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Abstract

hERG F ¥ 3 ) UIZ DA O H I B\ T TEREIR X VISV B TH 5, ZD—/5T, BIEEBUG T E2RALEY
MZDRINVEZRAELTCLES TEMMEERS>TED, ZOMINROENT VS, AWIFETIE, HEHELTH
=W Astemizole DI FMEZIH S MICT 2728, 7 T A B TUEME 2 W 72 R F#ATIC & > T hERG-Astemizole 17
ROV G ZPVE LTz, ZLTHELNIMEX D, HHEFSIDERMET V2 —DOE FICHE L TH Y U LOHERXE

TBDTANZALCDNTIHLEN LR o T2,

1. FL&IC

AN R T ZHEEEZRETHY, T U, mE,
M, OIKICHTd 2 EDNETF 5N, FTELIEEIED
1 DTHBPAERIE, HREPOIEHDET BHEDBRZ
IEREEZ D, PIAEIRSEE, Hie AXIVEK HivI)
T, MG, PUEME, BEERE, RO
RIMTDRA TDFMZRT T ENDHo TS [1], R
BIRIC ST 2T & LT, BAMREEDOA AV F v %
IWINGHEED 2 ISTENHL N E RS> TWVWAA, human
ether-a-go-go related gene (hERG) F v )V DPFHZEX, ~
EIROFNE LTREHEEDEHNEDICE> TV [2]
hERG (FEBMARENE AV T LF ¥ )V TH D, M
DRI DFEREIC BV TIER IC EE SRR H 2D (3], H
DK TOMREE X SN TEYD, DIEOMENICK T S
THEENOIEARGAS (o) ICHG5LTWa, The
Z, FEHNC X% hERG F¥ x)VD 70y 71X, fHoMEE
54, HEOU XLEZRL, R LTrY Y QT fERE
R, MY —RFRT ko FBGEEDABIRTEIEN
EBMNB T EITIR B,

Astemizole [Z R & <HIS 7z hkERG FHEHID 1 DT
HBo LET LIVF—MRROEFEEE U TORE ORI 2
HABFLU EHE N TV, SEE & IRRBEROH 5 A5
AR, KEAEMERNR (FDA) HFEE L RIVERIICE
T2LR— 22T, TEISHBUT: 4], Biff FDA
T, BEEMDFEFD QT MIFFIEED Y X7 25l 5 728,
I AT DA IS % U C hERG F v 2 LA FH 7 Hif i
IREEBEMN ST A M9 5 K9 HEEHICER L TWD, 70k
TR, A2V a0 FEEMBLT, Bats
YID hERG I K9 2 s M2k g 2ilA DD 5N T
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Bh, WIHHRNET Ta—FThH3 LIEWV ARV DOHNE
RTHB, FERD 1 DL LT, hERG F ¥ IVHEE LT
LB ED K 5 Il AH THRERIAE T 200, DD
FENC K BBHEA = X LICEHT B IEHRORNENET SN
%, T TRDENBZIEFRD—DH, BHEHFEL hERG F+
FIVOEEREETH S, UL LahS, hERG F v %IV
DREIERNT I HE S EDIERICE L, 1998 FEITIRAID A )
U LF v OVEREDBA S M TN [5], MURBEERA £ F v ¢
JUREE DS T N TV HICBWTE, hERG ICBIL T,
FADEFERT R THEEDME DD - 72,

2017 4F, DWW IZ Roderick MacKinnon 5 @D %7 )L — 7 H,
754 FEFEME (Cryo-EM) % W2 Hric & 9
hERG F ¥ X)LV 3.8 A DRRETIRE L= [6], T
OGNS, hERG F ¥ IV DEEARM I HEREIC DWW THEE
ICHIHEN A Z & ka5l LA LAEDNSHEDHT
X, HHEODRAESS, hERG 79 DR DIUENRFRME (C4)
DOREMN S, hERG ICHSEE U7z BHEAI O BEAZ AU IH S
KENTWiEh >, TDRe, LA SRAEEYIN
hERG F ¥ FIVICHEE L, ZTOWRERINET 20 Ah=
ALICBIL TR, REAHARREE LR ->T05, ZC
TAWFZETIE, hERG DBHEA|TH % astemizole & hERG
L OEEEEZE L, FHNC K% hERG BHFE D777 A
A= ALDRIAZS 2T L2 HE L, hERG DRIERRSE
ICEF Lz,

