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Analysis of QT Prolongation Using Cardiac Action Potential Simulation

Takahiro Yamacuchi,” Tatsuhiko ARAFUNE,” Ichiro Sakuma,” Katsuhiro OucHr,™*
Nitaro SHIBATA,"** Haruo Honjo,T Kaichiro Kamrya,t Itsuo Kopamat

Abstract In heart failure, QT interval and action potential duration (APD) is prolonged and Ixs, a slow com-
ponent of delayed rectifier potassium current, decreases. We have reported that the KCNE1 gene, coding Ixs chan-
nel, increases and QT interval is prolonged in patients with heart failure. Since it is known that increasing KCNE1
increases the maximum conductance of the Ixs channel, the mechanism of APD prolongation is not explained by
the over expression of KCNEIL. In this study, we construct a cardiac membrane action potential simulation model
based on the experimental data from oocytes expression to investigate the relationship between the increase of
KCNEI1 and APD. In the experiment of oocyte expression, 1 ng and 5 ng of KCNE1 were co-injected with 5 ng of
KCNQI. Expressed currents were recorded 1-2 days after injection by the double-microelectrode voltage clamp
method at 35 degrees centigrade. Maximum Ixs conductance and relationships between time constants, maximum
activation parameter and membrane potential were obtained from fitting functions describing Ixs channel proper-
ties in the Luo-Rudy model to experimental results with the Nelder-Mead simplex method. In simulations, APD
was prolonged by increasing the co-injected amount of KCNE1. APD at 5 ng KCNE1 was 183 ms, which is 34%
longer than that at 1 ng KCNE1 (APD =177 ms). This study shows that increasing the KCNE1 expression level
makes maximum Ixs conductance increase and Ixs channel open slowly and Ixs conductance decrease according to
the APD time scale. Therefore increasing the KCNE1 expression level may prolong APD with this mechanism.
This method of constructing a simulation model based on experiments helps to explain the relationship between
KCNEI1 expression ratio and QT interval prolongation.
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QT EERLARIERISEDORRF & LTid, DAEDMEICE
U CLHHESMBHERET S 4 4+ v F ¥ A VOREPE(L
L(WETY »7), IHEEMFHERE (action potential du-
ration: APD) 2 ER L CLEFHOBHDOARL E A L7z
WREZZONTWALZ]. L2LAadMD, Z0FMIC
DWTIIIR ERHE N TV,

FTr iz ho L2 LHoOFBHOAZEMITER L,
BIEEFMANN & K F v 3V (e F % 5 V) OFFPE & APD
DOBRIZOVTIHIEZToTwab. BOL TR, OALES
2BV, OEM QT MFE & 85 b i & KT8 it
(Ig) Do 7=y b2 3—F792KCNQl BT S5
W BH71=y b& 33— 7§25 KCNEl #{zfOr %l
L7z, S, OAEOERIIHE > CLER QT
FEASEER L, KCNE1 #{ZT® mRNA #2380 L 7= [4].
WE, MREREHFZOEBETIEIZ O L) % KCNE] #Efz
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T ORI Ix, B =2 BHF WM L2 2 Ll sh
TWw5[5]. ks BREOWIMIFM B2 RET DL QT
I % i X8 5 0T, KCNEL &ZT 08 5 304
EEFOLEX QT MRERZHITLI LIZTE .
—J5, DAEOEWERE 7V %2725k TIE
I BREOBPVOIFHE SN TNELEIT LS, AIBW
THOARLETE Ik BREDWDT 5 LMEE I NI ED
WMEIBAECEL T TR,

KCNE1 Bz 1O 2bb Ik F ¥ ANV BHT L=
kN DEIMAS Is 7 15606 L CLEM QT Wik % LR T 2 #5
WZOWTIE, Ik BROKEZ(FXANIL T IV A)D
A O T EIIEHALCAEEALDF X T 4 7 DAL L 72
TOTHLWREENEZ 5N 5[7]. #l21E, KCNE1 #Efzx
TOHIMIF ¥y ANV F s v 2% RELT D EREIC
WAL ZBEIEL 2 EALNTEY, APDEEOE
X (#9250 ms) DB TIE I BIEIZH > TR L, #
ORROAETIEAPD PEE L TV 5D TRV L
MENDL., L2LEYES, 20X GBERIIEBOEE)N
MDY HoTRRETBY, ZoOMEN*ZBINEE
WCHDWTERINIIR T Z L3 L.

