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ABSTRACT

Aberration of epidermal growth factor receptor (EGFR) mostly found in various solid cancers such
as breast, cervical, head and neck, and including lung cancer. 85% of lung cancer often have been found
into non-small cell lung cancer (NSCLC) which mostly cause patient death. Therefore, the first strategy is
chemotherapy for attenuating EGFR activity. Monoclonal antibodies (mAb) and small molecule tyrosine
kinase inhibitors (TKI) have been used as anti-cancer agents. Unfortunately, they remain many
disadvantage such non-specific effective, side effect, lack of penetrable property. However, decades of
biology research on cancer therapy have been revealed many strategies for improving efficiency of
anticancer drug. We used the computational studies to understand the protein-protein interaction that
activate kinase activity and MIG6 peptide that inhibit activity of EGFR. The computational studies revealed
the key residue in the interaction and inhibiting mechanism. Furthermore we aim to find nanobodies as
inhibitors which were selected from humanized VH/A/ H phage display library. The nanobody clone
containing EGFR-high affinity and EGFR-inhibitory were introduced cell-penetrable peptide (Arg-9) for
making cell-penetrable nanobodies. Cell-based experiment revealed that VH18, VH36 modulate cell
viability of NSCLC cell lines (A549) with nanomolar range (181nM and 9.61nM, respectively) compare to
approved drug. Confocal microscope suggested that all cell-penetrable nanobodies able to penetrate
cell. Moreover, combination of molecular docking and epitope searching reveal that VH36 can bind to C-
lope of EGFR which essential for EGFR-dimerized activation. This antibody fragment can be developed as

a therapeutic agent for cancer therapy.
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2. myhasawuunanadneluianavas TK domain vas EGFR luguuuu asymmetric dimer : n13

avslassaisluguuuunanaiivuazdunanaiinvadlamalaim

11514 homology-based  ifteshassluinalasiadns 3 DivedlasiadisuvuneniinuazdunoaiineTk
TALU 199 EGFR h3ulaseas1svaslusiuTK  Tawwu ve9 EGFRImLmﬁ”’ﬂugULLaﬂﬁwLLazﬁuLLaﬂﬁw%ﬂﬁMﬂ
g1utoya PDB 9niuldlusunsy MODELLER a¥lunadiionensludauiingfinu Cterminal dauvos M (G672
to 1682) UAzvEEEILYD CT segments (V 956to 1994) titeldlunsAnunguusaiinadaly PBD code 1m17 way
2GS6 JUBuLEATHIY PBD codel XKK, 2GS 7and 2RAB aniutilassadisansfflush MD stimulation wis
sandu luluwes Msudyarauaziinsziu ﬁy’ﬂugﬂLLUULLaﬂﬁwLLasﬁuLLaﬂﬁWWQﬁué’w GROMACS 45 uag
AATIZANAN1TYI MD A28 GROMACS utilities [7]

WUUIIaeTaluna homology H1UNTIATIwAWeIlaIAliaY Ramachandran plot wuinlifiis@aiey
Tuiuilimuiganveinsimiswaniivuazduneniin 90% veusdfinnegluiuiiisensusanddiiiiudniy
nvetievemaatliing lassaiuwuuueaiivuaduleniivgnaisiununisineives Zhang et al. [8] A INd
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EGFRInwu latualamuguuuulaluwesludimves M uag CT wansdnulasaasnesall Nlobe, B-strands (@
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Fadu salt bridee wansdeduUszah wazna1nn1svi MD stimulation 100 ns fuezduuazlyluwesvesTk
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RMSD Tunsdanaainuiadesvasseuusazandlnatiesiusenindasasnaisnassdunulaseasnao1edsbugraian

289N15¥11 MD A9NINA 12

0.5 : : : ; : : : :
A
04+ -
= - | '% I 'l L L‘.'I'; A
E 03F b * .‘f“ft‘f' n‘,‘ “'ﬂ A | I fl* W ! TR i
0.1F — receiver™ -
—— monomer™
—— activator™
00 2.0 4I0 6‘0 8|0 100
Time (ns)
0.5 T T T 1
B.
M il " ‘ s ol W‘MW s
I} L i A’"i*. N Al A uh iiiﬁw J.!“\""MMW:..}‘Am'!"' iw ) m*" M‘ N ey ‘r“ﬁ
E 03 i wf" W A
£ i
2 0.2 ,f” )
0.1F — receiver™ -
— monomer™
— activator™
% ' 0w 0 0 100

Time (ns)

AWl 12 @1 RMSD voslassasromanduiiiduvesiatluguuuureswendiv (A) Buunaiin (B) nlassadiasuy
wiglidnlatanudanguvedlassaiidluusiazdiuves TK oty vos EGFRIaW 3elddn RMSF  iifoduinien
wirulunsazisdiafnni 3 nslesziesrusznaundnaedlassadanuunendinl §ae MD trajectories g
nsgluusiag MD trajectories iloszydnuaziiuvesnisiudsuudas Fond1 PCluguuendivl 1 PClagnszageeng
nnlugiu N-lobe waslawalawmiie 3 weaiinlunadenni 4

ogdlsfinuiirnisvesnisindeuiivesiniu (receiver) guilaunsefutruiuidunmiiuladlusinsedu
(activator) waz Tuluwes Fslufidiusufunsindouiuszana %9.29,  %5.54uay %5.45989n75wAaswlm
Heunlulusiunugsu nafiintumanitniduinesduwmsalawosaansaasuudamamaniuazanaauiiy
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3ug wu PKA  [9] nsillauarUaveslasiadedienonsuvunendiviinninnisiinuidaenisin MD - duduns

waeunvastlawalamuegdlndlnauaiunisidsuudasiasiadiediuved IM uag CT [10] Famneanudinis
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Touazaveslawalawulugadidydmsuvvesdusivindulawaluannzidusoniivnesy daunisdinw
TATsassluUBULaATIN 99nn15v MD wuan PCL insiadeuiiadiesiuisidediunisnizdnniszaieves N-lobe
wuv rigid Tuduwes C-lobe voslanalamu nsiadoudives N-lobe fdnwaziluyuaindufsiulunawuuien
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3iEninsawnfawazussinesnaduanudusavdsuazduimudidu wovsansdefanaiauansandesu
e 1uve U duTUSTavIe

dlewSsudisufunsdufidumesingnes MIG-6_s1 TassasandneTK Tawy 19 EGFRIAWIL uazdI
¥89 Migs dudusndiufauuu feedback inhibitor vasdiienens uandliifiuinsdin K336-k362 vaslusiu Migs
#111509U1 U C-lobe va9TK lawiu ves EGFRIaIU Tassasrananvedlassasiefananuansliiiiuil Migs peptide
Hlassairafionuazinseguu Bumesinaves Clobe  vadlaua umesilugnunaguiiesis AG  uay OH
helices waz QL F- 0L G, QL G- OL H, OL H- QL | loop, %aﬁaagﬂihﬁuﬁﬂszmm 1 wilues 00.1878s3AldAeilnd [
oguuNdnaH Tstaslunsdensioru Sumesiveg wazideiouiisulfito1veasdffioguu C-lobe lalua
Tnwuszninsdumesinglaesuuuduesduuniauasiduiu Mie nuindiuaesn1siuiu 6MIG-6 Fudeufu
Sumeslsvealussdumnsalaweiisdnivesnsaesiluildsumesiysuiusinddiiusslelsiau laun Goos,
R908, Qlu911 A G- O H loop; 1917, D Tunden 918QH wag i) dauﬁlmauﬁmﬁé’uﬁuﬁ‘mu Plu 9130 G- O
H loop; Y920, V921, V924, W uwinden 9270H; M928 on the QH-QU loop wuifieniu V956 uuduwes CT
mMsfnvmdneiiuasfdnduesnisdu Mige  way nmsdudadenens wanslidiuinnisidsuliannisnans
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Mig6-bound inactive (PDB: 2RFE)

- = =~ v o a a s a o o ' ~ a
AMNNL7  ASIUSEIUNEUNITAIUNUUSIUDUNDIINEN C-lobe ‘Uaﬁmaﬂi%}uixmthﬂaLLEJﬂ‘VlWLLazau

=

waAnN(AING1) LWuRIAUlATIE 1909 Migs JuAulaTias1sdulen?in (PBD code:2RFE) Mig6 peptide Lans

'
a o

fesuveuduns UinaiduredumefsuansiuiauaznsnesilusdiiineiiAnitusylelnsiaunazufisenls
vouthuanwhedwdowumardifuamudiy sBmiufasesutuuansefsnsiiit
3. MsAALARNUBURAUAAIN HuScFv waz VH/V,H libraries

wala Single  round biopanningSQﬂﬁmﬂ%LﬁamiﬁﬂLﬁaml,auauaﬁﬁﬁmmmmmﬁu K Taedu
WINEUIINNNSE TK 1A39U ELISA Plate #ae Coating buffer (Bicarbonate buffer pH 9.6) lagiuunaIw
Wudumes TK 71 2 Hg flo well 91nifushinig blocking #ae 39%85A wanirldumduaan 2 Imﬁqmmﬁ 37 93
ntudne BSA duiueenlsivun 3aiy tibrary atly dumeududuneudiBenin Phage enrichment thluvsndu
a1 ‘ij"’ﬂmﬁqmmﬁ 37 9eA 9MNHUES unbound phage  senlivun 1§ nin Mid-log Phase HB2151
E.coli wial#ia infect fanana iAnnsaneventeya N1eiugnssuvse phagemid InIgUUATTLSY 9N
ilvvmdunan 1 $alusfigangli 37 s fumeuanrie vuuafiSedld wudss vuommns uls dWelfiAans

asnalalatldmsunsiageuwmaiin PCR 9siald

3.1 MsAadanuauiiveflagly PCR

199970 HUSCFV Waw VHAVH 5uLfJu‘?jyudau‘uaq§uﬁag"lu vector 7u phagemid sy plasmid
asefl  phagerid ﬁ"'uﬁﬁ;m%'wﬁu’tumié’umwﬁ DNA  vesuuafise uazsneegsamiu dwu primer  #lilunis
asrvseuiutuarsunziuBuiisdesnis Tnsauinwes amplicon #éa1n HUSCFV Ustanas 1000 bp (nii18)
Tudiuwes VHAVHH 9sdivunnues amplicon Uszanas 750 bp (nndi19)lagansdimuizan Tunsiiusiuiudu

WDRSITUVDILBUAUDA 95 8af1 1 U 55 89A1 30 FUNT way 72 89A1 1 Wil



1000
750

500
250

Al 18 uanauau amplicon HuScFv fiwulu HuScRv library 1% Agarose gel

Al 19 uansuay amplicon VH/VyH fiwulu VH/VH library 1% Agarose gel

3.2 NSNAFBUNNSUENIBNYBYIU Phagemid Tutwaauuaiitse (HB 2151 E.coli)

nmaneaes (ideldilalad lute 33 wideduomnadsade wdmmagandu fauen adu 600
M (ODyy) Uszanew 0.5-0.6 antiuvinswileniiliiinisuanieenueuiived tneld 1mM IPTG annduviluuad
gaumgdl 37 oeen Wunan 3 dalu wdntuihundunnpznouwad iensieseumsuansesndentsuenlngld
14% acrylamide SDS-PAGE Mﬁﬂmﬂﬁumaﬁlaau NSUANIDNTBILOUAUDAMELATA western blot analysis
(1:3000 Mouse anti E-tag primary antibodies, 1:5000 Goat anti mouse AP-conjugated secondary antibodies)
YUINVBY HuScFv Uszanay 23-30 kDa vuaves VH/VHH Useana 15-20 kDa

Clone No.

M 26 18 19 20 21 27 29

(neg)

kDa 35 -
25 -

} 15 - 25 kDa
15 -

2T 20 UARILAUNISUENIDDNVDY VH/VH



3.3 msnadauaNNansalunsduseriaieudveinu  TK  lagldmalia  Enzyme-linked
immunosorbent assay kag western binding

Tunsvnaes ELISA Sumeuisniduannsnas TK adu ELISA plate Tnevieandusiu Inianudadu 2
ug Tu 100 pl sie well warludruvesyarumuliindeng bovine serum albumin (BSA) Tumududuiivindu
ihlUdsfiguungd 37 oam Wunen 16-18 Falus unsedis ELISA plate s andudndlusfudiufvonn ué

Blocking #er 3% BSA urian 2 $alue widsantiudne BSA iy udufiu lysate 283 HB 2151 E.coli fifinns

'
a

LAAIBBNYDIUOUFAUBA (Y11 Normalization melusunsu digidoc 31nuaas Western blot ) dnluuuiigumgil 37
29 Wunan 2 Falus wdsantudne ysate ves HB 2151 E.coli Minsuanieanvasuaufvaddiuiuean
3w detection complex 1agl41:3000 mouse anti E-tag primary antibodies mouse anti E-tag Way 1:5000

Goat anti mouse HRP-conjugated secondary antibodies Safieueiadu 450 nm

ScFv aganist EGFR

0.4

m EGFR
W BSA
2 5 8 9 16 21 23 33 49 51 52 55 56 67 68 81 85 86 93 102 HB
ﬂ"l‘lN‘I?i 21 weanINa ELISA 999 HuScFv #ia EGFR
VH/V H against EGFR
0.15
0.1
W EGFR
0.05 mBSA
0
1 5 6 7 10 11 12 13 15 16 18 19 20 21 27 29 33 35 HB

AW 22 wanewa ELISA Y83 VH/V,H sia EGFR

PNKANITNARBINUIT  HuScFv fimuaansalun1sduiulasnin VHALH Ussanad 5 widlewSeuiieu
fndianuaunsatunsduiuTKiveesngunsnaaesUseufisuiugnmuauusegelsiauiidenud

Anuaunsatunissulilaususnanuaunsalunisdudanisvinauvels



3.4 NSNAFDUAIUAINITOVDILLBUAUDA IUNTSEULINISTINeIUVRY TK

{A%IAY Kinase Glo Max Assay kit n1samanaeunssudsnisvinnures TK Tnsueuiueddildain
Libraries Tnendnnsues Kinase Glo assay kit az¥nu3unas ATP finawmdelneldioulesl Luciferase @udaued
(Chemiluminasecense  Indicator) lngtoulasifenaniagly ATP  udalddaygrau Chemiluminasescene oM
Frudueuiivedansadudimsineuees TK 14 ey ed Chemiluminasescense 61 9NAMNT 23 Lans

Weslguan15dudin1syinuees TK  lag VHAVLH  (HuScFvitlgann library  tAAANNAIIURANAINNIIAINN
narnvaelu library)

15

10

% enzyme activity
(0]

B VH/VHH

Pos
clone 10
clone 11
cl
clone 13
clone 15
clone 16
clone 18
cl
clone 20
cl
cl
cl
cl
cl
cl
|
lone 40
|
lone 48
lone 49
lone 54
lone 55
|
lone 59
lone 64

HB

C
c
C
C
c
C
C
C
C
c

VH/VHH clone number

A 23 unugdl wansruanIalun1sEudinisvie TK Ing VHALH Tagld Kinase Glo Max assay kit

NNANITNAFBINUIN VH/VHH 10, 18, 35 wag 36 UANNEINITOUNSTUEINISYNaIuYee TK i 55 &

AuaIsalunsnsEAuNIinwes TK IafdlaSeuiieuiu Positive control 3deduionyta 5 laauilum

druihndlalnaseluiayiuielaseasna

dlensudsuibedlelndudiideldudasiadunsnesiludioluiouiisuanumiioududiuieg

lolnAvesuyudlngldgrutoyaniwinuduylulnydu uaswu VH Aldianuadieadsiuduvesuyuduinndy 85%
(nwil 24)

AN 24 wansieganunsaegiluaes VH/V,H

VH/VHH-10
CDR-IMGT lengths:iz.z.15]
FR-IMGT lengths:iz5.17.38.11]

Result summary: Productive IGH rearrangedsequence [no stop codon and in-frame junction) [z}
V-GEMEznd zllele

Homsap IGHY3-66*02 F score = 1069 identity = 86,32% (246/285 nt)

L
J-GENE znd zllzle IHG”H”}:T;'BG;”;I DZForHomses . o= 158 identity = 83,335 [40/45 nt)
D-GEMNE and allele by
IMET/JunctionAnalysis Homsap IGHD2-15*01F D-REGION isin reading frame 3

