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Abstracts
This research employed computational chemistry methods to model and simulate
structural and dynamical properties of three influenza viral proteins that are hemagglutinin,

neuraminidase and M2 channel. The study of hemagglutinin was carried out to describe the

binding between the viral glycoprotein and ((-2,6 human receptor. Molecular dynamics (MD)
simulations of four hemagglutinin subtypes including H1-1918, H1-1930, H1-2005, w8z H1-
2009 in complex with the human receptor were performed. The MD results revealed
significant interactions between the receptor and hemagglutinin of all the four subtypes,
especially with residues at position Y95, the 130-loop and the 220-loop of the protein.
Residues which are crucial for the receptor binding include V135, T136, A137, K222 and
Q226. The interactions between the receptor and hemagglutinin were similar to all H1
subtypes but substantially different from H3, H5 and H9. MD simulations for studying an
allosteric effect due to the inhibition of proton transport in M2 channel by rimantadine were
carried out at the closed, intermediate and open states. Rimantadine were placed outside
the M2 pore, and between transmembrane subunits and near W41, In the closed state, a
hydrogen bond network between the drug and D44-W41 was found, giving rise to the closed
gate of W41, and thus the proton transport was completely inhibited. The network of
hydrogen bond was not detected in the intermediate. In the open state, the electrostatic
repulsion of the positive charge H37 results in conformational changes of W41. As a result,
water molecules were able to penetrate the channel pore. In the study of neuraminidase
subtype H1N1-2009, MD simulations of the wild-type and mutants complexed with tamiflu
were performed. The results revealed electrostatic interactions and hydrogen bonding
between the drug and the E119V and R292K significantly decreased with respect to the wild-
type. This finding is expected to be associated with the drug resistance. The drug
susceptibility ranging from the greatest to the lowest was predicted according to the following

trend: wild-type > N294S > H274Y > E119V > R292K.
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Influenza A virus subtypes in the human population
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1.3.2 Neuraminidase
C. < . A o as
Neuraminidase Lil% receptor destroying enzyme (RDE) mﬁunmnmmﬂums
. o d a f i = d o v o,
Uaeaddenhizfifalnideoananaad (U 1.3) NA Wwenlmifivimindenlnalalusdwmiu
. a [ ' L. . 2| { f @ @ o a
receptor site UURILDaE I@Umm@'ﬂg sialic acid TITaNTZRING host cell numgmﬂvhmmn@
I subtype  vhlwhiiamqaidudaszanioadiiesnnluanazas  Inalalusdutinyledln
A P a @ P - & P 2o a A =
Wanfidnagumaidunisladin subtype inuiinivua 9 wita Idsdunsaesdlmdunmailums
o a & a s | (3 J ar [ ] a s 6
FuunauRREITUADIAY  HA NA wihwanovesondwmde hialdun lawwamiies
P s P a o An L% .
(Oseltamivir)  wazw oS (Zanamivir)  laglawam i osiluedfiosliwsizanano
% a a dd e 3 ~a . ) =
Judumuldlasasslon - lawamTBdoiiTonimsdrimiya (Tamiflu)  §usiun o
A v A Ao = A ' & " a9 o ' aa € '
Tanamsdin Relenza dadlanwasiiuondanu 3aduendldoinnin lowmamiios

o e, da P2 , A e d & a
L'ﬂu’]zn‘ﬂ%ﬂ?Uﬂ&lﬂ’]ﬂ’ﬁ'ﬂaU%@ LLQZQGQNI‘UGWE]\'WﬁiaﬂdlhUﬂLﬂuIiﬂﬂ’NL@uﬂ’]Ulﬁ)

1.3.3 M2
. . A : A Ada
Matrix Protein 2 w32 M2 fuwinaiuswlysdulysaauusuuua (Proton channel) Nd
{ L7 Qs d
unulunszuaunsaanaRuiuuiusi (membrane uncoating process) w84 la3® nisaanite
a a P | ~ a .«3’ s A a o
mvhsmuaamnmwmﬂunmmwumumnlumgmﬂmaﬂ'sm FAAAINMITNUTAY M2 lay

= + + ' v as P2 { <
mMIsLaplusaau (H w38 Hiy O) HIUUTHLLA mwgmaaﬂasa Lual,ﬁmqmummugnaanaan
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@ ' - Y . ) d = . -
ﬁﬁliwuqrﬁiu@’]@ g Qdﬁ@‘@aaﬂﬁ]qﬂaiﬁﬂ’]ﬂ‘l'giaﬂzﬂuagluvlsﬁlnwaqa‘ﬁw GﬁJLﬂuﬁﬂ’]Wﬂaunﬁqi

WIENTIUIMAHIZITEN32UIWNNT RNA transcription ¢aly

1.4 NOEiuaza IS W A

L%a‘lﬁavlﬁ%'?@lmgmmﬁuﬂmj 2009 (09H1N1) ﬁ'cﬂaglilun@:m%a‘lfs%'avlﬂﬁ%f@lmymﬁ@ 1
(Influenza A virus) G'fiaﬁmsﬁ'qusmaﬁlﬁmaﬁ‘hmu 8 swnaansauaasaandulusawled 10-
11 wha eanlananludrodu amﬁulunéjuﬁﬁﬁw‘hLﬁumsay}lummzﬁxjuﬂﬂﬂsﬁuam%@
higlinialnadrwin 3 afia fa hemagglutinin (HA), neuraminidase (NA) uaz M2 ﬁaya
Lﬁmﬁ'unavlnmiﬁmﬂumaﬂﬂsﬁuﬁamuagﬂmUé’aLmﬂ@Tai{

Imaai”*mmuﬁaLLa:wai’ﬁmaﬂﬂsﬁu’lﬁﬁagaﬁmmmL%auluaﬁuna‘lnnﬁﬁwmmaa
Tus@ule Iﬂi?\uﬁamwﬁ@ﬁnm'smﬁmiﬁnmhna%olm:é’uimaqaﬁ'umnwaaumi law
Avsanldanmswulansimuiiananmanninaiananmsaisofiand [1-3] uazinadie
NMR [4-5] voalusiululiialdnialnaiaonutaeg ﬁﬁaglugm"ﬁaga Protein Data Bank
(www.rcsb.org) 8819 lIAMUANNFURRTIENINNE IMIvitunulassaeedllsdu - Tudle
msﬁﬂmumaamu,a:navl,nms??amﬁaamnmsnmﬁﬁuﬁmau%aﬂ'a‘hi%’mﬁm sz anusuiiui
azdaaldsumsfinwsoLRuLG s:LﬁU‘u'i%'msaanu,uuLLa:miﬁ‘haau‘ﬁﬂuLaqaLfJum:mumﬁ
ma%amsaumm%ﬂmami"nﬁﬁwm’l,ﬁ'mqﬂs:mﬁé’andﬂ ﬂ'nujﬁvlﬁmnmsﬁnma:lﬂu
Uz lomimswameuasnansuwng |

Ussdudlymdmsuomitolasudaiu 3 sauasil

N, MINNUed HA nuaNs vz lumsidnIuny receptor

v, sz lungy M2 inhibitor

A, NINIIUYal m’Lunsju NA inhibitor

o a ] ¥ o ™
1.4.1 N15919MB89 HA NuaMa3wElunsin9uny receptor
L% aa v e A« ¢ 4 ar = a 0/ )
lasoaiwmuddzas HA Widaysnidwlsslvmbinprnunmstaduluszdulaanaszning
@ a A . A 1
ldsduvashsanuSiomaasvas Host HA LﬂquLaanﬂsauﬂsanﬂ homotrimer (3Uh 1.4) ug
=1 ~ s a ~ IAQ aQ 1 13
azlulwasiinsaaiiludszunm 560 vaddad  luanaves HA Gaagiaahirldlasiisurie
. ' [ ' Ad
UNTIMELUULLIU (transmembrane segment ) Hdatluiuniusuvesliia &uvas HA Nbusanin
=Y a ¥ 0 =1 Ad k2 [ ~ L A = ] =1
wanid Wil navdiomuvaslusauniilassanadwnfuaaremdabunin - stak w38
' Aa o ' A ' A =«
Fibrous domain wasdIuwNUanwaeztu Globular 138071 headpiece gaundu Globular
g SRV S U U a4
domain flazfl binding site §wiudaiununyveinsaBuin (sialic acid) Daduiiawiaaives

Host cell



(a) )
HA, Y™

¢ l"meSTAL
KO
(" J
ik S
If",.fi;
~

94

'\”'\l’
hdl

PROXIMAL

4%

Viral
membrane

3511 1.4 lassaSwaniifvas HA (a) lulwwas uaz (b) laswas

(b) Sialic acid

, Globular
domain

| Fibrous
[ domain

‘._/
functional hemagglutin binds to cells
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U A a A o a Vv a <
f§IUUDJ receptor w@cﬂagmnmmmmmaa host cell LLQZN'\W?UIV\ HA ﬁmmﬂu

. . . a S
INLaqaﬂi:Lnﬂ oligosaccharide %y;uaamm%mmmﬂumuﬂagﬂmﬂq@maa Host cell receptor

Y T , _ v -
luanavasihenafidariuny sialic acid lulaana oligosaccharide (Huianasfianuaning

A a o oA oA : : . A a o
(Galactose) L%JQW%WEM’]@]’]LW\NG‘HL"DQ&I@]Q?:WT\G%E"Uadﬂ'i@]L‘DU'iﬂﬂiJu’l@]’]aﬂ’]LLaﬂI‘Y]ﬁ 14130

upssaniil 2 ngu Aa SAC2,6Gal uaz SACL2,3Gal (gﬂﬁ 1.5) anuwAneITaIMILTauda

« @ & L) ' v A a ' ° =2
Lﬂ%NﬂlﬂﬂauWmm"ﬁ%‘u%lmaqa host cell receptor LONGIINY 515\1NNQ@Q@YJ’]N?]’]LW’]:I%]’]’I?U@

UL HA subtype THa6139)

VIR lUTnMszuUna s lasnunuaawazil receptor

WUy SA02,6Gal iudiulng uaswas lwszuumaduwrioladauansrasnuazil receptor uuU

SA02,3Gal  ayanunuitonuanuduwzlunmadnduves HA (U receptor NINBINFUIL

uandrenu  aretatu HA nnhisldwialngluaniionusuwzlumadhauny sAc2,6Gal

A as v o ' a ° v e a
Tupnuzd HA nhdaldwialuwgun Sanusuwizlunsidnduny SA2,3Gal [6-8]

HO HOoH
o o
How cal M
\n’ HO
0 -2,3-lInked
NeuSAc
(A)

o-2,6-inked NeubAc

OH €O,
HO
Hove' 070

NH HO HO
0 0
Ho 0,
OH
Gal

(B)

51l 1.5 Tassadouas SAQ2,3Gal (A), SAO2,6Gal (B),
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PNANTIATERALATITI x-ray wazd10unIaazdluuInmiaduszning HA U receptor
Tuan  gn3 wazuINLANNLANE A DTuneune S Tuatna e wasthanfindasiu
nsaazdlufisuwizuss conserved %aagju‘%nmﬁ@fﬁu (gﬂﬁ 1.6) nieaziludinaniysznaudis
QEG (GIn-Glu-Gly) dwiuhimdurgioumluau usz QSG (GIn-Ser-Gly) #wiuliadungian
mlunn  dniudaiufihauleinenunandsdinsisansnatunadsmsansmelassaing

wazmsfw mnenged) lewsalaadels

Receptor
Binding site
—

New strains
2009

R D IR B RPN NI

" Human Flu

N L T U

Cimgereeny -

Swing Flu

- A

- A
Avian Flu 3 24%
A Thatiand "NK14S8, 2058 (4511

€

s

1 L) { o ‘4 1 o { o
311 1.6 nsnazfilufisiinizuas conserved Gsaguitamdadufididguas HA

1.4.2 n3vinguvasen lunga M2 inhibitor
a I . Aa ' ' & @ o
ls@u M2 (Dulesauuruuua (ion channel) Nflvwdiudseglumunuususashiam
v a P o a ' v [ v a e
wihfinseansaslysaeunodniusiwdiaanias M2 Usznaume 97 nsaasiilu udildiu
a4 & Pz Vo .
ﬂag‘ﬁumuLUiWNL’%Uﬂ’;’\ﬂﬂ%‘ﬂi’l%mumﬂi% (transmembrane segment) agﬂs:mm 30 nImac
a & ' aa & A a A L% ] A’dw I3
filu aoudisadtndn 22 Gy 42 (@307 1.74) lassaisvesviaunmumunisuiiianwusiu
WnaEan (Ql-helix)  wnwsdandoslessu  nnmisdnswuiilysaanazi@umarnulngs
1 A = Qs 1 o ‘ Qs g:
(pore) WIDTOIUTAURANLAAINATTINNULAIVOUWN TIURLNULLIUIIUWIN 4 viaw [9]  GI%w

{ o ‘3 a ~ A v A A { L3
uuufl M2 drwuudiansuniu tetramer (U7 1.78) lassaswmuiiduas M2 Adnmee
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Waka x-ray ez NMR AaM0LANG19NY LwiﬁmﬁLﬂiﬁ:ﬁdﬂﬂﬂﬂLﬂ%Iﬂidﬁ%ﬁaﬁagjﬂua:ama:
Wadn M2 vanwitlauazlalnsslasnsilasunauwnas i uTuy oo un NualuNuTe Lol

H37 uaz W41 Yimshladioutlszg wia gate aaugunstudaanvasllsaau [10]

Y el X 40

Congengusg sequence MSLLTEVETPTRNEWECRCSDSSDPLVVAASIIGIILHLILWILDRLF
A/Bar-headed Goose/Qinghal/BB/05 (BSNL) 1 it i e e e e e e e
A/Viet Mew/HG-207/2005(HSNL) e e I....H.
A/Indonesia/CDC287E/2005 (HSWL) L. K.I...... AL ... ... .
A/open-hilled stork/Nakhonsawan/BBD1S21J/7200S(HSN1) . ... .. .. .. .. ... .. ........ 0. .. H.... A
A/Miasis=ippi/UR06-0242/2007 (HIN1) L L L VoL, T.
A/Berlin/60/2005(HIN1} e A« T V.. T.
A/Thailand/798/2006(H1NY} Lo . .. O ¢ Yoo ... I
A/swine/Ohio/C62006/2006(KIRLY L. .... I..G...K.N...... ID .. i e
A/swine/Ohio/K1130/2006 (HINYY Lo ..., D S N e Ve I....
A/Mexico/4108/2009(RINY) Lo, S e e ) R | T
A/Oregon/05/2009 (HINL} ... D35~ J b S T
A/Stockholm/36/2009 (HIN1} S R T
A
C
"
(;Zh‘.‘m_.

ﬁjV

Amantadine Rimantadine

3171 1.7 sequence alignment 289 M2 (A), wuutaasiaseasrs M2 luiuaiusw (B) uas

Tase@s1922981 Amantadine 1Laz Rimantadine (C)

Amantadine (AMD) uaz Rimantadine (RMD) (gﬂﬁ 1.7) undwdehialdwialng s
gnssusInMIinues M2 nalnmstugenmsdndsslysaauues M2 dan AMD Dgasuwinma
ﬁgnﬁmauamnﬂmmﬁﬂ [11] de nalnupugalwsinislu M2 uaznalnupufaalasiainevia
WNTIWENNILTH  nnsansnfwnwuind M dounsaesiiluuullsan M2 nmodiunis
fvnliaadas AMD dumisfidouuasludehds 2000 leur vo7i usx s31N Tasiawsd)
FuAra A30T uaz S31N lu H5N1 mm‘v’uﬁ:ﬁm@umﬁﬂmm’hs:ﬁumsé’ivamgomn [12] @arit
Jesnsiiumglesn AMD uaz RMD 'ﬁ’io‘l’ﬁ*hivlé'fwaﬁwﬁ”ugam%avlﬁavlﬁwi'mlmy' 2009
MIANEINNG  molecular  modeling a:‘[ﬁﬁagaaﬁumgummqms?ivamvl,@TSnmwﬁo LAz
ﬁnvlﬂgjni:mumsﬂ%uﬂ‘gﬂmaa%’ﬂwaam‘[un@;uﬁ
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‘L¢3fniﬁ101%m80811%ﬂé&lNAinhmHor

Oseltamivir W8z Zanamivir Lﬂumlun@lu NA inhibitor 1ztAn  substrate-analogue
inhibitor (gﬂﬁ 1.8) Lf‘iaamnimaa%“wﬁé“nwm:ﬂﬁwwyj sialic acid Tatawlml NA sz s DA
AefAzen cleavage Tassaumuiiavasionlm Neuraminidase fusshusahiamingwso
Oseltamivir ¥nldidnlafissunsnsorszninalusdunudiiinedned  Avsiom binding site i
njunsaa:filuvas NA MATasiunsdaduiy osetamivir léun D151, E119, R 118, W178,
R224, R276, N294, R292 uaz R371 NNTBNUMTAN WIS R awnTe e d Iufidunis
H274 (W38 H275 HueNs=UUL09 N1) 1flw Y274 ¥inlWs=edunsaesn oseltamivir FINN[13-15]
wanNAGINdunLI 1223R, N294S, E119V uar R292K AflTu9uindasn oseltamivir 1Tuiu
dwdu N1 Tu HING 2000 @oulngidsliiiansnanoiuifidiumis 274 i aralsianad

J A Lo [] 1 1 o 1 A
NUNUNLNNTRB T linsuwitaindudunele (3Un 1.8)

» . a*- - W
% e AT
N TV SN g e
\ { & : o o2t Twzsi_ )
. Salzacd \ %
A Sakcaca 2anamndir Osaftamisr p . (
: 250 25T 27¢

Consengus gequence VMIDGPSHNGQASYKIFKIEKGKVVKSVELNAP HYHYEECSCY
BAF63112 A/Hanoi/ISBM27/2005(HINI) D P ST T T T T o I Fooo v
BAHO2072 A&/3wine/Chonburi/HIAHS83/201S5 [HINL) P
BAG69177 A/whooper swan/3katas/L/2006 (HS5NI1) L i i i et it et e e e e
BaG80855 A/pigeon/Thailand/V¥SMU-11-KRI/200S{HSN1} . ... .. .. .. .. H.o...M... ... .. D..i i
ABI21203 A/Wellington/12/2005(H1H1) ) At eeiviaeewe . To I, | S
ABJS51698 A/chicken/Viet Nam/%/2003 (H3N1) O < S T 2 F
ABV45962 A/Colorado/UR06-~0498/2007 (RiN1) A T..L...... F........
ABJ98533 A/Thailand/WA60/200S(HSHLY - . ... ... ..., H LML B.. ...
ABSS0333 A/swine/Italy/125746/2005(HINL) L L e e e e e e e e e e
ACP41931 A/California/0S/2009 (HINL} ..o e e e R..... I..... M, ... e
ACR24232 A/Nonthaeburi/102/2009 (HIN1) ... ... DE.......R.....I..... 2
ACT67118 A/Mexico/4635/2009 (H1N1} T . T.o.... %

sun 1.8 Tasea@s19vas sialic acid, zanamivir LLag oseltamivir, Tas9a319 x-ray Lag

€

[
=

U3 binding site 2783 NA (A),sequence alignment 289 NA (B)

(‘ﬁl&n http:/lwww.jbc.org/content/285/37/28403.full)
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a '3
1.5 2anilszasn
ot o a A o 0 o A v ﬁ?’ ' a
fadpddny 3 dsnimbanglassnuidomesnudilaRugiuuazaanuuanednand
v a A 1 o oo Qs g: =Y aa 1
Iﬂidﬁﬁﬁas:@quLaqanﬁwa@anﬁwmumaaﬁl.l.unn@l@uuuazmmummuhﬁmsmumas:mw
& ar (Y] A & Qar a ol @ 1 =1 |
ampe}ml,ammﬂn Ao *]_Ji:ﬂ’]iLLiﬂLlluvl,’ﬁﬂﬁ’lUW%I?L%M&ILL%’JI%&I’J’]?}:NQ’J’]&IE%LLNLLa:LlJu
ar . [ d' A ar o Qr ar a v ar pdg’
duanudanust e sAsuLla I RGN IR 58USUA 10U host ld@aw
o PN A { v @ o A ~
lasawiznsiasusiansaaziiluvas HA WalTh3UND human-host receptor #3889 NA L
A v a . & I o ad [ 4 ar .
WaNLABIN NP0 antibody  BnviaMInatuWuivas M2 inldamdrwaalasalungu m2
. . i ' .- . . . Pz} a v o ar .
inhibitor "lmm amantadine Las rimantadine mmulﬁ@nuvhsaa’mwunf H3N2  #BINNIILNY
a a ‘e va va Pg & ° v v o @ A Y A

s:mw’uaa"hiamuwmﬂ%mm’l,‘vwwdwmamnmua:mlvxwamnalumnaanlmm Uszn1snans
Sudnsnuwunsnaswuivasewlsd NA (gu H274Y) hldhiadem osettamivic  uasdl
u { A’ Q Qr Qs . A. A’ A . - B
anuiulldgenznude hianaowuiadindrifaunniu iesnniduzduvy antigenic drift
A v o ‘ a A ~ & ar v o . a X a
anvlulinialngamggma  deznsfieafie desnnigehialdnialwamonutlnaiid
' [ Y . A oA a
srunauvasm RuInIvInldwialugsiia @ neu gnsuszun eannwduldldnasfia

. o J r v A 1 e ar A o I3 a o gd
genetic reassortment szinaTa hialdwialnaluaunuaaidn aranaoduwhiaaewusn

