HMJ-53A 4eig Kv i if a4 4h i 2 83

Mechanisms for the acceleration of Kv channel
slow inactivation by HMJ-53A
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Abstract

Voltage-gated K (Kv) channels are important in repolarization of
excitable cells such as neurons and endocrine cells. Kv channel gating
exhibits slow inactivation (slow current decay) during continuous
depolarization. The molecular mechanism involved in such slow
inactivation is not completely understood, but evidence has suggested
that it involves a restriction of the outer channel pore surrounding the
selectivity filter. Pharmacological tools probing this slow inactivation
process are scarce. In this work we reported that bath application of
HMJ-53A (30 uM), a novel compound, could drastically speed up the
slow decay (decay t=1677+120 ms and 85.6 £7.7 ms, respectively, in
the absence and presence of HMJ-53A) of Kv currents in
neuroblastoma N2A cells. HMJ-53A also significantly left-shifted the
steady-state inactivation curve by 12 mV. HMIJ-53A, however, did not
affect voltage-dependence of activation and the kinetics of channel
activation. Intracellular application of this drug through patch pipette
dialysis was ineffective at all in accelerating the slow current decay,
suggesting that HMJ-53 A acted extracellularly. Blockade of currents by

HMJ-53A did not require an open state of channels. In addition, the



inactivation time constants and percentage block of Kv currents in the
presence of HMIJ-53A were independent of the (i) degree of
depolarization and (ii) intracellular K* concentration. Therefore, this
drug did not appear to directly occlude the outer channel pore during
stimulation (depolarization). Taken together, our results suggest that
HMJ-53A selectively affected (accelerated) the slow inactivation gating
process of Kv channels, and could thus be a selective and novel probe

for the inactivation gate.
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B mre R g 4 s fmre N AT AR kR B 4 1-10 uM >
FiRwe F R ARG o PR G R g
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(Poolos and Johnston, 1999; Wang et al., 2008) °
. &4 i [ Leak K channel | :

P ERHEA] 4 BT R (S1-S4) @42 2 B P-loop
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3B F T ot a B ¥ wmie R Mot T
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M g+ @ Mg™ 2 putrescine ~ spermidine ~ spermine > 3 Fe i+
4o 33 1 'mre ¢k 45 %5 (Loussouarn et al., 2002) - Kir & i % 3
SEETE ER R L I
. ATP 5t M 4l49 83 s i [ Adenosine 5'- triphosphate -
sensitive K (Karp) channels | :

A4 Kirox (6.1:46.2) % sulfonyluread: < F (SURI
SUR2) “fHfa oyt i if el far B B 2 e B ATPcADP
ik R EF 0 4 g e R [ATPIADPIT % 0 § € 4

‘e

Bpc: @ R4 aA SREWFIE N AR B F G

N

Bihh d oo bldo F A MAST G SR > LG b hB-tm e B
[ATP)/[ADP]*" & F = o SE L3 35 BE P > 49 33 7 [l ¢h e
oo BB-wmEd iRt T EE S L RCal g R A R%E 3
o A FEME e P At A S B
wP% . %7 (Leung et al., 2006; Sun et al., 2007) ; @ J 5 $+3%
Karpil if ¥4 5 g2 % ¢ B & 442 F 5
(Jahangir and Terzic, 2005; Yamada and Inagaki, 2005) °
. RBRAPHEITEE | Voltage - gated K' (Kv) channels | :
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P AR 5 2 F 1 (deactivation) e Qﬁ{fg B Kv i g KB
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S8 T RAZGRE I EE (Voltage-gated K (Kv)
channels ] B
Kvid if 3¢ £d v Bo-%Hv = ~ (a-subunits) (F1) @ T4
FPouduAariE A o @ R Bo-subunitE d i 7 R B (S1-S6)id &
@ = (B2)># Ba-subunit? 7 Cz (C-terminus)frNz (N-terminus)
+ =3 Jn%e ) ) (Choe etal., 1999) o

S4FIH § AP B R ARBIRAR T R BT SR

=

3
F_k
=

A S4B FiTohplehe BRPIRAR L AR IR BT L
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FR PR AT e i R > FUER TR A B
Bk IR A T i R o S4EER S LA B A
— 8 0 SAFH I T L e ¢k i n ViEH o
FofESAEA Y R Feneh Bl dete WO > 0 fids et
A E

2003 - Mackinnon ®] F5 1] * Aeropyrum pernix i} £ {4 3 ‘o 7]
( thermophilic archaebacterium ) /4 %t 149 3 3 ¥ 3§ 3-9 KvAP> @ H
Ve FE B )8 B P et eKVAL i B9 2 F ARAT 0 X g Xeray
BRI KVAPT R P+ i g b ERETF
(gating charges) = ¥ % &t + i i & b Bl > & i £ S3b-S4 -

helix-turn-helix 4.7 » 4 ‘e & &1 p¥ - 5513 TR A Rl BHb 3

'«?s»

ek o B @ R BTk SO W B AT > @t FEHC A2 % paddle
model (Jiang et al., 2003) °

4o 3 + i g + S5 94r S6 B ¢ P-loop £_d -TXXTXGYGD-
( -thr-X-X-thr-X-gly-tyr-gly-glu- )t 4F B 7 fe = > @ o 302kl id o~
N RS R BREEATE LA RIE D A - B ETRY AR
B F it o Kvilig ¢ » 2 ¢ -TVGYG- (-thr-V-gly-tyr-gly-)tf =
B EREMEENNTHL S EH M ERE (selectivity filter) (F]3)
(Choe, 2002; Yellen, 2002) ; F] 5 EH M BB E R F > & “EFX
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4 i (van der Waal's law) > 473+ B sgpe & R b iplk -k &
4+ (hydration waters) > - iEF FE M E R FE P RADE R F
(carbonyl oxygens) | B~ it dm g+ F pl R -k o F > BB F 8 o d

4w A SRR S | MR & B LB R I ¢ ] 2 ke

FRFEMTAI] 0 A LR FA B2 T BT PR s A
J fT’.ﬂi ,z%ﬁmﬁo ,}azﬁ'lﬁﬂ /J ’ _’i{,é’— fg,ra VA _‘_LE.J, :T}L

A3 g EE MR B d S W iE2 R F] (Choe et al., 1999;
Doyle et al., 1998) -

Kvid s cnff i 54 0 4 S1-S6- 1 7 "% < (six transmembrane
domain, 6TM) > ff.= - B =x B = » B B S5£2 S6:d #& - #%P-loop (P)

= f 5 6TM/P (Hille, 2001) = Kvid i ezt 5 @ ¥ BT 2w

1¥ BRSNS 2T -

=
4
=3
E
3
Pt

WE e o T ATAFEAOREES Y AR TR R e T

He PR (Nerbonne, 2000) ©
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Bl 1 KvidiE v 2 BB a-dv 0 H 2 (a-subunit) = 48 54
d > B(S1-S6)F 3 d-v @ ¥ m = - B o- subunit > @ — i

Kviligd = B o-subunit #7%= > 2 NZE Cy 23w

#z i ] - modify (Choe et al., 1999) -
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_ ‘ \-
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Bl 2:Kvilig b o & B a-subunit ¢ = % %5 % kv (S1-S6 )l 4%
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Selectivity filter

Pore
helix

QOuter helix

Bundle (S5)

crossing

Inner helix
(S6)

B 3 Kvilif 2 8 48 s F(selectivity filter ) »
PG SRR B RSB R B ARS 0 i
REY E R BEL > ALmiepthind

(Choe, 2002) -
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Y28 R RAFeYEI A2 441 (inactivation)
BRI pE >S4 R RITH R A RSO F o ika # (T

B F SR M (activation gate) B fx

ad

L2F e N 4T AR L

tmRe ob o A

st 21 (Choe, 2002; Yellen, 2002) > @ 3 75 1 B F* B fxis » 493
G F A4 (inactivation)FE B > @ L FEEL S 3 B EL
fs A2 o 4ptRit (o > g 4w 3 F 14 (deactivation)FF Fx » & 1L i B
Fooomahitz il g v 4R (recovery) (Hille, 2001) o
ERBASGEIEE L SRS SR BRSSO
% — 2 I NA44 ¢ (N - type inactivation ) » ] 4 $H it R -5 &
1001 200ms » = £ 5 P3¢ 3] 44 i ( fast inactivation ) » 3%
Kvl.4 ~ Kv3.1 ~ Kv344frKv4.2:f i +  (Kukuljan et al.,

1995)

%

% = #p: CAl44 i+ (C - typeinactivation )» ~ #R A~ Kvid ig F ¥ ¥ &L >
TRt ERLE-HIAPE FRAR X HE R
A44 it ( slow inactivation ) (Kurata and Fedida, 2006) > # &

**Kvl.5fr Kv2.1id g ' (Andalib et al., 2004; Kurata et al.,

2001) -

Fod o DRBSEET EF Y N
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BKvid g ? ONAGS L F 4 A2 BFWY RAread BH »
Ny 0 @ e E et e N4 F 20 B R A L T e A gk (ball)
21213 805U ik %72 = i (chain) > A2 % “ball and chain” - ¥
e EFIRCR md R enfE o BRKvE g B IV B REY ke B
R RMBEO me N 2 gt iFp g ek e iz o
o PFKVIL E ¢+ Neg eball and chain”d 7 /L 35 .34 @ ) & if
hiv > Tk a3 iE 34 F (Gulbis et al, 2000) 0 £ F o E
it FlaFagm A4 v ied > T RIPPHILF > L A4
AFt o REEw I RLapRE (B4) -

