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¥-v & retigabine & ML-213 i=* »* KCNQ4 #7224 chFk &
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In recent years, retigabine (KCNQ activator)
derivative drugs being developed for the treatment of
epilepsy, migraine and neuropathic pain. It activates
KCNQ K+ channels by inducing a large hyperpolarizing
shift of steady-state activation. To explore
retigabine derivative drugs (such as ML-213) in the
acting on molecular determinants of KCNQ4, we predict
and construct a series of variant plasmids. Therefore
we can observe the response of these variant proteins
to the treatment of retigabine derivative. We
expressed KCNQ wild-type and these mutants in the
mammalian HEK293t cell line. In previous study showed
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that mutations of R488A and R490A led to a complete
loss of activation by retigabine (10 ©i M), likewise
in the action of ML-213 (10 ©i M) was also found
similar results. Since Arg488 and Arg490 in the
cytoplasmic part are close to pore region, therefore
the effect of retigabine and ML-213 in the activation
of KCNQ4 may included the locus R488 and R490. As we
Known KCNQ2 Trp236 (homolog to KCNQ4 Trp242) in the
cytoplasmic part of Sb, considered as the gating
hinge, was found to be crucial for the retigabine
effect KCNQ4. However, KCNQ4 W242L i1s still sensitive
to the effect of retigabine but not ML-213 in this
study. It indicates different subtype of Kv7 proteins
may result in different response to retigabine and
ML-213. Other mutants L247A, L305A, R161A, RIG66A,
S494A and A651X showed the similar results in
response to retigabine and ML-213 with the wild-type,
indicated that are not the necessary for the
activation response by retigabine and ML-213. These
results demonstrated that Arg488, Arg490 and Trp242
in KCNQ4 participate in the effect of KCNQ4 current
activation by ML-213 which is not so identical with
retigabine, .

ML-213 ; KCNQ activator ; mutations; HEK293t ;
molecular determinants.
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Abstract

In recent years, retigabine (KCNQ activator) derivative drugs being developed for the treatment
of epilepsy, migraine and neuropathic pain. It activates KCNQ K™ channels by inducing a large
hyperpolarizing shift of steady-state activation. To explore retigabine derivative drugs (such as
ML-213) in the acting on molecular determinants of KCNQ4, we predict and construct a series of
variant plasmids. Therefore we can observe the response of these variant proteins to the treatment of
retigabine derivative. We expressed KCNQ wild-type and these mutants in the mammalian HEK 293t
cell line. In previous study showed that mutations of R488A and R490A led to a complete loss of
activation by retigabine (10 uM), likewise in the action of ML-213 (10 uM) was also found similar
results. Since Arg488 and Arg490 in the cytoplasmic part are close to pore region, therefore the effect
of retigabine and ML-213 in the activation of KCNQ4 may included the locus R488 and R490. Aswe
Known KCNQ2 Trp236 (homolog to KCNQ4 Trp242) in the cytoplasmic part of S5, considered as
the gating hinge, was found to be crucial for the retigabine effect KCNQ4. However, KCNQ4 W242L
is still sengitive to the effect of retigabine but not ML-213 in this study. It indicates different subtype
of Kv7 proteins may result in different response to retigabine and ML-213. Other mutants L247A,
L305A, R161A, R166A, S494A and A651X showed the similar results in response to retigabine and
ML-213 with the wild-type, indicated that are not the necessary for the activation response by
retigabine and ML-213. These results demonstrated that Arg488, Arg490 and Trp242 in KCNQ4
participate in the effect of KCNQ4 current activation by ML-213 which is not so identical with
retigabine,.

Key words: ML-213 ; KCNQ activator; mutations, HEK293t; molecular determinants.
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iT & K retigabine (KCNQ /& it &) crpm 4 B4 B8 % RISKBER ~ BMEER Todd SR A -
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I ntroduction