Qs J 1 r=Y
AUAILNINTUNTNAY

mse‘i%ﬁumu’i%ﬂ@unfoju'ﬁumﬁﬂamﬂaL@lag muﬁ%’wé’nmaan@:uﬁamsﬁnm
mmﬁuﬁufsz%iﬂaiﬂiaa%'ﬂaiuLaqaua:msﬁ’mumaaIﬂsau ANHINITDATLURTOUATATLN

' A & = A d Y r] A
snieluenasuacldsdu - undnmefunsmndasuulsimelessaiiatassnanlyséu
o ed o ar A}’ a . % = a ¢ A o
nanpnuiashliliaden Awdtpltnszurunsmaeiineuiiiassiiasanuuuuazinass
£ Qs v Qs 1 6‘; A &~ :; [} =1
lossaisluanazaslysdunaslhialsalinialng nondulds@uihwinenisomssasngy (fa
neuraminidase W& M2 inhibitors) wazlusduinaunslnifdanonwlunisnanmiansguos
(Ra hemagglutinin) nwuzuaziaglszasdueswiduilsznausiy
- Anmanuuwanainnalasiaineves  hemagglutinin  luldndiaunuaslinialwg N
ANUANIEAD host receptor
- An¥IMIPAILIINING oseltamivir %30 zanamivir NU neuraminidase W TWIAWNLAS
Tinialng

- @nmenlungu adamantane AUMIBLLINTZLIUNTT proton transport 13 11)36in M2

1.6 Jaquazalnsal
1.6.1 Hardware
® aauRIlAasEINAL
o aauiamaiiing (Sever) laglisruunauniiaefausinusgd (High Performance

Computing System) 223 Computational Chemistry Unit Cell (CCUC) MaIT el A

ANNFIRAS quaansrﬁum%ﬂmﬁu
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1.6.2 Software

e lisunsu HyperChem l3dmivailassasounuuiines 3 Hdveslumanavmaidin uaz

ﬂ§u1ﬂ50a§naIuLaqa1ﬁLaﬁ 8y

e lilsunyu Gaussian 03 lFd@wsuasslassassuuusaes 3 fdvasluanauwiadn uaz

Qs ¥ v v =3 Ad v
ﬂsuiﬂsaaswaIuLaqalmLaﬁns mnmﬁnm%wummgn@aaga
e li5un3u SSH Secure File Transfer Client lﬁ'lums‘[aumm‘fagasmﬁa

° quﬂSLLn‘m AMBER 158 %3u¥i1 Energy minimization, Molecular Dynamic Simulation,

MM/PBSA calculation, trajectory analysis @#nszuulils@in HA waz NA

° “g@I‘lJSLLn‘m GROMACS 3.2.1 l##3uvin Energy minimization, Molecular Dynamic

d o

Simulation, trajectory analysis WadAnwszuy lsdiu M2
e lisunsu Discovery Studio &%3U sequence alignment, homology modeling
e lisunsulfd@ sy Molecular visualization léki Weblab viewer, Pymol, VMD

e lisunsudmsusiensw LLax'«ffﬂmsﬂTaga
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UNN 2

LAAUILAEZNAaN13I28

dlomluuniinsnfeneszBoaieiunanuitoime 5 HafaRuwlunsmiszeu
W SaudazFasalivindulymitiraseues  duiwdelwiilewivasnenuiiany
datitasdalwitsdamavhannudnlowaz lduan Seldumamemneawnsisousnduudas
UNAINY I@UluLL@'azuwaaﬁuﬂsznauﬁaﬂmm;ﬂl,f:ammaamuﬁﬁu APmMIduinn13ive

a A a o A3 A Q- o A
NRN13IY E]ﬂﬂi’lULLﬂz'J’i]’]‘ini agﬂua:mamuaLLu:mmnumnﬁm

2.1 HaIIWIYLIDY

Intharathep P, Rungrotmongkol T, Decha P, Nunthaboot N, Kaiyawet N, Kerdcharoen T,
Sompornpisut P, Hannongbua S. “Evaluating how rimantadines control the proton gating of the
influenza A M2-proton port via allosteric binding outside of the M2-channel: MD simulations.” J

Enzyme Inhib Med Chem.; 26,162-8.

2.1.1 agthitann
A v @ a ad A a a . . . v w & L '
WwaliidlafeiTnsfen3unua@n (rimantadine, RMT) winldgugsnissesinulysaanlu
gaslUsiu M2 vaslidaldnialwgiiunalnuuy aalamasdnd (allosteric) 39lddaasnaia
luanavesszupllsdu M2 TasfionTuuendu 4 drgnieluduniinsbadviiagdunantes
. Q a 1 (=3 A o v A [ =Y =Y [} o Y
M2 szwindugitaaguiiam Trpdt Sevimihfidudszade-Ua lugaslysdu M2 lumsidoil
@ o = A P a a ° ca a a a '
lavinmsdnsn 3 anzde anzlla, snnsdumesidion waranintle lwanzdanwuin
. a A 1 a v 1 Q { ~ U aa
T84 M2 Janwazuavinndswuinimsaisdassnonus: lalasiaufindusiszninsddis RMT-
o w Q a ot =Y Q- g; A ¥ ' :’ i [ 1
Aspdd-Trpat ltlsza Trpat dwdnludnwole dsuufisnninuinhiiduias M2 gn
Q g; v [} o Qr A =) o 0 [} ] Q
dugdldstvauysal Mwniufiannziweeiiidvanuitlidnnglasndiswus:lalasaw RMT-
a ar A a ] » & o . il aa
Aspd4-Trpa1 Hiiipsnuszlalasiauiiasening RMT-Aspd4 1vinuu ¥ildiimsunisuaasaan
. v [ Q AA [] =y 1 =y g: [} Q
Trpa1 somalitszguastes M2 Sanwuzitaliaiin duluannaionunuiusininuanse
aa . o v A a ar a A 1 L3 ‘ a
VINUWIER? His37 il Trp41 wasumssanduansundedisenndanisainalasstinowws:
1 _a o WA v:’ [} v 1}
lalaslanseninasd@l RMT-Aspdd-Trpd1 Favinbinannzfviaansariwananaeluges M2
v A v | . a o a . a = [ A . A a ~
o Samaminaassaaaadaaduasdnunsiaa lninwdoasaniuwesafinuinnancladl

' A o a fa o AL v > a
ﬂ’]ll’]ﬂ'ﬂf‘!@ FIININDFNNICDULADINLAH A LLaZNﬂWuaUﬂq@luaﬂ’]'):Lﬂ@

2.1.2 A5 nsauiinniisalaadanl
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2421 \@3UN3TUY M2-4RMTs Aauwdandamiudaaslaanaislowming (Molecular
dynamics, MD)

2.1.2.1.1 1#1A398319 NMR 289 M2 970 PBDcode: 2RLF Gaiilulassasnavas M2
LAATAB3NTTIN RMT 4 Imaqa%uag;ﬁu'%nmﬁ@%uﬁmuanﬁa%ilnﬁﬁuﬂs:g Trp41
¥ 4 15190

21.21.2 laea M2-4RMTs aauwwand ianmenialdsaeuds 3 wuu lauyn
msldslawniisden Hisa7 Y DATGRES NG oot anstle (His3? nnaugialign
luslawn, OH), anzdwaasidoa (His37 ﬁ‘iﬂmwﬁoﬁugﬁmgniﬂﬂmm, 1H)
uazan1zla (His37 Swauaudugiagnluslawn, 3H) -

21213 W M2-4RMTs @autwanswudazaniznelysaanlsalmanas-atla
Tuadl Aflwwna 70x70x80 A’ fisznaudan POPC 77 Tutanauazi 3,760 laiana
a3 2.1.1

2122 vmidwesluanmilewnindlaslilugaly GROMACS 3.2.1 wweaina iluam

16 W luloana LLa:’L’EﬂTagamn 8 wilutsana q@ﬁmlumﬁmﬁ:ﬁwa

- a [ an
51N 2.1.1 [ﬂida%”l\uiuﬁuﬂm M2-4RMTs ﬂaNtWﬂnTﬂ.ﬂ')at@la%—aﬂﬂ1ﬂtag

u

2.1.3 Han1333y

2.1.3.1 LEDYSATNYDITTUY

a 1 L% U [l ] =3 1 A 1 g:
mmsmwaamﬁzuuvl@lngau@la%‘%avlmimUmnmm:ﬁm RMSD SanyiNd 3 ULl

1@YLﬂT1§auqa%§'aa1nn15ﬁ1 MD iJuLan 8 uﬂumaﬁaﬁmamgﬂﬁ 212
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6
<
0O
D]
=
o
, — OH
— 1H
- 3H
0 T v T ¥ T v T \ 4
0 4 8 12 16

Time/ns

iiJ‘Yl 21.2 iﬂmuuamwamamuun (Root mean square displacement, RMSD) 29 M2-

4RMTs ﬂamwanﬁnam's.,OH 1H uaz 3H

21.32  awasnszrszuvldsau-lusan uaz Tusdu-on 20952U0 M2-4RMTs

nnmsans i lddnmsnonuinlaseneius:lalasian RMT-Asp44-
Trpatflenuidndansiaduvesniivinuduuenvastaslsin - M2 Soldvinas
fmmiudofidudnaielalasiannesdainaingn auaaluanTen 2.1.1 wiung
vl@i”LLamnﬁw’uaasw:‘mamnﬁ@ﬁuﬁ:vl,aimmulugﬂﬁ 2.1.3 Go3zuy di-d4 A lilugy
7 2.1.1 Tap d1-d2 LRAITZHENTITEMIN RMT Ua ASP44 Uas d3-d4 WRAITEEETENNG
Aspdd uaz Trpa1 Taswdaauonliifiutaiaung 4 ﬁugﬁmaaﬁxs 3 SeUY

§m3UTzUL OH wuindlesstnewuszlalasian RMT-Aspdd-Trpd1 1iadn lao
mww:ﬁﬁugﬁm Il Wuin d1 waz d2 521319 RMT-Aspdd den ~3.5 A (gﬂﬁ' 2.1.3B) uazil
WasiGuamnidenusslalonan 31% uar 14% oWdIey luvmsdsinuwuszos d3
3239 Aspdd uaz Trpd1 flen ~3.5 A (gﬂﬁ 3C) wiwdsnuuaziinuse lalasiaugaty
80% (A 31971 2.1.1) %aﬁnum:é’anénﬁﬂﬁﬂszg Trp41 1997 buansusila

lunsdiuas M2-4RMTs Tuszuy 1H wunlRssua szoe d1-d2 (3ﬂﬁ2.1.3E-G) 7
sansaionusslalasiaunld wastos d3-d4 Hszoeviennn ~7-10 A (gﬂﬁ 3E-H) ¥lw
\Newuss lalasianasnidansznine RMT uaz Aspdd lapililastuanisiiawuszlasian
~20% (35197 2.1.1) wazliduesudniniawusslasiausening Aspdd uaz Trpa1

fmiuanz 3H wui d1-d4 (gﬂﬁ 2.1.31-L) fszoeilnavnuas linudndes

FUANITLAON WD LATLAWIZNIN 3 LIRAVLAY
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@191 2.1.1 wasiiuanisiiannss lalasianlwaniaz OH, 1H was 3H 289 M2-4RMTs

ADALWANT 551319 i) RMT uae Tus@w M2 ii) 15862 Aspad uaz Trpa

% Hydrogen
Interaction bond occupancy
(1) RMT-M2:
OH state
dl: (RMT-1I)NH...OD1(Asp44-II) 31
d2: (RMT-11)NH...0D2(Asp44-11) 14
dl: (RMT-1I[)NH...OD1(Asp44-11[) 10
d2: (RMT-NI)NH...OD2(Aspd4-111) 9
(RMT-II1)NH...O(Trp41-1V) 11
(RMT-IV)NH...0(Phe48-1) 44
1H state
dl: (RMT-I)NH...OD1(Asp44-1) 11
(RMT-1)NH...O(Asp44-I) 25
(RMT-I)NH...O(Phe47-1) 49
dl: (RMT-11)NH...OD 1{Asp44-Ii) 12
d2: (RMT-II)NH...OD2(Asp44-1i) 16
(RMT-11)NH...O(Asp44-11) 47
(RMT-III)NH...O(His57-1V) 58
3H state
(RMT-LI[)NH... O(Arg45-IV) 26
(RMT-IV)NH... O(Asp44-1V) 5
(RMT-IV)NH... O(Leud6-1V) 10
(1) Aspdd-Trpd1*:
OH state
d3: (Asp44-11)OD1...NE1(Trp4}-I11) 80

*No hydrogen bond was found for the 1H and 3H states
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0.6

o AR | M

§
06| 0

! i\ : 1H
03[ W, /U A AU

0.0
0.6 ‘
f\ 3H

03 /1_ ) i s
0.0 /\/\\ Vi L \ 45 N /%\\
0 3 6 90 3 6 9 0 3 6 9 0 3 6 912
Distance/A
— d1: (RMT)NH..OD1(Aspd4) _ _ _ d2 (RMT)NH...OD2(Asp44)

d3: (Trp41)NE1...OD1(Aspad) - — — d4: (Trpa1)NE1...OD2(Aspa4)

OH

Probability/arbitrary units

2.

511 2.1.3 N3N BVBITTHEN d1-d4 (muﬁﬁwum‘lugﬂﬁ 2.1.1) 99520 OH, 1H uaz

¥

3H NFUYHG I-IV 209503 M2

2133  anunwILwusaIw Ingasldsan M2
LWarNsIaaIa N LlBYadin lutaslUsan M2 wSsumsunwszning M2 a8se
Aliflen waz M2-4RMTs WU K3z UL OH mmﬁmuuumaoﬁuﬂuﬂuﬁuﬁmﬁmh”fu M2 Base
' ' . A a . 'Y '
Tunsdl 1H wudrildranunuuindsingivTinmlszg His37 uaz Trpdt iipalniassiu
a a . Y & ' AW o o 9 v e A e
vinmauganuniuiuwseshuidugud nnwansnasssildiviliayldionduegidm
1 a L £ =1 r=1 J 1 ™) g: [ L
wanvaItad M2 azvinlilassassluanincilauas M2 Jednuadosunduwuaz ooy bl
:’ A A 1 v/ 2 1 L2 d ~ Qs Qv {
iedaunmdn ludwluzastes M2 16 sudulddaaulunsdivesszuy 1H GUN 214,
a a ) ' ¥ oa . . s A o
H) S miuanmz 3H wuhdenunwuiurenhildigianeates M2 Guaflldianann
o L2 A [ QA w 1
aBuedayaniininases Nszyin mibtaduvessiduuentas M2 uRsiusmumsia
@ { a @ a y & Y P v o A A
duses lapfivsmnsdadunanvestes M2 uuagdulu SianansnduoInmsiedewiiniu
:’ w W Q./ A =y A ar d’ =9 w [ ]
yasuhldudnsensfianmatea (3H) msnendaduiivSuduuenuadted M2 ldaansa
v & a { ¥y 4 o a . a A
fugamaadeuiiiiuanifiani: 3H  ldillesnannnsgyidolassnewuszlalasaun

o a a AJ v e \d v/ a ] = v et et o e
draaannannudtiadu ildlimansofeadszg Trpa1 lisamlusnsuzuuuilale
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B His37 = = Free
Trp41 —— Complex

N W B
o o o

OH

& o ©

1H

Density/kg.m™>
8 o o B

he
o

—d
o

50 60

L/A
a € & o ] . & 4 9 & 4
E‘IJ'YI 2.1.4 aNANVERILBWUBIVRILRSATLVIWIUDIHiIs3T7 (wuﬂﬁm'\w&l) wag Trpdi (wu.‘nﬁm'\

aau) wszuy M2 852 was M2-4RMTs ABANANT N&A12E OH, 1H uaz 3H

2134 3uyun131M2a9UIQ Trpdd

gﬂﬁ 215 LLam&;uﬂai"B’u CA-CB-CG-CD2 Lﬁa@msﬁmamﬁﬂ@
1091329 Trpa1 Fawuinluszuy oH uaz 1H nmibayunaituves Trpa1 daunaiuads
N I@Uﬁquﬂaﬁrﬁuaglu“ﬁn 30° §49 120 ° I@Uﬁnwsnizawugaq@agﬁ 90° lapisaula
Y99 Trp41 ﬂa@“hayﬂué’nwmuﬁauﬁv'amnﬁ'mmuﬂé'nmaaﬁaa M2 ¥inldszg Trpat
gunsadlenunsiedaufirinuasinle ‘Lumané’uﬁ’mﬁaﬁmsmqmaﬁ’umaa Trpa1lu
JTUU 3H Wudl yumaiiuval Trp411s 4 ﬁugﬁmﬁmé‘ai{ -110°, 110°, 130° uaz 170°
fMILFUGHA IV @i aU NIINYURBIN Trp41 ﬂ'auﬁwmaﬂmmm:’[u&ugﬁ@\ﬁ l
ugaslifinismsaouulag padilseq Trpat vlﬂgjama:!fﬂ@ Femoanaosniudany

. s 4 . &
ﬂmLLuwuaaumwulwnaa M2 48INng 3 STUL
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0.6 1 OH
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1H
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-
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Probability/arbitrary units
o
#
]

.c
©w
I

; ’!."“: 2| 3w

'! . ’_,1“ l'_;l

£

0.0+ AP

-180 -120 60 O 60 120 180
Teaca-co-cp2ldegree

311 2.1.5 @37 CA - CB - CG - CD2 2a91l5q Trpa1 wasdugia MV Tuszuy M2-

4RMTs AONIWANTN&N1IZ OH, 1H waz 3H

2.1.3.5, anuANN Sl MsEuDaIUN T B M2

dwrmdnlwinwduasandunases (potential of means force, PMF) Saiiiusnfluansis
wasoillumsiedaufivaniimutos M2 lap3ouiteusening M2 dasz, M2 Aflondasui
duntisdulugias M2 (M2-RMT,,) uaz M2 fifionfasuilduniissrunan (M2-RMT,,) 31NHA
eI lunsdl M2 Saszen PMF fideudait 0H>1H~3H Tasiien PMF ~6 kealimol T
YU OH waz ~3-4 keal/mol Tszuy 1H uaz 3H §2% M2-RMT,y, 61 PMF (3a9dneuesi
OH~1H>3H lawd1 PMF did1 ~4-9 kcal/mol luszuy OH uaz 1H Uazaaadtida ~3 kcal/mol b
JeUU 3H

nndaya PMF wuilidaeaadasiudayacng gRteuEn lovagdldinnsdaduaas
RMT fidhumissnunangaslusin M2 amaunsodudamsssriullsnouluaniizitdl pH §9 17
OH (pH~7.5) ez 1H (pH~7.0) et ueiila pH goi‘](wﬁu 3H (pH~6.0) N13AILVBILINU

. . o de & . o .
wan aUNINYNRINA T UEIN ST REI LU SR URI BT M2 16
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— M2-RMT,,
- = Fre@ =— M2-RMT ,

PMG/kcal.mo!™

20 30 40 50 60
L/A
gﬂ‘ﬁ: 2.1.6 IninuiBsasaniuwnoss (potential of means force, PMF) 2189 n31AAaUNBS

Tilsmans1uwtas M2 Nan122 OH, 1H was 3H Twszuy M2 Ba9%, M2-RMTin uaz M2-RMTout

2.1.4 afdsanaziansor

a Y ad a = A =Y = a x
nnnwitsuuiuguitmsiasluagaislemdndiednsuszansnwmstugans
° ' [y a v o o A o ' o o .
auvestedlsiu M2 MeenFuuadu lumsidhdugsresonndunisiadudiuuantas M2
A A e . a a & @ ' o ' A o A, . Aa a a \
wiadunindunisdalamaesnsuulinastnatalanin - nstedunmuniillssEnsnnde
a z v 1 v a v 1 =3 A [ a { L] v \d
nmsgugasstesnimadidedudulugas M2 lesfivinlwaindayndinalynadie
a o ° v & @ f a aa -
JuuasndmuanaINTaYINBlanuAa msaielassanglalasiauuessnnuisien Aspad e
~ [} VA 1 Il ¥ o A ol d
snsnlufendszg Trpa1 lildilesen walassinsiazgnyiansifiaszuu pH d1ad iasan
. & o @ { R i i
His37 gnldslaununniu msnaniuzeslszauindl His37 Iwaativanndausaninaainia
~ o v a A ~ U a a P=Y
28998 ulauad Trp41 MlAafamadasuudaadslassaisnnmanaluansuctle
P I3 > [ a_ A o . Y o @ .
wasnudasldifunmynearlusnwusiledavinlwlassnowus: lalasiaundan lsunsn
a J v 2 a v::l al :/ a A [l g ] o a a a d
Weanla 39vin pH dvhawsaefeudriutes M2 leatnadoanulunsdlues M2 8ase o9
ae & & A 2. o & A o ' o @ .
NI Tuitannsnetuelddtina lnnsdugsnes RMT Adunustiadusuuantadlsan
a A3 o = o @ . @ ' o ¢ {
M2 luszauluana IElAwlaTaawinalnnseduupuftianasndusslalunsdi pH g9

& M . a & od o
Winti ue hisunsaiewlan pH én
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2.1.5 daranaunzuazlzlorilunislszanduasnasmwivndle

miﬁnm’l,m:ﬁu‘[maqalﬂUaﬁﬂmﬂﬁﬂmss‘haaomomﬁﬂauﬁaL@]aﬁﬂuﬁoﬁinﬂuama
a P | @ aa & A Y A rva a a A @

B9 tRanezidn lesnddnugwdslassete nullfssud@iFowata luniseSunouazdilanaln
o o & ' @ 4 = ' N o '
manllgugsvasnlutas M2 1%5:@UI&JLﬁQﬂ‘NLﬂ%ﬂi:IU’HﬁﬂU’NN’]ﬂ mamsm‘lﬂgmi

