Molecular Genetic Analysis of Long-QT Syndrome
with Mutations in HERG
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HERG BIZ AR M) EERM QT IERERER O 5 &R FRATF

SRKFEFMELPABEE WM (B BY L5
# o=

QT HE & {5 B (long-QT syndrome, LQTS) &, L EM EQTHEOER %0, SHMELEHHCLEME L DL
PEREIRICE DRk IE s & T.LRETH L. EREQTIEREENT, FHREMEEREETERMBELEL LV
Romano-Ward fEfETE &, % deta A S MBS THRR MR % tF 5 Jervell, Lange-Nielsen EfEHE & (IS s N 5. RiZOSTE
EEMEAT L ), OBOBMERENKF v A LOY 7Ly b % 3 — ¥ 5 KVLQTL, HERG, KCNEL KCNE2 &, 50
FMEFEMENaF ¥ AV OF T2y M I— N5 SCNSADBILTEEMIEKEE SN, BEHQTERERBENCRNTH 5
LHEISNTVWS. KIfETIE, QTEREFRHBECBWIHERGRETER*FAEL, EETFTERIILIBH YT LF v i
WMBEEREIZOWT, T7UA Y ATIVIPRHRERRALHCCERERETOERSEL I L. HEFORMOMER L
haSEEL 7255 FDNA%E BT, HERGEZFOIREBEIR L R 7 HIBICBWT TS 4 v —%i&E L, PCRIZL ) DNAWH
% B8 X ¢ T PCR—A§{ R k£ B! (PCR-single strand conformational polymorphism) i3 & V315 25005 e i (direct
sequence) FHVTHEETEREORAEZTo/2. 5612, PCRHIMREBZYW £ B (PCR-restriction fragment length
polymorphism) %2 & N BIEFEREMA L., SNBEEEREREAEEHVWT, ZREADNA, E5IZcRNAZ &L,
ABLZRNAZ 7 7)Y AA TV O EHIIZEANL, SIEMMRICRE L RERZ 2RK0BHE v/ B EEE TR
L, BEEBSEWIZME L.

FRIRIOIZ B0 & N7z QTIERSEFERE 106 EFI OB DR, 1RKR3ZIZBWT, HERGEZTS4HEEUFERNT I /KT
WF¥FZ % I—F$2IFVCCCHVATA & I—FT53 Ny TGCEHBLT 525 R Argh34Cys w1t L7z, #BET%
BERO3ANELQTHREAOAELREREZRY, BERMNICLQISEZ X b, BRAEENBH OME, Arg534Cys L
IYHERG B & 2%+ 5 & L DIZHERG F v A VO BEMAL ZRE STz /2, JIo 1 RAR3EBICHB T, HERG
BIEFS5-86Y ¥ H—NS6EEDETHERDT I /JBETHHITNVY I VEEa - FT5aFNGAGH ) V(a0 —-F4 40
FYAAG~EBLT 2 ERGlu637Lys M L7z, ZOERIE, ThFTIL#HENLEL, HERTho. BRIETEREYR
B3N L QTRMOAELRERE* 0, BKNIZLQTS L E X bz, BRAMHENRE OFE, Glus37Lys ZH @AY
[RE% &72L, HERGEREEH L <Ml L 7.

Key words long QT syndrome, human ether-a-go-go-related gene, potassium channel, gene
mutation, dominant negative suppression

QT ERIEMERE (long QT syndrome, LQTS) &, hEE-LER LR BRVMEN T 2 72D (BN 542 & O B4
L QTHMOER %D, 0= HIH (torsade de pointes, BENLELENLLTHHEFENBEENL T, 20
TdP)R L BB 2 EDLBEHREIRIC X D R eiEsr 5 72 “sympathetic imbalance” BEZHOMEME U T, ZEERRYIZA IR
TLRETH B, WEREI A BRI T Y 2128 ) QT DR AT

LQTSE, WA #EEL kM CHEE N E . EENH HHENEZEY, LERERMES 72 v 72 2 KR LQTSD
QTIERFERE, FHOFEERETREREREL DLV HREIIEMTHEIE™RENHITLNRTE, ZhiadL,
Romano-Ward EBERE? &, BB A& (E TRR MM % 1980 FEMRMARE LY, LM 4 v Fr R VORFIZL - “C-F@
9 Jervell, Lange-Nielsen fEERE? L2 &5, —F, X THEEF LS INIETEHRNERBFRBENL LI
T QTIEREMRARL L, FHY GIAKHRIE, [MEME, HiEE, 7z. 19914E, Keating 5 ®ix Romano-Ward JE & #E 0 & (5 f;‘i',“;'
Pl 2% I VERE), ®IR, ERERYE, NLEEELR LI IZoWTHEE L, #11F 0 A0 15.5 1o Harvey ras-1:#{z
&) QTHMOEHLEE L TIP2 VA B TEBRETH 5. FOEEDDNA~Y — 7 — L BT 2 LQTSE A % /T)J&’)’C"Fl’ &