A Kv7 (8 KCNQ) i 3 7 14 "i*——’{‘@

(R L Wi :ﬂ#@ﬁrﬁ;,ﬁf@ o TG & d & =i
givw ﬁ‘]ﬁ/r{"f—fﬁlﬁ At é#vr'# Jm P B en

BEM ARG AR B SERE R
P o demR R frAd Btk (Surti and Jan,
2005 ; Lawson and McKay, 2006) 7 #7E* & ° 4B
Fogiuigr®n a3 B ke Era-
g B sk 857 £ o #c(Singh et al., 2003)
Kv7 (KCNQ) 3-v F2ER L E3 A QN 7
¢ (Brown, 2008) > KV7 # F] 72% e’
£ gd A - LAPM B HAoI R 4 R
R R w235~ Fgp s 5 (Wang et d.,
1996; Charlier et a., 1998; Singh et al., 1998;
Biervert et al., 1998; Kubisch et a., 1999;
Dedek et al., 2001; Wuttke et al., 2008) - & #p
Kubisch % % e 3 fjfaa‘g I Kv7 72%® eh
KCNQ4 1 s # it § AR B B 12 0 1 & 5 i
7 @4 Kv7 39 g it % 5 (activator or
opener) ek v Fr ok AR B fhm om L g 2
B E o KV7 s e 3 K7 -0 RIEHE Y|
H_Kv7.2 & Kv7.3 hk F 0% L2 i35 4%
SVE IR AR B P E I Kv7.4 the 3 g i
WAF I RBRT PRS2 R
R Wg\'i‘fﬂ S P i
B 07 fe oo F I 4 (activaton) ¥ Kv7 3 i
o B EF sl F LT > o SRR
B ended B friae - kA aky B
EC R AT BAE o VR E S it Vo
g; u?ilg}n Méf&ﬁ; - ag)-U “‘K.i IR
FHRB R G DD SR o RARA
AN FREL DL LT gD IR
FIRE 0™ N RFT T o ipE A () A F T
¥ p)aier =37 roapdle & - Bagal
FTEETEfor it g o P WY BT
O SR SRR R il S e o7 e S R -
B4k T A F] B % % (Site-directed mutagenesis)
fr 2k ¥l & 4% 4% (recombinant chimeric)

e mgsﬁk

~ e Y
AT i

Vo B Gk ie R SR E O ER E T
o F ATl AR
(Schenzer et al., 2005; Wuttke et al., 2005;
Xiongeta., 2007) - i & 87 7 #FW| L & 4 iF
* 3y Kv7 3-v ehBf g A phay A I il ik
AR %S PR (Adaning) s 3N o B e
%bohm % 4(2003)i & £ 4F3t R-L3 %4
$ KV7.1 i a6 (6% chd 352 in g o #
Tk (78 SE T S6 MR - kA e A
FREIFTRFRS RLI Wpsas cnpfigiry
(Seebohm et ., 2003) - ¥2 » 3 4+ (Molecular
Docking)» 175 & » iz F %4 E 7 R-L3
A it el p chm 2K - R k- &) A
I A R A ETRAEL A
* R e A & hilng o d Ahip st
TR TR E S S AT 2
Pedd R R 0 FIM AR fRpE BT
b F-v g F s ch R % (Gain-of-function
mutations) ~ & 4] 8 - B F 4B o &iT
AERF AFRE LT KV 7 F-v 5 10 H
retigabine =4 3 1T % w8 Sk B F
(Schenzer et a., 2005; Wuttke et a.,2005) -
Retigabine ¥+ Kv7.2 & Kv7.5 3v &5 &
F e B oa e o gt Kv7.1 R £ 5
F R 3 8 M0 F ¢ ¢ epi(tryptophan,
W) 236 & 270 i~ % $F*t retigabine it #* 3%
Kv7.2~Kv75 & &€ & chiz ¥ » & "R ¥ 5
leucine ¥ % @& 1§ retigabine % %
Kv7.2~Kv7.5 3-d £ 3 8% » 3 4B5E 2 L F
B Kv7.1 #-R ke leucine 2 % 5 ¢ =t 1
# IR retigabine #*t Kv7.1 A& 2 3 »ceniv
(Schenzer et d., 2005; Wuttke et a., 2005) - {3
P &g retigabine $13t Kv7.2 ~Kv7.5 4% /7 &3
(T J OIRA R AEFTHILE DL o
¥ooba g - 2 A AL ¥ retigabine & 3 45k 4
chit® £ 4 §lebens ¢ 42 a3 0 v 0 6
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7 & en(Wuttke et d., 2005) - p* #F Kv7 7% it
| 7; fig =35 ~ BMS-204352 ~ fenamates £
H j74 F -~ retigabine & H ji=4 $# - RL-3
(benzodiazepines #f) fr zinc pyrithione iz
% 0 A AE 3 Kv7.2 > Kv7.3 2 Kv7.1 &
50 b a4 KV7.4KCNQE) i endr 3
A& $FH ML-213 & retigabine T &
Kv7.4 enm + - iz e 7 3k i ML-213 &2
retigabine 2. & ch B e o APk 5L T
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Materialsand Methods
Fhgcfpdr it
i % human KCNQ4/pcDNA3.1 * % 2 i
Aef 545 e ve (RHEK 293t & % i {7 Ak )
BE TS AH -
T e Bz i 1L
A (transformation) : #5748 12 & i 47 % 4 4]

