a. 1930 & HIV-2  Bufiadegaunioun
Tuganearsw 1940-1950 ralhimarleinisessiia fansmensnugnsswilndifvanivliaralsa
luds niizaSunihizealed (SIV) Haanan simian immunodeficiency virus; simian wangfisaa’d
o a & o a & A ad ' ) & @ a
FWING9 (=ape, monkey)  TalTaarledinigedia SNNuandan lasda g HIV-1 113 nae
chimpanzee fiaxduagluunuuanininans §Fainmeaasin Pan troglodytes Usngnangiudaian
dwgalhds HIV-1 nanswuiananiehimealedluds AiGundt Sivepz i HIV-2 ananfaau
A o & a v a { ' A o ' L a o

azpfianu laoiduRsriasdiufiiondn sooty mangabey andnagaumodinaninmaziuanain
Senegal {19 Ivory Coast dawwuinga HIV-2 nnoiufunanfaliasivsm & wmiuds sooty



mangabey ATaineneaaiin Cercocebus atys NIhUazNInwnUiInTalIT® HIV-1 uaz HIV-2 &
TuaIuaLaulalnlaunuiasas 40-60
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snuenIRuInIINante himerled e HIv-1 Wuanfidualiia sfiemoidion Fluad
anue 9 Alaiws Yaznevlddsiu 9 slamuqumiainslusiu lsdundaay veuzalimerla
7 leiun Tus@ulassasne wiafiSondy structural proteins ldur Gag, Pol, uaz Env lus@uniugunis
o o a ' . v A do v aA a A
Mauwuadhsa 13800 regulatory proteins el Tat, Rev lUs@uiivinniinfiiasn n3a accessory
proteins @A Vpu, Vpr, Vif, uaz Nef afianans 2a9%a HIV-1 laun M (main), N (new), Lag O
(outlier) lungu M group Tawuldunniianinfasaz 90 malan uvailu 9 sfiates Sunin clades
fnualdisondusduaanys AD, F-H, J, waz K lusnigawinmuazmegladaziuan wuziie
Clade B annfiga uwandwanfinuluaiBouazuanin anwnwuiuseshiswuunigalunid
wawIn
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palerleddfia clade B ashonduwhiwluldluuiinmdug minsuanesdanisinmens
uandaldldthe  uninalnmsfesNifannieds  aNULANAIILALANURANRANBIRNE
v & [ a a o @ o A« . a Aad, o & A
wusia hiimarle?d fanusaylumsnawriaduduairannuandvednsemaoaieiiviie
damuhis uazljisonanniasidaifoavaadia T-lymphocyte azﬁmwm‘mww:mmdga

\a Human Immunodeficiency Virus (HIV) 1Hwizalhiafivhldifalsaead aitaidng
SMTaaziivaatannuaziimitialsafaisizdn g wuaues wala lauszndayfaszians
ssuunddunuresivme  ssuunidunuiasviminaieninesdadunnsiamauszusiisunisia
lunsafanlazdasandoimadnanssfiandayldunioad CD4+ lymphocytes Saiwimadnauniuize
HIV  llaimas CD4+ lymphocytes Qﬂ‘v‘hmUI@sJL%amﬂ%:ﬁﬂﬁgﬁma{liwmméauua aanuilynan
fMAVDIAUAALTD HIV Aeflymzaslsafiinnngindaunanssulndaaaislanma
opportunisticinfections itulsntaauiuuazlinibeduauasaniay uszuniiuwziia  nsae HIV

o % & o o ¥ . A { Aa o
13al% cD4 \HudTuiae envelope glycoprotein p120 TIdUUa 120 kd zTaNAANL CD4 molecule
A a a I A A a f ~ . S
fuTmAuTadued host 9aMiTaudalunauwuinazagluiion carboxy terminal Wa4 gp120 Haz
WBaN@AANU residues 37-53 ©h amino-terminus T84 CD4 2zWENNNGaAWNNILTONAALRZNENENN
U o v 1 ] =3 tﬂl a { a a J Q s Qs d‘ v
flosiumadhgiras  aelsfionuliefimagendaiinlu envelope a3 himzamudiuiubaiy
L‘Jjaa(LLaZLﬂ/’];jn’mluLﬁljm{ cD4 ¢ #1uuad amino acid-terminus domain 9 ldauiin (hydrophobic)
8tuu envelope protein gp 41 Janudnatvbluniagau (fuse) envelope lidwialduaiuibe
v [ A 1 ;ﬁ’ ] a ' [ ' A A ' v . a
dumas Weagluanmwilviniuinbhisegluanwilifiozlsviedn snswugnaw (genome) 283w
= ' ' @
Gﬁdaglu RNA anangnaa (transcribe) laers deoxyribonucleic acid (DNA) lastawlasl reverse
4 o . o , ¥

transcriptase D9L1# heterodimer AldnnnvenUietas (subunit) U@ 61 LLaz52 kd ninadaad
a & o . 4 a £ ' = & o d“ﬁll’.
Al nINNMIUANGIVRS polyproteins TINAATWUIAN pol gene vad HIV atndlshanuiawladaafhlal
fasiinnuusnaunslumunliunauazmsinnm agnd lsfiauanurinfgsldiianufananans
o & = o A | adl A o ' &
fauaed  DNA  fazduiludaliainilidinguge ANURANAAAINA1IVBILEW LT reverse
transcriptase LIURINIMAYNITUAUTNTINVANTE HIV strains 6199 FImanInusnuazifoaiie a
DNA 28¢himzidngnizuiunssepdiwanly DNA vaslaslulovvesas host lanlufeanu

Lo sl integrase #38 viral endonuclease [13]
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L“H?]La“ﬁvlﬂ?uﬂqiﬂa']ﬂwu'ﬂ;gﬂLﬂu NRITNNITLNA recombination 53%?131?5@@]70&']{]7\]%'@ VTS e

o A

Vl,ximwuﬁagﬁ@?wﬂuwﬁwLW'}:@'amiﬂaaﬁ'umia@L%au%al,ﬁﬂkmaﬂﬁ uwdnsAnwmlunguinauimzaud |
fauze HIV-exposed uninfection 3:@333WU T cell proliferation responses Wiaa CTL responses LAY
a a A Py 2 v & AN v o A A & Aada
wauduadiawznlubay annsdnmludainanss Sivimacaque model Aild3uindu SIV Tiiaraifia
' £ Ay o da X o 'Y a & A9 o A a Ay o A A
dounnd uazpiiduiniiielumaninilasiunisfaie SIv filinaiden uazibay nldununamawy fe
uauduadiwiziannIn neutralize 178 SIV Bfia primary isolates | uszwulmad CTL USunmgs 1w
WANFIUUEAIIINY neutralizing antibody N31LWz6ia primary isolates uaz CTL dndudanisilasnunisda
& o a
walsaluas
uaﬂmﬂﬁmuﬁﬁ'ﬂmqﬂim Tewari uazame [14] labfinafindunsnuadnnaiuvasiandvafans
1A (scFv) 789 hybridoma-secreting anti-p17 antibody lwiraafidaiia HIV-1 wuhiinadanisvensnug
maﬂa%’a(viral replication process) lasuaufivafaInaniduane C-terminal epitope (DTGHSSQVSQNY)
284 p17 domain (3Uf 1.1) la scFv platform aanInuaasaanianiluszuy prokaryotic uaz eukaryotic
& A { o ) o o & ) a o
systems  annemanIadnTriianamnNsnTumsiaduuazanuatosliaawle [15-17]  miAde
Urgndludwibduldadaunivanouazdaiiios lumsld scfv  lunswawmgaamafienzius: gene
therapy [18-22]

Gag | pi7 pZd pT p6

PR RT/RNaseH i
A L T 1
7

g8

IM Pol

Site 1 GIn Asn Tyr Pro lle QNYPI
2 Arg Val Leu Ala Glu RVLAE
3 Thr lle Met Met GIn TIMMQ
4 Gly Asn Phe Leu GIn GNFLQ
5 Phe Asn Phe Pro GIn  FNFPQ
6 Leu Asn Phe Pro lle LNFPI
7 Glu Thr Tyr Phe Val ETYFV
8 Lys lle Leu Phe Leu KILFL

Eﬂ‘ﬁ 1.1 Gag p55 polyprotein

U [
3. mwﬁ'ﬁug'\mﬁmnmmuanaﬁ LAZLAWALD®

LOWGLI ﬁaéauﬂaﬂﬂaauﬁamiﬁhiﬁa%ﬂuiwmmﬁaLﬁﬂ;ji'nmUmmimmzéjulﬁl,ﬁ@mi
@1auauaamanﬂﬁﬁwﬁ'w,l,wﬁ'lLW']:VL@T (specific immume respone) lasvinliiiansassuandved (antibody,
Ab) Wi T lymphocyte ‘ﬁlﬁ‘i’lLW’l: (specific sensitized T lymphocyte)

WaudAUed (Antibody, Ab) IusnIfiafrousznaiain plasma cell S9sasnsuURL antigenic
determinant V8IuauALIW (antigen, Ag) ﬁLﬂmTuﬂi:éju"L@TazmﬁhLm: waudvadnioduylulnaydunyle
Elw’fi%"wdmﬁw'é‘uqmadiwammmuﬁmﬁa 1w i ludunas sun dhane e deusiiwdes dhuuszuniin

209 SulWlovivnesfia SuylulnayAuduaswan glycoprotein taznausin polypeptide 82-96% uaz



carbohydrate 4-18% Lﬁaﬁuauammﬁwgﬁwmﬂ B lymphocyte Rilannusmnzaauanianin 9 2zl
Ufnssnaeuauaslasnsuts@d (proliferation) waziURuuulas (differentiation) \aldungy (clone) va9
ias AW ANGALuAU AT NNz AaLanALIUTIH

LLauauaﬁmmaﬁ’mﬁug’mﬂimauﬁ’m polypeptides 4 &g (Eﬂﬁ 12) femuieniuasiitiiwin
luanaann (3und1 Heavy chain (H) G932 sefindounn dHusn 2 muﬁé’?mm:ﬁﬁmﬁhhLaqaﬁam'j'}
30N Light chain (L) Sadanwmsiniouiuns 2 soimwdsan Heavy chain waz Light chain %13 4 &
azifiausiariueay interchain disulfide bonds @sananIaLsnussaiiaananiwldas mercaptoethanol
Umethenilivasudazaeaziu -N via -NH, w38 amino terminal saulasdndrenitsaniin -C Wi -
COOH wia carboxy terminal 119 4 snpazwuianeda -NH, w38 -COOH lumatdeanu luanazasduylu
Iﬂayauﬁgﬂiwmﬁw 9 nual T %38 Y lasdl hinge region 8E/A39NAN9V8Y H-chain 4 hinge region 2z18lu
u%nmﬁﬁmi%mju (flexible) ldannvinlfuans 2 479 Seviweenantuiiesuiunandenldadin
sauvaanusylagalnd 11 intra uaz inter-domain disulfide Aflduvinlilassaatafios uaadlacaz

Variable region (V-region) fauSiimfiininazfilusoaalined zagN196% N-terminal uazlu
V3o Veregion ftasfidsfivsiadiinseesiluiuudsluldanng Bonin hypervariable region a1nms
JazAMISIaIvaInIAasd lunuindl hypervariable segment i 908 3 729 udazga9aziinsaazilu 3-
11 @1 138NEIn hypervariable region f‘:ﬁﬁ complimentarilydetermining region (CDR) %aﬂuu’%nmﬁﬁﬁmﬁl‘ﬁ'
suruuendtan Tapisznaudess variable heavy and light chain domains (VH, VL) uStamaindansany
1@ (single chain Fv fragment (scFv)) ﬁL%ﬂ&lﬁ?ﬂLﬂﬂiﬂﬁﬁﬁ@%Qum 6d (flexible peptide linker)

Constant region (C-region) favsiaasninTnasiiluiseadnsi lu L-chain § 1 segment #a C. 8%

H-chain & 3 w38 4 segments fa Ch1,Chz , Cs (W8S Cpy)

Eﬂﬁ' 1.2 Tassenauaudved [23, 24]



4. Jandszasaaslasinsuaznafiaininezlay

1) aaluslanaanmseanuuuluiaalassainsuendived waudian uazlassainaanadstanuanudvad
— LOUALAL
o A A P Aa > = A A a o

2ywamauasilurasnaudlauiimanzaundswinnlulasaiiadunulewduafainmsuin

= A @ ° . . 'y A wa P a a a
Wisufisununsi epitope mapping waz WaanHasljuans tedslomtlunniawandved
3) Ienvwiavazilluvesuaudiauniianuiuwzganuueudvad

=2 aa ) - A . ) A a o

las@n®33n4 in silico Tuaasszuy WWaaanuuL intracellular antibody fitafiaslaun
J2uuf 1 ueudveddatanled-1 lusdeauSiaes HIV-1 Gag proteins (p17, p24 and p17-p24 complex)
laslus@lesuadhiaaa Gag precursor {ulusaunvinninfle (functional proteins) lauA matrix (MA or
p17), capsid (CA or p24), nucleocapsid (NC) and p6 domains Wu31 p17 tAendaInu9a58iaved 3wl
ARLUUADY LaBLaNIzaEIE9 assembly and maturation steps

J2uuf 2 uaudvadda human leukocyte surface molecule CD147

(2
U= |

= & A o = v o o ' Y P '
Tumsfinmassifidedithnanslumafinsmad duauszwing scfv Al HIV-1 p17 Adunis
c-terminal epitope laslfinafiaiafidwinmnas] 1w nsduwimaaudy namaasidslaana n3
. o & o v 1 1 AI L o Qs
docking LazmMIiaasnamaa; ssazrilinuneazidoadiig lasamzatnsdanasnulunsbadunis
TauaaatiaNumINNINTaILauGLadlunIBaduny peptide epitope lalddayadavaziluzas sciv 7
Fmz6ia HIV-1 c-terminal epitope U p17 NARKIAINNIITENT LLa:‘ﬁagaﬁnﬂmaﬁawﬁﬁ@mﬂﬂﬂrm
laan immunoglobulin (Ig) gene variable fragments (single chain Fv, scFv) 3710 hybridoma cells M
nidunuwIngaddin Anusnaiansunng  WnAnenaadodlng  LiNeBuTUHANITEIWI mMaiuiy
a a = o A A & o a A o N a a &
waudved waziluimiminsnanvendaadwindu nIsltueudvadlunmsanalienzidaly lag scFv
v flumsdnauny HIV-1 Tuu3iia c-terminal epitope U% p17 iNatavn9MIdnduvead HIV-1
protease lun3tiae substrate fnalnIainshsalnadasas hasanusiim cleavage sites 61998l
Aaa a . Y ° A o adx A o A
lo3finaifia mutation sasun lwlamanazianmaluladfidedszgndlflunmsinm fasanms

Y Ay 6

o a & o & , ) '
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AdSL I‘ a a a
2. Ad NNt UULNLAALL WAL A LLastlaWalan

aafilenanaugrilasesiensom complementarity - determining regions (CDRS) Asau&nem
TunsBesuiunendian s1wamnsnezilulu CORS @uflUszanm 70 13587 (residues) 3N WINEINVE
Fv LLauauaaﬁZ{muﬂﬂizmm 230 residues ﬁ%ﬁ;ﬁuwuiﬂmﬂf Single-chain antibody fragment (scFv) S‘fi\‘l
UsznauduaIuzad  V, Uz V. fidanudy polypeptide linker mal%u'uﬁﬁmwﬁﬂm;uga fansainly
drgndldldnaene  lasdafienudiweivuendiaugaudinzduwnzissnilanahuauivadaie
L% NNIHARA scFv VL@‘TU’%mmmniuuuaﬁSsI@Uiﬁﬁunuﬁ'ﬁ M7 fusion MU protein drug g9 target and
kill pathogens %38 NN fusion NU marker molecules Lﬁ@i‘ﬂ%ﬂﬁimiﬁﬁmiﬁ:ﬁ [1, 2]

ﬁnﬂimaa‘?ﬂu%dsﬁauuauﬁuaﬁ-uau@Lwﬁwm%LLSﬂ‘LugwwﬁagaMiﬁu [3-6] o
Tasoshadedandinanauausey linufsgUuuuniaedt (recognition) vaduaudued  uazd
UMW N§UANBBUATI DM IDATUTENINLEUALBA-LauALIN  [7-8] wazANEINIWIE
Im\‘la%amaﬂﬂiauﬁ'ﬁaﬂwﬂ'ﬁ%ﬁﬁﬂul%%é’nﬁ] §i 3 vaowaiimdmie mavwelads ab initio (ab initio
prediction) MINIANBUSAINIUNY  (fold  recognition) wazm3iutaalasislalulad  (homology
modeling) %aﬁoawu%’%@iwaﬁuﬁuﬁuﬁayaﬁwé’uLmﬂmm%ﬁugwwﬁagaﬁmz‘lxﬁa%’mimm ATHANIINUNEY
laeA%  ab initio azlalEgwudayalaq e [9] Imaa%wﬁﬁ'lmﬂ@Tﬁmm‘[m‘LfngmoW%nﬁLLa:mﬁwhffu
f1in ab initio Wia de novo lFlumsvinunslansusaslusduiilbinulasaheiedoadsiulugudeys
Tsein  winvdrduesdle  uazanuduiuisswinlasssnoludmllstumg  wasldmsluiuie
lawainan@und (secondary structure) [10]  &un3tMI031 nasuiy wia fowiFonda “threading” 1%
TunsdifiinaslasaPowiwuufindeadsivlasahfidasniseng LLa:@TaaLﬁammeuﬁﬁﬁqﬂ Faduly
Vlﬁmﬂ"?'i'cnzvl,ﬁiwLmﬁgﬂﬁaumuﬂw ﬂagﬁuﬁ%ﬁ'LL&iuﬂm%N"l@TLﬁammLL;iLLuumﬂgﬁmTa%mIﬂiﬁu it
sevaziilufifienuasoesenulsiuimang msaeldsduannuinuuasnaniiseninnsluies
Taga3lalulad (homology modeling) wia n3lutaadenstfiguuuy (comparative modeling) Fsluauiiaz
28LRUBNTIE homology modeling s'fidLﬂuﬁ‘ﬁﬁmﬁ]zﬁiamﬂé’lmaﬁgﬂﬁm lunsaeluieaiendved was
LaudIWS U wazfmaiudyslaaalaon1svi refinement dasnamaasidsluiana (Molecular
Mechanics, MM) uaz Waenaasiislatana (Molecular Dynamics, MD) wa=1435msdenie (docking
method) tAaviwslasiaaBetaunenivad-touian suwmwasnubaiudsssluii waTIAaURY ez
flufisanideduniuenduefuazuendinon  enaasinawanzuulanansaseuivedisuny
waudALA% ﬁ'f}amﬂLﬂuu%nmﬁwﬁtyﬁLﬁmﬂ]”aaﬁ'uwﬁ’]ﬁmmimaqa s augunainmaiaunis wia M
é’zytywmvﬁﬂg&maaﬂﬁlamuqum’mﬂaéﬁmaamaﬂm:uunﬂﬁﬁuﬁu e sunudenalsauszaanIndugoms
RN usasedele ﬁa:mwa’lﬁﬁmaaﬁmmj’lumiﬁ'@umLLauauaaﬁﬁﬂizaw%mwga%ﬂ@aw‘i'] protein
engineering Gﬁamﬁ'ﬂ"ﬁagamo%ﬁﬂmﬁvl,ﬁmnmiﬁwmm%\ﬂ:maqa umssLanivedng
UszENBnwgs 1ums§fuﬁ'uu'%l,am€hwazuuuauaLﬁmvl,@i”mﬂmif[maa%dL%dsﬁaumaﬂmaqa
1un’13ﬁﬂmﬂ%y'\1f:;ﬁ%'ﬂﬁLﬂ'mmUluﬂﬁiﬁﬂwﬂmil,ﬁﬁuﬁ'mzwj'm scFv U HIV-1 p 17 fiduni o
terminal epitope laglfinafiang theoretical chemistry 11w docking Ssazvilnsumeazduadisgan
1 laganizagneBewasnulunsiesuiudsuansiannusmunsnaasuonivedlvnsiasuniy peptide
epitope Taslassatns 3 favaslululaanaatouivadisinizaa HIV-1 c-terminal epitope 1% p 17 Hiwle
Tayadavasiiluvad scfv andayameiasdjidnislasnslaan immunoglobulin (Ig) gene variable

fragments (single chain Fv, scFv) 370 hybridoma cells
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U

Tayslwiasdudnislasenusinfialugiumslaauis  uasiianzisauninasilusandvafanoiaean
fianusiwnzea HIV-1 c-terminal epitope Ut p 17 WazNNIILATZN epitope mapping lag 36.03.  To58
AZENAIWUN nm‘imgﬁﬁuﬁuﬁﬂmﬂaﬁﬂ ALNARANSUWANE NP AInenasiBaelng e udunanns

° & o A A & o A A o A a a €

Ao waztdunamemsnaniendaiduiadu wieltuendvedlunmsamaiinnzidell lag scFv
Az Alumsidauny  HIV-1 luuSiios c-terminal epitope U p 17 LNaTA29NTEENLVEY HIV-1
protease 1138 substrate danalinsanshialnaidasas Hiasannusiao cleavage sites @199 uaLaD
lo3fimufia mutation wasann lilamansziauimaluladiiedszyndldlunsinm asanns

Y_Aa v 6

o a J et 3 ] v '
N9V scFv Lﬂ@l"ll%fl’]UI%L‘HQ&@G%%%GVL&Jﬂ?z@l%sl‘ﬂ.ﬂllﬂwﬂ%“]]?JG%J%HUG]EJU&%@U@I?J scFv

U 9 9
a a

lunsdnufiazifandnen lassainnanduad-tandian 2 zuulasdeIarnuanuiiuiany
YY) ' A o o & a A
w3 luaInninnsFIAIIRLanGUaAAD
JuuN 1 wandvaddatarled-1 lusdes laslduandiannidulasiginsadsn uas substrate
a 6 & d'o s 1 J £ = s d' v fl Y Aa
ﬁa'guﬂiﬂLa@ammmuﬂmm‘ﬂmmy WUNITHWITELNANNDY waz §9 LT Itasnud lauaat1iuiass
[13-15] wianuneneulumsnamniaduazds lidszauanudisaunninasaaszazia 20 DAsuan

v o o A ' o v Ao @ @ & oA v A Aa
El\‘]&lﬂ'l']ll‘WEl']UWNQQﬂLLUU?ﬂ‘ﬁ%EﬂLLUUI%N5] Lwanszﬂugqunumadaﬂ’mLacﬂaammamad A0 DUNA

[
IS

mdnEsunnnaandusnldsauwsaataiarle? unin subunit protein vaccine tHuwmidaien
UNdaumaﬂﬂiaumnL%ﬂﬁﬁﬂMiﬂﬂi:ﬁugﬁﬁuﬁ’uvlﬁ fatn9lUsAuasna1nfe gp 120 uaz gp160 lasnis
ez lduendvefiiegusimssuesiesledfuAwadidwang 1w CD4” T-ymphocyte G91Tluunasnne
58 Lﬁmmnmsm%ﬂwiﬂiammvl,'a%'ma%vl,a%’[uﬂ%mmmﬂwaLﬁalﬂuszﬁuq@m%mmw'ﬁmi’a%uﬁmm
fanTuTan 6’?}3LﬂﬂvlﬂﬁﬁqﬂdnmmogﬂﬁvlﬁLaﬁm Tsiifwiiatdien (nonhomogeneous) anaznaw uaslsl
waasansavasdRinyldagnsfinulusssuma [16-17] 3ndtwilsda mslw woudueddeterled-1 snduas
Fandlndfwanzanainnsfansasainmsls phage epitope libraries [18-20] Taiiludtmamnasasi
dasfienldindaudnigs é’afuma;ﬁ%’yLﬁumméwﬁrymaamsﬁ'@um’i%ﬁﬁﬂizaw%mwm:mmsm@mi
FLFINNILATEGA LLazLﬁuqmmw%’imaaﬁﬁm%avlﬁ
IunﬂsﬁnE’]ﬂ%ﬁ;ﬁ%’ﬂiuamﬁﬁwmsﬁdmsw:ﬁﬁl,ﬂ'mmﬂumsa%w‘[m‘[ﬂmuaaLLauﬁuaﬁﬁhLW’]:@ia HIV
protease substrate TuuSim cleavage sites L4 3¥1i19 p17-p24 Lﬁalﬁumﬂﬂau immunoglobulin (Ig)
gene variable fragments (single chain Fv, scFv) 2710 hybridoma cells LLa:ﬁﬂvL‘lJﬁﬁmiaa@LﬂTﬂgi adenovirus
vector tiialFlunsvings scFv gene ihgiradiinang (3uni7 intrabody technique Tunsdnsnasail BSA-
conjugated indinavir azgmm%w%mmnﬁan’lﬁﬂu immunogen Lil8991n indinavir Dumndwarlailungu
gndulds@iaa ﬁﬁmﬂﬁﬁmmuimm%wm substrate UILI0h cleavage sites Lﬁla block binding groove
289 HIV protease Ynl#n13n3z17um7 replication a4 hinliauysnl la yé@amﬁgm’hmﬂmmma%“w
Tululaanasuanfvaafisunizde indinavir lululaausaneudivedf lddousunsnsuiuysiaos cleavage
sites ldnnuIiim Fazduadniimisolululaauosuendvedde protease substrate cleavage site
Taaase asanlululaanaaiildanaairdauninesdlwanzusnoiu v llismansadhiuny
cleavage sites Tuduniagu 9le

msanenlasseemuiidves schv Andntuihusialalulassairves indinavir Afanuddglums
Reuuuulasiaiouas cleavage sites U HIV substrate 11 scFv idauagnssmwne TasSouiiounu
Tavssemuiidues scFv Asnansnsunivlasearavas indinavir ud ldg1anI03uRL substrate 16 n3zuan
msanenluguiiezlFinaiiang theoretical chemistry L% luapasni@aniis (molecular docking)

NAAAATAIDUAY (Quantum Mechanics, QM) ﬂamﬁ@lﬁ%ﬂmaqa (Molecular Mechanics, MM) L8z
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warnaaiiFaluiana (Molecular Dynamics, MD)  luawiaaasdanuilnafildazigeysslomidansv
molecular drug design 2a3endulUs@ies lagld scFv anti-cleavage sites tluniuuy lunmsnasavuenlnd

LA ] A o oA
’J’]Nﬂ’]ﬂ’]jﬂﬂ"ﬂuqqg\‘]%ia@’]LWU\‘)VLi

J2UUf 2 waudvadda human leukocyte surface molecule CD147  lasiimsdwianiNayinuednlng
NneuaINIEN Tz lusau-lus@uasnan lawld single-chain antibody fragment (scFv) Usznaudiosin
289 VH uaz VL Nidariudae polypeptide linker snaaundanubangugs 41 CD147 inhindudaiu

a

é’&yrugm (signaling receptor) &1 YU extracellular cyclophilins URZEIWNLTN CD147 fJé’%@liﬁ%Uﬂﬁ’ULsﬁaﬁgu
AUNH (immune cells) anene

ﬁ’m%'i_lﬂiﬂil“mf"umﬂ’ﬁl“ﬁ/ scFv Iuﬂ’l’i‘lﬁ’umuawu ﬁaﬁﬂ’n&l%ﬁ’lL‘W’]:ﬁ'iJLLauaL‘ﬂugdLLﬁ’h‘ﬂ:ﬁﬂLW’]:ﬁfﬂUﬂ’i’]
Iﬂidﬁ%ﬁumuﬁu&]ﬁﬁd LLﬂzﬁWNT}TﬂNa@] scFv vLﬁﬂ%N']mN']ﬂsLuLLUﬂﬁL%UI@UI%&%VJ%@%'] uaﬂmﬂ“ﬁﬂ'ﬂ
mminﬂimﬂmﬁﬁmmm’mw L% N3 fusion MU protein drug 'l target and kill pathogens %38 AU
marker molecules §1%IUNNTIATIER

8. 3z1ilauI539y

55014 53laluladluiaads (homology modelling) luapas$@anfis (molecular docking)NaaaaTAIBUAN
(Quantum Mechanics, QM) ﬂamam‘r‘ﬁ\ﬂmaqa (Molecular Mechanics, MM) wamamﬁ%ﬂmaqa
(Molecular Dynamics, MD) LazlA3aT8dITew (neuron network)

8.1 MIaNIlaTIRIIIuaudued: scFv

8.1.1 mimda%ﬂdummwﬂadLLauauaa'ﬁ'mm:aumngwuﬁa;&ﬂﬂiﬁu (Protein Data Bank, PDB)

8.1.2 Homology modeling 1A33&319 scFv anndaunsaaziilu

8.1.3 Refinement 1a34&319 scFv ﬁwnamami‘%ﬂmaqa (Molecular Mechanics, MM) LLaz WAFaA 31T
Imaqa (Molecular Dynamics, MD)

8.1.4 Evaluate model wandvadasnsle

8.2 ﬂ’]iﬁ%ﬁﬂﬂidﬁ%’muauaﬁm; indinavir, HIV-1 protease substrate, CD147

8.2.1 MlAseaonaliUL89uawRLAuTANNZENaNN Protein Data Bank (PDB)
8.2.2 Homology modeling lassa319 CD147
8.2.3 Refinement lasda319 CD147 @Tmnamamﬂ%o‘[maqa (Molecular Mechanics, MM) LLag WAF&AILT
I&JLaqa (Molecular Dynamics, MD)
8.2.4 Evaluate model CD147 fia1alet
8.3 M3 laTIgILauduad — LaGLAW; scFv-indinavir, scFv-HIV-1 protease
substrate, scFv-CD147

8.3.1anw laseaITEninsLaudived - LLauE?\Lauﬁwuﬂagﬁ'ﬂugmﬂﬁayaiﬂiﬁu (Protein Data Bank, PDB)
8.3.2 WU UTNMEAILVILOUALDR LATLOUALIY

8.3.3 Molecular Docking Hunglassainsdadusznitiuauduad — uaudian
8.3.4midveziluvasnaudiauiiminzanfidauindylulasaiubaduivuendvedanlasaiid
vinune'léan Molecular Docking

8.3.5 myvhwwdilngd dremildiaetiefiiseu nugwdeyadilnliding waziSoufisunanuise
anny

8.4 MminTagauwslasiguauwaLad - wauALIW, SCFv-CD147
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8.4.1 @N®" epitope mapping W LATIFINILOUALIUNANZRNIINLATIFIITTAIILOUALOA - LOUALIUD
' be b e

8.4.2 wWisuifinunaniesdjuanis

lagazaananismanniIagnIniN g Tuudazirdauazamansnsuneazidoaiiudaledann manuscript

Tumauwan asil

1. mIeedluiaanandved lasld Homology modeling Wazan Website aanuuuluiaasNiia
LanALBG

2. M3AN®INSEAILINN molecular docking WA

3. MIWIMNEING wazmIdaes lasldnamaaimeuan namaafidaluana uaz wWamaasiE
luana

4. MINARBIUNNTANEN antibody-antigen affinity

1. msdaadluinauaniuad

a) Homology modeling Gslumsfinmaeillaldisfidusulng lasainluaauandvafandaya
Tassafumuiavosneniivaanadaaienin ﬁnngmﬂ’a;&ﬂﬂiau (protein data bank) [11] I@ﬂ“ﬁaga
Tassahsldmanmaaeiuusidienass Toya NMR vaamefianeanlasalaliang  duaaunanlu

myrinlaluladlueadstsznauds 4 PUADUIAUUNUATIUILAN 2.1

Tas9a519nal UL

(Templates)

A 4

sziinlaseasns

A 4

o Qs al =l 1
mmnnsmaza\lfmﬂmmﬂ NIItaadnLaLUY

™ (Evaluation & assessment)

A 4

gUR1A Alignment

' Homology Models
nauwuy-tinang

y

Tuaalassasng =

U 2.1 YUADUARN LWANIFII9 homology model.

auuwsnidumaifanlysduduuuuann protein data bank (PDB) [11] laslddauuaslds@miuane [12]

v A o A = v = a o o & ' . .
luﬂﬂiﬂ%ﬂ'] ﬁ’]ﬂ&lﬂ'](ﬂ‘].llﬂ&la%u"]ﬂfﬁ\‘md >30% ﬁ]Zl“ﬁﬂ'\iLﬂiﬂﬂL‘ﬂﬂﬂﬂ?@ULﬂ%ﬂ (pairwise sequence
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comparison) wultlisunsa BLAST [13] uae FASTA [14] h1n <30% Anlag multiple sequence alignment
[ profile analysis [15, 16] TuAgasdudumsifisudey (align) Whnansusswinuy dasnslysunsud
1% align wluuUMmanzauitu tcoffee [17] wingeumianannit 50% azld alignment ﬁgﬂﬁaa
doudrannn  mngauniioutoanin 35% Ni3undn "twilight zone" mmgﬂﬁawmmﬂﬂamamn (18]
lasndmafindrwingesitsuazyinldns align AAWANIALAZGINTIIRAUDENIIZUATEII daleusduuy
WaZNBURADUE? IumamaaLﬁ'mmngﬂa%'msfu Taunaedt 1wuishildan rigid fragment assembly
LT SWISS-MODEL [19, 20] 738 Composer [21] UazAD spatial restraint methods 1% Modeller [22] N3
sanuuulasld rigid fragment assembly lFwanmIrnaInwedlasIasnd conserved core sections Aelu
m:gaﬂﬂiﬁu e L% loops WAz side-chains Husuidaouuazdacluaadiedsan nssanuuulesld
spatial restraints azafosuasi vio suliad (constraints or restraints) S1wIMNNNUBIIGLLTNNINY
NNITHTRUDE YU NaTiu u%nmﬁ"lajﬁﬁuﬁ:mﬂamuLLsaﬂamamﬁ%aImaqa sidechains inaanuuulagls
rotamer libraries [23, 24] M3831987% loop ¥lagAT ab initio WAE3N9 conformations Al g wn
Was¥i scoring [25, 26] W3831N database methods wlassasnslUsaufiadraiuaIn loop [27, 28],

anuRanaIazainsaIa i tlalulad uldldlu 5 anwazdlrunu [29] 1éun errors in side-chain
prediction, alignment errors, errors 1%U’%L’Jmﬁvlﬂfll,l,&il,l,m_l, errors due to misalignments LRZAINMT LT
winuuife Tesflusunsuls webservers fildUsziiuluias PROCHECK [30] waz WHATIF [31] 14
A32980U stereochemistry WAz structural packing quality &% VERIFY3D [32] l3azA compatibility 183
Tuaaszavazaoumelugievazilues ol ANOLEA [33] ava fitness 2asdraunulasoainouas
1/3214% nonlocal environment LL@ia:amawﬁfﬂlﬂmaqa vwasslunsesnuuuindudasdonusiuuy wie
align sl,mjLﬁaﬂ%’uﬂ;aqmmwmaﬂm\‘la%mmﬁmﬁaﬁu

b) Website aanuuulataagiudfuanivad la1usIuunas website Tunsienziuaziainssy

woudivad aoil
® The Kabat Database (http://www.kabatdatabase.com)

Created by E.A. Kabat and T.T. Wu in 1966, the Kabat database publishes aligned
sequences of antibodies, T-cell receptors, major histocomatibility complex (MHC) class | and Il molecules,
and other proteins of immunological interest. A searchable interface is provided by the Seghuntll tool, and
a range of utilities is available for sequence alignment, sequence subgroup classification, and the

generation of variability plot.