2. hERG (Astemizole free) @ Cryo-EM f#th

fiE AT 7 — 2 OB 8 T3 )L S — Ik Ba i 25 RS o
175 3t R EE - WE AW Talos Arctica (BB FIEHEMHIHEE LT
Falcon 3EC) ZHHW7z, ZUL T, Cryo-EM IV 7 b
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Figure 1 (A) Cryo-EM density map of astemizole-free hERG. (B)
Ribbon representation of the hERG core region and voltage
sensor domain (or transmembrane domain) in the same
orientation and colors as the density map in A. (C) Cryo-EM
density map of astemizole-bound hERG. (D) Superposition
of the transmembrane domains of astemizole-bound hERG
(colored) and astemizole-free hERG structures determined
in this study (gray). The two structures were aligned using
all four subunits. Only two opposing subunits are shown for
clarity.

7 EPUIR KB HEIT—2WEICK > T, GFlFT 1,49
WOB TG HIE L, BEIITIE 173,770 O R 10 {4
M5 3.9 A DRIRIREER & D = RITEE v T O FHERR

WP LTz (Fig. 1A)s A1V T LA 4 > Okic Bl 5 LT
% core region Tl 3.6 A & HLIRIY W RBEZ /R LT
7e—J5C, core region Z 73 T OHLE LIZREIC, 791K
Uil 372 % PAS domain 7% E V3 e AT 0 FREEDY 5 A FEZICHY
FoTWiele®, ETIVOMFIIIRELR R A A > (core
region, voltage sensor domain) DEEEX v TDOREEH L
7z (Fig. 1B)o hERG 73 FORNIICHZ# 9 &, core region
0)/]’%/%%% £ 105 selectivity filter NI BT, BRIE
BES Y T2 DRI E NI (Fig 5A). AW TIETA
(ﬁl#ﬁ“ﬁbfﬁ?? W T ONBENS AV T LA A& UTHR
U7zo ETIUREEEL 72 hERG 73 FICB U T Z RS
&, AT L [AIARIC, selectivity filter DE N IC 4 DD
WEKTER 7y S REEDFEAE LTz [6]e E 7z sensor domain
IKBOTE, T7IVFZ oY vy b FEMETRED,
AR Z N7 RRE TR L T D, FefTifgt & A kk
hERG 7 1 )VOENAKIFIEZ T G & 75> T,

3. hERG (Astemizole bound) @ Cryo-EM f##R

2T A A EEMBIAATIC X > T hERG HAD RIS
IS Uz 728, LURFOT-1£ T hERG & astemizole
EDEEHRBEDOISED S Uiz, HEKORE ke
L Cl&, H#%D hERG X L Tl E D astemizole 7z il
Z, astemizole {24E FDEMFTTIVIEMZT % & TEE
KB TwB, FLTC, TOYYTIIVIEDONTH, hERG
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HAKDfREHT & MRS, Talos Arctica & W 7z HEj 7 — &
HIEIC & > T 1,865 WD E FH#RG 2 IR L, ERAICIE
290,998 X D ki 1 Wi {2 FIWV T, B v 772 HE L
1zo ESILIED 70t X Tl astemizole FEFETE 0D hERG
DT & RIS, C4XFRDHIFIDE & 3D classification
& 3D refinement ZFf7 L, BARDMREE3S A DY Tk
T 5 T LIk L7z (Fig. 1C, D), Core region O
selectivity filter NFIC 1 astemizole IETFFE R D hERG T%
BEnzEsic, RURITEHETIVOMEZLLIK-> T
WBEEET y TS Nz, THUCBIL TS, hERG H
RICHBIT BEREFRRC, AU T LA VHROEE L
U TR U7z (Fig. 2A),

Selectivity filter D | 5 IC I, astemizole JF 7# /£ N D
hERG W HHUG L7z~ v T TIRBISR S Nish > e REO
BE< Y THFEEL TV, THIC, TORESY Tk
selectivity filter 18 FDZEM D Bz 59, HHICHEET S
hERG FREEIYZRBUKIER T v b2 65 K S ITHFEL T
B0 (Fig. 20), FATHIEDNEERN, AWFPEAN TG L7
SR LD K D, TORFOEE v TH astemizole
WKHKTZEDEHWI LTz, LA LAEAD, astemizole &
EZBNZEES Y L, C4XMFRON I FE x> THFEE
LTWziz, TO astemizole & EbNE <y TDIRIR (H
BWVIEY A X)) A, hERG 53§ N T astemizole DEN N T
WAREIRREZ KL TH 59, C4 MFRD RS 2R
LTU‘ Wb ol T T, BES Y T EXFRMEIC