I =~ % & 7 (Escherichia coil - E.coil)
DH50-component 7tk # o #-34 § F 48 50E.
coli**4 ml LB#: % ;% (10g NaCl, 10g Tryptone,
5 g Yeast extract, 1 L ddH,O, 0.1 mg/ml
Ampicillin) ® 37°C # % 16/ p¥ > 11 GeneMark
Plasmid Miniprep Plus purification kit i {7 &
R0 o B epPlasmid it & sk sk R R 2
Plasmid DNA &3k & o £ #-3 2 oPlasmid
DNA % *+-20°Cig 7% -
= % % o 8L % % H pF(Site directed point
mutation)

* iE 1‘{&&% KCNQ4-pcDNA3.1 5 48 1T & i
1 &3%.‘.{*"?;%—, i 3g Rl 4 % eHot Spot >
E3d P LB REEprimer o £ ¥
PCR > 1zt primerdg & &1 5 P 1 % % 8
DNA - PCRF 2 & haipée 5 1 ul
Template DNA (100 ng) ~ 1.25 ul reverse primer
(15 ul) ~ 5 ul ANTP 2mM) ~ 5 pl 10X pfu
reaction buffer ~ 1 ul PfuTurobo DNA
polymerase (2.5 U/ul) ~ 2 pl DMSO (100%) ~
£50 ul - PCR#%# 18

33.5 pli Fes =k o

e KV7 B i ZE 5 7% 3 Kv7.4 kv ek &
A-% = % (Suetd., 2006; Suetal., 2009) > =
75 10 K74 A FIRE TH o FRE Y B
B39 % B 2 ¢ 3% ML-213 & retigabine 4%
A A RT3 AP BB A ML-213 &
retigabine 2. fF % 2 4p e o

i %% o PCR% & 14 » 4 » 1l Dpnl> £37°C
TFR2) P #®F 7 R %S Template
DNA*» B > # 7™ ki 7 # 4] (Transformation)
I RS E I LAED AARITREY
73 o
HEK 293t fm 7% k32 % &1 4% 4
dmre R 2 1 & 0 HEK293t w2 f%(early
stages) s i TR Y 2B AR L F G 1%
DMSOz_ DMEM & % % » ® ‘m¥e /b &? LS
e F A 100 callgml s v R A
e RS f R 20 & 8L o HEK293t ‘wm Pz Rz
AR LR P R G & B 37°CokiE 5
A N £ SEAE: SRR - R = o Ol it
* 2 DMSO B w3 &5 > f2if 162
SR S WfiDMEM BARFERL > X
1000 rpm &5 4 48 - 4o L Ry &R
2 37 #DMEM 32 ,,f?z%'f,;-ﬁm”e@]% A g
BE2 o
B R 2 (transfection) |- %8 (liposome)
Lipofectamine 2000 (Inwtrogen) FOR N A
HEK293t im®e th2 i3 4o -5 10°m s #cp 32
%33 m 5DMEM 1 %% ° 1 224 pFis
#® 4 - %o H 2oz oE M
KCNQ4-pcDNA3.1 £ EGFP-pcDNAS.1 (LL )
£10:1):& 7 £ F #& 4 (co-transfection) » 2%
%24 148 | pFis 2 o Y Jo%,,?
EE L S I E
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> hwPe 4 2 o (Whole cell patch-clamp)
*F 2 11 5 d Invitrogen Lipofectamin LTX#
% KCNQ4-pcDNA3.1 ¢ EGFP f 4 (10:1) 2.
HEK293t!m % $i& {7 > %o T 1= - o Mk %
15243 48] ¥ 15 2. HEK293tim % & 11 10° 4w
2 Bk & 32432 mm SUPE@RIOR Micro
Cover Glasses 2. * + » 5 »37Cr % 430
LA F e b TR P ek i
B 5. 4 e84 (chamber) » T #4-DMEM 3 % %
{ # 5 s ‘A 7 (extracdlular
solution)(140 mM NaCl, 4 mM KCI, 2 mM
CaCl;, 1 mM MgCl,, 10 mM HEPES, pH
7.4) i % 4 F gl 3y ¢ (Warner Instruments
Inc. PATCH GLASS G85150T-3) !/ if § i% %
e 123 BMQIEFuehgh 38 § 160 3 EH e p
% 7% (intracellular solution)(110 mM KCI, 10
mM EGTA, 30 mM KOH, 5.1 mM CaCl,, 2.8
mM MgCl,;, 3 mM ATP, 10 mM HEPES, pH
7.2) (Segaard et a. 2001) - **Ziess Axioscope
FS 2 plus &g icse™ v Lk F LV iE
F B3 (7> ~F 2% 11 Axon Instruments Digidata
1440A #ic = 57 v & & % i3 & Axon Instruments
Multi Clamp 700B 44 %2z~ % £ pClamp 10.0