® Antibodies-structure and Sequence (http://www.bioinf.org.uk/abs)

This page summarizes useful information on antibody structure and sequence. It
provides a query interface to the Kabat antibody sequence data, general information on antibodies, crystal
structures, and links to other antibody-related information. It also distributes an automated summary of all
antibody structures deposited in the Protein Databank (PDB). Of particular interest is a thorough
description and comparison of the various numbering schemes for antibody variable regions.

® \WAM-Web Antibody Modeling (http://antibody.bath.ac.uk)

Hosted by the Centre for Protein Analysis and Design at the University of Bath, United
Kingdom. Based on the AbM package (formerly marketed by Oxford Molecular) to construct 3D models of
antibody Fv sequences using a combination of established theoretical methods, this site also includes the

latest antibody structural information. It is free for academic use.
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® Mike’s Immunoglobulin Structure/Function Page

(http://www.path.cam.ac.ok/~mrc7/mikeimages.html)

These page provide educational materials on immunoglobulin structure and function, and
are illustrated by many color images, models, and animation. Additional information is available on
antibody humanization and Mike Clark’s Therapeutic Antibody Human Homology Project, which aims to
correlate clinical efficacy and anti-immunoglobulin responses with variable region sequences of therapeutic
antibodies.

® The Recombinant Antibody Pages (http://www.mgen.uni-
heidelberg.de/SD/SDscFvSite.html)

This is large collection of links and information on recombinant antibody technology and
general immunology that provides links to companies that exploit antibody technology

® Humanization by Design (http://people.cryst.bbk.ac.uk/~ubcg07s)

The resource provides an overview on antibody humanization technology. The most
useful feature is a searchable database (by sequence and text) of more than 40 published humanized
antibodies including information on design issues, framework choice, framework back-mutations, and

binding affinity of the humanized constructs.

2. M3ANBINISBAIVIN molecular docking

ﬁi:?{‘n'ﬁmwmaammmmﬁi:Lﬁuvlé’ﬁnnmiﬁﬂmmiﬁ@ifmmhﬂuLaqa Bunud) luuSiom pocket
wia dunisdaduvasluanavmalngndy (Uséu) Sundy n13danfis (docking) 1gw enfiuLewlmsf Tufidl
LOWALBANLILOGLI I@ﬂﬁ,ﬂmaqaﬁﬁwé'aaEmLmumaaﬁuLiTﬁﬁ'uImaqaLi”Jmmﬂ laszansavey
Wagnfiamalusudia iemduniefinanzan wnulda (fit) sl,umﬁuﬁ'maﬂmaqaﬁtmm LLazvl@TE‘iJ'iN
I@ma%"wL%asr?auﬁmmzauﬁqﬂmeé'ﬂLLazLLiaﬁdg}mzijiuLaqaﬁﬁwmva@T lasmnafadulu
wosdfudnislunsmidayalaseaing protein-ligand complexes dnifuliatnssnth  madanlasnis
Usznumsnaniiaesiiemlanaodasuidlidutisieny  lumsdnsasiilldldis cCHARMm-based
DOCKER (CDOCKER) 4 grid-based molecular dynamics (MD) docking algorithm laelf Monte Carlo
simulated-annealing @Twawag'}uﬁ’jﬂﬂsﬁuagﬁu (rigid) uazdunueudule  (flexible) wliN3daed
WAaFFASLaUAARIUNG  (MD-based simulated annealing) azlEiIanAaud1IwIw Wlasaniinism
conformation madﬁLmuﬁﬁﬁmumﬂﬁt& external LAY internal rotational degrees of freedom lunSiao active
site va3ldsAunue  uadana3finlu CDOCKER laumsld grid-based tri-linear interpolation technique
Tedwaanmadllldann  Snnadanuusiugranndulasnisls full force field minimization approach s
N13% refine the docked poses sl,wﬁv'u@auq@ﬁw

Tusunsumanisdnnitslusunsufiidanldda CAChe [34-36] Saldamsuiulandd Tusunsuiisnansald
'smgiﬂwL@@I&lLaqaLLazﬁ'lmiﬁ']mmquuLaqaLﬁ'aﬁumauﬁ'@LLazmwé'wmmaaVL@Tﬁzaﬂamam’ﬁg\iL’ﬁw
(classical mechanics) LASNAARASAIDUAN (quantum mechanics) msﬁnmmwﬁﬁumaﬂmaqaﬁvlﬁmﬂ
Tusunsy CAChe ¥nlagld grid-base energy evalution adneAuflElu AutoDock sufinandranuasmn
goaldsunsy e meefieiiuildlusenunsivinii  lag CAChe 6.1 smaifsriduann Potential Mean

o o v ¢ '

Force (PMF) ma;&awaamuﬂnm:mwg]'a:mam:gn‘nmmmnimaa%’n X-ray lugmﬂﬁagaMiﬁu
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ij
i P’ o(r)
vol—corr (I u—()
bulk \I
A; (1) = - kgTln Py
A ' A
kg A8 A1937 Boltzmann
fa amwwuni
3 QU
R An szpzvivdezaa
i .
f "°'*C°”(r) A9 WNALABSNINNAVDIRULAUG
pijseg(r) a . \ ; o & o
Ao Fwuanuvnwuduzes i lulessseiugiuidanng
Tuzae Jadl frualas “ seg”
i .
Pk (r) fa wamanunuwusiuaad ij 1w bulk

U eeg (r)/ P buc(r) . . . -
namgzas P s D)/ Preak\l) o flodassuanusuiusvasezaanllsin type i uivazaovd

& . o & A ¥ a a 9 & € & o o @ aa
unua type | lulassaiwdugiwveadetoudunuallsan  uszldsaaioitwduarimuasuasism

NINNAVDILTITAURUNU L1 TR

2 A
PMF — score = K.r<rar f
ij . o . ¢ . ¥
Mool &9 mydasasidwivezaoy type ij tazaz@ad ki °naommmﬂﬂiaumww@lu“nayjaﬁugﬁu

Py o = A v o 9 e ' 'Y & o , o '
Luaﬂ’liﬂ’lu’JmLaiﬁ]ﬁuﬁlva@] curves TaﬂﬂﬂEﬂwwqﬂ"ﬁ@Lﬁ]uLLﬂzEﬂi’Nﬂﬂ’]ﬂﬂﬂdﬂ‘U Morse Curve” Q36738813

lugﬂﬁ 2.2 laguns x Va4 curves Aa TLULWIVRIGBLADN UAZUNU y B FABTUBINTITAIUIT

3.0 g o e a0 i B e S
¥ i , i. ! 1
. 20 —NCOC : 20 | NDOA —
E ol L -~ -OONC | g |
g ‘ i . T i , ’ 1 !
%—' 00 [ BRI Rt 00 PJJH‘_,— i e e
- ' : .-(.;'-rrl : ! .
& 10 : -10 -
20 . ~ j 20 . e e
00 20 40 60 B0 100 120 00 20 40 60 80 100 120
1.0 ‘ “I 3.0 [, e e
20+ i ] 20 - ]
s °. | CFCF | ! cFcF
£ 10- 11 1.0 t
ERE o
L 00 RREEE—— 00 | | T
z w7
1.0 -1.0

i b s

__2_0 . [ S— . 20 — .
00 20 40 60 80 10.0 120 00 20 40 6.0 B0 100 120

o

gﬂﬁ 2.2 @18819189n W PMF @28N®T 4 @1 Ba1uD9 mﬁ@maa@'amauﬁﬁ UAINIVGONY AIDNWT 2

MuwINNIYIAU @8NB¥T 2 AINAINN [36]
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o [ o 4 a 14 4
3. MIEIWIMNAINK uazn131aes lneldnamansatonan nadaasidelaana uaz wamans
Belanana
-4 o .
a) nadAIdAIAIDWAN (Quantum Mechanics)
FnIdwIMNIelAauANUUA I UR NI UTBITT ULz A NLAZ lULANAINMILATNNIAAY
(Shroedinger equation) lapsanitszuudmduadu ldfinulddwivszuunlng 1w szuvdaluena
asnnlunsudaumadinanlfiamdeudrouwnn uazdainminaufiaaafausiousgs ITnadwinns
aaudu Jazidsishafinanuaiedslinaniianugnedas (accuracy) uand1afi wazadBANNINI
a v ' @ AV o aa o a o &, L& &
naedrevdltiduetenn dayanldnnitmidwimmaaialeuauiudulvngidunisdszondien
) o wvad o B ' o & v o v aa o
anuimenasuuszaniandunanassladug wiu drdsauszusnszin dudu luldhniuitnsau
MBI AWRINWENNNTIN I E N INUAINRINUANE (potential-energy surface) tavinlUlEnuny

nasdunaNiaas

b) narmaasiBslatana

fonlddwmszuuiluana Lm'sﬁwé'ﬂ“uaﬁ%msaammuL%\ﬂ:uLaqaﬁgm’%yﬂLLazﬁwml"ﬁLﬁame
wuumaedanlnd (mode of motions) WasnL@LEINE (mechanical properties) vasluana lanauudlw
szaanidutaunisidafanudosdss  wsinserenieiuuesezaauen g f?uﬁwmmmnammaqwﬁa
%aa:ﬁmuﬂgﬂLLuumiLﬂﬁauﬁmada:mamm gluluiana 1w nba-navednuse (stretching) mM3adn-
08N18IYY (bending) WATMITAYUVBINUDE (torsional angle) UAIDAHNANMINANTUNWIGAY (classical
physics) 1% N7 28IgA (Hook's law) St eesidanusumn: 1w masfiusinieri (force
constant) WasaNanTuduisgnivelin  uddwIMwaINuangS lasfidwninesudazradmivime
yasazaan MAsTesluiuuasmMsnaaufitn ﬁwmi@mamummﬁﬁmas‘mmﬁ?ugm‘%m'jw force-field
parameters %ﬂﬁmmﬂmﬁwmmmﬁmezﬁiagamnmsmaaa UAZAINMIRUIBN NN BT T
oty ﬁaﬁ"uaﬁ%f:ﬁamminﬂizﬂqﬂ@ﬂ”ﬁﬁﬂmszuulmyGjﬁﬁ‘mmﬂSJ azaanled lasawzluszuumaaiide
Wana

miﬁ'lmmwé'w’mé'ﬂﬁﬁuﬁa (potential energy surface) maawimaqa (macromolecules) LT Tu56n
Idwiiieesaneg  Afnueiludndweidusasswausonszyi aunaNNIVBINAMEATLEIlaLanA
wasnudAndveszunduisidurasfinavetezaesy  wasuAnduesluanasunuinulasazlvasluana
%ammsnﬁ’]mmﬂﬁ’l@Umﬁ'ﬂmnﬁﬂuia;qilaéﬁoﬁa VT ANNENIWLEE WUTERINIWUDE LT udn WAL
Andidmmanangasdin  Ae §uusnUUNEIINDaINI S TUNS UGS N s uasAS Ea N LA
laud 38N bonded interaction suasAstnlusuil ldun  suasnzendldannmsiie-neasiius:
(bond stretching), 91NNN398289YUTZAIINUDE (bond bending), mﬂmsmwaoﬁuﬁm‘%amsmﬁwgu
lagasa (bond rotation W3a dihedral angle) wazsuiaassuaInssnIunaTINToINaiTunaswanSln
saudilildaonuselaaudaanu e non-bonded interaction suasiSenlugnil 1wu usaan e
MAR (van der Waal force) LLQZLL?G@G@@?ZWJ"N?JR@Lﬁﬂ(ﬂiau (electrostatic force) MURANNINAANRAT

luanaud? WAIUANESTIN (Ey) 2833zuummnIadwInlaanauns
Eiot = Eva + Enp

Ebd = Ebond + Eangle + Edihedral
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Enb = Evdw + Ecoulomb

lagfl  Eu Ao WRINWANGVBINTHA-RAVDIN W
Eage 718 WAMIUANIUDINNTIVBIYUTZRIINUDE
A @ o ¢ A A o
Egnearar 718 WASIUANIVRINM T RBUYN 0TATA
Eug Ao WRIWANGURIB WALV AaNNIWUTZAany (bonded interaction)
Eno fo wRINuAndUaIauaTATINN LUANUDLIZRIN9N (non-bonded interaction)
Evw A8 WRINUANSUILABINAR
A > s 6 6]
Ecouoms 1D WaSIUANHARDNI]

E=T O—O Bonding stretching

-
+ 3, W Angle bending
+3 Bonding rotation
(torsion)
+ 3 CD Non-Bonded interaction
Van dey Waals)

+2 M Non-Bonded Interaction

(electrostatic)

U7 2.3 wasudAndinauen g

lapaly Werigudnd (potential function) U89 Epgng W8S Eange natdusriguaniuaiin (harmonic

) e o . A Ao o a .

function) wIaWsnTudnduasNasa (Morse potential) TINanweNINTHUaKEISNBAN (an  harmonic

function) (JUN 2.2) #3% Egpeq #OAARDINUNITTUBDILAT B (COSine) uazdnil E,, luinanfuaad
& % o & o o -12 6 A a co A, & o & &

WAL Las 1Mad  MWanTusesauls r o uwaz r SssanWanguiinwenTuiauuwsa-laud (Lennard-

Jones function) WAz INANNUAAILIININAIENINLIZBIANATEU (electrostatic force) lTWsriTugaani

(coulomb function) WIRTUANS F1UNTOAUIAIANFNNNTAIGE LT

ZK,(r—ro)2

Ebond = bond
z K6(0—00)2
Eangle = angle
> V—“(1+ cos(nw - 7))
Edinedral = 107SO" 2
N N A B. a9
Ae. [ i
E . gjgl( i I’lzij r +47Z'80I‘ij
nb

6

T2UU 9 wikeniindnundngavesudasNuAInasNuendagimwuunung  $a3ond local energy

U

L. ' [ { o { ¥ A [ o oA . { v &
minimum  uazAwaINuIRasfigaluiuinasnudndngduis global energy minimum lataafiai1sduain
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Tsunsuaanfiaaaslunonsudy ﬁﬂazvl,ajmamnﬁwml"ﬁmﬂmmiﬁwaﬂmaqavl,@i”ﬁ'uﬁ Fariuazda
muﬂszmumiﬂ%ﬂmagﬂLﬁalﬁﬁwé’amuam‘imﬂﬁﬁamﬁqa TuAouilizNin  energy minimization
faend é’aﬂa’%ﬁuﬁm%'ul‘*ﬁ'l,u‘i%mm@wﬁ'dmuaﬂﬁﬁaUﬁq@ U §AIWINETIALTUY (steepest descent
method) ABUILNG INILAWA (conjugate gradients) UazTadIdIanLas I WEY (Newton-Raphson method)
FmSuMITudniuuanived wazuandianiild AMBER force field aiduauausefidsulwmansa
fnsuszuuninazilu weelusin Tamrsdarriuilssnnlansisuanivedsznaudionus: ladalwe
melulawuu (intra disulfide) RINNLTILONLLDITINNTOUENTZRING cysteine (CYS) LLawgﬁﬂﬁmﬁ’uLLmﬁﬂ
sz nladalWe (disulfide bridges, cystine (CYX)) lan Cystine 11 dimeric amino acid fig31slasns
panTLaTUVad cysteine aamyj’L%awﬁuﬁam‘i’uﬁﬂmwLamﬁﬁaa'%’nﬁ'uﬁ:v[@eﬁ'avlwﬁ Tagdaaaunsuues
disulfide bridge filUsunsuvhdaludaliain cys Twiu cyx lﬁﬂmLﬁasl%”'l@i”m'ﬁﬁma‘?ﬁgnﬁmﬁ’m%’u

Witz lada e

c) waraasBelaana

Tusnwilduasorin Tuanasnag posszuuimuadionlmaseana  wie  Sawddmiwadd
(dynamics properties) 'lidnazaglusnuzvasuds vesnal wia Mz UfFunuivasluianadieg wanit
ﬁ'ﬁuag’ﬁ'vqmwnﬂﬁﬁﬂﬁw suliansgmngiienaas (thermodynamics properties) ¥893:uu3AduNATIA
shaniefimieuliifusutalagsinvessuy asiudmnnsinsaulasuti@unne  (macroscopic
properties) 2843TULUED Imaa%ﬁwaﬂumqalmzé’uw§'aa’m@‘i"1q@m:hﬂélﬁﬂmwmUwiﬂ@ﬁfn WAy
Lﬁﬁﬂ%LLﬂﬂdﬁ%ﬂﬁf]wwmaaIuLaqa@m6] o IZAUNEING wiihalindsnugnd wdmoldanzaugams
QUANAFRAT LﬂuéaﬁﬁmwwmmmnmfﬂLLa:fﬁmﬂmmméﬂmammauﬂ'@mdqm%wamam‘fmaa
seuy eztaglwidlangdnssurimnoumiumadaouudss  wszeduissuifunnievesszuvlasiady
inglaatedn st lafinwdjaunusluszaulaanaduaui@nmsgania (microscopic properties) wfia
wika wdsuAnsgunwamaafilusuianisanma nalBondaTwinIemaEg ardunannITNg
nafaniana (statistical mechanics) TaananIniandaszning suUANMINAYDITTULAURNTANIIIANA
meluszuy MIsasnaifzaTadaysitwann %a“ﬁagaLwiaz"q@l"ﬁl,muauﬁ'a@mSJ LT% WA
il waInudng  gamwasnaas lassaing o FOUEIWRINY  lasannafinmsiaesmanaiaiia
Imaqaaﬂﬁiwuﬁmsmﬁyuuﬂmﬁy’ﬂmagﬂLLa:IaJLuuﬁumﬂlﬁauqamaqmﬁwamam‘ dwniiuge
%a;gaﬁvlﬁﬁnﬂmimaaﬂuama:aw;avlﬁasml,ﬁmwaua:mamqunﬂ6] FOUSAN LAl e
RANMINNNAFRATFDG miﬁwmmﬁa?m'mmmmmnﬂamﬁlmaﬁgamﬂﬁmmmm:‘ﬁﬂﬁ

IuLaqa‘naﬂﬂi?\uﬁmﬁauﬁuimaqammmgﬂ%‘u6] fofiwamans  mawipuulasneunasiutuves
TsdwRaduldinnaing w9 WSnm  wasdeudhedudeu  sndamsanaialudesdfianads
wadtalamafianits lumsdnsmaiamllsan  dnanslustuluanizasszaodadeldiniuanie
ﬁiﬂﬁLﬁmﬁ'ﬂuiwmﬂmﬂﬁq@ Tassafrevasldsduluaniznani@en (single crystal) Mldannmafiessa
\dndunadayanianamaad Tuwnefimsdnssuiamanamaasaismafiaduduens wanoszuudi
wuiniigdassnaginn mﬂﬁﬂmﬁ‘hamﬁaﬂwai'?]L%aiuLaqmjaaiﬂiau’?ﬁaLﬂumﬂﬁwﬁﬂumm%aamﬁa
nanaiavealdsdu  ddayamivayuuazassanug anutlafsanunalnmsnusesldsin - wie
afunewnAnssnvesmadisuudamaslusinld lumsssemamanitimandafinammuasi

Waulvvauvauuuniy (periodic boundary condition)
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mMIUszanalasmItuueveuLa wiounian3wasszuulugssduluitmssiasawizns
L%aﬂmauﬁamdwmﬂﬁ'uamfﬁ?\gamﬂ sl,"ﬁ'cﬁﬂmumgmﬂvlajmﬂﬁfﬂLm'Lﬁmwaﬁ%ﬂﬁmuﬁt@s:uﬂ@i’
periodic boundary condition Trelinssasslanzlndidssanuassunniduleslidndudoaiusiwin
pasaumMalinInsummalnffsanuzuLais ﬂ'm‘haaaf:ﬁwvl,ﬁ’lmUlﬁszuuagiummzﬁﬂmﬂﬁ
guﬁﬂma Fa3unin naesduawInIs (image boxes) Lﬁalﬁl,l,@ia:miaoﬁﬁwmumgmﬂlﬁmﬁauS]ﬁ'u M4
Fesnulivau g nnﬁﬂmﬂué’nmm:ﬂﬁmms‘nﬁ (arrays) tiuseslid udazndssduaminisezingas
%ummmﬁwﬁmﬁmﬁauﬁuagiau6] $mn 8 nassiawms  uddiduaadferldnonua 26 naas
INAUINTT mimﬁaufﬁmJaamgmﬂaanmmém%ummmi wwivnshaesazrarsdisaunalundas

INAUINS ﬁagjmaﬁ'wﬁ’mLﬂﬁauﬁﬂmﬁmnmu V‘i'ﬂﬁfﬂ"wmumgmﬂmaa‘s:uumﬁmua

li/slanaani3d1889 (simulation protocol) i:uuﬂizﬂa‘uﬁaﬂIuLaqaéhgﬂa:mm%amaanﬂﬂﬂi?}u #30
Tuanazwaian Lmﬂmaqaﬁqﬁm:mmﬁﬁauﬁauimaqaé’agﬂa:mmm:m:mﬂa%iﬁ"mwuzf’f}aﬁgﬂma
asundasgnunen ﬂdaagﬂmﬂﬁﬁmaﬁmwﬁw AN uazanagy ivhnuild nsliitRsestn
a3 aeudtueztissadafawaaiiiauinsesds  neasusaindasdedialiwasnudnduasuse
nizfligndas  veldsunsn  swsnidenmsdanaluanavesszuvanafiansuniunsinan wia W
5amaﬂmaqa°ﬂaaé"sgﬂa:mzjwhf:'u Ao riam’%'uﬂ'mi'madLLuuwai'?lL%aIMLaqa ATUTUWRIN UV
szuulﬁﬁmﬁwﬁq@ (energy minimization)  LBAARSEMNIALIINENLIBIINENEWATEY steric T2

&Y LQQQI%U%L’J LU MUDITZUULREADY 9 LL@@GﬂWiﬂ@Wﬁ‘GGWHSL%Eﬂﬁ 24



20

1O
e ]
. iz
10000 -
> =
0
(]
c
w
LY
B e o e
i .. A & A &
o Ret ] 0000 UL DT BCAIOD LK
Number of step '
o . & b
3U7 2.4 Energy minimization vastawlmal (a) lugryyimea (b) luv
g; dl o v ad A a L= o Q U v
Tuuneass asnnnsiiaasdieiwaifidduanavasumluanainazgninnadisavansls

WY ITNIANANANY (CPU) uazdssdntamnaasansawds msdwesrsuuluaonusfe  wiamsdaed
seuvliislioudluanavasdavhazaoagluszuy (implicit solvent) Asansavinle Tagmasnuadiaaf
ladianasnfitmanzan
Lfia"LGTaJ%m:uuﬁﬁwﬁaawu@%ﬂﬁqmﬁa ATTLIUMITUIA fla MIldanuTou ﬁmﬁuqmunﬁiﬁﬁmwu
auﬁuqmmﬁﬁﬁmms AN HTBITTUUAWITIRINHATINTBINAI IR NazaaumsluIzLY - 6
JUMT
%Zmivzi gnkBT

2e9lsne I st = 0 L NIIUANNSY  AINUANNITITNARIIIFannIE R Raa S RN Uezaaw
' ' < | £ o A { 3
laslaideninasluezaavle LLm:wagnummimzmwaumnmaaa‘qumwgu WanIIuANNLI
LSNAWLED miﬁhaaawaf?n%ﬂuLaqaﬁa:mmim‘hLﬁuvlﬁﬁaﬂﬁuaa wazdo lldatnedaiites Waszuuds
qmﬁnﬁﬁﬁaamm{h mwﬁwLﬁumsﬁ‘haawiavlﬂé'm:mﬂﬁdLﬁ'a1ﬁs:UUL°ﬁ1§au@1aLLa:Laﬁﬂs nafa
FLUUNTEAUNAINWIUMUTIH  wande  InSURoulUadtaIngsny  wie Wwﬁﬁma%maaqmﬂwa
ARATAIN ﬁam’;:awqaﬁ WRIUTIN  WAIIUIRY WRISWANE amnnd ANNaw USuas Aaudng
asn wIalinmawdsuudasiosann audald  Fidaylundieesfe  dasenaseuzuuidunewitegly
e A ' A a o A A a A o = a
amazauqamowmmmavlu WRZITUUTANNEDLININTasIASIlY  Wassuuianuanysua  399zHEa
U Qa U =) o 1 1 a o U &/ s 1 g:
ToyanInaia °uaga‘[ma%Lu@maaml,mmamaumo6] mMInAaiwInTaYAI IR AT TN UAE
Indana (time scale) @971 leNaMNLAITIIGY T9TwIATUanMTURuudrLs luudazawin s luge
Aa a A « < A A A o ' & A A ° an
W laIui smLﬂJumsau‘nLsawqﬂﬂwulﬂmaaﬁwaﬂmaqa PRI TANAINARDANITINRBINGIA
FWINIRING  VaNDINANIRNALUMITINRBINATA  WINLOIAN NI FNAWITFILAIT VAT AZRINITD
uaﬂ"lﬁiﬁ:uuﬁmimﬁﬂu@‘hLm‘ulw%aﬁmwﬁ@]ﬁa;&awai’mﬂﬁﬂﬁ mMafuIUnNTayawad  ums
tufinszuufinnade g ddmuald 1w dayaszgnduiingn g nivasmasanidaesluasunisiassisiu

&

na nsduiinluansoeil azlddayailugag (a1ai3undn configuration) I@mu@ia:qm:maﬁmﬂu

U



21

oz Swugansnuenduiinld  Fondh lewfindniaaned  (dynamics  trajectory)

< o @ wn A ca A = & =]
laomluud gadayaninadd Ao gevedlaseifiuavesezasunnezaeniilusidusznevvasszuy o
sansnthian W lFdwmguandfdng g vesszuufisugalasmiudaly luﬂwﬁé‘l'ﬂﬁwlﬁrl‘ﬁaga dynamics
trajectory luanmzauga AnmindwianwasuiadudazluindgsiT MM-PBSA uaz MM-GBSA  uaz

2 . . o . . a a ' o &
ANWINAVDY side chain I1NN1INT alanine scanning lasfinoazidualasainiasit

®  Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA)

The mutual molecular recognition of proteins with their ligands is the beginning of most of
biological processes. Therefore one of the main objectives of structure-based drug design is to be able to
reliably and accurately predict the binding affinity of compounds that bind to the target protein. The "lock-
and-key" analogy to substrates binding to enzymes like a key fits into a lock was first introduced by Emil
Fischer in 1894 [37]. Although this is still a valid analogy since a certain shape complementarity has to be
present between the substrate and the protein, it is also clear that there are many other factors that play a
part in the ligand binding process. In this work we will only focus on non-covalent binding, which can be
viewed as the association of Protein (P) with Ligand (L) to form a Protein-Ligand complex (PL). Figure 2.5
shows a schematic picture of non-covalent ligand binding to a protein, and some of the factors that

contribute to protein-ligand binding.

P+L «—2PL
_w-1_ p-1_ [PL]
Ka=Kp' = K" =

AG = -RT In K, = AH-TAS

Figure 2.5 A schematic overview of the main factors of protein-ligand binding and how to derive binding

energies from them. K, is the association constant, and Ky, K; the dissociation and inhibition constants.

AG is the Gibb's free energy.

It has been suggested that the electrostatic interactions mainly determines molecular recognition and
noncovalent binding [38], but this is by no means a general rule. There is equal evidence to the
importance of shape complementarity [39]. Molecular recognition can be therefore attributed to
contributions of electrostatic and van der Waals interactions, solvation/desolvation and flexibility of ligand

and protein. These major contributors to molecular recognition are described briefly below
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Noncovalent Interactions

Noncovalent interactions are a number of relatively weak chemical interactions that stabilize the
conformations and the interactions between molecules. Hydrogen bonds result from electrostatic attraction
between an electronegative atom and hydrogen that is connected to an electronegative atom, which is
usually oxygen or nitrogen and less frequently fluorine, or from a p-p-interactions, or stacking. This also
implies that it is very important for theoretical calculations to have the protonation states of arginine,

lysine, aspartic and glutamic acids, as well as histidine correctly determined for an accurate description of

electrostatic interactions. Distances of hydrogen bonds are normally 2.5-3.2 A and angles of 1300—1800
are typically found [40]. The strength of a hydrogen bond depends on its directionality and its
surroundings. The hydrogen bonds in the interior of proteins are stronger than the ones in the solvent-
exposed regions [41]. In addition ionic bonds are very important to ligand-protein binding, but their
strength is considerably reduced in water due to shielding.

Water plays an important role in the hydrophobic forces, by forcing hydrophobic groups together it
abolishes disruptive effects on the hydrogen bonded network in water, which is also known as the
hydrophobic effect. The van der Waals interactions or London dispersion forces are used to model the
attractive and repulsive forces between molecules. If two atoms are too close to each other they will repel
each other, which makes it possible to define a fixed radius for the "size" of each atom (van der Waals
radius). The contact distance between two atoms is then the sum of their van der Waals radii. Van der

Waals interactions can be very important when two surfaces of molecules fit well together.

Solvation and Desolvation

Water plays an important role in the formation of protein-ligand complexes. Before a protein-ligand
complex is formed, the individual partners that are not a part of hydrophobic surface are involved in
hydrogen bonds with the surrounding water. Once the complex is formed, these hydrogen bonds are
replaced with hydrogen bonds between the ligand and the protein. The contribution of hydrophobic
interactions to protein-ligand binding is normally regarded to be proportional to the size of the hydrophobic
surface buried during complex formation [42-43]. Hydrophobic interactions are also regarded to be the

main driving force of conformational change of the receptor upon ligand binding [38].

Entropy

The change in the degrees of freedom of the ligand and protein upon binding results in a change of
the entropy [44]. It can be viewed as the ligand and protein both losing three degrees of translational and
rotational freedom, while six new vibrational degrees of freedom are created for the complex [45].

Estimating binding free energies accurately is a very time-consuming process.
The most accurate results can be obtained at a lower computational cost with methods such as MM-
PBSA and MM-GBSA. These methods are however still considered too computationally intensive to be of

much use in virtual screening approaches.
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In MM-PBSA, the binding free energy, AGbmd, is written as the sum of the gas phase contribution,

AHES i inding, A ic contributi
bind the desolvation free energy of the system upon binding, AGg.,, and an entropic contribution,

-TAS [46-47] (Figure 2.6):

AHgas
bind
Vacuo: Protein + Ligand B Complex
C
AGSO]V AGgolv AGsory
Solvent: Protein + Ligand ———» Complex
AGpind

Figure 2.6 The thermodynamic cycle used for MM-PBSA/GBSA calculations

as
The term AHgind contains the van der Waals (AHvdW) and electrostatic (AHe,eC) interaction

energies between the two partners in the complex, and the internal energy variation (including bond,
angle, and torsional angle energies) between the complex and the isolated molecules, AHimra:
gas _
AHbind = AHgec + AHyqw + AHjntra
AGdeSO,V is the difference between the solvation free energy, AGsow, of the complex and that of the
isolated parts. AGsol\, is divided into the electrostatic, AGe,ec,sow, and the nonpolar,
Aanysol\,, contributions,
AGgoy = AGelec,solv + Aan,solv
In MM-PBSA, AGeIec,solv is calculated by solving the Poisson or the Poisson-Boltzmann (PB)

equation [48-49], depending whether the salt concentration is zero or nonzero.