BB R J28, C4 XIRROFIKI 2 B E fif A (LR 72
Eﬁa,%%%k@mmmﬁ®ﬁ¥¥@ﬁasjA®
SIRRET C1 CRIFREDHIIME L) &g~ v 72157 (Fig.
3C, D)o WERL IR VST HEET IVCDWT, % chain 2
g9 % &, ZNZEND chain TREREWNIZMEFHLIL
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Figure 2 (A) Close-up view of the selectivity filter of astemizole-bound
hERG indicated by the red square in Fig. 1C with the density
map of the astemizole-bound hERG. Only two opposing
subunits are shown for clarity. A dotted line shows the
symmetry axis. (B) Cross-section views from the intracellular
side, as indicated by the black square in A. (C) Close-up
view of the selectivity filter of the astemizole-bound hERG
with the differential maps. (D) Cross-section views from the
intracellular side as indicated by the black square in C.
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Figure 3 (A) Schematic diagram of the pharmacophore for QT-
prolonging drugs. (B) Chemical structures of astemizole.
Fluorobenzene, benzimidazole, anisole, and 4-aminopiperidine
in the pink circles are pharmacophoric points. (C, D) Close-
up views of the astemizole (magenta) binding site in the
astemizole-bound hERG C1 structure. The density map
(C) and the differential map (D) as well as the orientation,
magnification, and depth, are the same as in the figures 2B
and 2D.

TetiEze &> Tz, e TR ZE7E, & chain
7Y 90° " DIEHA L7 AL BIRICH D, hERG 7% C4 X
D31 Tdh2 T &M, WNEEDRKIZRO TIN5
B TRE N,

ClEE= v SIBNTE, selectivity filter [H NI Id X >/
IRTEETIVHEREZ 55 TV AREIDEE v T HETHI
Eh, THICCAxFEOY Yy FEFRED, IERFRNEE
IRTEHEL TV (Fig. 3C, D)o ZFL T, T astemizole
FTOREEMEICKH D X, astemizole Z1Z UH & LTz
hERG FHEANC X B, F ¥ FIVERERHF D X A= X LD
WT, LFDEIICEEK LU, (1) Astemizole lX, hERG
F % )V D selectivity filter [E FICIF(ET B BUKMER T v b
IKIEERDRATLSICHAL, EDOXIICT 4V E—DI
TFN TV B, Selectivity filter (X1 4 ik REZH - T
WA, 1T LA F 2 Dffikld astemizole DIFIEIC K
oS TP DA ENICHE NS, ) 742D
selectivity filter Z3#i89 2 BICIE, A > ORKADLE
TH Y [5], hERG F ¥ X IUTIEWTIE, selectivity filter 0D
A BIFLICALIE S B S624 FRIEMN A1V 7 LA F > DK
FNCEHFG L TW5B, # LT astemizole DS ANIEZ E I
ANTZFR, T D S624 1S astemizole A E/EHZHi> TH O,
ZORERA VT LA F 2 DFKFNCABERERENSE NS
HIcIxb, ZDiz8, hERGILWICT 72 A LTV 7 L
AF VEBOKFIRBEICE S T E N TE T, kM HEI N
% (3) —75 T astemizole i3, #i31C & > T hERG F v *
IWVORGEZ L ZFHE L THEY, XA FIvrixkaryrx
A= ayEC K A7 A7)y 7 EAFEEHIER - T
WAV, AIFEORRE O FREEINE NS DBFICE >
T, hERG F ¥ 3 )VICTEA U 7z astemizole (& 1 A >/ ik 7z
fHEL TV EEZ BN,
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4. HEITNhB astemizole DIFEAAH=ZX L