FR-IMGT lengths, COR-IMIGT lengths and T o
AAJUNCTION - CALGINGINVLGTSLDYWY




3.5 n13Nan Cell-permeable antibodies
PNNANITNABDITUAUNUIT Louuafann VH/VH library 31uau 4 Taau dnnnuainnsa Tunsduss
N13719ureeves TK WisUseansnmlunisdwas lWalusfiudmmenieluead Suveaweuiivesigniindiuiu

sglnsuuasimieg

F-R9 ScFv-LIC
5" GGT TGG GAA TTG CAA CGT CGT CGT CGT CGT CGT CGT CGT CGT CGT GCG GCC CAG CCG GCC 3’

R-E ScFv-LIC
5’ GGA GAT GGG AAG TCA TTAA ACG CGG TTC CAG CGG ATC 3’

u1Awas PCR product Alduseanas 850 bp ‘wﬁqmﬂﬁy’u%uahugugﬂﬁﬁiﬁu%qwéimai%‘ Gel Extraction
%uaiauﬁuﬁmumiﬁﬂﬁﬂ%zjw%‘%gﬂﬁw’ﬁﬂwmaﬁm PLATE52 1pg33 Ligation Independent Cloning pLATE52-
VH/V,H-R9 gn Transform 14hg IM109 £.Coli 1leyinns Screen wuailiBeilésu pLATES2-VH/V,H-RY Tne 35
Colonies PCR n&anntiutiiPositive Aldunadin Plasmid o Sequencing wag Transform 1414 RosettaOl(DE3)

E.Coli @%3un13ns19aeunsiantoanaaslusiu

N- .
. VHN H E-t
6x His T7Tag Arg-9 H ag

Protease cleavage site

AT 25 Fudubu pLATES2-VH/V,H-R9

il 26 nsuanseenvaslusiuly pLATES2-VH/A,H-R9
(ImM IPTG, 37c, dhr)



3.6 MaUieuiisuaduiiaadlalndvasdlusiugnuauuiluued

ndniafeldgretuiinanuluued fansadngduwadligoLATES2 i 5 Taau wuilaaufiuiaulade
VH10, VH18, V,H35, VH36 lag VH55 auansu

nsnaasssuanmsiilaladvesusarlaaunndeddus mL LB broth + 10 pg/mlL Ampicillin ¥iluides
flgmngli 37°C Usranm 16-18 Falas ndaminduih@oilduatamanadndeyaaitn Sneudududae nanodrop

Y 9

spectrometer Ainueanau 260 nm Iaglnsumesnldlunismainuiandlolnafe LIC-FW uag LIC-RW

sxHis 17 tag WELQ Arg-9 FR-1
VHI1B HHHHHH GMASMTGGQOMG RSGWELQ RRRRRRRRR AAQPAEVQLVESGGGLVQPGGSLRLS
VHS5 HHHHHH GMASMTGGQQOMG RSGWELQ RRRRRRRRR ARAQPAEVQLVESGGGLVQPGGSLRLS
VH36 HHHHHH GMASMTGGQQOMG RSGWELQ RRRRRRRRR AMAQPAQVQLVESGGGLVQPGGSLRLS
VHH3S5 HHHHHH GMASMTGGQOMG RSGWELQ RRRRRRRRR AAQPAEVQLVESGGGSVQAGGSLRPS

KAKEKE FARIFAXXREEE KA AXEEET 22 hhhXxxd *hdhh s xxerrhhhhdrs dhdhhrx

FR-1 CDR-1 FR-2 CDR-2 FR-3
VHI1B CAAS GFTFSHYW MSWVRQAPGKGLEWVAN IKQDGSEK YFVDSVKGRFTISRDNAKNSLYL
VHS55 CAAS GFTFSHYW MSWVRQAPGKGLEWVAN IKQDGSEK YFVDSVKGRFTISRDNAKSSLYL
VH36 CAAS GFTFNNYL MYWVRQAPRLGLEWVS- -~TTGGIA AYADSVKGRFTISRDNAKNTMYL
VHH35 CAAS GYTYCSYD MSWYRQAPGKEREFVSA IDSDGS-T SYADSVKGRFTISQDNAKNTVYL
*hkEkx *:i‘: * * * TEkL t:t: f. :.ttttt****t:*t*f.:=*t
FR-3 CDR-3 FR-4 E-tag
VH1B OMNSLRAEDTAVYYC ARVPETTVTTGPLLYYYYGMDV WGQGTTVTVSS AAAGAPVPYPDP
VH55 QMNSLRAEDTAVYYC ARVPETTVTTGPLPYYYYGMDV WSQGTTVIVSS AAAGAPVPYPDP
VH36 QMNSLEPVDTAVYYC VRGGGEYVSPewwewccew- ID WGQGTLVTVSS AAAGAPVPYPDP
VHH35 OMNSLEPEDTAMYYC KTDGe========= YGCGSWFY NGOGTMVTVSS AAAGAPVPYPDP
hhkkk kkkyghkw Jhhh ok kkh hhkkkkkdhhhd
E-tag
—_—
VH1B LEPR
VHS5 LEPR
VH36 LEPR
VHH35 LEPR

*hkk®

i 27 wnunnuansdwuindlalavedusiiugnuaiuluued VH18, VyH35, VH36, uag VH36 (6xHis;

6xHistidine tag, WELQ; Protease cleavage site, FR;Framework, CDR,Complementarity Determining Region)



nannnaeafildazgniinseilaslilusunsy  Clustal w2 Tumsfsuifisumnuunndisvestusiu
gruanuiluued 90wl 18 wudh 6xHis tag IdgniRuTivane N iiteldlunsviliuignd sude T7 tag v
Anvosouleillusioa wavArg-9 (Cell-penetrating peptide) dmsunisihveslusAugnuauuluvefidingwad
dnlutinalay C damdiddunsnesilueysndues E-tag Tudruveslassaimdndunuindnaiidunsn
nsnegfiluayintvesunluvefnusssumnidiney Ssvegluduues FR-1-FR-4 luduvinaiiinnuvainmans
voansmezilutunuiazeglutiy COR3 wodlusiugnuanuiluued uiegslsfimumuilushugnuauuTuued

VH18, VH55 fmumaieadslugiuvesaisunsnasily >95%
3.7 mamanzimunzanluninlusiugnuauuiluued

dievhmsndnlusiugnuasiluveRlutimasnnwedmiunmsmaaesdududely  {3deldEuanism
anmefvnglumiiliifnnsuansoonvedusiugnuauunluveiluiuafids vln Ecoli aesius Rosetta
BudunisvanesiteldifsuueiGeiiinanaisvenuvefasuuewnaudaielildlalafifen  wdanduily
Aosioluemmamandunm 16-18 dalus aniu hu 1%vesdedindmasluownavan desiigaungd 37°c
Uszana 3 99l v3eaunseis ODy=0.5-0.6 antivhnswiestilitinisnanlusiulnensidy Tnelid 1PTG
anudiudugaiiiedio s mmolL  udmitludewlefigamgl 37°c Wunan 3l vhmafunznouadlos
wisnatiuwies vhmsunnisadlneldaduded 25% dlutusisuenazneumaddnads Wudnlawasngnoun

LenlAeds SDS-PAGE
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AT 29 129% SDS-PAGE ugnsnsuansoonyeslusiugnuanuiluued Vi H35 uaz VH 36 luanmgfignnieni

35

25

#18 0.5 mmol/L IPTG figaumgl 37°c

M37 1 ananaininlung 31uunsaeeiily Wvdnluana uazan pl vedlUsiugnaasu

luved
Sample aa. MW pl
VH10 296 32 9.36
VH18 184 20 9.73
VyH35 173 19 9.10
VH36 171 18 10
VH55 184 20 9.73

HANNINITNARBINUIINITHARIDRNTaslUTAugnNaNuluveAtuasianseeanlugUuuuliasatet
wnndiluanigfiguileniving 0.5 mmolL IPTG figamgll 37°c asamzegeBalusiugnuan VyH 35 gadinns
wanseany NS uisuiulaauauluan ey Wesmnumileuiuvedusiugnuauuiluued VH18 wag

v
I o = o

VH55 fadedslaidenviamslaau VH18 Tudiuves VH10 #iliumiinluanauiniilaauduiiesin VHI0

U
o

IAssas1ensludIures Heavy chain (VH) wag Light chain 983 variable domain #seliendnegsnilyin ueunaus
faneien (Single-Chain Fragment Variable domain; ScFv) dsfiuminunnitlaausu iwdnluanaveslusiu

anuannluvafusiaylnauausaIeulanans1en 1

3.8 n1sdunulusAugnuanunluued (Protein Refolding)
7a991n7lA Denatured protein %39 Solubilized Protein 31NNTEUIUNAALUSAUINLUATITY aIa1nY

dmviliduduleeld  3kDa cut off amicon TfiUSunaswasUszanal 500 UL wazimuaanududulay



Bradford assay  vdsntuhluideansluy Refolding Buffer  Tmeendemdnnts anaududuvesansiivls
Tshudeanw ddumsvnaesiiideld Urea fimamdudu 8 molL Tnendunisidesns (Dilution Refolding )
LU Drop to Drop Tu Refolding buffer ilmnududiugaineveddusiuwintu 0.1 mg/mL thanflgumail 4’c
Hunan 1 $lus wdsmniuisinsesiae 0.22Um nitrocellulose filtter  anvheidsumdutmmosivmnyasily

As¥inNsneadsald

AN 30 129% SDS-PAGE wansaulusiuunluuendousie comassie blue

3.9 NISNAFBUANAINITOIUNSIUNUVBIUIUUaANULUSAY  EFGR
\ienAeUANAINNTAVEY  NanobodyWd  Sleau {33laldis  Western blot bindinglagi3uain
mawsey WWsklugnuay laalawm ves  EGFRANIUNS =~ ) RefolddOkDa (Wiflannandudy 20p mL/gtily
WINNTUNTEUIUNNIBISAlASINGTA wavdneasd  NC membranevdsanniiuii fkunsszuIuns NC membrane
o | ' ° . v . a a 0 Y Y o 1w
Blotundnduuvis sieuniily Blocking fe  Blocking bufferfigamali 37 Wuian 24alus udanhuuiu cell
Aa aa a ' a a 0 & Y] ) & o a
lysatevosuuaiiFeniniseanuiluvedluusaslaau Mgamgl <37 Wunan 240lus vdindwihmsianig
A8 ATZUIUNIT western bloting(1:3000 Mouse anti His-tag primary antibodies, 1:5000 Goat anti mouse AP-

conjugated secondary antibodies) Fuiansnilld fe BCIP/NBT
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3.10 nMsnagauANaN1salunisIuiuvasunluvafnulusiu EGFR Aulwadusise

\evndounNaIN15av83 Refolded nanobody fulusiiuluanzasemelumaduzids nsnaaeasy
MnMsiasaeaduzdenin A549 luemsidsavaduiin DMEM Aifldiunasves 10% Fetal Bovine Serum
(FBS) 100U penicillin-streptomycin Viqmmﬁ 37 °C, 5%CO, lulanar T75 cm” aunsgineadiaiaiivln 90%

Yasiiunnanan §3deldvinnistosiwad (trypsinization) Iaeld 0.25% trypsin/EDTA solution Juienngneauea

AnlusAusenatnadlagly  Extraction bufferaniiusinnisuensieg  PAGE-SDSWaz Western blottinglagld

Refolded Nanobody 5laau (1:3000 Mouse anti His-tag primary antibodies, 1:5000 Goat anti mouse AP-

conjugated secondary antibodies) Fuiansmild o BCIP/NBT
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3.11 MalABaeasun3e

nsvARBIiNRuINadunSsUenvdn non-small cell lung cancer cell (A549) gnynunidesluaimis
\Feawadeila Dulbecco’s Modified Fagle Medium (DMEM) lnadlifiu 10% Fetal Bovine Serum (FBS) iaz
100U/mL Penicillin/Streptomycin  Leadgnidiesluguuiifinisaunufeaivevlnsenlss )CO, Incubator(
aungll 37 °C, 5%C0, wadgnidsdlu T25 cm’ cell culture flask aunsziawadurnszatefauiwanar (90%
confluence) TaanUszunal 3-7 Ju wé’wmﬁuwaéwm Sub-culture Taen13 Trypsinize A8 10x Trypsin/EDTA
solution ni&antiu trypsinized cells aggnihlidumadifeatoufiasitludswielu T75cm’ cell culture flask

wadgnidewteluaneimugaunuing1I91wi Ussana 3-5 T wadeniondmiurhnsmeasddutusialy

3.12 MuuAA ICs, 1ae Cell-based Experiment

nManmasasuRuMIIIAsLeadusSiln A549, HepG2 uay MCF-7 s1uau 5x10° wad sio well Tu
96-well plate Freemsiaegaduia complete DMEM (10%FBS, 100U/mL penicillin/streptomycin) 9t
ihlvuluannefumnzan fgamnf)37 °C, 5%C0O, Wunan (16-18 dalus vdsndumadazgnivdsuduems
Aldunanvosnluveffiinruidudumudiimualy (100nM, 50nM, 25nM, 12.5nM, 6.25nM, 3.125nM, 1.5nM,
0.75nM, 0.3125nM) NnAMEdLTuYeIuluUeRLsariazgnieddly Serum-free DMEM (SFM) Tudiuvesyn
muasiiu {38141l Phosphate Buffer Saline (PBS) Lfu Blank dmfunsmaaesd iilei3ouifisuauanssoves
u’ﬂuuaﬁﬁ’um%’ﬂwmsﬁqﬁlﬂuﬁmﬁ’u Tumimamﬁ;ﬁ%’mﬁaﬂ Erlotinib (Tarceva) (100uM, 50uM, 25uM,
12.5uM, 6.25uM, 3.125uM, 1.5uM, 0.75uM, 0.3125uM) usheniiathlunmssnvuzifaleaiiinisuanseen
793 EGFR Inglumamanaansidldld DMSO 1fu Blank usmenuas Tnefmualiianududulaiiu 0.1%0MSO
Tuusiay well ndniivuwadiuuluvefiduna 72 Filus Iﬁ@ﬂa’lmﬁm’lﬁmé’uamﬁw Complete DMEM i3
dunanvesansazats MTT Tnglifianududugaviheedii 0.5me/mL tilutusiodld CO, Incubator Wunan 3
Folus w§niusrdunamuinianandhiivsnusuawes well iewneadfisiiddn (Cell viability)as
aunsawdsy MTT WHusdn Formazan gadundndiidllazanedr Safneinnisldieules] mitochondria
reductase \ufsiieaddsidiney aandu iy 50 DMSOUL udnivluinAanuganduuasiianmeneadu

570 nm iAlaanAILm %viability Ingldgns

U0 ogouoood ogoo
U odoboguoo oo
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aavinerinuadl IC50 310 Graphpad Prism 6.0
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AT 34 ASILERSANANNEINNTAIUASEUES (ICs,) o3 Erlotinib

3.13 Mmagauauansalun1sidiead (Cell penetrating) lagléndavigasisauduuudnidou
(Confocal fluorescence microscope)

wadgniasdulavuusiualadly 24 well plate 1uian 16-18 2lus Tu complete DMEM fianaeil
wanan (5%C0, 37°C) wdwingrennsiifisasdeadiosy SFM Hum 16-18 Hilua idleasu
fuanaadazgndns 1XPBS gy doufiaguude 40 ug uiluueflu SFM WWunan 1 Falus ndaandudneun
TuuefidhuAuoonde 1XPBS Mduda vismnduisadazgnais (Fixation) §28 100% methanol Aiduda Hum
5 117l figaungdi 20 °C &4 methanol dauifiude 1XPBS Aduda wdsantdu permeabilize Wwadde 1% Trion
X-100 1Juiaan 15 mﬁﬁqmmﬁﬁm vidntuda 200 ul Blocking buffer (PBST-0.1%, 1%BSA, 0.3M Glycine,
10%FBS) Uasiowfunan 1 dalus figumgll 4 °C  wdsndudnadie 1XPBS TBudn uaztude primary
antibody (Mouse anti-Histidine tag) 8ms1@u (1:1000) Tu 1XPBS 1Jurian 1 lae wa secondary antibody
(Goat anti-mouse Alexa flour 488) 8ns1au (1:1000) Wuran 1 lus geviherwadgniensne DAPI nouthld