®  Molecular Mechanics Gibbs-Boltzmann Surface Area (MM-GBSA)

Recently, an approach related to MM-PBSA, where AGe,ecvso,v is determined using a Generalized
Born (GB) [50] model, has been introduced under the name Molecular Mechanics-Generalized Born
Surface Area [51] (MM-GBSA). Despite its approximations, the GB model variant is attractive since it is
much faster than PB. Recent advances of GB models, like GB-MV2 [52-53], reproduce more accurately

the PB solvation energies of macromolecules as well as desolvation energies upon binding and support
the use of GB in this context [54]. The term Aan,soIvv which can be considered as the sum of a cavity
term and a solute-solvent van der Waals term, is assumed to be proportional to the solvent accessible
surface area (SASA),
AGppsolv = YSASA + b

This well-known and often used approximation comes from the fact that the AGSO,V of saturated
nonpolar hydrocarbons is linearly related to the SASA [55]. Recently, an alternative model for Aan,Sm\,
using a cavity solvation free energy term plus an explicit solute-solvent van der Waals interactions energy
term has been tested. This model led to better results in estimating AGbind for the Ras-Raf association,

although the transferability of the results was questioned [56]. The entropy term, due to the loss of
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degrees of freedom upon association, is decomposed into translational, S, rotational, S, and
vibrational, S, contributions. These terms are calculated using standard equations of statistical
mechanics [57]. The vibrational entropy term is calculated with the quantum formula from a normal mode
analysis (NMA) [57]. A quasiharmonic analysis of the MD simulations is also possible. However, it has
been found that it does not always yield convergent values, even using very long MD simulation
trajectories, and also led to large deviations from the results obtained with NMA, giving an overall

unreasonable entropic contribution [56].

®  Computational Alanine-Scanning
MM-PB(GB)SA has been found to perform well at determining the effect of mutations on
association processes, and identifying the hot-spots of protein-protein complexes [51, 56, 58-61]. Two
main approaches exist. First, it is possible to perform the so-called computational alanine scanning (CAS)
[58-59] in which the absolute AGbind is calculated for the wild type system, as well as for several mutants

in which one residue has been replaced by an alanine. The alanine mutation is introduced by modifying

the frames extracted from the MD simulation of the wild-type system. The difference in AGbind between
the wild-type system and the mutants may be compared directly to the results of an experimental alanine
scanning (AS) [568-59]. The second possibility is to perform a binding free energy decomposition (BFED)
[51] for the wild-type system. This process aims at calculating the contributions to AGbind arising from
each atom or groups of atoms (typically side chains). Like CAS, the BFED also identifies the nature of the
energy change in terms of interaction and solvation energies, or entropic contributions. The detailed
description of the BFED process can be found elsewhere [51, 60] and is summarized in the appendix of
the present Review Article. The MM-GBSA variant is attractive for BFED, not only because it is much

faster than MM-PBSA, but also because the pair-wise nature of the GB equation allows the decomposition
of AGe,eC,So,V into atomic contributions in a straightforward manner [51]. It is however interesting to note

that the decomposition of a PB calculated AGe,ecysolv can also be performed [61], though it is more
computationally demanding. Although its results cannot be compared directly to an experimental AS, the
BFED offers a faster alternative to the CAS, since it only requires one binding free energy calculation.
Also, it allows studying the contributions from nonmutable groups of atoms, such as backbone atoms. In
addition, contrary to CAS, the BFED is a nonperturbing approach that does not require introducing a
mutation in the system. A comparison between CAS and BFED results can be found in reference [60].
Obviously, these methods cannot be expected to provide results exactly comparable to values obtained
from an experimental AS, since they both neglect the effect of the mutations on the protein conformation.
However, fair agreements between the experimental and theoretical results have been found in several

studies and open the way to rational protein engineering [51, 58, 61].

4. mMInaaadlun1s@nmn antibody-antigen affinity
Fanltluiesl jodmimaimanfiduiwinnmediin amznafiansunng awineaodeslnaldinadia
. . o ' o a .
Enzyme-linked immunosorbent assay (ELISA) THuan@9nw&adisne WUy Indirect ELISA UazlUL

Competitive ELISA lagaananilasgaini wazuaadnmMwmInaaadadndng g é’agﬂé’aﬁ
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a) Indirect ELISA

In direct ELISA, an antigen is adsorbed to a plastic plate, then an excess of other protein (using
bovine serum albumin) is added to block all the other binding sites. Then an enzyme is linked to
an antibody in a separate reaction. The enzyme-antibody conjugate is allowed to adsorb to the
antigen, then excess enzyme-antibody conjugate is washed off, leaving enzyme-antibody bound
to antigen. The enzyme is detected by adding the enzyme's substrate. In an indirect ELISA, the
steps are similar, but with important differences and an additional step. After the antigen is
adsorbed to the plate (and after the BSA step), the next antibody to be added is the antibody that
recognizes the antigen (this antibody does not have the enzyme attached to it). Then, an enzyme-
antibody conjugate is prepared, which is added to the plate and detects the antibody that is
adsorbed to the antigen (in a direct ELISA, the enzyme-antibody conjugate directly adsorbs to the
antigen), then the substrate is added which detects the presence of the enzyme and thus the
antigen.

Figure 2.6 Indirect ELISA

b) Competitive ELISA
The use of ELISA is through competitive binding with the following steps which are different than the
indirect ELISA:
1. Unlabeled antibody is incubated in the presence of its antigen (Sample).
2. These bound antibody/antigen complexes are then added to an antigen-coated well.
3. The plate is washed, so that unbound antibody is removed. (The more antigen in the sample, the
less antibody will be able to bind to the antigen in the well, hence "competition.")
4. The secondary antibody, specific to the primary antibody is added. This second antibody is
coupled to the enzyme.
5. A substrate is added, and remaining enzymes elicit a chromogenic or fluorescent signal.
For competitive ELISA, the higher the sample antigen concentration, the weaker the eventual signal. The
major advantage of a competitive ELISA is the ability to use crude or impure samples and still selectively

bind any antigen that may be present.
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Figure 2.7 Competitive ELISA
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3. HAIIWIVY WASIVNIUNA

U52nauA289w InaIna19 9 it

3.1 Homology modeling U84 scFv anti-p17
MeazBuaiudul paper fiawasln Molecular Immunology 2009

3.2 Molecular docking nine peptide epitopes into the binding site of scFv anti-p17
swazidoauiaudvle paper NaRNWIL Molecular Immunology 2009

3.3  Molecular dynamics simulations (MD) of scFv anti-p17 - peptide epitopes complexes: Binding
free energies and decomposition energy
wazidoauiadlu paper AdRNWIL Molecular Immunology 2009

3.4  Molecular dynamics simulations (MD) of scFv anti-p17 - peptide epitopes complexes:
Computational Alanine-Scanning of an amino acids in the complementary determining regions
(CDRs) of scFv anti-p17
i’]&lauaﬂmﬁlmawlu Manuscript “Structural analysis of scFv anti-p17 point mutations guided from
computational alanine scanning”

3.5  Amino acids mutation of scFv anti-p17 for improving the specificity of binding affinity
i’mﬂ‘:lﬁﬂmﬁlmaﬂu Manuscript “Structural analysis of scFv anti-p17 point mutations guided from
computational alanine scanning”

3.6  Competitive ELISA and Indirect ELISA
i’lilazlﬁﬂmﬁlmaﬂu Manuscript “Structural analysis of scFv anti-p17 point mutations guided from
computational alanine scanning”

3.7 mi‘i_l%"i_lll?ld scFv p17 @28N17 grafting U SS-bond free scFvs
i'lilazl,ﬁﬂmﬁma%ﬂ% Manuscript “Stabilization of Anti-Ras scFv fragments with/without disulfide

bond through theoretical modeling and molecular dynamics simulations investigation”

38  m3ulss scFv anti-p17 @1um7 grafting CDRs 984 scFv anti-p17  Uw scFv fazanglaa
(scFv13-R4)

3.9  mMIa9laTaini scFv G46 LazANEINNTHAIUNY gag-pol sequence

3.10  MIAN®IaUATAILNIERING antibody-CD147

N Ua:LamLﬁmaﬂu Manuscript “Modeling of CD147 binding sites against ScFv: a guide for

epitope mapping”

3.1 Homology modeling 284 scFv anti-p17

msaslassay scFv anti-p17 sudulaldlusunsy modeller 1w Discovery studio 2.0 lunisas
1A398379 antibody wazl35 molecular docking @38 Cdocker lun3a39lasIa3na1Gaa antibody-antigen
wazfnsnsBasuluin lasdaunsnesluEuduldunan Tewar et al., 1998 wuitsu VH aganiy VH
ofidiotype-anti-idiotype Fab complex (pdb id:1iai), sharing 82% sequence identity lummzﬁdﬁu VL
WAUBWNL VL of the Fab fragment of neutralizing antibody directed against an epitope of gp41 from HIV-1
(pdb id:1nld), sharing 96% of sequence identity WATANTN9GBd VH uaz VL 1435 superposition U a

crystal structure of the anti-DNA binding antibody (pdb id:2gki) PMNURYIANT minimize 1A59&319 500
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steps of steepest descent @ANa28 500 steps of conjugate gradient ‘-nuvl,ﬁconvergence criterion of 0.05
keal/mol/A 14 AMBEROS3 force field (Case et al., 2006) @3298aulaTIa319d78 PROCHECK wuitwjazil
Tuannnin 92% ag’luu‘%nmﬁmmzamad Ramachandran

Plot la39&314 scFv antip17 sznauaay six unique hypervariable units %30 complementary

determining regions (CDRs) Al binding groove MWIUHAIUAULaUALAN tauA loops TuaIU heavy
chaing H1(31-35), H2(50-66) W&z H3(99-104) Lazdn 3 loops Tusn light chain fia L1(154—169),
L2(185-190), and L3(224-232) éﬁgllﬁ 3.1

Eﬂﬁ' 3.1 luiaa scFv anti-p17. (a) 3D structural model for scFv anti-p17. VH and VL domains are colored
white. The hypervariable binding loops are colored green (H1), pink (H2), cyan (H3), yellow (L1), purple
(L2), and orange (L3). (b) Amino acid sequences of the hypervariable binding VH (1-114) and VL (131—
241) domains of scFv anti-p17 and an arti.cial linker shown in bold (GGGGS)3; the loops in the heavy
chain (CDRH1: 31-35, CDRH2: 50-66, and CDRH3: 99-104), and the loops in the light chain (CDRL1:
154-169, CDRL2: 185-190, and CDRL3: 224-232) of the scFv antibody.

3.2 Molecular docking nine peptide epitopes into the binding site of scFv anti-p17
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m3eanuuulasiaind antibody-antigen LLazmi?m‘mé’umﬁ%mmww:ﬁsmdwﬂuLaqa I@mﬂiuﬁu%yja:

flundsuimeanlunsiaduves single-chain antibody fragment (scFv) AU HIV-1 p 17 lasmag$s

las9a9msiBatourad scfv anti-p17 NU c-terminal HIV-p17 wild type wasiiuaurian 8 afanwulu

5738 #9lansanaddindunssinannlassanaensssd pdb id:1ki4 wazaalassasbadudlnns

YN molecular docking saldsunsy BioMedCaChe 2.0 (Fujitsu, Inc.) program lagld CDR loops 1T

a ®] o & 6 a o v o S8 o A g
UIITUE AU “/l\‘iL‘l_]‘].]vLYW]LLaz‘UiL’Jm CDR loops ﬁ']&l']iﬂ‘llEJ‘]JVL@I?IITLLZ‘L]'IGE]GT]'I?EI@W‘U LArU T A UNRIN WD

lassanadetoudie potential of mean force (PMF) uazld genetic algorithm with a population size of 50,

crossover rate of 0.80, elitism of 5, mutation rate of 0.2, and the maximum cycle generation was set to be

40,000 BW1A8S grid box = 30 x 30 x 30 A Tag'lduassaseh 1

a137197 3.1 deulIng, PMF score LLa:ﬁga:ﬁIuﬁnmﬁauSmwﬂ

Peptide names Peptide sequences PMF score Amino Acid in 4.5A from peptice epitope
{keal/mal) MNonpolar hydrophobic Polar hydrophilic
pl7.1 P OTGHSSQYSONY!? -a02.11 GLY33 (H1), TRPS0 (HZ), MET10:0 (H3), SER99 (H3), SER103 (H2), ASP162 (L1,
GLY226 (L3), LEU229 (L3) ASP190(L2), THR227 (L3)
p17.2 P DTCHSHOVSONY!? —800.18 TRP30 (H2), MET100 (H3), GLY151 (L1}, THR39 (HZ), SER99 (H2), LYS101 (H3), SER103
LEU185 (12}, GLY226 (L2), LEU228(13) (H3), SER1G2 (L1}, ASP163 (L1}, THR227 (13),
HIS228 (13}
pl7.3 P DTGHESOISONY 132 —B82.65 TRP50 (H2), MET100 (H3), PHE1G7 (L1], SEROG (H3), LYS101 ({H2), ASP163 (L1},
GLY22G (L3), LEU229(L3) TYR184, ASP190 (L2), SER191, THR227 (L3,
GLN231(L3)
pl74 2 DTG HNSOVSONY!? —808.71 GLY33 (H1), MET100 (H3), GLY226 (L3), ASP31(H1), TYR32 (H1), ASNS2 (H2), SER99
LEU229(12) (H3), LYST01 (H2), HIS228 (L3}, GLN231(13)
pl7.5 12 NTOHSSOWSONY! —84351 TRP50 (H2), MET100 (H3), PHE1E7 (L1), ASN3S (H1), SERDS (H2), LYS101 (H3), ASN1GO
LEU185 (12}, LEU229 (L3) (L1), TYR184, ASP190 (L2}, SER191, THR227
(L3), HIS228 (13)
pl7.6 P DTGNSSQVSONYE2 —846,12 GLY33 (H1), TRPS0 (HZ), MET10:0 (H3), SER9G (H3), LYS101 (H3), LYSIE5(L1), TYR184,
LEU229(L2) SER141
p177 P DTCHSSOASQNY! —820.04 TRP30 (H2), MET100 (H3), PHE167 (L1}, THR39 (H2), LYS101 (H2), LYS1G5 (L1), LYS188
GLY226 (L3) (L2), THR227 (13), HIS228 (13)
pl7.8 P DTOHSKOVSONY! —026,70 TRP50 (H2), MET100 (H3), PHE1E7 (L1), THR59 (H2), SEROD (H2), LYS101 (H3), SER103
GLY22G (L3), LEU229(L3) (H3), SER1G2 (L1}, ASP163 (L1), THR227 (13)
pl7.0 1 OGNNSO VSN2 —241.02 TRP50 (H2), MET100 (H3), PHE1E7 (L1), THR59 (H2), SEROD (H2), LYS101 (H3), LYS165,

LELIT85, LEUZ29 (L2}

ASN1GE2(LT), TYR184, ASP190 (L2), SER191,
HISZ28 (L3)

The underlined letters are the mutated residue in each sequence compared to the wild type.
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U7 3.2 ninezdlulunSiimbnduves sciv 1u 4.5 Aan HIV epitope original substrate

(DTGHSSQVSQNY)

®  LRVAIAIWAIIUNITENTUVEIUGA: CDR loops

MIdMIne Residue interaction lagli@adniwauestin uasldlasiarofeton sciv anti-p17 NU c-
terminal HIV-p17 371n BioMedCAChe uaz PMF scoring LLa:ﬁﬂmé’umﬁ%mi:wjﬂﬂmaqa ERinnyacdl
Tu Residue interaction  1Hun1sfwIsngsnuiildannisdw sanangy ﬂ%aﬂamami%ﬂmaqa LA
Junsdmndusniusuta dunmldain AB-Antigen ulassaadetaulutsinmiesuiaule u
wyjazfilulu complementary region lauduans interaction vasngazlilufinzarlutinmbady dwinld
NN

Erest-antigen = E rest-antigen = E res1= E antigen

Res1= nyjaziiluanznaulaluiinmiedy

=2 ' o R o v o =< AR o o a &

U IANENATNRIBNNTEAILVEY CDR loops Ma¥iNMIAN®ILANIE CDR loops 7HAIUNLALAKA

p17.1 17.3 17.7 p17.8 lag p17.1 {Judunuaaidu aunuan 3 dewssnumsiasulnfifssny B
e o a &al A [ R o o A a &al A o 8 o A =

WNUGAIdU  Bunudn 7 demdanunisteduosige uazAunudn 8 Iemasunsiaiuaniga Sua

MINARBINLIN Aunuaudazsiaiinsiiadunuudas CDR loops @19nuwad wild type p17.1 daudnasnn

lasusnandedulaidlunsdives p17.7 ihazidunasnanmstiaduili@ny CDR loops L3 uaz H1 lag

LLamﬁhmsﬁﬂﬁmﬂumnﬁegﬂ WRzeNT9 agdlsnaumsdiwimnasnuiaduluintnazlwdrauasnsenn

gndasunnI
A1397 3.2 FWAINUNITATUVEY CDR loops ABASURLALNWAT 1 3 7 uaz 8
CDR
Ligand loops Eox E coR l0oo E cOR oopfinde + La /\E kcal/mol | PMF score
Lg1 L1 -1520.9452 -128.92753 -1191.4655 -200.55214
L2 -1520.9452 -464.44398 -878.7993 -177.70191
L3 -1520.9452 -57.62006 -1426.246 -37.07913 -902.11
H1 -1520.9452 -371.67571 -968.25535 -181.01413
H2 -1520.9452 -99.35067 -1221.3816 -200.21292
H3 -1520.9452 -103.69674 -1270.5459 -146.70252
Lg 3 L1 -1581.7045 -128.92753 -1402.7213 -50.05568
L2 -1581.7045 -464.44398 -1079.0834 -38.17713
L3 -1581.7045 -57.62006 -1532.8045 8.72 -899.18
H1 -1581.7045 -371.67571 -1193.9575 -16.07129
H2 -1581.7045 -99.35067 -1430.029 -52.32484
H3 -1581.7045 -103.69674 -1416.8688 -61.13896
Lg7 L1 -1463.0242 -128.92753 -1313.4605 -20.63616
L2 -1463.0242 -464.44398 -916.66548 -81.9147
L3 -1463.0242 -57.62006 -1456.4604 51.05631 -829.94
H1 -1463.0242 -371.67571 -1109.6534 18.30498
H2 -1463.0242 -99.35067 -1351.3159 -12.35759
H3 -1463.0242 -103.69674 -1288.3425 -70.98497
Lg8 L1 -1705.3973 -128.92753 -1491.8571 -84.61269
L2 -1705.3973 -464.44398 -1194.7615 -46.19187
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L3 -1705.3973 -57.62006 -1584.003 -63.77433 -926.793
HA1 -1705.3973 -371.67571 -1230.7455 -102.97611
H2 -1705.3973 -99.35067 -1568.3251 -37.72156
H3 -1705.3973 -103.69674 -1441.9818 -159.71884
B2 Lg8
N\ Lg7
h3 V2223 .93
[_ILgl
H2
[
»n H1
Q.
o
3 1
Q13
(@)
L2 60°07676°6°0°0°0°0°0
L I AN
vz
R R L o R L Ema R RARRaEEE Bo s
-200 -180 -160 -140 -120 -100 -80 -60 -40 20 0 20 40 60
Energy(kcal/mol)

U7 3.3 nluaesdWaI9UN1THATUEI CDR loops 19

®  avaIAINWAIIUMTEAILYaInTAasl lkusasdali CDR loops
PNURIMIAN I NAIUIEaduvaInIaazllule CDR loops niaazdluivnmsdnsilunsne:

flulu CDR loop L3 uaz H1 AEAIUALALAGN 7  AMIANBIAINAINUANTEATL2ES CDR loops 4%

\#wle31 CDR loops L3 waz H1 fennasnumsiasunvdunuan 7 108 adsnudslavin@nundn

[ =2 @ PN A o =2 @ A o ' o 2
Wﬂ\‘i\‘i']%ﬂ']iﬂ@%U%aﬂﬂi@ﬂZNIuLWaﬂiUﬂ?Gﬂ']iﬂ@mU’Uﬂ\‘iﬂi(ﬂaz&li‘lﬂ,u CDR loops @NNAID SIMN']?J']??IEI@

v o a d v & ' [ o a Py v a
%Uﬂ‘ﬂauﬂuﬁﬁ 7 vl:ﬂﬂ"l]u luﬂﬁ%’]m‘waw’mﬂ’]iﬁ@ﬁm‘ﬂadﬂiﬁazﬁJIusLu CDR loops L3 taz H1 ‘ﬂﬁ@lﬁma

wnuan 7 lawfSeuifisuiungeziiludunuii Ser 629 99 lu CDR loops L3 In13tadulaid fdwasnu

1szunmh -21.34 kcal/mol  @981319
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CDR
loops Amino acid of CDR loop | Eg, E amino acid E amino acidfinde + Lg AE kcal/mol
L3 S99 -225.72707 | 24.42592 -228.80918 -21.34381
M100 -225.72707 | 20.67997 -171.32588 -75.08116
K101 -225.72707 | 70.9755 -222.59417 -74.1084
G102 -225.72707 | 14.18032 -161.37302 -78.53437
$103 -225.72707 | 28.81289 -123.66832 -130.87164
Y104 -225.72707 | 10.57596 -189.10717 -47.19586
H1 K138 -562.67268 | 65.42807 -554.96922 -73.13153
S139 -562.67268 | 30.65557 -474.95398 -118.37427
S140 -562.67268 | 25.45731 -499.69269 -88.4373
Q141 -562.67268 | -12.55039 | -459.09992 -91.02237
S142 -562.67268 | 23.02384 -511.85764 -73.83888
L143 -562.67268 | 22.26286 -509.11123 -75.82431
L144 -562.67268 | 16.08759 -518.2999 -60.46037
G145 -562.67268 | 9.12748 -505.254 -66.54616
S146 -562.67268 | 33.48619 -546.60939 -49.54948
D147 -562.67268 | -30.76463 | -412.30372 -119.60433
G148 -562.67268 | 12.87716 -504.4024 -71.14744
K149 -562.67268 | 54.70396 -465.66376 -151.71288
T150 -562.67268 | 24.69047 -525.32765 -62.0355
F151 -562.67268 | 17.43465 -511.99579 -68.11154
L152 -562.67268 | 21.75446 -515.58566 -68.84148
N153 -562.67268 | 32.74438 -539.08052 -56.33654
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3.3  Molecular dynamics simulations (MD) of scFv anti-p17 - peptide epitopes complexes Binding
free energies and decomposition energy

mydaasnaialasldinsaunslasiaosaBeton 20 A uazw binding free energy lagldinaiia
MM-PBSA Lazf12ns decomposition energy uazdnwsuasisonihiatulugnizifiin anudunsads
Wunans mnmﬁ’maawama@lﬂuﬁnﬂunm 2 ns WAZNIIATWID binding free energy lawlt Molecular
Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) protocol #1472 @ pairwise decomposition or
residue-based energy VL@TNaﬁdmi’mﬁl 3.4

MIAUWIUNAINUNNTTAIUTEWIN9LATIRIITITaULEY scFv anti-p17 NU peptide p17.1, p17.3, p17.7
uaz p17.8 e nzilaslsinafia MMPBSA (Molecular Mechanics Poisson Boltzmann Surface Area) Was
Lﬁmﬂ%wL°71wﬂa:'ﬁw%mwrm%mﬁmmné’umﬁ%mﬁLﬁﬂ"fumaﬂmaqaL%asﬁam:mwa scFv  anti-p17
LRz peptide epitopes 1u€fw°mzmwaa‘ﬁagamnmimwﬁaa’i% ELISA uaz Molecular Mechanics
Poisson-Boltzmann Surface Area (MM-PBSA) WU11 tdl @1 PBror @0auaNN e uaadindlsz&ndaiwns
Bamfeaann Taa5esd1auan PBror 169t p17.1 > p17.8 > p17.3 > p17.7 Fafienwinfin -29.98, -26.38, -
8.82 uay -8.77 kcal/mol mMuEGLU Temoandadnudn PMF #lda1n3sms Molecular Docking Nndays
ﬁwqﬁummimn_imauamuﬁLﬁ@miﬂmyﬁufﬂuﬁmmjw fo n@juﬁﬁﬂszaﬂ%mwmsﬁ@mﬁmggaﬁ'u scFv
anti-p17 'léun peptides p17.1, p17.2 uas p17.8 LLazﬂajuﬁﬁﬂizﬁﬂ%mwmiﬁ@mﬁm@‘i'ﬁﬁ'u scFv anti-p17
|dun peptides p17.3, p17.4, p17.5, p17.6, p17.7 Waz p17.9 IINMITAWITANAINUNTEAIUTLHIN
las9a9 39 Tauvad scFv anti-p17 NU peptide p17.1, p17.3, p17.7 Uaz p17.8 WU WRINWNNSHATLVES
éﬂﬁﬂﬂima:muéﬂﬁm‘,ﬂ%nm complementary determining regions (CDRs) madimaqa scFv anti-p17 ﬁﬁ
duasianngeszninluanalsdouzniteg scFv  anti-p17  fukeau@iaudag  Usznaudis  MET100,
LYS101, ASN169, HIS228 uas LEU229 lagnnsi3oufisudn absolute relative decomposed energy idn
4NN 2.00 keal/mole ﬁmmuﬁmummﬁuﬁ@u (peptide p17.1) LLa:ﬁLLiaﬁ@mﬁmsminimaqmm
Imua%aﬁvloﬁ”mnmﬁmamuuwamﬁmi%ﬂmaqa (Molecular Dynamics Simulations) l4%23 500 ps

gavhadiowusz lalasiauannni’ 95% occupancy va4 R181 lu CDRL2 fiu D121 uaz Q127

(2

P v o ¢ ' aad a o . PN a
ANTNN 3.4 ANMUFUNBIILHINLDANIGNITIAIVUINN competitive ELISA 1Lag MM-PBSA ‘nqmvmuu
310K
Method Contribution Peptide Names Co147
pl7.1 pl73 pl7.7 pl17.8

MM AlLL -27732 —-174.34 —168.29 -91.34
AVODW -72.28 —55.46 —48.01 —G8.95
AGAS —200,60 —220.81 -217.30 — 16028

PBSA APBgy, -11.02 -9.73 —854 -10.56
APBeay 28063 23071 217.07 14447
A PBsoy 26061 220009 20853 133.01
APBee 53.31 56.37 4778 53,13
APBror —20098 —B.82 -877 —2638

GBSA AGBgy —-11.02 -073 —854 -10.56
AGBea 7307 22002 207 41 13630
Aoy 262,05 210,289 198,87 12633
AGBgE 4575 45,68 38.12 4555
AT -37.55 -19.52 —18.43 -33497
Experimental value* 7504 55,25 4460 7046 704

ELE, electrostatic interactions; VOW, van der Waals interactions between the fragments; GAS, addition ELE+VDW + [NT being the binding enthalpic contributions in vacuo;
PB g, nonpolar contribution to solvation; PBey,, polar contribution of solvation: PBsq, the PBo g + PBegy: PBee, PBag + ELE addition: PByor, total binding free energy calculated

by the MM-PBSA method.
A Competitive ELISA; PI (%)



38

@13197 3.5 Common interaction residues found among the natural peptide sequences

3.4 Molecular dynamics simulations (MD) of scFv anti-p17 - peptide epitopes complexes:
Computational Alanine-Scanning of an amino acids in the complementary determining
regions (CDRs) of scFv anti-p17

mysasanadalaslfiseurislasiaeanndefan  uaz@nwnsvin Alanine scanning ANEANTWA

289 side chain l@uA3¥in alanine scanning Lﬂﬁﬂuﬁgazmuu‘%nm CDRs flazan il alanine un

AWIUAUAINIYT INWANITINNGY UAZNITEWIWNLIN scFv anti-p17 Aldfenusansadaduiy o

terminal HIV-p17 wild type Wazluausilauandnan LLa:mmim:q%ga:ﬁiuﬁﬁdauéﬂﬁ@@iaﬂﬁsﬁﬂ%'u

LﬁaifLﬂuLLuawwalunﬂiﬂ%'uﬂJga Tas9s9 scFv anti-p17 aaldle nansnasaaduwldasansef 3.6

sz Bnaunuiaduisidunasaudasildsuinnasudanisiszninlasiaives scFyv anti-p17
wszidng ilafouussnsaozdluusiios complementary determining regions (CDRs) vasluiana
scFv anti-p17 tWuazafin lasasdmmnasudamieidiomaiin MM-PBSA uazwasnumsiiasuves
udazddunInazdludisnafin MM-GBSA &9 input dwmiumivhazanfiusunuilsdsznaudis Tnssass
auiifuas scFv anti-p17 Deazdnmudasuudainineziluddnyduezaiin wodniaazfiluusiam CDRs
loops U VH ez VL wad mutation scFv anti-p17 ﬁﬁ relative binding free energies (APBTOT) unNI

0.5 keal mol” 1ilafiuuniy wild type scFv anti-p17 anﬂuﬂma:muéwﬁ'tyﬁﬁ%w%wmiam’:‘ﬁ@%’uﬁmﬂﬂﬂﬁ

leui ASP31(+), ASN35(-), TRP50(-), MET100(+), LYS101(-), SER103(+), TYR104(+), SER162(+),

ASN169(-), LEU185(-), LYS188(-), ASP190(-), TRP224(+), GLN225(-), uaz LEU229(-) eia31l 1 Fanynasd

Tuddiaansouiadu 2 ngu (favorable () uaz unfavorable (+)) diznausin ngunll APBor Gy
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41NN31 0.5 keal/mol v ASN35, TRP50, LYS101, ASN169, LEU185, LYS188, ASP190, GLN225, and

LEU229 $93:d strong interaction fuilu/lng 8nndufia nguill APBro; iluuinannniy 0.5 keal/mol 11w

ASP31, MET100, SER103, TYR104, SER162, and TRP224 @3azi} poorly interaction fudulne

mi’]\‘iﬁ' 3.6 Values of the free energy components for alanine scanning analysis

scFvanti-p17 | AELE | Avbw | AcAs | Aps,, | APB,, | APB,, | APB_ . | APB,,
Wild Type -209.74 | -71.57 | -281.31 -10.17 260.42 | 250.25 50.68 -31.06
Mutants in VH

D31A -236.64 | -71.48 | -308.12 | -10.16 286.34 | 276.18 49.71 -31.94
Y32A -210.50 | -69.13 | -279.63 | -10.04 258.96 | 248.92 48.46 -30.70
M34A -210.12 | -71.54 | -281.67 | -10.17 260.80 | 250.63 50.68 -31.04
N35A -206.56 | -70.67 | -277.23 | -10.22 259.05 | 248.84 52.49 -28.40
W50A -208.10 | -66.49 | -274.59 -9.91 256.37 | 246.46 48.27 -28.13
I51A -210.06 | -71.55 | -281.60 | -10.17 260.51 250.33 50.45 -31.27
N52A -208.90 | -71.42 | -280.32 | -10.14 259.19 | 249.05 50.29 -31.27
T53A -209.75 | -71.54 | -281.29 | -10.17 260.16 | 249.99 50.41 -31.30
Y54A -210.24 | -71.54 | -281.78 | -10.17 260.62 | 250.45 50.38 -31.34
T55A -209.94 | -7155 | -281.50 | -10.17 260.36 | 250.19 50.42 -31.31
E57A -223.66 | -71.55 | -295.21 -10.17 273.97 | 263.80 50.31 -31.41
T59A -209.64 | -71.48 | -281.12 | -10.17 260.06 | 249.89 50.42 -31.23
YB0A -209.71 -71.56 | -281.26 | -10.17 260.14 | 249.97 50.43 -31.30
D62A -223.87 | -71.57 | -295.44 | -10.17 27439 | 264.22 50.52 -31.22
E63A -224.46 | -71.57 | -296.03 | -10.17 27513 | 264.96 50.67 -31.07
F64A -209.80 | -71.56 | -281.36 | -10.17 260.21 250.03 50.40 -31.33
K65A -196.56 | -71.57 | -268.13 | -10.17 247.00 | 236.83 50.43 -31.30
S99A -209.22 | -71.32 | -280.54 | -10.17 259.77 | 249.59 50.54 -30.95
M100A -207.22 | -68.58 | -275.80 -9.88 253.97 | 244.09 46.75 -31.71
K101A -170.84 | -68.77 | -239.60 | -10.32 221.11 210.80 50.28 -28.81
S103A -207.61 -71.45 | -279.06 | -10.17 256.63 | 246.46 49.02 -32.60
Y104A -212.25 | -70.47 | -282.73 | -10.08 259.49 | 249.41 47.24 -33.32
D31A -236.64 | -71.48 | -308.12 | -10.16 286.34 | 276.18 49.71 -31.94
Y32A -210.50 | -69.13 | -279.63 | -10.04 258.96 | 248.92 48.46 -30.70
M34A -210.12 | -71.54 | -281.67 | -10.17 260.80 | 250.63 50.68 -31.04
N35A -206.56 | -70.67 | -277.23 | -10.22 259.05 | 248.84 52.49 -28.40
W50A -208.10 | -66.49 | -274.59 -9.91 256.37 | 246.46 48.27 -28.13
I51A -210.06 | -71.55 | -281.60 | -10.17 260.51 250.33 50.45 -31.27
N52A -208.90 | -71.42 | -280.32 | -10.14 259.19 | 249.05 50.29 -31.27
T53A -209.75 | -71.54 | -281.29 | -10.17 260.16 | 249.99 50.41 -31.30
Y54A -210.24 | -71.54 | -281.78 | -10.17 260.62 | 250.45 50.38 -31.34
T55A -209.94 | -7155 | -281.50 | -10.17 260.36 | 250.19 50.42 -31.31
E57A -223.66 | -71.55 | -295.21 -10.17 273.97 | 263.80 50.31 -31.41
T59A -209.64 | -71.48 | -281.12 | -10.17 260.06 | 249.89 50.42 -31.23
Y60A -209.71 -71.56 | -281.26 | -10.17 260.14 | 249.97 50.43 -31.30
D62A -223.87 | -71.57 | -295.44 | -10.17 27439 | 264.22 50.52 -31.22
E63A -224.46 | -71.57 | -296.03 | -10.17 27513 | 264.96 50.67 -31.07
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F64A -209.80 -71.56 -281.36 -10.17 260.21 250.03 50.40 -31.33
K65A -196.56 -71.57 -268.13 -10.17 247.00 236.83 50.43 -31.30
S99A -209.22 -71.32 -280.54 -10.17 259.77 249.59 50.54 -30.95
M100A -207.22 -68.58 -275.80 -9.88 253.97 244.09 46.75 -31.71
K101A -170.84 -68.77 -239.60 -10.32 221.11 210.80 50.28 -28.81
S103A -207.61 -71.45 -279.06 -10.17 256.63 246.46 49.02 -32.60
Y104A -212.25 -70.47 -282.73 -10.08 259.49 249.41 47.24 -33.32
Mutants in VL

K138A -197.07 -71.57 -268.64 -10.17 247.47 237.30 50.41 -31.34
S139A -209.66 -71.57 -281.22 -10.17 260.08 249.91 50.42 -31.32
S140A -209.84 -71.57 -281.41 -10.17 260.26 250.09 50.42 -31.32
Q141A -209.93 -71.56 -281.49 -10.17 260.45 250.28 50.52 -31.20
S142A -210.03 -71.57 -281.60 -10.17 260.47 250.30 50.44 -31.30
L143A -209.78 -71.53 -281.31 -10.17 260.31 250.14 50.54 -31.17
L144A -209.75 -71.55 -281.30 -10.17 260.15 249.98 50.40 -31.32
S146A -209.31 -71.37 -280.68 -10.09 259.12 249.02 49.81 -31.66
D147A -218.26 -71.37 -289.63 -10.15 268.77 258.62 50.51 -31.01
K149A -194.49 -71.30 -265.80 -10.15 24472 234.56 50.22 -31.23
T150A -209.60 -71.55 -281.15 -10.17 260.06 249.89 50.46 -31.26
F151A -209.06 -69.58 -278.64 -9.93 257.50 247.57 48.44 -31.07
L152A -209.85 -71.55 -281.40 -10.17 260.33 250.16 50.48 -31.24
N153A -209.82 -71.03 -280.85 -10.29 264.08 253.79 54.26 -27.05
L169A -209.72 -69.50 -279.22 -10.16 259.66 249.51 49.94 -29.71
V170A -208.85 -71.55 -280.41 -10.17 259.21 249.04 50.36 -31.36
S171A -210.53 -71.57 -282.10 -10.17 260.95 250.78 50.42 -31.32
K172A -171.54 -71.07 -242.61 -10.05 222.39 212.33 50.85 -30.28
L173A -209.86 -71.55 -281.40 -10.17 260.28 250.10 50.42 -31.30
D174A -249.95 -71.04 -320.99 -10.18 305.36 295.17 55.41 -25.81
W208A -208.67 -71.20 -279.87 -10.17 258.43 248.25 49.76 -31.61
Q209A -209.22 -71.36 -280.58 -10.17 260.61 250.44 51.39 -30.14
T211A -210.09 -71.38 -281.47 -10.17 260.26 250.09 50.17 -31.38
H212A -208.95 -71.32 -280.27 -10.16 259.58 249.42 50.63 -30.85
L213A -209.64 -68.37 -278.01 -10.05 258.84 248.79 49.20 -29.21
Q215A -209.08 -70.30 -279.38 -10.27 258.28 248.01 49.20 -31.37
T216A -209.78 -71.56 -281.34 -10.17 260.20 250.03 50.42 -31.31
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Eﬂ‘ﬁ 3.6 Histograms reporting the binding free energies for the mutations. The total bar height reflects
relative binding free energies of each amino acids in CDRs loops with wild type of scFv anti-p17 whose

mutation to alanine by alanine scanning mutagenesis.