ZZ T4 1%, KCNEl @z oRBme 2 bs3e-T
T AV AT IINVOIREMNEE v, R kT v &
VR % BRI 3 2 IR T RAERL TV, ETOHRICED
MG B M HERI S E TV ABET LI LICE -
T, APD IERDSBAET 2P OMH 2 #D TV 5. KR
BT, BETRBEERO T — 5 5 5 O B B A 5
fEFHEE 7V 2 RET 2 TR OV THET 5.
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Experimental Result (KCNQ1:KCNE1=5ng:1ng)
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Fig. 1 Transitional Ixs current in the experiment of oocyte

expression when 5ng KCNQlI mRNA and 1ng
KCNEI mRNA were co-injected in Xenopus oocyte.

D Ixs T ¥ ANVOREZ T 2 7-0, HIZTRIAERE
fTo7z. 77 hY AF VIR KCNQL #I5 T 5
ng ¢ KCNE1 &= T 1ng #iEA L7230k &, KCNQI &1z
T 5ng & KCNE1 Bz T 5ng A LB ZHEL
BIAFIEADD 2 ~ 4 HRICZBHEEAE E (double-
microelectrode voltage clamp method) {2 & o T Ik B D
HEISEREZ R L 72, BEEMIE-90 mV ICHEE L TR
SR, HOPLORELZEM (-60mV 225 40
mV T 10 mV ) ¥ Tl ER 84, ER#%Z 755D
MBEEMZEE L. SHICZE0H%-80mV £ TR X
w, PO MERSRE LRI L. YTy VI
Wix12ms & L, BMEHREIXBCICEE L. Z0ER%
Lo 2 I OBIZTREETIHTD GFH6H) 7o 7.
X 112 KCNE1 #1571 ng A L7 A OEBERO 1
Bl%, B2 12 KCNEL 8{5F 5 ng Z1EA L7236 O FEBRAS
RO 1HI%RT.

2-2 BEFEAFRICESCETIVEE

Lo 55 A0 WL D 1% ) 7 A B it B85 € 7V T & % Luo-Rudy
model[8-13] TlZ, RIFiOFER T T b I NVIZBIT S ke F ¥
AV OBPEISEFLLT O L) IZEKB SN 5.

Is(En) = Ggs=( Em) {1 - €xp(~t / Tx,1(Em))}

A1-exp(—t/ tx2(Em))} = (Em — Exs) (1)

=Gy - X52(En)-{1—exp(~t / Txa1(Ew))}
A1—exp(-t / Tx2(En))} — (En — Eks)
Xs.(En)=1/{1-exp(-En—1.5)/16.7} (2)

Txo1(Ew) =1/{7.19%x107° - (Ex +30) /
[1-exp(-0.148 - (Ew +30))]
+1.31x10™ - (Ep +30) /
[exp(0.0687 - (Ewm +30))-1]}

Txe (Bm) =4 X 159 (Bw) (4)

72720, En: REM[mV], ¢ K] [ms]

(3)

Experimental Result (KCNQ1:KCNE1=5ng:5ng)
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Fig. 2 Transitional Ixs current in the experiment of oocyte
expression when 5ng KCNQl mRNA and 5ng
KCNE1 mRNA were co-injected in Xenopus oocyte.
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Grs (Ew) - EBABIIRA T > 57 % 2 A [mS]

Tt (Bm), Tx2(Em) - FEEE [ms], Exs: “FEEM [mV]

Grs' KTV 72 5 v A[mS], Xew (En) @ IRRIGETEILAREL

ZIT, TNHDNRFT A= D) LIEEN En, HFEK
Tt (Bm) RO 132 (Bw), WK ks IV T 75 VA Gxs, TAIG
PR R Xooo (Ew) %, BIETOFEBAER L D EMT L2 L1
X - T KCNE1 BT HIRE DR L 2 UKL O Bl FHE
ETFNEMETLIE L L.