BEEQTIERERBEOBE L LT, DTk LTk L7z, COBIETHEE, ZOBESOICL TS HICERIC

PR 12411 A 27 B4, FRi124 128 25 HSH
Abbreviations | APD, action potential duration; Arg, arginine; Cys, Cysteine; dd, dideoxy; Glu, glutamic a01d
HERG, human ether-a-go-gorelated gene; IKr, rapidly activating delayed rectifier potassium current; LQTS, long-QT
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O—=r 7 &N, 1996E.LHMEA 4y FryRvof 7y
2O FT2EETTHIERESNTLQTLI L HEI NS
LTk o7z BIEE TIZ, Romano-Ward BRI L T

LQT1 (et ik 11pl5.5, KVLQTI), LQT2 (7q35-36, HERG,
(human ether-a-go-go-related gene) ] ', LQT3 (3q21-24,
SCN54) , LQT4 (4q25-27) ¥, LQT5 (21q22.1-22.2, KCNEID) *,
LQT6 (21q22.1-22.2, KCNE2) “ 6%, Z 7-Jervell, Lange-
Nielsen SEBEREIZH L Tk, JLN1 (Jefafk 11p15.5, KVLQTI) 7,
JLN2 (21q22.1-22.2, KCNE1) WO 2flHmE SN TV 5,
KVLQT1, HERG, KCNE1, KCNE21%, i O BMEHFHKF v
INOHTIZy b EI-FTARETFTHS. KVLQTLH «
7=y MT, B 47“7‘1: v b Cdh B KCNEL &L &L Tils
FOREERKEROE VKD TH B Ik, (slowly activating
delayed rectifier potassium current) T 5. FHEEIZ, o ¥
7=y hTHBEHERGIE g7 2=y N CHBHKCNE2 & &
ELTLHBOBRERKERDECESTH L L EIEETS.
—J7SCNSAlE, OB ERKAFMENaF ¥ 2L OHTL=y b
- FTAMETFTHE. 4142 Fr 2 VBEEFIIBTLE
ROYEBRIZED L) GREREL L6 L T30 2 RET
B, BRFYANVET7)HY ATV OGRHIEIZFER
BETAF Yy F Y ANERTERNEL, €OBRERITIMTH
iz, TOKR, LQTSTIHE, BAKFHKT v AL ORERE
FHL% (loss of function; LQTL, LQT2, LQTS, LQTE) 12 & % 4L
EEEOML, HBHVIENaF v A VORISR Y (gain of
function; LQT3) 2 & 5 A & B OB & U L AREEIE A F
BREEEAERE L, QTRMAEEYT 2 2 & AHEH S /.

LQTS D B{ZFMirHtelzon T, LEX ELOTEOEE
WY MIBEEDFRD?, HILVITRFOTFHRYIRETH
WEWRLD Lo BETRILERBEOME, 62134
EFRNS L D B R EHEESR R L 2 LARED 22 ﬂf:. L
1o T, 4 OBETERIIBIT 5 EREFEO T 5
BEREOMEIEH L Lo Twh. I TERFETIE, Ik/«
Db DR QTEREREEEIZ DWW T HERGBIEFERD
BWEXITV, 200HMH 2% ﬁ%ﬂlw‘ﬁ L7z, &5i2%hs

DEROBEA NSNS L RN Iz > TR L
7z,

HWERELUHE

[. %

MEIE, BN EQTCHH O B4R (B1k450 3L
b, leth460 I )LL) S SN EE 1062 TH S, QTe
BEfE, 12E.LEBEXNCIHL VI VFEIIBWTQTHRH %
#ll5E L, BazettdUiZ & 0 LIASHHE L 7o BIEQTIEM & L7z,
% 7=, Schwartz ™12 & 5 LQTSOZMEEEIZE - CTLQT A D
TEEH L NS ERRBET S 1o LQTS B # % HERG #1{x
FEROME - FlE L 200D LQTS DERRMHEIZ 2V T,
EHIZT 7)) H Y AA VMK EERE 2 EREET
DB ICDOVTHRE ORISR L L.