4

(Axon Instruments) #ic %8 » & #-#13ed T I EL

tm ¥E

BE 2

KCNQ4. < & 4 *>HEK 293t cell F 2. sk 3%

A #FKCNQ4# Flicd Lipofectamine LTX 2%
- R 4 Y HEK293t cell - e d 2k
B2 % KCONQAR-v & 7 % i »* HEK293t !m
etk ? o (e B 4P 2 8 b A AU cHHEK 293t
e Pl KCNQ4AF-v chdk i o pL b % g
fmie v 8 2 k9 KCNQ44 i »- HEK 293t i1
e e (8 7 KCNQAFLH & £ % ¢ @ 4
KCNQ43-v # i# **HEK293tsim e 7 +) o

& 4 »rHEK293t cell + £ i 2 KCNQA447 3t +
Wi 7o

24 & * KCNQ4-pcDNAS.1 22 EGFP i 48 12

WA R Y

AR R UG 0 AR 4 L A-80
mV o B oG B g RRAR L B R
TR R FE TR
B0 E % k€ 4 130 e g 0 =R
B e i HA10 MV REREHRE L

-B0MVIE+A0mV » RIE PR 527 BB R
4% 2-30mV o0 g FF200% §5 0 3R A 4 en
TinfL s & T in(tal current)

ARl

1 * pClamp 100 & & g i F L >
Clampfit 10.0 #8827 4 47 o Ak T ininse
2% o IF B RRMGT L EN T T
P2 TS B MAE S ek BT 2
A T ol kAR 2 BT
2 TR T L E B M o B R
Two-state Boltzman Function: lii(Vm) = ltailmax)
[ {1-exp[(VuzrVm)/K]} k425 90 Voo (F 35
M M Z05F 2 R ) Vs ¥ FF2
R o Kad RAF O lgimag » 3=~ & T
o B% g TiaE L (meantSEM)t:
R IR

hoo&
", /-

10:1=0vt &) 5 d Lipofectamine LTX:E 4 £
& L HEK293t cell + » % L = 7 2 4w
g irgt A2 EGFPY k2 530 4§ Sk B ek ™ i
TEE > PEPE 2 me kB R T i
7> mie T 4 L dk o KCNQ4 5 d

Lipofectamin LTX# 4 **HEK293t cell + # i&
z g+l R E 3 KCNQ7RIE#+ i 3
2 Az o B4 i KCNQ4A# + i i T
AT o Hisdrer @S R R BT
aq AR — B A #-HEK 293t im e il i
B 7 a-80 MV > — =ik y ¢ F 135 1
il R R IE 0 F = gk B #4010



mV > & % /Fd-80mViI40mVEsd » &
fe #-HEK293t‘m P2 ¥ 44 2 2-30 mV> &
2 Clampfit 9.2#c#8 4 47 & 7 iy 112 = & 2.
- & g = (haf-activation voltage, Vi)
B o Rt FoEEirTe, BT n
Z2o— HAVR 2 BB o AL U R
A T s BB LY T LEGFP - %
% B ot Wi 4 EGFPY: & # 4 «hHEK293t w72
PATRIEABESITIAL > P TEL
EGFP# & ## 4 cnHEK 293t 'm Pz #7 & 4 h%
TontdApiy 0 7 A H A EGFPA ¥ & g i
4 HEK293tim s o 8 ke §inchA 4 > B
EGFP* m T 2 4 = # &7 F cngriE g » ¥
7 B FKCNQ4#E 4 > HEK293t 'm P2 + £ i
g a3 g TN i e