PRSI EROF S REZEF AR P R A
Fpog A2 “F L (trapped)2 3 % (Holmgren et al., 1996) o % #-4w
B i b Ny (207 vAh o ball) S H T A NS
o RE AN o £ A20BIRARA ST M N o FRT LW
BANAGH T F i 234 Ferskz JER &5 I % (Zagotta et
al., 1990) -

Ao Kvil sp e BAH VIR R T s g BB pwre p £ S0
oo AANFS T 0 Aise BT FARBIAL GHROEE
BHY - BTV B AP AN o A o BT
K- Bt zRE SN i ehe B 5 (MacKinnon et al., 1993) °
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m TEA (tetracthylammonium chloride)® &3 4 4 # * RIFFFLEN
Ay v chgm g L Erd > HPLETS N2 L d e pJL S
Pt @ RS T iE b 2 Nog 2 “ball and chain”™ & i 3 G p 34 - i
NAJ 44 it & 2 iE = (Baukrowitz and Yellen, 1996; Choi et al., 1991;

Choi et al., 1993) -

Extracellular

..... hed .. bd

Cell Activation
Membrane
P— Recovery
_ Deactivation | )

intracellular

B 4 : N-type inactivation

il ip b2 N A4 i

$I8: RALGEILEY CUBT

Bodddh it g4 dorg KVl iE + > A% AN > A B
ARPAHTTRETFEFFTAPE P F2 2l gHFE I Ernd &
it ¥ & (Kurata and Fedida, 2006) - & {244 i* 3 % * F 5 CAl 45 i
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(C-type inactivation) ¥ % # £3F 5 7 b g oKvid i b o> blde -
Kv1.54eKv2.1:€ i¢  (Andalib et al., 2004; Kurata et al., 2001) -

Wy R SfEAFRPCEGS ] T AR 20
ML FAEHA CUH R LA F A PERPEREAS G
B B AEn ¢ S g% (Kurata and Fedida, 2006) - e ard
e ] e T 2 R enf g RKvi i A pE s |
FGLH B0 BER PR 2R R I PE R SRR
A TR REE E S B HAET I RELH o B e RS
AR ER  FIETH A AL FAREY > L RLFIF P D
FHPERERB AL TR A F AL AL R

FIRL ARG > X HFHT - 2% (RS)

[Extracellular

L Inacm ation
(i Aclivation
Membrane
— Reunen
Deactivation |

intracellular

)5 : C-type inactivation
g il b2 C Al
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Rt dae L AL B2 SRCAY 4N 1 9 B F_fShaker i (Kvl72%) #

3t 1+ eithreonine( T ) i+ % 449 % ¥ 14 e 2-( T449E,T449A, T449K )
AR (T449Y, T449V) CAl44 i3 & > o iﬁ{éi % T449 : arginine
(R) ~lysine (K) ~alanine (A) & glutamate (E) igd- "l % »
EHhP-HER Y- 2 G > e hvaline (V) #tyrosine (Y) €
MCAGH L E R -F7UNFZE FFCHE T R B LR G
M & w CA44 iv (Hoshi et al., 1990; Lopez-Barneo et al., 1993) -

1998 » & F M » GKVI3Z LS E b o e thde » MR R
(30-50 UM)49 3t 5 » 7 49 3+ 3T 3F b ARE B LB BT B 4o o
IS > oA Prd|CAI4A 1t (Kiss et al., 1998) o Shakerid g + »
HAavmiethgagp+ kB 2 4« »TEA > % € FRCAIS L g & o

PAKvl3 Y s 3 3w e N BRLORALBERL - (tyrosine kinase
phosphorylation) ¥ 3¢ = CZ| 44 it i A& R flcshde P v fe 17 4rig 2
A DR T € B BCAIS 1 hp B B PKVL3oR B R A
(Bowlby et al., 1997) -

2007# 3 EHFA g N AIF T xSt & (hydrogen
bonds)2 #F3H:EH B B L a2 AT A i i ¢F 3L ghhelix 2
Fejph 2 £ 214 > @ 3 Z2F CAl44 1 4] (Cordero-Morales et

., 2007) o F]pt A Kv1.2F, $= Val370:z % = Glu370 (Bl6) > “i&
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CKv12% > E B MR E F hGlu3707 22 Asp379iE* { 552 4p 3
23l RiBREFRT(SEI) 2 AACTS T o F v

Glu37022 Asp379 € 5 Ap 3B B » Mg2 2 55 1 15 > i w 7k Lk

(Cordero-Morales et al., 2007) (®7) -

B 6: b Kvl2dE F o 5 R4 Val370 % % % Glud70 - %
B Glu370 £ Asp379 € {3 4p3 %31 > A2 CAls i

(Cordero-Morales et al., 2007) o
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B ¢ Stron
0 0 ;. 0
— —_—
9] 0] s 0
¢] @
F  Closed state E Open activated D Open inactivated
’ ¢ Weak
(] 0 —
o) 0 4
e 0

Bl7:Kvl2idif (A) Aotk ki (B) EBMERSE
+ enGlu370£2 Asp379 (7 B =847 ) 403 %31 (C) 42
A2 2 CAl4 1t (D) AT IER T ERE TN 7 a4
F R EAE i (BE) WA > Glu37027 Asp3797 4 58 [

(F) 2 i {s > g w ki ki (Cordero-Morales et al.,

2007) -

26




PR RS BT RIRTE A -3 ST Ty PR N B T
Pl aAaad s €8 bldo A K we (Hille, 2001 ) @ % 4
FCRKVILE hgh 1P e B e A e e BB bde
4-acetamido-4'-isothiocyano-2,2'-disulphonic ~ stilbene ~ (SITS) AFr
N-bromoacetamide (NBA) » & # =& § w72 GH3 ¥ &7 > i ¥rdl
Kvid 3¢ e7iN7| 44 it (Oxford and Wagoner, 1989) o

Raopawy RE- 2 EJFPOES I FLIFRES R HFHKY
Wiz CRIgh T - 2a B 3§ fXEFLIFATERY > FEHMI L 7
LA fifr FIPL L L AP 2 HMI-53A% 3 8Kvid i > @
L A H gL (7% Zant Aspiringg 0 ¥ M Prd 4w ﬁvﬁ?{ AT
@ e G E A B (ICs © 1.60 M) ( Hour et al.,, 2000 ) » &~
A PR A A bt (T 0 L PG IERRT i A 2 e
v 9

AT gty 3 iEe o AR e e i Kvid s o] BAY SR

N2A( mouse neuroblastoma )im*e » i ¥ < £ FHMJ-53A E_4rim §2 3

AtS
P2

Kviiiﬁ o I“L ;?lﬁ_‘ll—b ‘mpg " 7 KV‘;ELE Iac C;“J% IL‘ iﬁ_‘%( 9 W & ‘_j

A=

Paga F 4 RS ET o HMI-53AEY phmve tha 2w p > &
g B et ik CRY 44 1 e A BLBKvil i b avd (R o ipt B AT
HMJ-53A% % iv— B %fr%ﬁﬁﬂg o L FERICAI &S YR
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N2A (mouse neuroblastoma) 5 -] B4 5% mPe $k > 4 £337C ~5
9% CO, % % 44 » ¥ % A % Dulbemlo's modified Eagle's medium
(DMEM) (Gibco) ~ 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad,
CA) %2 1 % penicillin-streptomycin (100 units/ml, 100 pg/ml)
(Invitrogen) > % Zk* Al m%e > Bl H 258 RV FR > L *
Dulbemlo's Phosphate Buffered Saline(PBS) (Sigma-Aldrich)i* & =% { »
£ 4¢ » 1ml trypsin (0.2594, Invitrogen) » & & — & L4 > £ 4 > 1B %
Foml > fRs e g F grs (900rpm ~ 54 48 ) o 2 15 o d b
TR RIS IS  RI PO RN ST R I
RAdEAEr Y > BREBRAHY > Z 1T w X MK

PC-12 = *= & % B;jz "%’ 4 ' % By o %% tk (Rat adrenal
pheochromocytoma cells) » # £ *37°C ~5%CO,32 % 4 » 2 & A 5
Dulbemlo's modified Eagle's medium (DMEM) (Gibco) ~ 10% fetal
bovine serum(FBS) (Invitrogen, Carlsbad, CA) % 1 %
penicillin-streptomycin (100 units/ml, 100 pg/ml) (Invitrogen) > = X &
FAlmreom B L3N d RAR A ¢ Fu E KT me s
£ 4o~ g g g (900rpm ~ 3448 ) 0 fHE R 0 F e r Imbi
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B
e
B>