@ a . a a SN vad ' « & °
panuuLLaz WAL N il sednTmwlunmseengnilaadiu @aNISHUHIN TNV

P < o s 2 A’ et v o e 1
Tusaw M2 Sadluldsdudanlunsunsnzanogsahizlinialng
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2.2 HAITWIAYLI DY

Nunthaboot N, Rungrotmongkol T, Malaisree M, Kaiyawet N, Decha P, Sompornpisut P,
Poovorawan Y, Hannongbua S. “Evolution of human receptor binding affinity of H1NA1
hemagglutinins from 1918_ to 2009 pandemic influenza A virus.” J Chem Inf Model., 2010, 50,
1410-7.(IF=3.882)

2.21 a‘gﬂﬁ:am

nsunissinavasde lsamovwnglng HINT 2009 nnauganldivanuaula daau
waztdszisiduadnonan Lf‘iaamnl,%a'h{aﬁansiﬂawria'lﬁl,ﬁmmss:umazm;uusa'lﬂ”
ns:mummws’w”uﬁfmaoL”iira'h'i‘"a'lumi,mﬁfuﬁuﬁumnn’rsﬁm”m:m’mvl,naTﬂTﬂsﬁuSLLunnqﬁﬁ
wwade 3w uazdasunfiasan 2,6 ﬁ'wulumaa'mawgmf s pitldSudsusuiame
‘[moaﬁ”’mua:mawaﬁmaa‘[ﬂsﬁuﬁuunngﬁﬁumaaL%ﬂ'h%’ﬁ'[ﬁﬂd”ﬂlﬂrgmUw”uﬁ A HINT 37u2U 4
aonus ldun Idnialngjmuu (H1-1918) linialnainy (H1-1930) lindalngjanungnia (H1-
2005) wazliwialngaewuslna (H1-2009) f‘ﬁaﬁmm:ﬁuﬁﬁuluwuﬁ WU 4 SEuLni
@T’J%’uﬁa”umsﬁ’%mﬁﬁ'}ﬁtyﬁ’u‘[ﬂsﬁuﬁuunnQﬁﬁuiﬂmawn:ﬁnma:ﬁ‘[m‘i'}me Y95  uimugi-
130 1N@Y1-190 UazgLl-220 azi’m"hﬁmuwud'mnﬁunma:ﬁiuﬁﬁﬂs:q fa K145 uaz E227
'Luu’%nmﬁﬁmsﬁm”un”uﬁﬁuma\1SLL&Jnngﬁﬁulu'[ﬁwi’mlmgmﬂﬁuﬂmhfu sz @nSnw
msfasuszwinalisduuazaasuddwiiofiounugn 3 mUw”uﬁﬁma“afﬁohiﬁnma:ﬁluﬁﬁﬂsquu
FUMIIFINET HBNANREINUINTdIUmIe 225 nsaozilunsauasidnaunsosionus:
lalaswunuasulaannnituazudauiininnsaezilulnadu  uSiianisfiasunudisuved
Lmnngﬁﬁuﬁﬁﬁnum:mwLflwusaw‘i'umnifuluvlﬁ%i'ﬂlmy'mUw”uﬂmiuwuﬂuw”@umn’lsﬁ
nasuulasllanaawufiduiiinisssnunuga ﬁag}amsi’rf:’ﬁaUlﬁtﬁﬂﬁ)ﬁoﬂnﬁw%n’lwlu
nsfaduszwindiuusllsdudunnngdiumowussiiad g

2.2.2 35 nsannunisisslagdal
msm‘%‘uu‘[mm%oL?M@Tumaomsﬂs:naUL’Eosﬁaus:ﬂdﬁoTﬂsﬁuﬁtLunngaﬁu LRZAIIU
wiadawn 2,6 ldwialngny (H1-1930) arnilnaalanaiennowiaislysdu s 1RVT
liwialnamn (H1-1918) fiReslusdu fa 1RUZ maaSoumsdsznauidsdaunuaisy viled
lag vi1n13 superimpose  azaaulusduvad 1RUZ idrivezaanlsfuesidninny Ao 1RVT
mmfuau‘[ﬂaaﬁ'ﬁLum"uaoTﬂsﬁuﬁLLunngﬁﬁumaﬂﬁwﬁ’wyjaan fazleasysznauidetouszning
lhsduduunnafiuseslinialnamuuuazdrivlungwd
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ssUszneuiiitanvaslinialngamungnia (H1-2005) uszldnialnamewusina
(H1-2009)  1e3pulasanine 3 {16 vaslisdudunnngdfiulaninafialaluladluasds 9n
Tisunsu Discovery Studio laslflassasslusduduunngdiuzasldwianyiduuiuuy NN
shusstsznoufidauiuasusiiadarh 2,6 lasldtuaswswdsinunsdildnialnymuu

ny$naswaifidoluana ilasahomssznaudadauns 4 szuu uduih mmin
fwaos minimization 1ReUsulasss1elwiadios uavimsmwIdlLaTURIL 6.5 ns viins
Aenzidoyalutig 1.5-6.5 ns

2.2.3 HAN1929Y

Wefnmanvuzanuiitauazlifitazaniaezdluluninm active site vaIduunng@iu

v e |°.: o ¢ = X A s .-:40': =t a a 1
yadlinialnang 4 smowus  Tasmswasanudannadaon-Lidvavesldsdvluuiinmuaindn
qU 22.1) dladfisuSouny 4 mowus wohliwialngmeiusing Sansuzemnuidudalu
a . . . o a A a 'Y X A al¥ a A Y '
UStamk active site unniapWuitiaoug asnziuldnniufadminbu Sawnldunnni ues
inmulsouifisurfiavainiaaziluluusinm active site (@131 2.2.1) Aazwuinluliwialng

a ] r=1 al Ao 1 o 6 A A N v
movwutlnl dnseozllunfivszg anndh mowusoliedug laslawizmaiudiaves K145
e E227

(A) H1-1918 _ _ (B) H1-1930
R' . "' N
. Tige Ky ! P s
. 18 P18( »1
P186 4
b f.] 1 -
2 ‘acc
A2 HA1 A \
. ~ 9. ‘ |
S 3n T evr
A 13 " T ™ |
A137 2 37 '
, S145 , 5145 ,
(C) H1-2005 : N (D) H1-2009 N
. - ' ’ \ A
LA » l. - o
< B4g¢ - 5186 ' ’
{ £C I <
A“l
o, o
L, X

L LY
a Vlldv

i 4 R 24
o a oo a a &
31 2.2.1 fRIaNTD2- 1R a2 Twus 1o active site maafﬂsﬁuﬁuunngmuum 4 g1UNBD
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A1 2.2.1 ugasnanisulsauisunsaazailuluuIiaas active site ﬂaofﬂsauguunngaﬁ

v as [} q’; a 4
uﬂaﬂmwam‘lmym 4 d1UNRD

H1N1 HA strains
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¥ o Y ' @ Qv & il . . A & a
uanmnﬁmuamlmﬁmw mmmaomgwﬁuuaglu cis-conformation 5L WANHULLANIZUDI

v e a < v d
AVIUTUHALDAN2,6 ‘Y]WUVI,@‘Y]’JVL]J

GAL2 ¢

K222 Q’

GLC5
x’
J _|O3
o-
~°5 T/TITIA189

04
DIGIGID225 Pots —/ sisinkias

\mf 0226T136

A137
T1 = C1(SIA1)-C2 (SIA1) - O6 (GAL2) - C6 (GAL2)
T2 = C2(SIA1)-06 (GAL2) - C6 (GAL2) - C5 (GAL2)
T3 = 06 (GAL2)-C6 (GAL2) - C5 (GAL2) - 05 (GAI2)
T4 = O1A(SIA1) - C1 (SIA1) - C2 (SIA1) - 06 (SIA1)
T5 = C4(SIA1)-C5 (SIA1) - N5 (SIAT) - C5N (SIA1)
T6 = C5(SIA1)-C6 (SIA1) - CT (SIA1) - C8 (SIAT)
T7 = 05(GAL2)-C1(GAL2) - 04 (NAG3) - C4 (NAG3)
T8 = 05 (NAG3)-C1(NAG3) - O3 (GAL4) - C3 (GAL4)
T9 = 05(GAL4)- C1(GAI4) - O4 (GLCS5} - C4 (GLCS)

51222 msn"’mumgu torsion
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—H1-1918 —H1-1930 —H1-2005 —H1-2009
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T 1 7T T T

0.41 1

4

0.2 ]

p(t)/arbitrary units

0.0_ T T T T LEm
0.8 .

B 19
0.6: . .
0.4 : -
0.2 . . j\
00 v T T T T T T T T T L

T T T T

"7-180-90 0 90 180 -180 -90 0 90 180 -180 -90 0 90 180
Torsion angle (t)/degree

h
31 2.2.3 NTMUAAIANHILZNITNTZUVDIYA torsion 119 9 VadaITUansd lwlauialvg

& o ¢
N9 4 1UNUD

2.2.3.2 dwasn3gsEvIeasunazllsan

Uszaninmmsbadusznivaiiuuazldséiu aldnndwuuandafifudnsiianuse
lalosian w4 soWutiu suasnisdaulngnnansuiiilu sialic acid va9fasy uad
Faunaldfoian Ao maiuniaezilusiiauin de k145 vaslinialwaaoiuslng swnsn
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2.3 HAWIVLLIDI

Nunthaboot N, Rungrotmongkol T, Malaisree M, Decha P, Kaiyawet N, Intharathep P,
Sompornpisut P, Poovorawan Y, Hannongbua S. Molecular insights into human receptor

binding to 2009 H1N1 influenza A hemagglutinin® Monatshefte Fur Chemie, 2010, 141, 801-807.
(IF=1.312)
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2.4 HAYIWIVYLIDY
Rungrotmongkol T, Malaisree M, Nunthaboot N, Sompornpisut P, Hannongbua S. “Molecular

prediction of oseltamivir efficiency against probable influenza A (H1N1-2009) mutants: molecular

modeling approach.” Amino Acids. , 2010, 39, 393-8. (IF=3.877)
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Phongphanphanee S, Rungrotmongkol T, Yoshida N, Hannongbua S, Hirata F. “Proton
transport through the influenza A M2 channel: three-dimensional reference interaction site

model study.” J Am Chem Soc., 2010, 132, 9782-8. (IF=8.588)
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The recent outbreak of the novel 2009 HIN 1 influenza in humans has focused global attention on this virus,
which could potentially have introduced a more dangerous pandemic of influenza flu. In the initial step of
the viral attachment, hemagglutinin (HA), a viral glycoprotein surface, is responsible for the binding to the
human SIA a2,6-linked sialopentasaccharide host cell receptor (hHAR). Dynamical and structural properties,
based on molecular dynamics simulations of the four different HAs of Spanish 1918 (H1-1918), swine
1930 (H1-1930), seasonal 2005 (H1-2005), and a novel 2009 (H1-2009) HIN1 bound to the hHAR were
compared. In all four HA—hHAR complexes, major interactions with the receptor binding were rained
from HA residue Y95 and the conserved HA residues of the 130-lnon, 190-helix, and 220-Inon,
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charged D225 prov1des a larger number of

[ increase in hydrophlllclty of the receptor binding region is apparently

an evolution of the current pandemic flu from the 1918 Spanish, 1930 swine, and 2005 seasonal strains.
Detailed analysis could help the understanding of how different HAs effectively attach and bind with the

hHAR.

INTRODUCTION

The emerging influenza pandemic of the 2009 influenza
A/HINI virus, with readily detected human—human trans-
mission rates, has raised serious global concern for human
health in recent times. Amony the known targets determinin-,
the virus life’s cycle, e u =~ + ~ nra chmen .

> e T 1 cell receptor,
02,6 linked smlopentasaccharlde (STA-2,6-GAT.: hHAFY i,
a2 uofb [ R Tom ' |

) Lo L L .

Aa ,19'5 > ~H(HI-
1918), the 1930 swine (H1-1930), and the 2005 seasonal (H1-
2005) HIN1 viruses, the HA binding pocket of the 2009
HINI (H1-2009) virus was found to display a notably higher
hydrophilicity than the other three viral HAs. Such types of
electronic effects, in cooperation with the structural differ-
ences due to the amino acid components (Table 1) in the
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binding pocket of the four HAs, are supposed to affect their
susceptibility. A detailed and comparative understanding of
the HA-hHAR binding among the four HINT1 strains is, then,
the rational goal of this study.

On June 11, 2009, the WHO raised the alert status of the
2009 influenza A/HINI to level 6.' This novel HINI
pandemic has caused at least 18 000 deaths in many countries
around the world (as of July 2010). The most devastating
influenza pandemic, 1918 HINL Spanish Flu, killed more
than 40 million people worldwide.”™* The replication cycle
of influenza virus is initiated by the attachment of the viral
HA to sialylated glycans on the target cell-surface receptor,
allowing for viral penetration into the host cell. While the
adopted sialic acid a2,3-galactose linkage with a short glycan
chain and cone-like topology is more favorable in avian
influenza virus, the human and swine influenza viruses
preferentially recognizes the sialic acid 0.2,6-galactose with
longer glycan chains and an umbrella like topology,” '°
hereafter referred to the hHAR. Besides HA functions, the
M2-proton channel and neuraminidase (NA) are associated
with the proton transport and the release of the newly
synthesized viral particles in the viral replication cycle.
Although the antiviral drugs approved against M2 ion
channel and NA proteins are currently used for the treatment
of influenza virus infections, the limitation of drug resistances
because of amino acid mutations has led to an effort to
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Table 1. Comparison of Amino Acids in the HA Receptor Binding
Domain of the Four Different HIN1 Influenza Viruses: The 1918
Spanish Flu (H1-1918), 1930 Swine Flu (H1-1930), 2005 Seasonal
Flu (H1-2005), and 2009 Novel Flu (H1-2009)"

HINI1 HA strains
H1-1930 H1-2005

residue 1D H1-1918 H1-2009

95
133
133a
134
135
136
137
138
145
153
155
183
185
186
189
190
192
193
194
219
222
225
226
227
228

<
<

O»OURPCLNOTHTITHLLP > A<ORA
OrOOARPCBOTHTITICLEL > > < Olm -
OPOORBCVODHTIIICEIZP > 53 < QB2
OFOTR~C VO OPNTII<EIRP » =3 <O RIZ<

% Residues are numbered (residue 1D) according to 1918 Spanish
flu sequence. Using HI1-1918 as the reference, the residue
differences in the other three isolates are shown in bold and
underlined. Residue K133a is an inserted amino acid specific to HI.

discover new potent inhibitors. Impacts of drug-resistant
mutant strains of these two targeted proteins and their
relevant commercial agents have been extensively studied,! ~14

The viral genetic sequences in the HA receptor binding
domain of the four different HIN1 influenza viruses, that
is, the 1918 Spanish fiu, 1930 swine flu, 2005 seasonal fiu,
and 2009 novel flu, are compared and are summarized in
Table | (see multiple sequence alignment in Figure SlI,
Supporting Information). Using the original 1918 HINI HA
as the reference, the amino acids at 7 A spherical radius
around the hHAR in the binding pockets of the H1-1930,
H1-2005, and H1-2009 HAs contain three (K133aR, T155V,
and D225G), six (T133N, K133aR, S145N, T155V, A219E,
and D225G), and seven (T133N, S145K, T155V, P186S,
T189A, A219], and A227E) substitutions (shown in bold and
underlined in Table 1), respectively. From a comparison of
the hydrophobic plots (Figure 1), the 2009 HA binding
pocket displays considerably higher hydrophilic character-
istics (represented by the blue surface) than those of the other
three HA strains. Since the residues 190 and 225 are known
to be a key factor determining the HA—hHAR binding in
all HIN1 subtypes,’> *° and the HAs of all HINT strains
contain D190, thetefore, interest is focused on residue 225
in which G225 was found in the 1930 swine and 2005
seasonal viruses, whereas D225 was detected in the HAs of
the two pandemic strains, H1-1918 and H1-2009 (Table 1).
In addition, residue A227, which is the receptor binding site
that is commonly conserved as “Q226-A227-G228” (QAG)
was replaced by E227 in the novel 2009 influenza virus.
Substitution of A227 by the negatively charged E227 residue

J. Chem. Inf. Model., Vol. 50, No. 8, 2010 1411

(QEG) is supposed to affect the orientation of the surrounding
residues. ~ As a consequence, the increase of the hydrophi-
licity and the replacement of the QAG by the QEG receptor
binding site of the H1-2009 HA are possibly involved in
the recognition and familiarity-strength in the binding to the
hHAR of the newly emerged fiu.

To examine the influence of the electronic and structural
changes in the four HA binding pockets, molecular dynamics
(MD) simulations of the hHAR bound to the four HA
A/HINI influenza viruses were carried out. The HA—hHAR
binding, as well as the structural and dynamical properties,
were analyzed and are extensively discussed. The observed
information at the atomic level could essentially provide a
better understanding and a prediction of the new HIN1
influenza pathogenesis. ‘

MATERIALS AND METHODS

System Preparation. The cocrystal structure of the 1930
swine influenza A/HIN1 HA (H1-1930) with the hHAR and
the crystal structure of the apo form of the 1918 influenza
A/HINI1 HA (H1-1918), were retrieved from the Protein Data
Bank (PDB entry codes IRVT and 1RUZ, respectively)21
and were used as the starting structures for the MD
simulations. To prepare the hHAR bound to the H1-1918
HA, superposition of the H1-1930 and the H1-1918 HA
proteins over the backbone carbon atoms was performed,
and the H1-1930 coordinates were then removed, retaining
the coordinates of hHAR. The structure of the 2005 seasonal
HINI HA complexed with the hHAR was prepared in a
similar fashion of the H1-2009.%% Briefly, using the structure
of 1930 swine flu?! as a template and amino acid sequences
of the isolated Influenza A/swine/Chachoengsao/NIAHS87/
2005(H1N1),? the 3D-structure of the 2005 HA protein was
created by homology modeling technique using the module
implemented in Discovery Studio 2.0.%* The hHAR bound
to the HI1-2005 HA was set up in a similar manner to that
of the aforementioned H1-1918.

Molecular Dynamics Simulations. All calculations of the
HA-hHAR complexes were carried out using the AMBER
10 software package.?” The HA proteins and the hHAR were
parametrized using the AMBERO03%*® and GLYCAMO6 force
fields,?” respectively. Protonation of the ionizable amino
acids was assigned at pH 7.0 using the PROPKA program.za'29
All missing hydrogen atoms were added using the LEaP
module implemented in AMBER 10.% The simulated system
was subsequently solvated by TIP3P water molecules in a
cubic box with dimensions of 65 x 68 x 143 A3 for H1-
1918, 65 x 68 x 141 A2 for H1-1930, and 67 x 68 x 141
A3 for H1-2005. This is almost comparable to that of 66 x
69 x 141 A3 used before for the H1-2009 complex.?? The
electroneutrality of the simulated systems was treated by
adding 1, 0, 4, and 5 chloride counterions for H1-1918, H1-
1930, H1-2005, and H1-2009, respectively. The periodic
boundary condition in the isobaric—isothermal (NPT) en-
semble with a constant pressure of 1 atm and temperature
of 310 K was set up, whereas a Berendsen coupling time of
0.2-ps was employed to control the temperature. Nonbonded
interactions were calculated with a 12 A residue-based cutoff,
and the Particle Mesh Ewald method® was applied to treat
the long-range electrostatic interactions. A 2-fs step size with
the SHAKE algorithm®! was used along the simulations.
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Figure 1. The hHAR in the binding pocket of the four viral influenza A/HIN1 HAs: (A) 1918 Spanish flu (H1-1918), (B) 1930 swine flu
(H1-1930), (B) 2005 seasonal fiu (H1-2005), and (D) 2009 novel paridemic flu (H1-2009). For H1-1930. H1-2005, and H1-2009, the
residues that differ from the reference H1-1918 sequence are shown in red. The hydrophilic and hydrophobic surfaces are colored by blue

and orange, respectively.

The water molecules were first relaxed with 500 steps of
steepest descent (SD) and 1000 steps of conjugated gradient
minimizations, while the HA and hHAR coordinates were
kept fixed. The whole system was consequently optimized
by performing 1,000 steps of SD and 1,000 steps of
conjugated gradient minimizations. Afterward, the systems
was heated to 310 K over 100-ps simulation and pre-
equilibrated for 400 ps with position restraints on the hHAR
atoms with factors of 20 and 10 kcal-mol™'- A2 to maintain
their coordinates inside the receptor-binding pocket. Finally,
6.5-ns simulations were carried out for each HA-hHAR
complex and the structural coordinates from the last 5-ns
(1.5—6.5-ns) simulations, a production period, were collected
for analysis.

RESULTS AND DISCUSSION

Changes of the Receptor Conformation Inside the
H1 Binding Pocket. The attachment of the viral surface
homotrimeric glycoprotein HA to the host membrane via the
hHAR is believed to be the primary step in the viral
replication cycle. To differentiate the receptor’s conformation
in the binding pocket of the HAs of the Spanish flu (H1-
1918), swine flu (H1-1930), seasonal flu (H1-2005), and a
novel pandemic flu (H1-2009), the distributions of the torsion
angles (z/—19 in Figure 2) were measured and are plotted
in Figure 3. As defined in Figure 2, 1/—719 were classified
in three important regions providing three different characters
of the receptor binding: (i) T/—13, conformations of terminal
sialic acid (SIA1) a2,6-linked to galactose (GAL2) of the
hHAR; (ii) 74—16, orientations of the three side chains of
the SIAl functional groups; and (iii) t7—19, bridging
between the saccharide units 2—35 of the receptor.