ML-213 ¥ »* KCNQ4 47 & &+ i 3§ % iF *¢
HEK?293tz_ 2’ %%

A EKengd 2 F1 £ E KCNQ4A4w g+ 8 3 7 7k
*HEK293t 1 & IKCNQ #I%= 3t + i 3¢ 7 7t
£ 3 m® & (low threshold) ~ & 7 & 1t
(non-inactivating) ~ zt & {# (delayed) &2 T i i
ig 1+ (voltage-dependent) # £ (Fig. 1A.
KCNQ4) - A fr b T i BT = &2 - F it
w7 i+ (half-activation voltage, Vi) » #- % = 4
HEFITLE, BT ias 2 - FiL
7 5-131+1.0mV (n=13)> %7 KCNQF® £z
% ML-21310 uM > ¢ i5*:54 48 (Fig. 1B)2
104 48(Fig. 1C) » F P/ &F 3 4c IR 4 » #7193
T3o- 52 - F T = &10 min BF A
-25.2+#1.9mV (n=6) °

ML-213 ¥t % 8 F-v W242L 2_ 32 5%
KCNQ4-W242L F_2 KCNQ2-W236L = I ik i
2L, & KCNQ2:+q 2% » ¥ 4rretigabine (10-100
UM)$F2W236L % £ 39 2 1% & 5 fefuld
(Schenzer et al., 2005) » #x @ A& F % ¥ Fra
Jretigabine (10 pM) %3t KCNQ4-W242L =
B4 E R Rt (Fig2A-2B) > = A2 - & i
R 2 4-21.241.5 mV 1 29.3+2.1 mV (n=3) -

#xm ML-213 10 pM 44> KCNQ4-W242L 4r &
¥ eanit® (Fig. 2C-2D) » d {8 a0 e
KCNQ % v % 4] (subtype, 4~ KCNQ2 #
KCNQ4) >+ &4 ik v B L B | o
ML-213 #+>> % £ 3-v R-488A2 # ¥

9 % ¢ #F B ML-213 10 uM #
KCNQ4-R488A % B 3-v i & Bf ¥ 2 (v *
(Fig.3) > %+ ML-213 10 uM 54 4&(Fig. 3B) &=
104 48 (Fig.3C) 8 = A 2. — B i Woq = j8L
-13.240.9 mV 1 12.8+0.7 mV (n=4) » i & f* &
G1Z B oo F] P RABBA T i £ ML-213 % * %
KCNQ4Z # 3 4c K Jyin— B £ & (=2 o

ML-213 $*+ % 2 v RA90A2Z F2F

ML-213 10 uM #+**KCNQA4-RA90A % & 3-v

T EkE¥2 v+ (Figd) %+ ML-21310 uM

5. 45 (Fig. 4B)2r 104 45 (Fig4C)H ¢ i +
S

| X RBEORL 5 2 A2 - EET
142413 mV 1 14.4+15mV (n=3) > © & & &
(1 B o FpLRAQ0A S T 4L LML-2131F #
KCNQ4+ & # H 4c F fuch— & & 2k o
ML-213 $1*> % B 3-v RAO2A2 %

ML-213 10 uM $**KCNQ4-R492A % & F-v

24 REE 2 (v (Figh) - RAAR B v fte
7 ML-213 (10 pM)z {4 é75-104 4 ¢ & 4 &
¥ hF & (Fig5A-5C) » & 7 SA92¥ i # &
retigabine i * caff 44 > 8L o

ML-213 #+>> % £ 3¢ RA94A2 2 5

ML-213 10 uM $>+SA94A % R F-v it

g4 A (wildtype) I & & F L B o %4

ML-213 10 pM 5-104" 4& 1% jreid 4v T i gk
tg < -]- (Fig.6A, before; and Fig.6B-6C after
5-10 min) » = & 2 - F R 78-11.620.9
mV % 16.1+1.2 mV (n=3) » &1 S494¥ ic # &_
retigabinei® * e 4214 (= Bk o