ATRADUMENTOINGoRLTATUALUUARIZDY



A 35 awannndealgisawuswuudadeuvenniuued No. 18 wansliiuitunluvefaunsadigiadle

Mngne N158auwaae DAPI, AMwnane Alexa flour 488, Anv31 DAPI wag Alexa flour 488

3.14 ManadauALEINsavasuTuvaAlumatudinadeuiivasaduzise

wad (5x10°celliwell) gnidsslu 24 well plate WWuna 16-18 Falus nsdansligadiadaydulnaudia
Useanal 90 % vesivudl visniudssiae SPM e 24 $alus Srawading 1XPBS 1Hn 10 nM vasuluue
Fuusiarlraufasdenlu SPM adluvadunen 1 dalusfianmefiovnnyan g CO, Incubator ndsnduigad
W& 1XPBS leveaeulszavaninuesuiluuei 100 ne/mL Epidermal Growth Factor (EGF) Tu SFM iJu
na 15 wiiifianmefiuvnzay lugl CO, Incubator Mﬁnmﬂﬁu@ﬂmmsﬁq 19 91U 200 pL Faun monolayer i
Husesmuen Mntudseadiivaneendie 1XPBS uduAvuwaddesis  complete DMEM  nisindoufives
wadazgruiunmn 3, 6,12 $alue seegmslunisiadeuiiazgniisuelau Image) software  LilothanAwIm
FyiTlunisiadeudi (Migration Index, M) MI = (1-(szezmslunisindeuiifidaludlag/svelunisndouiinidalusd
0)) *100

Compare with EGF-treated cell -
Migration HN 6h
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1 1 1
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N 2
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10 uM Erlotinib
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10 nM VH18
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10 nM VH36

Untreated cell

10 nM VH55

finnunli EGR-treated cell \Juganiunu

dqUnan1TAaeg
MnwamsveaesvuigdEldldreufiuneslunisdnwnisduiusenindnlsdulawalauaes EGFR ilo
nszdulivhanu wagnmsdufuting MGe edudinmsvinnuvedinlstulawa  uenanillddaidonuluvedii
Sumedvlnlsdelamanes EGFR unszuiunsfiidendt Biopanning nidsnniuldvhmmasouamauFlunis
suiulusAudnelngldmeda ELISA wuinid uiluvedleauil 10, 18, 35, 36, 55 fdAuEILNTolUNTTURU
TWsfuthmneldd  swisdflenuanansolumsiudiianssunmehouedusiulvlstulawaldsndeiieia
mwannsolumsitiadfidelaifin Arg9 7 N-terminal vesuiluved wavnndegosisauduuindey
wuih uiluveddil A9 fleuannsslumsdiead  sunedsdauausalumstiudinsaiadvinves
waduzssenvlin A549 sgrsdmzianzas tnedie 1Cs, oglusziu M Fandnen 1Cs, mamé\’wumsﬁqﬁ%’a%ﬂu

Yaguu unnlundnduunluvefdafirnuausalunisdugainsindouiveseadsnsie



LONEI391984

[1] Zhang X, Pickin KA, Bose R, Jura N, Cole PA, Kuriyan J. Inhibition of the EGF receptor by binding of
MIG6 to an activating kinase domain interface. Nature. 2007;450 (7170) :741-4.

[2] Case DA, Cheatham 3rd TE, Darden T, Gohlke H, Luo R, Merz Jr KM, et al. The Amber biomolecular
simulation programs. J Comput Chem. 2005;26 (16) :1668-88.

[3] Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML. Comparison of simple potential
functions for simulating liquid water. J Chem Physics. 1983;79(2) :926-35.

[4] Kollman PA, Massova |, Reyes C, Kuhn B, Huo S, Chong L, et al. Calculating structures and free
energies of complex molecules: combining molecular mechanics and continuum models. Acc
Chem Res. 2000;33(12) :889-97.

[5] Zhong H, Carlson HA. Computational studies and peptidomimetic design for the human p53-MDM2
complex. Proteins. 2005;58(1):222-34.

[6] Red Brewer M, Choi SH, Alvarado D, Moravcevic K, Pozzi A, Lemmon MA, et al. The juxtamembrane
region of the EGF receptor functions as an activation domain. Mol Cell. 2009;34 (6):641-51.

[7] D. van der Spoel, E. Lindahl, B. Hess, A.R. van Buuren, E. Apol, P.J. Meulenhoff, et al., Gromacs User

Manual Version 4.5.4, 2010 www.gromacs.org

[8] X. Zhang, J. Gureasko, K. Shen, P.A. Cole, J. Kuriyan, An allosteric mechanism for activation of the
kinase domain of epidermal growth factor receptor, Cell 125 (2006) 1137-1149.

[9] N. Narayana, S. Cox, X. Nguyen-huu, L.F. Ten Eyck, S.S. Taylor, A binary complex of the catalytic
subunit of cAMP-dependent protein kinase and adenosine further defines conformational flexibility,
Structure 5 (1997) 921-935.

[10] M. Mustafa, A. Mirza, N. Kannan, Conformational regulation of the EGFR kinase core by the

juxtamembrane and C-terminal tail: a molecular dynamics study, Proteins 79 (2011) 99-114.



Output fildanTasenis

1.

Songtawee, N.; Bevan, D.R.; Choowongkomon, K. Molecular dynamics of the asymmetric dimers
of EGFR: Simulations on the active and inactive conformations of the kinase domain. J. Mol.
Graph. Model., 2015, 58, 16-29.

Moonrin  N; Songtawee N; Rattanabunyong S; Chunsrivirot S; Mokmak W; Tongsima S,
Choowongkomon K. Understanding the molecular basis of EGFR kinase domain/MIG-6 peptide
recognition complex using computational analyses. BMC Bioinfor., 2015, 16(1):103.

Lueach Tabtimai, Praphasri Suphakun, Pimonwan Srisook, Trin Athigapanich, Duangnapa Diriwan,
Pichamon Kiatwuthinon, Wanpen Chicumpa, Kiattawee Choowongkomon, Cell-Penetrable
Nanobodies Specific to Tyrosine Kinase Domain of Epidermal Growth Factor (EGFR) Able to
Modulate Cell Viability of Human Lung Adenocarcinoma A549 Cells. Poster presentation at The
5th International Biochemistry and Molecular Biology Conference 2016, B.P. Samila Beach

Hotel, Songkhla (26-27 May, 2016)



AMANUIN



Journal of Molecular Graphics and Modelling 58 (2015) 16-29

Journal of Molecular Graphics and Modelling

journal homepage: www.elsevier.com/locate/JMGM

Contents lists available at ScienceDirect

Molecular dynamics of the asymmetric dimers of EGFR: Simulations
on the active and inactive conformations of the kinase domain

@ CrossMark

Napat Songtawee?, David R. Bevan”, Kiattawee Choowongkomon ®¢*

a Department of Biochemistry, Faculty of Science, Kasetsart University, Chatuchak, Bangkok 10900, Thailand
b Department of Biochemistry, Virginia Polytechnic Institute and State University, Blacksburg, VA 24061, United States
¢ Center for Advanced Studies in Tropical Natural Resources, National Research University-Kasetsart University, Kasetsart University,

Chatuchak, Bangkok 10900, Thailand

ARTICLE INFO

Article history:
Accepted 5 March 2015
Available online 14 March 2015

Keywords:

EGFR

Kinase domain
Asymmetric dimers
Molecular dynamics
Essential dynamics
Intermolecular interactions

ABSTRACT

Abnormal activation of EGFR is associated with human cancer, and thus it is a key target for inhibition
in cancer therapy. There is evidence suggesting that the activation mechanism of EGFR is based upon
the formation of the asymmetric dimer of the kinase domains. Here, we performed MD simulations on
the asymmetric dimer for both active and inactive conformations of EGFR kinase domain to investigate
flexibility and intrinsic motions of the proteins. Simulations of the active conformation showed that
the formation of the asymmetric dimer changes the dynamics of EGFR kinase domain by suppressing
fluctuation of the protein and altering the direction of motion of the protein. In contrast, the asymmetric
dimerization of the inactive conformation does not alter the overall fluctuation of the kinase domain
and does not initiate destabilizing of the inactive structure. We also investigated the intermolecular
interactions in the EGFR asymmetric dimers and found that in the active conformation the interactions
are dominated by loop-loop contacts rather than those from the helix-helix interactions. In contrast,
helix-helix interaction seemed to be more significant for the inactive kinase structure. This work helps
us to better understand the conformational flexibility and dynamics of the EGFR kinase domain, as well
as provides information that may be useful to develop newer classes of inhibitors that can block allosteric
sites rather than the more traditional catalytic site.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Epidermal growth factor receptor (EGFR) is a transmembrane
glycoprotein receptor tyrosine kinase that plays crucial roles in cel-
lular responses to environments mediated by its natural ligands and
growth factors. Aberrant activation or mutations of EGFR can pro-
mote tumor cell growth and survival of non-small cell lung cancer
(NSCLC) as well as other types of cancer, e.g. liver, stomach, colo-
rectal, breast and esophageal cancer [1,2]. Much effort on cancer
research has been focused on designing drugs that inhibit EGFR
activity [3]. EGFR can be divided into three structural domains:
(i) an extracellular ligand-binding domain, (ii) a single transmem-
brane segment, and (iii) an intracellular tyrosine kinase domain
flanked by a juxtamembrane (JM) and an extended C-terminal tail
(CT) segments [4]. It is known that ligand-induced dimerization
of the extracellular domain results in the activation of the kinase
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domain, catalyzing the y-phosphate transfer reaction from ATP to
the conserved tyrosine residue at its C-terminal tail [5,6]. Since
autophosphorylations at the C-terminal tail initiates several down-
stream signaling pathways [6]. As a result, EGFR kinase activity
requires careful regulation.

Numerous crystal structures of the human EGFR kinase domain
revealed the characteristics common to almost all protein kinases
in that it is comprised of two lobes: (i) a smaller N-terminal lobe
consisting mainly of B-strands with a single large aC helix; and
(ii) a larger C-terminal lobe, which is almost exclusively a-helical
with a long activation (A) loop. The ATP-binding site is located
at the hinge region between two lobes, and thus motions of the
lobes can determine dynamics of the active site of the enzyme
(Fig. 1). Among the known crystal structures, it has been observed
that the EGFR kinase domain exhibits at least two fundamentally
different conformations. One adopts a catalytically active confor-
mation in the presence of the anti-cancer drug erlotinib [7], and
the other form is in an autoinhibited/inactive conformation bound
to the drug lapatinib [8]. The pronounced structural features of the
active conformation compared to that in the inactive one include:
(i) orientation of the aC helix closer to the active site, resulting
in the salt bridge formation of E738 on the helix and K721 on the
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Fig. 1. Structural models for the monomers (A) and asymmetric dimers (B) of active and inactive EGFR kinase domain. The monomeric kinase domain with JM and CT
segments are colored according to their structural regions; N-lobe 3-strands, green; C-lobe a-helices, blue; aC-helix, red; activation loop, magenta. The K721-E738 and

E738-K836 salt bridges are indicated in cyan dashed lines.

[B5-strand, which is essential for stabilizing the proper position of
the ATP phosphates, and (ii) extension of the A loop away from
the active site, which allows accessibility of a peptide substrate to
the binding site. By contrast, the outward displacement of the «C
helix coupled to the closed conformation of the A loop observed in
the inactive conformation sterically hinder the substrate binding
(Fig. 1A).

Knowledge of the autoinhibition, activation and feedback
inhibition mechanisms of the EGFR kinase domain has been
significantly advanced in recent years. It is thought that EGFR
kinase domain is intrinsically autoinhibited, and its intermolec-
ular interactions promote the kinase activation. Recent studies
have demonstrated that activation of EGFR kinase results from the
asymmetric dimer formation, in which the C-lobe of one kinase
(so-called activator) interacts with the N-lobe of the other (so-
called receiver), eventually leading to activation of the latter which
is in the active-like conformation [9-11]. When the asymmet-
ric dimer interface is disrupted, either by point mutations at the
dimer interface, e.g. V924R of the activator and 1682Q of the
receiver, or by binding of cytoplasmic protein Mig6, that there is an
intracellular negative feedback EGFR inhibitor, the kinase domain
possess a low level of basal activity toward substrate peptides
[9,10]. The crystal structure of Mig6-bound EGFR kinase domain

also demonstrated that the kinase structure adopts the autoinhib-
ited/inactive conformation and Mig6 binds to the C-lobe of the
kinase domain in which it contributes to EGFR inhibition through
blocking the asymmetric dimer interface [10], emphasizing the
important role of the asymmetric dimer formation in EGFR activa-
tion as well as a particularly intriguing perspective for the receptor
inhibition.

A noticeable observation on the role of the asymmetric dimer
in EGFR activation is that one crystal structure of EGFR and HER4
with their well-resolved juxtamembrane (JM) segment exhibits
the inactive conformation but still possess the ability to form an
asymmetric dimer that resembles the dimer of the active confor-
mation [12,13]. Crystallographic analyses demonstrated that the
C-terminal portion of the JM segment provides an additional inter-
action for the receiver to interact with the C-lobe of the activator
in the context of the asymmetric dimer, and such interaction plays
a critical role in stabilizing the dimerization. It could be hypothe-
sized that the capability of the C-terminal portion of JM segment
to dimerize kinase molecules even though they are in the inactive
conformation might be essential for an early step of the receptor
activation when two kinase molecules with inactive conformation
are brought in the vicinity of each other and then interact in the
context of the asymmetric dimer [14].
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Protein conformations are actually expressed as a solution
ensemble that is more dynamic rather than the single static snap-
shot of the actual state provided by crystallographic experiments,
and thus it is limiting a broader understanding of the protein
dynamics. Moreover, crystal contacts may stabilize non-native con-
formational states and thus introduce artifacts that may lead to
inaccurate interpretations. Molecular dynamics (MD) simulation
are an ideal method for analyzing conformational flexibility of
protein molecules. The technique has been successfully used to
study several biological systems, e.g. protein—protein, protein-lipid
and protein-ligand interactions at the atomic-level detail. Sev-
eral MD simulations have previously been applied for studying
EGFR kinase domain and other family members in several con-
texts including the enzyme-drug interactions [15-19] and protein
conformational studies [20-26] as well as the membrane-bound
full length receptor [27]. In this study, we performed 100-ns MD
simulations followed by principal component analysis (PCA) on
the asymmetric dimer of both active and inactive conformations
of EGFR kinase domain to investigate the structural flexibility and
intrinsic motions of each kinase molecule in the dimers. We also
investigated intermolecular interactions at the dimer interfaces
and compared such interactions to those of the Mig6-EGFR com-
plex observed in the crystal structure. Information gained from our
simulations can give insights into better understanding in con-
formational flexibility and dynamics of EGFR in the context of
the asymmetric dimer, as well as provide useful information for
further development of a new class of inhibitors that will block
the allosteric sites rather than targeting the catalytic sites of the
enzyme.

2. Computational methods
2.1. Structural preparation

The atomic coordinates of human EGFR kinase domain deter-
mined for both active and inactive conformations were obtained
from the Protein Data Bank (PDB). Missing and disordered residues
in the retrieved structures were examined using Swiss-PDB-Viewer
v4.1 [28]. The program was also used to reconstruct missing atoms
of side chains and remove alternative conformations of some
residues. The PDB codes that were used to create a crystallographic
ensemble of human EGFR kinase domain include the active con-
formation as follows: 1M14, 1M17, 2GS6, 3V]O, 2GS2, 2ITW, 2ITX,
2J5F, 2]5E, 2]J6M, 2ITY, 2ITN, 2ITV, 4123 and inactive conformations:
3POZ, 2RGP, 3BEL, 1XKK, 2RF9, 3GOP, 2GS7, 3GT8, 3LZB, 4122, 4124.
All of which the residues before L683 and after L955 were removed
to reduce complexities. The residues from L683 to L955 are respon-
sible for the actual kinase domain of human EGFR. Missing residues
in those retrieved crystal structures were subsequently constructed
using MODELLER 9v8 [29] offered by the ModLoop web server [30].

The MODELLER program was also used to construct the EGFR
models in our study which include the C-terminal portion of JM
(from G672 to 1682), actual kinase domain (from L683 to L955), and
extended CT segments (from V956 to 1994). To construct the model
of the active conformation, the PDB codes 1M17 and 2GS6 were
used as the templates whereas 1XKK, 2GS7 and 2R4B (the crystal
structure of human HER4) were used to construct that of the inac-
tive conformation. Since evidence suggested that the JM and CT
segments are essential for protein dynamics of the kinase domain,
and biophysical studies showed that the deletion of these two seg-
ments significantly reduce the ability of EGFR kinase to form an
asymmetric dimer [11,12,22]. For this reason, the 2GS6, 1XKK and
2GS7 were used to spatially restrain an orientation of the CT seg-
ments that should interact with both the C-lobe (via V956-P968)
and the N-lobe (via E980-1994) of the kinase domain. Note that

the extended CT segment in the 1M17 distantly extends away from
and loses any interaction with the kinase domain [7]. On the other
hand, 2R4B was used to model the residues G672-N676 of the JM
segment and residues E848-G850 of the A loop in the inactive con-
formation of EGFR kinase domain since those residues are not well
resolved in all of the inactive EGFR structures. The stereochemical
qualities of the resultant models were assessed using PROCHECK
v3.5 [31].