3.5 Amino acids mutation of scFv anti-p17 for improving the specificity of binding affinity

39N MM-PBSA and Alanine scanning wui1 ninaziluddnfiianiwadanisbaduiu 1y
na leun ASP31, ASN35, TRP50, MET100, LYS101, SER103, TYR104, SER162, ASN169, LEU185,
LYS188, ASP190, TRP224, GLN225, HIS228 waz LEU229 ﬁafuﬁumau@iama:ﬁﬂmi mutation UWLITAL
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mmﬁuﬁuﬁﬁuauﬁa‘mamﬂmwmaumuil,muﬁmmnmazmu duaouusnlévinms Mutation Adunss 31
289 scFv anti-p17 wui1 mutation Miulyldludrunieitleun D31E, D31N, D31G, D31T, D31K, D31Y,
D31F, D31W, D31V uas D31M 904t mutated scFv anti-p17 Alslvinnnsdenfsiuwldndgns o wfia
Usznaudiy HIV-1 epitope 13u6ufl C-terminal (DTGHSSQVSQNY) Ut p17 (p17.1) waz mutants i Ing
3n 8 TANNUANTITNTNG (p17.2-p17.9) @28 CDOCKER @aiilwmefia grid-based molecular docking i
fMuruene CHARMm lasSioniaasazudanis Iumm:ﬁLﬂJﬂvlﬂﬁazaﬁuﬂinﬁﬂﬁaqiuvl,@T 9nd1  cdocker
interaction energy §9a131971 ldannsaenfssay CDOCKER wuin wulng 17.1, p17.3 uas p17.7 1iavh
ABNLWANDNU mutated scFv anti-p17 27N Aspartic acid il Glycine (D31G) 9z861 cdocker interaction
energy ANNNYNABWENSAL wild type scFv anti-p17 @3t D316 weziudadaniildannns mutate
wininazdluludiu CDRs 289 scFv anti-p17 Lﬁaﬂ%"uﬂ;amwummsﬂumﬁuﬁuLiJﬂ"l,‘n@T wazin lule

= = . v v a wea
WIsun wnumagammaoﬂguwmi



3U7 3.7 muRenAsunyazlluaurma uazauiitn uaas buried residues (§Iufide7) uaz

exposed residues (FIBFLAY)

@1’15’10“7% 3.7 The results of cdocker interaction energy of all mutations

-CDOCKER_INTERACTION_ENERGY
p17.1 | p17.2 | p17.3 | p17.4 | p17.5 | p17.6 | p17.7 | p17.8 | p17.9

scFv anti-p17

Wild Type 66.87 | 81.77 | 67.29 | 73.42 | 74.10 | 64.78 | 65.20 | 71.88 | 76.54

L213A 73.61 | 72.55 | 65.09 | 67.08 | 61.78 | 67.31 | 73.89 | 73.50 | 71.75
L213C 64.40 | 79.01 | 71.99 | 78.50 | 59.60 | 57.30 | 70.17 | 67.50 | 65.67
L213E 79.44 | 63.81 | 72.03 | 77.04 | 59.43 | 64.79 | 71.34 | 64.94 | 82.21
L213F 70.73 | 76.97 | 92.12 | 60.17 | 62.75 | 67.30 | 72.43 | 70.55 | 74.31
L213K 65.20 | 64.71 | 60.51 | 71.07 | 76.04 | 67.81 | 61.12 | 60.70 | 73.14
L213N 65.49 | 70.59 | 80.16 | 83.44 | 65.45 | 63.57 | 70.04 | 58.19 | 68.38
L213P 77.95 | 70.22 | 64.86 | 59.44 | 55.70 | 67.82 | 73.54 | 59.96 | 68.50
L213Q 69.50 | 60.00 | 59.17 | 73.35 | 57.35 | 78.12 | 62.23 | 65.97 | 71.38

M100A 69.94 | 76.86 | 68.40 | 65.16 | 78.27 | 81.56 | 62.94 | 61.73 | 66.30

M100C 59.26 | 81.04 | 67.03 | 65.39 | 70.93 | 66.81 | 66.97 | 70.26 | 69.37

M100F 57.21 | 71.08 | 63.18 | 61.79 | 84.59 | 68.71 | 83.86 | 80.05 | 78.31

M100H 72.48 | 73.06 | 98.85 | 71.38 | 75.78 | 73.78 | 65.68 | 73.65 | 71.55

M100K 70.70 | 63.07 | 68.69 | 78.34 | 74.72 | 73.71 | 67.82 | 63.27 | 72.68

M100P 78.08 | 78.42 | 64.86 | 69.44 | 85.09 | 68.38 | 67.79 | 64.38 | 78.11

M100Q 73.02 | 78.05 | 69.46 | 82.77 | 68.87 | 74.20 | 61.36 | 65.98 | 82.42

M100R 69.78 | 7214 | 72.64 | 85.19 | 70.63 | 72.99 | 66.85 | 54.33 | 66.46

M100Y 65.07 | 94.29 | 62.43 | 69.28 | 71.87 | 82.33 | 75.93 | 70.42 | 74.65

M100E 7417 | 65.20 | 71.08 | 71.15 | 69.93 | 79.48 | 86.44 | 68.93 | 89.21

M100W 63.93 | 67.04 | 82.82 | 72.32 | 71.37 | 78.86 | 71.30 | 58.07 | 78.85

H212D 63.83 | 71.12 | 74.83 | 90.60 | 63.85 | 75.31 | 68.23 | 65.00 | 66.93

H212E 64.48 | 75.85 | 57.87 | 65.90 | 57.01 | 61.15 | 71.22 | 71.42 | 72.27
H212K 75.68 | 66.31 | 71.54 | 61.03 | 67.91 | 74.51 | 73.90 | 65.68 | 73.32
H212N 67.38 | 69.12 | 76.10 | 75.97 | 53.50 | 64.45 | 60.22 | 60.14 | 62.80
H212Q 78.12 | 69.68 | 64.89 | 66.04 | 62.00 | 74.61 | 63.84 | 77.18 | 80.78
H212T 72.74 | 62.71 | 85.33 | 86.19 | 60.07 | 68.76 | 67.19 | 62.44 | 69.01

H212V 67.89 | 63.07 | 59.86 | 67.17 | 74.39 | 69.28 | 69.58 | 57.95 | 69.92




H212Y 61.23 | 78.98 | 62.22 | 86.99 | 64.73 | 58.98 | 58.08 | 64.89 | 65.99
K101A 71.04 | 70.30 | 63.46 | 76.30 | 62.81 | 62.67 | 68.44 | 65.93 | 73.09
K101E 78.62 | 66.84 | 64.87 | 66.83 | 57.31 | 64.97 | 63.46 | 77.20 | 73.58
K101Q 63.38 | 76.44 | 51.29 | 68.61 | 57.10 | 58.70 | 69.17 | 77.24 | 62.97
K101V 54.70 | 76.20 | 80.34 | 68.29 | 58.17 | 61.82 | 72.91 | 77.13 | 67.12
K101H 70.74 | 55.45 | 54.83 | 71.03 | 64.18 | 74.84 | 61.64 | 65.17 | 74.36
K101R 76.06 | 68.51 | 66.27 | 83.46 | 74.93 | 71.24 | 75.49 | 69.08 | 80.36
K101T 65.00 | 67.29 | 54.88 | 61.65 | 59.63 | 56.89 | 52.10 | 61.61 | 82.03
K101Y 7161 | 77.35 | 77.25 | 75.61 | 68.68 | 69.66 | 53.47 | 67.60 | 79.59
N153G 70.92 | 69.05 | 71.96 | 75.77 | 69.82 | 69.33 | 65.75 | 70.97 | 64.53
N153K 71.73 | 7451 | 101.76 | 79.20 | 63.95 | 81.82 | 86.80 | 79.43 | 78.94
N153Q 63.91 | 75.38 | 70.50 | 74.34 | 69.84 | 71.53 | 69.44 | 83.21 | 72.02
N153T 75.29 | 80.37 | 62.08 | 63.91 | 70.70 | 65.77 | 68.97 | 67.14 | 78.41
N153V 85.46 | 76.15 | 63.99 | 73.95 | 69.93 | 74.90 | 58.73 | 74.28 | 65.98
N153Y 74.89 | 76.84 | 57.19 | 69.67 | 54.01 | 64.76 | 71.52 | 84.45 | 70.71
D31E 66.08 | 74.24 | 76.13 | 62.38 | 71.05 | 73.33 | 65.03 | 73.88 | 75.00
D31N 65.38 | 61.50 | 61.74 | 69.07 | 70.81 | 82.05 | 69.88 | 56.70 | 61.65
D31G 67.56 | 77.99 | 76.34 | 67.59 | 67.80 | 68.17 | 66.51 | 57.51 | 66.98
D31T 71.08 | 74.65 | 64.55 | 75.51 | 64.19 | 71.92 | 60.70 | 67.15 | 69.17
D31K 57.87 | 76.63 | 81.75 | 68.88 | 55.05 | 70.98 | 60.42 | 57.63 | 65.94
D31Y 70.01 | 82.63 | 64.76 | 63.24 | 69.97 | 62.30 | 61.26 | 68.50 | 73.44
D31F 65.37 | 67.11 | 71.61 | 63.12 | 61.27 | 59.29 | 56.31 | 59.73 | 54.22
D31W 51.78 | 72.22 | 73.11 | 69.51 | 64.02 | 80.63 | 61.48 | 58.86 | 65.05
D31V 65.30 | 60.49 | 67.53 | 65.12 | 71.73 | 63.82 | 63.93 | 55.81 | 61.40
D31M 58.37 | 71.26 | 55.34 | 63.39 | 62.66 | 59.35 | 62.11 | 69.73 | 65.13
E57D 63.21 | 63.96 | 78.13 | 70.36 | 68.09 | 66.55 | 55.08 | 74.98 | 74.35
E57G 63.01 | 66.47 | 74.57 | 68.73 | 60.39 | 70.57 | 70.20 | 64.84 | 60.51
E57T 70.79 | 7112 | 78.72 | 70.61 | 66.85 | 61.91 | 70.80 | 66.13 | 66.55
ES7K 61.90 | 69.80 | 73.62 | 69.50 | 71.59 | 58.19 | 69.44 | 61.10 | 68.65
E57Y 61.48 | 73.73 | 78.19 | 69.73 | 77.26 | 62.39 | 66.66 | 63.97 | 61.64
E57V 75.69 | 65.77 | 78.91 | 73.74 | 59.83 | 54.41 | 55.04 | 70.34 | 69.60
D62E 66.54 | 82.97 | 88.43 | 65.00 | 67.92 | 64.81 | 69.04 | 67.11 | 83.13
D62N 70.75 | 60.42 | 58.97 | 69.06 | 57.76 | 62.49 | 68.32 | 63.56 | 83.39
D62G 64.34 | 80.47 | 68.50 | 74.28 | 57.38 | 56.89 | 62.34 | 64.62 | 64.93
D62T 58.04 | 70.11 | 79.40 | 78.15 | 74.85 | 62.42 | 69.03 | 58.94 | 60.44
D62K 65.67 | 68.56 | 80.72 | 56.44 | 76.13 | 81.39 | 62.06 | 59.85 | 67.93
D62Y 69.42 | 86.96 | 79.49 | 70.36 | 72.46 | 67.58 | 78.92 | 71.54 | 57.83
D62F 65.66 | 66.11 | 65.70 | 62.96 | 66.34 | 84.23 | 70.93 | 71.40 | 80.27
D62W 90.87 | 78.52 | 65.24 | 67.54 | 57.58 | 57.26 | 63.72 | 62.58 | 59.81
D62V 65.43 | 68.83 | 61.33 | 87.15 | 70.03 | 60.99 | 69.06 | 58.32 | 67.99
D62M 63.64 | 63.11 | 76.60 | 62.93 | 62.18 | 65.85 | 60.78 | 59.91 | 76.01
E63D 63.05 | 70.90 | 71.44 | 71.20 | 75.23 | 63.83 | 58.33 | 63.52 | 60.23
E63G 63.33 | 89.75 | 76.76 | 71.89 | 60.94 | 62.21 | 68.51 | 62.19 | 69.26
E6G3T 66.63 | 71.98 | 80.95 | 73.66 | 65.69 | 65.41 | 70.22 | 61.53 | 68.59
E63K 62.66 | 66.02 | 76.97 | 63.60 | 61.82 | 73.95 | 66.85 | 65.61 | 62.49
E63Y 73.13 | 85.81 | 80.61 | 68.48 | 60.67 | 58.62 | 72.42 | 69.05 | 74.44
E63V 66.03 | 85.78 | 72.86 | 69.08 | 62.93 | 63.44 | 58.20 | 65.38 | 64.35
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K65A 66.39 | 56.42 | 70.71 | 79.50 | 65.01 | 59.14 | 63.94 | 58.64 | 81.28
K65E 72.78 | 73.35 | 65.93 | 64.20 | 63.48 | 63.58 | 61.09 | 59.67 | 68.62
K65Q 78.32 | 53.92 | 66.48 | 69.71 | 86.62 | 59.77 | 56.54 | 64.30 | 69.66
K65V 63.27 | 64.58 | 54.43 | 68.89 | 61.25 | 60.04 | 64.60 | 64.04 | 85.93
K65H 64.55 | 54.25 | 58.76 | 59.94 | 70.43 | 65.73 | 62.34 | 65.20 | 72.02
K65R 63.46 | 73.20 | 67.71 | 61.43 | 69.57 | 69.21 | 57.24 | 62.20 | 67.98
K65T 61.06 | 90.98 | 67.53 | 73.67 | 63.39 | 61.91 | 49.97 | 61.27 | 67.52
K65Y 64.22 | 63.01 | 65.20 | 69.36 | 67.55 | 58.47 | 70.47 | 59.70 | 66.56
K138A 65.92 | 79.97 | 82.99 | 60.05 | 57.92 | 67.08 | 69.19 | 61.09 | 70.85
K138E 64.94 | 67.29 | 62.97 | 64.16 | 69.34 | 61.08 | 73.80 | 61.30 | 73.28
K138Q 77.58 | 77.44 | 67.38 | 60.68 | 58.40 | 54.00 | 50.41 | 54.44 | 65.20
K138V 67.05 | 63.38 | 67.20 | 82.91 | 55.97 | 62.06 | 59.49 | 57.24 | 71.29
K138H 68.94 | 58.54 | 82.93 | 62.85 | 66.96 | 64.12 | 54.71 | 77.88 | 56.77
K138R 71.39 | 53.76 | 75.37 | 68.31 | 60.82 | 66.75 | 68.52 | 58.99 | 70.32
K138T 63.19 | 80.28 | 63.91 | 64.05 | 70.75 | 64.04 | 55.28 | 67.03 | 63.47
K138Y 63.31 | 70.67 | 68.96 | 71.24 | 65.15 | 76.12 | 65.26 | 69.21 | 64.71
D147E 59.81 | 56.74 | 56.97 | 61.32 | 78.71 | 60.12 | 64.23 | 64.84 | 65.36
D147N 64.06 | 68.36 | 70.51 | 79.79 | 59.82 | 69.46 | 57.31 | 64.74 | 69.55
D147G 72.23 | 64.02 | 74.41 | 65.59 | 61.13 | 60.73 | 74.11 | 63.38 | 70.91
D147T 54.06 | 55.38 | 44.26 | 62.01 | 55.01 | 59.27 | 61.11 | 69.10 | 64.21
D147K 60.42 | 72.07 | 73.58 | 61.98 | 54.50 | 80.54 | 58.45 | 66.42 | 81.12
D147Y 61.12 | 60.57 | 68.46 | 61.13 | 61.46 | 53.65 | 68.63 | 66.12 | 54.66
D147F 65.87 | 65.34 | 51.51 | 75.79 | 69.04 | 89.10 | 75.57 | 63.41 | 69.95
D147W 71.32 | 63.97 | 56.81 | 67.44 | 64.41 | 68.18 | 63.17 | 71.17 | 61.32

o  muiSyuiiyysening D31G §1NTUTZUL p17.1 A p17.9
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ldifenfinmmalfeulieti D31G fMwSUT=UU pl17.1 uaz p17.9 Ruduiitasannwuindainy

1 v ' a v ¢§ o Yo &) v
Lmﬂmﬂu“uagamsﬂmadszmw Competitive ELISA and Indirect ELISA 1%1&’3“]]@ 3.6 mmlmnﬂu@]aa

i:ﬁ@s:’s’ﬂuﬂﬂslﬁaﬂlﬁﬁaga ELISA LLa:msﬁmimﬁagaﬁaaaaLLusz:ﬂauﬁ'u

@]’15’]\1"7; 3.8 Vdw and electrostatic contribution of binding free energy of 17.1 and 17.9 (wild type, mutant)

Binding free energy in each contribution (kcal/mol)
Peptide Names scFv-pl7
AELE AVDW AGAS APBgr | APBcal APBgo, APBge | APBror
pl7.1 wild type | -249.35 -44.24 -293.59 -8.22 270.15 261.93 20.80 -31.65
(*'DTGHSSQVSQNY*) D31G 27826 | -3655 -314.81 7.02 299.58 292.57 21.33 2225
pl7.9 wild type | -239.51 -34.19 -273.70 -6.93 254.92 247.98 15.41 -25.72
(“'DTGNNSQVSQNY'®) D31G -119.30 -23.20 -142.49 -3.76 127.21 123.46 7.92 -19.04
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@1’15’1\‘]‘1/"1' 3.9 Binding free energy, Cdocker energy, Experiment Indirect ELISA, Competitive ELISA of 17.1,

17.9 (wild, mutant)

Experimental
Cdocker energy Binding free energy (APB+or)
Indirect ELISA Competitive ELISA
Peptide sckFv
(kcal/mal) (kcal/mal)
(cfu/ml) (1ug/ml)

wild -110.460 -31.65 1.822 0.067
pl7.1

D31G -117.893 -22.25 1.878 0.137

wild -98.877 -25.72 0.241 0.093
pl17.9

D31G -100.970 -19.04 1.184 0.186

NA3197 3.8, 3.9 LLazgﬂﬁ 3.8 WU

-1 binding energy 14319 -19 - -32 keal/mol liiuainnuuandslunmiiadumnlidayaannmnasas
competitive ELISA

-L$197N alanine scanning g'ﬂﬁl 3.6 MuUsow D31A Juadamibady uda (AN +) waziilar point
mutation D31G uazit3uuifiounsfasy wuidemalimssuasuudaslunefiadu Q37N gﬂﬁ 3.8

decompositon energy of Asp31 §OAANBINY indirect ELISA %uﬂﬁwﬁnn 0.241 (wild) WJu 1.184 (D31G)
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(A ER]
(27) 88TSAT
(27) 28T43S
(27) 98T VA
(21 s8TNan
(T7) 69TNSV
(T1)89TN3T
(T7) 29T3Hd
(T1)99THHL
(T7) S9TSAT
TNYITATD
(T7) g9tdsSV
(T7) zoty3s
(T TI9TATO
(T1)09TN3a
(T1)6sTNIT
(T7) 8sTH3S
(T7) ZSINTD
(T7) 9sTH3S
(T1)ssTL3S
(T ¥STSAT
(EH) YOTHAL
(eH) soTH3S
(EH) 20TA 1D
(EH) TOTSAT
(eH) 00T L3N
(eH) 6613S
(2H) 99A 1D
(2H) S9S A1
(¢H) ¥93Hd
(cH)g9n19
(¢H) 29dsv
(2H) TOV 1V
(2H) 09 AL
(2H) 6G4H.L
(2H) 8504d
(cH) 2.sn1D
(cH) 95A 1D
(¢H) SGHH.L
(2H) YSHAL
(CH) eSdHL
(2H) ZaNSY
(eH) 15311
(2H) 06dd L
(TH) sENSY
(TH) eI
(TH) €EATD
(TH) 2edAL
(TH) TEdSY

Residue | ndex

1.00 -

0.50 -

8
[S]

8 8 8 8 8

S e i [N

A_oF_c:moé \8@8 mmeEommn_

-3.00 -

-3.50 -

-4.00 -

mWild_L g9 mD31G Lgl mD31G _Lg9

= Wild_Lgl

51 3.8 Decomposition energy of amino acids in the CDRs 17.1, 17.9 for wild and mutant (D31G) scFv anti-p17
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3.6 Competitive ELISA and Indirect ELISA
miaﬁwaaumuwammi‘ﬁﬂwLaqaa:ﬁnmmwé’amum’sﬁ@%’uLLazwqanﬁumimﬁauﬁLmu Dynamic
seninslasianaBitauad scFv anti-p17 MU peptide p17.1, p17.3, p17.7 uas p17.8 lasldlusunsa
Amber version 9 I@]ﬁﬁlzmﬂizﬁﬂ%mwmiﬁ@%'umﬂé’umﬁ‘%mﬁLﬁ@%umaﬂmaqm"’ﬁdﬁﬁamwiw scFv
anti-p17 Wz peptide epitopes AUAITaza8a2833 molecular dynamics (MDs) simulation ﬁé’uﬁuﬁﬁu
Toyan170 7196835 ELISA WU peptide epitopes ﬁo%mmmsn%’uﬁ'ﬂmaqamaa scFv anti-p17 'la@
&3%1 peptide p17.8, p17.1, p17.3 uaz p17.7 Wudu uazlunsdiues CD147 peptide 924 Positive Signal o
LE§AII1 CD147 peptide "I,ajmminﬂ'uﬂv'ams%mﬁma'mé'umﬁ%mﬁLﬁmj‘?m:m'lﬂwl,aqaL%asfaumaa scFv

anti-p17 wae peptide epitopes 5‘%6]

1,00

O 450 fiin,

0,50

0.00 o

pl7.1 pl7.3 pl77 pl78 CD147

3171 3.9 ALeAd@IAaN competitive ELISA MINARBIATIN 1

(2

AN 3.7 ALLEAGAIGVEY scFv WAT mAb a1 competitive ELISA N15NaaadinIdn 2

Elisa Elisa | PMF (Cache) | Cdocker | MMPBSA
Pl (%) | Pl (%) Kcal/mol | Kcal/mol
,scFv | ,mAb
P17.1 90.1 90.7 -902.11 -29.98
P17.2 -899.18
P17.3 59.6 73.4 -882.65 -8.82
P17.4 -898.71
P17.5 -843.51
P17.6 -846.12
P17.7 60.1 74.5 -829.94 -8.77
P17.8 87.6 92.4 -926.79 -26.38
P17.9 88.5 89 -841.02
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a9 3.8 Competitive ELISA Naaad51a39N 3 uaznan3vindasu D31G

p17.1 | p17.3 | p17.7 | p17.8 | p17.9 | CD 147
scFvp17 phage 10*11 cfu/ml 1.822 | 1.272 | -0.106 | 1.871 | 0.241 | 0.018
scFvp17(D31G) phage 10*11 cfu/ml | 1.878 | 1.304 | 0.165 | 1.914 | 1.184 | 0.03
VCSM13 phage 10*11 cfu/ml 0.04 0.08 0.052 | 0.076 | 0.02 | 0.031
scFvp17 phage 10*10 cfu/ml 0.734 | 0.217 | 0.039 | 0.696 | 0.113 | O
scFvp17(D31G) phage 1010 cfu/ml | 0.966 | 0.348 | 0.019 | 1.006 | 1.407 | 0.003
VCSM13 phage 10*10 cfu/ml -0.002 | -0.002 | 0.003 | 0.006 | 0.007 | 0.01
mAbp17 1:3000 0.811 | 0.722 | 0.509 | 0.798 | 0.475 | -0.005

317 4.0 Indirect ELISA
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ToFIUNAINNIINARET

1. Affinity w30 17.9 TaldAndin

2. mﬂﬁwamimaaaﬁy’a indirect ELISA wa2 competitive ELISA tsznauni

3. 13 D31G uaz wild-type 1¥ua inhibition fagudrlun1sduny 17.9 1asdT competitive ELISA

4. D31G sufy 17.9 lé@Tuls “indirect ELISA" 219089 N flexibility AAndn vl access peptide
epitope 'levaid ﬁdﬁﬁ@dLﬁ%UULﬁﬂUi@y&ﬂ’ﬁ docking 1wl 81awuin aa. set U 17.9 71l interact fu
D31G 813UANAINNKIN wild-type scFvp17

5. 9170 indirect ELISA aa71 epitope 84 17.9 7 recognize lag D31G mfﬂ"l&iammuayjuu solid phase ¥
1% D316 Whsvldieaun wild-type finaslaiiiu epitope ﬁ%@agﬁu solid phase

6. wfnwinasanadasin da 17.7 msbasulifmaddsuuasniisesds ud 17.9 shaulalunsdl

indirect ELISA 7 D31G 1Rnanuaansnlwn sy

o  mydauaviunaudvadria scFv iNainaNaInITa M TsunuNFUIdalY Indvasdaiar o
laendsnalunmssnsluszaviu
A o @ A Ao v A a a a a aa . .
mMadasuiauiuaaasduitnuamsanedaiarwianinauiveadlasid Site-directed
mutagenesis Lazmsansuandiaiailfduuutassraulaaan (codon) annwun tnlafis waswdu (u
8153%u (M100R) uaz Inadu (M100G) ‘mﬂa:L'é'smmamimaaaﬁﬂmma%mgﬁﬁuﬁ‘uﬁwm amlnAlA

MSUNNE YrAnenauLTaglng

17799 3.9 NanaaswannIaaziluan nlafuiduansain

Phage p17.1 p17.3 pl17.7 p17.8 p17.9
phage WT1071 1.155 0.823 0.283 1.318 0.32
phage WT1070 0.204 0.135 0.051 0.279 0.058
phage R1070 0.189 0.196 0.176 0.18 0.197
phage VCSM13-10711 0.118 0.126 0.127 0.118 0.123
mAb (1:1000) 1.671 1.722 1.239 1.647 0.92
2
1.8
1.6
1.4
1.2
1 H17.1
0.8
0.6 H17.3
83 W17.7
0 - ' u17.8
N o o N S
S S S S $ ¥17.9
~ & N\ N o~
& & A ¢ O
) % 84 )
@ & & Q:?Vv ((\V“
x\'b <@ Q 3
Q < B
<@
Q
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) ~ a & = a a o , A «
Nﬁﬂ’mﬂ’]iﬂ@ﬁﬂunﬂi%‘umad‘mE];JULLuu‘Y]LWﬁJiJ’mﬂ’]SLﬂaUuLLﬂa\‘]fﬁ@E]:NI%L&WIVLTIIE]%%@WLL%%W] 100 i
a caa A v o A @ 10 ] . a = o g o v &
ﬂi@ﬂz&lIuaqiauu NONMULVNVVRLALINT (10 CFU/mI) WU ﬂﬁﬂﬁ’i(ﬂﬂﬂauLLﬁ\‘I&J‘SZ(ﬂU@ﬂMWﬂ‘mLL?(@\‘]SL%L‘V\‘H,
ﬁ\jvlajﬁﬂ’]iguﬁ’uizﬁ'j’]ﬁ%ﬂaNﬁLLuuﬁLLaua‘UaaLLaﬂ:LLauaLﬁ]u LL@iﬁﬂquLﬁNﬁuTaﬂLWQﬁdLau (Wlld type)
11 : A a o A4 X 4 Y o o a a o o @ v
10 CFU/ml ﬂ’]ﬂ’]i?}ﬂﬂauLLaﬂNiz@uﬂqﬂmumdszﬂuﬂ’]iﬂfUﬂULLau@]L'ﬂuLjﬂda’W]Uﬂ’]ﬂN’]ﬂvLﬂuaUVL@LLﬂ
17.8>17.1>17.3>17.9>17.7

13799 4.0 NansFswannIaaziluan nlafuidulnadn

Phage 17.1 17.3 17.7 17.8 17.9
WT 10711 0.579 0.677 0.311 0.936 0.578
WT 10710 0.169 0.182 0.11 0.397 0.156
G 1070 1.148 1.227 0.829 1.378 0.977
1.6
1.4
1.2
E17.1
1
17.3
0.8
W17.7
0.6 H17.8
0.4 17.9
0.2
0 T T 1
WT 10711 WT 10710 G 10710

a . a a 6 A a = o , A
HAIINNINAREUMIAIU  (bind) 2as3nanduuuriitnannmsddsundainiaaziluan Inlaiudunian

& a { v @ @ 10 ' '
100 (Waunlnlafin) Wunsaezdlunlnadu (Walnadu) Nenududuidains (100 CFU/mMI) wuii s

o . < a { A v o < a & 10 '

g}(ﬂﬂﬁuummaqLWﬁlvlﬂas‘EuﬁimugomwW\Iammu Waltiuanuduturaawanadudn 10 CFU/mI éng
g}ﬂﬂﬁuuaamaaLW%VLﬂaS’Euﬁ'agaﬂ'j'nWﬁlé'aLau LEANBSNTILNULEUALAY p17 UANBMeAITILNATaWNK
< o [ @ o & =~ { a
nufa wleanunludanasit 17.8>17.1>17.3>17.9>17.7 GIanauitasnnanmsuaadaanvadsnandun
wizadnalnaduunnninwaaandn wisarafinananusuIavesna lnaduunnninwanddy Wieena
a v a AV o 4 a e PN &4 A Y @ a A '
fiaanmatudSinounai ligneas Tixendainsigatdaldfansiuinagneasiienialilasnis
nagaulasid ELISA Swnasaulasiafavinanizedsiauniinvadd lasiwan (ELISA plate)lasass 7
AL NTLYIN ﬂﬁuLLﬁ’Jﬁ’m’]i@]i’J‘ﬂﬁ@@ﬂNLW%I@UﬂﬂiLauﬂaufﬂLﬂ@]ﬁﬂ’l’mLﬁNﬁu 1:8,000 W&z 1:10,000 La7

o o & A e d 9 0 o &
‘Y]’]ﬂ']i@l‘n"ﬂ’lﬂﬂﬂﬂ’]‘i@(ﬂﬂa%uﬁ\‘m‘l(ﬂ ‘HGI%NQQ\‘]%
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1.2