ALY B R e B R % (St



directed point mutation)#-v it eIML-2131% *

BLia i BER % 5 o % % &7 o RABBA{rR490A &
EGFP1210:17 ;% it 7 & 4 HEK293t m %2 > 12
> Ame A THTIE T e S TN H
FSML-2132 4 ek Ji 0 8205 4 Al 4p T vl
R R B 2 - FIVF Y RS E
P Egensg it (Figb fr Fig.6)  # 7 Argd88¢:
Argd90%t>-ML-213& & 2 it iv* L £ &
b g e gt P ML-213% 3 W2425% £ F-v

s To@m A4 ivh o pEkBretigabinez. it * 7

e o retigabine’ X € $HW242% £ v A 24 F
L ie* > EF A I A KCNQH M v 2
FREARIPR -

A651del 3 & & % % (nonsense mutation) i =
KCNQ43-v Z1f & % 6511 "=k fit 1 6951 %=
AP EAEBIRARK L R ET

A651del/EGFP(10:1) # # HEK293t 1/ 2 w2 T
A T T AT W TN 0 R
= ] o BN S

- R oo

w
KCNQ4/EGFP(10:1) # * retigabine£s ML-213
SF R PR AR o d g7 arKCNQ4 ¥ 651

=¥ 2 {8 §tretigabiner ML-2132 17 % j %

£ o

ML-213 retigabine¥t >t R492A 2 SA94A % £
v 2 i v g 4 F - i * (activation
action) » F] 4t 4~ 4 e HRA2A £ SAQMA H — i
ABRRFTERNRRET A Ao > 7
it RA92¥7 3494 7 2 §_ML-213 £ retigabine #
2B PR R o

3 B2 KCNQ4AF & shML-213 ¢ retigabine 4
F (T P BEA $7407T

*F % % ML-213% retigabine¥t >~ W242L,
L247A, L305A, RI161A, RI166A, RA488A,
R490A, R492A, S494A and AG51X % g B = 2L
FE® GRS 0 A 4 % % BE T Argd881r Argd90
¥ -ML-2132 retigabineA # H i# it eniv* &

FOMAEN o KA Trp2d2a0% R 3% 7 ¢ H
ML-213% 2 F Jiie kv ¢ ¥tretigabined 2 & J&
Mo B BT AR it f R BT

~ ZEF AP S g o

¥ b ¥ AGS1del s B v 7 Alaeblz (s

iz ¥ ¥ ML-213Z retigabine® 4 3L 17 *

£EEDRPEE



2+ = 1§k(Reference)

Bentzen BH, Schmitt N, Calloe K, Daby Brown W, Grunnet M, Olesen SP (2006) The acrylamide (S)-1
differentialy affects Kv7 (KCNQ) potassium channels. Neuropharmacology 51:1068-1077.

Biervert C, Schroeder BC, Kubisch C, Berkovic SF, Propping P, Jentsch TJ, Steinlein OK (1998) A potassium
channel mutation in neonatal human epilepsy. Science 279:403-406.

Brown DA (2008) Kv7 (KCNQ) potassium channels that are mutated in human diseases. J Physiol
586:1781-1783.

Charlier C, Singh NA, Ryan SG, Lewis TB, Reus BE, Leach RJ, Leppert M (1998) A pore mutation in a novel
KQT-like potassium channel gene in an idiopathic epilepsy family. Nat Genet 18:53-55.

Coucke PJ, Van Hauwe P, Kelley PM, Kunst H, Schatteman I, Van Vezen D, Meyers J, Ensink RJ,
Verstreken M, Declau F, Marres H, Kastury K, Bhasin S, McGuirt WT, Smith RJ, Cremers CW, Van de
Heyning P, Willems PJ, Smith SD, Van Camp G (1999) Mutations in the KCNQ4 gene are responsible for
autosomal dominant deafnessin four DFNA2 families. Hum Mol Genet 8:1321-1328.

Dedek K, Kunath B, Kananura C, Reuner U, Jentsch TJ, Steinlein OK (2001) Myokymia and
neonatal epilepsy caused by a mutation in the voltage sensor of the KCNQ2 K™ channel. Proc Natl
Acad Sci USA 98:12272-12277.

Dupuis DS, Schroder RL, Jespersen T, Christensen JK, Christophersen P, Jensen BS, Olesen SP
(2002) Activation of KCNQ5 channels stably expressed in HEK293 cells by BMS-204352. Eur J
Pharmacol 437:129-137.

Gutman GA et al. (2003) International Union of Pharmacology. XLI. Compendium of voltage-gated
ion channels: potassium channels. Pharmacol Rev 55:583-586.