. 5
1. &% T-DNAHHH

WREEFDSMAEIES > TFo2BiHIc o HEE2 B
%\XW%WMHMM%Em%ﬂ%%mﬁ@MthﬁﬂL

CITHE, -20CITTRE L7z, Z oL BRI TH
fﬂlf&Trxton X100 B AL TR FDNAZ BB L 72 %
HH B (320 mM ¥ = BB, 1% Triton X-100, 5 mM MgCl,,
10 mM Tris-HCl, pH 7.6) {2 THRMERZ S 84, E iz &b
W LTHMkEfED. ThESeF7—+¥ (Sigma, St
Louis, USA) {2 T¥fb#k, 7o/ —b-yuuakis Q1D T
1H, HEWTIZUIHFV LA VT INTLI=N 241 1) 12
T2EAM L, BificTy ) —Likic X ) DNAZSEEL 72,
Z 9 LT B 172 DNA % Tris EDTAARE K (10 mM Tris-HCI,
1 mM EDTA-2Na, pH 8.0) (2D E 260 nm (238115 KR
P MEUR' 3% 3 EOVAN

2. PCR

Curran 5 "0 #itE % 8%, GenBank ) 7 — ¥ RX— A (Z&
ENTWB L b eag BER{ZT (HERG) FHA 6, IREEMHEE

RTEELITZ ) VIOV TI925EHRRENT T 1 v —Fl6
MAEMERLA (@1).

79 4 < — | DNAA B H E 7L ABI381A (Applied
Biosystems, Inc., Foster City, USA) % i\ _—% 7 /) x5
WERART IFA FEPIZTER LK. 7 VB TRIEML
S5 CT—HEHE L7292 T -20CIcHH), AETTHELLTE
1, PR ZEE K Iml 2R L 7 9 4 NAP-5 (Pharmacia-LKB,
Uppsala, Sweden) (2@ LTI Lz, ZO%H2005 /L
2%nmf®%m§i0&§%@ﬁbwﬂM hbd LS IRE
IR

DNAWFH @ B8 1k Saiki & *12 & 5 PCRE® HW 72, B
TDNA1 pg#$5HDNAL LT40 xMOT I 13 —1xv b
EHGBE200 pMOEKFTAFL X2 LA F F(AATP, dCTP,
dGTP, TTP) & 2.5HALDTaqR) 2 7 —+ (Perkin-Elmer-
Cetus, Norwalk, USA) %, 0.01%t T F » & & tefEHw (¥
&A% 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5mM MgCl,) -
MAZ, FREEYAKEIS pleZd L matL, w
LTS ZEDS0 10 IR T VF A L Ejl L CaR%EE
&, 94C 14, #REFNOTIAv—DTm T 14, 74C
L& ERIZEFNREND Yy MEIZHRE LCRESRAFDD &,
3041 ¥ VORI ETF 2 72,

HAE L 72 DNABTH I 1 %OME 07 A a— X7 LI~ -
71— & LT O-X174/Haelll i (L8 (MR, SHE) & HIZikBlL
THi &L 72,

3. PCR 4§ k%8 (PCR-single strand conformational
polymorphism, PCR-SSCP) i

BN B i & L CTris-HCl 54 g, &7 ®275¢g, 0.5 M
EDTA 20 mliZ &K EMZ3LIZ L7 b O & {7 5 X TBE
(Tris-boric acid-EDTA) k@) I #& ik & L ik B AT 1 X D
FEAZATIRL 72,

0.5mM EDTA 2 41, 5NNaOH 10 p 1, WH FAH /K88 1]
FRELLZTLOA)EREREY, PCREWS » LWIT VA UE
W2 plehni42C3%, 95C24 ek, 0CICam L—AH
R, FOIZT, W0%RRIT2IVT I NSV (T