The distributions of the torsion angle plots (Figure 3),
excluding 79 of H1-1930 and 4 of H1-2005, reveal clearly
that all torsion angles of the four HA-hHAR systems show

a sharp peak at almost the same position, suggesting that
the hHAR adapts itself very well to reach its optimal structure
within the four HINI HA binding sites.

The v/—13 angles on the single bonds linking between
the six-membered rings of the SIA1 terminus and the GAL2
unit show a sharp peak at approximately —65°, —165° and
70°, respectively, indicating an identical orientation of these
two sugars puckered into the HA pocket site. The 7/
glycosidic torsion of approximately —65° represents their
cis-conformation on the a-ketosidic linkage corresponding
to those commonly observed in the SIA-02,6-GAL receptor
(hHAR) bound to other HAs by both experimental and
theoretical studies.2!*>733 Considering the orientations of
the three side chains of the SIA1, the difference was only
found at the carboxylate group of the H1-2005 in which its
14 was detected at ~30° relative to ~180° for the other HAs,
that is, in difference from the other systems, the O1A group
(see Figure 2) of the H1-2005 was rotated into the binding
site to interact with the HA residues. The 76 angle of the
hydrophilic moiety displayed a sharper peak than the v4 of
the —COO™ and 5 of the —NHACc groups, indicating that
these two side chains are slightly more flexible in a narrow
range in comparison with the hydrophilic group of the
terminal SIAL.

For the remaining sugar moieties lying on the surface-
exposed region of the hHAR protein (see Figure 1), the
structural conformations of the NAG3 and GALA were found
to be similar among the four HAs, as presented by the same
degrees of 77 and 78 angles (—70° and —80°, respectively,
in Figure 3). However, the orientation of the last glycan unit,
GLCS5, in the H1-1930 (79 of 65°, red line) was somewhat
different from the other three HAs (79 of —65°). Therefore,
different intermolecular interactions of the terminal GLCS5
sugar of the saccharide chain with the protein surface residues



EVOLUTION OF HIN1 HEMAGGLUTININS

P
GLCS v
bos
o4, 4
o8 TTITIA189
caLs 1 os“é 9 >
]

S193

~

[ 4

p 2"
%‘\6 L194
NAG3 O0s LI ’\ D190
] - "ﬁ '
- \ Yos

Tr27e 61,‘ 'T4v~

°
e 7 SIAT
RS (29N 08" ' Wisa
’ ‘ 28,08, o A /Nﬁ
K222| O3= - . of o8- V135
a2 "

—~  SISIN/K145

DIGIGID225 ‘, 'o18
1A
T
N— Q228 %
A137
T1 = C1(5lA1)-C2 (SIA1) - 06 (GAL2) - C6 (GAL2)
T2 = C2(SIA1)- 06 (GAL2) - C6 (GAL2) - C5 (GAL2)
T3 = 06 (GAL2) - C6 (GAL2) - C5 (GAL2) - O5 (GAI2)

T4 = O1A (SIA1) - C1 (SIA1) - C2 (SIA1) - 08 (SIA1)
T5 = C4 (SIA1) - C5 (SIA1) - N5 (SIA1) - CEN (SIA1)
T6 = C&(SIA1)-C6 (SIA1) - C7 (SIA1) - C8 (SIA1)

T7 = 05 (GAL2) - C1(GAL2) - 04 (NAG3) - C4 (NAG3)
T8 = 05 (NAG3) - C1 (NAG3) - 03 (GAL4) - C3 (GAL4)
79 = 05 (GAL4) - C1(GA4) - 04 (GLC5) - C4 (GLCS)

Figure 2. Schematic representation and definitions of the 71—79
torsion angles of the hHAR in the binding site of the HA subtype
H1. Some labeled atoms used in the results and discussion are also
shown. The labels, such as S/S/N/K145, were used to represent
the four different amino acids in the same sequence number of the
1918-, 1930-, 2005- and 2009-HIN1 HAs, respectively.

are to be expected in the H1-1930 case (details in the
following sections).

Enzyme—Receptor Interactions. To gain insight into the
efficiency of the hHAR binding to the HAs of H1-1918, H1-
1930, H1-2005, and H1-2009, the percentage and number
of hydrogen bonds between this receptor and the contact
residues of HAs were measured according to the subsequent
criteria: (i) the distance between proton donor (D) and
acceptor (A) atoms of <3.5 A and (i1) the D—H--- A angle
of =120°. The results are shown in Figure 4 and the
hydrogen bond descriptions are given in Table S1 (Support-
ing Information).

As shown in Figt e 4. v~ o us HAR
b . i
. b w i1 _ 1elix,

and 220-loop, especially at the sialic acid terminus which is
inserted directly into the receptor-binding pocket of the HA.
Strong hydrogen bonds are almost conserved at the residues
Y95, V135, T136, A137, and Q226 of the four HA strains.
Note that major interactions between the SIA1 and the T136
and Q226 are maintained although different hydrogen
bonding pattern was detected, that is, the interaction takes
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Figure 3. Distribution plots of the torsion angles (v/—1t9) of the
hHAR lying within the binding pocket of the HA of the four HIN1
strains (H1-1918, H1-1930, H1-2005, and H1-2009).

place via the OlA in the H1-2005 and the O1B in the other
HAs (see Table S1, Supporting Information).
change wa.

) a4
2005 was - charged residue
iv -~ novel FA This makes the H1-2009 capable of
‘ bond to the O4 of SIAI.
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. the recently
proposed hypothesis."® Furthermore, a strong hydrogen bond
between the H183 and the O9 of S1A1 was observed in the
H1-1930, H1-2005, and H1-2009 complexes, whereas this
kind of interaction was disappeared in the case of HI1-1918
system.

A ~found at the connect-
ing GAL2 unit, where the number and percentage of
hydrogen bonding interactions detected at the HA 220-loop
on: u o ‘e much stronger for
H1-1918 and H1-2009 than those of HI-1930 and H1-2005
(Ficure 4). 1. '

e 1 0

b neg_?it'velv charged

N?2725¢ !

3225
in the HA of the H1-1930 and H1-2005 viruses. For the
K222-GAL? binding, the o '
bonds between O3 of this particular unit and the K222
residue in the HA of H1-1918 and H1-2009 were observed.
This is possibly affected by the indirect effects caused by
the presence of one (D225) and two (D225 and E227)
negatively charged residues (see also Table 1) in the binding
pocket of H1-1918 and H1-2009, respectively. In 2009
influenza pandemic strain, the orientation of the K222 residue
was mainly stabilized by both D225 and E227 residues
through electrostatic and salt-bridge interactions, respectively
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Figure 4. Hydrogen bond occupation between the five saccharide units (SIA1, GAL2, NAG3, GAL4, and GLCS) of the hHAR and the HA
binding residues of (A) Spanish flu (H1-1918), (B) swine {lu (HI-1930), (C) seasonal flu (H1-2005), and (D) a novel flu (H1-2009). The
residues which are different among the four HAs are shown with a box around the label (see Figure 1 for residue positions). Residues of
the 130-loop, 190-helix, and 220-loops are colored by red, blue, and green, respectively.

Figure 5. Electrostatic potential map of hHAR and HA binding residues K222, D/G/G/D225 and A/A/A/E227 of (A) Spanish flu (H1-
1918), (B) swine flu (H1-1930), (C) seasonal flu (H1-2005), and (D) novel flu (H1-2009). Positive and negative electrostatic potentials are
represented by blue and red, respectively.

(see Figure 5D and more discussion in the next section),
whereas only D225 was observed to stabilize K222 in the
case of H1-1918. This is in contrast with what was found
for the H1-1930 and H1-2005 viruses, where both the G225
and A227 residues are hydrophobic, leading to a lowering
of the electrostatic potential in this region, relative to those
of the other two systems. This provides a clear reason why
K222 could not form a stable hydrogen bond with GAL?2 in
the H1-1930 and H1-2005 HAs (Figure 4B and C, respec-
tively). This hypothesis is further analyzed in terms of the

electrostatic potential plot in the next section. A crucial role
of residue 225 has been reported previously,'™!® with the
additional hypothesis that mutation of this residue could
result in a reduced viral binding affinity to the hHAR. It has
also been experimentally found that the presence of the G225
residue in the HA of H1-1930 and H1-2005 apparently
reduced the binding efficiency of the virus to the hHAR >!'%

With respect to the NAG3, GAL4, and GLCS saccharide
units, which lay on the surface exposed region (Figure 1),
far from the binding pocket, and are supposed to play only
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a minor role in holding the receptor in place, a lower
percentage and number of hydrogen bonds were found
(Figure 4) in comparison to those observed at the first two
units (SIA1 and GAL2) of the receptor. Their interactions
were moderately strong with 190-helix residues T/T/T/A 189,
D190, and S193.

Taking into account all the above given data, the order of
hydrogen bond strengths of the hHAR binding to the HIN1
HAs was H1-2009 > H1-1918 > H1-2005 = H1-1930. The
increase of binding affinity in the novel H1-2009 (HINI)
HA to the hHAR is mainly because of the higher hydrophi-
licity at the receptor binding domain, in which residues 145,
225, and 227 were found to play a critical role. The
transmissibility of the 2009 HINI virus (depending upon
several external factors and determined by the basic repro-
duction number, Rg of 1.2—1.6) falls within the range of the
1918 Spanish flu (Ry of 1.4—2.8) but is higher than that of
seasonal influenza virus (Ry of 0.9—2.1).7*% This transmis-
sion ability is supposed to relate, somewhat, to the predicted
enzyme-receptor binding affinity. Note that the pathogenesis
and transmission studies of the 2009 HINI influenza virus
indicated that a novgl flu was observed to be more pathogenic
than the seasonal HIN1 virus.*3*? Since the 2009 influenza
virus could deeply penetrate into the airways and exhibits
more extensive viral replication in the respiratory tract, its
severity could potentially increase in comparison with
seasonal virus.*®%°

Effect of Charged Residues on the Receptor Binding
Affinity. As already mentioned, hydrogen bond analysis
revealed that introduction of charged amino acids in the
receptor binding domain of the novel HA influenza virus
could effectively contribute to the binding with the hHAR,
in particular HA residues 222, 225, and 227. Therefore,
to provide an additional perspective on the contribution
of the polar residues to the hHAR-HA binding, the
electrostatic isosurface maps of the hHAR and the HA
222, 225, and 227 residues were plotted in Figure 5. The
positive and negative electrostatic potentials are indicated
by blue and red, respectively.

In all systems, the negative electrostatic potentials (Figure
5, red) were found around the SIA1 and GAL2 units of the

hHAR. while a- n e I

w adi
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change to white in Figure 5B and C, respectively). In
additjon, the substitution of a nonpolar A227 residue of the
1918-, 1930-, and 2005-HIN1 HAs (Table 1) with a
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additionallv ta -
5D,
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F o T 1y (Flgure 4D), as prevxously
discussed. Un the other hand, the electrostatic potentials that
result from the combination of the charged- and noncharged
residues "™"75  nd A”?7) cin potentially induce the
moderate n + . _..roond formation in the H1-
1918 HA—hHAR mteracuon (Figure 4A). This is not the
case for the H1-1930 and H1-2005 HAs (Figure 4B and C,
respectively), where this hydrogen bond is very weak because
both G225 and A227 are fully uncharged and could not
establish such ionic network with the K222,

Role of the Nonconserved Residue 227. Although residue
227 was found to vary between the influenza A viral strains,
the receptor binding residues Q226 and G228 are highly
conserved, forming a “Q226-X227-G228” pattern or so-
called “QXG” site, where QSG and QGG sites are found in
the avian H3 or H5 and H2 influenza virus HAs, respectively. 84
In this study, both the 1918-, 1930-, and 2005-HIN| strains
contain the QAG sequences, whereas the 2009-novel flu (H1-
2009) shows a unique QEG site. The increased hydrophilicity
in the receptor binding region is apparently the development
of the current pandemic flu from the 1918 Spanish, the 1930
swine, and the seasonal 2005 influenzas. As shown and
described in the previous sections, substitution of the
noncharged A227 residue with the negatively char~ed E227

imrroves the binding of HA to the hHAR, ,

o
rhis fincing th—s "~ "2z -5 that
the nonconserved L
A Lll J. R LT ~

A /that among the three residues

noo«

in the HA QX3 site of the four H1 strains under this study,

Q226 is the only residue that interacts directly with the hHAR
via strong hydrogen bonds (Figure 4).

Human HAR Solvation. Solvation of the hHAR was
monitored in terms of atom—atom radial distribution func-
tions, RDFs, g,,(r), the probability of finding a particle of
type y within a sphere radius r around the particle of type x.
The RDFs from all heteroatoms of the hHAR to the oxygen
atom of water were evaluated. The selected RDFs and the
corresponding running coordination numbers, n(r), are shown
in Figure 6.

For all HA-hHAR complexes, the major differences in the
g(r) at the SIA1 terminus takes place only on the O1B atom
(see Figure 2 for atomic label), where the plot for the H1-
2005 complex shows the first sharp peak at ~2.7 A with the
corresponding coordination number n(r) integrated up to its
first minimum of 2.8 water molecules (Figure 6B, right axis).
This indicates that the water was firmly coordinated to the
O1B atom of the H1-2005, but not in the HA-hHAR systems
of H1-1918, H1-1930, and H1-2009. This is because of the
interchange of the O1A and O1B positions due to the rotation
of the t4 angle (see Figure 3).

Although no significant difference was found in terms of the
peak position of the RDFs of the other atoms of the SIAIl
(Figure 6A, C, and D), the n(r) of the H1-1918, H1-1930, and
H1-2005 show a higher average number of water molecules
located around this glycan unit than that detected in the HI-
2009. In other words, the SIA1 of the hHAR in the HA—hHAR
complex of the H1-2009 virus is less solvated than that with
the other three HAs. This is consistent with the hydrogen bond
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Figure 6. Radial distribution function, g(r), centered on the selected heteroatoms of the hHAR (see Figure 2 for atomic labels) to oxygen
atoms of water molecules and the running coordination number, n(r), for the four simulated HA—hHAR systems.

data (Figure 4), where a greater level of direct contact leads to
the formation of more hHAR—HA hydrogen bonds with the
H1-2009 than with the other three viral strains. A clear example
is the moderate hydrogen bonding between the O4 atom of SIA1
of the hHAR and the guanidinium group of the HA K145
residue that only takes place in H1-2009 (Figure 4D). Another
example that supports the degree of the solvation of O9 atom
(Figure 6D) is the strong hydrogen bonding between this oxygen
and the HA H183 residue, which is in a reverse order of the
first shell coordination numbers for O9 of 1.5 L.5, 2.0, and 2.5
water molecules for H1-2005, H1-1930, H1-2009, and H1-1918,
respectively.

For the other four glycan units, the following significant
differences were found: O3 of GAL2 (Figure 6E), N2 of
NAGS3 (Figure 6F), and O3 of GLCS5 (Figure 6G), in which
the degree of solvation also supports the hydrogen bond data
discussed previously (Figure 4).

CONCLUSION

In the present work, MD simulations of the hHAR bound
to the four different HAs of the 1918-, 1930-, 2005-, and
2009-HIN1 influenza viruses were studied and compared in
terms of hydrogen bond formation, receptor conformational
changes, the role of the receptor binding residues and the
receptor solvation level.

In all complexes, the glycosidic torsion angle linking the
terminal sialic acid and the adjoining GAL2 of apprximately
—65° confirmed the preferentially favorable cis-conformation
of the hHAR, similar to that detected with other HA strains.****
The SIA1 terminus was found to interact strongly with the HA
Y95 residue and with the conserved residues of the HA receptor
binding domain, which consists of the 130-loop (V135, T136
and A137), 190-helix (H183, except for H1-1918), and 220-
loop (K222 and Q226) through many strong hydrogen bonds,
whereas the GAL2 and the last three glycan units (NAG3,
GAL4 and GLCS) of the hHAR established hydrogen bonds
with amino acids in the HA 220-loop and [90-helix, respec-
tively. More importantly, the crucial presence of a positively
charged K145 residue in the HA of the novel H1-2009 can
potentially make a lysine fence with residues K133, K156, and
K222 and provides an optimal contact to hydrogen bond with
the SIA1 of the hHAR. Because of the presence of an uncharged

S/S/N145 residue in place of the K145, such an ionic network
was not created in the Spanish 1918, swine 1930, or seasonal
2005 virions, resulting in the lower potency of HA—hHAR
binding. As observed in the all HIN1 strains,'>!'®?° HA residue
225 plays a critical role in the hHAR GAL?2 binding efficiency.
The presence of a negatively charged D225 residue in the HAs
of the H1-1918 and H1-2009 could provide a larger number of
hydrogen bonds in the HA—hHAR complex than that observed
in H1-1930 and H1-2005, where a noncharged G225 residue
exists instead. Q226 of the QAG (1918-, 1930, and 2005-
HINI) or QEG (2009-HIN1) HA sequence directly interacts
with the hHAR SIA1 terminus via hydrogen bonds, while the
nonconserved 227 residue was found to play a role in stabilizing
the enzyme structure around the K222 residue. Introduction of
the negatively charged HA E227 residue in the H1-2009
substantially enhanced the HA—hHAR binding efficiency
through hydrogen bonds formation between the HA K222
residue and the GAL2 unit of the hHAR. The lower hydrogen
bonding interactions in the H1-1918, H1-1930, and H1-2005
HAs were compensated by a higher degree of water accessibility
to the hHAR.

In conclusion, the efficiency of the hHAR binding to the
HA of the novel 2009 HIN1 viral strain is greater than that
in the 1918 Spanish and the 2005 seasonal (which is
comparable to the 1930 swine) influenza viruses, respec-
tively. A major contribution to the virion HA-cellular hHAR
binding in H1-2009 is apparently gained from the charged
residues existing in the HA binding pocket. Our simulated
results provide a better understanding of how the viral surface
glycoprotein HA of different HIN1 strains efficiently attach
and bind to the hHAR.
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Abstract

In order to understand how rimantadine (RMT) inhibits.the proton conductance in the influenza A M2 channel via
the recently proposed “allosteric mechanism’, molecular dynamics simulations were applied to the M2-tetrameric
protein with four RMTs bound outside the channel at the three protonation states: the OH-closed, 1H-intermediate
and 3H-open situations. In the OH-closed state, a narrow channel with the RMT-Asp44-Trp41 H-bond network was
formed, therefore the water penetration through the channel was completely blocked. The Trp41-Asp44 interac-
tion was absent in the 1H-intermediate state, whilst the binding of RMT to Asp44 remained, which resulted in a
weakened helix-helix packing, therefore the channel was partially prevented. In the 3H-open state it was found
that the electrostatic repulsion from the three charged His37 residues allowed the Trp41 gate to open, permitting
water to penetrate through the channel. This agreed well with the potential of the means force which is in the

following order: OH > 1H > 3H.

Keywords: HINI strain; protonation state; potential of means force; proton transport

Introduction

The influenzd A viruses, both the impending isolates such
as H5N1 and the recent new strain (HI1N1), are a vital and
emergent problem of the global flu pandemic [1-2]. One of
the important targets for disfuption of the replication process
is based on the fact that the integral M2 membrane protein
pH gated channel is required in the early and late stages of
infection [3-5]. Amantadine (AMT) and rimantadine (RMT)
are the first effective drugs licensed for influenza treatment
and function as antivirals via inhibition of the function of
the M2 proton transporter. Besides pore blocking [6-7],
which is a conventional mechanism, a new novel allosteric
mechanism where four RMTs were found to bind outside
the pore, was recently proposed based on an NMR study [8].

This highlights the need to understand how RMT controls
the gating residue of the M2-channel. The present study
aims to provide information at the molecular level for the
development of more effective drugs.

The M2 protein of the influenza A virus functions as a pro-
ton selective channel that is activated at the low pH of the
endosome after endocytosis of the virus. In the early stages
of infection, the M2 proton transporter leads to acidification
of the viral interior from the acidic endosomal compartment
following cellular endocytosis and this is required for the
unpacking of the viral genome via release of viral nucleo-
proteins prior to viral replication. Whilst in the later stages of
infection, the M2 proton port is required to transport protons
from the transgolgi membrane to the host cell cytoplasm to
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equalise the pH and so prevent premature conformational
rearrangement of the newly synthesised haemagglutinin
during transport to the host cell surface membrane [5]. The
M2 protein is structurally a homotetramer which is stabilised
in part by the disulphide bridges between the N terminal
domain cysteine residues near the membrane, with each
97 amino acid monomer being composed of a 24-residue
N-terminal extracellular domain, an o-helix single trans-
membrane (TM) domain of 19 residues and a 54-residue
cytoplasmic domain [9]. The TM helix of M2 (M2-TM) spans
the hydrophobic region of the membrane and includes a few
hydrophilic residues at either end. The M2-TM forms tetra-
meric bundles and binds adamantane-based drugs, acting as
the full M2 protein does, both in the micelles [10] and in the
lipid bilayers {11-14]. .
Although the model structures of M2-TM are experimen-
tally [12-17] and computationally available [18-29], high
resolution structures have only recently been determined
[7,8]. X-ray diffraction analysis has been used to solve the
M2-TM structures under neutral and low pH conditions.
The crystal structure revealed that a single AMT molecule
in the pore of the channel was surrounded by Val27, Ala30,
Ser3l and Gly34 [27,28]. In contrast, Schnell and Chou
reported an NMR structure for the peptide spanning residues
18-60 in detergent micelles at high pH [8], where four RMT
molecules were bound outside of the protein helix, facing the
lipid bilayer and located in the membrane environment at the
end of the helix towards the cytoplasmic face of the channel
(Figure 1). Drug binding includes interactions with Leu40-
Arg45 residues and, in particular the hydrogen bond forma-
tion between the -NH, group of RMT and the -COO" group
of Asp44 appears to be important [8]. This newly proposed
channel inhibition model is known as the allosteric mecha-
nism [29]. The novel external drug binding was suggested to
stabilise the closed state, thus making the channel more rigid
and difficult to rearrange the four helices to allow the channel
to open. Although the NMR structure of the M2-TM region

L=0A

L=80A

Figure 1. The initial structure of the tetrameric M2 prolein complexed with
four rimantadines (RMTs) bound outside the channel in the pre-equili-
brated lipid bilayer-water pieces where L represents the distance along a
channel axis starting from the extracellular site. The structure of the His37
tetrad has been coloured orange. Close view of the RMT-Asp44-Trpdl
hydrogen bond network with definitions of the d1-d4 distances are also
shown. (See colour version of this figure online at www.informahealthcare.
com/enz)

seems to be very well solved, the drug-binding site around
Asp44 is not well defined and RMT adopts too many possible
conformations. Even within a single NMR structure, each of
the four RMT molecules displays a noticeable variability in
the hydrogen bond and hydrophobic interactions with the
M2 binding residues [30].