0.8

0.6 M 1:8,000
M 1:10,000

0.4

0.2

WT 10711 WT 10”10 G 10710

Aanudududeanu (10" CFUmI) Auntuwsesnassduuazinelnadu AmIgananLaEItiay
LANEIINHUIN Lm@ﬂﬁlﬁuﬁaﬂﬁﬁfuﬂ%mmeﬂﬁﬁmﬂmmﬂLﬂﬁauﬁauinga USRI
nMIganaulazliliinouring i Fufoiudinnonavesnnasndadu 10" CFU/mI AN INANAUEY
Inddssrumalnaduiienududn 10° CFUmI duuaaslifindssunannafiurassvasnansduden

wauninanuuwadsUszanas 10 wihdaisunuma lnadn

3.7 msﬂ%’uﬂ@ scFv p17 @28n15 grafting U% SS-bond free scFv

Tagtiudiuvadnauivad fi5un single chain Fv (scFv) sanIndszyndlglu gene therapy laonyld
aika intracellular antibodies (intrabodies) strategy I@]&lﬁ scFv mmiﬂvlllﬁ'dLﬂﬂﬁmf_lﬁﬁi’lLW%ﬁgd cellular
cytoplasm, endoplasmic reticulum (ER), nucleus L&z mitochondria LL@iﬁ’i’mlﬁfyjﬂiza‘uﬂ’J’]&lﬁ’lL%ﬁlﬁﬁJ‘%L’Jm
ER 9WNM3AN®IWUA intrachain disulfide bond TuscFv fifidaudamadaud uazanuaies lagdnfus
laivafioslu reducing environment Ainulwlalananady vinlilisunsavimindle astuniswan scFv A
su3nlsanw e b lalanmafuiadulandiioidady  anmmesasiigny scrv Aluilladalud
wszsansrnawlalwlslananada uaslddnmsns graft CORs Alfaunivuoudianlum framework regions
289 SS-bond free scFvs udsnlugiuawinlilszauanudnia myiaaslasiteauRaiaailums
grafting wazmMIlaTzinamaninananenudanusladals  vesldntisdsnfinenuatioses

Tavassluiaanasstn e
Taguszaid

Waa19las9a319 antibody 31NANT graft CDRs 2a4d scFv anti-p17 U framework SS-bond free scFvs

LARSATUITUNW 5&6’]%5@15ﬂ LLaiﬁﬂ‘H’]ﬁi’]a BINREN ﬁ(ﬂiﬂll a\ﬂ:ﬂid ﬁ%/’]\ﬂu‘li’]
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1. WlAI9RIVRILENALDG framework SS-bond free scFvs ﬁmmmm’mgmﬁaga
14561 (Protein Data Bank, PDB)

2. Refinement 1a39&319 scFv daunaaafialatana (Molecular Mechanics, MM) Wz

waenaasiBaluiana (Molecular Dynamics, MD)

3. L8anuU3Llatk CDRs 284 scFv anti-p17 L‘ﬁla graft 83U framework SS-bond free scFvs

LRZANTWIUWRIN WAL

o [ v S
4. ADINAFAIRAIV ENIﬂix‘i RIN SCFVI%%’]

AanIInNaaag

'i]'lﬂﬂ’]iﬁﬂﬂ’]“fl’aﬁﬂﬂ’]iﬂ@]aad‘W‘.IJ'j']

Anti-Ras scFv (2VH5.pdb) Lfluiﬂi\‘ia%’mﬁvl,&iﬁ intra-domain
disulfide lagfi Cysteine 1w ALA22-VAL96 1w VH ua VAL136-ALA201 in VL wsztialuiaalagms

grafting 13170 CDRs 284 scFv anti-p17 a3UWUILITH loops 2849 anti-Ras LRZAWIBNRINHIATLWLIN

lenaaianT9n 4.1 wuinluean 2 waz 3 wlueanlvwssouiaiung leoluean 2 Wuwldewns

alignment lanass dauluiaadi 3 1uluiaafiudy CDRs w84 scFv anti-p17 TWaguiiaanuad loop w89

. s o Aa { '
anti-Ras ‘ﬁOﬁ]’]ﬂIﬂidﬁi’N 3 N@]%’]ﬁ]&'ﬂuiuL@]ﬂ“?]Lﬂ;J"]$ﬁ3JN']ﬂﬂ')"]

@719 4.1 Models for selected CDRs anti-p17 loop sequences grafting on selected position of anti-Ras

scFv
Model | Anti-Ras scFv replacement | Anti-p17 scFv loop Interaction Note
No. position selection for grafting Energy (kcal/mol)
1 VH;31-35, 50-64, 98-103 VH;31-36, 50-66, 99-104 | -45.51 CDRs anti-p17 graft
VL;137-152,161-166,202- VL;138-153,169-174,208- on anti-Ras
209 216 Graft position based
on alignment
2 VH;30-34, 50-64, 98-103 VH;31-36, 50-66, 99-104 | -60.77 CDRs anti-p17 graft
VL;137-152, 161-166, 202- | VL;138-153,169-174,208- on anti-Ras
209 216 Graft position
based on alignment
3 VH;28-33, 46-62, 98-103 VH;31-36, 50-66, 99-104 | -54.50 CDRs anti-p17 graft
VL;135-150, 160-165, 202- | VL;138-153,169-174,208- on extended CDRs
210 216 of anti-Ras scFv
4 VH;24-37, 43-66, 94-106 VH;26-39, 45-68, 94-106 | -38.65 Extended CDRs anti-
VL;131-153, 155-173, 200- | VL;135-157,163-181,206- p17 graft on
212 218 extended CDRs of
anti-Ras scFv
5 VH;26-33, 51-58, 97-104 VH;31-36, 50-66, 99-104 | -41.51 CDRs anti-p17 graft
VL;140-145,164-166,202- VL;138-153,169-174,208- on CDR of anti-Ras
210 216
6 VH;29-35, 51-58, 97-104 VH;31-36, 50-66, 99-104 | -49.70 CDRs anti-p17 graft
VL;140-145,164-166,202- VL;138-153,169-174,208- on CDR of anti-Ras
210 216
7 VH;26-33, 51-58, 97-104 - -42.26 Anti-Ras binding with
VL;140-145,164-166,202- p17 wild type, no
210 grafting
8 - VH;31-36, 50-66, 99-104 | -66.87 Anti-p17 scFv

VL;138-153,169-174,208-
216

interaction with p17
wild type
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waz leANEINIINRaINaaRASI0LaT98319 scFvininwasszuy §/185 intra-domain disulfide 2893521V
aadio Ui
1) Anti-Ras scFv (2UZl.pdb) with intra-domain disulfide, CYS22-CYS96 in VH and CYS136-

CYS201 in VL, were modeled to be in sulfhydryl form
2) Anti-Ras scFv (2VH5.pdb) without intra-domain disulfide, ALA22-VAL96 in VH and VAL136-

ALA201 in VL
3) Anti-p17 scFv with intra-domain disulfide CYS22-CYS96 in VH and CYS137-CYS207 in VL

were modeled to be in sulfhydryl form.
4) Anti-p17 scFv without intra-domain disulfide, ALA22-VAL96 in VH and VAL137-ALA207 in VL

Eﬂ‘ﬁ 4.1 1398319 Anti-Ras scFv 71%/13# intra-domain disulfide

L8319 BINAARAS I LA AN INAFEATNI ARV LATIFT1ILAN1TILATIZNR root mean
square displacement (RMSD) 11t VH Waz VL §%3U32uD anti-Ras scFv aauaaslugifl 4.2 wodszuud
Al o &l A A . A A & ' ’~ i ) A
lailara INainIT o unINNNIN kazkl oA TIERIZLTNIIANITITZRINIUTII intra-domain 3N 4.3
Wuiszez intra-domain 289 VH AauinsasiilianlSsuiiuuny VL wadniuszuy anti-p17 scFv 31U 4.4
wRAINILU eI alaTIa Ao uTININLUBMEUNY anti-Ras scFv BugiuldainnsilIouiisy RMSD

vaslassainanian LLG$‘V$gﬂﬂ?iﬁ’]@ﬂd‘l"lﬂﬂ’]ﬁ@]ﬂ%gﬂﬁ 4.5
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Time (ps) Time (ps)

Eﬂﬁ 4.2 RMSD 1% VH uaz VL 284 Anti-Ras scFv with (left) / without (right) intra-domain disulfide

Eﬂ‘ﬁ 4.3 3282N193ZWINNUILIM intra-domain I%iw‘u anti-Ras scFv
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3‘1.]“7] 4.4 328ENITERINIUSIIM intra-domain TuszUU anti-p17 scFv

g‘l_lﬁ 4.5 RMSD Aaniazhadn1I31a8Inasansuad anti-Ras scFv Las anti-p17 scFv

A o 9

s o v & 4 o P ' . & a P o &
Ly ﬂ']uqmwaﬂﬂquﬁ(ﬂﬁ]ﬂiﬁﬁqmaﬂﬂﬂﬁiz‘ﬂﬂ AIFNITNN 4.2 WU 32UU anti-Ras scFv ‘Y]\‘]NLLQZVLNNVL@]SITQVLW@

fanuaiosannni LazAwRINU a1 9nUNINIA - §1991NTEUY anti-p17 scFv
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AN 4.2 NAIUEAIUFRIUTZLLY anti-Ras scFv LAz anti-p17 scFv

Anti-Ras scFv Anti-p17 scFv

Cys No Cys Cys No Cys

MEAN STD MEAN STD MEAN STD MEAN STD
ELE -20.82 10.36 -20.21 952 | 22732 14.07 -239.12 17.98
VDW -100.55 5.02| -100.24 4.89 -72.28 4.32 -66.47 4.26
GAS -121.37 11.54 | -120.45 10.71 299.6 | 14.09 -305.59 18.29
PBSUR -11.98 0.34 -11.92 0.3 -11.02 0.29 -10.17 0.37
PBCAL 57.67 9.45 61.65 8.16 28063 | 15.14 261.26 16.58
PBSOL 45.69 9.42 49.74 8.02 269.61 | 15.13 251.08 16.42
PBELE 36.86 4.44 41.44 4.31 5331 | 10.59 22.14 7.18
PBTOT -75.68 51| -70.71 499 | -29.99 8.68 -54.50 6.79
GBSUR -11.98 0.34 -11.92 0.3 -11.02 0.29 -10.17 0.37
GB 63.71 9.62 65.1 8.62 273.07 | 1331 262.06 16.25
GBSOL 51.73 9.61 53.19 8.5 262.04 | 13.28 251.88 16.11
GBELE 42.89 3.78 44.9 3.54 45.75 6.37 22.94 5.44
GBTOT -60.64 4.31 67.26 4.64 -37.55 5.03 -53.7 5.47

wennitlaiaseviwusslalasianusiimsey intra-domain disulfide wazyldnuny pxfilufiada

1a398379 intra-domain WagdnanwdIouiiouszrinsszuuniuas lidladalnd  uSmiuansd1anw e

U

&)

WRAINTALFWAI LY “iTa%1aﬁa:L‘]Juﬂs:‘[wﬂumsﬂ%'uﬂgﬂmaa%’m scFv il
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mﬁ\‘iﬁ 4.3 Hydrogen bond analysis

57

3.9 n’]‘ill%"uﬂ@d scFv anti-p17 @813 grafting CDRs 2a4d scFv anti-p17 U scFv fiaza1glaf

(scFv13-R4)

ScFv13- R4

MAEVQLVESG GSLVKPGGSL RLSCAASGFT
SSI SGSSRY!  YYADFVKGRF TI SRDNATNS
SSI Tl FGEGM DVWAGRGTLVT  VSSGGEGEGESGG
SPGQSI TI SC AGTSSDVGGY  NYVSWYQQHP
RFSGSKSGNT ASLTI SGLQA EDEADYYCSS

FSNYSMWWR QAPGKGLEW
LYLQUWNSLRA EDTAVYYCVR
GGSGGEGSQS VLTQPASVSG
GKAPKLM YE DSKRPSGVSN
YTTRSTRVFG GGTKLAVLG

ScFvpl7

Q QLVQSGPE LKKPGETVEI SCKASGYTFT
| NTYTGEPTY ADEFKGRFAF SLETSASTAY
KGSYWEQGTL VTVSAGEEGES GEGGSGEEES
| SCKSSQSLL GSDGKTFLNW LLQRPGQSPK
GSGIDFTLKI SRVEAEDLGV YYCWOGTHLP

WUNELAG: EIUFIARDIAD linker

DYGVNVWKQA PGKSLKWMGW
LQ NNLKSED MATYFCSRSM
DWMIQTPLT LSVTI GQPAS
RLI YLVSKLD SGVPDRFTGS
QITFGGEGTKLE | K

50

100
150
200
249

50

100
150
200
242

ScFvpl7 grafting \duieueziluvaiuanivadndasnsasne laull frame work nsunazane
lé@anan ScFv13- R4 uazaauiindu CDRs wad SCFvpl7

MAEVQLVESG GSLVKPGGSL RLSCAASGFT
SW NTYTCGEP TYADEFKGRF TI SRDNATNS

FSDYGVWWR QAPCKGLEW
LYLQWNSLRA EDTAVYYCVR

SIVKGSYWERG TLVTVSSGGEG GSGEEGESGEG GSQSVLTQPA SVSGSPGSI

Tl SCKSSQSL LGSDGKTFLN WYQOQHPGKAP
KSGNTASLTI SGLQAEDEAD YYCWOGTHLP

KLM YLVSKL DGVSNRFSGS
QTVFGGGTKL AVLG

50

100
150
200
244
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Lﬁmﬁﬂuéwﬁua:ﬁiulugﬁuiagawmwmﬂﬁmLLUU

&% VH: 210 pdb|1T2J|A Chain A, Crystal Structure Of A Human Vh Domain

Length=116 Score = 186 bits (471), Expect = 2e-48, Method: Compositional matrix adjust.
Identities = 95/121 (78%), Positives = 101/121 (83%), Gaps = 5/121 (4%)

&% VL: 970 pdb|2JB5| Chain L, Fab Fragment In Complex With Small Molecule Hapten,
Crystal Form-1 Score = 184 bits (467), Expect = 7e-48, Method: Compositional matrix adjust.
Identities = 94/109 (86%), Positives = 96/109 (88%), Gaps = 1/109 (0%)

Fulasegs VH+VL lagsan: a1 pdb|2GHWI|B Chain B, Crystal Structure Of Sars Spike Protein
Receptor Binding Domain In Complex With A Neutralizing Antibody

Length=247 Score = 249 bits (637), Expect = 4e-67, Method: Compositional matrix adjust.
Identities = 137/248 (55%), Positives = 169/248 (68%), Gaps = 23/248 (9%)

Wadnsnmsbesuveslasiairadaton ScFv p17 (wt), ScFv p17 Grafing uaz ScFv13-R4 11U ligand L1

(wt) vlﬁwa@“fagﬂ URZANTINAUE

3‘1.]‘71‘ 4.6 nTNULEAIFN Binding energy U84 ScFvp17 (a), ScFvGrafing (b) and ScFvR4 (c) complexes with
L1 ligand
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@13719% 4.4 @1 Binding energy LW3suifisusening 3 luiaa

s M odel Names

Method  Contribution  —g7=mmms SCFvGrafing SCFVR4
MM AELE T227.32 T268.11 7267.27
AVDW 7228 -79.65 52,65

AGAS -299.6 -347.76 -319.92

PBSA APBgt 1102 1171 893
APBcar 280.63 308.8 284.17

APBsoL 269.61 297.09 275.23

APBe £ 53.31 40.69 16.9

APBror -29.99 -50.66 44,68

GBSA AGBsut 1102 1171 -8.93
AGBeal 273.07 208,68 282.14

AGBsoL 262.04 286.97 2732

AGBei & 45.75 30.57 14.87

AGBror 37,55 -60.79 4671

3.9  n13a319lAT9a319 scFv G46 uaz@n¥1n138AIUNY gag-pol sequence
Iaaalassssuandvadmeidsisialng &Sy HIV epitope AUS1amh C-Terminal 289 P17 (scFv
G46) Tullunendivedmuifiedfitany epitope LW p17 ﬁvl,xia‘hl,ﬂuﬁadgﬂ cleave 28NN p24 UAT
LouduadilisuRy p24 7 cleave 8NN p17 wasvnWELSMAlEEASURD Ansmsiesuiuves
LanALaAAINAIINY gag-pol sequence lag/ld molecular docking 3:%379 scFv G46 L peptide malg'u,
10 amino acids residues 91N gag-pol sequence Taonamsfwmuaniiavasuandved sansasinlule

= = o v
wisauLh EJ‘LJﬂ‘].J’UE]%I@ﬂ']iY]@]@EIG

Receptor: G46m3.pdb , scFv binds with p17p24, bind NU epitope Uk p17 ﬁ”hiaﬁnﬂuﬁmgn
cleave 8an3n p24. It's not bind with p24 alone,

Ligand: P17_24 sequence, scanning window 10 amino acids sequence, 1L6N.pdb

M' GARASVLSGGELDKWEKIRLRPGGKKQYKLKHIVWASRELERFAVNPGLLETSEGCRQILGQLQPSLQT
GSEELRSLYNTIAVLYCVHQRIDVKDTKEALDKIEEEQNKSKKKAQQAAADTGNNSQVSQ 'NYPIVANLQGQ
MVHQAISPRTLNAWVKVVEEKAFSPEVIPMFSALSEGATPQDLNTMLNTVGGHQAAMQMLKETINEEAAEW
DRLHPVHAGPIAPGQMREPRGSDIAGTTSTLQEQIGWMTHNPPIPVGEIYKRWIILGLNKIVRMYSPTS™™
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Method: Molecular Docking with Cdocker, DS 2.5

60

ID Peptide Sequence Cdocker Interaction Deviation from straight chain

Energy (kcal/mol) RMSD heavy atoms (A)
ail MGARASVLSG -32.26 11.61
a2 SVLSGGELDK -37.03 7.60
a3 GELDKWEKIR -46.29 8.50
a4 WEKIRLRPGG, linear -55.56 11.61
a4a | LRPGGKKQYK fail -
ab KKQYKLKHIV, linear -64.06 7.97
ab LKHIVWASRE, helix -60.32 10.45
a7 WASRELERFA, helix -60.17 10.58
a8 LERFAVNPGL -39.16 9.48
a9 VNPGLLETSE fail -
al10 | LETSEGCRAQI fail -
all GCRQILGQLQ -48.76 9.88
al12 | LGQLQPSLQT -40.76 8.73
a13 | PSLQTGSEEL -41.39 6.88
al4 | GSEELRSLYN -44.32 9.52
al15 | RSLYNTIAVL -39.83 9.02
a16 | TIAVLYCVHQ -37.22 8.22
al17 | YCVHQRIDVK -43.84 8.11
a18 | RIDVKDTKEA -29.45 6.13
a19 | DTKEALDKIE -37.54 8.39
a20 LDKIEEEQNK, helix -53.39 6.91
a21 EEQNKSKKKA -50.12 13.90
a22 | SKKKAQQAAA -44.46 13.05
a23 | QQAAADTGNN -47.41 5.80
a24 | D' TGNNSQVSQ™, linear -60.85 10.24
a25 | SQVSQNYPIV, linear -51.99 8.05
a26 | NYPIVQNLQG -34.69 6.65
a27 | QNLQGQMVHQ -33.93 9.98
a28 | QMVHQAISPR -50.10 8.02
a29 | AISPRTLNAW -46.56 13.34
a30 | TLNAWVKVVE -41.97 7.30
a31 | VKVVEEKAFS -47.43 7.40
a32 | EKAFSPEVIP, loop, ~linear -55.02 7.66
a33 | PEVIPMFSAL -42.17 6.82
a34 | MFSALSEGAT -37.69 7.68
a35 | SEGATPQDLN -47.78 6.56
a36 | PQDLNTMLNT -44.39 7.32
a37 | TMLNTVGGHQ -39.89 7.72
a38 | VGGHQAAMQM -43.82 8.10
a39 | AAMQMLKETI -47.50 8.02
a40 | LKETINEEAA -41.18 8.53
a41 NEEAAEWDRL -43.30 8.30
a42 | EWDRLHPVHA -37.21 9.03
a43 | HPVHAGPIAP -40.11 7.97
a44 | GPIAPGQMRE -44.31 7.47
a45 | GQMREPRGSD -34.64 6.37
a46 | PRGSDIAGTT -48.29 11.49
a47 | IAGTTSTLQE -32.33 7.50
a48 | STLQEQIGWM, helix -54.24 9.03
a49 | QIGWMTHNPP -40.57 5.05
a49 | THNPPIPVGE -32.78 7.55
a50 | IPVGEIYKRW -47.15 10.35
a51 IYKRWIILGL -45.38 15.44
ab2 IILGLNKIVR , helix -53.19 7.89
a53 | NKIVRMYSPT -42.55 8.98
Results: Suggested epitope: Linear part; a5, a24 sequences

Helix part; a6, a7, a20 sequences
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3.10 ASANBIBWATNILITEAIN antibody-CD147

laatalassaomufifseninemaditon scFv-M6-1B9 and CD147 lagldlusunsu Global Range
Molecular Matching (GRAMM) uas@nwnauasnseniieds lagvnumedfilng ludusim lag domain 1
289 CD147 praillutinmiisdmdan1sdasuny M6-1B9  minuamIszuuiifsdasdnmdanmemInases

nnesJudnsnaiuagunamaswimi e
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4. uﬂa‘§ﬂ

mm%ﬂmm%aLLauﬁuaﬁmminﬁﬁvl,ﬁﬁy'dmﬂiﬂsl,l,ﬂmﬁwL’%ﬁ]gﬂ wazanmIidayamauaziily
Tumsndlodiieshadulasssioemuda vsnalassesinuinluesldonleun uSiam flexible loops
Tasawizagsds Ausiimbasuniousiam complementary determining regions (CDRs) s Iudasfiarsan
waztlzifiulassaiefildntnesziaes swdseilldaelasateudvodnaosialeun scFv anti-p17,
scFv G46 fiflany HIV epitope Ut p17 ﬁvl,aiﬁ‘i'nﬂuﬁaagﬂ cleave 88NN p24, antibody-CD147 21nN13¥N
homology modeling tgufuusiLULAan B A wadstn wonanigsdnsnasumstasulwirlasns
FR0INAMAAT AWIANTINUBFITIIN MM-PBSA Loz MM-GBSA lauwumniaziil CDRs of scFv anti-
p17 ﬁé’]ﬁtylm:ﬁ@‘h absolute relative decomposed energy 11NN 2.00 kcal/mol WawSeufieuny wid
type laun MET100, LYS101, ASN169, HIS228, and LEU229 aﬂﬁg\mamiﬁﬂ alanine scanning H98NNT0
32yBnwaad side chain luuSane CDRs lddnehn dayadsnarududszlomilunsillfiudys
Tassaiouendvaalviisansnmbasununendtonldads  Taonansiasu M100R waz M100G ¥l
scFv anti-p17 fszamsmwmafiesuldatuin HIV-1 waudlawinulusssusd  seandasiunany
NAa8d indirect ELISA  daa333eislumsilSouifisunaniimasaadwuin competitive ELISA W82 indirect
ELISA lnan1snaaasfiuandans f{i']Lﬂuﬁaﬂ%ﬁg&aaﬁagalumiﬂiuﬁuwaﬁvlﬁ

uanaﬂﬂf‘:ﬁaﬁnmmiﬁuﬂgdmmLaﬁmﬂua& scFv 1l cytoplasm Lﬁadmnﬁaqﬂ’umwﬂm
wewdved Ai3unn single chain Fv (scFv) sanIniszyndltlu gene therapy laumildinafia intracellular
antibodies (intrabodies) strategy I@Uﬁ scFv mmmvlﬂﬂ’dLi"Jmu’mﬁﬁ’]waﬁ”’a cellular cytoplasm,
endoplasmic reticulum (ER), nucleus W&z mitochondria LL@idaulwzyﬂszaUﬂmuéﬁﬁﬂﬁﬂ%nm ER 31N
MSANBAWLIN intrachain disulfide bond luscFv Aiflgudamitiues wazanuaios lasUndudsldsdos
1% reducing environment finulwlolanaady vilwliaansarnmihile doismswam scFv Agwnsa
IFomldle  lalawmaduiadulandisvfigrdn  ouwidseilldvims grafiing 14 CDRs w4 scFv anti-
017 unuadluu CDRs U framework 89 scFv fitafioslalu cytoplasm lag'lidasdwuseladalWe (scFv
anti-Ras) wazm3 1% CDRs 284 scFv anti-p17 unuasliun CDRs Ut framework 184 scFv fiazans laalu
cytoplasm (scFv13-R4) %aﬁﬂﬁaﬁwmiﬂﬂaamﬂ’%vmﬂUwamﬂmdﬁaaﬂﬁﬂ’ami Nndayanmaasdnon
wihiwoi wida/anm cysteine 1w val ez ala Wuin scFv szdaudnalaiostwiiasan reduced
dithiol form w84 scFv fragment uan lds 110w m3taen disulfides in scFv fragments L‘flug]' Val-Ala pairs
‘ﬂzﬁ’]lﬁﬂ%luﬂi;\‘l effect of cytoplasmically expressed intrabodies Lawavlﬂlunﬂmtﬁ, WINMTIATIZR LA

o & o a a A : a a % A o X %
"ﬂ’]ﬂa\TWﬂﬂ’]ﬁ@]?’ﬂaﬂIﬂiﬂﬁi’NLLau@]ua@ u’]ﬁlzwﬁ’su“}j’lUﬂizLNuﬂ’nmﬁﬂEli“lladIﬂidﬁi’ldINLﬂaﬂﬁi’ldmuvL@
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Computational assisted modeling was carried out to investigate the importance of specific residues in the
binding site of scFv. In this study, scFv against HIV-1 epitope at the C-terminal on p17 (scFv anti-p17) was
used as a candidate molecule for evaluating the method. The wild-type p17 and its nine natural mutants
were docked with scFv anti-p17. Potential mean force (PMF) scores predicted the most favorable binding
interaction, and the correlation agreed well with the corresponding activity data from the peptide based
ELISA. In the interaction with solvent molecules, the 3D structures of scFv anti-p17 and selected peptide

Ilf[el'i//\ivlords: epitopes were further investigated by molecular dynamics (MDs) simulation with the AMBER 9 program.
p17 Post-processing of the snapshot at equilibrium was performed to evaluate the binding free energy and
Epitope pairwise decomposition or residue-based energy calculation of complexes in solution using the Molecular

Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) protocol. Our results demonstrated that the
specific residues located in the complementary determining regions (CDRs) of scFv anti-p17, MET100,
LYS101, ASN169, HIS228, and LEU229, play a crucial role in the effective binding interaction with the
absolute relative decomposed energy more than 2.00 kcal/mol in comparison to the original substrate.

Single chain Fv
Pairwise decomposition

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The Gag p55 polyprotein of human immunodeficiency virus type
1 (HIV-1) plays a critical role in HIV-1 assembly and maturation. In
the assembly step, the Gag polyprotein is directly targeted to the
cell membrane to produce Gag dimerization or multimerization.
Afterward, the viral-encoded protease cleaves the Gag precursor
into the functional proteins: the matrix (MA or p17), capsid (CA
or p24), nucleocapsid (NC) and p6 domains to form the infec-
tious virus. The matrix protein (p17) is involved in many steps of
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the HIV life cycle, especially the assembly and maturation steps
(Ganser-Pornillos et al., 2008; Bukrinskaya, 2004). Tewari and co-
workers investigated an intrabody strategy using the single chain
antibody fragment (scFv) derived from hybridoma-secreting anti-
p17 antibody inside HIV-1 infected cells, which interfered with the
viral replication process. This antibody specifically binds to the C-
terminal epitope (DTGHSSQVSQNY) of the p17 domain (Tewari et
al., 1998). The scFv platform can be expressed in both prokaryotic
and eukaryotic systems and is able to be engineered in order to
improve its functional affinity and stability (Quintero-Hernandez
et al.,, 2007; Pavoni et al., 2006; Park et al., 2006). The poten-
tial applications of scFv have been explored in many areas of
research, including diagnostics and gene therapy (Inui et al., 2009;
Shen et al., 2008; Wang et al., 2008; Depetris et al., 2008; Stocks,
2005).

Computational approaches and protein structural analysis can
provide relevant information about the functional roles of the scFv
residues (Arcangeli et al., 2008). Fast protocols using force field
based scoring functions and knowledge-based approaches for pre-
dicting binding affinities of protein-ligand complexes have been
established. Some popular scoring functions for estimating bind-
ing affinities of protein-ligand complexes are DOCK (Ewing et al.,
2001), AutoDock (Morris et al., 1998), PMF (Muegge and Martin,
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1999), GOLD (Jones et al., 1997), LUDI (Bohm, 1998), FlexX (Rarey
et al., 1996), and Ligscore (Krammer et al., 2005). Since most of
the reactions of biological interest occur in water, the evaluation of
the solvent effect represents an important aspect of the analytical
and numerical molecular modeling approaches. Such computa-
tional approaches that consider the solvent as a part of a simulation
system can be divided into several major groups: (i) continuum
electrostatic methods, (ii) explicit solvent models with microscopic
detail, and (iii) hybrids of the first two methods (Kollman, 1993;
Smith and Pettitt, 1994; van Gunsteren et al., 1994; Tomasi and
Persico, 1994; Leach, 1996; Gao, 1996; Levy and Gallicchio, 1998).
An additional term is sometimes added to the force field to account
for specific hydrogen bonding interactions. The more sophisti-
cated methods have three-body nonadditive terms added. These
methods include molecular dynamics (MD) (Pearlman et al., 1995;
Brooks et al., 1983), Monte Carlo (MC) methods (Jorgensen, 1996),
or a combination of these for sampling, and represent an advan-
tage in terms of precision. These approaches can yield a reliable
approximation method that allows one to (i) use a single trajec-
tory of a complex between a receptor and a ligand; (ii) extract
energies for the complex and all binding components by mapping
their coordinates from the single trajectory; (iii) scan the sites of
interest for the ‘hot spots’ in the receptor-ligand interface; and
(iv) evaluate what the changes to the binding free energy would
be upon modifications/mutations of the residues at the binding
interface.

With the major advances in computer processing and cluster-
ing techniques, we are now able to perform molecular simulations
of a large biomolecular system on a reasonable time scale. In
this study, scFv anti-p17 was simulated based on molecular mod-
eling of its homologue structure. The antibody-antigen complex
models were generated using the flexible docking program incor-
porating binding activity data obtained from the peptide ELISA.
The scFv anti-p17 structure with its epitopes at the C-terminal on
the p17 fragment of HIV-1 and its natural mutant epitopes were
analyzed in detail. In addition, the dynamic simulation method
was applied to analyze the antibody-antigen interacting surface
and to quantify the energetic nature of the complexes resulting
from protein-ligand binding in water by applying the Molecular
Mechanics-Poisson-Boltzmann Surface Area (MM-PBSA) proto-

Table 1

col. The latter analysis can provide interesting information, such
as electrostatic and van der Waals energies, solvation energies
and entropic contributions at the binding interface. Our goal is
to improve our understanding of the molecular basis of antigen
recognition by scFv anti-p17.

2. Experimental
2.1. Computer assisted modeling

2.1.1. Homology modeling

The primary sequence of the scFv anti-p17 protein has previ-
ously been obtained by Tewari et al. (1998). The sequence of the
light (VL) and heavy (VH) chain variable domains of scFv anti-p17
were compared with the primary sequences of all immunoglobu-
lins deposited in the Protein Data Bank using the BLAST program
(Altschul et al., 1997). The Complementary Determinant Region
(CDR)definition of scFv anti-p17 variable domains was investigated
using the Kabat method (Kabat et al., 1983).

The best match for the VH of scFv anti-p17 was the VH of
idiotype-anti-idiotype Fab complex (pdb id:1iai), sharing 82% of
sequence identity with the template, whereas the most homol-
ogous VL of scFv anti-p17 was the VL of the Fab fragment of a
neutralizing antibody directed against an epitope of gp41 from HIV-
1 (pdbid:1nld), sharing 96% of sequence identity with the template.
These structures were used as templates for homology modeling of
the 3D structure of scFv anti-p17 using the MODELLER program.
The orientations of the VH and VL chains were generated by super-
position using a crystal structure of the anti-DNA binding antibody
(pdb id:2gki) as a scaffold template.

To minimize the steric clashes, the structure of scFv anti-p17
was subjected to energy minimization with 500 steps of steep-
est descent followed by 500 steps of conjugate gradient until the
convergence criterion of 0.05 kcal/mol/A was obtained, using the
AMBERO3 force field (Case et al., 2006). Structural validation of
the scFv anti-p17 was checked using PROCHECK; more than 92%
of the residues were in the most favored regions of the Ramachan-
dran plot, and overall G-factors were inside the expected regions
for structures with 2.0 A resolutions. It is generally acknowledged
that antigen binding occurs in a variety of ways, and thus leads to

PMF scores and residues on CDR loops of scFv at 4.5 A from each of four peptide epitopes. The common amino acids are in boldface type.