By o Fher PHFERERI I RERIR ATV

ExERERY e T T S8

¥ B

I. HMJ-53A% ¢ RFH - S EFRER (gL [ EFi%zEo
G B A R kR S 100 mM o i3 ¢+ Dimethyl Sulfoxide(DMSO) -
HEBH 8L AR rBA - HMI-53A%m e 2§ 4 1 Flée
HMIJ-53A > 204 4&{5 > 41 * trypan blue (107 %) PI3#N2A

bl 2 e 3 - 2 oo 2
e 35 00m H oz e 5 >95% o

CONH
@: ’ @/CHO NaHSOs, DMAC @\)LNH
i - ~
NH, 1500C NJ\O
OCH,CH,
CH,CH,, NaH
g SN
THF, 50:C PR i
N
HMJ-53A

BIA © HMI-S3AS S & & 4425
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2. # # HMJ % 7|2 4 (HMI-1~ HMJ-29A % HMJ-73A) % &7 &
FEAFEFREF L GL [ XFRRI>-E e EPiarik

B 550-100mM - i3 it **DMSO » @ ¥ i 4 4o BB -
O

NH

HMJ - 1

OMe

N

=
N

HMJ - 29A

OCH,CH,CH,
NN

~
N

HMJ - 73A

BB 1 HMJ i 72 %4 452t
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3. TEA CI (tetracthylammonium chloride ) 47 & 3 & ig Fe 7] > P ¥
%+ Sigma-Aldrich (St. Louis, MO,USA) &5 &4 3 % k&R 5 1 M>

o

% f#*>  millipore water °

4. Staurosporine & ZLiE % M -0 fedr4|H > LY T Tocris (USA) > &%

FE A RER L100 uM > 4 f23DMSO o

Fz 8 gaEER
pcDNA3-Kv2.1 2 ;EGFP 2. ¢cDNA - & 4c £ % 5 & 5 ~ 5 h
Professor Gaisano® % % P~ o J j& %5 pcDNA3-Kv2.1 % ,EGFP2
cDNAic & s g ¢ > & BB 3ugx | pge T & FACE 3L
® > 7 22 Opti-MEM (Invitrogen, USA) (44 ul)iR £353 » & #2045 45 ;
A ¥ FiEY > $ Lipofectamine " 2000 (Invitrogen, USA)10 pl#
40 ulHO0pti-MEM » R £ 393 ¥ 5 (F54 48 -
6 B BIAR LD 5 T L FE2044 0 7 N2A b2 b
35 cm £ & x » ¥ PBSi# i = =t 5 4 » 44 % dhculture medium
(DMEMP 7 3 10%FBS) 2 ml; 4= Fiff e 357 200 482 R &5 > &
100 ple » 233 % ¢ > 223 COME & f8iB— 0L15 » % ¥ KB H
( Excitation : 484nm > Emission : 510nm )% ‘m?s §_F 7 #78 = 7 ;
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BAv=x 7 € L 3% d hiwme ; F] L pEGFP (maker) @ "8 1% It %
T LA E dmie BN > LS d B T T

B % e o «;gfjk.l« % pcDNA3-Kv2.1% B3ZiE » P2 7 o dopt » fmbe

\“fa‘

FEALE R T R A Bk

Bl

%z & ! § 412 (Electrophysiology) & & &

- B3R %®H% (Leung et al., 2003) :

1. w7z ¢} % Bath solution (mM) : 140 NaCl , 4 KC1 , 1 MgCl,, 2
CaCl,, 10 HEPES ( * NaOH# # % pH 7.4)

2. % p % Intracellular solution (mM) @ 140 KCl1 , 1 MgCl, , 1
EGTA, 10 HEPES , 5 MgATP ( * KOH# # 1 pH 7.25) -

3. Ml 3y ¢ R #& (thin-walled borosilicate glass tubes ) (OD 1.5
mm , ID 1.10 mm , Sutter Instrument , Novato , CA) - * puller

(P-87 , Sutter Instrument) 4c$ 3> B = & 42 > & * microforge

( Narishige Instruments,Inc., Sarasota, FL ) 4v 447 B o

Ml SR P > £ fF weaB3S5om e A 3 R0
e R T & LA 22 mlsndme th R 0 R BACET 0 T A
FR(~22C )T &7 > e TR HFHI( whole-cell patch clamp )T
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ELIEN IR

BA R e pRiedBE iR (REZ4TMQ) > £
VI R AR e i B o - A2 2 T
ARl R ACS o 1% TR JEH % 4 B ( EPC-10 amplifier, HEKA
Electronik, Lambrecht, Germany )f-Pulse 8.60 k iz4% 2 ‘m¥s T /i %
v A E2 kHz » Jc B 9 % % %4 & .10 kHz » £ * Pulsefit
8.60( HEKA Electronik, Lambrecht, Germany )i %8 4~ 7% % - 7| % &
Fpsf f Rlbmie e > F TR AKX L EKEY 0@
N2Awm?e 2 PC-12 ‘m¥e » B W7 AL FH T A-70mV > £ 117 iz
LRE - FIFREE GELERLZRIENA) -
= CRRF B A

P A H30mV T R T (3FF3.548 0 BIE204) ) N2Amz » f 4
>3 kAR ZHMI-53A(1~3~6~10~18~30 uM) I N2Am?e »
g A30mV R R ] e 0 B s 4 £ HMI-53A e 4 (5 i fE
( steady-state ) Kv @ i » & M Hill> #2358 1 5 & 2 o Hill > 4258 -
Idrug/Icontrol = 1/{1+([HMJ-53A]/Ky)"} > Idrug % -+ 4 » HMJ-53A %3 »
25473 eKvE o s Icontrol & 71 & 4 » HMJ-53A > E 3KV R in o
[HMJ-53A14 7 4v » ‘m¥¢ b ;% @ HMI-53Ak B > Ke& A 3% #icon
% 77 Hill % & -
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oA d AFE LW AR

Kvidig it 2 2 RiRdE M > i F & % 30T 0 (tail current)2 3
B AP F Y o Flde » HMI-53A7%8 o 44 1b i 289 2o o112
W R INE R R A AR B0 % 3 R erflea @ B Ky

Tofr B EB(G) RE*G =UV-Vr = @4 &> & Vr

(RT/zF)In(Ko/Ki) » V4 7 § %2 2T B » Vid o045 F i3
(reversal potential ) » 18 _F /% » REF W ¥ B TERE » 283+ T
e mengp S S+1 > F& 23 % % #ic (Faraday constant) » Kofr
Kiz s & 5 e b 2 irop 38 8 TP 2 dofe )R g5
ER o B2 T RIFIBMES > T S 425 (Boltzmann
equation) ¥ 3|7E i & 4 > G/Gmax = 1/{1+exp[(Vi2 - V)/K]} k $5 i i
FRAM BT E e g 2 BNl ko Vph & 2MAF 4 B
- X pheimie R 0 kiEE AL S (slope factor) @ % £ i i 2 BB
3t m e ORI 2 R ARR o

~ fE K B2 45 v (Steady-state inactivation ) ¥ A& :

d I/Imax = 1/{1+exp[(V - Vip)/k]} #2 > Vip 47 23RA g B
fs R R - TRy 2 k H. 4% (slope factor) >

T 2 g4 T HT e T T L B AR
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Hje
4=
g
SE
=
>y

v ’2means £ SEM; 4§ & -/ * unpaired & paired

student’sttest 3 1t 2L 8 > @ p<OO0SEEFALER -
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v IR %

B N2Ame L 3 4 it > € & 2 % 19 (decay)i® A& &M ¢ & in
(Fig.1 AB) > A &R FIR 7 fz 5 CA44 ¢ (Kurata and
Fedida, 2006) - @ At F %Y » &5 N2Am2 104 &g i (= -

= g FIE204)) +30mV2 & > REHE TR RTER 0 TR T
PR R 4@ 4o %198 B (Figl AB) (%12 1 0§/40600F) » &
L% 1440+ 170 ms = 1376 £ 164 ms,n=15)

#Fig.1C,D¥® > N2A!m?s it 3 & i pF > & w8 ¢F 40 » 30 M
HMI-53A%5 » &, %5 T8 B %1938 B X 5 & 4 P v 7 HMI-53A%
FREOERI TR %19 ¢ £ 3] 014 (4 » HMJ-53A2 %
2 1=856+77ms > n=16; A4 HMI-53Az %i2 1 &0 44 =
1677+ 120ms > n=19 ; p<0.05)

mAE R AT g fjﬁiié_i beig } 1915 0 L g
e s A HMI-53A 0 FILSEI0T 124 et (s » w4R T &
st HMJ-53A50% 93¢ & (Fig.l1EF ; 42953 +16.5%,n=4) -

Fig2? » % 7 HMI-53AFr 4 FE TR AL 7 in 2 (B B R R 15 o & w1
2 FRERLI~3-6~10~18 % 30 uMsHMI-53A > 'g H dr) 48 TRk
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>

Eaom > HICso% 9.2 uM » 1 i Hill plotfE (FHill h # 5 3.5 5 F]pt #

Eff

(=¥
9

2o ehg s oo T E e HMI-S3A TR AN2A M ve 2 Kvil if > 1
R R

pLeb s N A F - w2 JRPC-12/m%2 0 4 ZF P HMJ-53AE.F & ¥

4‘3

~phamre b o 4 g BEKVE 2 F 9 A 5 APC-12/m > BT i

F(F - ZRIE204)T30mVE &1 > 5 A 4 HMI-53A (30 pM) »