In the present study, molecular dynamics (MD) simula-
tions were carried out for the tetrameric M2 protein channel
complexed with four RMTs at the three protonation states of
the His37 tetrad, corresponding to: the closed (0H), interme-
diate (1H) and open (3H) channel conformations. The main
goal was to provide detailed information at the molecular
level of how RMT inhibits the M2 proton conductance
through the allosteric mechanism in terms of drug-target
interactions, the conformation of the Trp4l channel gate,
the water density and the potential of mean force (PMF) of
water permeation along the channel axis.

Methodology

Preparation of the simulated systems

The NMR structures of the M2 tetrameric helix (residues
18-60) with the C-terminal base complexed with four
RMTs, as taken from the Protein Data Bank [PDB entry code:
2RLF [8], were used as the initial coordinates for the MD
simulations. The simulations were carried out for the three
different protonation states of the His37 residues, where all
four His37 residues were considered neutral entities for the
closed channel, one was positively charged for the inter-
mediate channel and three of them were positively charged
for the open channels, as a function of pH [8,12,31,32]. For
simplicity, the simulations were denoted hereafter as 0H,
1H and 3H for the non-, mono- and triple-protonated states,
respectively. In all the complexes, the protonation state of
the ionisable amino acid residues were assigned in the fol-
lowing manner: side chain of Asp(24,44) and Glu(56) were
considered to be negatively charged while that of Arg(45,53)
was treated as positively charged. Therefore, the interhelical
salt bridge between the Asp44 and Arg45 was well formed
[8]. Regarding drug interactions, the relatively high pK,
values of 10.4 [33] made the side chain of the RMT have
a protonated form (R-NH,') [28] and consequently this
-NH,* group was in contact with the -COO- group of Asp44
at the allosteric binding region [8]. Each system was sepa-
rately built according to the designed protonation state of
the His37 tetrad with the RMT inhibitor bound and then
inserted into a pre-equilibrated lipid bilayer, initially made
up of 77 molecules of 1-palmitoyl-2-oleoyl-sn-glycerol-3-
phosphatidylcholine (POPC) lipid [34] embedded in 3760
molecules of FLEXSPC water [35]. The simulated systems
were neutralised by counterions and the solvated box
dimensions were set to 70 Ax 70 Ax 80 A.

MD simulations
All calculations were performed using the GROMACS 3.2.1

~ package [36] with the GROMACS force field [37]. The inhibi-

tor’s topology file was taken from our previous studies [28, 38].
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The whole structure was optimised by the steepest descent
minimisations. In the next stage, the system was equilibrated
for 0.5 ns with position restraints on the protein atoms to
improve the packing of the lipid bilayer around the protein,
followed by a free MD simulation of 16 ns during which time
the structural coordinates were saved every 0.5 ps.

For all the simulations, the periodic boundary condition
with fixed pressure P, temperature T, and number of atoms
N (NPT ensemble) was employed. The LINCS algorithm [39]
was applied to constrain the bond lengths and the angles
involving hydrogen atoms and a 2 fs time step was used. The
systems were coupled separately to a Berendsen temperature
bath [40] at 310 K using a coupling constant 7,=0.1 ps. The
pressure (1 bar) was kept constant by semi-isotropic coupling
of the system to a Berendsen pressure bath [40]. The long-
range interactions were restricted to within the twin-range
cutoffs of 1.2nm for both van der Waals interactions and
electrostatic interactions, computed using the Particle Mesh
Ewald (PME) algorithm [41]. The analysis phase was from 8 ns
to 16 ns, in which the convergences of energies, temperature,
pressure and global root mean square displacement (RMSD)
were used to verify the equilibrium of the system.

Free energy barrier for water permeation

The energy barrier of the water transport throughout the M2
channel was calculated with an analogous treatment accord-
ing to Raschke and Levitt [43]. The PMF of the water permea-
tion along the channel axis can be derived from the water
density plot according to:

PMR =-RT In w(r) )

where R is the gas constant, T is the temperature in Kelvin
and w(r) is the probability density of the water distribution
in a spherical region within a radius of r. Here, the probability
density is given as:

wit)=P

( ) plotal (2)
where p_and p,,, are the local and total water densities,
respectively. In the water density calculation, r is extended
to 80 A to ensure that water molecules in the aqueous zone
(bulk water) are taken into account. p,_,, represents the bulk
water, which presumably has a total probability equal or near
to 1. By employing this assumption, p,__ has the maximum
value of p,.

total

Results and discussion

System stability

The RMSD for the M2-RMT complexes in the OH, 1H and 3H
states were calculated and used for monitoring the stability
of the systems. The calculations were carried out relative to
the initial structure (heavy atoms only) of the M2-RMT com-
plexes and the results are shown in Figure 2. The RMSD plots
indicated that all systems reached equilibrium after the 8 ns
simulations.

6 .

RMSD/A

Time/ns

Figure 2. The root mean square displacements (RMSD) for the M2-RMT
complexes in the 0H, 1H and 3H states. (See colour version of this figure
online at www.Informahealthcare.com/enz)

Protein-protein and drug-protein interactions

‘The hydrogen bond network of RMT-Asp44-Trp41 (Figure 1)
has been proposed to be a vital determinant in the inhibitory
mechanism of RMT when bound outside of the M2 channel
[8]. To extract such information from the MD simulations,
the percentage hydrogen bonding of the important central
residue (Asp44) with the RMT inhibitor (RMT-Asp44), and
the channel gating residue Trp41 (Asp44-Trp41) at the adja-
cent subunit, were evaluated based on the criteria of a proton
donor-acceptor distance < 3.5 A and a donor-H-acceptor bond
angle of > 120° (Table 1). The RMT-Asp44-Trp41 hydrogen
bond network was described in terms of the four distances,
d1-d4 (Figure 1), which represent the RMT-Asp44 (d1-d2) and
Asp44-Trp4l (d3-d4) pair interactions (Figure 3). The plots
were separately determined for the four subunits (I-IV) of the
OH, 1H and 3H protonated states of the M2 protein.

The complete RMT-Asp44-Trp41 hydrogen bond network
was only present in the OH-closed state, where the RMT-
Asp44 and Asp44-Trp41 interactions were strongly and clearly
detected. The sharp and narrow peaks for subunit I at the
d1 and d2 distances of ~3.5 A (Figure 3B) indicated the two
hydrogen bonds between the RMT and Asp44, with occupa-
tions 0f31% and 14% (Table 1). At the same time, a strong and
more secure hydrogen bond was formed between the Asp44
of subunit II and the Trp41 of subunit III at d3 of about 3.5
A (Figure 3B), with an occupancy of 80% (Table 1). The pres-
ence of this hydrogen bond network among RMT, Asp44 and
Trp41 indicated that close contact between the RMT ammo-
nium group and the Asp44 carboxylate group could bring the
bulky Trp41 indole ring into van der Waals contact to form a
more stable Trp41 channel gate. In addition, the RMT-Asp44
interactions at subunit III (Figure 3C), indicated by the sharp
peaks of the d1 and d2 at ~3.5 A, also facilitate the formation
of the closed conformation of the M2 channel.

In the case of the intermediate channel conformation seen
with the mono-protonated (1H) state, the shortest hydro-
gen bond distances were found for the RMT-Asp44 (d1-d2)
interactions at the three subunits, I, Il and III (Figures 3E-3G),
whilst the Asp44-Trp41 (d3-d4) distances were between ~7
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and ~10 A (Figures 3E-3H). Therefore, only the rather weak
interactions between the RMT and Asp44 were found (<20%
occupation, Table 1). The results indicated that Asp44 in the
1H state cannot play a role as the centre of the hydrogen bond
network between the inhibitor and the gating residue Trp41.
The situation is totally different for the higher protonated

Table 1. Percentage of hydrogen bonds in the three (0H, 1H and 3H)
protonation states between (i) the ammonium group of RMT and M2
residues and (i) the Asp44 and Trp41 gating residues.

% Hydrogen
Interaction bond occupancy
(i) RMT-M2:
OH state
d1: (RMT-II)NH...OD1(Asp44-II) 31
d2: (RMT-II)NH...OD2(Asp44-1I) ' 14
d1: (RMT-III)NH...OD 1{Asp44-III) 10
d2: (RMT-III)NH...0D2(Asp44-1II) 9
(RMT-HI)NH...O(Trp4l1-IV) 11
(RMT-IV)NH...O(Phe48-I) 44
1H state
dl1: (RMT-1)NH...OD1(Asp44-I) 11
(RMT-I)NH...O(Asp44-I) 25
(RMT-I)NH...O(Phe47-I) 49
dI: (RMT-II)NH...OD I(Asp44-II) 12
d2: (RMT-II)NH..,0D2(Asp44-11) 16
(RMT-II)NH...O(Asp44-II) 47
(RMT-III)NH...O(His57-1V) 58
3H state
(RMT-II)NH... O(Arg45-1V) 26
(RMT-IV)NH... O(Asp44-1V) 5
(RMT-IV)NH... O(Leu46-IV) 10
(ii) Asp44-Trp41*:
OH state
d3: (Asp44-11)OD1...NE1(Trp41-[11) 80

*No hydrogen bond was found for the 1H and 3H states
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Pigure 3. The distributions of the d1-d4 distances, as defined in Figure 1,
for the three simulated systems: 0H, 1H and 3H, at the subunits I-IV of
the M2 channel.

state, 3H, where almost no interaction amongst these three
molecules was detected. This can be seen as the broad peak
positions at longer distances of d1-d4 (Figures 31-3L), without
any hydrogen bond occupancy (Table 1). This observation
implies that the strong electrostatic repulsion among the three
protonated His37 imidazole rings in the 3H state destabilises
the helix-helix packing, leading to the conformational rear-
rangement to break interactions between Trp41 and Asp44,
and so allow the Trp41 gate to flip open (more details in the
“Conformation of the Trp4l gating residue” section) and
reduces the ability of RMT to bind to Asp44.

Water density across the M2 channel

To determine the inhibition ability of RMT at the allosteric
site of the M2 channel, the water density profile as a function
of the distance (L) along the pore-axis of the channel, starting
from the N-terminal site, was evaluated In addition, the distri-
bution patterns of the His37 proton selectivity and the Trp41
gate opening residues were analysed in order to illustrate the
movement of these critical residues (Figure 4).

In the OH-closed state of the M2 channel, a zero water
density was observed in the channel pore at 35 A < L <45 A
for both the free and the RMT-bound forms. This indicated
that water cannot penetrate through the channel when all
four His37 residues are uncharged. With respect to the inter-
mediate state (1H), although water entry was fully inhibited
at -30 A in the free form (Figure 4), a degree of water density

~was observed in the area of the His37 and Trp4l residues.

Interestingly, in contrast a zero water density was found
across this area in the M2-RMT complex. The results detected
for both OH and 1H states lead us to conclude that the four
RMTs bind to the external pore side (lipid facing pocket) in
the systems with neutral (pH =7.5) or one charged (pH=7)
histidine residues and this not only helps to stabilise the

1is37 — ~ Free

... Trp41 —— Complex
40 p4 mp

o

o

Density/kg.m=
= N W
o O

W
o ©

A |3H
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o o

o

Figure 4. The water densities and the distribution patterns of the His37
selectivity and Trp4l gating residue positions in the free M2 protein and
M2-RMTs complex.
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M2-channel in its closed conformation but also blocks water
penetration.

In contrast to the O0H and 1H protonation states discussed
above, a zero water density in the RMT bound M2 channels
was not observed in the 3H state (Figure 4). Although the
water density in the M2-RMT complex was significantly
lower than that of the free channel, the four RMT drugs
bound outside the pore did not inhibit the water transport.
This observation is in good agreement with a previous elec-
trophysiological study where the binding of RMT outside
of the M2 channel was found to not be the primary site
for pharmacological inhibition or proton transport [30].
In contrast, water penetration was completely prevented
in the 3H state when RMT was bound inside the M2 pore
[28]. A clear picture of water passing through the pH sensor
His37 and proton gate Trp41 residues in the 3H state can
be ascribed as follows. At pH < 6, the His37 imidazole ring
is protonated leading to destabilisation of the helix-helix
packing due to the strong electrostatic repulsion. This con-
formational rearrangement leads to a breaking of the inter-
action between Trp41 and Asp44 residues (see Figure 3 and
details discussed in the “Protein-protein and drug-protein
interactions” section) and allows the gate to flip to an open
form. Therefore, adding of RMT to the channel at pH <6,
when the channel is in the open form, cannot facilitate the
tetrad Asp44 to play a role as a locking residue for the M2
channel.

The above notion agrees very well with the protein-protein
and drug-protein interactions, in terms of the RMT-Asp44-
Trp41 hydrogen bond network, where the complete hydro-
gen bond network was only found in the OH state, and only
moderate RMT-Asp44 hydrogen bonds were detected in the
1H state, while those interactions were completely lost for the
highest (3H) protonated state.

Conformation of the Trp41 gating residue

Figure 5 shows the CA-CB-CG-CD2 torsion angle of the indole
ring of the gating residue Trp41 in the three different chan-
nels. In the OH and 1H states, the orientations of the torsional
angles of the Trp41 indole rings of the four M2 subunits are
considerably similar. All rotations occur within the range of
30° to 120° with a maximum at 90°. The implication is that,
at the low (OH and 1H) protonation states, the tryptophans
mostly lie in a configuration that is almost perpendicular to
the channel axis, i.e. the channel is closed by the four indole
rings, explaining why water cannot pass through the O0H and
1H channels as discussed previously. In contrast, consider-
able variation in the torsion angles of the four tryptophan
sidechains was found between the four subunits in the 3H
state; namely at -110°, 110°, 130° and 170° for subunits I-IV,
respectively. The dramatic rotation by ~180° in the Trp41 of
M2 subunit-1 and the moderate rotation in the Trp41 resi-
dues of the other three M2 subunits on changing from the
OH and 1H state to the 3H state indicates the transformation
of the channel from the closed (OH and 1H) to the open (3H)
conformation, supported by the water density detected along
the pore (Figure 5).
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Figure 5. The rotational angle defined by CA, CB, CG and CD2 of the M2
Trp41 gate when M2 is complexed with the four RMTs outside the pore
at different protonaton states (0H, 1H and 3H). I-IV denote the four M2
subunits. Here, the vertical grey solid line (at 75°) represents the tortional
angle of the closed conformation of the Trp41 indole ring obtained from
NMR structure.

Affinity of water permeation

To investigate how difficult it may be for water molecules to
move through the M2 channel in the free and RMT complexed
forms of both four RMTs binding outside- (M2-RMT, ) and a
RMT binding inside- (M2-RMT, ) mediate in which the data of
M2-RMT, was taken from our previous study {28], the PMFs of
water permeation along the channel axis (L) starting from the
N-terminal site were evaluated and compared in Figure 6.

It is clearly seen that the energy barriers between the
M2-RMT  complex and the free M2 protein for the OH and 3H
states are not notably different. However, this is not the case
for the 1H state, where the maximum energy barrier of ~7.5
kcal-mol™ for the complex at L -36 A and -43 A is significantly
higher than that of the free form (~4 kcal-mol™! at L ~32 ).
In addition, the energy barriers for these free and M2-RMT,_
complexed forms were found in the following order: OH >
1H > 3H. In contrast, the PMFs for M2-RMT, observed at
L~40, 42, 40 A of OH, 1H and 3H states, respectively, are sig-
nificandy higher than those of the free and M2-RMT,_  com-
plexes for all the protonation staes.

In the free form, the PMF barrier (taken from the maxi-
mum of each plot) of -6 kcal-mol! for the OH state was signifi-
cantlyreduced to -3-4 kcal-mol! in the 1H and 3H states. This
supports the experimental evidence, where in the absence
of RMT binding to the M2 channel water permeation was
observed in the mono- (1H) and triple- (3H), but not the
non- (OH) protonated states [22,28].

Regarding the M2 channel with RMTs bound outside, the
OH and 1H states display relatively high PMF energies of ~4-
9 kcal-mol™!, suggesting that water permeation is energetically
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M2-RMT,,
— — Free —— M2-RMTg,

PMG/kcal.mol™!

Figure 6. The potential of mean force (PMF) of the excess proton along
the pore channel axis (L) starting from the N-terminal site for the three
protonation states, 0H, 1H and 3H of the free M2 (dashed line) and RMT
complexes where the four RMTs were located outside (black solid line,
M2-RMT, ) and inside the ion channel (grey solid line, M2-RMT, ).

unfavourable in these systems. This is consistent with the zero
water density plots of both the 0H and 1H states (Figure 4).
In contrast, the energy barrier for water transport is signifi-
cantly lower at ~3 kcal-mol™ in the 3H state of the M2-RMT_
complex, consistent with the non-zero water density observed
throughout the channel. Interestingly, the PMFs for M2-RMT,_
complexes in all the protonation states are significantly higher
than ~7.5 kcal-mol™ indicating no water transport was proc-
essed where a single RMT blocking inside the M2 channel.
These results clearly demonstrated that the RMT binding

inside the M2 pore has potentially inhibited the M2 machin- |

ery rather than the RMTs allosteric binding outside.

In summary, the information here leads us to conclude
that the RMT-mediated inhibition via their binding to the
outside of the pore in the closed and intermediate conforma-
tions at high pH conditions can prevent proton conductance
by interrupting the formation of the water wire along the
channel. In contrast, the transportation cannot be inhibited
at a low pH condition, i.e. in the 3H-open conformation.

Conclusion

Based on the MD simulated results presented here, the inhibi-
tion efficiency of the four RMTs bound outside the M2 channel
pore was considerably lower than that observed when bound
inside the channel. The key parameter determining the drug
outside binding efficiency is based on the hydrogen bond
network centred on the Asp44 residue which interacts with
RMT to further stabilise the gating channel by inter-subunit
hydrogen bonding with the Trp41 gating residue. This net-
work was eliminated when the positive charge was increased

on the selective His37 residue, due to the decreased van der
Waals contact of the Trp41 indole ring being affected by the
strong electrostatic repulsion. The effect was manifested at
pH < 6 (triple protonation state on the His37 tetrad) where the
RMT-Asp44-Trp41 hydrogen bond network was completely
lost, leading to a rearrangement of the indole ring of the Trp41
gate to flip to an open conformation. The water permeation
throughout the M2 channel that was consequently observed
was ranked as OH < 1H < 3H which is inversely consistent with
the observed PME. Taken together, the MD-based simulation
results have clearly explained the role of RMT at the molecu-
lar level in the allosteric binding site of the M2 channel at
high pH conditions but not at a low pH.
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Abstract: The three-dimensional distribution function (DF) and the potential of mean force (PMF) of water
and hydronium ions in five protonated states of the influenza A M2 channel are calculated by means of the
three-dimensional reference interaction site model (3D-RISM) theory in order to clarify the proton conduction
mechanism of the channel. Each protonated state, denoted as H, where i = 0—4, has a different number
of protonated histidines, from O to 4. The DF of water in each state exhibits closed structures of OH, 1H,
and 2H and open structures in 3H and 4H. In the closed form, the DF and PMF indicate that hydronium
ions are excluded from the channel. In contrast, the ion can distribute throughout the opened channel. The
barrier in PMF of 3H, ~3—5 kJ/mol, is lower than that of 4H, 5—7 kd/mol, indicating that 3H has higher
permeability to protons. On the basis of the radial DFs of water and hydronium ions around the imidazole
rings of His37, we propose a new mechanism of proton transfer through the gating region of the channel.
In this process, a hydronium jon hands a proton to a non-protonated histidine through a hydrogen bond
between them, and then the other protonated histidine releases a proton to a water molecule via a hydrogen

bond. The process transfers a proton effectively from one water molecule to another.

1. Introduction

In early 2009, a new strain of HIN influenza A virus spread
over many countries and has become a pandemic. It is an urgent
task to understand this virus and to seek either vaccines or new
drugs to cope with the infection. The M2 protein channel, which
is found in the viral lipid envelope, has received a great deal of
attention as a target for drug development due to its important
role in proton transport and viral replication." It is known that
a drug family called “amantadines” is effective against influenza
A by blocking the M2 channel, which blocks proton conduction
through the membrane and consequently causes inhibition of
viral replication.®* However, the underlying mechanism of the
proton blockade activity by amantadines is not yet clear. In
addition, many new strains of influenza virus are resistant to
amantadines. Therefore, understanding the mechanism of proton
transport through the virus membrane is one of the central issues
for drug design.

The M2 channel forms a homotetramer, each monomer
comprising 97 amino acid residues. The monomer includes three

* Department of Theoretical and Computational Molecular Science,
Institute for Molecular Science.

¥ Center of Innovative Nanotechnology, Chulalongkorn University.

1 Department of Functional Molecular Science, The Graduate University
for Advanced Studies.

¢ Department of Chemistry, Chulalongkorn University.