, BH) #HWCTBERER P T4CTD D L 40V, 12168

syndrome; Lys, lysine; PCR-RFLP, PCR-restriction fragment length polymorphism; MBS, modified Barth’ s solution;
PCR-SSCP, PCR-single strand conformational polymorphism; TdP, torsade de pointes; WT, wild-type
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1L 2L 3L 4L 3L 6L
< — 4 <+ <+ <+
7R 8R O9R 10R 11R 12R
Name Position Sequence Name Position Sequence
1L 1147-1166 GACGTGCTGCCTGAGTACAA TR 1446-1426 CACCTCCTCGTTGGCATTGAC
2L 1291-1312  TTCCTGCTGAAGGAGACGGAAG 8R 1527-1503 GTCGAAGGGGATGCCGGCCACCATG
3L 1417-1437  ACCACCTACGTCAATGCCAAC 9R Intron I TACACCACCTGCCTCCTTGCTGA
4L Intron I TGCCCCATCAACGGAATGTGC 10R 1643-1623 GCCGCGCCGTACTCTGAGTAG
5L 1618-1636  GATCGCTACTCAGAGTACG 11R 1758-1736 CAGCCAGCCGATGCGTGAGTCCA
6L 1802-1823©  GCCTGGGCGGCCCCTCCATCAA 12R Intron II GCCCGCCCCTGGGCACACTCA
Fig. 1. Partial genomic structure of HERG and location of PCR primers used in this study. (A) Regions encoding the predicted membrane-

spanning domains (S1-S6) and the pore domain are indicated. The DNA sequences for the intron-exon boundaries are as follows (small
letters indicate intron): intron I, 5-AGGAGgtgggg...ccccagCTGATC-3%;intron 11, 5-TGGCTgtgagt...ccccagCCCTC-3, (B) HERG PCR
primers. All primers are shown in 5’ to 3’ direction. Sense strand oligonucleotides are indicated with an L and antisense oligonucleotides

are indicated with an R.

M TakE L7z,

Yot |2 13 Bio-Rad $i g2 ¥ v I (Bio-Rad Laboratories,
Richmond, USA) # vy, 70 b I —ViZft-> THREREZIT-
72, ThbH10% T 7 —)b, 5%EEEREA 200 mliZT15
SESVOBEER T, B 100 mlic T MER L S €7z,
HEATISAHMEIZ3EARERR 26T ERG G K 2
&, SRYEEEL L 200MRE S/ 20%30MLA
WS LBRERENMZ N FORBREHRLL., »58BEME
N RN o BTG KT L ST TR, 5 %EE
BR100 mlZMA R EL S-SR, 30% %/ — ), 5%H:
MRRATE200 ml #RFFH L L, 304 EREERMICZI NV ZE
L7, AL EELT—R27 4 VARIZARTREL 2.

4. BBLE R ARCS P E & (direct sequencing)

PCRCHIFE L 7-DNAKIH % 1 % O@BFEOT Ha— X7 VIZ
P77 — & LT OX174/Haelll b GEERE, HF) Lk
WZIKENL, Wi EZESRLLET, H9E 32 DNAKTH DN
YREEUHRSEDOELL. w4 0oy {00
>-50 (Amicon) % #LA&&H 8T ZDDNAKH % 10,000 rpm T
105 MR L7z, BEET K2 L 12 ML CHEELL, #
WTALABIIRD R TI94v—, BIUOXZVEF FilkE
LEBIDNAE L7, Zhic¥ S - ¥ —3fx—F%— - HF A7)
=2 R Fv b (Perkin-Elmer)  flnFA4 70—
Y AEETo .

H B L E IR B g s & LU C ABI PRISM TM310 Genetic
Analyzer (Perkin-Elmer) # F\ 27z, i, ¥x ¥ ) -0
BERVBFEE T, BANOALZF— 73—V rar¥E
2. — % — Power Macintosh G3 (Apple Computer, USA) AAKM &
DEEFTA A7 IBMET— % & LTRESRA. BUBKETRIZ
EEETI AT % BBV IZAT, BN R XET -7 B LB
777 LTHALE.

5. PCRHIPREEZELINTZ T (PCRrestriction fragment length
polymorphism, PCR-RFLP) #

BREFIIHRE SN%, EROFEOHERBLTAZ Y —
ST DD EDOHRERE CUMEAAEL S XIS TA
v—-%RE L. —AICEEOTI A%, FOHllICERT
FAv—F M, BELFTEERE L) A TPCRIEIZX
DEREIMICE R ZEA L/ DNAKR 2 HIg L. #0061
TERY MITIFINVFANVOTFTREL Y PCREYZIY H
L, COBFERALIZIS U7z fIPREEE & % o UG P AR R i % 1 2 Bk
DEMBIRE R TICCORBMIG S ¥/, RIGEYOREIZIE
Bio-Rad#ifefa & v b # A\, 7’0 b a—iZhEo THRYLE
oz,