#1319 1 5762 +£272ms > @ 4t HMJ-53A (30 uM) % 3 %% T fgrpe >
H%Fi® 1 4 277+ 13 ms (p<0.05,n=06) -

L AP EEFERD > P RHMI-53A4 o8- KVl i (5%
e ? @ AN2AMm e dE s » Kv2.12.cDNA » 4 Bl & ] ¢ #7 » Kv2.1
cDNAGIN2Am® e 2. T (V¥ >3 nA) 4> 3@ (- g
205 ) +30 mV2 & > FIR % 1t 54600 £ 130 ms > @ 4 >
HMJ-53A 30 uM) % 1 ie* T frpF > H %39 1 4k 12300 + 70 ms
(p<0.05,n=3) - & S % ¥ F 5> HMI-53A ¢ £ $KV2.14 2 4eig
gk i % (Fig3) o

o B EAP I T AHMI-53AF flm o et 2@ A
E{F* 84 Zme PN 2 e tta x IRA ’—FT LI mre ) (BF
AN2A Mm% ¢ » 4 ‘m;;iia,"g T2 dmPe o @ 4 » HMJ-53A (30
UM) (77 fmfz 4o ) (80 B e i (& - = BFIR204) ) +30
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mV3 i SiE1SA & > R TE R K% (8 10044
15/ 48 % 51270 £ 151 ms fr 1418 £ 128 ms,n=4) ° %2 > 'm
e b @ A (&7 fwde b ) HMJ-53A (30 uM)#e » #F R T i % 9
R AR A A (FFF THE, R¥ 1 5 58 £ 6 ms,n=3)
(Fig.4A,B) °

FEM P RE VT o HMI-53A4 4 4cid 4 VI % > § 173

‘;\\}
11\

3 e oh X 2 am e o

$= & I HMI-S3A16% » B F &2 5% WiRkpr2 gfett 4 M
LS

¥ A4 RERE I R ch2biE B4 -9 A% 4 & Staurosporine

(Cogolludo et al., 2003) » 4 rxr T HMJ-53AX_ZF %1 & 4 BifL i (7% &

s Kv R ot % 3% o 4e » Staurosporine (100 nM)»t 3 £ # 5 % F30

&

AgBtE o B N2Am e i (F - =X FFIR204) ) 30 mVE & it o

|

BT R RiTER £ 4c » HMJ-53A 30 uM) e » BB = Hg R 4
PoH % i3k B ot e 4 » HMJ-53A 2 Staurosporine ( & 4t % & 4¢ )
B f b g0 g I 4e » Staurosporine# ¢ T g HMIJ-53A%H % 19 & 2
B 5 [2 4cqe A 4eStaurosporine (100 nM) 4 %] 5 96+7 ms f= 105+9
ms, p>0.05,n=3]°-
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B %7 v HMI-53AZ 2 e i it TR % > & 3o [Tk

F 2 AL T 2 e Ap B -

%= &% I HMJ-53AT* A Kvid g2 MPFFEE

ET KR IFFHMI-S3A* AKvid ip 2 MBS B ECPE B 2 %
N2Afm®e >t 2w TR (6 L8 ¥ - +30mVE &1t I 54k
#Fin (Fig5A) » %14 tim®e ¢k 4 » HMJ-53A (30 uM) » ¥ % &4
Rh (Asdap > TR TR ) S AdLEES RS B
F+H30 mVE it T esrE 7w (Fig5B) o £ ' fkiegd X % > %
BE - s - X3 HEFTRTEI619E53% (p<0.05,n=4)-
FE % 7 e HMI-S3AFE§7 (7% 52 Kvid i 2 P PE B0 187 g
i N HMI-53A A H w2 A 4o HMI-53A2 3 5 (102.7

+ 3.8 %) (Fig.5C) -

£ 8 HMI-S3AK 265 30 3 #7025 R e te

HMI-S3AEF 530 i ¢34 2 3 e drat 2 @ soHMI-53A (v »
BlhmPe b @ EF bty A fEA & R T @ FKVILE T AR
%319 % - l]?tl—\__i}'a-i‘ku.ilé It - BEARERMEERE T
ot & o
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F AR F e Kvil i By > .3 HMI-53A8230 i it
WA v 2 et Bk L FE e HMI-53A2 30 3 2 FF chdp B
Mottt »HMI-53A18 > ¢ F 2 il 2 o a4 TR DR
BRI APFLIR% LS A RARDET DE 0 AN2AMW

¢ o 4 ~HMI-53A% > .3 € BRI Ri92# F (Figh) o &k 4o

v«r»

HMIJ-53Apt 2@ > &5 2 2 it g #RITVFITER - R
FLEA g nd R > +H70mV)FF > 9700 € 5 dEMT T R T R R

B % (Fig.6A,C); @ fte » HMI-53A (30 pM)t ¢ > &

i

T RR
;pal?%]m—i it (02 +100mV) > F e S kgr > Mic T B B
S A G FEE S AR A e d T R e B (Fig6B,C) o st
BT LR B LT 2K L b » HMI-53A08 > FHE e 2 4R T o
A 3 4 HMI-53A8 3 3 BArd > @ 208 & L B o
Fig. 7TA4 7 » & N2AZm"% 7 > 4¢ » HMJ-53A (10 uM) (i€ # 2

BRAFZHET A gréeKkKvi - £ > AFig2) & » sk 2Ky
TIEDIEETE AW > R € XA ALK TR T o B A
B Epiod f B eied S B AR EAPM I -

A0 - 2 EF HMI-S3AX 2L E R G b o B g

i

S BTG o R R RS ERL LT B P
HMIJ-53A 7% % ? BE4rHMI-53A® a%iﬁ A i ¢b 3t > HMI-53A % 4o 3
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4y
IR
o
-
a
e
%
|
@R
por
3
R
=
g
Eh
=
3
T
&
4
A
o
F

€5 B HMI-S3AF S h2 it 4 o T > G R ok o K- L
e cngmg kA (£140mM™ 270mM) [ 50 e p 38
B o #7r2s 4e » 140 mM R HE(sucrose)] 0 ALE € M 4c HMJ-53A 1%
*?m R F A aN2AMmE o $#HMI-53A (10 uM)re%7Kv

AE AW AR BCAg R & E S (Fig 7B, C) ¢

i

T - T HMI-S3AT 2 B B A ip b3t oad vl R
9% s * TEAR % F > 7 TEAR $ b * oKyl i fe ¥ > 1%
*ORE e it A I RKVE R (Hille, 2001) o B F %Y
Flmre b @ 4o X TEA (3 mM)e » = TPrdIKva i o ie J fra s

Torki¥# F (Fig. 8) (%18 1> A4 TEAZ2 04 48fr4c » TEA{2 10
kg o B 51727 £ 373 ms 01430 £ 350 ms, n = 3) > % &
HMI-53A4 ' 1% FF R 227 FF o

Al A P S s s 7l kg s o HMI-53AF 7 ﬂ—\,_irri“‘lmglﬁ

LN o I

%78 { HMJ-53A1c+ pKvid 3g 2 441 R

d 1 b % T seHMI-53AF 2 E#z&*%‘glﬁ that e o Bl

/ﬂ

HMJ-53A4c -7 7% % 18

gl

AT AP RPMPREASY X

.
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RAPSLE I AEAPERE S L 0 R R B4 C

-

iR e ER o MFHMI-S3ATRY 8 25 d {4 Chl 4 1t
@R e

{ 72 Bt aN2Am > 3| AHMI-53A4c @ 2 8Kl i 2
Gh it 18 % 5 o 4 » HMI-53A% » BLBRKVE it e Tk fi 2. 44 1
£33 B (Fig. 9A) ? fte » HMJ-53Ap 20t & 4e HMJ-53A

L ip

~~4'L"LVI’ W EZH12mV (7‘#\4\:3» ¢ 4t HMJ-53A »

o

uid
é?i

S 5 Vip=-212+£25mV{e-33.0£23 mV;p<0.05) ; % ¢ 4eir -
HMJ-53A% Az H A F (A4 %2 ¢ 4tHMJ-53A > 2 % 569 + 1.3
and 5.9 = 1.2 ; p>0.05) - - BL3I AR 0 A ArHMI-53A % %)
doo g VIR R AR e HR1C T (> 50 mV)E B R o 2 % A
2. % UAl44 i (U-type inactivation) ( Klemic, 2001; Kurata, 2002,
2005) o @ phgm it TER o LR GfRrE e fRIL Y > g NI H AL IE
oIS H O R S AP Y o e SrHMI-53Ap e s e
'JF% FIUANES 1 > B ¥4 1L 2 iTd > ¢ g HMI-53A 5K © i&
e %7 8- I L FHMI-S3AT®* A48 R P2 BaR o

¥ - 2 5 o HMI-53AE_F ¢ 825845 it R P e vt 7 * dual-pulse
A ARG NG 4e » HMI-53A KV R TR AR e (Fig.10) o
BARDFEIR G F A » HMI-S3AHKVE in 2 kAR erig 502 F 8
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FoaFeAREIp R 24 > B R F b fits 55
double-exponential ; P-i# %8 ¥ » K4 % © 4cHMJ-53A 1 & %] % 187
£55 4v 142+£38ms (p>0.05n=6-7) > @ HRFERIE? > K4 %
¢ 4t HMJ-53A > t© & %] 5 3115+£9824-1542+ 810 ms (p>0.05;n=
6-7) o i B % ¢ 7> HMJ-53A4c 44 1- R BB ersg &

e

P g R )