9, WEMNORKIk I VT2 5 ARENRT L7
O, BIETRHERTHEON L ka7 5 v 2 GREE
6 x [ E BN 11 BeRE) o #IRRE (FREZ £=6,900 ~ 7,500
ms) I LTR(5)ETA4 v T4 0 7THIELIZEST,
WKk AV T 7 Y VR Grso (En) & BEBAL T L AEM L
2. T4 v T4 YT RRETERRERFETDH S Nelder-
Mead simplex method[14, 15] % VY, R K Ixks IV 57 ¥
YA Giso (Em) RO ERL 1, (Ew) ZEHHIT5 2 L 1I2X 5T
K (5)DFEET— ¥ L ofiEzR/MET 52 Fihe v,

IKS(Em’t) =GKsN(Em) '{1_eXp(_t/TXs (Em))} (5)
-(Em _EKS)

R, REMNOREREZ BT 5720, BIaTHRHAE
BefHoni Ik a vy sy v A GURHL 6 < BB 11
BeB) oM PEIREE (W% t=36 ~ 1,800 ms) 124 LT (6)
EIA49TFAYTTHEIEINE ST, WEB wa B e %
AL T EWCEB L2, 74 v T 4 ¥ 7 FEEICIE Nelder-
Mead simplex method % F\», BEBEABIKK ke 2 ¥ 7
5 VA Grseo (En) BHIR O FHETRHEE L72H O %2 TR
EL, WEK g (Bn) KT e (Bn) ZREIT5 281085
TR(6)DERT— ¥ L oirEE /MY 52 Fikz Hw
7-.

Ixs(Em,t) = Grs=( En) - {1 - €xp(—t / Tx1 (Em))} (6)
A1-exp(~t/ Tx2(Em))} - (Em — Exs)

DEOFFEITL 5T, 2EBEROBEEN IR Ik I
VF D E VR Grewo (Br), JETE AN E B g (Bn) B O
e (BEn) 2SR D N7, Th S % KCNELHEAR S & I2F
B35 LIZL - T, KCNE1 #nTiEARED 1 ng DSGE
Long OB HEOEYEBNVNRK I VYT 75 VR
Gxseo (Em), PR BIREE I 0 (Bm) B O 2 (Bm) A33K
HoNTz. LHL, TRHED8T A—FIZFEBRTHEE L
AL S & DRI 27— 7 Th b 120, BB
R TERBT 2 LE D 5.

9, AMMDEYVEBMN KK KITI VT 75 VR
Grseo (En) 1ZR(7) D X I 12K EN B 720, RKIEHELRE
R (8)DEHicEIN 5.

Gys~(Ew) = Gxs- Xs2(En) (7)
XSM(Em) = VG'KS“’(Em)/g'Ks ( 3 )

ST, BRIk AV F I Y v AER(9)D LS ITEE
L, X(2)%SFITRAGEACRE O BRI % X

(10) DX REE L. Shicky, X (11) 2%EBLY
RO ONTWRENINIRKK Ik T 7 5 2 ZADF I
LCTAYTA YT THIELILEST, HNFTA—F a1~
a ZRDOIz. 72720, a \TEETFRIAFERGITE U504
VBENHDTH B EEZ 515728, Luo-Rudy model
ZHLAGA T BRI IR L 72,

Gxs = a} (9)

Xs.(En)=1/[1+exp{~(En—a2)/ as}]+ a4 (10)

VGin(Bn) =V i - Xs.(En)

(1
=ar/[1+exp{~(En-a)/ as}]+mas

RIZ, BEBIZOWTIX, Lo hETHONRER
LT (12) RO (13) #2749 5407952k
W&o, EBOBEEMAR 2L 7.