Kamada F, Kure S, Kudo T, Suzuki Y, Oshima T, Ichinohe A, Kojima K, Niihori T, Kanno J,
Narumi Y, Narisawa A, Kato K, Aoki Y, Ikeda K, Kobayashi T, Matsubara Y (2006) A novel
KCNQ4 one-base deletion in a large pedigree with hearing loss: implication for the
genotype-phenotype correlation. J Hum Genet 51:455-460.

Korsgaard MP, Hartz BP, Brown WD, Ahring PK, Strobagk D, Mirza NR (2005) Anxiolytic effects
of Maxipost (BMS-204352) and retigabine via activation of neuronal Kv7 channels. J Pharmacol Exp
Ther 314:282-292.

Kubisch C, Schroeder BC, Friedrich T, Lutjohann B, El-Amraoui A, Marlin S, Petit C, Jentsch TJ
(1999) KCNQ4, a novel potassium channel expressed in sensory outer hair cells, is mutated in
dominant deafness. Cell 96:437-446.

Lawson, K., and McKay, N. G. (2006) Are potassium channels realistic therapeutic targets? Curr.
Pharm. Des. 12, 459-470.

Long SB, Tao X, Campbell EB, MacKinnon R (2007) Atomic structure of a voltage-dependent K*
channel in alipid membrane-like environment. Nature 450:376-382.

Lu Z, Klem AM, Ramu Y (2002) Coupling between voltage sensors and activation gate in
voltage-gated K+ channels. J Gen Physiol 120:663-676.

Marks R, Pearse AD, Walker AP (1985) The effects of a shampoo containing zinc pyrithione on the



control of dandruff. Br J Dermatol 112:415-422.

Patten CD, Caprini M, Planells-Cases R, Monta M (1999) Structural and functional modularity of
voltage-gated potassium channels. FEBS Lett 463:375-381.

Peretz A, Degani N, Nachman R, Uziyel Y, Gibor G, Shabat D, Attali B (2005) Meclofenamic acid
and diclofenac, novel templates of KCNQ2/Q3 potassium channel openers, depress cortical neuron
activity and exhibit anticonvul sant properties. Mol Pharmacol 67:1053-1066.

Peretz A, Sheinin A, Yue C, Degani-Katzav N, Gibor G, Nachman R, Gopin A, Tam E, Shabat D,
Yaari Y, Attali B (2007) Pre- and postsynaptic activation of M-channels by a novel opener dampens
neuronal firing and transmitter release. J Neurophysiol 97:283-295.

Schenzer A, Friedrich T, Pusch M, Saftig P, Jentsch TJ, Grotzinger J, Schwake M (2005) Molecular
determinants of KCNQ (Kv7) K* channel sensitivity to the anticonvulsant retigabine. J Neurosci
25:5051-5060.

Schroder RL, Jespersen T, Christophersen P, Strobaek D, Jensen BS, Olesen SP (2001) KCNQ4
channel activation by BM S-204352 and retigabine. Neuropharmacol ogy 40:888-898.

Seebohm G, Pusch M, Chen J, Sanguinetti MC (2003) Pharmacological activation of norma and
arrhythmia-associated mutant KCNQ1 potassium channels. Circ Res 93:941-947.

Singh NA, Charlier C, Stauffer D, DuPont BR, Leach RJ, MelisR, Ronen GM, Bjerre |, Quattlebaum
T, Murphy JV, McHarg ML, Gagnon D, Rosales TO, Peiffer A, Anderson VE, Leppert M (1998) A
novel potassium channel gene, KCNQ?2, is mutated in an inherited epilepsy of newborns. Nat Genet
18:25-29.

Singh, N. A., Westenskow, P., Charlier, C., Pappas, C., Ledlie, J., Dillon, J,Anderson, V. E,,
Sanguinetti, M. C., and Leppert, M. F. KCNQ2 and KCNQ3 potassium channel genes in benign
familial neonatal convulsions: expansion of the functional and mutation spectrum (2003) Brain
126,2726-2737.

Su CC, Li SY, Yang JJ, Su MC, Lin MJ (2006) Studies of the effect of ionomycin on the KCNQ4
channel expressed in Xenopus oocytes. Biochem Biophys Res Commun 348:295-300.