Peptide names Peptide sequences PMF score Amino Acid in 4.5 A from peptide epitope
(kealimol) Nonpolar hydrophobic Polar hydrophilic
p17.1 121DTGHSSQVSQNY!32 -902.11 GLY33 (H1), TRP50 (H2), MET100 (H3), SER99 (H3), SER103 (H3), ASP163 (L1),
GLY226 (L3), LEU229 (L3) ASP190 (L2), THR227 (L3)
p17.2 121DTGHSNQVSQNY!32 —-899.18 TRP50 (H2), MET100 (H3), GLY161 (L1), THR59 (H2), SER99 (H3), LYS101 (H3), SER103
LEU185 (L2), GLY226 (L3), LEU229 (L3) (H3), SER162 (L1), ASP163 (L1), THR227 (L3),
HIS228 (L3)
p17.3 121DTGHSSQISQNY!32 —882.65 TRP50 (H2), MET100 (H3), PHE167 (L1), SER99 (H3), LYS101 (H3), ASP163 (L1),
GLY226 (L3), LEU229 (L3) TYR184, ASP190 (L2), SER191, THR227 (L3),
GLN231 (L3)
pl17.4 12IDTGHNSQVSQNY!32 —898.71 GLY33 (H1), MET100 (H3), GLY226 (L3), ASP31 (H1), TYR32 (H1), ASN52 (H2), SER99
LEU229 (L3) (H3), LYS101 (H3), HIS228 (L3), GLN231 (L3)
p17.5 12ZINTGHSSQVSQNY32 —843.51 TRP50 (H2), MET100 (H3), PHE167 (L1), ASN35 (H1), SER99 (H3), LYS101 (H3), ASN169
LEU185 (L2), LEU229 (L3) (L1), TYR184, ASP190 (L2), SER191, THR227
(L3), HIS228 (L3)
p17.6 121DTGNSSQVSQNY!32 —846.12 GLY33 (H1), TRP50 (H2), MET100 (H3), SER99 (H3), LYS101 (H3), LYS165 (L1), TYR184,
LEU229 (L3) SER191
p17.7 121DTGHSSQASQNY132 —829.94 TRP50 (H2), MET100 (H3), PHE167 (L1), THR59 (H2), LYS101 (H3), LYS165 (L1), LYS188
GLY226 (L3) (L2), THR227 (L3), HIS228 (L3)
p17.8 121DTGHSKQVSQNY32 -926.79 TRP50 (H2), MET100 (H3), PHE167 (L1), THR59 (H2), SER99 (H3), LYS101 (H3), SER103
GLY226 (L3), LEU229 (L3) (H3), SER162 (L1), ASP163 (L1), THR227 (L3)
p17.9 12IDTGNNSQVSQNY'3? —841.02 TRP50 (H2), MET100 (H3), PHE167 (L1), THR59 (H2), SER99 (H3), LYS101 (H3), LYS165,

LEU185, LEU229 (L3)

ASN169 (L1), TYR184, ASP190 (L2), SER191,
HIS228 (L3)

The underlined letters are the mutated residue in each sequence compared to the wild type.
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a differing arrangement of antibody conformations. In scFv anti-
p17, there are actually six unique hypervariable units. Each of the
chains contains three of the six loops that form the binding groove.
The hypervariable portions of the loops on the heavy chain are
designated H1(31-35), H2(50-66) and H3(99-104) while those on
the light chain are L1(154-169), L2(185-190), and L3(224-232)
(Tewari et al., 1998). These regions are also known as comple-
mentary determining regions (CDRs), which have a higher binding
affinity to the antigen.

2.1.2. Molecular docking

Nine peptides, an original HIV-1 epitope at the C-terminal
(121DTGHSSQVSQNY!32) on p17 and eight natural mutants
(Table 1), were built partly based on a crystal structure from the Pro-
tein Databank (pdb id:1kj4). The initial structures of the nine mod-
eled peptides were energy minimized (1000 steps of Adopted Basis
Newton Raphson (ABNR)) using CHARMm force field with a RMS
gradient of 0.01 kcal/(A mol) in Discovery Studio 1.7. Structures of
scFv anti-p17 (a homology model) complexed with the peptides
were constructed using the docking procedure in the BioMedCaChe
2.0 (Fujitsu, Inc.) program, in which the CDR loops (L1-L3 and
H1-H3) were defined as the potential binding sites. Both the pep-
tides and the binding sites were set to be flexible during the docking
simulation. Each of the docking complexes were energetically eval-
uated based on the potential of mean force (PMF) that describes the
potential energies involving bond stretching, angle bending, tor-
sional, and non-bonded interactions such as Amber van der Waals
and hydrogen bond interactions of molecules (Muegge and Martin,
1999). The PMF scores of each peptide were evaluated by a genetic
algorithm with a population size of 50, crossover rate of 0.80,
elitism of 5, mutation rate of 0.2, and the maximum cycle genera-
tion was set to be 40,000. The size of the grid box was 30 x 30 x 30 A.
Finally, the complex structures were analyzed and the interaction
energy between the peptides and antibody was calculated.

2.1.3. Molecular dynamics (MD) simulations and binding free
energy calculation

MD simulations were carried out at the molecular mechanics
level using the AMBERO3 force field as implemented in the AMBER9
suite of programs (Case et al., 2005). Structures of antibody-peptide
were solvated in a cubic box of TIP3P water extending at least 10 A
in each direction from the solute, and the cut-off distance was
kept to 12 A to compute the nonbonded interactions. All simula-
tions were performed under periodic boundary conditions (Weber
etal.,2000), and long-range electrostatics were treated by using the
particle-mesh-Ewald method (Darden et al., 1993; Essmann et al.,
1995). The time step was set to 1 fs and the trajectory was recorded
every 0.1 ps.

Prior to MD simulations, the systems were relaxed by a series of
steepest descent (SD) and conjugated gradient (CG) minimizations.
The 2-ns MD simulations were performed based on each of the min-
imized systems by gradually heating over 60 ps from 0 to 310 Kwith
the protein atoms fixed using a force constant of 5 kcal/mol/A2.
Then, a 200ps pressure-constant period (NPT) was applied to
obtain an equilibrated density of the constrained protein atoms.
The following step was a 40 ps-volume-constant period (NVT) at a
force constant of 2.5 kcal/mol/A? followed by 100 ps dynamics at a
force constant of 1.25 kcal/mol/AZ2. Finally, a 1.6 ns unrestrained MD
simulation (no force applied on any protein atoms) was performed
for each fully flexible system in the NVT ensemble at a constant tem-
perature of 310K. A total of 500 snapshots were collected at 1 ps-
intervals from the last 500 ps of MD for binding free energy analysis.

Based on the selected MD snapshots, the binding free energy for
each antibody-peptide system could be estimated using MM-PBSA
(Molecular Mechanics Poisson-Boltzmann Surface Area) (Kollman
et al., 2000) and MM-GBSA (Molecular Mechanics Generalized

Born Solvent Area) (Chong et al.,, 1999). The binding free energies
(AGpinding) Were determined from the free energies of the complex,
protein and peptide according to the equation:

AGpinding = AGwater(complex) — [ AGwater(protein)
+ AGwater(peptide)]

The binding free energies for each species in turn were estimated
from the absolute molecular mechanical energies (Ey ), the solva-
tion free energies (Gpg/gp + Gnonpolar) and the vibration, rotation and
translation entropies. Each of these terms was calculated as follows:

AGwater =Evm + AGsolvation —TAS;
Gsolvation = Gsolvation—electrostatic + Gnonpolar;
Evm = Eintemal + Eelectrostatic + EvdW;

Einternal = Ebond + Eangle - Etorsion

where the internal energy Ejnerna; has three contributions: Epgpg,
Eangle» and Eiorsion, Which represent the strain energy in bonds,
angles and torsion angles caused by their deviation from the equi-
librium values; Eejectrostatic and Eyqw are the electrostatic and van
der Waals interaction energies, respectively; —TAS is the change of
conformational entropy upon peptide binding, which is not consid-
ered here because of its high computational demand and relatively
low accuracy of prediction (Hou et al., 2002). All energies are aver-
aged along the MD trajectories.

Enmm was determined with the sander module of the AMBER
suite with an infinite cut-off for all interactions. For the MM-
PBSA calculations, AGpg was calculated with a built-in module,
the pbsa program in AMBER9 which solves the Poisson-Boltzmann
equation. The grid size for the PB calculations was 0.5A. In the
MM-GBSA calculations, AGgg was calculated using the GB model
with the parameters developed by Tsui and Case (2000). The val-
ues of the interior and exterior dielectric constants were set to 1
and 80, respectively. AGpp was estimated based on the solvent
accessible surface area (SASA) as AGpp=0.0072 x SASA, using the
molsurf program (Kabat et al., 1983) and (Case et al., 2006). The
scFv anti-p17/peptide interaction energy profiles were generated
by decomposing the total binding free energies into residue-residue
interaction pairs by the MM-GBSA decomposition process in the
mm_pbsa program of AMBER9 (Gohlke et al., 2003; Hou et al., 2008).

2.2. Affinity determination

2.2.1. Vector construction

A vector for expressing scFv that specifically binds to the C-
terminal epitope (12'DTGHSSQVSQNY!32) of the p17 fragment
of HIV (scFv anti-p17) was constructed. Briefly, to generate the
gene encoding scFv anti-p17 as described previously (Tewari et
al., 1998), total RNA was extracted from hybridoma cells, MH-
VM33C9/ATCC HB8975, using an RNeasy Mini kit (Qiagen, Hilden,
Germany) and the first-strand cDNA was synthesized using a
Transcriptor High Fidelity cDNA synthesis kit (Roch, Mannheim,
Germany). The resulting cDNA was further amplified for the VH
and VL fragments using specific primers, and the two fragments
were linked together using Fw VHP17 and Rev VLP17 primers by
overlapping PCR, which resulted in the completed fragment encod-
ing scFv anti-p17. The fragment was treated with Sfil restriction
enzyme and cloned into Sfil-treated pComb3X phagemid vector (a
gift from Dr. C.F. Barbas, Scripps Research Institute, USA) resulting
in the pComb3X-scFvp17 vector. The sequence of scFv anti-p17 was
analyzed by standard sequencing methods (1st Base, Singapore).
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The pComb3X-scFvp17 vector was subsequently transformed into
the non-suppressor Escherichia coli strain HB2151.

The primers used for the amplification reactions were as fol-
lows: (1) Fw VHP17 (5'-ATATGCTAGCGGCCCAGGCGGCCCAGATC-
CAGTTGGTGCAGT-3'), (2) Rev VHP17 (5-CGACCCTCCACCGCG-
GACCCGCCACCTCCAGACCCTCCGCCACCTGCA  GAGACAGTGACC-
AGAGTCCC-3') for Vy fragment generation, (3) Fw VLP17 (5'-
GGGTCCGGCGGTGGAGGGTCGGATGTTGTGATGACCCGACTCCA-3')
and 4) Rev VLP17 (5'-TATAAGCTTTCATTAAGCGTAGTCCGGAACGT-
CGTACGGGTACTGGCCGCCCT GCCTTTGATTTCCAGCTTGGTACCTCC-
3’) for V| fragment generation.

2.2.2. Preparation of soluble scFv anti-p17

The soluble scFv anti-p17 was produced by expressing
pComb3X-scFvp17 vector in the non-suppressor E. coli strain
HB2151. The bacterial cells harboring the vector were grown in
10 ml of Terrific broth (1.2% (w/v) tryptone, 2.4% (w/v) yeast extract,
0.4% [w/v] glycerol, 177 mM KH,PO4, 72 mM K;HPO,4) containing
ampicillin (100 wg/ml) at 37°C for 18 h with shaking. One hun-
dred microliters of precultured bacteria were inoculated in 100 ml
of the same medium containing 1% (w/v) glucose and ampicillin
(100 pg/ml), with shaking continued at 37 °C until an optical den-
sity (OD) of 1.5 at 600 nm was reached. To induce the protein
expression, IPTG was added to the culture at a final concentration of
1 mM. After induction, the bacteria were grown at 25 °C for 20 h. The
culture supernatant containing extracellular soluble scFv anti-p17
was collected by centrifugation at 5000 x g for 30 min at 4 °C. Pro-
tein was precipitated with saturated (NH4),SO4 in an ice bath and
concentrated with Amicon Ultra centrifugal filter units (Millipore,
Cork, Ireland). Finally, the concentrated protein was reconstituted
with 1.5 ml of 0.15 M PBS, pH 7.2. The concentrated protein was sep-
arated in 12% SDS-PAGE under reducing conditions, and transferred
to a nitrocellulose membrane (GE Healthcare, Buckinghamshire,
UK). The blotted membrane was blocked with 5% skimmed-milk in
PBS for 1 h at room temperature (RT) with shaking and then treated
with anti-HA antibody (Sigma-Aldrich, St. Louis, MO). After incu-
bation, the membrane was washed 5 times with washing buffer
(0.05% Tween-20 in PBS) and peroxidase-conjugated goat anti-
mouse immunoglobulin antibodies were added to the membranes.
The peroxidase reaction was visualized using a SuperSignal West
Pico Substrate (Pierce, Rockford, USA).

2.2.3. Evaluation of the binding activity of scFv anti-p17 by ELISA

To evaluate the binding activity of scFv anti-p17 with mutant
peptides, four peptides were synthesized (GenScript, Piscataway,
New Jersey, USA) and tested with the scFv protein using a stan-
dard ELISA procedure. Peptide p17.1 represented the wild-type
epitope while another peptide represented the mutant peptides.
The amino acid sequences of all synthetic peptides are shown in
Table 1. Briefly, 100 1 of 50 pg/ml of each peptide in coating buffer
(0.1 M NaHCOs3, pH 8.6) were added to microtiter plates (NUNC,
Roskilde, Denmark) and incubated overnight at 4°C. The coated
wells were then blocked with 200 wl of blocking buffer (2% BSA in
TBS) for 1h at RT. The wells were washed five times with wash-
ing buffer (0.05% Tween-20 in TBS). 100 ul of 200 wg/ml of scFv
anti-p17 protein in blocking buffer were added to each well and
incubated for 1h at RT. After incubation, the excess antibody was
eliminated by washing. Subsequently, the wells were incubated
for 1h at RT with 100 wl of HRP-conjugated goat anti-mouse IgS
antibody (KPL, Maryland, USA) diluted 1/3000 in blocking solution.
Wells were then washed again prior to adding 100 w1 of 3,3',5,5'-
tetramethyl-benzidine (TMB) substrate. The optical densities (OD)
at 450 nm were measured by an ELISA plate reader (TECAN, Austria)
after adding 100 wl of 1N HCL.

To assess the binding affinity between scFv anti-p17 and mutant
peptides, a peptide competitive ELISA was performed. The same

procedure was followed as described for the peptide ELISA; the
scFv protein was mixed with 100 ng/ml of each mutant peptide
and incubated for 1h at RT. 100 pl of the mixture were applied
into individual peptide p17.1 pre-coated wells and incubated for
1h at RT. After washing the wells, the bound scFv anti-p17 was
monitored by adding 100 .l of HRP-conjugated goat anti-mouse
IgS antibody. Wells were then washed again and 100 .l of TMB
substrate were subsequently added for 45 min. The enzymatic reac-
tion was stopped by adding 100 .l of 1N HCI. The OD at 450 nm was
measured by an ELISA plate reader. The OD values were converted
to percentage inhibition values (PI) by using the following formula:

PI =100 — ((%) x IOO)B and By are the OD values of scFv with

peptide inhibitor and without peptide inhibitor respectively.

3. Discussion
3.1. Homology modeling of scFv and complex model

We selected VH and VL fragments of anti-p17 antibody from
hybridoma cells MH-VM33C9/ATCC HB8975 for analysis. We had
also prepared recombinant scFv anti-p17 by cloning the gene
encoding VH and VL into a prokaryotic expression vector. For
the homology modeling, the scFv antibody with the peptide epi-

Fig. 1. Molecular models of scFv anti-p17. (a) 3D structural model for scFv anti-p17.
VH and VL domains are colored white. The hypervariable binding loops are colored
green (H1), pink (H2), cyan (H3), yellow (L1), purple (L2), and orange (L3). (b) Amino
acid sequences of the hypervariable binding VH (1-114) and VL (131-241) domains
of scFv anti-p17 and an artificial linker shown in bold (GGGGS)s; the loops in the
heavy chain (CDRH1: 31-35, CDRH2: 50-66, and CDRH3: 99-104), and the loops
in the light chain (CDRL1: 154-169, CDRL2: 185-190, and CDRL3: 224-232) of the
scFv antibody. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.).
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Table 2
Relationship between the binding activities from competitive ELISA and those from MM-PBSA methodology at 310K.
Method Contribution Peptide Names CD147
p17.1 p17.3 p17.7 p17.8
MM A(L( —227.32 -174.34 -169.29 -91.34
AVDW —72.28 —55.46 —48.01 —68.95
AGAS —299.60 —229.81 -217.30 —160.29
PBSA APBsyL -11.02 -9.73 -8.54 —10.56
APBcaL 280.63 230.71 217.07 144.47
APBsop 269.61 220.99 208.53 133.91
APBgg 53.31 56.37 47.78 53.13
APBror —29.98 —8.82 -8.77 —26.38
GBSA AGBsyL -11.02 -9.73 -8.54 —10.56
AGBcaL 273.07 220.02 207.41 136.89
AGBsoL 262.05 210.29 198.87 126.33
AGBge 45.75 45.68 38.12 45.55
AGBror —37.55 -19.52 -18.43 —33.97
Experimental value? 75.94 55.25 44.60 79.46 7.94

ELE, electrostatic interactions; VDW, van der Waals interactions between the fragments; GAS, addition ELE + VDW +INT being the binding enthalpic contributions in vacuo;
PBsur, nonpolar contribution to solvation; PBcar, polar contribution of solvation; PBsoy, the PBsyg + PBcar; PBeig, PBcar + ELE addition; PBror, total binding free energy calculated

by the MM-PBSA method.
2 Competitive ELISA: PI (%)

tope was assembled and modeled based on a homology modeling
approach. The three dimensional structure and the amino acid
sequence of scFv anti-p17 are shown in Fig. 1. The models of scFv,
nine peptide epitopes, and the scFv-peptide complexes were gen-
erated separately. The sequences of mutated peptides that were
obtained from the GenBank database comprised the following posi-
tions: the single mutation of S126N, V1281, S125N D121N, H124N,
V128A, S126K, and the double mutation of H124N and S125N.
The sequences of all peptide epitopes that were initially posi-
tioned outside the binding region were docked against scFv in
the same manner. The PMF scores (Table 1) of the complex struc-
tures were calculated with the BioMedCaChe 2.0 (Fujitsu, Inc.)
program, where flexible peptide epitopes were docked into flexi-
ble side chain proteins. The peptide epitopes and the side chains
of the amino acids of the CDR domains were kept flexible dur-
ing the docking simulation. The PMF scores were in the range of
—829.939 to —926.793 kcal/mol. The peptides bound in two ori-
entations, where the N-terminal (p17.1, p17.2, p17.4-p17.6, and
p17.8) and the C-terminal (p17.3, p17.7, and p17.9) of peptide
sequences were directed toward the binding pocket. All interac-
tions of the optimum docking structures reflected the negative
binding energies in all models, indicating favorable binding in all
complexes. Less favorable binding of peptide 17.3 and p17.9 to scFv
was due to their inverted binding of the N-terminal to the outside
of the binding pocket. The C-terminal sequences of p17.3 and p17.9
had better fits in the binding pocket. A similar binding pattern as
for the substrate with the N-terminal sequence towards the inside
of the pocket was also observed, but had higher binding energy
scores. Interestingly, we found that mutation of a particular epitope
at S125K of peptide p17.8 caused the maximum enhancement of
the binding energy. The interacting amino acids of scFv within 4.5 A
from an individual docked peptide are listed in Table 1. The com-
mon binding residues of scFv are composed of the combination of
hydrophilic and hydrophobic amino acids: Trp50 (H2), Thr59 (H2),
Ser99 (H3), Met100 (H3), Lys101 (H3), Ser103 (H3), Asp163 (L1),
Phe167 (L1) Asp190(L2), Gly226 (L3), Thr227 (L3), His228 (L3), and
Leu229 (L3), as indicated in boldface type.

3.2. Comparison of calculated binding free energy with
experimental data

The DNA encoding scFv fragment of anti-p17 was success-
fully generated and cloned into a pComb3X phagemid vector,

resulting in the pComb3X-scFvp17 vector. This vector was sub-
sequently transformed in non-suppressor E. coli (HB2151) for
soluble expression of scFv anti-p17. The bacterial cells harboring
pComb3X-scFvp17 vector were cultured and induced with 1 mM
IPTG. The soluble protein in the culture supernatant was pre-
cipitated by ammonium precipitation and concentrated with an
Amicon Ultra centrifuge filter. The scFv anti-p17 was expressed
in its soluble form by induction, secreted into culture supernatant
and revealed by western immunoblotting. A band with a molecular
weight of approximately 30kDa, corresponding to the molecular
size of scFv, was detected in the concentrated protein (data not
shown).

In order to investigate protein binding efficiency, peptide ELISA
was employed to demonstrate the binding activity of scFv anti-p17
toitstarget peptide (p17.1),and the chosen mutant peptides(p17.3,
p17.7 and p17.8) (Fig. 2). Positive signals were observed in all pep-
tide coated wells, indicating that this recombinant scFv could bind
to all mutant peptides. Peptide p17.8 gave the highest signal fol-
lowed by p17.1, p17.3 and p17.7, respectively. All soluble mutant
peptides were able to inhibit the binding between the scFv and
immobilized p17.1 peptide (Table 2), as revealed by the percent-
age inhibition value (PI), but the CD147 peptide had no significant
inhibitory effect. Peptides p17.1 and p17.8 exhibited the highest

Fig. 2. The binding activity of soluble scFv anti-p17 from peptide ELISA.
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inhibitory effects compared to the other two peptides, p17.3 and
p17.7, at the same concentration.

Comparison of experimental activities with the results derived
from MM-PBSA and MM-GBSA calculations suggested that the
experimental value for MM-PBSA had a nearby correlation
(r2=0.88) with the calculated binding free energy of MM-GBSA
(r2=0.90), as shown in Table 2. Initially, favorable configurations
for forming a scFv anti-p17-antigen complex system were built
by molecular docking. The binding structures of the ligand to
its receptor were analyzed based on the energy of the ligand or
receptor. From the PMF scores, we selected four peptide epitopes
consisting of one wild-type peptide (p17.1) and three mutated pep-
tides (p17.3, p17.7, and p17.8) for further investigation by MDs
and peptide ELISA. Peptide p17.7 had the lowest score and p17.8
had the highest score, whereas p17.3 had very similar score to
that of the wild-type peptide. To understand the binding inter-
action in water, the binding free energies of those complexes
were simulated by molecular dynamics simulations (MDs), and the
Molecular Mechanics Poisson-Boltzmann Surface Area methodol-
ogy was applied to calculate the binding free energy of all residues
of the complexes. Table 2 lists the terms that contributed the calcu-
lation of binding free energy for the selected complex. The value of
PBror was used to compare the simulation with the experimental
results. The more negative the value, the more favorable the bind-
ing. The binding energies identified by the MM-PBSA protocol were
ranked as follows: peptide p17.1<p17.8<p17.3<p17.7 with the
values of —29.98, —26.38, —8.82, —8.77, and kcal/mol, respectively.
The results were consistent with PMF scores from molecular dock-
ing data, which divided the mutants into two groups of high and low
activities. The binding free energy indicated highly favorable bind-
ing of scFv with peptides p17.1 and p17.8, about 18 kcal/mol more
negative than p17.3. Consequently, we identified the p17.3, p17.4,
p17.5, p17.6, p17.7 and p17.9 as the low affinity binding peptides,
whereas the p17.1, p17.2, and p17.8 were identified as the high
affinity binding peptides with our scFv.

Table 3

The major contributions to the binding free energy arise from
the electrostatic energy, as calculated by the molecular mechanic
(MM) force field (ELE); from the electrostatic contribution to the
solvation free energy, as calculated by PB (PB4 ); and van der Waals
contribution from MM (VDW). For the four binding peptides, both
van der Waals and electrostatic energies were quite varied among
the low and high activities groups, indicating that both terms are
factors determining the binding activity. Peptide p17.8 had a some-
what lower electrostatic contribution (—91.34 kcal/mol). Among
the other sequences, however, the combination with VDW and
the sum of nonpolar and polar contributions to solvation (PBsgr)
resulted in a total negative binding free energy. This supported a
favorable scFv-peptide complex in pure water. The result does not
equal the real binding free energy since we did not estimate the
entropy contribution to binding in this study.

3.3. Decomposition of energy on the amino acid residues in CRD
loops and specific contact upon binding

The interpretation of macroscopic data in terms of microscopic
interactions of scFv with a peptide binding sequence can be done
by decomposing the calculated binding free energies as a sum
of components that correspond to the contributions of different
energy terms or different parts of the system. Therefore, impor-
tant residues of anti-HIV p17 scFv will show strong interactions
in association with its antigen. To gain further insight into the key
residue interactions, the overall agreement between the calculated
and experimental values for the ligands obtained by the MM-PBSA
approach allows us to be optimistic of the results when estimating
protein-ligand interactions. Table 3 and Fig. 3 illustrate the results
of this analysis, plotting the relative decomposed energies versus
common amino acids on the CDR loops of scFv anti-p17 and each
of four peptide epitopes. All amino acids in the scFv sequences
were found to exhibit positive or negative influences on bind-
ing to the substrate molecules. Several residues of the wild-type

Common interacting residues found among the natural peptide sequences in the docking study.

Residue Loop Decomposed energy (kcal/mol)
p17.1 p17.3 p17.7 p17.8

ASP31 H1 0.26 0.35(0.09) 0.28 (0.02) 0.24(-0.02)
TYR32 H1 0.04 —0.05 (-0.09) 0.03 (-0.01) 0.01 (-0.03)
GLY33 H1 0.01 —0.08 (-0.09) —-0.02 (-0.03) -0.11 (-0.12)
ASN35 H1 0.14 —0.14 (-0.28) —0.09 (-0.23) —0.34 (—0.48)
TRP50 H2 -1.73 —3.76 (—2.03) —2.05(-0.32) -4.90 (-3.17)
ASN52 H2 0.03 —-0.25(-0.28) —0.05 (—0.08) —-0.84 (-0.87)
THR59 H2 0.04 —0.56 (—0.60) —-0.57 (-0.61) —-0.61 (-0.65)
SER99 H3 -0.18 —-0.17 (0.01) 0.09 (0.27) —0.62 (—0.44)
MET100 H3 —-3.80 -1.02 (2.78) —3.27(0.53) —3.59(0.21)
LYS101 H3 -2.91 —-0.56 (2.35) -1.10(1.81) 4.24(7.15)
SER103 H3 -0.11 0.06 (0.17) 0.03 (0.14) -1.31(-1.2)
GLY161 L1 0.01 —0.01 (-0.02) —0.07 (—0.08) —0.02 (—0.03)
SER162 L1 0.11 0.03 (—0.08) —-0.07 (-0.18) 0.20 (0.09)
ASP163 L1 0.40 0.28 (-0.12) 0.39(-0.01) -0.27 (-0.67)
LYS165 L1 —-0.50 —0.16 (0.34) —0.26 (0.24) 0.46 (0.96)
PHE167 L1 -2.26 —3.14(-0.88) —-1.59 (0.67) —4.87 (-2.61)
ASN169 L1 —2.66 0.00 (2.66) 0.09 (2.75) —0.22 (2.44)
TYR184 - -241 —2.06 (0.35) —1.44(0.97) —-1.79 (0.62)
LEU185 L2 -0.07 -1.24(-1.17) ~1.13(-1.06) —2.06 (—1.99)
LYS188 L2 -0.14 —0.07 (0.07) —0.30 (-0.16) 0.02(0.16)
ASP190 L2 0.26 —-0.37 (-0.63) 0.20 (—0.06) —0.10 (-0.36)
SER191 - -0.03 0.00 (0.03) 0.00 (0.03) 0.01 (0.04)
GLY226 L3 -0.18 —0.57 (-0.39) —-0.07 (0.11) -1.29 (-1.11)
THR227 L3 -0.30 -0.32(-0.02) -1.85(-1.55) —2.90 (—2.6)
HIS228 L3 -3.93 0.14 (4.07) -0.42(3.51) -1.12 (2.81)
LEU229 L3 —4.53 —0.70 (3.83) -1.15(3.38) —2.07 (2.46)
GLN231 L3 -0.52 —2.75(-2.23) —1.20 (-0.68) 0.14 (0.66)

Relative energy to p17.1 is in parenthesis. The amino acids which have significant contribution with the absolute relative energy larger than 2 Kcal/mol are indicated in bold

letters.
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Fig. 3. List of the decomposed energies of the common amino acids in CDR loops of scFv.

p17.1 (Trp50, Met100, Lys101, Phe167, Asn169, Thr227, His228,
Leu229 and GIn231) were verified to have significant effective con-
tributions with the absolute relative energy larger than 2 kcal/mol
for the stabilization energy as highlighted in Table 3. There was
strong interdependence of the effects of the individual residues in
the epitope sequences. Among three mutated peptides, poor bind-
ing and/or weak interaction, with relative energy above 2 kcal/mol
in comparison with wild-type p17.1, was obtained from Met100,
Lys101, Asn169, His228, and Leu229 of scFv. Better binding was
indicated by the lower decomposed energy with the absolute rel-
ative energy below 2 kcal/mol. The difference between high and
low affinity binding depends on the interaction of each sequence
with the amino acids in the CDR region of scFV. The Trp50 of scFv
exhibited more binding interaction with both p17.3 (V128I) and

p17.8 (S125K) than the wild-type peptide. Sequence p17.1 shows
the strongest binding among all sequences, with Met100, Lys101,
Asn169, His228, and Leu229, whereas sequence p17.8 exhibited the
strongest binding with different amino acids such as Try50, Phe167
and Thr227. This is compared to only one strong binding interac-
tion among other sequences with GIn231 as observed in sequence
17.3 and no strong binding interaction with 17.7 resulted in a low
binding affinity. These interactions make a significant contribution
to the overall binding. As mentioned in the previous section, the
decomposed energies of some residues in scFv have positive values
with peptide epitopes. A particularly strong case, with decom-
posed energy of 4.24 kcal/mol, was observed for p17.8 binding with
Lys101. However, the sum of all those energy terms resulted in
favorable binding. Overall we found that Met100(H3), Lys101(H3),

Fig. 4. The residues interaction of the final MD complex structures between scFv anti-p17 and four peptide epitopes.
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Asn169(L1), His228(L3), and Leu229(L3) exhibited strong interac-
tions with peptide p.17.1. From the MD structure in the last 500 ps,
we also observed strong hydrogen bonding interactions with more
than 95% occupancy for R181 in L2 with D121 and Q127 of the
substrate sequence.

Further analysis of the final MD complex structures is shown in
Fig. 4. As expected, p17.3 bound in different patterns among other
sequences since its C-terminal has binding sites oriented toward
the inside of the pocket instead of the N-terminal. Our study using
pairwise decomposition of residue interaction energies has allowed
us to gain insight into the interactions between anti-p17 single
chain Fv with its peptide epitopes for HIV-1.

4. Conclusions

Computer models were combined with laboratory experiments
for the efficient determination and the identification of the most
important residues for scFv in binding with natural peptide sub-
strates. ScFv anti-p17 was built from its X-ray structure homologue,
and the complexes of scFv anti-p17 with its natural epitope
were generated using a flexible docking method. The efficacy of
combining the scFv antibody with peptide epitopes according to
the potential mean force scoring correlated well with peptide
ELISA results. Molecular dynamics simulations were performed
on selected peptides to evaluate their interaction in water. Over-
all structural changes of binding peptides in response to enzyme
binding in water were investigated by the root mean square dis-
placement. Poorly binding peptides exhibit a larger root mean
square displacement than do tightly binding peptides. MM-PBSA
and pairwise decomposition energies were calculated from post-
analysis of molecular dynamics structures. The calculated binding
free energies concurred well with experimentally determined high
binding affinity (decomposed energy >2 kcal/mol) and low binding
affinity of investigated peptides to anti-p17 scFv. Several amino
acids, MET100, LYS101, ASN169, HIS228, and LEU229, in the com-
plementary determining regions (CDRs) were defined for their
major contribution to the binding efficiency of natural HIV epitope
at the C-terminal on p17. This technique could be applied to elu-
cidate the most important amino acids involved in the binding of
scFv with its target molecules. Moreover, the identified amino acids
can be modified for improving the binding activity.
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Abstract

A computational alanine scanning mutagenesis was submitted to quest for the residues
in the energetic contribution of the mutation sites in scFv anti-p17 binding free energy with
pl7 c-termina peptide alternatives. In this study, the MMPB-SA (molecular
mechanics/Poisson-Boltzmann surface area) approach was calculated for the free energy
variations on alanine mutation in the CDR loops of scFv anti-pl7. The interactions and
conservations of the mutational sites were also validated. The result demonstrated several
influenced amino acid residues in the scFv binding pocket i.e. ASP31, ASN35, TRP50,
MET100, LYS101, SER103, TYR104, SER162, ASN169, LEU185, LY S188, ASP190,
TRP224, GLN225, and LEU229. A candidate point mutation was selected at the position 31
from aspartic acid to glycine (D31G) since thisresidue is a key residue in CDR and strongly
effect by sidechain from alanine scanning result. The analyzed docking interaction energy of
D31G with a peptide sequence (DTGNNSQV SQNY) demonstrated the favorably interaction
energy comparing with the original scFv. Whereas the binding activity of origina and D31G
mutant against DTGNNSQV SOQNY remained the same by competitive ELISA, D31G mutant
remarkably improved the binding activity by the indirect ELISA. These findings raised some
concerns on the correlation between the theoretical and experimental results.