Txo1(Em)=as /{7.19x10° - (Ew +az) /
[1-exp(-0.148- a5 - (Ewm +ar))]

+1.31x10™ - (Ew +az) / (12
[exp (0.0687 - as - (Em +a7))-1]}

szz(Em) =as /{7.19)(1075 : (Em + Cho) /
[1-exp(-0.148 - ay - (En +au))] (13)

+1.31x10™ - (Ew +a10) /
[exp (0.0687 - ag - (Em +a10)) —1]}

T4 v T4 TFEFEIEIVTND Nelder-Mead simplex
method Z H\Vy, a1~ awZMHiT52LI2L-T, 74 v
TA Y TRBREFERICE > TROBNIZNT X —F DFRGE
i/MET 2 R e v,

2.3 ¥Ialb—>3a>

AIEi 22 53K & 728k % % Luo-Rudy model 125 A
AH, ¥Iab—=Yaruxitoiz. 7272 L, Luo-Rudy
model TIIHR A Ixs TV ¥ 7 ¥ ¥ AIARE 1 uF 4720 ®
BHETERAINTVEDIIHL, AFETRDLNRK
Ik AYF 75 AT 7Y A XA TOVIREER 150
MRS A TOBETH 5720, ZDF F Tid Luo-Rudy
model IZHAAL T ENTE LW, 22T, KCNQI &z
T-& KCNEl iz T OB EIIIFEICE > TREZ L)Y, 4
e ORI TR 1 THhE I EEREL T
5[4]. F7z, WREHOE S5 KCNQI #fzT O mRNA
122 Tlid 2,031 bp, KCNEL #{&F® mRNA 22V Tl
390bp TH 5 Z & » 5, KCNQI i# 15 1 @ mRNA &
KCNE1 &z ® mRNA # =L 5:1 THEATIUEG T
BR1:1ER2EEZON5. 2 TR T,
KCNE1 #xT-% 1 ng {EA LM IER 2 ORIt
BT 2bDEREL, ZOMDORKIKIY Y7 F AR
1IEF 22 D HIIE @ Luo-Rudy model d 35X % 28 8837 12 fifi
H3 sz EE L7, 7, KCNEl #f5T% 5ngiEALZ
BEORKI v 527 % v A%, KCNEL#{& 7% 1 ng i
AL72GE 3 2R TEATA L EL, X (14)
TRD 5N BBRE gks_rate % IEF 72 LFHIL O Luo-Rudy
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Maximum activation parameter and membrane potential
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Fig. 3 Relation between maximum activation parameter of Ixs channel

and membrane potential.
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model DIk K Ixs IV F 27 5 Y AT LD E[MHL 7.

2

ng_TOLte = (0«17KCNE175ng / aliKCNElilng) (14)

YIialb—Yyarruranii, YIalb—v a3 VR
Z 10 us & L7z, FISENTT [\ %0id 60 B & L, il 30E i
1,000 ms & L7z. 600 H ORI ENTTR DY I 2L —3 3 »
i 2 BRI R R & L, APD 13 90% 5 4 & B @ APD
(APDw) Z¥FFL7-.

3. &

3:1 NIA—FRAE
KCNEI #f2F 1 ng Z{EA L7238 % O KCNEL #fx 1

S

5ng ZIEA L7726 O KIGEVEILR B o BB A AR %
312, W g B ERL e OIEEMAKTF 2R 4
129 . KCNE1#EZF5ngiEA LS EDR KNIk V¥
7% A%, KCNE1 #1ZF 1 ng FA LA LY 174%
KEWZ MRS N/, F72, KCNE1 &(5F 1 ng &iE
AL7286 K O KCNELBIE -5 ng X IEA L2 HED a1~
anlFR1 DL HITKRD LT

3.2 YIalL—Ya iR

YIialb—YavsiERod b, 608 HORBENED
Luo-Rudy model, KCNE1 #&fZ¥ 1 ngiEAL72HAERT
KCNE1 #fZ T 5ng #EA LB EIZOWTENRETNDIG
BEMN R P BROZCEZRSIIRT. F/, ¥ 32—
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F 1 RIEHAREBO R U L CEBEEE 7 1 v 7