¥ & HMJ-53A7 ¢ 8Ky g 2 B R

LY o LEANFT 0 EN2AWE ¢ o £ HMI-53A ¢ # FKv
Mg e cE P 2T REEY BB (-70mVI+70mV)? » ¥ 4o
Kvid if 2. %5 - R P 3 @ 5 F|HMI-53A 8 8 (Fig9B) (& 4c % ¢ 4
HMJ-53A 5 4 %] 5V, =12.8£32mV{r152 £ 1.6 mV ; p>0.05) -
i P HMJ-53A+ 7 B84 % (A4 2 © e HMI-53A 0 A w5111 +
0.5 4= 13.9+ 1.4; p>0.05)

AFig9C? » vk e 2 & 4c HMJ-53A 2 2 J& it kinetics » 1§ 5.
£ 4 5 o jEFig 9D it o B A v 0 Kvi ik { w2 2 &1 {0
P oREZ g ik s ¢ 4eHMI-53Ae 8P > ¥ B A e oihd
i T o 2 A S HMI-53A % 5 oed 7 ¢ sefH E i F
%7 @4 HMI-53A% ¢ B 8Kvid g 2 F 1 R o

;] F

i
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%= & I HMJi & = H 3

n\l‘:

Boa2 @B REMPL
i) Rea

FeE gk ¥ HMI-53A 3 EH v . Kvidsg b 2
Griv R A e BB o & Figll £ 7 % B HMJ =2 4+ » Frd42
Tk AL 7 on 2 kR % #E #£ (concentration-dependence) - @ I| & HMJ
e o I AT BI04 (moiety) § i S iEFRiDiER R
gt R B Y 0 B 4o e HMI-53A H ¢ (9 CH,CH3 » &.F ¢ %
Wicw i R 2 @ ik CHCHs &L o A 63 HMI-1 ~ HMJ-29A ~
HMIJ-53A 2 HMJ-73A (2B A~B)

424 N2A T in 87 @ 4 4R L 430mV o b » HMI-1 (30 uM) -
TRl BT e & HFEF > & N2A Wizt > %4
BF2EEA30MV o Fher AR EAZ BT HMI &4 > 5 5 8
HARELRET 2 38 - 2 HMJ-29A 2 ICso 5 17.5 pM > j_
Hill plot J& ¥ Hill 2 #c s 2.3 - HMJ-53A % % & Fig2 - HMJ-73A 2
ICso 5 6.5uM » Hill s 1.9 o

oL &R B HMI-1 2 25 Ky R0 o m HMJ-29A 5 ¢ R ¥
Ky §in HMI-53A 2 HMI-73A 3 5% B 8% Kv % i (Fig. 11)
SRR A B s B AP GER B S > ¥ U F 5 HMI-53A
Bt > CHCH; 7 2 & B0 (VR el B 4eid 2 B4 o
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R
Kvidgz C3 (Bih) st mgechm F44]ie* > pan 37 £
2 fEom s e B EH g5 Ky Wi P ehERMERE
AH i e B AR A R RIF R 0 h R4S R
#83vF (Kurata and Fedida, 2006 ; Hille, 2001) - @ A 2@ £ ¢ » {F
R CAl () BHTEPRP2ZFHEIRELZ D CA (R1E) 4
PG AGEAH T B R MY A4 RITE AR AR &
AFER SR A TP FRAERCA () SR %
2 AR nE S {xak L he
AP0 Bt P 8 IR A N2A (neuroblastoma)iw e b > HMIJ-53A
fe e B KVE B A P IR o AR HMI-53A A N2Am e # Kv
Mg A4 pier > § plmwe et 3 2bime h (Figd)e m Fig52. %% »
A A AT A % - B HMIJ-53A2 7% B Kvid i M B
Fefe s % = > HMIJ-53Az 1% §_ A Kvid 3f B EClE B o B (7% At
B EChs o pl o HMI-53A T G Kvild if F P> 38 355 @ 5 %
PRI R BB o SR T A AT RSB
Bk 0 F 5 [Fig9C,D¥ 4v > & i kinetics ¥ 7 € % I|HMI-53A %
-
tFigS5ens & P > B § L BB > HMI-53AE i%-i—‘ﬁ ERTE
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gkt TS TR AF PRI SRR Z > TR
SRR A Fefe > HMJ-53AR-iE b 8 3 G340k > 2 A
ERESTAN R K - RA SRR S F R LS
*&E'L’fﬂ AR B SN 3| R g I M T d %‘é\' TR M2 A 2 AR
PARNT T FEA e BArm i hF - BREA G A G TR AT
7 — Bdrug-channel$% & %> P E A F I i (NEEHH)
kRS RS

Al AT Y ¢ d - T HMI-53A2 i s 4p 3 1E R

hE)

AFE A7 PRSP BTG MR 220 » § 5 HMI-53A1F*
o A3 AR Od Rt T > TR RFauE R A gen (Fig. 6) o
£ % HMI-5S3A$r4IKvE e & vt 4 £ 2T R k8 e (Fig.7A) -
#F o BACHMI-S3AE 3 Gl Ltk > RIM-¢g vl hd
2.3V N AP Bt Mimie N dmdp 3 0k B > HMJ-53A%-¢ { %
PEE4ma T ayn o AR A s %Y Far s HMI-53A (10 pM)4t3¢
FrAIKVE onehg At R s CAI4H 1L > % 3 F] 5 X HF AR L me p
g+ kR A 2B (Fig.7B,C) -

d AR % T e HMI-53A01E % 2 5 7 0 A8 B R
FoFa it A en ) B HRenE % L B o HMI-53A 8% Agh i R
FAEA P B o Kvid i BB Bk L > HMI-53A2 548 i i o T
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PUER A 1E G > HMI-S3AFE 47KV 3 B 4Bl B AL 0 Kvid i 4+
B 15 > HMI-53A4ci# 44 14 R P enfd B o

Shaker (Kv1)i i 5 — & of 5157 #° 4 4p iuShakerz i i ¢ » % =
fmre ek hn S Ok B foi mz b4 ~ TEA > € 12 C3l44 i+ (Choi et
al., 1991; Fedida et al., 1999; Lopez-Barneo et al., 1993; Molina et al.,
1997) « & %4t » &N2AMm® s b » Kvid i P hCA|44 1 3¢ & > 77
¢ £ FITEA G mM) 2 3 (Fig. 8)cizthenid % 37 . 71 5 &N2A
fre ¥ 3 e fU AR E 4 An DuShakerz i iE i feed A PR %KY
P &g 5w HMJ-53As¢ 8% 2t Kv2.1 > @ 4vi@ CAJ44 it (Fig. 3) »

fe £ ABHE > HMI-53A% ¢ @& Kvil if w42 i F & ) (Fig. 10) »
4 oo BARAETPEE > HMI-53A25 4 i chg B Kvid 3f o A0
HMIJ-53A%r4| T ixepHill % #83.5 (Fig.2) » % ;7 HMJ-53A & Kvid i
o EkBEREEEE AL APRD- BRE AKvE g P o
HMJ-53Ais* >v X - B¢ & =% > m & 4 closed channel block > @
HMIJ-53ATE# 3 H s g & =¥ > @ 4ei@ o fghit o 21> Gfimit
W HMI-S3ASRE (% 2 % & 8 v ke @ 2 R 2 B
AR PERE o

B> HMJ-53A27 45 1V PP 2 [ eijp 3 (5% HMI-53A % 5 48 3k
2 it B H12 mV e hAF HMI-S3AN2A Mm% 1 > 7 10 e
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br— B R UASS Y2 Kva it e T A ad f&ib P (>+50
mV) > & R F BP0 o KvLS s Kv2 1 4eKv31
¢ # UAI45 i+ (Klemic et al., 2001; Kurata et al., 2005; Kurata et al.,
2002); iF A F A FN2AME Y 0 3G - BAF- Ll o A
A2 eRaUR S - -

A ehd it T o Kvid g 4h 1 > @ F]pt A 2 U 1 o
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Voltage-gated K™ (Kv) channels are important in repolarization of excitable cells such as neurons and
endocrine cells. Kv channel gating exhibits slow inactivation (slow current decay) during continuous
depolarization. The molecular mechanism involved in such slow inactivation is not completely un-
derstood, but evidence has suggested that it involves a restriction of the outer channel pore surrounding
the selectivity filter. Pharmacological tools probing this slow inactivation process are scarce. In this work
we reported that bath application of HMJ-53A (30 uM), a novel compound, could drastically speed up the
slow decay (decay t=1677 =120 ms and 85.6 & 7.7 ms, respectively, in the absence and presence of
HM]J-53A) of Kv currents in neuroblastoma N2A cells. HM]J-53A also significantly left-shifted the steady-
state inactivation curve by 12 mV. HMJ-53A, however, did not affect voltage-dependence of activation
and the kinetics of channel activation. Intracellular application of this drug through patch pipette dialysis
was ineffective at all in accelerating the slow current decay, suggesting that HMJ-53A acted extracellu-
larly. Blockade of currents by HMJ-53A did not require an open state of channels. In addition, the in-
activation time constants and percentage block of Kv currents in the presence of HMJ-53A were
independent of the (i) degree of depolarization and (ii) intracellular K™ concentration. Therefore, this
drug did not appear to directly occlude the outer channel pore during stimulation (depolarization). Taken
together, our results suggest that HMJ-53A selectively affected (accelerated) the slow inactivation gating
process of Kv channels, and could thus be a selective and novel probe for the inactivation gate.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

In excitable cells such as neurons and endocrine cells, voltage-
gated K™ (Kv) channels are important in repolarization of the
plasma membrane by allowing K" efflux (Hille, 2001). The Kv
channel «-subunit (conducting pore) comprises of four poly-
peptides clustering around a central pore, each polypeptide
subunit possessing six transmembrane helices (S1-S6) (Choe
et al., 1999). S4 is the voltage sensor while between S5 and S6 is
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the P-loop; the P-loops from the four polypeptide subunits form
the K* selectivity filter (Choe, 2002; Yellen, 2002). When Kv
channels open in response to depolarization, the S6 helices, being
(part of) the activation gate, swing open, allowing intracellular K*
to gain access to the internal vestibule of the channel (Choe,
2002; Yellen, 2002). During the time course of depolarization,
while the activation gate still opens, Kv channels immediately
begin to inactivate.