6. BMIAFERMEREALB L U RNAGHL

BREEAT A5 HERG cDNAIZpGH 197 ¥ — D
Bam HI-Eco RIZR 12770 —=y 7 L2 DTHY, Dr
Gail A Robertson (University of Wisconsin-Madison Medical
School, Madison, USA) & 0 fit5- 87z, BREZEAL A8
VIR LAFFTIA~v— %A THARZPCRIEZTTV,
HHOERLY &4 cDNABH 2R L, &5i2h by MERE
WEDTEDTI AT FOMLES LB ERZ Y. HERGER
F534 % H D Arg % Cys~ZE 2 A HEBHIZDOWTIE, 2T
F 4 <— (HGUPP & HG534AS 5 X U'HG534S & HGLOW) (&
1) # vy, #FNFN531bpL440bp D I A7 v F & K2 cDNA
WiH /e L7z, Bl&wTC, 220 PCREW % HGUPP &
HGLOW # I\ CHIE, #Aas872. 970 hp D PCREM %
Eco0651 & Bgl 11\ & y il L, ¥ %8 HERG cDNA®D
EcoO651-Bgl 118847 & & &4 2 7. HERG#{ZF 637%FH D Glu
Lys~ELBZHEEBRBBICOVTE, 1HOTIA v
(HGUPP X HG637AS) (£ 1) # 1T840 bpD I AT v F & ¥
2 cDNAWTH % 6B L7z, 51 % #\v T PCREW & EcoO651 &
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Table 1. Oligonucleotide primers for constructing R534C and E637K HERG mutant

Name Position Sequence

HGUPP 1058-1082 CCAGTGACCGTGAGATCATAGCACC
HGLOW 2049-2028 GAACTCCCGCACCCGCAGCATC

HG534S 1589-1611 TGCGGCTGGTGTGCGTGGCGCGG
HG534AS8 1611-1589 CCGCGCCACGCACACCAGCCGCA
HG637AS 1923-1895 GGAGAAGATCTTCTTTGAGTTGGTGTTGG

The mutated bases are underlined

Bgl Iz & 0l L, ¥ HERG cDNA @ EcoQ651-Bgl 1AL
AR T

PR E L LR cDNA% Not 1% H W CYHF L,
mMESSAGE mMACHINE T7 Kit (Ambion) DT7 R 2 5 —+
EHWTENENDRNAZ AR L.

7. TIUHYATTILTOEARGTORER

1) cRNADT 7 %Y A 7 VIR BRI~ DIEA

T 7Y AFTI (LB EREMBM, FH) £k TIRIRK
B UTFREER & DURBE AN D L T, BarthZ 553 (modified
Barth’s solution, MBS) (87.4 mM NaCl, 1 mM KCl, 2.4 mM
NaHCO;, 10 mM HEPES, 0.82 mM MgSO, - 7H;0, 0.66 mM
NaNO,, 0.74 mM CaCl, - 2H,0 % 10 N NaOH TpH 7.6 IZF%& L
Lo) EBLESRLE. SRty FERWTEEZRIT,
JRFA 2 LE o T &I ) B L 72, IR REHINE (& Dumont 4
OV~ VT, BIYEREHEYBEOBEROMHEZ DR EA
7.

Romano-Ward i &5 (3 Je o R B VBB O LQTS TH
D, —HOBRIETIZIEF I HERG, A IEEREHERG T
HBH. T, WHE HERG HIIo cRNA (0.036 ng/ nl) & % '55
T HERG 380> cRNA (0.036 ng/ n) 12z, & %= Heis
72 cRNA (0.072 ng/ nl) Z8£HIEH (200°C, 20FH) L# T R
BHIE %2 AV CHIRERIIBIZ 50 nl/ 327k A L7z, cRNA#IE
AL 72O % 50 g/ ml= ) ¥ « AL T b= A L
T EATZMBSIZHL, 16 CT3HMEREL /.