1 YT HBIER S NN T A—F
Table 1 Parameters adjusted to fit the continuous function
to experimental maximum Ixs conductance and time

constants.
KCNE1 1 ng KCNE1 5 ng

m 0.3357 0.3638
az 12.1407 12.8825
as 20.9619 17.0336
a4 0.0386 0.0518
as 1.6732 1.9343
as 1.3927 1.3906
a7 10.0351 —2.6781
as 0.399 0.3949
ay 1.5549 1.2801
a —17.8881 —18.5452

T a v bR HiL7: APDy (&, KCNEL &5 1 ng %%
A L7343 177 ms, KCNE1 #{z T 5ng 21 EA L7124
X183 ms &kd 5N, KCNEL &5 T 5ng #iEA L7HE
® APD 2 KCNE1 #fEZT 1ng ZiEA LA L D 34%IE
ELTw/.

4. & %=

41 32— a EFILORYMH

AWFFETIE, 2-2 i CHhR7z4 0, BETHBEERTH
O I T 5 v A GREE 6 x [ E BB 11 BERY)
LT, R(B)RUOR(6) 274y T4 75 LI
XoT, BFEBHPEIBIAIARK I VT 25 VAR
REREZHRTVWS, 22T, 2-2HiTHS N KEBRIER

WCRT BT 4974 Y TRABDOT 4 v T4 Y TREICOW
Tﬁﬂ?étb T AT 4 THBOEGTREERT

BoNkAVF 5V ALOELEERDI. ZORE,
74774/7%&@@@?%&%%?%6htm37
Ty AL OHFERAEEE, BRI - BEEMBIRK Ik
AT EAD0I6HUNIZIND SNTEBY, ok
EFEHONTVD Z eSS, LA o T, A3
THW 271974 Y THBOBRERDT T4 v 74 V7 F
HREYTHoTmELOND,

KIZ, KCNE1 #{xT 1 ng ZiEA L& % IEH .05
M%kﬁmbtm_owfﬁﬁ?%.b%%%_bwfﬁ
B9 % KCNEL @&z o=ix, FefEk, O Eoifhic
FoTHRLRL0, HBIIERT LI EPHELW. 22
T,:®ﬁ%®£ﬁﬁ%ﬁﬁ?ét 2, KCNE1 &z
Ing ZHEALZGEORK Ik AV Y7 57 ¥ A% IEH O
RIE O Luo-Rudy model \ICBIF AR K Ik IV ¥ 27 7 VA
D 40 ~ 340% DO FFA TEIL & &, KCNE1 &= T 5 ng &+
AL EORK Ik IV 75 v A%, KCNE1 #nT 1

A Simulation result (membrane potential)
60
—KCNEI 5ng
W — KCNET Tng
£ 2 f
2 ot
c
3
& -2 |
o
§-40 |
2
E—ﬁo I
-80 ot
~100 ) ) . L ) L )
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B Simulation result (I, current)
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time [ms]

K5 ¥Ial—va &R CUEERE 1,000 ms, 60 [ H3E
Eﬂ"ff‘ﬁ)
AL OWIZAL, B: Ixs WO RZAL.
Fig. 5 Slmulatlon result (Cycle length =1,000 ms, after stimu-
lation 60 times).
A: Transition of membrane potential, B: Transition of
Ixs current.
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TRD SNz APD O%AL

Fig. 6 Changes in simulated APD when the maximum Iks

conductance of 1ng KCNE1 mRNA injected oocyte
was changed.

ng ZEALZZYEG L OMMBBRTHRBEALGEDY I 2
L—2a VIEROENLZRIEL 72, TOHMREEZR 6 1R
T. INERDE, BEO KAV T 5 ADOELRICH
259, KCNE1@IE T 1ngi AL AEEELT
KCNE1 #fa T 5ng A L725E D25, APD BSILET 5
ZEDMERENT. Lo T, R THWIAREIZ Y
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Jalb—va VRRIGEEREGRDVDOTRIZVWEEZRD