A model of the asymmetric dimer of EGFR kinase domain for
both active and inactive conformations was constructed accord-
ing to the study of Zhang et al. [9] using the PDB codes 2GS6 and
2R4B as templates, respectively. A model of two EGFR monomers
was created by removing the activator molecules from the dimeric
models, and therefore they correspond to the receiver in the
asymmetric dimer. We note that each molecule in our models is
referred to here as the receivera, activator®t, monomer3t and the
receiveri™ activatori™, monomeri™ for simulation of the active
and inactive models, respectively. Prior to an MD simulation, the
N- and C-termini of each amino acid chain were capped with the
acetyl and amino groups, respectively, to give the neutral charged
ends and mimic the full-length protein in which additional amino
acids would be present. The GROMOS96-53A6 force field [32] was
applied to all protein structures in simulated systems and the
ionization state of amino acid residues was set according to the
standard protocol. The SPC water model [33] was used for the sol-
vent.

2.2. Molecular dynamics simulation

MD simulations for all EGFR models were carried out using
explicit-solvent periodic boundary conditions using GROMACS v4.5
[34,35]. Each model was solvated in a rectangular box keeping a
distance of 1.2 nm between the solutes and the sides of the solvent
box.Each of the solvated systems was neutralized by adding enough
sodium and chloride ions to give a concentration of 100 mM. All of
the solvated systems were then energy-minimized using the steep-
est descent algorithm either until the maximum force was lower
than 1000 kJ/mol/nm on any atom or until additional steps result in
a potential energy change of less than 1 kJ/mol. All simulation sys-
tems were first equilibrated in three phases with position restraint
(the force constant of 1000 k]/mol/nm) applied to all heavy atoms
of the proteins, allowing H atoms, and solvent and ion molecules to
freely move. The first step was conducted under NVT conditions
at 300K of temperature using the modified Berendsen (velocity
rescaling) thermostat [36,37]. The following step was conducted
under NPT conditions at 1 bar of pressure using Parrinello-Rahman
barostat [38,39]. In the last step, Nosé-Hoover thermostat was
applied because it generates a correct kinetic ensemble and allows
for fluctuations that produce more natural dynamics [40,41]. After
equilibration, any position restraint of all heavy atoms in proteins
was removed. The full dynamics production was subsequently per-
formed under the NPT condition at 300K and 1 bar of the system.

For all dynamics procedures, hydrogen bond lengths were con-
strained using LINCS algorithm which allows for a 2.0 fs-time step
[42]. A cut-off distance for the short-range neighbor list was set to
1.0 and 1.4 nm for the electrostatic and van der Waals interactions,
respectively. Long-range electrostatic interactions are approxi-
mated using the Particle Mesh Ewald (PME) method [43,44]. The
atomic coordinates were recorded every 10 ps for the data collec-
tion.

2.3. Trajectory analysis
MD trajectories were analyzed using utilities in the GRO-

MACS suite [45] that includes the backbone root mean square
deviation, root mean square fluctuation, atomic distances and
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residue contacts. Changes in secondary structure content during
the simulations were assessed using DSSP [46]. An analysis of inter-
molecular interaction in the dimeric models (receiver vs. activator)
includes interaction energies, hydrogen bonds and hydropho-
bic contacts. Hydrogen bonding is defined following the default
values that are (i) donor-acceptor distance <0.35nm, and (ii)
acceptor-donor-hydrogen angle <30°. The Protein Interaction Cal-
culator (PIC) web server [47] was used to determine hydrophobic
interactions, by which each of the 100 dimeric structures extracted
from the last 50 ns of simulation time was submitted one-by-one
to the server. Hydrophobic interactions are identified using a dis-
tance cut-off of 0.5 nm between non-polar groups in the non-polar
side chains of amino acid residues. It should be noted that no
aromatic—-aromatic, aromatic-sulfur and cation- interaction was
observed at the interface of both EGFR dimeric models. The Grace
v5.1 [48] was used to plot the 2D data and the 3D images were
created and rendered with PyMOL v1.3 [49].

2.4. Principal component analysis

The protein ensembles include (i) a set of twenty-five crystal
structures of human EGFR kinase domain (as mentioned above)
and (ii) six separate MD sets that differ in terms of both molecule
type (monomer, receiver and activator) and protein conforma-
tion (active and inactive) of 5000 structures, which were extracted
from the last 50 ns of simulation. Each protein ensemble was sep-
arately subjected to performing a principal component analysis
(PCA) using the GROMACS utilities [45]. Mass-weighted covariance
matrices were constructed based on backbone fluctuations from
their average position after least-squares fitting to remove over-
all rotational and translational motions. Diagonalization of each
covariance matrix then produced a set of eigenvectors and corre-
sponding eigenvalues, which represent the direction and amplitude
of a motion, respectively. Eigenvectors were subsequently ranked
by decreasing eigenvalues, and such that the first eigenvector,
which is also referred to as the first principal component (PC1),
represents the largest contribution to the total fluctuation of the
protein [50,51]. A motion represented by each PC was visualized
by projecting the structures from ensembles (or trajectories) onto
each eigenvector of interest and then transforming them back into
atomic coordinates. Two extreme projections along that eigenvec-
tor were then be interpolated to create an illustration using PyMOL
v1.3 [49].

3. Results and discussion

We used a homology-based approach to construct 3D mod-
els for both active and inactive conformations of the entire EGFR
kinase with its flanked JM and extended CT segments (the residues
G672 to 1994). Our homology models were stereochemically eval-
uated according to Ramachandran plots. No residue is located in
disallowed region of the plot for both active and inactive models,
and more than 90% of the residues are in most favored regions
(data not shown) suggesting the reliability of our resultant mod-
els. The structural model for the EGFR asymmetric dimer of both
active and inactive conformations were then constructed accord-
ing to the study of Zhang et al. [9] (Fig. 1B). It should be noted that
although the relative orientation between receiver and activator
in both dimeric models seems identical, the interface area of the
active model was slightly larger than that of the inactive one (i.e.
10.4 vs. 9.6 nm?, respectively) as estimated from PDBePISA server
[52].

The 100-ns MD simulations were carried out on the asymmet-
ric dimers as well as their separate monomer to investigate how
dimerization affects the flexibility and dynamics of the EGFR kinase

domain. The backbone-atom root mean square deviation (RMSD)
was first measured to observe stability of the simulations and the
degree of similarity between simulated and reference structures
over the simulation time (Fig. 2). With respect to their initial struc-
ture, the backbone RMSD values increased more than 0.3 nm and
then fluctuated around 0.3-0.4 nm; nevertheless, the values of the
receiver® molecule fluctuated around 0.2-0.3 nm. The RMSD of the
receiver in both of the dimeric models remained stable after 50 ns
when compared to those of the monomer and activator models
which slightly increased. In the following sections: we discuss the
results of the MD simulations as follows: (i) the difference in confor-
mational flexibility among the receiver, activator and monomeric
molecules observed from the simulations, (ii) essential dynamics
of the MD trajectories with and without respect to the crystallo-
graphic ensembles, and (iii) intermolecular interactions between
receiver and activator from the simulations of the asymmetric
dimers.

3.1. Conformational flexibility of EGFR kinase domains

To give insight into conformational flexibility with respect to
each structural region of the EGFR kinase domain, we then mea-
sured a backbone root mean square fluctuation (RMSF) as a function
of the residue number (Fig. 3). The reference structures were
averaged over the last 50 ns simulation time. The RMSF was also
qualitatively illustrated in the backbone traces and tubes of the 50
snapshots from the simulations (supplementary data S1 and S2,
respectively).

3.1.1. Flexibility of the active conformation

As showninFig. 3A, in the active models the RMSF of the receiver
were reduced in the N-lobe and CT segment when compared to
those of the monomer and activator, in particular the loops between
B1-B2 and B3-aCand the CTresidues D970-D990. This result indi-
cated that the dimerization process suppresses the conformational
flexibility of the N-lobe of the kinase domain as well as of the CT seg-
ment. The reduced fluctuation in the 33-aC loop is consistent with
the other published work in which this region in the EGFR monomer
is intrinsically disordered and becomes ordered when dimerization
[24]. The B1-B2 loop is important for organizing the ATP-binding
since it makes contacts with the y-phosphate of ATP. Slightly lower
RMSF values were also observed in the hinge region of the receiver
(the loop following 35 strand), which makes contacts with the ATP-
adenine ring. Furthermore, the K721-E738 salt bridge seemed to
be more stable in the receiver than in the monomer and activa-
tor (supplementary data S3), and thus consistent with the others
[20,24,53]. The salt bridge allows the side chain of K721 to bind to
the a- and 3-phosphates of ATP, and reorients the aC helix closer
to the ATP binding site. These results indicated that the asymmetric
dimerization helps stabilizing the active conformation, presumably
involving the organization of the ATP-binding site.

The significant difference in the RMSF values was not observed
in the JM segment (Fig. 3A). In the asymmetric dimer, this segment
of the receiver obviously interacts with the C-lobe of the activa-
tor. The RMSF values of the receiver were slightly lower than those
of the monomer and activator in contrast to the previous work,
in which more fluctuations of the JM segment were observed the
monomeric kinase [22]. It might be because in the monomer and
activator the JM segment could make contacts with the A loop
rather than left flexibly (Supplementary data S2). The reduced fluc-
tuation of the receiver was also observed in various regions of the
C-lobe of the kinase domain, for examples the distal part of the A
loop, aG-aH loop, al helix and the loop between al and CT segment.
These results indicated that the asymmetric dimerization could also
alter the flexibility in regions that are distant from the dimerization
interface.
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Fig. 2. Backbone RMSD plots as a function of time from the acti

3.1.2. Flexibility of the inactive conformation

In contrast to the active conformation, the flexibility of the
receiver and activator in the inactive model was similar. The dimer-
ization did not alter fluctuations in the N-lobe of the receiver;
except for the aC helix and B4-35 loop (Fig. 3B), which are located
in the dimer interface. Interestingly, the RMSF of the 32-33 loop
in the monomer was significantly lower than those of both the
receiver and the activator. This loop segment is not a part of the
dimer interface and is disordered in at least four crystal structures
of the EGFR kinase domain. The $1-32 loop also showed more fluc-
tuations in all three inactive molecules. In our previous study, the
loop exhibited less fluctuation in the inactive structure, but became
more flexible when binding to the drug lapatinib [25]. In addition
to the N-lobe, the simulations also showed that the distal portion
of the A loop (residues E844-K851) exhibited lower fluctuations
in the receiver than that of activator and monomer, even slightly
(Fig. 3B). This portion was disordered in all crystal structures of the
inactive conformation of EGFR. One possible explanation for this
is that this portion in the receiver seemed to make contacts with
the C-lobe (the loops preceding oF and oG helix) whereas it was
solvent-exposed in the activator (Supplementary data S2).

ive (A) and inactive (B) models with respect to their initial structure.

Since it has been thought that the asymmetric dimer of the
inactive conformation might be an early step of the activation of
EGFR kinase domain [14], we therefore followed the RMSD values
of (i) the active models with respect to the inactive structures, and
(ii) the inactive models with respect to the active structure dur-
ing the 100-ns simulation time (supplementary data S4). A global
switch from the active to inactive conformations and vice versa
was not observed. In the inactive models, the RMSD at the end of
simulation with respect to the active structure of the receiveri®,
which would be expected to close to the active conformation
when formed the asymmetric dimer, is 0.66 nm. Neither active nor
inactive monomer conformation closes to the inactive and active
conformations at the end of simulation (RMSD values of 0.57 nm
and 0.62 nm, respectively). These results indicated that the 100-
ns time scale was still too short to observe either the transition
between two distinct conformations or to sample an overlapping
intermediate structure. A recent MD study has demonstrated that
no active-to-inactive (and vice versa) conformational transition of
the wild type monomeric EGFR kinase domain was observed dur-
ing the 200-ns simulation time [23]. Nevertheless, another study
of the other has demonstrated that an intermediate state between
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Fig. 3. Backbone RMSF plots as a function of residues from the active (A) and inactive (B) models. The various structural regions the EGFR kinase domain and the JM and CT
segments are indicated. The last 50 ns in each MD trajectory were taken to calculate in all cases.

active and inactive conformations of EGFR kinase domain can be
captured in a microsecond time scale MD simulation [24].

We were subsequently interested in examining the destabiliza-
tion effects on the structure of the receiveri"™ molecule upon the
dimerization process. There are several factors stabilizing the inac-
tive state of EGFR, e.g. a short helix of residues L834-L838 located
on the A loop that makes hydrophobic contacts with the aC helix.
The interaction results in the obstruction of the K721-E738 salt
bridge, but the formation of the E738-K836 salt bridge instead
[9,20]. Destabilization of this hydrophobic interaction has been
thought to be one of the mechanisms for EGFR kinase activation,
e.g. L834R mutation [20]. In addition, an « helix formed at the
CT residues F973 to M978 partially blocks the ATP-binding site
of the 1XKK structure [8,22]. In our inactive models, we found
that the helix of L834 to L838 of the receiver remained stable, in
contrast to the monomer of which the helix unwound (supplemen-
tary data S5). The results were also in accordance with the critical
E738-K836 salt bridge that is more stable in the receiver than
observed in the monomer (Supplementary data S3). In combination
with the results of RMSD as mentioned above it would be sug-
gested that the asymmetric dimerization of EGFR, at least 100-ns

time scale simulations could not even disrupt interactions stabiliz-
ing the inactive conformation, in which it has been thought to be
an early step required for conformational changes to the activated
kinase.

3.2. Essential dynamics of EGFR kinase domains

Principal component analysis (PCA) can be used to identify and
compare the principal modes of motion of the EGFR kinase domain
using either crystallographic or MD ensembles. The first few
principal components (so-called essential dynamics, ED) describe
the large-scale collective motions that represent the functionally
important global movements, in contrast to the remaining prin-
cipal components that capture the smaller, localized and often
insignificant fluctuations that should not influence protein function
[50,51]. In this study, PCA was applied to investigate the ability of
our MD simulations to sample the experimentally known motions,
which were identified from the crystallographic experimental data
set of EGFR kinase domain. In addition, the quantity and direc-
tion represented by the first principal component (PC1), which
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was individually generated from the MD simulations, were visually
compared.

3.2.1. Principal components of the protein ensemble from crystal
structures

We established the conformational changes captured in the
crystallographic ensembles as an experimental reference. The crys-
tallographic ensemble is a set of twenty-five crystal structures of
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EGFR kinase domain (i.e. 12 wild type/active, 2 mutant/active, 5
wild type/inactive and 6 mutant/inactive structures), and can pro-
duce acommon set of PCs for the active and inactive conformations
(supplementary data S6A), and therefore making direct comparison
possible among different protein models. This approach has been
previously used on other proteins for which substantial crystallo-
graphic data exists [54-56]. A projection of the crystal structures
onto the two-dimensional (2D) essential subspace defined by the
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Fig. 5. Comparison of the domain motion described by PC1 from the simulations of the active and inactive models. The two extreme projections for PC1 of the monomer,
receiver and activator are illustrated statically by showing all frames simultaneously as backbone trace representation. The structural regions are separately colored as follows:
N-lobe 3-strands, green; C-lobe a-helices, blue; aC-helix, red; activation loop, magenta. Arrows indicate the approximate direction of the motion. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

first two principal components of the crystallographic ensemble
was shown in Fig. 4A. The 2D projection could define the clus-
ters that correlate well with two distinct conformations of EGFR
kinase domain, in which the PC1 mode was able to differentiate
between the active and inactive conformations with positive and
negative values, respectively. Visualization of a protein motion was
illustrated as multi-frames of the two extreme structures (supple-
mentary S6B). The PC1, which represented approximately 71% of
the total motion of the ensemble, involved the large movement of
the N-lobe of the kinase domain, e.g. «C helix and almost 3-strands,
as well as extension of the A loop to be solvent-exposed. The func-
tional significance of this motion presumably modulates the shape
of the ATP binding site of EGFR by rearrangement of structural ele-
ments that are important for catalysis. The PC2, which comprised
only 11% of the total motion of the ensemble, also involved the
movement of the N-lobe of the kinase domain, but in the oppo-
site direction observed in PC1. This N-lobe displacement might be
related to the inactive-to-active conformational transition of EGFR
kinase domain.