hERG DA # > F ¥ 3)UIEEZBLE L, Long QT JEMREF
ZlERITEINTVEHEAFICEZ T 7—~aT7 1Y
w7 IR E LT, AREHEKICHRT %3 DDHEEN
D (Cu € C) &, ZN5DOEBEHLOE SITHRIC
fiiE L CWAERANGERRT N) DMEET LS
TH Y [7], astemizole 77 7D H, C) C, Cp BXT
N A% 11 Z 1 Fluorobenzene, Benzimidazole, Anisole, 5
X U 4-Aminopiperidene IZxf 5 L TV 5% (Fig. 3B). F 7z,
hERG F v )V DZFUASRITIC K > T, FWTHd % &2
PR, £ F v FIVERICEEEZ 525, WDhD
72 EBEREDEIE SN TIE O [8], HTE core region IC
HET % Y652 1%, 2 DY EDREFICHG L TWSH
DS EESTWS, & DD Y652 [IFHD T FHERD K
D B/ TE, astemizole ZF 5% < O hERG F+ %)L 71
W H—EDIEETARAIREENT VS, Astemizole T#7E
D hERG 73 F DX v T, astemizole IFTF(E N hERG
D=y T L5 T ETHERR U differential map T,
Y652 BED HHFER I K E IR REI O v THBISE N
TWd, TORFIE, Y652 AT 2HE< Y TH,
Y652 BRIEDIISHAD A TIEFHTE RN L ZEKRLTEH
D, astemizole & Y652 M n-n & % W& n- 1 F A4 VHHEAE
RAzH>T\WaZ 2Rl TW\5, £ LU TAWETIE,
FATHRTHE SN TV R HFEL, TNHOEBRT—2H
5, BES Y TOREESVPIRICEDINT, Y652 5L
astemizole % n-n fHANEHZN L THAGLTWE D TET
Ve REER U7z (Fig. 3C, D)o

Astemizole 77 F D Gk X & LTE, Clcdbid
Fluorobenzene 7%, selectivity filter [E |/ 5 i U % Bl 7K P
RT v MITE X DIAR, C I DH T % Benzimidazole 13,
Y652 OFMIESMINICNIE U nn HEMER 2B, NIcH iz
% 4-Aminopiperidene I3 selectivity filter [5 | 0 77 1~ H1 9 1C
FIET 2B LR > T WD, 77—XIAT 47 GlILHz
% Anisole l¥, ET IV ZMETZ2HDZ%EME LT T
IRFRIKY hERG 43 TSR E N T e DD, ET )LD
MFICH Wz Cl Yy TNTIE, N & C,OfEZRTH
JED T TF Vg o Tziz8, ShldnTET IV 5ER
WTW3, ET VR E NIz hERG 7 T OMEIC BV T
astemizole & —EHEEANICiE T 2HHE 2R LTz (Fig 4).
Astemizole ZHU D FI A CWAREZ H 5 &, WiH )L <
BUKMHBEERZERK L TWSEHEDNDMN S (chain A D
Y652, chain B @ Y652, chain C O T623, V625, F656,
chain D @D S624, G648, S649, Y652 /Y astemizole & Bf
IKEMEER ZRD), Zofl, FEMEEo L LTI,
astemizole ¢ Benzimidazole @ 75 7 ER /%, Y652 (chain C)
DEFERETATCERSD X DI 4 A DMBEIIFHEL TN
C &, Benzimidazole DZEZJE 1h3 chain C D S624 £ 2.9 A
DEFEEICAEL TWE I ENEFENE, TIHE, 7
77— 37 % 7 D C, TdH % Benzimidazole &, hERG D
chain C WFFD Y652 58 & D n-n #HEAFH, FHKT S624
EDIRFFEGEZTER L TS REENIEFICE N EE X
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Figure 4 Orthogonal views of the key involved in astemizole binding. The hydrogen bond and n-7 interaction are shown as dashed lines.
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Figure 5 Close-up views of the selectivity filter of astemizole-free (A) and astemizole-bound (B) hERG, K+, and astemizole with the density map of
the astemizole-free (A) and astemizole-bound (B) hERG. Dashed lines show interactions between K+ and oxygen atoms in the selectivity

filters. Only two opposing subunits are shown for clarity.