(1) Lamb, R. A.; Holsinger, L. J.; Pinto, L. H. In Receptor-mediated Virus
Entry into Cells; Wimmer, E., Ed.; Cold Spring Harbor Laboratory
Press: Cold Spring Harbor, NY, 1994; pp 303—321.

(2) Helenius, A. Cell 1992, 69, 577-578.

(3) Pinto, L. H.; Holsinger, L. J.; Lamb, R. A. Cell 1992, 69, 517-528.

9782 m J. AM. CHEM. SOC. 2010, 732, 9782-9788

domains, the 24-residue N-terminal extracellular domain, the
19-residue transmembrane domain, and the 54-residue cyto-
plasmic domain.® Several electrophysiological results have
shown that the M2 channel is highly selective for protons and
its gating is controlled by pH.’>~® A number of researchers have
explored the relationship between functions and molecular
structures of the M2 channel and have indicated the important
role of His37 in its gating mechanism. Pinto and co-workers
have demonstrated that mutants of the M2 channel with the His
residue substituted by Gly, Ser, or Thr lose their proton
selectivity and that the selectivity is restored upon addition of
imidazole; this implies that the imidazole group plays an
important role in proton selectivity.'® Conceming the pH-
controlled gating mechanism, Hu et al. have made important
suggestions based on their experiments that the pK,’s associated
with the four histidines in the gating region are different from
one another and that the open forms are dominated by triply

(4) Holsinger, L. J.; Alams, R. Virology 1991, 183, 32-43.

(5) Lear, J. D. FEBS Lett. 2003, 552, 17-22.

(6) Mould, J. A.; Li, H.; Dudlak, C. S.; Lear, J. D.; Pekosz, A.; Lamb,
R. A.; Pinto, L. H. J. Biol. Chem. 2000, 275, 8592-8599.

(7) Mould, J. A.; Drury, J. E.; Frings, S. M.; Kaupp, U. B.; Pekosz, A,;
Lamb, R. A.; Pinto, L. H. J. Biol. Chem. 2000, 275, 31038-31050.

(8) Chizhmakov, 1. V.; Geraghty, F. M.; Ogden, D. C.; Hayhurst, A.;
Antoniou, M.; Hay, A. J. J. Physiol. 1996, 494, 329-336.

(9) Vijayvergiya, V.; Wilson, R.; Chorak, A.; Gao, P. F.; Cross, T. A.;
Busath, D. D. Biophys. J. 2004, 87, 1697-1704.

(10) Venkataraman, P.; Lamb, R. A.; Pinto, L. H. J. Biol. Chem. 2005,

280, 21463-21472.
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and quadruply protonated histidine.'' These experimental results
suggest that His37 acts as a pH sensor switch to turn the gate
“on” and “off” and as a selective filter to allow the permeation
of protons but not other cations. There is another suggestion
based on experiments indicating that Trp41 also has an important
role in the gating: namely, a protein in which Trp41 is replaced
by residues with smaller size, Ala, Cys, or Phe, has higher proton
conductivity compared with its wild type.'*> UV Raman spectra
show the interaction between the protonated imidazole of His37
and the indole of Trp4l, a cation—z interaction.'>'* These
investigations suggest that the indole of Trp4!l functions to
occlude the channel pore. This residue behaves as a door to
“open” or “close” the pore, which is controlled by protonated
His due to the cation— interaction.

Different techniques, including solid-state NMR (ssNMR),
solution NMR, and X-ray, have revealed dramatically different
and controversial results for the structures of M2 channels.'>~!
Thus, molecular dynamics (MD) studies of the M2 channel,
which simulated the M2 channel on the basis of different
structure sources, show dissimilar results. The MD studies using
the structures from X-ray and solution NMR demonstrated the
second gating at Val27:' 2% the channel will close and disrupt
the water profile at Val27. However, the MD studies based on
the structures from ssSNMR have never found the narrowest
region at Val27.'82! The experimental studies based on the
mutagenesis are not conclusive concerning whether Val27 plays
a role in gating. Holsinger et al. showed that the mutation of
Val27 to Ala, Ser, or Thr does not change the current of
protons.?? On the other hand, recent work by Pinto and co-
workers indicates that replacement of Val27 by Ala or Asp
increases the activity, while replacement by Ser, Thy, Gly, Lys,
Arg, Phe, or Trp decreases the activity of proton transport.?®
Even replacement of Val27 by a smaller residue such as Ala or
Gly shows either an increase or a decrease in the proton current.
In addition, the MD simulations based on the X-ray structure
are inconsistent among themselves. The study by Arkin and
Leonov, in which the X-ray structure was directly applied to
the simulation, showed that the channel always closes at Val27
in neutral, bi-protonation, and tri-protonation states of His37.1%
On the other hand, Khurana et al. have not used the whole
structure of the channel; they have chosen only a single
transmembrane (TM) domain and duplicated the other three TM

(11) Hu, J.; Fu, R.; Nishimura, K.; Zhang, L.; Zhou, H.; Busath, D. D.;
Vijayvergiya, V.; Cross, T. A. Proc. Natl. Acad. Sci. U.S.A. 2006,
103, 6865-6870.

(12) Tang, Y.; Zaitseva, F.; Lamb, R. A_; Pinto, L. H. J. Biol. Chem. 2002,
277, 39880-39886.

(13) Okada, A.; Miura, T.; Takeuchi, H. Biochemistry 2001, 40, 6053~
6060.

(14) Takeuchi, H.; Okada, A.; Miura, T. FEBS Lett. 2003, 552, 35-38.

(15) Nishimura, K.; Kim, S.; Zhang, L.; Cross, T. A. Biochemistry 2002,
41, 13170-13177.

(16) Schrell, J. R.; Chou, J. J. Nature 2008, 451, 591-595.

(17) Stouffer, A. L.; Acharya, R.; Salom. D ; Levine, A. S.; Costanzo, L. D;
Soto, C. S.; Tereshko, V.; Nanda, V.; Stayrook, S.; DeGrado, W. F.
Nature 2008, 451, 596-599.

(18) Leonov, H.; Arkin, I. T. J. Mol. Model. 2009, 15, 1317-1328.

(19) Khurana, E.; Peraro, M. D.; DeVane, R.; Vemparala, S.; DeGrado,
W. F.; Klein, M. L. Proc. Natl. Acad. Sci. U.S.A. 2009, 106, 1069—
1074.

(20) Yi, M,; Cross, T. A.; Zhou, H. J. Phys. Chem. B 2008, 112, 7977-
7979.

(21) Kass, L; Arkin, 1. T. Structure 2005, 13, 1789-1798.

(22) Holsinger, L. J.; Nichani, D.; Pinto. L. H.; Lamb, R. A. J. Virol. 1994,
68, 1551-1563.

(23) Balannik, V.; Carnevale, V.; Fiorin, G.; Levine, B. G.; Lamb, R. A_;
Klein, M. L.; DeGrado, W. F.; Pinlo, L. H. Biochemistry 2010, 49,
696-708.

domains.'® They found that at high pH the channel is in the
Open,, —Closei, state (the channel is open at the Val27 gate
and closed at His37), while at low pH the channel is in the
Closequ—Open, state (the channel is closed at the Val27 gate
and open at His37). However, this result seems to be problem-
atic, because the starting structure they have used, known as
the D4 model, is closed at both the Val27 and His37 gates, and
no evidence supports this model.

In contrast to the MD studies based on the X-ray structure,
all of the MD results based on the ssNMR structure are
consistent among each other, showing that the channel will close
around the His37/Trp41 gate at low protonation state and open
at high protonation state.'®?'?*%> The groups of Arkin and
Hannongbua have shown that the accessibility of water to the
channel pore is enhanced with increasing number of protonated
states of histidine, and the channel is closed at low protonation
state at the His37 and Trp41 regions.?"?* Voth and co-authors
used the alternative simulation methodology to calculate the
potential of mean force (PMF) and the diffusion coefficient of
proton in the channels. Their results have shown that the 3H
state has the highest proton permeability,>® which agrees with
the suggestion from the studies based on ssSNMR that the channel
becomes activated at the triple protonation state of His37.!!

In this report, we present an alternative approach to the
problem based on the three-dimensional reference interaction
site model (3D-RISM) thcory.26 The 3D-RISM theory is a
statistical mechanics theory for molecular liquids. The theory
has scored great success in exploring a variety of solvation
processes occurring in biosystems, especially the “molecular
recognition” process.?’ > The method describes the molecular
recognition or binding of guest molecules trapped inside a cavity
of a protein molecule in terms of the three-dimensional (3D)
distribution of the ligands. Using this method, we investigate
the 3D distribution of water molecules as well as hydronium
ions, a model of protons, inside the M2 channel with different
protonated states in order to clarify the molecular mechanism
of gating and proton conduction in the channel. Considering
the consistency of the previous MD studies based on the ssNMR
structure, we adopt the protein structure from the MD simulation,
which has been carried out previously by two of the authors,?
for our calculations on the distribution of water and proton in
the M2 channel.
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2. Methods

The detailed formulation of the 3D-RISM theory is provided in
the references.”®® Here, only a brief interpretation of the theory
is provided in order to help readers to understand the “physical”
aspect of the theory.

Let us consider the average density of water molecules at a
position around a protein molecule. When the position is far from
the protein molecule, so as to be regarded as in the bulk, the density
will be constant, the same as in the pure liquid. On the other hand,
when it is near the protein, the density will be “perturbed”
significantly by the field due to the protein and will be different
from that in the bulk, depending on the strength of the perturbation.
The 3D-RISM theory can be interpreted as a “nonlinear” perturba-
tion theory as follows.

Let us denote the constant density of solvent atom y at the bulk,
the density near the protein, and the density response to the
perturbation as p,, p,(r), and Ap,(r), respectively. Then, the
statement made above can be expressed as

py(r) = p, + Apy(r) D

The density response to the perturbation can be expressed on
the basis of 3D-RISM theory as

Bp,(r) = Z f%yu("1 t)p,c (') dr' 2)

where ¢,(r’) is the “re-normalized” perturbation due to the protein,
for which several approximate equations have been devised. For
example, the HNC approximation takes the following expression:

cy(r) = exp[—fu,(r) + h(r) — c,(0)] = [A,(r) — ¢, (r)] —(31)

In this expression, u,(r) is the direct interaction potential exerted
on water molecules from protein, and h,(r) is the density fluctuation
of water at position r, normalized by the bulk density, namely,

h,(r) = Ap(r)/p 4)

The three-dimensional distribution function (3D-DF) used in this
study is defined from h,(r) by

g(r) = h(r) + 1 (&)

It is not only the direct interaction u,.(r) with protein that perturbs
the density of water at a certain position but also interactions with
water molecules at the other positions, whose density is also
perturbed by the existence of the same protein. Such “indirect”
perturbations are renormalized into the terms including
h,(x) — c,(r). Such renormalization makes the perturbation highly
“nonlinear”.

The response function x,4(r,r’) is equivalent to the density pair
correlation function of pure or bulk solvent,

P2y (1, 1) = (3p(r) 3pV () ©)
where dpP(r) is the density fluctuation of atom ¢ in the pure liquid,
defined by dpPX(r) = p®(r) — p,. This response function can be
obtained in advance from the one-dimensional RISM theory.

The various initial structures of the proton-selective M2 channel
of five different protonation states (PS) on the histidine residue
His37 were extracted from the previous MD simulations which were
based on the ssNMR structure (Figure 1);'*2% 11 conformations
for each protonation state were chosen. The proton states are non-
PS (OH), single PS (1H), double PS at diagonal position (2H), triple
PS (3H), and quadruple PS (4H). For the calculation of solvent
distribution with the 3D-RISM theory, all the coordinates related
to solvent environment, water, ions, and lipids were removed, so
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Figure 1. Simulation of the M2 tetramer in pre-equilibrated POPC lipid
bilayer and modeled water. The His37-selective filter and Trp4l gating
residues are also shown in yellow and orange, respectively.

that only those associated with the M2 helix bundle were used as
the input of the protein coordinates. The protein was immersed in
an aqueous solution of 0.01 M HCI, in which electrolytes are
mimicked by a mixture of chloride and hydronium ions as in the
previous studies.*'>? For closing the 3D-RISM equation, we chose
the KH approximation for its advantage of rapid convergence.>***
The PMFs were calculated by integrating 3D-DFs along the channel
axis.* The potential parameter and structure of solvent molecules
were adopted from previous work.>!'*> Amber-99 was employed
to obtain potential parameters of the protein, M2.%® 3D-RISM and
KH-closure equations were solved on a grid of 1283 points in a
cubic supercell of 64 A3,

3. Results and Discussion

3.1. Distribution of Water in the M2 Channel. To investigate
the mechanism of proton transfer in the M2 channel, we consider
the distribution of water inside the channel as a function of the
number of protonated state (PSs) of the histidine tetrad, from
non-PS (OH) to quadruple PS (4H), which are regulated by
changing the pH. For each state, we randomly pick coordinates
for the M2 protein from a trajectory of the MD simulation which
was carried out previously.?> Because the results of various
conformations in the same protonated state are similar among
themselves, (see Supporting Information), one representative
result for each protonated state is shown. The 3D-DF of water
with g(r) > 1 in the five different protonated states of the M2
channel is depicted in Figure 2. The figure indicates that the
accessibility of water (cyan in Figure 2) to the channel pore
increases with the protonated state of the channel in the order
OH < 1H < 2H < 3H < 4H. This result can be explained readily
in terms of the pore diameter, which is enhanced due to the
electrostatic repulsion among the protonated histidines His37.
The structural change originated at His37 propagates to the bulky

(34) Kovalenko, A.; Hirata, F. J. Phys. Chem. 1999, 103, 7942-7957.

(35) Kovalenko, A.; Hirata, F. J. Chem. Phys. 2000, 112, 10391-10402.

(36) Wang, J.; Cieplak, P.; Kollman, P. A. J. Comput. Chem. 2000, 21,
1049-1074.
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Figure 2. 3D-DFs of water in the channel (cyan) and hydronium ion (red),
with g(r) > 1. Molecular structure of the channel gating region is also
depicted at the left for protonation different states of the His37: Trp4l,
orange; His37, yellow.

indole rings of Trp41, which actually play the role of gating.
The results suggest that there are two distinct states in the
channel conformation, or “open” and “closed” forms. The OH,
1H, and 2H forms are considered as closed forms, since water
distributions are not observed at the selective filter regions of
His37 (yellow stick in Figure 2) and at the gating region with
the Trp4! residues (orange sphere and stick in Figure 2). On
the other hand, the 3H and 4H forms, with a continuous water
distribution along the pore, are identified as the open forms
(Figure 2). In addition, the narrowest region in the 3D-DF of
water in the channel, also the narrowest region of the pore, is
located at the Trp41 region, which is regarded to play a role of
“gating”. From the experimental results, Trp41 not only blocks
inward proton transportation when the pH of the exterior is high
but also blocks outward proton transportation when the interior
environment is acidic.'” The results suggest that the indole
moiety of Trp41 should completely block water to reach His37
from the viral interior when the channel is closed, which is
consistent with our results.

The PMFs of water along the channel of various conforma-
tions in each protonation state corresponding to the DF are
shown in Figure 3, in which the high barriers are found only in
the OH, 1H, and 2H states. It is obvious that in the closed form

water cannot overcome the high barrier due to the steric
hindrance between the channel atoms and water molecules. On
the other hand, the PMF of water in the 3H and 4H states is
negative along the entire channel pore, which indicates that
water molecules in the channel are more stable than those in
the bulk and that water permeates through the channel. The
results are in harmony with previous theoretical studies carried
out by different methods.?!-*425

3.2. Distribution of Hydronium lons in the M2 Channel
and Gating Mechanism. The 3D distributions of hydronium ions
inside the channels with g(r) > 1 are also depicted in Figure 2.
For clarification, PMFs of the ion in various structures of the
M2 channel in each protonated state are shown in the Figure 3.

In the three states of closed gate, or OH, 1H, and 2H,
hydronium ions exhibit behavior similar to that of water, but
with lower distribution and higher barrier in PMFs compared
to those of water (Figure 3). This indicates that a hydronium
ion, or a proton, cannot distribute in the channel and is prevented
from transporting across the channel. The results are consistent
with those for the closed conformations of the M2 channel at
high pH values reported in many experimental and theoretical
studies 324

In contrast to the distributions of water, the distributions of
hydronium ion in the 3H and 4H states do not look much
different from those in OH to 2H. The difference is apparent,
however, if one looks at Figure 3, where the PMFs of the
hydronium ion in 3H and 4H exhibit entirely different behavior
than those in OH, 1H, and 2H. Protons in the OH, 1H, and 2H
forms have extremely high barriers, for the same reason as in
the case of water, and no chance to get into the gating region
of the channel, while the barrier heights in the 3H and 4H forms
are just 2—3 and 5—7 kJ/mol, respectively, comparative to the
thermal energy and are able to be overcome by the thermal
fluctuation of the protein conformation. There is another
interesting observation in the figure. The barrier height for
protons is higher in 4H than in 3H, which is against the heuristic
argument based on the pore size around the gating region.

All these observations suggest two competing factors working
on the proton distribution as the protonated state of the channel
is increased from OH to 4H. One of those is the channel opening
due to the increased repulsion among the protonated His
residues, which tends to enhance the distribution of protons as
well as water in the channel. The other factor is the electrostatic
repulsion between protons and the protonated His residues,
which will reduce the proton distribution with increasing number
of protonated His. The two effects balance in the 3H state to
maximize the proton distribution in the channel. These results
are consistent with those reported by Voth et al.?*

3.3. Conduction of Hydronium Ions in the M2 Channel. Two
models have been proposed to explain the mechanism of proton
transport through the M2 channel. The first and the simplest
model is called the “gating” or “shutter” mechanism, claiming
that water can penetrate through the channel and form a proton
wire whenever the gate is opened.?**” A proton is transported
from the hydronium ion to a neighboring water molecule through
the H-bond train, or Grotthuss mechanism.*® The model requires
a well-defined hydrogen-bonded train of water molecules inside
the channel in order to form a double-well potential with a
shallow barrier in between, through which a proton may tunnel.

(37) Sansom, M. S. P.; Kerr, I. D.; Smith, G. R.; Son, H. S. Virology 1997,
233, 163-173.
(38) Agmon, N. Chem. Phys. Lett. 1995, 244, 456-462.
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Figure 4. Radial distribution functions of oxygen and hydrogen of water and hydronium ion around the nitrogen of unprotoneted imidazole and hydrogen
of protonated imidazole: A, B, C and D in parentheses denote each helix, and an asterisk denotes an unprotonated histidine loop.

The model is unlikely, though, if one examines the distribution
of water and hydronium ion in the channel in detail. Figure 4
shows the radial distribution function (RDF) of oxygen and
hydrogen of water and hydronium ions around a nitrogen and

9786 J. AM. CHEM. SOC. = VOL. 132, NO. 28, 2010

hydrogen atom of unprotonated and protonated imidazole in a
His residue that is close to the channel surface (A, B, C and D
in parentheses in the figure represent each helix, and * indicates
unprotonated state of histidine in Figure 5). It indicates that
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Flgure 5. His37 (stick line) and Trp41 (orange sphere) in the 3H state.

hydrogen of a hydronium ion, as well as of water, is attracted
to nitrogen of imidazole of non-protonated histidine (D* in
Figures 4 and 5), and oxygen of water bonds to the hydrogen
of protonated histidine. The hydrogen bond between imidazole
and hydrogen of water or hydronium is illustrated schematically
in Figure 6a. The figure strongly suggests that a water molecule
or a hydronium ion in the channel is likely to make a hydrogen
bond with the His residues rather than with other water
molecules. Such water configurations will eliminate the pos-
sibility of the Grotthuss mechanism through a hydrogen-bonded
train of water molecules. Our finding is in accord with that
reported by Voth and co-workers, who also concluded that the
likelihood of the Grotthuss mechanism working in the channel
is low.

The second model is the so-called “shuttling” mechanism that
requires at least one non-protonated histidine at the gating
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region, with its two nitrogen atoms pointing toward the channel
pore surface.> A proton transfers from a hydronium ion to the
nitrogen atom of imidazole; the histidine is protonated and forms
a bi-protonated intermediate. The other nitrogen atom of the
same imidazole then releases the proton to a neighboring water
molecule. Finally, the process is completed by flipping of
imidazole, or tautomerization, to recover the initial configuration
to prepare for the next proton. However, the model seems to
be questionable, because in order for a His residue to behave
as a proton relay, two nitrogens of the same histidine residue
should be exposed to water inside the channel pore. Such a
conformation of His was not found in the MD simulation
studies.”® Accordingly, the corresponding distribution of water
hydrogens was not observed in the present study.

On the basis of the results shown in Figure 4, we propose a
new model for a proton-transfer mechanism in the channel which
is consistent with the experimental work, suggesting that the
histidine residues play essential roles in proton transport. Qur
model requires two histidines, protonated and non-protonated,
for a proton to be transferred. The RDFs shown in Figure 4
clearly indicate that a nitrogen atom of the non-protonated
imidazole is hydrogen-bonded to a hydronium ion through a
hydrogen atom of the ion, while the protonated imidazole is
hydrogen-bonded to water oxygen through a hydrogen atom of
the imidazole. The situation is illustrated in Figure 6a. We can
construct a model of proton transfer in the channel that is
consistent at least with our RDF results, which is illustrated
Figure 6. The proton is transported from a hydronium ion to
the nitrogen of imidazole, and the other imidazole releases the
proton to a nearby water molecule. These two imidazoles switch
their protonation states from protonated to non-protonated and
vice versa, as shown in Figure 6a,b. To complete the process,
the two histidines move to the appropriate positions due to
conformational fluctuations of protein and start to transfer again
(Figure 6¢,d). This process can occur only in the 3H state. The
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Figure 6. Schematic view of the proposed mechanism of proton transportation through the His.
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first reason is that it requires at least one non-protonated
histidine, bonded respectively to a water molecule and to a
hydronium ion. This requirement excludes the possibility of the
4H state. Second, in the closed channels, 1H and 2H, all the
Trp4! residues block water molecules from the gating area
entirely, and no water molecules are available to hydrogen-bond
to an imidazole at the interior channel. Consequently, a proton
cannot be transported through this process in 1H, 2H, and 4H
but can be in 3H.