We then projected the protein ensemble obtained from all MD
trajectories onto the 2D essential subspace of the crystallographic
ensemble to investigate conformational sampling of the MD sim-
ulations with respect to the experiments. As shown in Fig. 4B, the
simulations of the active and inactive models were remarkably dis-
tinguished using the PC1 defined from the experiments. Almost the
active models largely occupied the unique group of the wild type
active EGFR kinase structures (cyan rectangles) and none of them
was sampled in the region of the minority. Unlike the crystal struc-
tures of inactive EGFR kinase domain (magenta rectangles), the

cluster of the inactive models was less distributed throughout the
negative value of PC1. Note that only the monomer" could sample
aregion of the asymmetric dimerized-inactive EGFR kinase domain
(PDB code 3GOP) [12]. The structure has been thought to be an
early step of the kinase activation. Furthermore, none of all inactive
models was sampled in the area of the symmetric dimerized-
autoinhibited/inactive EGFR kinase domain (PDB code 3GT8) [11].
From the results of PCA, it could be implied that the asymmetric
dimer constructed in our EGFR inactive model is unlikely to be
in either the autoinhibition or activation form, and thus it would
suggest an alternative role of the inactive conformation of EGFR in
the context of the asymmetric dimer. In addition, since there was
no overlap between the MD ensembles from the active and inac-
tive models, in accordance with the result of RMSD analysis, this
indicated that the conformational transitions of the EGFR kinase
domain were not observed, at least during the 100-ns simulation
time.

No crystal structures have been observed in the intermediate
conformational region between active and inactive clusters to date,
e.g. the Mig6-bound (PDB code 2RF9) and the L834R oncogenic
mutant (2ITN) structures. A recent study suggested that the Mig6-
bound inactive conformation of EGFR kinase domain [10] is highly
consistent with the intrinsically disordered intermediate sampled
from the active to inactive transition of EGFR kinase domain [24].On
the other hand, the structure of the L834R oncogenic mutant pro-
tein may represent the inactive-to-active transition since there is
evidence that induction of this mutation in the EGFR kinase domain
promotes either destabilization of the inactive conformation [20]
or the shift the active-inactive equilibrium to prefer the active state
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Table 1
List of H-bonds observed at the dimer interface from the simulations of the active
and inactive models. The last 50 ns of the trajectory were taken in all cases.

Activator Receiver % Occupancy
Residue Location Residue Location

Active model

G906-NH aG-aH loop L758-CO 34 strand 93
G906-CO aG-aH loop L758-NH 34 strand 58
Q911-0OE aG-aH loop L680-NH JM segment 98
Q911-NE aG-aH loop A678-CO JM segment 97
T916-0G aG-aH loop N676-CO JM segment 72
T916-0G aG-aH loop A678-NH JM segment 79
1917-NH aH helix A678-CO JM segment 21
D918-0D1 oH helix Y740-OH oC helix 37
D918-0D2 aH helix Y740-OH aC helix 81
D930-0D1 aH-al loop T727-0G B3-aC loop 44
D930-0D2 aH-al loop T727-0G 33-aC loop 54
D950-0D1 al-CT loop G672-NH JM segment 68
D950-0D1 al-CT loop E673-NH JM segment 36
D950-0D2 al-CT loop G672-NH JM segment 56
D950-0D2 al-CT loop E673-NH JM segment 58
R953-CO al-CT loop N676-NH JM segment 18
Inactive model

R908-N1 aG-aH loop L758-CO {34 strand 17
R908-N2 aG-aH loop L758-CO 34 strand 12
Q911-0OE aG-aH loop L680-NH JM segment 93
Q911-NE aG-aH loop A678-CO JM segment 88
1917-NH aH helix N676-CO JM segment 37
D918-0D1 oH helix Y740-OH oC helix 46
D918-0D2 oH helix Y740-OH aC helix 47
$933-0G aH-al loop K733-NH oC helix 16

[23]. In addition, it should be noted that the drug gefitinib-bound
structure (PDB code 2ITY) was sampled in the same area of the
L834R mutant structure, suggesting the similar effect of gefitinib
does to the inactive conformation. Our previous simulations have
shown that gefitinib could destabilize both active and inactive con-
formations of EGFR kinase domain [25].

3.2.2. Principal component of the active conformation from MD
trajectories

PCA was also performed on the individual MD trajectories to
characterize the dominant motion captured by the first principal
component (PC1). In the active models, PC1 involved the large dis-
placement in the N-lobe with respect to the C-lobe of the kinase
domain in all three active models (Fig. 5, upper panel). Neverthe-
less, the direction of this motion in the receiver seemed opposite to
that observed in the activator and monomer, and the contribution
of the motion represented approximately 29.9%, 54.5% and 45.5%
of the total motion in the protein, respectively. These results sug-
gested that the asymmetric dimer can alter the global dynamics
and suppress fluctuations of the active EGFR kinase domain. The
interlobal motion of the active conformation is likely to be related
to the opening and the closing of the binding cleft around the hinge
region that is known to be important for ATP binding and cataly-
sis in other protein kinases, e.g. PKA [57]. This opening and closing
motion of the active conformation of EGFR was also identified in
the another MD study in which the motion in the kinase domain is
closely coupled with the conformational changes of the JM and CT
segments [22], implying that the opening and closing motion in the
kinase domain is the hallmark for protein kinases in the active con-
formational state, presumably for the tight regulation of a catalytic
activity.

3.2.3. Principal component of the inactive conformation from MD
trajectories

In all three inactive models, PC1 exhibited a similar motion that
involves the rigid-body displacement of the N-lobe with respect to
the C-lobe of the kinase domain (Fig. 5, lower panel). This motion

Table 2

List of hydrophobic interactions observed at the dimer interface from the simula-
tions of the active and inactive models. The last 50 ns of the trajectory were taken
in all cases.

Activator Receiver % Occupancy
Residue Location Residue Location

Active model

P913 aG-aH loop L679 JM segment 10
1917 aH helix A678 JM segment 100
1917 aH helix L680 JM segment 100
1917 aH helix Y740 aC helix 100
1917 aH helix A743 aC helix 100
Y920 aH helix L680 JM segment 100
Y920 aH helix 1682 JM segment 88
M921 aH helix L680 JM segment 76
M921 aH helix L736 aC helix 100
M921 aH helix A739 aC helix 44
M921 aH helix Y740 aC helix 100
V924 aH helix L680 JM segment 84
V924 aH helix 1682 JM segment 90
V924 aH helix L736 aC helix 92
V924 oH helix 1756 34 strand 48
V924 oH helix L758 34 strand 100
W927 aH helix 1682 JM segment 18
w927 aH helix L758 34 strand 68
M928 aH-al loop L736 aC helix 98
M928 aH-al loop L758 34 strand 100
M928 aH-al loop V762 35 strand 94
M947 al helix Y740 aC helix 12
V956 CT tail P675 JM segment 98
Inactive model

P913 aG-aH loop L679 JM segment 88
1917 aH helix A678 JM segment 86
1917 aH helix L680 JM segment 98
1917 aH helix Y740 aC helix 100
1917 aH helix A743 aC helix 96
Y920 aH helix L680 JM segment 84
Y920 aH helix 1682 JM segment 94
M921 aH helix L680 JM segment 24
M921 aH helix L736 aC helix 38
M921 aH helix Y740 aC helix 100
V924 aH helix L680 JM segment 42
V924 aH helix 1682 JM segment 90
V924 aH helix L736 aC helix 100
V924 oH helix 1756 34 strand 20
V924 aH helix L758 34 strand 58
M928 aH-al loop L736 aC helix 96
M928 aH-al loop L758 34 strand 92
V956 CT tail A674 JM segment 12
V956 CT tail P675 JM segment 92

of the N-lobe looked roughly orthogonal to that of identified in
the active models. The fluctuation of the motion is weaker in the
receiver than in the activator and monomer, which represented
approximately 30.6%, 55.5% and 45.7% of the total motion in the
protein, respectively. These results suggested that, unlike the active
conformation, the asymmetric dimer formation in the inactive con-
formation did not drastically change the dynamics of the N-lobe of
EGFR kinase domain, but decreased the fluctuation of the protein
instead. It would be noted that the motion of the Aloop among three
inactive models was found to be significantly different. The A loop
of the receiver was less mobile. While the A loop of the activator
moved toward the opposite direction with respect to the N-lobe,
the motion of the N-lobe, aC helix and A loop in the monomer
were highly correlated. Functional significance of PC1 observed
from the inactive models is unclear. The motion of the N-lobe
with the aC helix movement is common in three inactive models,
and these suggested that it would not be specifically responsible
for conformational changes of the receiveri® molecule upon the
dimerization. Moreover, the different motions in the A loop of the
three inactive molecules might suggest the intrinsic flexibility of
the loop, presumably as a result of various populations of the A
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Fig.6. Ribbon representation of the dimer interface (leftimages) and number of intermolecular contacts (H-bonds and hydrophobic interactions) as a function of time between
the receiver and activator (right images) were observed from the simulations of the active and inactive models. Structural regions responsible for the dimer interface in the
activator and receiver are colored in blue and red, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

loop conformation sampled in the MD simulations as well as the
crystal structures, all of which are disordered in the distal portion
of the A loop (residues E842-K851).

It has been stated that the formation of an asymmetric dimer
is essential for the first step of EGFR activation when two inac-
tive kinase molecules are brought into close proximity and interact
with each other [14]. Our inactive model in the context of the
asymmetric dimer would serve as a starting point to explore an
early step of EGFR activation. However, the destabilizing effects
on the inactive conformation upon the asymmetric dimerization
could not be observed. These results suggested that the functional
relevance of the asymmetric dimer formation of the inactive con-
formation of EGFR kinase domain would not be so evident; or it
might play a subtle role involved in regulation rather than a direct
mechanism on EGFR activation. Another mechanism involved in
regulation of EGFR subpopulations could be suggested. A dynamic
equilibrium has been proposed to exist between the two distinct
EGFR kinase conformations, and it is maintained by their thermo-
dynamic stabilities [58]. Biochemical experiments demonstrated
that the isolated kinase has a low catalytic activity in solution,
and when its local concentration was increased by attaching the
isolated protein to the surface of lipid vesicles, the EGFR activ-
ity dramatically increased, indicating intermolecular interaction
between isolated molecules [9]. It would be therefore possible

that the dimerization by the activator to the active monomeric
kinase molecule may help stabilize the active conformation of such
exiting monomeric populations, eventually leading to shifting the
equilibrium between active and inactive conformations, and such
intermolecular interactions preferably EGFR kinase populations of
the more stable active conformational states.

3.3. Intermolecular interactions at EGFR dimer interfaces

We next tried to study the nonbonded factors stabilizing the
activator-receiver interactions in the asymmetric dimers of EGFR
kinase domain. The possibility of the asymmetric dimer formation
for the inactive conformations was not excluded in these analy-
ses, and therefore this can be compared to interactions observed
from the active conformation. Pairs of hydrogen (H-) bonds and
hydrophobic interactions observed between the activator and
receiver with respect to the domains in which each amino acid
belongs to are listed in Tables 1 and 2. Each of the interaction pairs
are maintained at least 10% of the time during the last 50 ns of the
simulations. In addition, the potential energies that contribute to
such interactions (referred to here as interaction energies) were
calculated as the sum of the electrostatic and van der Waals (vdW)
energies over the last 50 ns of simulation. The interaction energies
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with respect to various structural regions of EGFR kinase domain
for each dimeric model could be quantitatively compared (Fig. 7).

The total interaction energy observed from the inactive model
was estimated as being 4/5 weaker than that observed from the
simulation of the active model. This result would be expected
because the number of atomic contacts (i.e. H-bonds and hydropho-
bic interactions) between the receiver and activator of the active
model were more than those observed in the inactive models
throughout the simulations (Fig. 6, right panel). It should also be
noted that vdW energies were found to be weaker than electro-
static interactions in both cases, presumably indicating the more
contributions mediated by polar interactions (e.g. H- bonds). Ana-
lyzing the residue contacts within a distance of <0.5nm during
the last 50 ns revealed that the structural regions of the activator
involving the dimer interface are similar between the two dimeric
models, which range from the aF-aG loop, aG helix, «G-aH loop,
aH helix, aH-al loop, al helix, aI-CT loop and the N-terminal
portion of CT segment (Fig. 6, left panel). On the other hand, the
structural regions of the receiver responsible for the dimer inter-
faces include the JM segment, aC helix, «C-[34 loop, 34 strand,
B4-B5 loop and 5 strand (Fig. 6, left panel). As it is expected
owing to the in-orientation of the aC helix in the active confor-
mation, the loop preceding aC helix (83-aC loop) of the receiver
could make contacts with the aH-al loop of the activator. Several
polar residues located on the extended portion of the A loop of the
receiver?“t could also make interactions with the aI-CT loop of the
activator. The A loop of the receiveri® was found to move down
to make contacts with the C-lobe surface of the same molecule
instead.

3.3.1. Dimer interface of the active conformation

In the active model, it can be seen that the loop between aG
and aH (aG-aH loop) of the activator exhibited the largest nega-
tive interaction energies (Fig. 7A). The loop made interactions with
the JM segment and 34 strand of the receiver. Several H-bonds
contributing such interactions include (i) the main chain-main
chain H-bond of G906-L758, (ii) side chain-main chain H-bond
of Q911-L680 and Q911-A678, and T916-N676 (Table 1). On the
other hand, several residues in the aH helix of the activator (1917,
Y920, M921, V924 and W927), as well as M928 on the aH-al loop
and V956 on the CT formed the hydrophobic interactions with a
number of nonpolar residues on the JM segment, «C helix and (34
strand of the receiver (Table 2). Such hydrophobic contributions
are consistent with experiments, which demonstrated that those
residues are critical for the asymmetric dimer formation, and their
mutations abolished the EGFR activity in cells [9,11]. The large neg-
ative interaction energies of the JM segment of the receiver also
indicated the importance of this segment in the formation of the
asymmetric dimer (Fig. 7B), in accord with several experiments
[9-12].

From the crystal structures of active EGFR kinase domain (the
PDB codes 2GS2 and 2GS6) [9], it can be seen that the hydrophobic
residues located on the JM segment, aC helix, 34 and 35 strand
(listed in Table 2) form a large hydrophobic surface area. The so-
called hydrophobic patch is buried in the inactive structure, but
becomes solvent-exposed in the active conformation. It has been
stated that the asymmetric dimer stabilizes the active conforma-
tion by compensation for the thermodynamic penalty associated
with the solvent exposure of the patch in the active conformation
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Fig. 8. Comparison of the binding interface at the C-lobe of the activator between the active and inactive models (left images) as well as the crystal structure of Mig6-
bound inactive conformation (PDB code 2RFE). Mig6 peptide is shown in the red ribbon. The binding interfaces are shown in a surface representation and the amino acid
residues contributing to H-bonds and hydrophobic interactions are colored in yellow and green, respectively. The shared interacting residues are labeled in blue letters. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

[59]. Although it has been suggested that the core of the EGFR asym-
metric dimer interface is dominated by hydrophobic interactions,
our analyses on the estimated interaction energies suggested that
in addition to the helix-helix packing (i.e. aH vs. aC), several inter-
actions on the loop regions in particular the H-bond formation of
both aG-aH and aI-CT loops of the activator with the JM segment
of the receiver could be major contributing factors that stabilize the
asymmetric dimer of EGFR kinase domain.

3.3.2. Dimer interface of the inactive conformation

Unlike the dimer interface of the active model, the helical inter-
action between the aH of the activator and aC of the receiver could
be the major contribution in the asymmetric dimer of the inactive
conformation (Fig. 7B and D). The oH helix exhibited more nega-
tive interaction energies than those from the aG-aH loop. Several
hydrophobic interactions in the aH helix found in the active con-
formation were also observed in the dimer interface of the inactive
conformation. These residues include 1917, Y920, M921 and V924
on the aH helix, which made contacts with A678, L680 and 1682 on
the JM segment as well as L736, Y740 and A743 in the aC helix
(Table 2). The strong hydrophobic interactions on the loop seg-
ments observed in the active conformation were also found (i.e.
the M928-L758 and V956-P675). Although the H-bond interac-
tions seemed to be contributing less in the asymmetric dimer of
the inactive conformation since the number of interactions were
less than those found in the active model, strong H-bond interac-
tions between the aG-aH loop and the JM segment (i.e. Q911-L680
and Q911-A678) were observed (Table 1).