BEAEHENT v A

PN ORI &, 2AKDBM & H 72 AN L T
# (Axoclamp 24, Axon Instruments, Foster City, USA) % Ji\ T
HEL. 2AROEM BREREATAIEME BV L WET S
M) 1L, SMKCITHREL, % 0520MQE L7 T A
WNE R (Glass IBBL) (World Precision Instruments, New
Haven, USA) # JlIv 72, YHEIEND 96 #%7#% (96 mM NaCl, 2
mM KCl, 5 mM MgCl,, 0.3 mM CaCl,, 5 mM HEPES # %,
NaOH TpH 76 (ZF L7 ®) 2Tl (18~20 T) T
W L7z, BB 240 mV & ) FEWVIREEHIL O & % v
AN
a2 b= VEHO B EA L7 & V7 2o A
DRKESIE, 04 pALTTY =2 BiEEDLSLd o7z,

7 — ¥ OIER & UfENT I, pCLAMP software (version5.5.1)

& Digi DATA 1200 A/ D converter (Axon Instruments, Foster

City, USA) # W T/ S— v F Vo Ea— 99— ETi-7z. #ll
ESNIRKRBER %, Delta Graph(AARRFT T A F, Br) % H
WTHTORIZRT RV Y < v B —g & &7,

I=1/ {l+exp[(V.+V) / K]}

E637K

Extracellular 1

......

.
SIGICH

XOI01 16101 G

I

Cytoplasm

Fig. 2. Scheme of predicted topology of HERG and locations of
LQTS-associated mutations. HERG consists of 6 putative
transmembrane segments (S1 to S6) and a pore (P) region.
Closed circles indicate the locations of LQT-associated
mutations in this study.

22T, HIIEKRBIKE, Vie31/20KE 2 OERANEE
LENDLDOIZLELRENE, VIZ7TA MNEMEZ, KZAo—7
7777“—7@}/]\3_,

B i

[. HERG &ETFHEHER

LQTS %8 54 10641 (W PE 4061, 2tk 66 %1, 138 QTc Iy
497 ms) (24} L CHERG B{L (i 415~/ #0956, 77
{ < — k4L 10R B & UF6L-12R % v T AT - 72 PCR-SSCP i3 12
BWT, &4 1D x> Ao S AL, o] &k & %

AR o 0 & A RO wE 217> 728 A, HERG ML
rmmmb;oxmou/me%mf ZBWTIZAEY R

mﬁth A (1M2). nirFid 534 & H o Arg, R% Cys, C~

4 Z BN (R534C) T, 1998 4 1toh & ™2 & » THT S 724
REMUTHor -~ J, HEFEILE37HE NG, E% Lys, KiZ
P BER B37TK) T, 4 F TITHEO L L val{s 2 m
Thotz, LUFIZ, FRFND I AL ALROMRMIEY S
& OB AR BRI D W TR T B

I. HERG &=FR534CEENRE
1. BEREOHR
Mﬁ%‘iizss}‘@f%lﬁf, ZIE TISHEAR s A By AR A
HHEEZ QETAD I VDL, FHELER QT M
Zi049 BEEELTW: (M3, 72, ML v FIVEBAN
LB 1914/5 F T RER L, BNEBEOBEEMIC QT
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%@é%&éLEEﬁbt (E4), %8B, BH, MEEHE MEEEZONT
LA IERTHo7. ERUQTEREBEROBWEEN AT 2. HERG E{LTMEHT OfE R
mﬂ&ﬁf,%%ﬂt%igﬂt.%ﬁ%@“%ﬁﬂi% 75 £ <= —4L-10R % FlVT4F» 72 PCRSSCPikIZ B\ T, %
f@é%kﬁﬁtég&ﬁﬁm@&ﬁﬁw%nt(Bmﬁ (L] W, —IIMMERTHAE, BEICBEVTRE L FRIL
L RMOBERED ot B, —IRERERORE s7z (R5A). Bl EHE CEERERSRE I & 5 RIET
BHOLQTS A2 TRFNFNSHEBLV4E TV TR BT EREFEZRELZEDS, BENYIFPFEDONIIANCS
Proband Twin brother Mother Father Elder broder

O L BT ] K1
Al ”' !J |
Lingtn

Fig.3. Electrocardiograms (leads II, ,Vi, Vy, Vi) from the LQTS family members. The proband, his identical twin brother, and his mother
had QTc intervals of 0.49, 0.51 and 0.47 sec, respectively. The QTc intervals of the father and elder brother of the proband were within
normal limits. Scale bars are illustrated in electrocardiograms.