There are two main types of inactivation, one fast and one slow.
For the fast type of inactivation, the cytoplasmic N-terminus of
certain Kv channels (Kv14, Kv3.1 and Kv4.2) forms a “ball-
and-chain”, plugging the opened Kv channel at the internal vesti-
bule (Kukuljan et al., 1995). The rate is fast so that substantial
inactivation can happen within a 100 ms or so. This fast inactivation
has been termed N-type inactivation (Kukuljan et al., 1995). A slow
type of inactivation can happen in almost all Kv channels (with or
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without N-type inactivation). This is manifested as a slower decay
of Kv currents during persistent depolarization, and depending on
individual Kv members, the current decay spans from a fraction of
a second to a few seconds (Kurata and Fedida, 2006). This slow
inactivation has been termed C-type inactivation and happens in
many Kv channels, exemplified by members such as Kv1.5 and
Kv2.1 (Kurata et al, 2001; Andalib et al., 2004). The molecular
mechanism involved in such slow inactivation is not completely
understood, but evidence has suggested that it involves a collapse
or constriction of the outer channel pore surrounding the selec-
tivity filter (Hille, 2001; also see review by Kurata and Fedida,
2006). A residue at the external pore mouth, T449 of the Shaker
channel (Kv1 family), has been identified to be involved in C-type
inactivation. Mutation of this amino acid to arginine, lysine, alanine
or glutamate accelerated, while mutation to valine or tyrosine,
retarded C-type inactivation (Lopez-Barneo et al., 1993). Recent
evidence also supports a mechanistic model in which the in-
teraction strength (via hydrogen bonds) between residues in the
selectivity filter and the adjacent pore helix is crucial for C-type
inactivation (Cordero-Morales et al., 2007). Thus, in Kv1.2, mutating
Val370 into Glu370 renders possible a strong interaction with
Asp379; such interaction acts as a molecular spring to collapse the
selectivity filter (Cordero-Morales et al., 2007).

Kv channel inactivation affects action potential contours and
spiking frequency and thus significantly modulates neuronal excit-
ability (Hille, 2001). Drugs, which alter Kv channel inactivation gating,
could therefore alter neuronal excitability. Chemicals such as 4-
acetamido-4'-isothiocyano-2,2’-disulphonic stilbene (SITS) and N-
bromoacetamide (NBA) have been demonstrated to strongly suppress
N-type inactivation of Kv channels in GH3 pituitary cells (Oxford and
Wagoner, 1989). However, selective pharmacological tools probing
the C-type inactivation process have been lacking. We previously
showed that HMJ-53A, a newly synthesized compound, could inhibit
arachidonic acid-induced platelet aggregation with an ICsg value of
1.60 uM (13 times more potent than aspirin) (Hour et al., 2000). We
suspected that such anti-aggregation activity could be attributed to
HM]J-53A-induced ion channel blockade. In this work we examined if
HM]J-53A would modulate K currents in mouse neuroblastoma N2A
cells. We here provided convincing evidence to show that HMJ-53A
acted extracellularly to drastically accelerate C-type inactivation of Kv
channels without altering activation gating. HMJ-53A could thus be
a potential probe for the inactivation gate.

2. Materials and methods
2.1. Chemicals and cell culture

HM]J-53A was synthesized according to our previously reported protocol (Hour
et al., 2000):
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There was no cytotoxicity caused by 30 uM HM]J-53A in N2A cells, as judged by
the trypan blue exclusion test (viability > 95%) and MTT assay (data not shown). TEA
was purchased from Sigma (St. Louis, MO). N2A cells and PC12 cells were grown at
37 °Cin 5% CO; in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (Invitrogen, Carlsbad, CA) and penicillin-streptomycin
(100 units/ml, 100 pg/ml) (Invitrogen).

2.2. Electrophysiology

Electrophysiological experiments were performed as previously reported
(Leung et al., 2003). N2A cells were voltage-clamped in the whole-cell configu-
ration. Thin-walled borosilicate glass tubes (OD 1.5mm, ID 110 mm, Sutter
Instrument, Novato, CA) were pulled with a micropipette puller (P-87, Sutter
Instrument), and then heat polished by a microforge (Narishige Instruments, Inc.,
Sarasota, FL). The typical pipette resistance filled with intracellular solution,
containing (mM): 140 KCl, 1 MgCl,, 1 EGTA, 10 HEPES, and 5 MgATP (pH 7.25
adjusted with KOH), was 4-7 MQ. The bath solution contained (mM): 140 NaCl, 4
KCl, 1 MgCl,, 2 CaCly, 10 HEPES (pH 7.4 adjusted with NaOH). The currents were
recorded using an EPC-10 amplifier with Pulse 8.60 acquisition software and
analyzed by Pulsefit 8.60 software (HEKA Electronik, Lambrecht, Germany). Data
were filtered at 2 kHz and sampled at 10 kHz. After a whole-cell configuration was
established, the cells were held at —70 mV and subject to various protocols as
detailed in Section 3 and the legends. All experiments were performed at room
temperature (~22 °C).

Concentration-response curve for HMJ-53A inhibition of steady-state Kv cur-
rents is fit by the Hill equation:

ldrug/lcontrol = 1/{1 + ([HMJ'53A]/Kd)n}

where Iyrg is the steady-state current in the presence of HMJ-53A, Icontrol is the
steady-state current in the absence of HMJ-53A, [HM]-53A] is the concentration of
HM]J-53A in the bath, Kq is the apparent dissociation constant, and n is the Hill
coefficient.

Curves showing voltage-dependence of activation in Kv channels are usually
generated using tail current analysis. However, as the Kv currents in the presence of
HM]J-53A inactivated very quickly, tail current analysis is not accurate enough.
Therefore, Kv currents were stimulated with increasing depolarization, and con-
ductance (G) was calculated as:

G=1/V-V
where V; = (RT/zF)In(Ko/Ki).

Vis the applied voltage, V; is the reversal potential of K™, I is the current, R is the
universal gas constant, T is the temperature, z is the ion valency (+1 in this case) and
F is the Faraday constant. Ko and Ki represent bath and pipette K concentrations,
respectively.

Data for voltage-dependence of activation and steady-state inactivation were fit
by the Boltzmann equation: G/Gmax = 1/{1+ exp[(V12 — V)/k]} (for fitting voltage-
dependence of activation), or I/Imax=1/{1+exp[(V— Vi2)/k]} (for fitting steady-
state inactivation), where Vi is the half-maximal activation potential (for
voltage-dependence of activation) or the half-maximal inactivation potential (for
steady-state inactivation), and k the slope factor.

2.3. Statistical analysis

Data are presented as mean + SEM. Unpaired or paired student’s ¢ test was used
where appropriate to compare two groups, and a value of p < 0.05 was considered to
have significant difference.
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3. Results
3.1. HMJ-53A acted extracellularly to accelerate current decay

Depolarization of N2A cells triggered an outward current, which
decayed very slowly (Fig. 1A, B). This slow decay has been attrib-
uted to C-type inactivation (Kurata and Fedida, 2006). The cells
were continuously pulsed with depolarizing voltages and the cur-
rent decay rate did not change significantly over time (Fig. 1A, B)
(decay ¢ at time O and 10.7 min=14404+170ms and
1376 + 164 ms, respectively, n =5). As shown in Fig. 1C, D, extra-
cellular application of 30 uM HM]J-53A accelerated the decay, with
stronger acceleration developing with time; and when the effect of
HMJ-53A reached equilibrium, the decay time constant was
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drastically reduced to <0.1 s (decay = = 85.6 + 7.7 ms, n = 16; decay
T at time 0=1677 £ 120 ms, n=19; p < 0.05). The effect of HMJ-
53A was fully reversible, as the current decay rate gradually
returned to pre-drug level after a 10-12 min washout (Fig. 1E, F;
95.3 +16.5% recovery, n =4).