4. Conclusions

The conduction of protons through the M2 channel in
influenza viruses was investigated by means of the 3D-RISM/
RISM method, the statistical mechanics theory of molecular
liquids. The three-dimensional distribution functions and the
potentials of mean force of the hydronium ions as well as water
molecules inside the channel were calculated for five different
states of the channel, which are distinguished by the number of
protonated histidines (His37) at the gating region, from no
histidine protonated (OH) to four histidines protonated (4H).

It was found from the calculation that the channels with zero,
one, or two protonated histidines, which have been identified
as “closed” forms in the previous studies, exclude both water
molecules and hydronium ions from the gating region due to
the steric effect of the Trp4 | residues, which change conforma-
tion with the His37 residues. The results strongly indicate that
neither water molecules nor protons can permeate through the
channel with zero, one, or two protonated histidines. On the
other hand, our results for the 3H and 4H cases indicate that

(39) Pinto, L. H.; Dieckmann, G. R.; Gandhi, C. S.; Papworth, C. G,;
Braman, J.; Shaughnessy, M. A_; Lear, J. D.; Lamb, R. A,; Degrado,
W. F. Proc. Natl. Acad. Sci. US.A. 1997, 94, 11301-11306.

(40) Pettersen, E. F.; Goddard, T. D.; Huang, C. C.; Couch, G. S.;
Greenblaut, D. M.; Meng, E. C,; Ferrin, T. E. J, Comput. Chem. 2004,
25, 1605-1612.
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water and protons can permeated through the channel, although
protons have to overcome small activation barriers resulting
from the residues around the gating region. The barrier tumns
out to be lower in the 3H case than in the 4H case. This
interesting behavior was explained in terms of an interplay of
two effects as the protonation level increases: enhanced pore
diameter due to the increased coulomb repulsions among the
protonated histidines, and enhanced coulomb repulsion between
the protonated histidines and hydronium ions.

On the basis of the radial distribution functions of water and
hydronium ions around the imidazole rings of His37, we have
proposed a new model of proton transfer through the gating
region of the channel. Our model requires two histidines,
protonated and non-protonated, for a proton to be transferred.
In the model, a hydronium ion hands a proton to a non-
protonated histidine through a hydrogen bond between them,
and then another (protonated) histidine releases a proton to a
water molecule via a hydrogen bond. The process thereby
transports a proton from a water molecule to another water
molecule. Further study to prove this hypothesis is in progress.

Acknowledgment. These works are supported by the Grant-in
Aid for Scientific Research on Innovative Areas “Molecular Science
of Fluctuations toward Biological Functions” from the MEXT in
Japan. We are also grateful to Next Generation Integrated Nano-
science Simulation Software, the project of the ministry, and
JENESYS, the program under the JSPS exchange program for East
Asian young researchers. Molecular graphics images were produced
using the UCSF Chimera package.*°

Supporting Information Available: Additional 3D-DFs of
water and hydronium ion and table of rmsd’s between the
structures of the channel in each protonation state of His. This
material is available free of charge via the Internet at http://
pubs.acs.org.

JA1027293



Monatsh Chem (2010} 141:801-807
DOI 10.1007/s00706-010-0319-z

Molecular insights into human receptor binding to 2009 HIN1

influenza A hemagglutinin

Nadtanet Nunthaboot - Thanyada Rungrotmongkol - Maturos Malaisree -
Panita Decha - Nopporn Kaiyawet - Pathumwadee Intharathep -
Pornthep Sompornpisut - Yong Poovorawan - Supot Hannongbua

Received: 25 September 2009/ Accepted: 2 May 2010/ Published online: 27 May 2010

© Springer-Verlag 2010

Abstract The current pandemic of the viral 2009 HINI
influenza and its sustained human—human transmission has
raised global concern for human health. The binding of the
viral glycoprotein hemagglutinin (HA) and the human
«-2,6-linked sialopentasaccharide (STA-2,6-GAL) host cell
receptor is a critical step in the viral replication cycle.
Here, the complex structure of the 2009 HIN1 HA bound
to the SIA-2,6-GAL sialopentasaccharide receptor was
constructed by using homology modeling and molecular
dynamic simulations. The receptor was found to fit very
well within the HA binding pocket and formed hydrogen
bonds with the residues of the 130-loop, 190-helix, and
220-loop. Most receptor binding residues play a significant
role in stabilizing the protein—receptor complex with major
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contributions being provided by V135, T136, A137, K222,
and Q226. The results are similar to the human SIA-2,6-
GAL sialopentasaccharide receptor binding to H1 HA
subtype, but are slightly different from those of H3, H5,
and H9 HAs.

Keywords Computational chemistry - Hydrogen bonds -
Molecular modelling - Sialopentasaccharide receptor -
Per residue interactions - Molecular dynamics simulations

Introduction

Since the first identification of the novel A (HIN1) influenza
virus in April 2009, the outbreak of this virus has rapidly
spread and encircled over 100 countries worldwide, causing
more than 3,000 human deaths (April-September 2009) [1].
The World Health Organization (WHO) announced a
worldwide pandemic alert level at phase 6, indicating that a
global human pandemic of this virus isolate is under way
[1-3]. In the primary step of the viral replication cycle,
influenza infection is initiated by the viral surface homo-
trimeric glycoprotein hemagglutinin (HA) binding to the
host membrane sialylated glycans, which act as cell recep-
tors. Understanding of this attachment and interaction can
provide a basic knowledge of how the emerging virus infects
humans and is thus the main goal of this study.
Hemagglutinin is an important target for the develop-
ment of both vaccines and antiviral drugs against influenza
viruses. Each monomer of the homotrimer is composed of
two subunits, HA1 and HA2. Whilst HA1 is known to be
responsible for the viral attachment to host cell, HA2 is
associated with the release of the viral RNA complexed
with the RNA polymerase through membrane fusion [4-7],
and thus HA is essential to both host cell targeting and cell
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entry (infection). HAI binds to host cell membrane
receptors, glycans containing the terminal sialic acid which
are attached to surface membrane proteins or lipids [6, 8,
9]. The specific topology, determined principally but not
exclusively by the specific linkage of the terminal sialic
acid to the galactose subunit and the glycan chain length,
identifies the species and tissue specificity and avidity of
"binding, and thus its infectability and transmission rates
[10]. The avian influenza virus preferentially recognizes
the sialic acid «-2,3-galactose (SIA-a-2,3-GAL) linkage
with a long glycan chain and cone-like topology, whilst the
adopted sialic acid a-2,6-galactose (SIA-a-2,6-GAL) link-
age is more favorable for both human and swine influenza
viruses with longer glycan chains and an umbrella topology
[10-14]. It is supposed that the alternation in host speci-
ficity of sialic acid linked to galactose from a-2,3- to a-2,6-
linkage is a major barrier for influenza viruses to cross
species barriers and adapt to a new host [7, 10, 15-18].

From the available information, it is clear that the
binding domain of HA with the glycan receptors comprises
several key structural components including the 190-helix,
130- and 220-loop domains, and several other conserved
residues that give species and tissue specificity [9]. How-
ever, how this is derived is not clear and to date, the HIN1-
2009 HA structures, either as free-form or receptor-bound
conformation, have not yet been experimentally solved.
Recently, a theoretically modeled structure of the HA-
receptor complex has been published [19]. However, it
represents a static view of protein—receptor interactions
without dynamic capture of time-dependent properties.
Therefore, in the present study, molecular dynamics (MD)
simulations were performed on the homology modeled
structure of the novel HINI HA complexed with the
SIA-2,6-GAL sialopentasaccharide, a human preferential
receptor, to investigate the fundamental structural charac-
teristics, the role of conserved binding residues, and
receptor binding specificity. Extensive analysis was
focused on the structural properties and, in particular, on
the enzyme-receptor interactions in terms of hydrogen
bonding and per residue—receptor interactions.

Results and discussion

MD simulation of the novel HIN1 HA complexed with the
SIA-2,6-GAL sialopentasaccharide, a human preferential
receptor, was carried out over a period of 4 ns. In the last
2.5-ns simulation, the whole system is fairly stable as
indicated by the small magnitude of root mean square
deviation (RMSD) fluctuation of ca. 0.5 A (Fig. 1). The
simulation run could thus provide a suitable basis for the
subsequent analyses.
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Fig. 1 Root mean square deviation (RMSD) of all heavy atoms of
hemagglutinin and human SIA-2-2,6-GAL pentasaccharide receptor
to the starting structure as a function of simulation time

The obtained human SIA-2,6-GAL sialopentasaccharide
receptor was found to properly occupy the binding pocket
of the 2009 HIN1 hemagglutinin, similar to what has been
observed experimentally in the other viral influenza HA
strains [21, 28-30], where the potentially important contact
residues of the 130-loop (K133a, N133, V135, T136, and
A137), 190-helix (H183, D190, and S193), and 220-loop
(K222, D225, Q226, and E227) as well as Y95 (see Fig. 2a
for residue positions) were revealed. Structural properties,
hydrogen bonds, and per residue-receptor interactions are
extensively discussed in the following sections.

Sialopentasaccharide receptor conformation

To investigate the conformational character of the human
SIA-2,6-GAL sialopentasaccharide receptor, the distribu-
tion of eight important torsion angles, defined in Fig. 3a,
from (1) t/-74 bridging between the saccharide units and
(2) 15-18 of the functional groups of the terminal sialic
acid, were measured and plotted in Fig.3b and c,
respectively.

It can clearly be seen in Fig. 3b that the 7/ and 12
torsions of the first three saccharide units (SIA1, GAL2,
and NAG3) show a single preferential and sharp peak,
suggesting the high stability of these units which were well
oriented and occupied in the binding pocket of the enzyme
(Fig. 2a, b) and, therefore, that many hydrogen bonds with
the HA residues were firmly formed (Fig. 4a, discussed
later). The most probable glycosidic torsion angle
(t1, black line in Fig. 3b) was found at ca. —68° indicating
the adopted cis-conformation of the o-2,6-linked terminal
sialic acid (SIAT1) to the galactose (GAL2) of the receptor.
This proposed conformation is consistent with what has
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Fig.2 a Top and b side views of the human SIA-2,6-GAL
sialopentasaccharide receptor bound to the binding pocket of the 2009
HINI influenza HA. The potential contact residues and five units of
the receptor (SIA1, GAL2, NAG3, GALA4, and GLC5) are labeled.

Fig. 3 a Definition of torsion
angles of the human SIA-2,
6-GAL sialopentasaccharide
receptor. Probability
distributions of the b torsion
angles (t/-14) linking between
each saccharide unit and

¢ torsion angles (t5-18) of the
functional groups of the
terminal sialic acid

been observed both experimentally and theoretically for the
human SIA-2,6-GAL receptor binding to the influenza HA
subtypes H1, H3, and HS, whose glycosidic torsion angles
were observed to fall within the range of between —50° and
—70° {21, 30-33]. In the same fashion, the 73 and 74 angles
linking between the last three saccharides (NAG3, GAL4,
and GLC5) showed the single preferential sharp peak at ca.
—73° (Fig. 3b) indicating their high rigidity throughout the
simulation period.

To reveal the conformational change of the terminal
sialic acid SIAI, the torsion angles of its functional groups
were further evaluated and the results are shown in Fig. 3c.
Amongst the four angles, 5 and t6 are slightly broader
than the other two angles, t7 and t8. This indicates that the
—COO- and ~NHAc groups could feasibly rotate rather
than the hydrophilic group.

Enzyme-receptor hydrogen bonds
To determine the protein—-receptor interactions, hydrogen

bonding between the HA residues and the human SIA-a-
2,6-GAL sialopentasaccharide receptor were calculated

Residue K133a is an inserted amino acid specific to the 2009 HIN1
HA. Blue and orange surfaces indicate the hydrophilic and hydro-
phobic features, respectively (color figure online)
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according to the two criteria: (1) a proton donor (D) and
acceptor (A) distance of 3.5 A or less and (2) a D-H--A
angle of 120° or more.

The number and percentage of hydrogen bond occupa-
tion of each of the 2009 HA binding residues and all five
saccharides of the receptor were evaluated, and the results
are shown in Fig. 4a (see description in Table 1). At the
terminal sialic acid (SIA1, see Fig. 2a), extensive interac-
tions were found with Y95 and the highly conserved
residues of the 130-loop (V135, T136, and A137), 190-
helix (H183), and 220-loop (Q226). The hydroxyl oxygen
of the hydrophilic group forms a strong hydrogen bond to
the phenyl group of ¥95. Three strong hydrogen bonds
were detected between the terminal sialic acid -COO™
group and the three HA residues, T136 and A137 in the
130-loop and Q226 in the 220-loop, whilst the -NHAc
moiety established two strong hydrogen bonds with the
backbone nitrogen and oxygen atoms of residue V135 in
the 130-loop. In addition, the hydroxyl oxygen atoms of
hydrophilic side chain form strong and moderate hydrogen
bonds with the imidazole ring of H183 in the 190-helix and
the amide group of Q226 in the 220-loop, respectively.
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Based on the numbers of hydrogen bonds (see Fig. 4a), the
130-loop is more likely to be in contact with SIAI than
the 190-helix and 220-loop, which is comparable to that of
the other hemagglutins complexed with the human receptor
[21, 30, 33].

For the second unit of the human SIA-2,6-GAL sialo-
pentasaccharide receptor (GAL2), two strong hydrogen
bonds were formed with the ammonium group of K222 and
the backbone oxygen of D225. These hydrogen bonds were
also detected in the case of the H5 HA-receptor complex,
but not in the H3 and H9 HA-receptor complexes [33].
Moreover, two moderate hydrogen bonding interactions
between the hydroxyl moieties of this saccharide and the
carboxylate group of D225 were also found. Instead, G225,
as in the crystal structure of the Hl HA-receptor complex
(21, 30], forms hydrogen bonds through its backbone
oxygen with the GAL2 unit. Finally, considering the other
three units (NAG3, GAL4, and GLCS) of the sialopenta-
saccharide, they were all found to establish medium to
rather weak hydrogen bond networks to the two 190-helix
residues, D190 and S193, which are in agreement with the
published results of the swine Hl-receptor structure [21].
Interestingly, they are, however, different from what has
been reported for the H3, H5, and H9 HA-receptor com-
plexes where the last three glycans explicitly interact with
the 150-loop and 190-helix [33].

2} Springer

Taking into account all the simulation results shown
above, all important hydrogen bonds between the SIA-
2,6-GAL sialopentasaccharide receptor and the residues
of the 130-loop, 190-helix, and 220-loop are consider-
ably conserved and are more likely to be similar to those
observed in the HI HA-receptor complex structure [21,
30], indicating the likely reliability of the simulated
structures of the human receptor bound to the pocket of
the viral HIN1-2009 HA. In addition, the results also
confirm the potentially important role of the 130-loop,
190-helix, and 220-loop of the viral surface HA in
attaching to SIA-2,6-GAL sialopentasaccharide glycan,
which is the main receptor found in human respiratory
tract host cells.

Per residue HA enzyme-SIA-2,6-GAL receptor
interactions

To reveal the fundamental basis of the binding between the
human SIA-2,6-GAL sialopentasaccharide receptor and
the influenza HA, the interaction energies between each of
the individual residues and the SIA-2,6-GAL sialopenta-
saccharide were evaluated by using the decomposition (DC)
energy module implemented in AMBER 10. The energetic
contribution was averaged over a set of 100 MD snapshots,
taken at every 25 ps from the last 2.5-ns simulation.
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Table 1 Hydrogen bond descriptions and interactions detected
between heavy atoms of the human SIA-a-2,6-GAL pentasaccharide
receptor and 2009-HINI hemagglutinin residues

Pentasaccharide HA Type Occupation
(%)
SIAl Y95  Y95_OH_H--08_SIAl 92
Y95  Y95_OH---H_09_SIAl 14
VI35 VI35_N_H---O5N_SIAl 94
VI35 VI35_0---H_N5_SIAl 93
T136 TI136_OGI1_H--O1B_SIAl 100
Al137 AI37_N_H---OlA_SIAl 85
Al137 Al137_N_H--OIB_SIAl 50
K145 KI145_NZ_H---04_SIAl 60
HI83 HIB3_NE2---H_09_SIAl 91
Q226 Q226_NE2_H--OlA_SIAl 16
Q226 Q226_NE2_H---OIB_SIAl 95
Q226 Q226_OEl---H_08_SIAl 68
GAL2 K222 K222_NZ_H--03_GAL2 96
D225 D/G225_0O---H_0O4_GAL2 97
D225 D225_0OD1---H_0O3_GAL2 55
D225 D225_0OD2--H_0O3_GAL2 48
NAG3 DI90 DI190_ODI--H_N2 _NAG2 57
D190 DI190_OD2---H_N2_NAG2 47
GALA D190 D190_OD!---H_O2_GAL4 30

S193  S193_0G--H_02_GALA 45
S193  S193_OG_H---02_GALA4 21
Al89 T189_O---H_O6_GLCS 12
S193  S193_OG---H_03_GLCS 20

GLCS

The evaluated DC energies of the HA residues located in
the binding pocket are plotted in Fig. 4b, where the per
residue interaction energies are seen to vary within the
range of 2 to — 17 kJ mol™". The major contribution to the
enzyme-receptor interactions was gained from the con-
served residues which are the members of the 130- and
220-loops: V135, T136, A137, K222, and Q226. The cor-
responding DC energies of less than —8 kJ mol ™! due to
these residues agree well with the hydrogen bond data
discussed above (Fig. 4a) and corroborate their important
role in attaching the viral coat HA to the human SIA-2,6-
GAL sialopentasaccharide receptor of susceptible host
cells. The higher negative values of the DC data in Fig. 4b
for the remaining residues of these two loops and the 190-
helix residues (except for D190) also indicate their likely
responsibilities in stabilizing the human receptor-HA
complex. In some contrast, and in agreement with a pre-
vious theoretical report [34], the D190 residue was found to
destabilize the protein—receptor complex.

Interestingly, as determined from their DC energies, the
D225 and D190 residues do not significantly improve the
enzyme-receptor binding affinity, although they interact

explicitly via three hydrogen bonds with the GAL2, NAG3,
and GAL4 saccharides of the SIA-2,6-GAL sialopenta-
saccharide, respectively (as discussed above). This can
then be best understood in terms of their total interactions
with the neighboring residues, since the DC energy is a
summation of all interactions between a central residue and
its environment, including the SIA-2,6-GAL receptor and
all the residues of the respective HA enzyme. In other
words, the D225 and D 190 hydrogen bond energies can be
destabilized by their repulsions with the other residues of
the HA.

Conclusions

In the present study, the three-dimensional structure of the
human SIA-2,6-GAL sialopentasaccharide receptor bound
to the recently detected 2009 HINI HA was modeled
based on a homology modeling approach and consequently
performed by molecular dynamic simulations. The struc-
tural properties and protein-receptor interactions, in terms
of the receptor conformation, hydrogen bonds, and per
residue interaction energies, were extensively discussed
and compared to the binding between the human SIA-2,6-
GAL sialopentasaccharide receptor and the other HAs.
Basically, comparative molecular dynamics are comple-
mentary to experimental results (tissue binding, glycan
microarrays, Scatchard analysis) and do not suffer the
drawback of crystallographic methods in that the glycan
and HA protein show considerable flexibility in confor-
mation which is missed, by being only a single snapshot,
by crystallography methods.

Conformational analysis of the human SIA-2,6-GAL
sialopentasaccharide receptor orientation throughout the
simulation period confirms the adopted preferential cis-
conformation of this receptor, as indicated by the glycosidic
torsion angle between the terminal sialic acid (SIA1) and
the adjacent galactose (GAL2) of ca. —68°. The simulated
model of the 2009 H1 HA bound to the human SIA-2,6-
GAL sialopentasaccharide receptor showed a well-oriented
conformation of the receptor in the binding pocket of the
HA enzyme and lays in the conserved regions including the
130-loop, 190-helix, and 220-loop. The sialic acid forms
many strong hydrogen bonds with the HA residues V135,
T136, A137, H183, and Q226. Furthermore, the GAL2 unit
of the receptor was found to interact with the HA K222 and
D225 residues, whilst the last three glycans established
hydrogen bonds with D190 and S193. Based on a per res-

. idue interaction analysis, most receptor binding residues

(especially V135, T136, A137, K222, and Q226) of the viral
surface HA were found to play a stabilizing role in attaching
to the human SIA-2,6-GAL sialopentasaccharide receptor
of the host cell.
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Fig. 5 Sequence alignment of 1930 and 2009 H| hemagglutinins of influenza A (HIN1) viruses

In comparison to the other influenza HAs-human SIA-
2,6-GAL sialopentasaccharide receptor complexes, the
simulated results of this receptor binding to the 2009 HINI
influenza HA provided the highest similarity to those from
the structure of the Hl-receptor complex. This is mainly
due to the fact that they belong to the identical HA subtype
and so are likely to share the highest conformational as
well as primary sequence similarity. In addition, the results
also show somewhat similar properties to those evaluated
and observed for the H3 and HS5, and H9 HAs-SIA-2,6-
GAL complexes. Although many experimental aspects
of the 2009 HINI outbreak including its virulence and
pandemic potential are still uncertain, our molecular
information could provide a better understanding of the
first step of the viral life cycle based on how the viral
surface glycoprotein HA of the 2009 influenza A (HIN1)
efficiently attaches and tightly binds with the human
SIA-2,6-GAL sialopentasaccharide receptor.