The precise location of the asymmetric dimer interface for the
EGFR inactive conformation has not been proven to date. However,
evidence from crystallographic analyses of PDB codes 2R4B and

3GOP suggested the possibility of the asymmetric dimer forma-
tion for the inactive conformation of EGFR kinase domain [12,13].
It should be noted that the crystal structure of the V924R-mutated
EGFR kinase domain, which adopts the inactive conformation, can-
not form the asymmetric dimer (PDB code 2GS7); nevertheless, it
demonstrated extensive contacts in the context of the symmet-
ric dimer instead (PDB code 3GT8 [11]). This finding indicates that
the residue V924 of the activator is critical for the asymmetric
dimer formation for both active and inactive conformations of EGFR
kinase domain.

3.3.3. Comparison with the Mig6-kinase binding interface

The crystal structure of the complex between the EGFR kinase
domain and a fragment of Mig6, which is a negative feedback
inhibitor of EGFR, shows that residues K336-K362 of the Mig6 pro-
tein can bind to the C-lobe of EGFR kinase domain [10]. The crystal
structure of such complex revealed that Mig6 peptide adopts an
extended conformation and places on the superficial surface of the
C-lobe of the kinase. The interface is dominated by the oG and aH
helices, and the aF-aG, aG-aH, aH-alloops, which buries the area
of ~18.00 nm?2 [10]. Such interactions are largely polar; nonethe-
less, a few hydrophobic residues located on the aH helix contribute
to the interface.

We then compared the interacting residues located on the C-
lobe kinase domain between the asymmetric dimer interfaces and
the Mig6-binding interface (Fig. 8). It was found that the Mig6-
bound interface overlaps with the asymmetric dimer interfaces.
The amino acid residues that contribute to the shared interface
include (i) the H-bond contributions via G906, R908, Q911 on the
aG-aH loop; 1917, D918 on the aH helix, and (ii) hydrophobic
interactions via P913 on the aG-aH loop; Y920, V921, V924, W927
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on the aH helix; M928 on the aH-al loop as well as V956 on the
CT segment. The biochemical and biophysical studies on the Mig6
binding and EGFR inhibition suggested that introducing V924R
mutation to the kinase domain can abolish the peptide binding.
On the other hand, the kinase domain with the 1682Q mutation has
the same binding affinity as for the wild type protein [10]. Residue
1682 is located on the JM segment on the N-lobe of EGFR kinase
domain, and this mutant form is not activated because it is unable
to form the asymmetric dimer, indicating that the Mig6 peptide can
inhibit the EGFR activity in the context of the asymmetric dimer
formation, but not in the basal activity of the monomeric kinase
domain. The blockage of the asymmetric dimer interface for EGFR
inhibition by the cytoplasmic protein Mig6 suggests one of the
alternative approaches for development of a new class of inhibitors
that can bind to the dimer interface on the C-lobe of EGFR kinase
domain.

4. Conclusions

We have performed explicit-solvent MD simulations on two
different conformations of EGFR kinase domain in the context of
the asymmetric dimer. Although the active-to-inactive conforma-
tional transition (and vice versa) in both receiver and monomeric
molecules was not observed within the 100-ns simulations, the
long MD simulations in our study do allow us to assess relevant pro-
tein dynamics observed from the multiple ensemble simulations
[23,56]. Our simulations on the active conformation showed that
the asymmetric dimerization changed the global motion as well as
suppressed the fluctuation of the receiver molecule. The reduced
fluctuation in the intrinsically disordered regions and the dynam-
ics alteration of EGFR kinase domain are consistent with the other
works [20,22,24]. On the other hand, the asymmetric dimerization
of the inactive conformation did not promote a destabilizing effect
on the receiver molecule. The dimerization process suppressed its
fluctuation to a greater extent and significantly changed its global
dynamics; nevertheless, different kinds of motion in the A loop of
all three inactive molecules would reflect intrinsic flexibility of the
loop of EGFR inactive conformation.

We have investigated intermolecular interactions (i.e. H-bonds
and hydrophobic interactions) at the asymmetric dimer interface
of the active and inactive conformations of EGFR. The structural
regions and key amino acid residues on the C-lobe of the acti-
vator as well as the N-lobe of the receiver responsible for such
interactions in the asymmetric dimers were identified. The larger
contributions by electrostatics rather than vdW interactions may
correspond to presence of multiple H-bonds between several loops
on the C-lobe of the activator and the JM segment of the N-lobe
of the receiver. Our simulations also suggests that the interactions
between the loop segments could play a role in the stabilization
of the asymmetric dimers in addition to the hydrophobic contact
of the helix-helix interaction, as previously demonstrated by crys-
tallographic structures [9]. Furthermore, when compared with the
interface of the Mig6-EGFR complex [10], several residues on the
C-lobe of the kinase domain responsible for such peptide-protein
interactions are also common to the asymmetric dimer interfaces.
Since obstruction of the asymmetric dimer interface leads to the
inhibition of EGFR activity by Mig6, this suggests another approach
for development of novel inhibitors that bind to the C-lobe of the
kinase domain. Information gained from our simulations should
help us to locate key interacting motifs at the dimer interface on
the C-lobe of EGFR kinase domain. This is the first step of a multi-
step journey toward the design of peptide inhibitors to EGFR that
can prevent the activator from either activating the isolated inac-
tive receiver at an early stage of activation or to help stabilize the
active monomeric populations in equilibrium.
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Abstract

Background: Epidermal growth factor receptor (EGFR) signalling plays a major role in biological processes, including
cell proliferation, differentiation and survival. Since the over-expression of EGFR causes human cancers, EGFR is an
attractive drug target. A tumor suppressor endogenous protein, MIG-6, is known to suppress EGFR over-expression by
binding to the C-lobe of EGFR kinase. Thus, this C-lobe of the EGFR kinase is a potential new target for EGFR kinase
activity inhibition. In this study, molecular dynamics (MD) simulations and binding free energy calculations were used
to investigate the protein-peptide interactions between EGFR kinase and a 27-residue peptide derived from MIG-6_s1
segment (residues 336-362).

Results: These 27 residues of MIG-6_s1 were modeled from the published MIG-6 X-ray structure. The binding dynamics
were detailed by applying the molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) method to predict the
binding free energy. Both van der Waals interactions and non-polar solvation were favorable driving forces for binding

process. Six residues of EGFR kinase and eight residues of MIG-6_s1 residues were shown to be responsible for interface

mutagenesis studies.

EGFR dimerization inhibitor.

binding in which we investigated per residue free energy decomposition and the results from the computational
alanine scanning approach. These residues also had higher hydrogen bond occupancies than other residues at the
binding interface. The results from the aforementioned calculations reasonably agreed with the previous experimental

Conclusions: Molecular dynamics simulations were used to investigate the interactions of MIG-6_s1 to EGFR kinase
domain. Our study provides an insight into such interactions that is useful in guiding the design of novel anticancer
therapeutics. The information on our modelled peptide interface with EGFR kinase could be a possible candidate for an

Keywords: EGFR, Cancer, Inhibitor, Tyrosine kinase, MIG-6 segment1, Molecular dynamics simulations

Background

EGEFR, also known as ErbB1 or HER, is a receptor tyro-
sine kinase that mediates in biological process of normal
physiology [1]. An over-expression of EGFR has often
been associated with a variety of human cancers that
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can provide the basic properties required for cancer
growth, including cell proliferation, anti-apoptosis, me-
tastasis and angiogenesis [2]. These properties render
EGEFR an attractive target for cancer therapy. Nonethe-
less, several reports show that the secondary mutations
in EGFR cause anticancer drug resistances [3-5], insti-
gating a requirement of efficient treatments to overcome
these resistances. Zhang et al. [6] showed that a new target
therapy could be done by the suppression of EGFR activa-
tion through an allosteric mechanism. This approach was
supported by an association of the endogenous negative-
feedback-inhibitor protein, called MIG-6, that regulates

© 2015 Moonrin et al, licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
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the level of EGFR activation [7,8]. The crystal structure of
the EGFR kinase/MIG-6 complex showed that a segment
of MIG-6 (residues 337-361), called MIG-6_s1 interacts
with the C-lobe of EGFR kinase domain (Figure 1) [6].
The binding of MIG-6_s1 to EGFR kinase prevents an
asymmetric dimer formation, leading to the inhibition of
EGEFR activation at micro molar binding affinity level [6].
The detailed analysis of the protein-protein interactions
(PPI) at an atomic level of EGFR kinase and MIG-6_s1 is
yet limited. Molecular dynamics (MD) simulations and
free energy calculation can be used to obtain the know-
ledge on the dynamics of the structures and the binding
energy profiles of the protein complexes in solution [9].

In this study, MD simulations were performed on the
EGEFR kinase/MIG-6_s1 complex to obtain the knowledge
on their binding dynamics and structural changes. The
binding free energy calculation by the MM-PBSA method
was applied to gain a better understanding on the binding
energetics of the complex. The per residue free energy de-
composition and alanine scanning methods were used to
elucidate the residues important for interface binding and
to obtain their energetic contributions. Our results pro-
vided a better understanding of the binding interactions
between EGFR kinase and MIG-6_s1 peptide. Moreover,
such information could be used to improve or develop
more efficient anti-cancer drugs.

Methods

Model setup and molecular dynamics simulations

The starting structures of EGFR kinase/MIG-6_s1 and
the asymmetric kinase dimer complexes were based on
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the X-ray crystal structure from the protein data bank
(PDB). The monomer structures of the EGFR kinase
activators (residues 678-959) and MIG-6_s1 (residues
337-362) were used (PDB code: 2RFE) [6], while PDB
code: 2GS6 represents the EGFR kinase receiver model.
The N- and C-termini of EGFR kinase and MIG-6_s1
were capped with an acetyl group (ACE) and an N-
methyl group (NME), respectively [10]. All simulations
were performed using AMBER 12 and the ff03 force
field [11]. Each system was solvated using the atomistic
TIP3P water model [12] in an octahedron truncated box
with a buffer distance of 7 A. Hydrogen atoms were
added, and the counter-ions of Na* or CI~ were used to
neutralize the system. To remove bad contacts in the
crystal structure, we applied three-step minimization to
each system before performing the simulations. Pos-
itional restraints were applied to the whole system in the
first and the second steps with a force constant of
10 kcal/(mol A% and 2 kcal/(mol A?), respectively. In
the third step, all atoms were allowed to move freely
without restraints. The energy minimization in each step
was carried out using 2,000 cycles of the steepest des-
cent algorithm, followed by 300 cycles of the conjugate
gradient algorithm. Each system was heated from 0 to
300K during the 100 ps in an NVT ensemble and was
further equilibrated for 500 ps in an NPT ensemble.
Then it was simulated for 22 ns in an NPT ensemble at
1 atm and 300K, using the 2 fs integration time step.
During the simulations, the particle mesh Ewald (PME)
method [13] was used to treat the long-range electrostat-
ics. Moreover, the SHAKE algorithm [14] was applied to

MIG-6_s1

spanned on the EGFR kinase interface.

Figure 1 Cartoon representation of the crystal structure of the EGFR kinase/MIG-6_s1 complex. The positions of MIG-6_s1 residues were
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eliminate bond-stretching freedom for all bonds involv-
ing hydrogen, thereby allowing the use of a 2 fs time
step.

Calculation of binding free energy using the MM-PBSA
approach

The MM-PBSA approach [15] was used to calculate
protein-protein binding free energies. 300 snapshots
were extracted from the last 3 ns of the MD trajectories
to perform MM-PBSA. The binding free energy of each
snapshot was calculated as follows:

AG(bind) = G(complex) - G(protein) - G(ligand) ( 1)

The free energy (G) for each molecule can be computed
from the following equations:

G = AE (3a)~AG(so~TAS 2)
AE(gas) = E(int) + E(vaw) + Eele) (3)
E(int) = E(bond) T E(angle) T E(torsion) (4)
Gsol), B = G(pB) + G(nonpol, sol) (5)
G (nonpol, sol) = YSASA (6)

AE (g is the gas-phase energy, which is the sum of
the internal (Ej,), van der Waals (E,q,) and Coulomb
energies (Eqe) (Eq. 3). Internal energy (E;,) comprises
the bond (Epong), angle (Eange) and torsion (Eiorsion)
energies, respectively (Eq.4). The solvation free energy
(Gso, pB) comes from the combination of polar (Gpg)
and non-polar contributions (Guonpol, sot) (Eq.5). Note
that G (pg) is the polar solvation calculated by the
Poisson-Boltzmann (PB) equation with the dielectric
constants of 1.0 for solute and 80.0 for solvent. The
non-polar component (Guonpol, sol) is defined in Eq. 6,
where the constant y was set to 0.0072 kcal/mol, while
SASA stands for the solvent-accessible-surface area
calculated by the linear combination of pairwise overlap
[16] model. Finally, -TAS in Eq. 2 is an entropy term
calculated from the sum of translational, rotational and
vibrational components using normal mode analysis. To
gain more insights into the residue contributions, the
residues of MIG-6_s1 responsible for the binding to the
EGER kinase surface were computed by using the MM-
PBSA per residue free energy decomposition method
(mm_pbsa module) of AMBER12. These calculations
were based on the same snapshots as those used in the
binding free energy calculations.

Computational alanine scanning mutagenesis

To investigate the contributions of an individual residue
to the binding interface and to identify the “hot-spot”
residues that are very important for interface binding,
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we used computational alanine scanning to identify
these key residues of the EGFR kinase/MIG-6_s1 inter-
face as well as the asymmetric dimer interface. Alanine
scanning replaces an original residue with alanine; this
substitution eliminates the side-chain but does not intro-
duce large conformational changes to alter the mode of
binding [17]. The binding free energy of the wild type
and mutant were calculated using a post-processing
treatment of the mm_pbsa module and the difference in
their binding free energies was computed using the
following equation [10,18]:

AAGbinding = AGbinding of wildtype_AGbinding of mutant
(7)

Based on the post-processing energy calculation
[19,20], the alanine mutant structure was generated by
eliminating the residue side-chain with a hydrogen atom
of alanine prior to the calculation. Note that the smallest
amino acid, glycine, was not included since it introduces
conformational flexibility into the protein backbone.
Proline was also not included because its backbone con-
formation differs from that of alanine [21-23]. The 300
snapshots extracted from the last 3 ns of the MD runs
were used in these calculations. If the difference in bind-
ing free energy between the wild type and the mutant of
a residue (AAGpinging) becomes positive, such an alanine
substitution is favorable, i.e., this residue is probably not
important in the interface binding. However, the nega-
tive value of AAGynging indicates the unfavorable
alanine substitution, i.e., this residue plays significant
role in the interface binding [18]. These key residues
were clarified as the residues that significantly de-
crease the binding free energy for at least 2.0 kcal/
mol. From literatures, residues with strong binding
should reduce the binding free energy greater than or
equal to 4 kcal/mol [21,24].

Results and discussion

Structural stabilities and flexibilities of the systems

To assess the dynamic stabilities of the systems, we per-
formed MD simulations of EGFR kinase and MIG-6_s1
in both unbound and bound states with explicit water
for 22 ns at 300K under 1 atm pressure. The equilibra-
tion of MD simulations can be observed from the con-
vergence of the root-mean-square deviation (RMSD)
plot, based on the backbone (Ca, N and O) atoms of
each snapshot as compared to the initial energy mini-
mized structure.

The RMSD plots of three systems: 1) unbound EGFR
kinase 2) unbound MIG-6_s1 and 3) EGFR kinase/MIG-
6_s1 complex are shown in Figure 2. For the bound
system, beside the plot for overall complex (black line),
we also plotted the RMSD values for only EGFR kinase
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Figure 2 The Root-Mean-Square Deviation (RMSD) plots of the EGFR kinase /MIG-6_s1 backbones in the bound and unbound states of
the 22-ns simulation. RMSD plots of unbound EGFR kinase and unbound MIG-6_s1 are shown in purple and yellow lines, respectively. For the

\

complex of EGFR kinase/MIG-6_s1, three RMSD plots are presented. The black line represents the RMSD of the entire complex of EGFR kinase/
MIG-6_s1. The RMSD plot for only EGFR kinase in the complex is shown in red. The RMSD plot for only MIG-6_s1 in the complex is shown in green.