Su TR, Chen CH, Huang SJ, Lee CY, Su MC, Chen GH, Li SY, Yang JJ, Lin MJ (2009) Functiond
study of the effect of phosphatase inhibitors on KCNQ4 channels expressed in Xenopus oocytes.
Acta Pharmacol Sin 30:1220-1226.

Surti, T. S., and Jan, L. Y. (2005) A potassium channel, the M-channel, as a therapeutic target. Curr.
Opin. Investig. Drugs 6, 704-711.

Wang Q, Curran ME, Splawski I, Burn TC, Millholland JM, VanRaay TJ, Shen J, Timothy KW,
Vincent GM, de Jager T, Schwartz PJ, Toubin JA, Moss AJ, Atkinson DL, Landes GM, Connors TD,
Keating MT (1996) Positional cloning of a novel potassium channel gene: KVLQT1 mutations cause
cardiac arrhythmias. Nat Genet 12:17-23.

Wu YJ, Boissard CG, Chen J, Fitzpatrick W, Gao Q, Gribkoff VK, Harden DG, He H, Knox RJ,
Natale J, Pieschl RL, Starrett JE, Jr., Sun LQ, Thompson M, Weaver D, Wu D, Dworetzky Sl (2004)
(S)-N-[1-(4-cyclopropyl methyl-3,4-dihydro-2H-benzo[ 1,4] oxazin-6-yl)-ethyl]-3-(2-fluoro-phenyl)-ac



rylamide is a potent and efficacious KCNQ2 opener which inhibits induced hyperexcitability of rat
hippocampal neurons. Bioorg Med Chem Lett 14:1991-1995.

Wuttke TV, Seebohm G, Ball S, Maljevic S, Lerche H (2005) The new anticonvulsant retigabine
favors voltage-dependent opening of the Kv7.2 (KCNQZ2) channel by binding to its activation gate.
Mol Pharmacol 67:1009-1017.

Wuttke TV, Penzien J, Fauler M, Seebohm G, Lehmann-Horn F, Lerche H, Jurkat-Rott K (2008)
Neutralization of a negative charge in the S1-S2 region of the KV7.2 (KCNQ2) channel affects
voltage-dependent activation in neonatal epilepsy. J Physiol 586:545-555.

Xiong Q, Sun H, Li M (2007) Zinc pyrithione-mediated activation of voltage-gated KCNQ potassium
channel s rescues epileptogenic mutants. Nat Chem Biol 3:287-296.

Figures:

A
m Fig.1 ML-213 sensitivity of wild-type channdl.

Z Typica current traces recorded from HEK?293t
'—"'_='“='r expressing KCNQ4 (A) is shown before (A) and
during perfusion with 10 uM ML-213 (B, 5 min;
C, 10 min). The voltage protocol is shown asin
Materials and Methods. Scale: 2 nA; 1 sec.
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Fig.2 Retigabine and ML-213 sengsitivity of KCNQ4-W242L channels. Typical current traces
recorded from HEK293t expressing KCNQ4-W242L (A) is shown before (A and C) and during
perfusion with 10 uM retigabine and 10 uM ML-213 respectively (B and D; 10 min). Scale: A and B:
1.5nA; 0.3sec; Cand D: 1.5nA; 0.3 sec.
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Fig.3 ML-213 sensitivity of KCNQ4-R488A channel. Typical current traces recorded from HEK 293t
expressing KCNQ4-R488A (A) is shown before (A) and during perfusion with 10 M ML-213 (B,
10 min). Scale: 1.5nA; 0.3 sec.
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Fig.4 ML-213 sensitivity of KCNQ4-R490A channel. Typical current traces recorded from HEK 293t
expressing KCNQ4-R490A (A) is shown before (A) and during perfusion with 10 mM ML-213 (B, 5
min; C, 10 min). Scale: 1.5 nA; 0.3 sec.
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Fig.5 ML-213 sensitivity of KCNQ4-R492A channel. Typical current traces recorded from HEK 293t
expressing KCNQ4-R492A (A) is shown before (A) and during perfusion with 10 uM ML-213 (B, 5
min; C, 10 min). Scale: 1.5 nA; 0.3 sec.
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Fig.6 ML-213 sensitivity of KCNQ4-S494A channel. Typical current traces recorded from HEK 293t
expressing KCNQ4-S494A (A) is shown before (A) and during perfusion with 10 uM ML-213 (B, 5
min; C, 10 min). Scale: 1.5 nA; 0.3 sec.
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