Materials and methods

Model of 2009 HINI influenza hemagglutinin
complexed with human receptor

The initial structure of the 2009 HIN1 influenza HA bound
with the human SIA-2,6-GAL sialopentasaccharide recep-
tor was modeled based on the sequence which was recently
isolated from children in Southern California, A/California/
04/2009(HIN1) [20]. To seek the most relevant structure of
the 2009 HA protein, its amino acid sequence was pre-
liminarily aligned to all seven available crystallographic
HIN! HA structures [21]. It was found that the highest
amino acid sequence similarity, at 86% identical, was with
the 1930 swine HIN| HA structure (Fig. 5). Therefore, this
HA enzyme structure complexed with the human SIA-2,6-
GAL sialopentasaccharide receptor (Protein Data Bank

@ Springer

entry code IRVT) was chosen as the template [21] for
building up the HA-2009 structure by homology modeling
performed by using the module implemented in Discovery
Studio 2.0 [22]. The novel HIN1 HA-receptor complex
was then further refined by using energy minimization and
followed by multiple stepwise MD simulations.

Molecular dynamics simulations

All simulations of HA-receptor complex were carried out
using the SANDER module of the AMBER 10 software
package [23]. The HA protein and SIA-2,6-GAL sialo-
pentasaccharide were parameterized by using the
AMBERO3 [24] and the GLYCAMO06 force fields [25],
respectively. All missing hydrogen atoms were added by
using the LEaP module [23] and the system was subse-
quently solvated by a cubic box with dimensions of
66 x 69 x 141 A® filled with TIP3P water molecules.
Normal charge states of ionizable amino acids corre-
sponding to pH 7.0 were treated and 5 Cl™ counterions
were further added to maintain neutrality on the system.
A periodic boundary condition in the isobaric—isothermal
(NPT) ensemble with a constant pressure of | atm and a
temperature of 310 K was set up, whilst a Berendsen
coupling time of 0.2 ps was employed to control the tem-
perature. The SHAKE algorithm [26] was applied to
constrain all hydrogen bonds using a time step of 2 fs.
Non-bonded interactions were calculated with a 12-A res-
idue-based cutoff and the particle mesh Ewald method [27]
was applied to treat the long-range electrostatic interac-
tions. To remove unfavorable contact, the structure of the
HA-receptor complexes was relaxed by performing 3,000
steps of conjugated gradient energy minimization. The
whole system was subsequently heated from 0 to 310 K
over 100 ps. The system was pre-equilibrated for two steps
of 200-ps simulations with position restraints on the
receptor atoms with the factors of 80 and 40 kJ mol™* A7
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to maintain their coordinates inside the protein binding
pocket. Afterwards, the complex was fully simulated for
4 ns.
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Abstract To predict the susceptibility of the probable 2009
influenza A (HIN[-2009) mutant strains to oseltamivir, MD/LIE
approach was applied to oseltamivir complexed with the
most frequent drug-resistant strains of neuraminidase sub-
types N1 and N2: two mutations on the framework residues
(N294S and H274Y) and the two others on the direct-binding
residues (E119V and R292K) of oseltamivir. Relative to
those of the wild type (WT), loss of drug—target interaction
energies, especially in terms of electrostatic contributions
and hydrogen bonds were dominantly established in the
E119V and R292K mutated systems. The inhibitory poten-
cies of oseltamivir towards the WT and mutants were pre-
dicted according to the ordering of binding-free energies:
WT (—12.3 kcal mol™") > N294S (—10.4 kcal mol™") >
H274Y (—9.8 kcal mol™") > E119 V (—9.3 kcal mol™") >
R292K (—7.7 kcal mol™"), suggesting that the H1N1-2009
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influenza with R292K substitution, perhaps, conferred a high
level of oseltamivir resistance, while the other mutants
revealed moderate resistance levels. This result calls for an
urgent need to develop new potent anti-influenza agents
against the next pandemic of potentially higher oseltamivir-
resistant HIN1-2009 influenza.

Keywords 2009-HINI influenza A neuraminidase -
Oseltamivir resistance - Mutations -
Molecular dynamics simulations

Introduction

The 2009 influenza A (HIN1) virus has rapidly spread
across the world with an evidence of human to human
transmission. The probable mutation in the neuraminidase
(NA) genes could cause resistance to the available drugs,
especially oseltamivir. A new drug-resistant strain proba-
bly leads to a large scale outbreak of novel pandemic flu
and an increase the national and global public health
concerns. Common mutations in N1 (a subtype in NA
group l) are detected at N294S and H274Y, while the
E119V and R292K mutations are mostly found in the N2
and N9 subtypes (in NA group 2), with oseltamivir resis-
tance levels relative to the wild type (WT) of 20-80, 700
1,700, 20-1,000 and 1,500-10,000-fold higher, respec-
tively (Abed et al. 2008; Collins et al. 2008; Yen et al.
2005, 2007). To date, oseltamivir has been found to
effectively inhibit this new virus [2009 A (HIN1)] due to
the following reasons: the N1 of the new HINI influenza
and N9 share an identical active site (Rungrotmongkol
et al. 20092, b), and oseltamivir was designed to fit well to
the active site of the NA group 2. With an increase in
medical use and stockpile of oseltamivir for the recent
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outbreak, the question arises, and is the main goal of this
study, can we predict the inhibitory activity of oseltamivir
with respect to those frequent mutations that take place in
the influenza A (HIN1-2009) strain, and thus the potential
evolution and spread of resistant strains. The oseltamivir-
resistant influenza NA mutants would perhaps serve as the
emergence of a potential pandemic strain of the 2009-
HINI virus.

Oseltamivir is an antiviral drug against NA that func-
tions by preventing viral replication in the last step of the
viral life cycle. It was found to directly interact with the
catalytic residues of the NA active site, while the frame-
work residues stabilized the enzyme structure (Fig. 1)
(Ferraris and Lina 2008). Mutations at the conserved resi-
dues of NA appear to associate with oseltamivir resistance
in a subtype specific manner. Thus, the mutated framework
residues H274Y and N2948S are regularly indentified in N1,
while in the N2 and N9 sub-types, mutations on the binding
residues (E119V and R292K) of oseltamivir were detected
after treatment in infected patients with high oseltamivir
resistance (Abed et al. 2008; Boivin and Goyette 2002;
Collins et al. 2008; Mishin et al. 2005; Ziircher et al. 2006).

To provide information at the molecular level to aid the
control and prevention of emerging potential pandemic
strains of the 2009-HINI influenza, multi-molecular
dynamics (MD) simulations in conjunction with the linear
interaction energy (LIE) method have been performed on
complexes of oseltamivir bound to each of the four most
likely 2009-HIN1-mutated strains; that is, with the H274Y,
N294S, E119V and R292K substitutions. The structural
property, drug—target interaction and the binding affinity of
oseltarnivir against the mutated models are extensively
discussed and compared with those recently published for
the wild-type strain of the 2009-HINI1 influenza A virus
(Rungrotmongkol et al. 2009a, b).
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Fig. 1 Modeled structure of oseltamivir bound to the wild-type strain
of 2009-HIN1 influenza neuraminidase. Among the labeled residues,
four residues colored in red are singly mutated for investigation in
this work: there are N294S, H274Y, E119V and R292K mutations.
The selected atoms of oseltamivir are numbered for simplicity in the
discussion
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Materials and methods

The homology model of oseltamivir bound to the wild-type
NA (OTV-WT) of the 2009-HIN1 virus (Rungrotmongkol
et al. 2009a, b) was used as the initial structure for the
modeling of the four single mutations: N294S, H274Y,
E119V and R292K. To prepare each mutant, the specific
residue was changed using the LEaP module of the
AMBER 10 program package (Case et al. 2008), keeping
the backbone and identical side chain atoms. All mutated
NA strains with oseltamivir bound were then set-up and
treated in accordance with the 20-ns MD simulations for
the wild-type novel HINI influenza (Rungrotmongkol
et al. 2009a, b), as follows.

Each simulated system was performed by MD simula-
tions with spherical boundary condition under the surface
constrained all atom solvent model (King and Warshel
1989) using the Q-program (Marelius et al. 1998), version
5. The atomic charges of oseltamivir were taken from our
previous study (Malaisree et al. 2008). The AMBER force
field (Case et al. 2008) was applied to the amino acid and
inhibitor atoms. To set-up the environment for oseltamivir
to be the most similar in all simulated systems and to take
the conformational change of the oseltamivir into consid-
eration, the C1 atom of oseltamivir was then chosen to be
the center of simulation and the whole oseltamivir structure
was thus considered as ligand. In the simulations, the sys-
tem was capped by a 25 A sphere of TIP3P water molecules
centered on the Cl atom of oseltamivir (see Fig. | for
atomic label). Atoms positioned further than 25 A from the
Cl center were taken into consideration as structural
restrains. All acidic and basic side chains of residues lying
within a 22 A sphere were fully charged. In contrast, these
ionizable residues positioning between 22 A and 25 A
distances were neutralized, except for the pairs of charged
residues with a probable formation of hydrogen-bonding
interactions. The rest ionizable residues located outside a
25 A sphere were considered as uncharged entities. Local
reaction field approximation was employed for calculating
the long-range electrostatic (ES) interactions, with a 10-A
cut-off radius for the non-bonded interactions. The SHAKE
algorithm (Ryckaert et al. 1977) was applied to fix all bonds
involving hydrogen atom. The NVT ensemble was per-
formed, and a 2-fs time step was used. Initially, locations of
the water molecules were simulated by MD simulations at
5 K, keeping all other atoms fixed to their initial positions,
and the whole structure was then relaxed by four steps of
simulations. Afterwards, the system was heated to 298 K
over 300 ps, followed by equilibration phase. At last, the
four equilibrated structures were randomly chosen for
employing a production phase of 5-ns simulation.

To predict the binding-free energies (AGying) of osel-
tamivir towards the NA mutants, the LIE method (;-\qvist
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Table 1 Changes in the electrostatic and van der Waals interactions
for the four substituent functional groups of oseltamivir in the bound
states of the modeled HINI mutant relative to those of wild type

Functional group (AAUES).,OU,,d (keal mol™")

N294S H274Y E119V R292K
(a) Electrostatic interactions
-CO0~ 834+02 113+£01 54401 141102
~NH;* -274+04 —-28+05 11.1+£06 23+12
-NHAc 30+£01 204£01 604+01 42402
-OCHEt, 13£06 06+06 15+09 43+12
Oseltamivir 100 £ 06 11.1 £06 239+09 249+ 1.2

Functional group (AAUY*™)yquna (kcal mol™")

N294S H274Y E119V R292K
(b) Van der Waals interactions
-CO0~ 03+£00 034+£00 03+00 08+£03
-NH,* 06+01 0600 —-03=£0.1 08 +£0.1
-NHAc 02+01 10+£0.1 1.1 £00 -07 +0.1
-OCHEL, 14+01 15+£00 01+£00 32+£02
Oseltamivir 25100 34+£00 1.2+00 42402

Means and standard deviations are derived from four separate 5-ns
simulations

et al. 1994; Hansson et al. 1998) was used. The total
binding-free energy, which includes the van der Waals
(vdW) (U**Y) and the ES interaction energies (U™S), of the
two simulated states: (1) the solvated ligand (free state),
and (2) the ligand bound to the solvated protein (bound
state) were evaluated using the equation:

AGbind = a((Ude>b0und - (Ude>free)
+ ﬂ((UES>bound - (UES>free) +7v (1)

where o and f are the empirical scaling coefficients for the
vdW and ES interaction energies, respectively, and y is a
constant. Here, Wall’s coefficients (¢ = 0.472, f = 0.122
and y = 2.603), which were efficiently derived from a
statistical analysis of the inhibitor sets binding to the rel-
evant NA enzyme (Wall et al. 1999) were chosen to fit the
LIE equation due to the three following reasons. (1)
Because the outbreak of the novel HIN1 pandemic flu was
just arisen in April 2009, the experimental inhibitory
activities required for the construction and validation the
LIE model for the training set are not available. (2) This set
of coefficients was successfully applied on the avian
influenza A (H5N1) virus in prediction, the inhibitory
activity of oseltamivir against both WT and mutant strains
(Rungrotmongkol et al. 2009a, b). (3) The four single
mutated strains of 2009-HIN1 neuraminidase virus in
the present study were built by a specific mutation on the
wild-type strain modeled from the crystal structure of the
HS5N1 neuraminidase with the sequence identity of 91%
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Fig. 2 Percentage occupation of H-bonds between the functional
groups of oseltamivir and the NA residues (see Fig. 1 for residue
positions) in the mutant models with the single substitution at two
district regions: the framework residues closed to the hydrophobic
pocket (N294S and H274Y), and the direct-binding residues (E119V
and R292K)

(Rungrotmongkol et al. 2009a, b). Therefore, both WT and
mutant NA strains of 2009-HINI1 are relatively similar to
the HSN1 NA enzyme.

Results and discussion

Reduced oseltamivir binding to probable HIN1-2009
mutants

To examine oseltamivir susceptibility within the neur-
aminidase pocket of the 2009-HINI mutant models,
intermolecular hydrogen-bond (H-bond), ES and vdW
interactions between the oseltamivir’s side chains and the
NA residues were evaluated and compared with those of
the WT (Rungrotmongkol et al. 2009a, b). The ES and
vdW energetic differences were evaluated using Eqgs. 2a
and 2b, and are summarized in Table 1:

@_ Springer
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(AAUES>bound = (UES>bound[mu{an[]
- (UES>bound[Wi1d [ype]' (2"'1)

(AAU™™)0g = (U*Y) popq[mutant]
— (U™ ounalWild type]. (2b)

The positive and negative values of the energy
components indicate that the selected moiety of
oseltamivir in the mutants decreases and increases its
binding potency, relative to that of the WT, respectively.
The H-bonds were calculated according to the two criteria
that (1) the proton donor (D) and acceptor (A) distance is
<3.5 A and (2) the D-H..A angle is >120°. The results are
shown in Fig. 2, whereas the descriptions are given in
Table S1 of the supplementary materials. The schematic
views of hydrogen bonds formed between oseltamivir and

Fig. 3 Electrostatic potential of
five different NA strains
complexed with oseltamivir
where negative regions are in
red and positive regions are in
blue: a wild type, b N294S,

¢ H274Y, d E119V and

e R292K. Closeup of
oseltamivir, hydrogen bonds to
its binding residues are
represented by red dashed line

@ Springer

its binding residues extracted from the simulations were
given in Fig. 3.

Lower oseltamivir binding-free energies to the probable
HINI1-2009 mutants were observed in terms of the
H-bonds, AU®® and AUY®W energies relative to the WT,
depending on where the mutation is located. As expected,
the ES effect of single mutation at the framework residues
(H274Y and N294S) is drastically less than that at the
direct-binding residues (E119V and R292K), which leads
to the AUES reduction being in the range of c.a. 10-11 and
24-25 kcal mol ™", respectively (Table 1a).

For the HIN1 WT, the strong oseltamivir-NA interac-
tions were found via five, three and one H-bonds (>=75%)
with the -COO~, -NH;* and -NHAc moieties, respec-
tively (Figs. 2a, 3a). In the two framework region muta-
tions, it can be seen that the -COO™ group of oseltamivir
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Table 2 MD/LIE binding-free energies (AGy;g) of oseltamivir towards the 2009-HIN! influenza neuraminidases [A/California/04/
2009(HIND)] for the wild type (WT) and the probable single mutations: N294S, H274Y, E119V and R292K

NA strain AGina (kcal mol™")
WT N294S H274Y ElI9V R292K
Predictive
A/California/04/2009(HIN1) —12.8 £ 09 —10.4 £ 09 -98+ 1.0 -93+08 -7.7 +£0.7
Experimental®
A/WSN/33 (HIN1)® —12.1 -93 ~-8.5 - -
A/Puerto Rico/8/34 (HINI1)® —~11.4 —8.8 -8.1 - -
A/Vietnam/1203/04 (HINI)® —13.0 —11.2 —8.6 - -
AfVietnam/1203/04 (HSNI)Cl —13.1 —10.5 -9.8 - -
A/Sydney/5/97 (H3N2)® —12.8 -83 - 86 -13
A/Wuhan/359/95 (H3N2)® —124 - - —9.1 —6.2

Means and standard deviations are derived from four separate 5-ns simulations

The experimental AGyna for different strains of N1 and N2, converted from the Kj inhibitory and ICsq values, are also given for comparison
" AGexperiment Was calculated from the experimental data using the following references: (b) Abed et al. 2008, (c) Yen et al. 2007, (d) Collins

et al. 2008 and (e) Yen et al. 2005

has almost lost the H-bonds with R118 (see Figs. 2b, 3b for
N294S; Figs. 2¢, 3c for H274Y) in correspondence with
the AUES(—COO™) reduction of 11.3 kcal mol™! in H274Y
and 8.3 kcal mol™! in N294S (Table la). As expected
(Table 1b), the decreased AUtV (oseltamivir) of
2.5 keal mol™" by N294S and of 3.4 kcal mol~! by H274Y
were mainly contributed from the loss of vdW interactions
at the bulky OCHEt, group (~ 1.5 kcal mol™!). Previous
theoretical studies on the influenza NA mutants have
already explained how the H274Y mutation confers osel-
tamivir resistance by a meaningful change of E276’s
sidechain conformation with a consequent effect upon the
shape and size of the hydrophobic pocket for the -OCHEt,
moiety (Malaisree et al. 2009; Rungrotmongkol et al.
2009a, b; Wang and Zheng 2009) while E276 in the N294S
mutant acted as the center of H-bond network between
R224 and S294 (Rungrotmongkol et al. 2009a, b) similar to
that found in the crystal structure of the oseltamivir-resis-
tant HSN1 N294S variant (Collins et al. 2008).

With a relatively high reduction in the ES contribution
to oseltamivir in the mutations at the binding residues
(E119V and R292K, Table la), the mutated residues V119
and K292 showed a complete loss of H-bond interactions
with the —NH;* and —COO™ moieties of oseltamivir
(Figs. 2d, 3d for E119V; Figs. 2e, 3e for R292K), sup-
ported by an increase in the AUES(-NH3 %) by 11.1 keal -
mol~! and in the AUES(—COO_) by 14.1 kcal mol™!. In
addition, only one H-bond with D151 in the E119V mutant
was maintained, while lower H-bond strengths in the
R292K mutant were observed at R118, E119 and DI151.
Moreover, a reduced vdW interaction of 3.2 kcal mol ™!
was found at the ~OCHEt,; group in the R292K mutant

because the side chain of K292 (Fig. 3e) is smaller and
shorter than that of R292 (Fig. 3a). The results of the
R292K mutation were somewhat comparable to the com-
putational study of the sialic acid analogs binding to the
R292K mutated NA subtype N9 (Chachra and Rizzo 2008).

Prediction of inhibitory activity against the HIN1
mutated strains

Based on the MD/LIE approach, the binding affinities of
oseltamivir towards different mutant models of the 2009-
HINI influenza {A/California/04/2009(HIN1)], according
to Eq. 1, were predicted and are summarized in Table 2.
As expected, oseltamivir’'s binding-free energy against
the WT is the most favorable one at —12.8 kcal mol™".
Only moderate binding-free energy values were found for
the N294S, H274Y and E119V mutated strains, in
which the corresponding AGyiq of —10.4, —9.8 and
—9.3 kcal mol™", respectively. The lowest favorable
binding of oseltamivir is found in the R292K mutant with
a predicted AGy;q of —7.7 keal mol™!. All the calculated
binding-free energies were found to fall within the ranges
of those experimentally determined for various WT and
mutant strains of the other influenza N1 and N2 subtypes
(Table 2) (Abed et al. 2008; Boivin and Goyette 2002;
Collins et al. 2008; Mishin et al. 2005; Ziircher et al.
2006).

Taking all the above data into consideration, it seems
likely that oseltamivir will be significantly less potent an
inhibitor for all the modeled mutants of the 2009-HIN1
strains, with the ranked order of: R292K < El119V <
H274Y < N294S.
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Conclusions

In the present study, multi-MD simulations in conjunction
with the LIE method was performed on oseltamivir—-NA-
bound complexes for the four probable NA mutants of
influenza A (HIN1-2009): two mutations on the framework
residues (N294S and H274Y) and the two others on the
direct-binding residues (E1 19V and R292K) of oseltamivir.
Reduction in the oseltamivir-enzyme interaction energies,
particularly in the ES term, and in the hydrogen bonding
were both observed in the two mutated systems with sub-
stitution on the direct-binding residues, E119V and R292K.

Based on the MD/LIE approach, the inhibitory poten-
cies of oseltamivir towards the WT and mutants were
predicted in accordance with their derived binding-free
energies (AGping) With: WT (—12.3 kcal mol™") > N294S
(104 keal mol™") > H274Y (—9.8 kcal mol™!) > E119 V
(9.3 kcal mol™") > R292 K (—7.7 kcal mol™").  This
means that oseltamivir (which, to date, effectively inhibits
the current HIN1-2009 wild-type strain) is less effective
in protection and/or treatment of patients with these prob-
able mutants, and especially with the R292K variant.
Therefore, surveillance of any mutations in the influenza A
(HINI1-2009) needs to be closely watched, and prompt
action taken for preparation for the next pandemic of
potentially higher oseltamivir-resistant HIN1 influenza
strains. This calls for the urgent development of new potent
anti-influenza agents against both native and mutants forms
of HIN1-2009.
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