Before exercise After exercise

Fig. 4. Twelvelead electrocardiograms of the proband at rest and after treadmill exercise test. The QTc interval increased from 0.47 sec
at rest to 0.60 sec after exercise. Scale bars are illustrated in electrocardiograms.
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A B

1 2 L532 V533 R 534 V535 A536
I D O [ [N ] |C [ 110 1
QTe 413 470 C
ms ms CTG GTGTGCGTGGCG
1| 2/ 3
I * -
QTc 390 510 490 1.
ms  ms ms N ,
Y 41 ) '

-2 I1-3 I-2  Control Affected patients

Fig. 5. Mutation analysis. (A) The pedigree and PCR-single strand conformational polymorphism (PCR-SSCP) analyses using primer pair
4 L'10R. The bars along the right side indicate the control pattern. The aberrant conformer in I-2, II-2, and II-3 is indicated by an arrow.
The asterisk (*) in the pedigree indicates the proband. The square ((J) and the circle (O) in the pedigree indicate male and female,
respectively. I, II, indicate generations. Half-closed squares ([l ) indicate affected male, and half-closed circle (® ) indicates affected
female. B. DNA sequence analysis of aberrant conformers reveals a nucleotide substitution in the proband, his mother, and his twin
brother. Transition occurs in the fourth membrane-spanning domain of the HERG protein, leading to a missense mutation.

.60_%&_ 1A
-80

2 sec

10001 1200 q
800-] 10007 14
_~ A E 087
£ 600 z i 3
g 1 E 600 ERYE
: : :
& 400 - 2
| & 4001 ﬁ 0.4+
200
200 200 4 0.2
0+ T T T T T T T T T L 0 T T T T T T T T 0
-80 - -60 40 -20 0 20 40 -80 -60 -40 =20 [ 20 80 60 40 20 0 20
Test potential (mV) Test potential (mV) Test potential (mV)

Fig. 6. Voltage-dependent activation of expressed currents in oocytes injected with wild type (WT) cRNA, R534C cRNA, and a
combination of WT cRNA and R534C ¢cRNA. (A-C) Expressed currents in oocytes injected with 1.8 ng WT cRNA (WT 1.8) (A), 1.8 ng
R534C cRNA (R534C 1.8) (B), 1.8 ng WT cRNA and 1.8 ng R534C cRNA (R534C/WT) (C). Depolarizing test pulses were applied from a
holding potential of -60 mV to various potentials between -80 mV and +50 mV in 10 mV increments for 3 seconds, followed by
hyperpolarizing pulse to -60 mV for 6s. The voltage protocol is illustrated in the inset in panel (4). (D) Current-voltage (I-V) relationships
for peak currents recorded during depolarizing pulses in oocytes injected:Hl, WT 1.8 (n=9):@®, R534C 1.8 (n=8):[], R534C/WT (0=10). (E)
IV relationships for amplitudes of tail currents in oocytes injected: B, WT 1.8 (n=8); @, R534C 1.8 (n=8); [, R534C/WT (n=10). (F)
Normalized I-V relationships for amplitudes of tail currents in oocytes injected: M, WT 1.8 (n=8); @, R534C 1.8 (n=7);[J, R534C/WT
(n=10). Amplitudes of tail currents as a function of the test potentials were fitted to a Boltzmann function as described in Methods.
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Fig. 7.

Deactivation time course of expressed currents in oocytes injected with WT 1.8, R534C 1.8 and R534C/WT. A conditioning pulse

to +0 mV for 3 s from a holding potential of -60 mV was applied, followed by various test pulses between -120 mV and +40 mV in 10 mV
increments for 6 s. The voltage protocol is illustrated in the inset in panel (A). (A-C) Representative current traces are those from oocytes
injected with WT 1.5 (A), with R534C (B) and with R534C/WT (C). Deactivation time constants were measured by fitting deactivating
currents during test pulses between -80 and -40 mV with double exponentials. (D) Fast and (E) slow components of deactivation time
constants as a function of test potentials. B, WT 1.8 (n=6); @, R534C 1.8 (n=9); (I, WT/R534C (n=6). *p<0.05, R534C 1.8, R534C/WT