Keywords: p17, Epitope, Single chain Fv, Alanine Scanning, HIV-1



1. Introduction

The Gag p55 polyprotein of human immunodeficiency virus type 1 (HIV-1) playsa
critical role in HIV-1 assembly and maturation. In the assembly step, the Gag polyprotein is
directly targeted to the cell membrane to produce Gag dimerization or multimerization.
Afterward, the viral-encoded protease cleaves the Gag precursor into the functional proteins:
the matrix (MA or pl7), capsid (CA or p24), nucleocapsid (NC) and p6 domains to form the
infectious virus. The HIV matrix protein, p17, is of particular interest because of its multiple
rolesin HIV-1 replication cycle. It has been reported that antibodies to pl7 epitopes are able
to inhibit HIV replication and spreading [1]. However, the low affinity with some strains has
been observed and lead to our study for the new potential antibody. In this study, theoretical
modeling and molecular dynamics simulations investigation of scFv against HIV-1 epitope at
C-terminal on pl7 (scFv anti-p17) has been performed to specify the key residues in the
binding by computational alanine scanning to investigate the effect of side chain atoms of the
residues in CDR loops of scFv anti-pl7.

2. Experimental
2.1 Computational details

2.1.1 Molecular docking

The primary sequence of the scFv anti-p17 protein has previously been obtained by [1]
and the homology modeling has been built (refer to ref [2]). The general docking protocol
and potential functions employed in CDOCKER have been described in prior articles [3,4].
In this work, docking of the peptides to scFv anti-pl7 was conducted using CDOCKER.
CDOCKER is a grid-based molecular docking method that employs CHARMmM. The receptor
is held rigid while the ligands are allowed to flex during the refinement. Ligands are assumed
to have aready been roughly docked into the receptor binding site. The scFv against HIV-1
epitope at the c-terminal on p17 (scFv anti-pl7) and nine peptides (an original HIV-1 epitope
at the C-termina (DTGHSSQVSQNY) on pl7 and eight natural mutants) have been taken
and calculated the interaction energy by using molecular docking simulations. The active site
pocket of the receptor was found on the CDRs of scFv anti-pl17 by the Discovery Studio 2.0
(Accelrys Software Inc.). A site sphere radius of 25 A was set to assign the binding pocket
and the ligand partial charge method for assigning partial charges to the ligands during
forcefield assignment was CHARMmM. Other parameters were set as default.

2.1.2 Molecular dynamics simulation and binding free energy calculations

Molecular Dynamics (MD) simulations were carried out at the molecular mechanics
level using the AMBERO3 force field as implemented in the AMBERS9 suite of programs [5,
6]. Structures of antibody-peptide were solvated in a cubic box of TIP3P water extending at
least 10 A in each direction from the solute, and the cut-off distance was kept to 12 A to
compute the nonbonded interactions. All simulations were performed under periodic
boundary conditions [7], and long-range electrostatics were treated by using the particle-
mesh-Ewald method [8, 9]. The time step was set to 1 fs and the trgjectory was recorded
every 0.1 ps. Prior to MD simulations, the systems were relaxed by a series of steepest
descent (SD) and conjugated gradient (CG) minimizations. The 2-ns MD simulations were
performed based on each of the minimized systems by gradually heating over 60 ps from O to
310 K with the protein atoms fixed using a force constant of 5 kcal/mol/A% Then, a 200 ps



pressure-constant period (NPT) was applied to obtain an equilibrated density of the
constrained protein atoms. The following step was a 40
ps-volume-constant period (NVT) at a force constant of 2.5 kcal/mol/A? followed by 100 ps
dynamics at a force constant of 1.25 kcal/mol/A%. Finaly, a 1.6 ns unrestrained MD
simulation (no force applied on any protein atoms) was performed for each fully flexible
system in the NVT ensemble at a constant temperature of 310 K. A total of 500 snapshots
were collected at 1 psintervals from the last 500 ps of MD for binding free energy analysis.

Based on the selected MD snapshots, the binding free energy for each antibody-
peptide system could be estimated using MM-PBSA [10]. The binding free energy, AGying, IS
written as the sum of the gas phase contribution, AGgas, the desolvation free energy of the
system upon binding, AGgesolv, @nd an entropic contribution, -TAS (Figure 1):

V acuo: scFv anti-p17 + Epitope —ag; ;>  Complex
l_AGsolv lGé‘olv lAGgOlV
Solvent: scFv anti-pl7 + Epitope < Complex

gas

Figure 1 The thermodynamic cycle used for MM-PBSA calculations

AGpipng = AGgas - AG'Solv_ AG;-‘olv + AGS,

solv

= AHg,s — TAS — AGLy 1, — AGgyy, + AGSe),

solv solv

AI_Igas ~ AEgas = AEelec + AEVdW + AEintra

where the term AHg,q contains the van der Waas (AEvwaw) and electrostatic (AEaec)
interaction energies between the two partners in the complex, and the internal energy
variation (including bond, angle, and torsional angle energies) between the complex and the
isolated molecules (AEina), respectively; -TAS is the change of conformational entropy upon
peptide binding, which is not considered here because of its high computational demand and
relatively low accuracy of prediction [11]. All energies are averaged along the MD
trajectories. AGgesoiv IS the difference between the solvation free energy, AGegyy, Of the
complex and that of the isolated parts. AGgyy is divided into the electrostatic, AGgec solv, and
the nonpolar, AGnp,solv, contributions. AGsylv = AGdec,solv + AGrp,solv

For the MMPBSA calculations, AGgec solv Was cal culated with a built-in module, the
pbsa program in AMBER9 which solves the Poisson-Boltzmann equation. The grid size for
the PB calculations was 0.5 A. The values of the interior and exterior dielectric constants
were set to 1 and 80, respectively. AGnp v Was estimated based on the solvent accessible
surface area (SASA) as AGppsiv = 0.0072 x SASA, using the molsurf program. The scFv
anti-p17/peptide interaction energy profiles were generated by decomposing the total binding
free energies into residue-residue interaction pairs by the MM-GBSA decomposition process
in the mm_pbsa program of AMBERO.



2.1.3 Alanine Scanning

Alanine scanning [12], a computational method of systematic alanine substitution, has
been particularly useful for the identification of functional epitopes. Substitution with alanine
removes the side chain atoms of the residues in CDR loops of scFv anti-pl17. All the aanine
mutant structures were obtained by truncating the residue in the hypervariable portions of the
loops on the heavy chain (H1-H3) and light chain (L1-L3) of scFv anti-pl7. Then the
modified parameter files were generated again by using the LEaP module [13]. This was
extrapolated to the snapshots collected from the trajectories resulting from the MD
simulations by using the script mm_pbsa.pl implemented in the AMBER package. From the
decomposed energy and alanine scanning result, the point mutation has been selected and
investigated.

2.2. Affinity determination
2.2.1 Competitive ELISA
2.2.2Indirect ELISA

3. Discussion
3.1 Alanine scanning

In comparison with wild type, the calculated binding free energy and alanine scanning
analysis demonstrated the importance of the residues of scFv anti-p17 in the binding pocket
which are ASP31, ASN35, TRP50, MET100, LYS101, SER103, TYR104, SER146,
ASN153, LEU169, LYS172, ASP174, TRP208, GLN209, and LEU213. In previous work,
the results of calculated binding free energies found that five amino acids, MET100, LY S101,
ASN169, HIS228, and LEU229, were defined for their major contribution to the binding
efficiency of natural HIV epitope at the C-terminal on pl17 [2]. In this calculation with alanine
scanning, the result demonstrated the importance of the residues of scFv anti-pl7 are ASP31,
ASN35, TRP50, MET100, LYS101, SER103, TYR104, SER162, ASN169, LEU185,
LYS188, ASP190, TRP224, GLN225, and LEU229. Therefore, from both results the
importance of the mutation's location has 16 positions in the CDRs of scFv anti-pl17. The
mutation of amino acids in the CDRs of scFv anti-pl17 has been initially selected at position
31. Mutation of aspartic acid residues in position 31 of scFv anti-p17 (wild type) was mutated
to glutamic acid, asparagine, glycine, threonine, lysine, tyrosine, phenylalanine, tryptophan,
valine, and methionine, respectively. Finally, the mutated scFv anti-pl7 were docked with
nine peptides by CDOCKER (data not shown). The calculated docking interaction energy
between single mutation from aspartic acid 31 to glycine (D31G) and peptide sequence
(DTGNNSQVSQNY) has shown the favorably interaction energy compared to wild type
which has been correlate well with the indirect ELISA. Detail on analysis will be discussed in
the following section.

3.2 Structural analysis of scFv anti-p17 point mutations
3.3 Comparison of calculated binding free energy with experimental data

We report a structural analysis of three human amyloid-beta binding acohol
dehydrogenase (ABAD) mutations, identified in patients with 2-methyl-3-hydroxylbutyryl-
coA dehydrogenase (MHBD) deficiency. Mapping of the mutations (R130C, L122V, and
N247S) on ABAD crystal structure revealed that they occur in the interfaces of the enzyme
tetramer. The wild-type and mutant enzymes were then subjected to molecular dynamics



simulations with the intention of studying the local effects of the mutations on protein
structure.

121DTGHSSQV SOQNY 132

121IDTGNNSQVSQNY 132

Our results provide an explanation for the strong effect of the R130C mutation on
protein stability, evidenced from experimental results. Possibly, the primary effect of this
mutation is to impair dimer assembly, as it changes the hot spot character of position 130 to
null spot and causes the loss of important hydrogen bonds mediated by the R130 side chain,
including a conserved interface hydrogen bond. The other two mutations do not significantly
change the energetic contribution of residues 122 and 247 to subunit association, but they are
predicted to cause structural changes that affect the enzymatic activity.

4. Conclusion

The identification of the key residues of scFv in the complementarity determining
regions (CDRs) from the computational alanine scanning and binding free energy calculation
can be used in design the new potential scFv anti-pl7. From the result, new antibody can be
designed by mutating the potential amino acid residues in CDRs of scFv anti-pl7 for
improving the binding activities in further studies.
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Table Caption

Table 1 Vdw and electrostatic contribution of binding free energy of 17.1 and 17.9 (wild
type, mutant) (CY X)

Table 2 Binding free energy, Cdocker energy, Experiment Indirect ELISA, Competitive
ELISA of 17.1, 17.9 (wild, mutant) (CYX)

Figure Caption

Figure 1 Histograms reporting the binding free energies for the mutations. The total bar
height reflects relative binding free energies of each amino acids in CDRs loops with wild
type of scFv anti-p17 whose mutation to alanine by alanine scanning mutagenesis.

Figure 2 Decomposition energy of amino acidsin the CDRs 17.1, 17.9 for wild and mutant
D31G scFv anti-pl7

Figure 3 Structural comparison of (a) wild-type scFv anti-pl7 with p17.1, (b) wild-type scFv
anti-pl7 with p17.9, (c) mutant D31G with p17.1, and (d) mutant D31G with p17.9 D31G

Table 1
Binding free energy in each contribution (kcal/mol)
Peptide Names scFv-pl7
AELE AVDW AGAS APBsyr APBcaL APBsoL APBEg £ APBrot
pl17.1 wild type -249.35 -44.24 -293.59 -8.22 270.15 261.93 20.80 -31.65
(DTGHSSQVSQNY*™?) | D31G 27826 | -3655 | -314.81 -7.02 29958 29257 2133 -22.25
p17.9 wild type -239.51 -34.19 -273.70 -6.93 254.92 247.98 15.41 -25.72
('DTGNNSQVSQNY™®) | D316 11930 | -2320 | -142.49 -3.76 12721 | 12346 7.92 -19.04
Table 2
Experimental
Cdocker energy Binding free energy (APBror)
Peptide scFv Indirect ELISA Competitive ELISA
(kcal/mol) (kcal/mol)
(cfu/ml) (Lug/ml)
wild -110.460 -31.65 1.822 0.067
pl7.1
D31G -117.893 -22.25 1.878 0.137
wild -98.877 -25.72 0.241 0.093
p17.9
D31G -100.970 -19.04 1184 0.186
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Abstract

Intracellularly expressed antibody fragments (intrabodies) have been used as powerful tools for
clinical applications and for the functional analysis of proteins inside the cell. Among severd
types of intrabodies, single chain fragment variables (scFv) composed of only the variable
regions (VH or VL) of antibodies are the smallest and thus the easiest to design. However,
normal antibody fragments do not form disulfide bonds in the cytoplasm and usually are unable
to achieve a stable native fold in the absence of the disulfide bonds. Recently, the crystal
structure of anti-RAS VH and VL fragments without disulfide bonds after substitution of
cysteine residues and the wild type VH and VL with intact disulfide bonds showed no structural
differences between the two types of the VH and VL. There is great interest in engineering
antibody fragments that will fold and are stable under reducing conditions, and that could serve
as framework to which other specificities could be grafted. We have undertaken a molecular
dynamics simulations to investigate the two types of such systems with and without disulfide
bonds. The structural analysis in term of distance geometry analysis, hydrogen bond analysis,
residue interactions, the disulfide strain energy and binding affinity between the domain, were
observed in order to explain the stability of the antibody scFv fragments.

Keywords: Disulfide bond, Antibody engineering, ScFv fragment, Molecular dynamics
simulation, Molecular modeling.



Introduction

Due to its specificity, antibody molecule is valuable for diagnosis and therapy. Currently
antibody variable fragments i.e. single chain Fv (scFv) has been applied for gene therapy to
manipulate microbial and cellular signaling pathways by intracellular antibodies (intrabodies)
strategy. The scFv can practically be directed to the specific cellular cytoplasm, endoplasmic
reticulum (ER), nucleus and mitochondria. The ER environment is the natural milieu for
antibody expression. Correspondingly, a number of successes were reported when the specific
targets of intrabody werein ER. However, several technical hurdles have thus far restricted their
more pervasive use. The intrachain disulfide bond in scFv structure, which contributes to protein
folding and stability are typically not thermodynamically favored in the reducing environment of
the cytoplasm. The failure to fold limits both the production of the functional scFvs and their
targeting against antigens in a redox condition. Thus, expression of functional scFv in the
cytoplasm of mammalian cell is potentially of challenge for intrabody perspectives. Interestingly
in 2005 Shaki-Loewenstein et a. proposed the universal strategy to express functional scFv
using maltose binding protein (MBP) fusion partner in redox environment [ref]. The MBP
motive acted as chaperone in promoting the correctly fold of scFv in cytoplasm. However the
inverse effect of MBP has not been elucidated so far.

In addition the folding state of individual scFv is an intrinsic property demonstrated by
Rajpal et al [ref]. The functiona cysteine-less scFv anti-caspase3 retained in cytoplasm was
obtained in this study. Many attempts have been made to graft the six CDRs with defined antigen
combining sites onto the framework regions on such a SS-bond free scFvs. However, this
approach often fails to produce active molecules and requires further mutagenesis to recover the
specificity of the CDR-donor antibody. Although certain successful cases were demonstrated for
the functional grafted scFvs, the technology is cumbersome and may not be applied in general.
More recently the X-ray crystallographic data of wild-type and SS-bond free scFv anti-RAS
were generated [ref]. This information will be applied in our study to determine the possible
interaction compartments which support in stabilizing the conformationa structure of SS-bond
free scFv. It will be compared with a representative scFv anti-HIV pl7 c-terminal which
accumulates in a misfolded and inactive state when expresses in cytoplasm. The acquired
information will be potentially useful in rational design of the stable and functional scFv in redox
environment.

Because antibodies ordinarily are designed to be secreted from the cell, intrabodies
require special aterations, including the use of single-chain antibodies, modification of
immunoglobulin domains for hyperstability, selection of antibodies resistant to the more
reducing intracellular environment, or expression as a fusion protein with maltose binding
protein or other stable intracellular proteins. The efficiency of the expression of scFv in the
cytoplasm is often hampered by misfolding, degradation, or aggregation of scFv due to reduced
conditions in the cytoplasm (Cattaneo and Biocca, 1999). In addition, due to the lack of disulfide
bonds, scFv molecules often fail to exhibit proper folding (Lobato and Rabbitts, 2003). To
circumvent these hurdles, several approaches have been exploited to enhance the production of
stable and functional intrabodies in the cellular environment. Recently, it was reported the single
domain fragments maintain their functions as intrabodies without intradomain disulfide bonds
when expressed inside the cells. In our study, we perform the molecular dynamics simulation of
antibody scFv fragments with/without disulfide bond to explain the stability and to determine the
key residues in the variable region of the antibodies contained the highly conserved intradomain
disulfide bonds that hold the B-sheet structure associated with antigen binding. The dynamics



investigation of the crystal structure of anti-RAS VH and VL fragments after substitution of
cysteine residues and the wild type VH and VL with intact disulfide bonds in comparison with
the some selected antibody which is not stable in cytoplasm were investigated. In addition, this
theoretically technique allows the insight understanding and selection of the stable antibody
fragments from molecular dynamics simulations.

Molecular modeling and molecular dynamic simulations

The structures of the disulfide and disulfide-free anti-Ras scFv were modeled based on
the X-ray structures PDB file 2UZI.pdb and 2VH5.pdb, respectively. In comparison, another
theoretical model of unstable scFv in cytoplasm, anti-pl7 scFv were investigated. Under the
reducing conditions of the cytoplasm, (Gilbert, 1990) the conserved intradomain disulfide bond
of antibody domains (Williams & Barclay, 1988) cannot form. Indeed, cytoplasmicaly
expressed scFv fragments in COS cells, plants and bacteria were shown to carry free sulfhydryl
groups (Biocca et al., 1995; Martineau et al., 1998; Tavladoraki et a., 1999). As the highly
conserved intradomain disulfides are critical for the stability of scFv fragments (Proba et al.,
1997; Glockshuber et al., 1992), only intrinsically very stable scFv fragments will be able to fold
correctly in sufficient amounts to be active as cytoplasmic intrabodies. Thisis consistent with the
finding that many cytoplasmic intrabodies show low expression levels and limited half-lives
(Cattaneo & Biocca, 1999), and therefore only weak inhibitory effects. Moreover, many
fragments selected under oxidizing conditions (for example, by phage display) fail to be active as
intrabodies at all in the reducing cytoplasm (Visintin et a., 1999), probably because they are not
stable enough. Others only prove to be active in the cytoplasm when expressed at lower
temperature (20°C), but not at 30°C (Visintin et a., 1999), which would prevent many in vivo
applications. To investigate such a system, we have performed the molecular dynamics
simulations for the following systems,

1) Anti-Ras scFv (2UZIl.pdb) with intracdomain disulfide, CY S22-CYS96 in VH and
CYS136-CYS201 in VL, were modeled to bein sulfhydryl form

2) Anti-Ras scFv (2VH5.pdb) without intra-domain disulfide, ALA22-VAL96 in VH
and VAL136-ALA201in VL

3) Anti-pl7 scFv with intracdomain disulfide CYS22-CYS96 in VH and CY S137-
CY S207 in VL were modeled to be in sulfhydryl form.

4) Anti-pl7 scFv without intra-domain disulfide, ALA22-VAL96 in VH and VAL137-
ALA207 inVL

MD simulations were carried out at the molecular mechanics level using the AMBERO3
force .eld as implemented in the AMBER9 suite of programs (Case et al., 2005). Structures of
antibody-peptide were solvated in a cubic box of TIP3P water extending at least 10 A in each
direction from the solute, and the cut-off distance was kept to 12 A to compute the nonbonded
interactions. All simulations were performed under periodic boundary conditions (Weber et a.,
2000), and long-range €electrostatics were treated by using the particle-mesh-Ewald method
(Darden et a., 1993; Essmann et al., 1995). The time step was set to 1 fs and the trgjectory was
recorded every 0.1 ps. Prior to MD simulations, the systems were relaxed by a series of
steepest descent (SD) and conjugated gradient (CG) minimizations. The 2-nsMDsimulations
were performed based on each of the minimized systems by gradually heating over 60 ps from 0
to 310Kwith the protein atoms fixed using a force constant of 5 kcal/mol/A% Then, a 200 ps
pressure-constant period (NPT) was applied to obtain an equilibrated density of the constrained
protein atoms. The following step was a 40 ps-volume-constant period (NVT) at a force constant



of 2.5 kcal/mol/ A? followed by 100 ps dynamics at a force constant of 1.25 kcal/mol/ AZ.
Finally, a 1.6 ns unrestrained MD simulation (no force applied on any protein atoms) was
performed for each fully flexible system in theNV Tensemble at a constant temperature of 310 K.
A total of 500 snapshots were collected at 1 psintervals from the last 500 ps of MD for binding
free energy anaysis. Based on the selected MD snapshots, the binding free energy for each
antibody-peptide system could be estimated using MM-PBSA (Molecular Mechanics Poisson—
Boltzmann Surface Area) (Kollman et a., 2000) and MM-GBSA (Molecular Mechanics
Generalized Born Solvent Area) (Chong et al., 1999). The binding free energies energy between
VH and VL (AGbinding)were determined from the free energies of the complex, protein and
peptide according to the equation: AGbinding = AGwater(VH+VL) - AGwater(VH)
+AGwater(VL)]. The binding free energies for each species in turn were estimated from the
absolute molecular mechanical energies (EMM), the savation free energies (GPB/GB
+Gnonpolar) and the vibration, rotation and trandation entropies. Each of these termswas
calculated as follows:
AGwater = EMM + AGsolvation - TAS;
Gsolvation = Gsolvation-electrostatic + Gnonpolar;
EMM = Einternal + Eelectrostatic + EvdW,
Einternal = Ebond + Eangle - Etorsion
where the interna energy Einternal has three contributions: Ebond, Eangle, and Etorsion, which
represent the strain energy in bonds, angles and torsion angles caused by their deviation from the
equilibrium values; Eelectrostatic and EvdW are the electrostatic and van der Waals interaction
energies, respectively; -TAS is the change of conformational entropy upon peptide binding,
which is not considered here because of its high computational demand and relatively low
accuracy of prediction (Hou et a., 2002). All energies are averaged along the MD tragjectories.
EMM was determined with the sander module of the AMBER suite with an in.nite cut-off for al
interactions. For the MMPBSA calculations, AGPB was cal cul ated with a built-in module,
the pbsa program in AMBER9 which solves the Poisson-Boltzmann equation. The grid size for
the PB calculations was 0.5 A. In the MM-GBSA calculations, AGGB was calculated using the
GB model with the parameters developed by Tsui and Case (2000). The values of the interior
and exterior dielectric constants were set to 1 and 80, respectively. AGnp was estimated based on
the solvent accessible surface area (SASA) as AGnp = 0.0072 SASA, using the molsurf program
(Kabat et al., 1983) and (Case et al., 2006). The scFv anti-p17/peptide interaction energy pro.les
were generated by decomposing the total binding free energies into residue-residue interaction
pairs by the MM-GBSA decomposition process in the mm pbsa program of AMBER9 (Gohlke et
al., 2003; Hou et a., 2008).



Results and discussions

Dynamics of system

Fully functional sulfhydryl, and cysteine-free derivative by replacing the disulfide forming
cysteineresiduesin VH and VL with the amino acid combination valine-alanine in both domains
of the intrinsically of a stable anti-RAS scFv from protein data bank were simulated in water by
molecular dynamics simulation. Intra domain in anti-Ras system. Schematic representation in
Figure 1 of the immunoglobulin heavy and light-chain variable domain fold displaying nine B-
strands in each VH (VHal-VHDb9) and VL (VHal-VHb9). The possible presence of Cys
residues and disulfide bonds between the B-sheets is marked in ball and stick model. The root
mean sguare displacement (RMSD) of VH in anti-Ras of VH in Figure 2(left) show significantly
stable structure while the RMSD of VL in anti-Ras (Figure 2, right) and both chain of anti-p17
scFv (Figure 3) are fluctuated. In consistent with the selected intra-domain distance, S-S in
sulfhydryl and C-C in cysteine-free system (Figure 4 and 5), the stable distance in VH of anti-
Ras during production dynamics of 1 ns in Figure 4 (left) was observed in sulfhydryl, and
cysteine-free system. Not all scFv can enhance the stability just only replacing cys with val and
ala. The cysteine-free anti-GCN4(SS22) in 4D5 scFv fragment (Wo'rn, A., and Plu™ ckthun, A.
(1998) FEBS Lett. 237, 357-361) caused a smaller decrease in reporter gene activity than the
anti-GCN4 wild-type.Thus, the reduced dithiol form of the wildtype scFv intrabody, as present in
the reducing environment of the cytoplasm, performed better in vivo than the anti-GCN4(SS22).
Replacing the disulfides in scFv fragments with Val-Ala pairs therefore does not necessarily
cause an improved effect of cytoplasmically expressed intrabodies, even though Val-Ala pairs
had been found to be slightly more stable compared with the reduced dithiol form of the 4D5
scFv fragment (Wo'rn, A., and Plu” ckthun, A. (1998) FEBS Lett. 237, 357-361). The overall
stability of atwo-domain protein such as a scFv fragment depends on the intrinsic stability of the
VL and VH domains as well as on the stability of the interface. However, apparently this effect
is antibody-specific or overcompensated by the aggregation tendency of the cysteinefree variant,
and these differences require a more detailed investigation. Our results suggest that, in principle,
adisulfide-free fully functional derivative of any scFv can be obtained and the low fluctuation of
the distance in VH of sulfhydryl system could reflect the stability of the disulfide-free after
valine-alanine substitution .



Role of intra- and inter-domain interaction and hydrogen bond analysisin stabilization of
anti-scFv. How much interactions need to stabilize inter-domain of scFv?

It isachallenge for protein engineers to understand the factors influencing scFv stability in more
detail, in order to be able to produce highly stable fragments, following either rational or
evolutionary approaches. The significantly improved activity of scFv fragments with increased in
vitro stability during extracellular and intracellular applicationsin vivo has been demonstrated in
anumber of examples (Benhar & Pastan, 1995; Willudaet al., 1999; Wo» rn et al., 2000) and
further underlines the fact that stability engineering is worth the effort. The challengesin
engineering antibody scFv fragments for higher stability are not fundamentally

different from those in stability engineering of other proteins (reviewed by Fa~ga-in, 1995;
Shaw & Bott, 1996; Rubingh, 1997; Forrer et d., 1999), where also rational and evolutionary
approaches have been used. However, in the case of antibody fragments, and scFvsin particular,
several advantages are apparent, which may even make them useful as amodel system for
extracting general features about protein stability. Firstly, there are probably more crystal
structures solved than for any other class of related topology (not counting the point mutants of
some enzymes). Secondly, the domains do interact, but can aso be expressed and studied
individually, allowing a quantification of the contribution of the domain interactionsto stability.
Thirdly, the conserved disulfide bonds can be taken out and thus the domains can be studied as
“low-stability" and " high-stability" versions. Stabilization of scFv fragments for intracellular
applications can either be achieved by introducing stabilizing point mutations or by CDR
grafting onto a superior scFv framework. The latter strategy has al so been successfully employed
for stabilizing a fluorescein-binding scFv fragment (aung, s, and Pu* ckthun, A. (1997) Protein Eng. 10, 959-966) .
Additionally, attaching a constant domain to the scFv fragments may also improve scFv stability,
because constant domains may possibly provide additional extrinsic domain stabilization to the
scFv. Although not tested by quantitative in vitro stability measurements yet, it is possible that it
was this increased stability, which caused improved effects of cytoplasmically expressed
intrabodies in some cases, where scFv constant domain fusions were expressed, and improved

performance as cytoplasmic intrabodies was noticed (cohen, P, Mani, 3.C., and Lane, D. P. (1998) Oncogene 17, 2445-2456,
Tewari, D., Goldstein, S. L., Notkins, A. L., and Zhou, P. (1998) J. Immunol.

161, 2612-2647). HOWeVeY, it is aso possible that increased folding yield is responsible for the
improved effect of constant domain fusions, since the presence of the constant domain covers the
hydrophobic V-C interface of the variable domain, which is solvent exposed in the scFv
fragment and can contribute to aggregation (aung, s, and piu ckthun, A. (1997) Protein Eng. 10, 959-966) .

In the role of intra- and inter-domain interaction asin Table 1, from the x-ray structure the
strong interaction in VH of anti-Ras scFv (-681 kcal/mol) was observed in comparison with the
disulfide free system (-644) which mainly due to the loss in the electrostatic moiety. However,
inthe VL of anti-Ras favorable binding in disulfide free system with lower interaction (-524
compared to -495 kcal/mol) between intra-domain were found which may be the cause of the
low fluctuation of the intra-domain distance in VL from a short molecular dynamics simulation
(Figure 3, bottom right). Detailed investigation of the interaction energy of 3-sheet between
intra.domain has been donein Table 2, indicated the strong interaction between
B-sheet al.... and -sheet al. The key amino acids that hold the B-sheet structure of disulfide
freeanti-RasinVH are.................... andinVL are while..................... are the key amino
acidsin holding the VH and VL to stay together. Analysis of the hydrogen bond asin Table 3
also confirmed the similar hydrogen bond interaction between disulfide and disulfide-free anti-



Ras system. The highlightsin bold letter are the different hydrogen bond between the two
systems.

Discuss more figure 6, RMSD of the original and final MD structure of anti-p17 show higher
deviation and VH and VL seem to be move apart in the no cysteine sytem.

Geometry and the strain of the disulfide bonds

One critical hallmark influencing the intrinsic domain stability of both VH and VL isthe
intradomain disulfide bond, which is formed by the highly conserved Cys residues at framework
positions H22/H92 and L 23/L.88, respectively (Williams & Barclay, 1988) (numbering according
to Kabat et al., 1991). The stabilizing contribution of intradomain disulfides in antibody domains
has been calculated to be in the range of 4-6 kcal/mol (Goto & Hamaguchi, 1979; Goto et al.,
1987; Frisch et a., 1996). The correct native structure can, in principle, also be reached in the
absence of the disulfide (s), as shown by X-ray crystallography for the disulfide-free REIv-k
domain (Uso-n et a., 1997) and by functional studies for disulfide-free variants of the levan-
binding scFv A48 (Probaet al., 1998) and the p185HER2-ECD-binding 4D5 scFv fragments
(Wo» rn & Plu» ckthun, 1998b). However, many scFv fragments cannot fold to the native
structure without disulfide bonds (e.g. Glockshuber et al., 1992) because they are not stable
enough to ““survive" reduction or removal of the disulfide bonds energetically. Neverthel ess,
some exceptions have been reported. These proteins are either intrinsically stable enough (Wo»
rn & Plu» ckthun, 1998b; Tavladoraki et a., 1999) or their overall stability had to be increased
beforehand by rational engineering (asin case of the isolated REIv-k domain; Frisch et a., 1996)
or by evolutionary approaches (Proba et al., 1998; Martineau et al., 1998). Completely cysteine-
free scFv fragments have been produced (Proba et al., 1998; Wo» rn & Plu» ckthun, 1998b).
Val-Alapairs were selected from 25 possible combinations as being the best substitution for the
VL disul Ade bond in the cysteine-free scFv fragment A48 (Proba et al., 1998). Indeed, a
cysteine-free variant of the scFv 4D5, where the two intradomain disulfide bonds had been
replaced with Val-Ala pairs, was found to be slightly more stable than the reduced dithiol form
of the cysteine-containing 4D5 (Wo» rn & Plux» ckthun, 1998b). However, in amodel system
established in yeast, such aVal-Alavariant of a GCN4-binding scFv fragment turned out to be
less active as cytoplasmic intrabody than the corresponding cysteine containing variant (Wo» rn
et a., 2000). Thus, replacing the intradomain disul A£des with Val-Ala pairs does at |east not
generally increase the performance of scFv fragments expressed under reducing conditions, and
the structural reasons for this difference in behavior need to be studied further. Besides the
obvious stabilizing effect of the intradomain disulfide bond, many single point mutations have
been reported to increase the intrinsic stability of scFv domains. Some of these residues will be
described in the section on domain stability. Interm of the geometry and strain of disulfide bond
as reported earlier for the CD4, a member of the immuglobuline superfamily of receptors

nature paper), calculation of the dihedral strain energies
off the disulfide bonds reveal s that the D2 bond has a high strain energy (4.74 kcal/mol) compare
to the D1 (2.28 kcal/mol) and D4 (1.71 kcal/mol). A high dihedral strain energy (of D2)
correlates with the ease of reduction of the disulfide bond.

D2 disulfide bond could be reduced



easily on the surface of cell. In our case, we have calculate in the similar manner from the
equation,
E(keal/moly= 2(1 + cos(3y,)) + 2(1 + cos(3y.)) +
(1 4+ cos(3y,)) + (1 +cos(3y,)) + 3.5(1 + cos(Zy ) +
0.6(1 + cos(3y;)) (1)

N-term C-term

where E is the strain energy in kcal/mol and %!* £2: 43: £2 and | %1 are the standard side chain
torsion angles of disulfide bonds. As aresult, the strain energy in VH and VLof anti-Ras and
anti-pl7 scFvare...., ...... e e , respectively.