Fig. 2 shows the concentration-dependent effect of HMJ-53A on
inhibiting the steady-state currents. An ICsg of 9.2 pM was obtained
from the Hill plot and the Hill coefficient was remarkably high (3.5),
suggesting multiple drug binding sites exhibiting positive co-
operativity.

We also examined whether HM]J-53A affected Kv current decay
rate in PC12 cells. With +30 mV stimulation, the Kv currents had
a decay © of 762 +£272 ms; with 30 uM HM]J-53A treatment the
decay r at equilibrium became 77 + 13 ms ( p < 0.05, n=6).
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Fig. 1. HMJ-53A accelerated slow inactivation of Kv currents in N2A cells. (A) Representative traces showing outward K* currents triggered by +30 mV at time 0 and after 10.7 min
in the absence of any treatment. (B) The decay time constants as observed in (A) are plotted against time. (C) Representative traces showing outward K" currents triggered by
+30 mV before and after bath application of 30 yM HMJ-53A. (D) The decay time constants before and after HMJ-53A treatment as observed in (C) are plotted against time. (E)
Representative traces showing outward K* currents triggered by +30 mV before and after 30 M HM]J-53 addition, and after HMJ-53A washout. (F) The decay time constants as
observed in (E) are plotted against time. Similar results were obtained in three more experiments.
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Fig. 2. Concentration-dependent inhibitory effects of HMJ]-53A on Kv currents in N2A
cells. With +30 mV stimulation, the steady-state Kv current in the presence of HMJ-
53A is normalized with the maximum steady-state current (in the absence of drug)
and then plotted against HMJ-53A concentration. The curve is fit with the Hill equa-
tion. Results are mean + SEM from three to six cells.

Where did HMJ-53A act? In N2A cells, a 15-min intracellular
dialysis of 30 uM HM]J-53A did not alter the decay rate (decay t at
time O and 15min=1270+151 ms and 14184128 ms, re-
spectively, n =4), while a subsequent bath application of 30 uM
HM]J-53A caused a substantial acceleration of current decay (decay
7 at equilibrium = 58 4+ 6 ms, n = 3) (Fig. 3A, B). These data suggest
that HMJ-53A acted extracellularly.

3.2. HMJ-53A interacted with the closed state of the Kv channel

To resolve the question whether HMJ-53A interacted with the
closed or open state of the Kv channel, N2A cell was first depolar-
ized with a +30 mV pulse to record the currents (Fig. 4A). The cell
was subsequently exposed to 30 uM HM]J-53A for 4 min without
being stimulated with depolarizing pulses. Thereafter, the cell was
stimulated again with a +30 mV pulse and the second current trace
was recorded (Fig. 4B). The peak current magnitude was signifi-
cantly reduced to 61.9 & 5.3% of control after HMJ-53A exposure
(p<0.05, n=4). Since no channel opening was triggered during
the 4-min HM]J-53A treatment, the data suggest that HM]-53A may
block the closed state but not the opened state of Kv channels.
Washout of HMJ-53A resulted in a 102.7 & 3.8% recovery (Fig. 4C).

3.3. HMJ-53A did not appear to be a direct channel pore blocker

Did HM]J-53A act as a direct channel pore blocker? HMJ-53A
might reside at the outer channel pore, and gain better access to
a site at the outer vestibule (or selectivity filter) upon de-
polarization to account for the accelerated current decay. In other
words, did HMJ-53A also have an affinity for a site at the pore of the
opened channel? If the latter proposal is correct, HMJ-53A-channel
interaction is expected to correlate positively with channel open-
ness, manifested as faster current decay with increasing
depolarization. We therefore examined whether different degrees
of depolarization of N2A cells would affect the current decay rate in
the presence of HMJ-53A (Fig. 5). In the absence of HMJ-53A, cur-
rent decay rates at different depolarization pulses remained rela-
tively constant, with extreme depolarization (>+70 mV) causing
a deceleration of decay (Fig. 5A, C). In the presence of 30 uM
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Fig. 3. Intracellularly applied HMJ-53A did not affect slow inactivation of Kv currents
in N2A cells. (A) Representative traces showing outward K" currents triggered by
+30 mV just after whole-cell configuration was established, after 15-min of 30 uM
HM]J-53A dialysis and 8 min after bath application of 30 uM HM]J-53A to the same cell.
(B) The decay time constants before and after HMJ-53A treatment as observed in (A)
are plotted against time. Similar results were obtained in three more experiments.

HM]J-53A, current decay over a wide range of depolarization pulses
(0 to +100 mV) was accelerated to almost the same extent (Fig. 5B,
C). (It is noted that in N2A cells, Kv channel conductance increased
steeply from —10 to 50 mV, Fig. 7B.) The results therefore argue
against the notion that HMJ-53A occludes the outer pore and its
affinity to the outer pore augments with depolarization.

As shown in Fig. 6A, the percentage block of steady-state Kv
currents in N2A cells by 10 uM HM]J-53A (a concentration pro-
ducing approximately a half-block, see Fig. 2) was independent of
the applied voltages, further suggesting that drug-channel affinity
did not appear to be correlated with the degree of channel opening.
To further confirm that HMJ-53A did not block by directly occluding
the channel pore, we examined the effect of intracellular K* con-
centration on HM]J-53A actions. If HMJ]-53A directly occludes the
pore, then HM]J-53A and K" could encounter each other in the pore
itself. Thus, the lower the intracellular K™ concentration the greater
the block of K* efflux will be. Therefore, reducing the intracellular
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Fig. 4. HMJ-53A interacted with the closed state of the Kv channel in N2A cells. (A) The
cell was firstly depolarized with a +30 mV pulse to record the currents. The cell was
subsequently exposed to 30 uM HM]J-53A for 4 min without being stimulated with
depolarization. (B) The cell was then stimulated again with a +30 mV pulse and the
second current trace was recorded. (C) HMJ-53A was then washed out and the current
was recorded with a +30 mV stimulation. Similar results were obtained in three more
experiments.

K* concentration by half (i.e. to 70 mM) (with 140 mM sucrose
added to keep intracellular solution iso-osmotic) is expected to
enhance the effects of HMJ-53A. The latter maneuver indeed did
not affect at all the percentage block or acceleration of C-type in-
activation by 10 pM HM]J-53A in N2A cells (Fig. 6B, C), suggesting
that HMJ-53A is unlikely a direct pore occluder.

3.4. HMJ-53A acted on the inactivation gate

The results above are incompatible with the view that HMJ-
53A directly blocks at the outer pore mouth. Thus, it is likely that
HM]J-53A accelerated the current decay by speeding up the
closing of the inactivation gate, which is believed to be located at
the selectivity filter itself. In other words, HMJ-53A may act by
enhancing the rate of C-type inactivation. To probe into more
details of how HMJ-53A may affect Kv channel inactivation in
N2A cells, we examined if HM]J-53A affected steady-state
inactivation of the Kv currents (Fig. 7A). In the presence of
HM]J-53A, the steady-state inactivation curve left-shifted 12 mV
(Vip=-2124+25mV and —33.0+23 mV in the absence and
presence of HMJ-53A, respectively; p < 0.05). However, HMJ-53A
did not alter the slope factor (6.9 +1.3 and 5.9+ 1.2 in the ab-
sence and presence of HM]J-53A, respectively; p>0.05).
Remarkably, in the control group, inactivation became pro-
gressively relieved with strong depolarization (>+50 mV),
resulting in a U-type inactivation (Klemic et al., 2001; Kurata
et al, 2002, 2005). The molecular mechanism for this mild
refractoriness to inactivate at extreme depolarization is poorly
understood. In the presence of HMJ-53A, the U-shape inactivation
was not observed, suggesting that such refractoriness was
overcome. These data further lend support to the notion that
HM]J-53A enhanced the closing of the inactivation gate.

HM]-53A speeded up the closing of the inactivation gate; did it
affect the recovery of the inactivation gate? A dual-pulse protocol
was employed to examine the recovery of the Kv currents in the
absence and presence of HM]J-53A (Fig. 8). Quite unexpectedly, the
currents in the absence and presence of HMJ-53A recovered at
similar rates, with full recovery requiring a few seconds. The re-
covery is best fit to a double-exponential function. The fast recovery
7 in the absence and presence of HMJ-53A was 187 4+ 55 and
142 + 38 ms, respectively ( p > 0.05; n=6-7). The slow recovery
in the absence and presence of HMJ-53A was 3115 +982 and
1542 £ 810 ms, respectively ( p>0.05; n=6-7). The data are
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Fig. 5. Acceleration of current decay by HMJ-53A was voltage-independent. (A) Rep-
resentative traces showing outward K" currents triggered by different depolarizing
voltages in the absence of drug. (B) Representative traces showing outward K™ currents
triggered by different depolarizing voltages after about 15 min treatment with 30 uM
HM]J-53A. (C) The decay time constants of currents obtained in the absence and
presence of HMJ-53A were plotted against different voltages of depolarization. Results
are mean + SEM from four cells of each group.

intriguing as they suggest that HMJ-53A promoted the closing of
the inactivation gate without retarding the latter’s recovery.