(red line) and for only MIG-6_s1 (green line). The RMSD
plots of “unbound EGFR kinase”, “EGFR kinase/MIG-6_s1
complex” and “only EGFR kinase in complex” reached
their plateaus after about 2 ns. The RMSD plots of only
MIG-6_s1 in the EGFR complex reached its plateau after
about 7 ns. These three systems were equilibrated during
the 22 ns simulations.

The conformational changes in the bound and
unbound simulations were compared (Figure 2). Both
bound and unbound EGFR kinase RMSD plots revealed
similar patterns with average RMSD value of ~3.0 A for
unbound EGFR and ~2.9 A for bound. For bound vs.
unbound MIG-6_s1, the RMSD plot of bound MIG-6_s1
is more stable than that of unbound state with average
RMSD of ~4.2 A for bound MIG-6_sl and ~6.4 A for
the unbound MIG-6_s1. It can be seen that the bound
MIG-6_s1 was significantly more stable than the un-
bound state as seen in the lower RMSD fluctuation.
Note that the unbound MIG-6_s1 has generally higher
RMSD values because MIG-6_s1 is rather short peptide
(27 amino acids) and becomes very flexible in solution.
This flexible short peptide phenomenon were also pre-
sented in [17,25] where the unbound short peptide p53
could not be stabilized in solution but could be bound
stably to the binding cleft of MDM2 protein. Thus, from
the RMSD results, our MD simulations are reliable
enough for further investigation.

The root-mean-square fluctuations (RMSF) of aC atom
from the MD simulated structures against the starting
structure were calculated to identify the most flexible re-
gions of the protein-peptide structure. The larger RMSF
value conveys more flexible region while the lower RMSF
value entails the more constrained region.

The comparison of both unbound EGFR system and
EGFR kinase/MIG-6_s1 complex system based on their
RMSF profiles (Figure 3A). The RMSF profile of unbound
EGER kinase system (green) showed similar behavior to
that of EGFR complex system (red). On the contrary, the
RMSEF profile of MIG-6_s1 in the unbound state showed
much higher fluctuation than that of its complex state.
When comparing the RMSF EGER kinase profile with the
dimer complex profile (purple), we observed distinguish-
able patterns in several regions of the EGFR interface to
MIG-6_s1. Within the EGFR N-lobe region, similar RMSF
profiles from all three systems were observed; however the
corresponding RMSF profiles were lower than the other
regions reflecting lower flexibility.

RMSF patterns and their values in the EGFR C-lobe re-
gion differ greatly from that of N-lobe region. Particularly,
residues from both EGFR kinase/MIG-6_s1 complex and
unbound EGER Kkinase, especially in the junction aD—aE,
and along the three aG, aH and al helices revealed high
RMSF values (reaching 5-6 A); while the EGFR kinase in
dimer complex shows stable RMSF value ~3 A. We
hypothesize that during EGFR dimerization these helices
must interact with the juxtamembrane B portion of the
EGER receiver; hence losing the dimerization causes the
EGER activator to have higher RMSF (see unbound EGFR
kinase). Furthermore, we observed uncertain fluctuations
in the part of Ala840—Gly850, called A-loop, which corre-
lates with the missing residues in the EGFR X-ray crystal
structure (Figure 3B) [26].

Toward to the end of the RMSF plots, the magnitude of
unbound MIG-6 plot (green) differed greatly from that of
complex of EGFR/MIG-6_s1 plot (red). In particular the
RMSF of MIG-6_s1 in EGFR complex (red) was about
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Figure 3 Graphical representation of root mean square fluctuation (RMSF) and superimposition of EGFR kinase. (A) The RMSF profiles of
EGFR kinase bound MIG-6_s1 (in red), the unbound of EGFR kinase and MIG-6_s1 (in green), and EGFR kinase in the dimeric structure (in purple)
with EGFR kinase (PDB: 2GS6). Most flexible regions can be seen as peaks in rectangles. (B) the superimposition of EGFR kinase monomers from
1) the unbound EGFR kinase (purple) 2) the EGFR kinase in the binding of MIG-6_s1 complex (orange) and 3) the dimer complex (green). The

superimposition revealed the different mobility of the activation loop (A-loop).

5-6 A, while the RMSE of unbound MIG-6_s1 (green)
swung much higher. These evidences suggest that the
binding of EGFR kinase could help MIG-6_s1 structure
to stabilize in complex.

The conformational changes of the EGFR kinase/MIG-6_s1
complex

Twenty-seven residues of MIG-6_s1 (residue 336—362)
can bind to the distal surface of the C-lobe in the EGFR
kinase domain to prevent the activation of EGFR kinase
by asymmetric dimer (Figure 1). To gain a better under-
standing on the structural differences between the initial
structure and the average simulated structure, the

superimposition of the minimized initial structure of the
EGFR kinase/MIG-6_s1 complex and its average struc-
ture from the 300 snapshots of the last 3-ns simulations
are shown in Figure 4. The conformations of the average
structure and the minimized initial structure were
mostly similar, except for the shift in the loop region of
MIG-6_s1. Specifically, Asn343 of MIG-6_s1 at the loop
region of the average structure shifted its side-chain up
closer to the EGFR kinase surface region than that of
the minimized initial structure (Figure 4). This contact
was not observed previously in the initial structure pos-
sibly due to crystal packing contacts in the flexible loop
segment [27].

N lobe

EGFR kinase

domain e

MIG-6_sl

ball-and-stick representation.

Figure 4 The superimposition of the average structure from the last 3 ns of simulations (light-pink) and its minimized initial structure
(green) of the EGFR kinase /MIG-6_s1 complex. The positions of Asn343, Met346 and the cluster of prolines of MIG-6_s1 are shown in the

#:

Mg
=
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In terms of hydrophobic interactions, the hydrophobic
pocket of the EGFR kinase interface consists of Leu343,
Trp881, Thr885 and Pro913, and the side-chain of
Met346 of MIG-6_s1 resided stably in this pocket, as
shown in Figure 5 (plotted by LIGPLOT program [28]).
Since prolines can affect the rigidity of peptide struc-
tures, the conformations of prolines were also analyzed
in this study. Five prolines of MIG-6_s1 (Pro347,
Pro348, Pro354, Pro356 and Pro339) were in cis-configu-
rations and located on the turn. Four of these residues
(Pro347, Pro348, Pro354 and Pro356) remained in bent
conformation at the interface (Figure 6) [6]. Prolines on
the turn might also form interactions between the proline
ring and nearby aromatic residues (CH-m) [29] and help
stabilize the MIG-6_s1 complex. Similar to prolines in the
SH3 domain, the positions of two prolines were relatively
fixed to constrain the structural movements [30].

The calculations of binding free energies

To compute the binding free energies of MIG-6_sl
peptides to EGER kinase and to gain insights into the
peptide-protein binding interactions, the MM-PBSA
approach was applied to the 300 snapshots taken from
the last 3 ns of the production runs. The calculated results
are presented in Table 1. The predicted binding free en-
ergy of EGFR kinase/MIG-6_s1 complex was-142.7 kcal/
mol. The major favorable components of the MIG-6_s1
binding were the van der Waals term in gas-phase
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(AE,qw =-120.8 kcal/mol) and the non-polar part of the
solvation free energy term (AGyonpol, sol =-84.25 kcal/
mol). These two terms resulted in the total favorable
non-polar interactions of-205.1 kcal/mol. The highly
favorable non-polar part of the free energy might come
from the hydrophobic interactions between MIG-6_s1
and EGFR kinase as well as the desolvation of the non-
polar groups of MIG-6_s1 from water that aligned them
with the binding interface [10]. Such a phenomenon could
be seen in several protein-protein interactions including
the interaction between MDM?2 and p53, where van der
Waals interaction was the major contributor to the
inhibitor binding originated from the effects of solute-
solvent attractive forces on hydrophobic and the dis-
persion [10,31].

On the other hand, the favorable columbic term in gas
phase (AE =-130.4 kcal/mol) was completely cancelled
by the unfavorable contribution of the polar part of the
solvation free energy (Gpg = 151.6 kcal/mol), resulting in
the total unfavorable electrostatic interactions of
21.2 kcal/mol. This compensation phenomenon was dis-
cussed in several studies of protein-protein interactions
in solution, including the binding processes of IGE-II/
IGF2R and hGH/GHR, giving the polar interactions
(AEe + Gpp) of 31.57 and 134.2 kcal/mol, respectively
[10,32]. Moreover, the magnitude of TAS is in the range
of +30 to-40 kcal/mol, being consistent with the previ-
ous results [32].

Asn343

Leu342

Figure 5 The interactions of Met346 with its nearby residues in the average structure (plotted by LIGPLOT). Met346 is shown in the
ball-and-stick representation and its neighbours are shown in brown. Carbon, nitrogen and oxygen atom are shown in black, blue and red,

respectively. Dark red “eyelashes” represent hydrophobic contacts between Met346 and its neighbours. Black eyelashes correspond to atoms
involved in hydrophobic contacts.
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N\
bt

Figure 6 The superimpositions of the average structures during the 1-3 ns (yellow), 10-12 ns (purple), 14-16 ns (pink), and 20-22 ns
(orange) simulations showed the stabilities of prolines over the course of simulations. The positions of prolines on MIG-6_s1 are indicated
on the ball-and-stick representation of EGFR kinase.

Free energy decompositions of the interfacial residues

The technique of per-residue binding free energy de-
composition can reveal the contributions of the key resi-
dues responsible for the protein-protein interactions at
the interface. The total of 300 snapshots extracted from
the last 3 ns of the MD trajectories were decomposed by
the MM-PBSA method. The important binding residues
of the EGFR kinase/MIG-6_s1 interface were extracted
using the residue cut-off at AGy,pp <-1.0 kcal/mol (favor-
able binding) (Figure 7). There werel3 important binding
residues from MIG-6_s1 and 9 residues from EGFR kinase
with binding free energies less than-1 kcal/mol (Figure 8).
The 13 residues of MIG-6_s1 comprise Ser337, Leu338,
Pro339, Tyr341, Met346, Pro348, Thr349, GIn350,
Phe352, Lys357, Tyr358, Val359 and Ser361 whereas the 9
residues of EGFR kinase were Thr885, Glu904, Gly906,

Arg908, Pro910, GIn911, Pro913, Met928 and I1e929.
Some of these residues, such as Pro910, Thr349, GIn350
and Tyr358, had the values of the binding free energies
less than or equal to -4 kcal/mol. Five residues of MIG-
6_s1, namely Leu342, Asn343, Ser351, Asp355, and
Ser360 and seven residues of EGFR kinase, namely
Glu907, Leu909, Pro912, Tyr920, Val924, Trp927 and
Gly959, had their binding free energies approximately
-1.0 kcal/mol. We further analyzed the binding free energy
component of each residue based on the van der Waals
energy and the sum of electrostatic contribution in the
gas-phase and the polar part of the solvation energy
(Figure 8). The results suggested that the main favorable
contribution to the binding free energy was essentially the
van der Waals interactions. Normally, the favorable elec-
trostatic energies are opposed by the unfavorable polar

Table 1 The binding free energy of the EGFR kinase/MIG-6_s1 complex and its components calculate using the MM-

PBSA method

Contribution EGFR kinase/MIG-6_s1 EGFR kinase MIG-6_s1 Delta

Mean c Mean c Mean [y Mean c
Eele -21099.37 529 -19392.37 49 -1576.62 148 -130.38 1.03
EvaW -2536.90 1.24 -2296.92 12 -119.22 0.33 -120.75 0.31
Egas -23636.27 535 -21689.29 496 -1695.84 1.59 -251.13 1.01
Gsol, np 247043 053 227328 048 28140 0.21 -84.25 0.16
Gsol, PB -344941 413 -344941 3.87 -351.98 1.08 151.59 093
Gsol -978.98 403 -975.73 38 -70.58 0.94 67.34 093
AGcal -183.79 0.5
-TAS -233583.65 1.09 -3282.65 3.36 -342.04 4.02 41.05 2.08
AGcal - (-TAS) -142.74 -

Mean energies are in kcal/mol, with the corresponding standard errors (o).
Eele and Evdw are electrostatic and van der Waals contributions in gas phase.
GPB and Gnp are electrostatic and nonpolar contributions in solvation phase.
AGcal is total binding free energy.
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parts of the solvation free energies (desolvation of the
polar groups), resulting in unfavorable contributions.
However, some residues had slightly favorable electrostatic
contributions (the sum of the electrostatic energies and
the polar parts of the solvation free energies) including
Thr885, Glu904, Pro910, GIn911, Pro912 and Trp927 of
EGER kinase as well as Ser337, Leu338, Ser340, Tyr341,
Val345, Thr349, Pro354, Asp355, Lys357, Val359 and
Ser361 of MIG-6_s1.

Table 2 shows the information on hydrogen bonds
between MIG-6_s1 peptide and EGFR kinase during the
last 3 ns of the simulations. These are the hydrogen
bonds formed between residues Ser337, Tyr341, Asn350,
Phe352, Lys357, Tyr358 and Ser360 of MIG-6_s1 and
the residues Glu904, Gly906, Arg908, GIn911 and 11929
of EGFR kinase. Strong, medium and weak hydrogen-
bond interactions were defined as having simulated
hydrogen bond occupancy of > 75%, 50-75%, and < 50%,
respectively. The hydrogen bond distance profiles of
some of the strong hydrogen bond interactions during
the 22 ns of the simulations are shown in Figure 9. Most
of these hydrogen bonds were stable throughout the
entire simulations (Figures 9A, B, C, D, E, F, and G),
except for hydrogen bonds shown in Figures 9B, I and
J. In particular, the hydrogen bond between Tyr341-OH
and GIn911-O was briefly disrupted during 13.5-16 ns
of the simulations (Figure 9B). The hydrogen bonds be-
tween Asn343-ND2-HD21 and Thr885-O (Figure 9I)
and between Asn343-NH and Gly959-O (Figure 9J)
were not stably formed until around 13 ns and 18 ns,
respectively.

Table 2 Hydrogen bonds found in the last 3-ns of the
simulation

Donor Acceptor Distance (A) +SD  Occupancy (%)
Arg908-NH GIn350-0 6 (0.12) 99.87
Tyr341-OH GIn911-0 2.838 (0.17) 99.27
GIn350-NH Arg908-O 2907 (0.13) 99.20
11e929-NH Lys357-0 8 (0.15) 98.53
Asn343-NH Gly959-O 2.994 (0.16) 97.73
Ser360-NH Glu904-O 2841 (0.12) 96.83
GIn911-NE2-HE21  Ser337-O 2954 (0.16) 96.10
Arg908-NH2-HH22  Tyr358-O 2.969 (0.16) 92.73
Asn343-ND2-HD21  Thr885-O 3.063 (0.18) 89.57
Phe352-NH Gly906-O 3.077 (0.18) 8743
GIn911-NH GIn350-OE1  3.034 (0.20) 79.33
Thr349-0OG1-HG1 Glu907-0ET 2,697 (0.13) 69.90
Ser361-NH Glu904-O 2 (0.20) 69.37
11e917-NH Ser337-0 3.044 (0.17) 51.27
Thr349-0OG1-HG1 Glu907-OE2  2.703 (0.18) 2433

The distance cut-off was 3.5 A and angle cut-off was 120°.
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Computational alanine scanning technique
Computational alanine scanning is a powerful technique
that not only monitors the key residues required for the
interactions between the two protein partners at the
interface but also computes the energetic contribution
to the binding free energy of the individual side-chain
based on each alanine mutation [33]. In order to identify
the key residues from the 29 residues along the binding
interface of the EGFR kinase/MIG-6_s1 complex, we
substituted alanine in amino acids having the free energy
contribution less than or equal to-1.0 kcal/mol in order
to classify them as either “hot spot” or “warm spot” resi-
dues. Note that the higher negative value of AAG of an
alanine point substitution represents the better binding
state of the residue. A residue is classified to be very im-
portant for binding to the protein partner (hot spot)
[21,24,34], if its AAG <-4 kcal/mol. To a lesser extent,
the “warm spot” will be classified if-2 kcal/mol > AAG
>-4 kcal/mol. In this analysis, proline and glycine resi-
dues were not included since their backbone conforma-
tions differ from alanine.