Which other residues, not in theintra-domain related to the stabilization of scFv structure?
| haven't analysed this part yet ka

Interface stability and the domain-swapping phenomenon Insuf Acient stability of the VH-VL
interface of scFv fragments has often been suggested as a main cause of irreversible scFv
inactivation (Reiter et al., 1994a), since transient opening of the interface, which would be
allowed by the peptide linker, exposes hydrophobic patches that favor aggregation. Fv fragments
have been reported to dissociate into VH and VL domains with KD values ranging from 10;9 to
10j6 M (reviewed by Plu» ckthun, 1992), and this would alow dynamic and transient *“opening"
of the scFv assembly. The different strategies that have been followed to increase interface
stability in scFv fragments are summarized below. A different but related aspect induencing
scFv stability is the monomer-dimer equilibrium (Figure 3). Understanding this aspect is
important in order to be able to obtain homogeneous scFv preparations. ScFv fragments which
favor dimerization can sometimes be desired to create heterodimeric or homodimeric dimers,
which have been termed diabodies. They can be used to create bispeci Z£c fragments or
homodimers with increased avidity and decreased renal clearance time (reviewed by Hudson,
1999; Colcher et al., 1998). Many scFv fragments have been reported to form dimers to some
extent, where the VH domain of one chain is paired with the VL domain of another chain and
viceversa (Essig et al., 1993; Holliger et al., 1993; Whitlow et a., 1993, 1994; Desplancq et al.,
1994) and the dynamics of this process have been investigated (Arndt et al., 1998). The fraction
of dimer formed is dependent on linker length (with short linkers between Ave and ten amino
acid residues forming almost quantitatively dimer), but also on external parameters such asionic
strength, pH and the presence or absence of antigen (Arndt et al., 1998). Also, different scFv
fragments with intermediate linker lengths differ greatly in the amount of dimer formation; the
molecular details of this phenomenon are not yet understood. The monomeric form of scFv with
normal 15-20 residues linkersis believed to be thermodynamically most stable. However,



depending on expression conditions, ionic strength, and pH the scFv dimer can initially be
dominating and eventually remain trapped in this state in a proteindependent manner (Arndt et
al., 1998). Therole of the linker is discussed again below. Intuitively, diabodies would appear at
first to be “"more stable" than the monomeric form of the molecule, yet experimental results
point to a more complicated picture. The thermodynamic stability of the anti-digoxin scFv 26-10
has been examined with stepwise increasing linker lengths from zero to 25 residues (in units of
(Gly4-Ser)) by J. Huston et al. (personal communication; M.-S. Tai, H. Oppermann, W. F.
Stafford & J. S. Huston, unpublished results). Saturating antigen served as a noncoval ent

linker, greatly reducing the difference in stability between monomer and dimer. However,

in the absence of antigen, stability differences were quite marked. According to its transition
curve in GAnHCI equilibrium unfolding, the normal scFv monomer, which was predominantly
formed with linker lengths of 15, 20, and 25 amino acid residues, had denaturation midpoints at
nearly twice the denaturant concentration as those of the diabodies, which formed with the 0, 5,
and 10-mer linkers. In order to understand the basis for this difference between diabody and scFv
stability, the corresponding unlinked 26-10 Fv fragment was a so analyzed (J. Huston, personal
communication). The midpoint of the transition curve of the Fv fragment was essentially the
same as the midpoints of the 26-10 diabodies. For the scFv, adlight increase of stability was
observed with increasing linker length, but they were all decidedly more stable than the
diabodies, based on the transition midpoints. It might be noted that the VL domain of the

Fv fragment was expressed as afusion to adomain of protein A, but this fusion partner did not
contribute to the transition curve of the Fv, but did improve bacterial expression of the free VL
domain. The differencesin stability between the Fv fragment, the scFv monomer and the less
stable scFv dimer emphasize that diabodies are topologically topologically more smilar to
unlinked Fv fragments than to scFv fragments. Although the chains of a diabody are associated
by atandem repeat of Fv contacts, their overall stability is at best only marginaly higher than
that of the Fv fragment comprising them. In contrast, the scFv istopologically asingle
polypeptide chain, where the domains are held at a high local concentration, recently estimated
to be in the low millimolar range (Ja»ger & Plu» ckthun, 1999a). Taken together, these
experiments suggest that a diabody made from a weakly associated Fv fragment may also be
poorly stable, and may thus be unsuitable for many applicationsin vivo.

Conclusions



Table Caption

Table 1 Interaction energy of VH and VL, intra-domain in VH, in VL for anti-Ras, anti-p17, and
selected scFv structures.

Table 2 Interaction energy of of 3-sheet between intra-domain in anti-Ras system

Table 3 Hydrogen bond analysis between intra-domain in anti-Ras system

Figure Caption

Figure 1 Intradomain in anti-Ras system. Schematic representation of the immunoglobulin
heavy and light-chain variable domain fold displaying nine B-strandsin each VH (VHal-VHb9)
and VL (VHal-VHDb9). The possible presence of Cys residues and disulfide bonds between the
B-sheetsis marked in ball and stick model

Figure 2 Root mean square displacement of VH and VL in anti-Ras and anti-p17 systems
Figure 3 Distance analysis between intradomain in VH and VL for anti-Ras and anti-pl7
systems during molecular dynamics simulation. Positions of key amino acids in the model
structure in disulfide (thin lines) and disulfide-free (thick lines) are indicated in the insert picture
Binding free energy between VH and VL in anti-Ras and anti-pl7 systems

Figure 4 Distance analysis between intradomain in VH and VL for anti-Ras and anti-p17
systems during molecular dynamics simulation. Positions of key amino acids in the model
structure in disulfide (thin lines) and disulfide-free (thick lines) areindicated in the insert picture
Figure5 Binding free energy of VH and VL in anti-Ras and anti-p17 scFv

Figure6 Structural comparison of initial and average structure from molecular dynamics
simulation of sulfhydryl and disulfide-free system for anti-RAS and anti-p17 scFv.
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intradomain Energy
(kcal/mol)
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8
7
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6
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Cys22 (VH A2) Cys96 (VH B8) Ds-s=3.38A
Cys136 (VL A2) Cys201 (VL B8) Ds-s=3.46 A
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ABSTRACT

A three dimensional model of CD147 antigen was constructed, based on
homologous templates retrieved from Protein databank using the restraint based
modeling program MODELLER 8v1. The CDR loops of the single-chain variable
fragment (scFv) from a monoclonal antibody to CD147 clone M6-1B9 was
structurally ssmulated in situ using the Web Antibody Modeling (WAM) server. An
overall quality assessment of each refined model was made by various analysis
programs, including PROCHECK, PROSA and VERIFY3D. Recognition binding
sites on CD147 and the interactive side chains on scFv were identified using the
Globa Range Molecular Matching (GRAMM) program. The whole protein
complexes were then freely relaxed with unrestrained minimization and the binding
residues on CD147 were identified within 5A of the referenced antibody binding site.
Epitope prediction using a computer guided docking program suggested that four
peptide regions of domain 1 of CD147 may play a critical role in the binding activity
of M6-1B9.



INTRODUCTION

The human cell surface molecule CD147 isatype | integra membrane protein
of the immunoglobulin (I1g) superfamily [1-3]. It is widely expressed on various cell
types and is a lymphocyte activation-associated molecule [3-5]. Currently several
monoclonal antibodies (mAbs) has been generated to target this molecule for
functional studies. By employing these established mAbs, certain domains on CD147
have been characterized. Kasinrerk et al. reported two consecutive CD147 domains
that resulted in different activations i.e. induction of homotypic cell aggregation and
inhibition of lymphocyte proliferation after anti-CD3 induction with two mAb panels
[4, 6, 7]. A negative regulatory function for CD147 in T cells has been shown using
either M6-1E9 or M6-1B9 anti-CD147 mAbs which recognized CD147 domain 1 [7].
More recently, Ku et al. demonstrated the inhibition of matrix metalloproteinase
production from COS-7 cells after engagement of the well-characterized CD147
epitopes [8]. These findings have significance for the future applications in cancer and
transplantation immunotherapy. Nevertheless, immunoglobulin gene and amino acid
sequences involved in the CDR domains of the established hybridomas have never
been investigated. Recently, our group has cloned CD147 specific single-chain Fv
(scFv) from a hybridoma, M6-1B9, and expressed it in E. coli. The inhibiting activity
of soluble scFv with the original monoclonal antibody, M6-1B9, was demonstrated.
Interestingly, suppression of OKT3-induced T cell proliferation using monomeric
soluble scFv was also observed. These results suggested that the generated soluble
scFv carries a CD147-specific paratope recognizing a native epitope on the CD147
molecule [9]. The amino acid sequence of scFv-M6-1B9 was deduced from the
acquired nucleotide sequence encoding the light (L) and heavy (H) chain variable
segments. The complimentary determining regions (CDRs) were determined via the
Kabat numbering pattern [10].

Herein we describe the three-dimensional structures that have not previously
been elucidated for scFv-M6-1B9 and CD147 complex. The modeled proteins were
docked by the software GRAMM [11, 12] on a PC-LINUX workstation in order to
study the interaction between scFv and CD147. Possible interactions of scFv with the
potential epitopes on CD147 domain 1 could thus be predicted. The predicted data
will be used for comparison with B-lymphocyte linear epitope prediction protocols.
As this is the first report regarding the structural basis of the interaction of scFv and
CD147, our studies may contribute towards the understanding of the immunological
activity of scFv against CD147.

RESULTSAND DISCUSSION
scFv-M 6-1B9 model and validation

In the present study, specific CD147 scFv was constructed and used to model
using the information from the PDB database. The computer model of scFv was
constructed using the Web Antibody Modeling (WAM)  server
(http://antibody.bath.ac.uk/ index.html) [13]. However, the method did not provide the
linker for the generated model. Therefore, the linker was built separately by using the
AMBER program (Case et al., 2006). This linker was included into the constructed
ScFv model.

The 3D structure of the scFv-M6-1B9 model with linker is shown in Fig. 1(a).
This model includes two structural domains corresponding to the VH and VL
domains. The linker connected the N-terminal of the heavy chain to the C-terminal of
the light chain (see Fig. 1). It is generally acknowledged that antigen binding occurs
in a variety of ways, and thus leads to a differing arrangement of antibody



conformations. In scFv, there are actually six unique hypervariable units. Each of the
hypervariable regions is surrounded by less variable stretches, which are structurally
B-sheets. Each of the chains contains three of the six loops that form the binding
region. The hypervariable portions of the loops on the light chain are designated
L1(22-33), L2(49-55) and L 3(88-96) while those on the heavy chain are H1(134-143),
H2(158-167), and H3(207-212) [14-17] (Fig. 1). These regions are also known as
complementary determining regions (CDRs); they have a higher binding affinity to
the antigen. The positions of amino acid for the CDR loops (L1-L3 and H1-H3),
which correspond to the antigen-binding loops are highlighted in Fig. 1(b).

The reliability analysis for the CD147 scFv modeled structure was checked
with various validation methods. The stereochemical quality of the scFv-M6-1B9
model was evaluated by PROCHECK [18] as shown in Fig. 2(a). Dihedral angles
(®,¥) of all residues were located in most favored (162 residues, 81.8%),
additionally allowed regions (31 residues, 15.7%), generously alowed regions (3
residues, 1.5%) and disallowed regions (2 residues, 1%) of the Ramachandran plot.
There weretwo residues (Ala33 and Thr181) in the disalowed region; Thrl81lis
located in CDR H2 (175-184) and Ala83 is outside the CDR loops.

All other criteria, such as peptide bond planarity and hydrogen bond energy,
were within values statistically expected for proteins with a resolution below 2 A
(data not shown). Additionally, the evaluation of the quality of the modeled structure
with ProSA-web [19, 20] yielded an energy graph below zero (see Fig. 2(b)) and a z-
score of -6.79 (Fig. 2(c)), which corresponds to scores expected for a native fold of a
sequence length of 239 amino acids. This supports the assumption that the modeled
protein represents a natively folded structure. Finaly, the modeled structure was
evaluated for the compatibility of each of the amino acid residues as checked by
VERIFY3D [21] (Fig. 2(d)) indicating a positive score for all residues. From al
validation tests, then, the structure model of CD147 scFv seems reasonable at the
present level of theory.

CD147 model and validation

An optimal sequence alignment is essentia to the success of homology
modeling. Three reference proteins, neural cell adhesion molecule from Rattus
norvegicus (1EPF), junctional adhesion from Homo sapiens (INBQ), and junctional
adhesion from Mus musculus (1F97), were used to model the structure of human
CD147 molecule. The sequence identities for the three reference proteins compared
with the CD147-HM were 21.10%, 17.73% and 16.06%, respectively (Table 1). With
alow score in sequence identity, we created a sequence identity table to evaluate the
similarity among the templates. As shown in Table 1, most templates share a small
identity (~16-19%) according to the difference in their species, except for JA-HS and
JA-MM. However, those templates were quite different in their sequence and
structure, asillustrated in Fig. 3(a) and 3(b). In this case, multiple templates should be
used to improve the accuracy of our model. Therefore, we chose all of those proteins
as the multiple templates for modeling CD147-HM (see Fig. 3(a)). The secondary
structure was calculated using the DSSP program [22] (Fig. 3(c)). It was found that
the enzyme was a beta-sandwich fold and contains 18 B-strands and 2 a-helices. The
disulfide bonds for the CD147-HM model were predicted using the DIANNA web-
server. This analysis predicts two disulfide bonds; (1) Cys20 and Cys60, (2) Cys105
and Cys164, which form in each subunit of CD147-HM.



The quality of the homology model was further evaluated by PROCHECK
[18], ProSA-web [19, 20] and VERIFY 3D [21]. The Ramachandran plot (Fig. 4(a)),
revealed a good quality stereochemistry. The @, ¥ torsion angles of 78.6 % of the
residues had values within the most favored areas. 18.3 % of the residues had values
within additionally allowed regions and 3.1 % of the residues had values within
generously allowed regions of the Ramachandran plot. The PROSA energy as shown
in Fig. 4(c) indicated some mistakes in the modeled structure. This is due to the bad
alignment according to the low sequence identity. However, the z-score for the
structure of the model (Fig. 4(b)) was in an acceptable level (-3.02). This result
indicated that the modeled protein was still close to the natively folded structure.
Further explanation for some errors on the modeled structure was found by the
validation test of VERIFY3D. The result from VERIFY3D for the target and the
templates is shown in Fig. 4(d). The overall structure of the target model 1ooks fine,
except for one region at residues 130-150. The source of negative score for the target
model was probably from the template of 1EPF, which showed an energy trend
similar to those from the target. However, the overall quality of the structure model of
CD147 is reasonable and is within the criteria of each of the validation programs. In
comparison with the recent PDB structure (3B5H.pdb), our model structure shares a
common structure.

Molecular interactions between the scFv-M 6-1B9 and CD147

The structure of scFv-M6-1B9 and CD147 conformation was modeled as
described in Materials and Methods and evaluated as mentioned in the earlier
sections. In order to predict the mode of interaction between scFv and CD147, the
model of scFv-M6-1B9 was docked with CD147. The molecular docking of CD147
into the binding region of scFv was done using the globa range molecular matching
(GRAMM) program [11, 12]. As a result, the CD147 ScFv antibody complexes
clustered into four distinct groups. The four best molecular docking models in each
cluster, after energy minimizations using steepest descent and conjugated gradient
methods, are shown in Fig. 5. ScFv is shown in green with CDR loops colored in
yellow. The different subdomains, VH and VL, of scFv are indicated. Domains | and
Il of the CD147 antigen are shown in red and blue, respectively. The complex
conformation conformed to the rule of lock—key relationship between antigen and
antibody. A list of the amino acid residues of CD147 predicted to be interacting
within 5A of the scFv CDR and hydrogen bond interaction are presented in Table 2.
The maximum difference in the binding energy of 30 kcal/mol ranges from -581 to -
611 kcal/mol for the four complex models. These interactions are reflected in the
negative binding energy, which is highly favorable for the complex between scFv and
all models. However, from the molecular structure analysis, the predicted interaction
of the first domain of CD147 to scFv [15] is found in only model 11 and 1V, which
scFv binds near to the CDRs conserved residue indicated the better complex
conformations. Since more interacting amino acid residues in domain 1 of CD147 and
strong H-bonding interactions which hold the first domain to the scFv in comparison
to model 1V, model Il would seem to be the better complex model. Besides, more
complexes in cluster |1 suggests the possibility of finding such a pattern. In detailed
analysis of the model Il — scFv-M6-1B9 complex, a conformation is analogous to that
seen in the crystal structure of the lysozyme - antibody (PDB code: 1a2y [23]) which
also binds to the CDRs of scFv. The interacting residues of CD147 are Phe®, Val®,
Glu™, Asp™, Leu™, va®, Leu™, Gly*?, GIu®, His™, Gly®, Pro®, Pro®, Arg®, va®,
and Arg™®. Interestingly, the residues involved in interaction from the CDRs of scFv



are mainly from the L1, L3 and H2. Possible hydrogen bond interactions associated in
two CDR regions, L1 (0O:V40 of CD147 with H:S24 of L1 and O:E63 of CD147 with
H:S26 of L1), and L3 (O:E10 of CD147 with H:Y93 of L3) were observed. The
orientation of model Il - scFv-M6-1B9 is illustrated in Fig. 6, showing the amino
acids suggested as most important for ligand interaction in 5A vicinity from CDRs.
Hydrogen bonding and hydrophobic residues are also indicated in the figure.
Although the most probable anti-CD147 scFv structure has been predicted, there will
be many possible stable complexes at equilibrium. Therefore, the low energy structure
should be taken into an account to find the interacting peptide sequences of CD147
that are associated with binding to scFv-M6-1B9; we will discussin the next section.

Epitope prediction with computer guided docking program

Defining epitopes theoretically or experimentally is challenging [24-28]. X-ray
crystalography of antibody—antigen complexes is perhaps the best way to validate
differential antigen disruption results, but it will require tremendous effort, resources
and time. Therefore, we utilized the commonly used and well-accepted docking
method to conjecture epitope locations on an antigen. We propose that the ability of a
protein model with a particular loop conformation to dock with a complementary
ligand is a useful criterion. For each docking structure of the anti-CD147 ScFv
antibody from GRAMM, amino acid residues within 5A binding region of the CDR
domain (L1-L3 and H1-H3) were examined from the lowest interaction energy of the
50 complex models, and the common associated binding regions are shown in Fig. 7.
Eight peptide regions (A-H) of CD147 interacted with scFv. Four potential epitopes,
Group A, B, C and D, which resided in the first domain of CD147, are the preferred
binding types [15]. The complex conformations of the four putative binding epitopes
and scFv were sequentially analyzed. The deduced peptide regions A, B, C, and D
from the minimized scFv-model 11 of CD147 are selected to perform flexible docking
for both antibody and antigen using CAChe 6.1.12.33, as described in Materials and
Methods. Predicted binding energies using PMF scores with united atoms are reported
in Table 3. The corresponding complexes with the peptide ligands are also predicted.
These interactions are reflected in the binding energy of interaction between scFv and
peptide ligands, which is highly favorable for Group A-D. The best complex model is
Group C with the PMF binding energy of -186.91 kcal/mol. As Thr181 in the H2
loop conformation in the models is located in a disallowed region of Ramachadran
plot, the change in CDR H2 conformation may result in the loss of afew interactions.
I nteractions between the CD147 and other CDR loops may be maintained, despite the
change in the shape of CDR H2. However, this effect should be overcome with the
flexible docking, which alows both peptides and the CDR loops to be moved. A
negative favorable intermolecular energy reflects that peptides A-D have redistic
binding modes. The calculated intermolecular energies decrease (become more
favorable) from peptide D > A > B, and C, respectively. The patterns of hydrogen
bonding and hydrophobic interactions between the key residues within 3A of scFv
and peptide ligands in each case (A-D) are shown (Fig. 8(a) - 8(d)). Although each
pattern is quite different, a general trend showing the interaction with the H1-H3 loop
IS apparent, as shown in Fig. 8. Severa of the important hydrogen bonds of H2 and
H3 to CDRs, namely, Y157, S177, Y184, R223, and Y229 and the scFv-M6-1B9
residues involved in the hydrophobic contacts, such as Y93, Y157, A158, Y182,
Y184, F224, R225, Y229 , as listed for each peptide in Table 4, are observed in the
predicted complexes.



According to a non-glycosylated continuous epitope of CD147 recognized by
M6-1B9 mAb [29], we compared our docking results with an antibody epitope
prediction from the Immune Epitope Database and Analysis Resource, |IEDB
(http://tools.immuneepitope.org/tools/beell/iedb_input). Many epitope prediction
protocols for CD147 were tested, i.e., Emini Surface Accessibility [30], Kolaskar and
Tongaonlar Antigenicity [31] and Bepipred Linear Epitope Prediction [32] based on
antigenicity [33], hydrophilicity [34], inverted hydrophobicity [35, 36], accessibility
[30], and secondary structure [37, 38]. Among these methods, it has been shown
recently that Bepipred gives more accurate prediction than other protocols [32].
Therefore, we have reported this protocol in comparison with our docking method, as
listed in Table 3. Three predicted epitope sets were generated from Bepipred.
Interestingly, the predicted results from other protocols are similar to those of the
Bepipred protocol. Two of three predicted epitopes contain the overlapping regions
i.e. “PGQKTEFKVDSDDQWG® by Emini Surface Accessibility [30] and
""NIQLHGPPRVKAVKSS* by Kolaskar and Tongaonlar Antigenicity [31].

From the docking method, similar results of the two overlapping regions of the
shorter peptide Group C(>’SDDQWGEY SCVFL®) and Group D (**HGPPRVKA®)
with the epitope set 2(*ALPGQKTEFKVDSDDQWG®) and  set
3("*IQLHGPPRVKAV®), respectively, agreed with those of the other protocols. The
docking method also suggested two new predicted epitopes of Group A
(‘TTVEDLGSK™) and B (**KGGVVLKEDA®). It isinteresting to note that, our four
predicted peptides contain the hydrophobic residues such as Cys, Leu and Val, as
suggested by Kolaskar and Tongaonkar [31] using a semi-empirical method for
prediction of antigenic determinants on protein antigens. These hydrophobic residues
found on the surface are likely to be a part of antigenic sites. This result implies that
our docking prediction is in good agreement with the other linear epitope prediction
protocols, although both predictions were clearly different in their backgrounds. In
fact, the docking method is based on the three dimensional structural information of
both antigen and antibody and their binding interaction, whereas the linear epitope
prediction is based on the statistical information of an antigen from its antigenicity,
hydrophilicity, inverted hydrophobicity, accessibility, and secondary structure.
Combining the statistical and structural information of both antigen and antibody
would provide more reliable epitope prediction for further testing.

Conclusions

Based on the availability of structural information generated by the antigen-
antibody docking method, it may become possible to conjecture epitope locations on
an antigen. In our study, the unknown crystal structure scFv-M6-1B9 and CD147
were first generated using a homology modeling method. Then, the overall quality of
each refined model was evaluated by different analysis programs including
PROCHECK, PROSA and VERIFY3D. The scFv-M6-1B9/CD147 complexes were
identified using the Global Range Molecular Matching (GRAMM) program. The key
interacting peptide regions were mapped from the lowest interaction energy of the 50
complex models and then the peptide ligands were docked to scFv-M6-1B9. Our
calculation suggests that the four epitopes, ‘TTVEDLGSK™, ¥*K GGVVLKEDA®,
>’'SDDQWGEY SCVFL®, and ®HGPPRVKA® of CD147 could bind with a high
affinity to scFv-M6-1B9. In agreement with other protocols from the statistical
information, the latter two potential epitopes can be selected as a basis for further
testing.



Computational M ethods
3D model building of scFv-M6-1B9 antibody

A single-chain variable fragment homology model for anti-CD147 was built
by using the Web Antibody Modeling (WAM) server (http://antibody.bath.ac.uk/
index.html) [13]. Heavy and light chain variable fragments (VH and VL) were
modeled using the most sequence-homologous known framework structures. For
conformations of the CDRs, five loops (all except H3) were identified as belonging to
specific canonical classes and modeled on those with maximum sequence homology
within the corresponding class. Non-canonical and H3 loops were built using the
CAMAL (Combined Antibody Modeling Algorithm) method, consisting of a
combined database/conformational search [39]. Canonical non-conserved and non-
canonical residue side chains were modeled using the CONGEN algorithm [40]. Final
energy minimizations on CAMAL-generated conformations were performed by
employing the accessibility profile screen. The obtained scFv-M6-1B9 model was
added al hydrogen atoms and the peptide linker between heavy and light chain which
contains Ser and Gly residues was built using AMBER9 (Case et al., 2006). Then, the
model was performed constraint energy minimization with gradually reduced force
starting from 100, 50, 25, and 0 kJ/mol/A?. 2,500 steps of steepest descent, followed
by 2,500 steps of conjugate gradient agorithm were applied during energy
minimization using aff03 force field in AMBERSO.

3D model building of CD147 antigen

At the time of the research, there is no PDB of CD147 available. Therefore,
the amino acid sequence of human CD147 antigen from Homo sapiens (CD147-HM)
was obtained from the Swiss-Prot-TREMBL database (accession number: P35613)
[41]. The templates selected were neura cell adhesion molecule from Rattus
norvegicus (NCAM-RN) (PDB entry: 1EPF), junctional adhesion from Homo sapiens
(JA-HS) (PDB entry: INBQ), and junctional adhesion from Mus musculus (JA-MM)
(PDB entry: 1F97); these were obtained from the PDB database [42]. Multiple
sequence alignment between CD147-HM and the templates used for homology
modeling (provided by ClustalX [43] and represented by ESPript [22]) and the
structural overlap between CD147-HM and the templates were shown in Fig. 3(a) and
3(b), respectively. Model building of CD147-HM was performed based on those
templates, using the restraint based modeling program MODELLER 8v1 [44]. This
program uses an automated approach to comparative modeling via the satisfaction of
gpatial restraints. In the model generating step, we used the "patch” command in
MODELER to constrain coordinates of cysteines 20 and 66, and 105 and 164, which
form disulfide bonds in each subunit. The disulfide bond for CD147-HM model was
predicted by using the DIANNA web-server (http://clavius.bc.edu/~clotelab/DiANNA
/) [45]. Five models were generated and assessed for their quality using the Modeller
Objective Function parameter and PROCHECK [18]. The best model was retained
and the side chains were repositioned in optimized conformations, using SCWRL
[46]. The CD147-HM model was finally subjected to energy minimization in order to
remove the geometrical strain, using parm03 force field as implemented in AMBERSO.
The overall stereochemical quality of the final model for CD147-HM was assessed by
PROCHECK [18], ProSA-web [19, 20] and VERIFY 3D [21]. The secondary structure
of CD147-HM predicted by DSSP [47] and isillustrated in Fig. 3(c).



Docking the CD147 antigen onto scFv-M 6-1B9 antibody

Recognition docking sites of CD147 on scFv were identified by the Global
Range Molecular Matching (GRAMM) program [11, 12] using the generic mode with
a grid step of 6.8 A and torsional rotation of 20° intervals. A total of 1,000 docked
structures were generated and fifty antibody-antigen models were chosen based on
their energy ranking for further analysis. The CD147 binding residues pattern of 50
protein complexes were identified within 5A from the CDR domains. The appropriate
binding peptide regions were selected from the predicted scFv-M6-1B9/CD147
models to perform the flexible docking with CAChe 6.1.12.33 (Fujisu, Inc.) program,
where flexible or rigid ligands were docked into proteins with flexible or rigid side
chains. In this study, the peptide ligands and the side chains of the amino acids of
CDR domains were flexible during the docking simulation. Charges were not
included in this calculation. All the atoms in each structure were redefined by
CAChe's atom type. The grid resolution was 61 x 61 x 61 points with a spacing of
0.500 A. The grid box was settled by the center of the CDR domain. The search
method used a Lamarckian genetic algorithm and the population size was set to 50 in
each of 40,000 generations. The atom pair interaction potentials, knowledge-based
PMF-scores [48], were used to analyze inter-atomic interactions within each complex.
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Table Caption

Table 1 Sequence identity of the target sequence with the template sequences of the
three known crystal structures.

CD147-HM | NCAM-RN | JA-HS | JA-MM
CD147-HM 100.00 21.10 | 17.43 16.06
NCAM-RN 100.00 | 18.35 18.81
JA-HS [ 00,00 64.48
JA-MM 100.00

Table 2 The complexed energy between scFv and CD147 and the main molecular
interactions between the scFv binding regions and the list of residues on CD147
within 5A from the binding regions from the best model in each cluster.

Cluster Numbers in Energy Residues of Residues of CD147 within 54 from ScFv H-bond interaction
Cluster (kecalimal) ScFv loops CD147:CDRs
13 -611 L1 130-131 MI130G0: 822i@HG,
N131fHD: 82 2@06
L2
L3 143,145 R145@HH: L9S@O
H1
H2
H3
11 0 -6i06 L1 40-41,62-63,84 VA0 52 4@ HG,
E63 @ OE2 S26aHG
L2
L3 10-12,63, 82-86, 145 E10i@OE2: Y93 HN,
H1




Hz &,0-10. 81
H3
] 7 502 ]
L2 97, 111-113, 116, 146-148 W1 16@HE1S35@0,
SI46@EOGST5@HN
L3 145
HI 127-128, 131, 141-143
H2
H3 115-116, 143-146, NI143@0: ¥ 220G HH,
R145@0:A228@ HN,
R145@HH21:G227@0
R145@HE:G227@0
v ) 381 ] T, 143148, Q14305 20@HG
R145@HN:S29E0
R145@HHI1:830@0
L2 12,22, 61-64, B3-85
L3 126-128, 143-144, 170 L127@HZ No 220D,
H1 15, 168-176 K170 @HZ:8 1 60@0G
GI71@HN:M150@0
SIT2@HN:Y157E0
S1T2@HO:P154@0
DI73@0: Al S8@HN
ALTS@HN:S156E0
H2 117, 119120, 122125, 163, 167,170-172, | ¥110@0:¥184@HH
175-177 Y1 @0S1TTEHG
R163@NE: Y18 2@HH
AT @081 T8EHG
H3 9-11, 13, B6-80, 168-170, 173-175 D1@OD2: Y229 HH
K170@HN:F 2240
SI69@O:R225@HN

Table 3 Interaction energy of scFv with short peptide regions from CAChe program.

Group Residues No. of CD147 PMF Binding Energy

(keal fmaol)

A | 7-15(TTVEDLGSK"™) -1

N

345

B | 2645 "KGGVVLEEDAT) _171.97

C 5760 (T SDDOWGEYSCVFL™) -186.01

D |81-88 "THGPPRVKA™) -136.88

Set ] [ 23-30(TNDSATEVT™) -157.90

Set2 | 4562 (TALPGOKTEFKYDSDDOWG™) 18443

Set3 | 78-80 { "IQLHGPPRVEAV™) -194.48




Table 4 List of the scFv- M6-1B9 key residues that interacted within a 3A vicinity
from four predicted peptide sequences and the hydrogen bond analysis of scFv-M6-
1B9/CD147.

3A scFv residues from H-bond

Peptide

Sequence

peptide:CDRs

Hydrophobic contact residues of scFv-M6-

1BY

(scFvipeptide)

A | TTVEDLGSK" YI5T:HI, Y229:H3 Y93, Y157, Y220 Y157 @OH:SI4@NH

B | “KGGVVLKEDA®  [SI77,YI84H2, Y220:H3 | YIS7.S177. Y182, Y184, F224, R225. Y229 | S177@OH:G37@O0.Y I84@OH:G3T@NH

€ | TSDDQWGEYSCVFL® | R223, Y220:H3 Y93, Y184, R223, F224 Y229 R223NHI Y 229@OH: D38 @ODI Y220@OH:857@0
D | “HGPPRVKA® YIST:HL, Y184:H2, Y03, Y157, A158, Y184, F224 Y184@0H:KB7@0, Y220@0H:HE | @NE

Y229:H3

Figure Caption

Fig. 1 @) The 3D structure of light and heavy chain variable regions (VL and VH) of
anti-CD147 scFv. The loops are shown in red and the linker in blue. b) Primary
structure of VL(1-106), VH(126-239), the loops in light chain (L1: 22-33, L2: 49-55
and L3: 88-96), and the loops in heavy chain (H1: 150-160, H2: 175-184, and H3:
224-229) of anti-CD147 scFv. The sequences and positions of the flexible linker,
which contains Ser and Gly residues, are also shown in italics.



Fig. 2 The validation of scFv model. (a) Ramachandran plot (b) PROSA z-score (C)
PROSA energy (d) VERIFY3D.

Fig. 3 Multiple sequence alignment between CD147-HM and the templates used for



homology modeling. (A) the sequence aignment (B) structural overlap between
CD147-HM and the templates (C) the secondary structure of CD147-HM.

Fig. 4 The validation of CD147 model. (a) Ramachandran plot (b) PROSA z-score (c)
PROSA energy (d) VERIFY3D.



Fig. 5 Four best molecular docking models in cluster | (a), 11 (b), Il (¢) and IV (d).
ScFv are shown in green and CDRs are shown in yellow. Domain | and Il of CD147
antigen are shown in red and blue, respectively.



Fig. 6 Schematic representation of interactions between CD147 residues and CDRs
residues of scFv-M6-1B9 for the docking model in cluster I1. Hydrogen bond distance
and hydrophobic interaction are also indicated.

Fig. 7 The important interactions of amino acid residues of CD147 from the lowest
interaction energy of the 50 complex models associated in binding in 5A region from
CDRs of scFv-M6-1B9.



Fig. 8 Schematic representation of interactions between peptide ligands Group A-D
and scFv-M6-1B9. Hydrogen bond distance and hydrophobic interaction are also
indicated.
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