3.5. Activation gating was not affected by HMJ-53A

We next investigated if HM]-53A affected the activation gating
of the Kv currents in N2A cells. The voltage-dependence of activa-
tion was not significantly affected by HMJ-53A (Fig. 7B) (Vy,
2=12.8 £3.2mV and 15.2 &+ 1.6 mV in the absence and presence of
HM]J-53A, respectively; p > 0.05). HMJ-53A also did not affect the
slope factor (11.1 0.5 and 13.9 & 1.4 in the absence and presence of
HM]J-53A, respectively; p > 0.05). Activation kinetics in control and
HM]-53A-treated cells were analyzed and shown to be comparable
(Fig. 7C). Quantitative results in Fig. 7D show that currents activated
at faster rates with increasing depolarization; HMJ-53A did not
significantly alter the activation rates at various voltage pulses.
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Fig. 6. HMJ-53A block was voltage-independent and not affected by intracellular K*
concentration. (A) The percentage block of steady-state Kv currents by 10 uM HMJ-53A
is plotted against the applied voltages. (B) The percentage block of steady-state Kv
currents by 10 uM HM]J-53A in the presence of 70 or 140 mM intracellular (i.e. pipette)
K*. (C) The decay time constants of Kv currents (with and without 10 uM HMJ-53A) in
the presence of 70 or 140 mM intracellular K*. Results are mean + SEM from four to
five cells.

4. Discussion

The molecular mechanisms for C-type inactivation of Kv chan-
nels have not been fully understood, although it is believed that it
involves squeezing or narrowing of the selectivity filter (or domains
around it), hence restricting K* fluxes (Hille, 2001; Kurata and
Fedida, 2006). Pharmacological probes for this C-type inactivation
would prove useful in not only delineating the mechanism of C-
type inactivation, but also the importance of C-type inactivation in
modulating neuronal excitability with regard to action potential
contours and firing frequency. However, specific probes for C-type
inactivation are lacking.

In this work we reported that HMJ-53A accelerated the slow
decay of Kv currents in N2A neuroblastoma cells. We provided
evidence that HMJ-53A acted extracellulary, but not intracellularly,
on the Kv channels in N2A cells (Fig. 3). The data in Fig. 4 may
suggest two possibilities: HM]-53A interacted with the closed state
of the channel, or it interacted with the open state but the channel
activation rate in the presence of HMJ-53A became slow enough to
allow the block to prevent currents from reaching the peak. The
latter possibility is unlikely as the activation kinetics was not af-
fected by HMJ-53A (Fig. 7C, D). Another interpretation of the data in
Fig. 4 is that as the channel just opened, HMJ-53A blocked directly
at the outer pore so quickly as to overlap with current activation.
We consider this possibility unlikely, as such proposal of a direct
occlusion has to accommodate an initial very fast block, followed by
a rate-limiting phase of block, which was manifested as the rela-
tively slower decline in currents. If this second phase exists, it may
represent another drug-channel affinity site available upon de-
polarization (or channel opening). Then, HMJ-53A-channel in-
teraction is expected to correlate positively with degree of
depolarization. However, the current decay rates at various de-
polarization voltages in the presence of HMJ-53A remain constant
(Fig. 5), and percentage block was voltage-independent (Fig. 6A).
These observations are inconsistent with the notion that HMJ-53A
occludes the outer pore and that drug-pore interaction augments
with depolarization. Further, we reasoned that if HMJ-53A directly
occludes the pore, then HMJ-53A and K" would meet inside the
pore itself; and it is expected that the lower the intracellular K*
concentration the greater the block of K™ efflux will be. However,
the percentage block or acceleration of C-type inactivation by
10 uM HM]J-53A was not affected by drastically reducing the
intracellular K* concentration (Fig. 6B, C).

Taken together, our data are therefore incompatible with
HM]J-53A being a simple and direct channel pore occluder. It
appears more likely that HMJ-53A acts on the inactivation gate. It
could be envisaged that when the Kv channel is closed, HMJ-53A
already inactivates the channel (thus, a blocker of closed state
channel), and once the Kv channel opens, HMJ-53A speeds up
inactivation gate closing.

In Shaker channels and several mammalian Shaker homologues,
elevated extracellular K concentration and extracellular TEA have
been known to retard C-type inactivation (Choi et al., 1991; Lopez-
Barneo et al., 1993; Molina et al., 1997; Fedida et al., 1999). However,
in N2A cells, Kv channel C-type inactivation rate was not signifi-
cantly affected by TEA (3 mM) or raised extracellular K* (40 mM, by
iso-osmotic substitution with Na™*) (data not shown). This could be
due to the absence of mammalian Shaker homologues in N2A cells.

Intriguingly, HMJ-53A did not slow down the channel recovery
rate (Fig. 8), indicating that there might be a very fast drug un-
binding following repolarization. How can we reconcile this fast
drug unbinding with the observation that HMJ-53A caused a tonic
block of the Kv channels at their closed states? Based on the high
Hill coefficient of HMJ-53A block (Fig. 2), there are multiple HMJ-
53A binding sites. We propose that the HM]J-53A binding sites for
tonic (closed channel) block may be separable from the site(s) for
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HM]J-53A interaction during slow inactivation. HMJ-53A may un-
bind from the latter site(s) fast enough during repolarization so that
it does not retard channel recovery.

HM]-53A-inactivation gate interaction also resulted in en-
hancement of steady-state inactivation of Kv channels at slight
depolarization (Fig. 7A; —50 to —30 mV, voltages below activation
threshold [see Fig. 7B]). Thus, HM]-53A caused a 12 mV left-shift in
the steady-state inactivation curve. Remarkably, the Kv currents in
N2A cells exhibit a U-type inactivation. Thus, the inactivation gate
became progressively reluctant to close with strong depolarization
(>+50 mV). Kv1.5, Kv2.1 and Kv3.1 exhibit U-type inactivation
(Klemic et al., 2001; Kurata et al., 2002, 2005); one or some of these
channels may be present in N2A cells. The molecular mechanism
for such mild refractoriness to inactivate at extreme depolarization
is unknown. With HM]J-53A, such refractoriness was overcome
(Fig. 7A), providing further support that HMJ-53A enhanced the
closing of the inactivation gate. Does HM]J-53A affect the cyto-
plasmic activation gate? Here we have provided evidence to show
that HM]J-53A did not significantly affect the voltage-dependence
and kinetics of Kv channel activation (Fig. 7B-D). Taken together,
the pharmacological profile suggests that HMJ-53A is a novel and
specific probe for the Kv channel inactivation gate.

There have been a number of gating modifiers reported to en-
hance the inactivation gate. KN-93, acting in an extracellular
manner, has been known to enhance slow inactivation of a number
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Fig. 8. Lack of effect of HM]J-53A on Kv current recovery. Current recovery experiments
were performed in N2A cells treated with and without 30 uM HMJ-53A. In these ex-
periments, a dual-pulse protocol was used in which the first test pulse (+30 mV,
5000 ms) and second test pulse (+30 mV, 200 ms) were separated by different time
intervals. The maximum current amplitude of the second pulse (I>) is normalized with
the maximum current amplitude of the first pulse (I;). The normalized data are plotted
against the time intervals. The curves are fit with a double-exponential function.
Results are mean + SEM from four cells of each group.
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of Kv channels (Ledoux et al., 1999; Rezazadeh et al., 2006). How-
ever, the drug effect of KN-93 is only partially reversible and KN-93
also affects the voltage-dependence of activation: slight left-shift
and significant decrease, respectively, in activation curve and its
Boltzmann slope factor (Rezazadeh et al., 2006). Linoleic acid has
also been shown to accelerate slow inactivation of Kv1.5 and Kv2.1
by acting extracellularly but not intracellularly (McKay and Worley,
2001). However, linoleic acid also affects activation gating by
causing a left-shift in the activation curve and acceleration of ac-
tivation kinetics (McKay and Worley, 2001). Therefore, HMJ-53A,
effects being fully reversible and selective for inactivation gating,
would be much more desirable for probing the inactivation gate.

Quinidine has been shown to cause an acceleration of C-type
inactivation (Wang et al., 2003). However, quinidine achieves this
by an allosteric action as a consequence of intracellular open-
channel block. Further, 4-aminopyridine, a Kv channel blocker
acting intracellularly, has also been demonstrated to modulate
(inhibit) C-type inactivation of Shaker channels (Claydon et al.,
2007). These data raise the possibility that conformational changes
at the cytoplasmic side of the channel could be a factor modulating
C-type inactivation. In line with this thinking, it would be of in-
terest to ask whether HMJ-53A affected the inactivation gate in-
directly, by firstly causing channel conformational changes at the
cytoplasmic side (via, for example, phosphorylation or changing
intracellular pH). This appears unlikely for dual reasons. First, HMJ-
53A did not show any effect when applied intracellularly. Second,
staurosporine (100 nM, a wide-spectrum protein kinase inhibitor)
and changes of pipette (therefore, intracellular) pH to extremes (pH
6.6 and 7.8) did not on their own alter rate of current decay or
modulate HMJ-53A effect on C-type inactivation (data not shown).
These negative results suggest it is unlikely that HMJ-53A acted on
the plasma membrane, and then via certain signaling pathways,
altered the intracellular conformation of Kv channels leading finally
to modulation of C-type inactivation. Failure of intracellularly ap-
plied HM]J-53A to affect Kv currents also implies that HM]-53A does
not exert its effect via modulation of cytosolic factors or pertur-
bation of membrane lipid homeostasis (Oliver et al., 2004).
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