WBIZ, YIalb—Yarhos  r rEBROZLE,
1B 72 ORI @ Luo-Rudy model D& DEAfL & b L
7oA, Ik BHEDOEL APD OZALIZHE S BLIZ R
SN7zh, BERAEMPEMICIABRLELOTIE R L, AW
THESE L 72 2 fif o KCNE1 Iz TEAREOBEFI €T
WIZRERDDTHLEEZLND.

4-2 KCNE1 ORHEFE L APD R

KCNEl #&fZ ¥ 1 ngiEA LA DEF IV E 5ngiEAL
BB DETFIVOLEELT).

¥, BRI IV Y77V ARRKET A L, HiRo@EY
KCNE1 & 5 ng EA LA DT AW STk E L,
I BREEZWMAKSELFANMEHT A2 EEZONS. Z
N, KCNEl #fa TR T 5 & Fomh et
EN, APD 04 72032 L FREINED, ¥ I a
L—3 3 VRERTIEHEIC APD BEE L7z, RIZ, BEH
DIEBAARAE# IR 5 &, KCNE1 #{xT-5ng AL
72WA O A KCNEL #5111 ng HEA L2285 A1 Tl
EHUPEREL, BERDOY — 27 2 Biomilicy 7 by 518
ARSI (F4). BEEHOMLEIL kBRI H LT
D &IEIT B I E < 720, KCNEL #Efz 1 o Bhnix
APDOIEEZ b -05LEZ 515, T, RAEHL
BB OWEENARSEE % K3 5 &, KCNEL #fn 73 &E
DOEALIEY ZlbZ R S dh -7 (K 3).

ZZT, YIalb—Ta VERIGEET S L, BimE
WCIEREROERED» K E EEL, KCNEL #1515 ng IE
ALZEEIIBO TR Ik BIR OIS L) 2380l ST
WAHLZ EDRbNSL., T2, b EN) PG X B,
S Ik BROY— 27 IS, TORE APD 25 EE L T
WwWnbeEZOHN5. UEXD, KCNEL @Iz T-FBlm oy
& APD IERDOKREMREZRTZ LB TEL.

72720, DARGELIIBWTIL, Ik F ¥ ANVSD A F
F X ANVIZDOWTHYETY Y IPRELTWSEZ PR
ENTWS. Bz, —#@EsmE KT v 2V (Le F % %
V) BRBT B EEZ 5N TW5 Kv43 EIEF ® mRNA
25, DAERBIIBVWT30%BA L Tnwa 2 e anT
BY, ZTO mRNA OBV L, BROBI %7652 &
5, HABEEOERIEAL TS TIERnhLEHE
HAINTWAE[16]. DLEXD, LAZLIBITZ.0EH
QT MM ORI LT, KR TRL7Z ks F ¥ AL D
VT Y T7REFTERL, Mo F Y FrANVD) T
UYL BEAEMIERLTWwWAEEZ SN, oAf + v F
¥ ANVOERIZOWTH SBIRFET 2LENHLLEEZEZ S
ns.

5. #&

KCNE1 Bl DR% % I T v A VEEZBHBIL 72, @

12

EFRBEERICESCYIal—Ya vEFVEBEL
7z. TMIZX 5T, KCNE1 BIZ T O KICE > T ke F ¥
IANVOBERIA VT 5V APEKTH—HT, BEROE
EPRb7268N52 82K, ZNLOEREONT ¥ RIC
Lo THRMICAPD ERET 5 E V) FEZHIIHT H%K
BN EDT 2179 2 ENNTE . KIFETIT- 72, F2E
F =IO BERIRE TV 2 B L, (RBORER
FAZDWTHREES 5 &) FihE, ML OREOR AR
FIZOWTHRBINRBREZWREICL, ZOMIIZBWTE
MTHrEEZOND.
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