versus WT L.8.
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Fig.8. Torsade de pointes (TdP) and 12-lead ECG of the proband, (A) Continuous traces of ECG monitoring during
electroencephalogram recording. Typical features of TdP are seen in 30 seconds. (B) Twelve-lead ECG shows a markedly prolonged QTc
(0.61 s) with notched T waves. Scale bars are illustrated in electrocardiograms.
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Fig.9. Mutation analysis. (A) DNA sequence analysis in the proband. Transition occurs in the S5-S6 linker of the HERG protein, leading
to a missense mutation. (B) The pedigree and result of PCR-restriction fragment length polymorphism (PCR-RFLP) analysis. The
asterisk (*) in the pedigree indicates the proband. The square ((]) and the circle (O) in the pedigree indicate male and female,
respectively. I, II, III indicate generations. Half-closed ([ ) square and half-closed circles ( ® ) indicate heterozygous male and female
patients with Glu637Lys mutation in the HERG, respectively. Digestion of the PCR products with Tth HBSI generates polymorphic
restriction fragments of 79 bp and / or 60 bp. All of the individuals with Glu637Lys mutation show both 79 bp and 60 bp fragments which
indicate a heterozygote for the mutation.
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Fig. 10. Voltage-dependent activation of expressed currents in oocytes injected with wild type (WT) cRNA, E637K cRNA, and a
combination of WT cRNA and E637K cRNA (A-C) Expressed currents in oocytes injected with 1.8 ng WT cRNA (WT 1.8; A), 1.8 ng
E637K cRNA (E637K 1.8; B), 1.8 ng WT cRNA and 1.8 ng E637K cRNA (E637K/WT;C). Depolarizing test pulses were applied from a
holding potential of -60 mV to various potentials between -80 mV and +50 mV in 10 mV increments for 3 seconds, followed by
hyperpolarizing pulse to -60 mV for 6 s. The voltage protocol is illustrated in the inset in panel (A). (D) Current-voltage (I-V) relationships
for peak currents recorded during depolarizing pulses in oocytes injected: I, WT 1.8 (n=7); @, E637K 1.8 (n=7); [, E637K/WT (n=7);
O, water (n=6). (E) IV relationships for amplitudes of tail currents in oocytes injected: I, WT 1.8 (n=8); (J, E637K/WT (n=6). (F)
Normalized I-V relationships for amplitudes of tail currents in oocytes injected: [, WT 1.8 (n=8); M, E637K/WT (n=6). Amplitudes of tail
currents as a function of the test potentials were fitted to a Boltzmann function as described in Methods.
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Abstract

Long-QT syndrome (LQTS) is a cardiovascular disorder characterized by a prolonged QT interval on the surface ECG and
causes syncope and sudden death as a result of torsade de pointes and ventricular fibrillation. Two major clinical syndromes
have been characterized based on the pattern of transmission of the disease: a more common autosomal dominant form with a
pure cardiac phenotype (Romano-Ward) and a rare autosomal recessive form characterized by the coexistence of cardiac
abnormalities and congenital deafness (Jervell and Lange-Nielsen). Five disease genes have been identified. KVLQOTI, HERG,
KCNEI, and KCNE2 encode potassium channel subunits, and SCN5A encodes the cardiac sodium channel. In this study, we
described two missense mutations of the HERG channel found in Japanese families affected by long-QT syndrome and
characterized the electrophysiological properties of these mutations using the heterologous expression system in Xenopus
oocytes. Regions encoding membrane-spanning domains and the pore domain of the HERG gene were amplified by PCR, and
variant conformers were detected by PCR-single strand conformational polymorphism (PCR-SSCP). Subsequent direct
sequencing of the PCR products confirmed their mutations. The mutations were confirmed by PCR-restriction fragment length
polymorphism (PCR-RFLP). Site-directed mutagenesis was performed, and cRNAs were synthesized. Membrane currents
were recorded from oocytes injected with cRNAs by the two-microelectrode voltage-clamp technique. Two missense
mutations in the HERG gene were identified from two probands with LQTS. The first mutation was a C-to-T transition in the
S4 region of HERG, resulting in amino acid substitution of Arg to Cys at the codon 534 (Arg534Cys). This mutation was
identified in three individuals of the family. Three individuals had a prolonged QTec interval, and in them a diagnosis of LQTS
was confirmed based on the LQTS criteria. In the electrophysiological study, quantitative analyses revealed that the R334C
mutation did not cause apparent dominant-negative suppression, while kinetic analyses revealed that this mutation shifted the
voltage-dependence of HERG channel activation to a negative direction and accelerated the deactivation time course. The
second mutation was a G-to-A transversion in the S5-S6 linker of HERG, resulting in amino acid substitution of Glu to Lys at
the codon 637 (Glu637Lys). This was a novel mutation. This mutation was identified in three individuals of the family. Three
individuals had a prolonged QTc interval, and in them a diagnosis of LQTS was confirmed based on the LQTS criteria. The
electrophysiological study revealed that the E637K mutation caused a marked reduction of I, via a dominant negative effect.