The results from the alanine scanning method (Figure 10A
and B) and from the per residue free energy decompos-
ition technique (Figure 8) are largely consistent. As de-
termined by the free energy decomposition technique,
most of the important residues were also classified as
hot spot residues. We showed that there were six “hot spot”
residues on EGFR kinase, namely Glu904, Glu907, Arg908,
GIn911, Met928 and Ile929; and eight “hot spot” residues
on MIG-6_s1, namely Leu338, Try341, Asn343, Met346,
Thr349, GIn350, Phe352 and Try358. For the warm spot
classification four residues, Thr885, Ile94, Tyr920 and
Val924, were on EGFR kinase (Figure 10A) while Leu342,
Val359, and Ser361 were on MIG-6_s1 (Figure 10B). How-
ever, due to the limitation of alanine scanning, Gly906,
Pro910, Pro912, Pro913, Gly959 on EGFR kinase and
Pro339, Pro348 on MIG-6_s1 could not be alanine scanned.

Note that by means of per residue free energy decom-
position, eight residues (Tyr891, Leu909, Trp927, Ser337,
Ser351, Asp355, Lys357 and Ser360) were identified as im-
portant residues and not by the alanine scanning approach.
Such discrepancies may stem from the differences in the
energy cut-offs used in these two methods. Moreover, the
alanine scanning method verified only the contributions
from the side-chains, while the free energy decomposition
analysis considered both the contributions from the
side-chains and the backbones. It may be possible that the
contributions from the backbones of these residues may be
more than those of the side-chains [18]. The common
“key” residues identified by both alanine scanning and the
free energy decomposition methods, such as Val924,
Met346, Phe352 and Try358, are supported by the previ-
ous mutagenesis experiment as the alanine replacements
of these residues abolished the peptide binding [6].
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The interactions of the key residues at the interface of
the EGFR kinase/MIG-6_s1 complex

The common key-residue results from both the per resi-
due binding free energy decomposition and computa-
tional alanine scanning technique predicted the most
important residues at the binding interface that include

six residues of the EGFR kinase and eight residues of the
MIG-6_slpeptide segment (Figure 10A and B). These
residues have their AAG <-4 kcal/mol after performing
alanine substitution. Both different and consistent inter-
action profiles between the MD simulations and the
starting structures were observed and presented using
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hydrogen bonding network (Figure 10C). The resulting
relationship does not only exhibit their interfacial
residues but also some involvements of bonding in the
important residues (Figure 10D). The MD simulations
mostly reveal stable pattern of hydrogen bonds, with the
exception for the bonding of Ser351 to Glu907. Interest-
ingly, these hydrogen bonds were also involved in the
important residues on the interface. This suggests that
the main contributions to the binding interactions were
from the hydrogen bonds.

Mutagenesis studies of MIG-6_s1 revealed the import-
ance of Met346, Phe352 and Tyr358 for EGFR kinase
binding [6]. With the free energy contribution of
approximately-2.8 kcal/mol, Met346 is probably the
most important residue of MIG-6_s1 that contributes to
the hydrophobic interactions at the interface of the
EGFR kinase/MIG-6_s1 complex. The side-chain of
Met346 was buried in the hydrophobic pocket consisting
of Leu343, Trp881, Thr885 (warm spot) and Pro913 of
the EGFR kinase (Figures 4 and 5). The mutating
Met346 to Ala346 costs approximately-8.1 kcal/mol of
the magnitude of the binding free energy, supporting the
importance of its side-chain that engages in the pocket
of EGFR kinase. These results were consistent with the
crystal structure showing Met346 buried in the hydro-
phobic pocket of the EGFR kinase, and the experimental
results that the mutation of Met346 could abolish EGFR
binding [6]. Phe352 and Tyr358 of MIG-6_s1 were also
identified in this study as the essential residues for the
interface binding with the energetic contributions of
about-3.4 and-6.2 kcal/mol, respectively. Their back-
bones formed hydrogen bonds with hot spot residues,
Gly906 and Arg908 (hot spot), respectively, and their
side-chains were also buried in the hydrophobic cleft
(Figure 11A, B and C). Moreover, the phenyl ring of
Phe352 and the phenol ring of Tyr358 formed the paral-
leled -1t interaction with the distance of 5.0 A between
two centroids (<12.0 A) (Figure 11C) [29]. Therefore,
the mutations of Phe352Ala and Try358Ala could result
in the loss of van der Waals contributions from the
hydrophobic interactions of their side-chains [6].

Electrostatic and hydrogen bond interactions were also
crucial factors for the binding of MIG-6_s1 and EGEFR kin-
ase. Tyr341 of MIG-6_s1 was an important residue for the
binding of MIG-6_s1 and EGEFR kinase with per residue
contribution of-1.88 kcal/mol. During the simulations,
Tyr341 formed a hydrogen bond with GIn911 (hot spot)
and was also buried in the hydrophobic pocket of Pro339,
Pro347, Pro910 and Pro913 (Figure 11D). Moreover, the
value of AAG of the alanine substitution of Tyr341 is
about-7.9 kcal/mol, which was influenced by the loss of
van der Waals and electrostatic interactions. Another resi-
due important for the binding of this complex is Thr349
of MIG-6_sl. Thr349 formed a hydrogen bond with
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Glu907 (hot spot) of EGER kinase (Figure 11E). The value
of AAG of the alanine substitution of Thr349 is about-
7.4 kcal/mol, caused mainly by the loss of electrostatic
contributions. Moreover, the backbone of GIn350 formed
two hydrogen bonds with the backbone of Arg908 (hot
spot), while its side-chain formed not only a hydrogen
bond with GIn911 (hot spot) but also formed van der
Waals interactions with Pro910 and Try920 (warm spot)
(Figure 11F). The value of AAG of the alanine substitution
of GIn350 is about-4.3 kcal/mol, where van der Waals and
electrostatic contributions were lost upon the side-chain
mutation.

During the simulations, not only the new hydrogen
bond between Ser361 and Glu904 was formed, but the
hydrogen bond involving Asn343 at the loop region of
MIG-6_s1 was also observed. The side-chain of MIG-
6_s1 moved toward the EGER kinase surface and formed
two hydrogen bonds with Thr885 (warm spot) and
Gly959 (Figure 11G). These hydrogen bonds started to
form around 13 ns and 17 ns and became stable later on
with the occupancies of 89.6% and 97.7% for Asn343-
Thr885 and Asn343-Gly959, respectively (Figure 91 and
]). The AAG values of the alanine substitution of Asn343
was-4.9 kcal/mol, where the main contribution came
from the loss of van der Waals interactions due to the
increased cavity volume after alanine substitution
(Table 3). The importance of this residue was also
supported by the free energy decomposition per residue
analysis of the 9- and 18-residue with the values of -0.86
and -1.11 kcal/mol, respectively. This Asn343 residue
could play a very important role for a peptide inhibitor
to bind to the EGFR C-lobe interface. However, more
studies may be needed to further confirm the import-
ance of this residue.

Furthermore, the two MIG-6_s1 prolines (Pro339 and
Pro348) and those from EGFR kinase domain (Pro910
and Pro913) could also be essential for the interface
binding. They not only gave the free energy contributions
of about-2.8,-2.2,-4.55 and-3.40 kcal/mol, respectively
(these values were larger than those of the other proline
residues), but their free energy contributions were more
likely to come from the feature of the side-chains that
were-2.34,-2.15,-2.71 and-3.19 kcal/mol more than
those of their backbones, respectively. Moreover, the
proline rings could also form interaction with the side-
chain of Tyr341 and Met346. However, the alanine
scanning technique could not be done because the mu-
tation of proline to alanine causes structural perturba-
tions of the backbone [21-23].

We also performed alanine scanning on the EGFR kin-
ase binding interface, on ten residues, namely, Thr885,
11e894, Glu904, Glu907, Arg908, GIn911, Tyr920, Val924
Met928 and 11€929. In particular, Thr885 is located within
aF of kinase domain and the side-chain pointed to the
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Table 3 The contribution components of binding free energies upon alanine substitutions
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Contributions Residue number

Thr885A  Tyr891A lle894A Glu904A
AAE g -0.88 -1.22 -146 096
AAFciectrostatic -099 038 0.09 5115
AAEgss -1.85 083 -137 -52.11
AAGso), non pol -0.14 -0.24 -1.20 -1.16
AAGg), pg 012 -0.18 -031 4852
AAGojation 025 042 -151 4736
AAG protal -2.10 -1.25 -2.88 -4.75

Trp927A  Met928A  1le929A Ser337A
AAE, 4 -0.70 344 391 043
AAFujectostatic 048 263 -137 069
AAE o -1.18 -6.07 -5.28 -1.12
AAGso), non pol 142 222 -1.54 -003
AAG), ps 0.00 299 013 120
AAGsopvation 142 0.77 -1.14 117
AAGgroal 024 -5.30 -6.69 0.05
Contributions Residue number

GIn350A Ser351A Phe352A Asp355A
AAE, 4 382 077 541 -0.18
AAFuiecuostatic 661 -1.14 0.70 -591
AAEgas -1043 -1.91 -4.71 6.10
AAGqo;, non pol -1.24 -0.07 339 -0.00
AAG), pg 734 103 046 513
AAGovation 6.10 0.96 385 513
AAG protal -433 -0.95 -8.56 -0.97

GIu907A Arg908A Leu909A GIn911A Tyr920A Val924A
-0.67 -4.12 -0.62 -3.12 -2.93 -1.35
-60.00 23.34 0.05 -7.21 0.07 0.08
-60.66 19.22 -0.57 -10.33 -2.86 -1.27
-1.73 -0.78 0.00 -1.30 -1.24 -0.93
57.96 -34.08 -0.03 415 045 -0.55
56.23 -34.86 -0.03 2.85 -0.79 -1.48
-4.43 -15.65 -0.60 -7.48 -3.65 -2.75
Leu338A Tyr341A Leu342A Asn343A Met346A Thr349A
-3.10 -3.46 -1.40 -4.65 -5.67 -1.10
0.1 -6.32 -0.05 -3.06 -1.12 -13.24
-2.99 -9.78 -145 -7.71 -7.10 -14.34
-2.54 -1.20 -1.08 -2.19 -3.12 -1.82
0.73 3.04 0.12 498 210 8.81
-1.81 1.84 -0.96 2.80 -1.02 6.99
-4.80 -7.94 -2.41 -4.91 -8.11 -7.35
Lys357A Tyr358A Val359A Ser360A Ser361A

-2.02 -8.02 -1.56 -1.36 0.15

138 0.14 3.74 -1.52 -8.37

-0.64 -7.88 218 -2.88 -822

-1.44 -4.57 041 -0.20 -0.35

0.16 2.50 -3.88 298 537

-1.28 -2.07 -4.29 2.77 502

-1.92 -9.95 -2.11 -0.11 -3.02

AAE)e and AAE, 4y are electrostatic and van der Waals contributions in gas phase.
DAGq), o and AAG,, are electrostatic and nonpolar contributions in solvation phase.

interface. Thr885 can form hydrogen bonds with Asn343
(warm spot) as well as forming the hydrophobic pocket
with side-chain of Met346. However, the loss of AAG
(-2.1 kcal/mol) was from the loss of van der Waals and
electrostatic interactions but they were not large effects.
The negatively charged residues of EGFR kinase inter-
face, Glu904 («G) could form hydrogen bonds with the un-
charged residues of MIG-6_s1, namely Ser360 and Ser361
(warm spot), while the side-chain of Glu907 (at the loop
between oG and -aH) formed hydrogen bond with Thr349
side-chain (hot spot). These Glu904 and Glu907 amino
acids were classified as hot spot residues due to the muta-
tion of two glutamic acids resulting with the AAG costs
of-4.75 and-4.43 kcal/mol, respectively. The loss of electro-
static contribution was the major reason of such results.
Likewise, the positively charged Arg908 located between
aG and oH possibly made strong hydrogen bonds with
the backbone of GIn350 (hot spot) and the side-chain of
Tyr358 (hot spot). After alanine mutation, Arg908 was

identified as a hot spot residue because of its AAG-
15.65 kcal/mol that may have been influenced by the
increasing cavity volume and the disrupting the conven-
tional hydrogen bonds upon mutating the side-chain.
Moreover, the “nitrogen-containing” side chains of Arg908
lining in parallel with the aromatic ring of Tyr358 also
formed the cation-m interaction. Although this geometry
layout is preferred in protein structures, the mutation of
the side-chain could render large favorable electrostatic
contribution in the polar solvation [35].

GIn911 (on the loop between aG-aH) was also indi-
cated as a hot spot residue. It disrupted strong hydrogen
bonds to Ser337 side-chain upon alanine substitution
causing the binding free energy-7.48 kcal/mol, but did
not disturb a hydrogen bond of the backbone-side chain
between GIn911 and Tyr341. The alignment on oH of
Tyr920, Val924 and Met928 showed that they are im-
portant to the dimer formation, which were called as
“The core of the asymmetric EGFR kinase domain” [36].
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These residues not only participate during the hydro-
phobic interactions that involve residues in the N-lobe
of EGFR kinase receiver, but their mutations also abro-
gated the contribution of the asymmetric dimer [6,36].
These experimental results align with our in silico pre-
dictions, these residues were superimposed to those in dif-
ferent structures as shown in the RMSF plots (Figure 3)
demonstrating the stability of their backbones. Moreover,
we took the EGER kinase activator interface when binding
to MIG-6_s1 and compared with the one when binding to
the EGFR kinase receiver. The important of these residues
were observed on the above EGFR kinase activator inter-
faces. After alanine mutations, the loss of van der Waals
interaction could originate from the disruption of hydro-
phobic interaction to their partner proteins. The binding
energies of Tyr920, Val924 and Met928 values are-3.65,-
2.75, and-5.30 kcal/mol (when binding to MIG-6_s1) and-
3.46,-4.98, and-6.07 kcal/mol (when binding to receiver
kinase), respectively. The sharing residues between two
interfaces of the activator entail that MIG-6_s1 might bind
the EGER kinase activator in the manner similar to a bind-
ing of the receiver kinase, even though the function of
MIG-6_s1 was opposed to the receiver kinase [6,37].

Conclusions

In this study, the 22 ns MD simulations of EGFR kinase/
MIG-6_s1 complex was performed in order to provide
more understanding about the binding of MIG-6_s1
peptide to the C-lobe of EGFR kinase that is an import-
ant target in cancer therapy. Using both per residue
free energy decomposition and computational alanine
scanning techniques, we found that the Asn343 residue
situates on a flexible loop of MIG-6_s1. This particular
loop was absent in the original X-ray crystal structure.
Furthermore, the underlying loop potentially renders
Asn343 a key residue to bind to EGFR kinase. This
finding requires further experimental validation to better
our understanding about Asn343 role in the protein-
protein interaction.

In addition, we used the above energy calculation tech-
niques to identify the hot spot residues (six residues on
EGER kinase and eight residues on MIG-6_s1) that play
significant role in the binding between the two proteins.
Particularly, the alanine scanning technique showed that
the alanine mutations on these hot spot residues would
worsen the EGFR kinase/MIG-6_s1 interaction. This
technique also revealed the other important residues but
to a lesser extent, called warm spot residues that might
be worth to further investigate their binding roles. These
key amino acids proposed in this work should play vital
role for a peptide-based inhibitor to prevent the EGFR
asymmetric dimer formation. This in silico study,
hence, provides valuable information for designing new
peptide-based cancer drugs.
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ydy-based drug approach is one of the present day strategy for cancer therapy to u:
ate the immune system of patients to attack cancer cells. Moreover, an engineer
also be used as a delivery system for translocalizing several lethal molecules
1 such as drugs that enhances the activity of the drug. There are many molecul
s to modify antibody properties such as their effector functions, immunogenicit
permeability. In this study, we have focused on the ability of a humanized heax
fragment (VH/VyH) from a nonimmune camel, Camelus dromedaries, against ti
kinase domain of the epidermal growth factor receptor (EGFR). Firstly, EGF
/H/VyH clones were obtained from the humanized VH/VyH phage display librar
s then were expressed for obtaining EGFR specific VH/VyH expressing clones. Tt
eability was introduced into each clones by adding 9 arginine residues (R9) at tt
1s using a ligation independent cloning system. Three clones (VyH35, VH35, ar
vere produced in BL21 (rosetta) E.coli in a denatured condition by affini
graphy (TALON). The concentration of the purified VH/VyHs were determin
bjecting to a cell viability assay. The results show that the ICso of VyH35, VH3
5 were in the nanomolar rang (9.61nM, 9.90nM, and 60nM, respectively) compare
mercial drug (Erlotinib) (20.05uM). This indicate that VH/VyH can be used for
er treatment. Because of its activity was greater than the conventional antibody |
ell-permeability, this antibody fragment can be developed as a therapeutic agent fi

rapy.
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