5 N %, Fluorobenzene (Cy) &, hERG 73 F D selectivity
filter [EL FDZEMN ST %, hERG F ¥ VKT OBUKIE
R b B2 X SICFELTED, 4-Aminopiperidene
(N) 1 selectivity filter (5 N D72 & &b T 7z, REIC,
4-Aminopiperidene 1, selectivity filter 7 K NI A 5 %€ <
HZELTOBREZHRTZL TS EEZ 5N, hERG F v
IVOBSHERAFH D F 7 2 WENZH-> TV B LD L HEAIT 5 T
EMNTES, LLENSIHS M E K5z astemizole & hERG
STOMBEERR, ZNENOEREEREL T I /IO
EMRMN S, astemizole (& 4 DD S XA T OMENEH
(BB, m-n SHEVER, KERSS, SUKMEMHEER)
74t LC, hERG F ¥ )LD selectivity filter [E N T LA >
TWA7 I /MR L a2 7 b L, 5RENC hERG F v
FIVERBTHEDEMINT 5 LM TE S,

5. AUITLAFEEY A oW T
hERG F ¥ )V D selectivity filter ICTETES 5 4 DDAV
LA K UEEEEAL (S1, S2, S3BXU S 1F, KvF
Y XINVDRESTH) T LT ¥ XV TEEIREFEINT
% [9], AWIFE T, astemizole JETEAE RO hERG HifAD
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EE<y TICBVT, S2, S3YA MTAVT LAV E
Bonz®mEg~y 728l Lz (Fig 5A). TNENOE
JERET 2 &, 2V A MSIEHET B DONK DRy
TJFIVERALTED, HEEEICHEGLT0hE80LE
ZbN%, —/T, SI & S4¥ A FTIEEES Y TI3HI%
ENeh o Tz, Selectivity filter N CXITE 9 % chain 0D B
2B L, EERINCAATIIE THE SN2 DX D KEL
o TED, F627 DAIVRZVEBREB DKL 8.2 A &%
> TWiz,

Astemizole T£1E RO hERG X D 155N ES v T
WX, selectivity filter N S2, S3, S4 A FThHU Y
LAFUERDEE <y THBIE N7z (Fig. 5B)s S1 Y
A N ERERRT % F627 D 77V R =)V 2 M o 7 1~ BH B 1%
chain A & chain C £ T 8.7A, chainB & chainD T% 8.7 A
T®H D, hERG HADKEE L [AERIC, ST YA MIxtd 5

HV Y LA F VOB NE D EHERENS, ZLT
SI U A MIEES Y THBIRINGZVHEEZZFFL T
bLEZOLNS, Tz, astemizole JEFELE FD hERG & D
BENELT, 4V A MBUI2BEDERNAZET NS,
THBHICE LTI, selectivity filter (5 | @ astemizole D1+
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TEDS, S4 ¥ A KA LicA A v OTRMEZ I TV 5%
WKEKBEEZLND, ZLTINSDOFEHIZ, [Astemizole
MHEET % T LT K o T selectivity filter ICED TN, HHiH
& LTA A Vi ik ENICEET 5] &S, ik
DR8I d AR TH 5 LB BbNn s,

6. WU

AWIFETIX, hERG F ¥ FIVOHEFIMNED L 5 7 A A
Z XL ThERG IZHEE L, A4 VEikZzHEd % Dhic
DWTRIAT %728, RENEIAERITH S astemizole &
hERG & DG HMEEZ, 75 A 4B FHEMETZ V-
R FREFTIC K > THE LTz, B5 NI rikfiE kD, @
EDMRZWMFRIC K > TTFHMITENEZL L E, Kl
AR ENT T o 72 hERG [HEF O EY A -
=, MARTHDTRT T EMNTEN, F 7 hERG HNEBD
astemizole BC[M]*®, astemizole JE T E T B8 L DY
BH S TRELRASEA]D hERG ICHES L, Z ORERERRH
FHLTLESDON? ] LVSHWICHLTE, BEHEICGHES
WAL ToONTZEEZ D, — /T, BINOWMGED LR
FHEZHIEEIN TS, HIZIX, #EEY A SABHEHIN
772 AT % 12 DORREER, hERG DM RS ML
T B AN ALEARRICHERFHDFEET, bzl
EMICT % T EWEST4D hERG WD S 5, 91
ARWFFDORRD, EEMLOBETH, [BhE, OVWTIEEE
DL RD, —iHTEHS TENTEZDTHNUEFEWVT
b5,

g
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