Single Channel Analysis of the Voltage-dependent
Potassium Channels, NGK1 and NGK2,
Expressed in Mouse Fibroblasts
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= U AGHETFRIBAC BRI X B B EBAKAEN: KY 7+ 3L,
NGK1 35X 08 NGK2 F ¢ 5 L DBA—F 4 LN

SRAFELBREINBLRE CEE © TFHERED
mo® 'm M
CERC 442 A 4 BEA)

NGKIl BXU'NGKZ i3, =V A= —mT7 53R b—<{lES v b 7 ) — <l & DHETRI NG108-15 DHEmEH
DNA 54770 -mbrr—=vrya&8hi K' F+ 2 VBETFTHS. 28 E, NGKI i3 Shaker BIEV 77 7 3 U —1J§
L, NGK2 i Shaw BEV 77 7 3V —WCBTH. AF + LV BEFEFhFh =Y A BHSMIE BR2 W S v R T 20
Yavl, K #4 & V2 RELTRR T2 HEGRRMRELEI L. ChbOMBL V- THE—F + 2 LEROBIE L F
7o\, NGKI 8 XU NGK2 - + * VOBREBEROME LB L. MF + 2T L DICEBNEERETH 70, B—F 4 x
NV E T2 AL, N K BEY 5.4mM & LicHERR#EM¢ » # (cell-attached patch) 12 X BHIED 5, NGK1 # 4 3
L TIL 1lpico-Siemens (pS), NGK2 & + /L ClX 18pS ThH -7z (18—20C). KB (reversal potential) 13T » % /L%
E K i LTBRIRWIeZ ERR L. fIRAWO K BELIMER(L S840 REBMOE(LL, NGK1 + ¥ RNAT

X 51mV, NGK2Z # + %L Tid 4lmV Thodo. ORI, NGK2 v x40 K* x4 5 IR S e siioEyn = & %
BT B, NGKI & NGK2 W + x Vi BRBIC X 0 BURIEE(L YR Licds, RS2 NGK2 1w\ T & h X
ThHot. F+ 2 OFRBOMIZ, HWZ NGK2 F + % LD NGK1 F + %A L ERTE» -7, ¥, BREOEE
fERRMEVL, NGK1 # 4 % A TiX—30mV, NGK2 # & 2 A T2 —10mV &7 0, BE TIEEAICRT 2 RS HIC AT
bhic. WF v 50 OFERRHBEEMCEKEL, BBt - THEMOEERZbRE. L L, fF+ 2L OEEL
REEORRICIE B A D, FEEMA 10—-50mV OHFETOFHBMEEIL, NGK2 # + 21003 5 23812 NGKI # 4
FrlbEpok. LEDISKE, 28EO K F+ 3 VEETEDCH T, BEREESZHEBOBRTAENED A

iz.
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K* F o 2 VIIMREEAO—ETH D, MESH L BE
MR L, IS EMBROBREEC RS W TEELR
HEFRicd. ZhE CEKERPMC, BEEMEFE K 5+
F v GEIEREDE delayed rectifier B, ABRA), NA L BFE
(inward rectifier) B 5 » 20, ATP BEWH K* # + %1,
Ca'" (KFME K" # + A B LIOMBRHE S + 07 £ 238
BRATWAY. D55, REBMEFE K" F + 2013, BOE
FIBOC & > TBAE, BRI K* 28 LA R BR AT
. MERCEWT, BEMEKENE K 5+ 2L 28 ILEBA
B+ 5, EEBEMOWM?, FABEDR I ORERS
ERRET5. ERZOBEDF v 2L, vF T AMBOME
CEDEORB ORI L4 5Y. Lichi- THREMEKEN
K' 5 Rk, HRBRICKITHERO = — LMl 5
THEELLRTLBY,

BREMEFEN: K* 7+ AABEFOIr—-=v L, va v
Ca v A=DABTHEF v %% 23— F35 Shaker #EFD

FENBREIC I > "0, FDH> g v 2 g v AT,
Shaker BIZF L HEMIE D Z22ABETFHEOR LD 3 ODRIE
F Shab, Shal B X" Shaw 237 r—=v 7 Ih "2, LT
BEZT, 77V HY 2520 <y x0n 5 jo-my)
Tk MU9nbd, SPOEBMEKREE K 5+ 5 ARG 2
re—=vIZihi. BRI, BHEEWO K+ 54 20l
{ZT %, Shaker, Shab, Shal % X 0" Shaw EETEHDOT 3
JBES E ORFEMICE ST, 400977 > 3 ) - H
THIERRBI AN,

LELER K FoanVBETHI v —= v 7 EIREER,
BAKTN K 7+ 2V BETCRSREDOH S 2 LD
Wit oL, 73 BEINSHEIRDF + 40
BB, HRSADD . EEMEKEE K 5« VR
KEOEWFEIRCHREY 6 BIERTAHEY b 0. FHEH
B2 a HRAMEEHR L, NERSM» S SI1-86 & XiFhTL
5. F+ R NAVONRHE CRBIMBMENELETD. T,

Abbreviations: ¢DNA, complementary deoxyribonucleic acid; CTX, charybdotoxin; DMEM, Dulbecco
modified Eagle's medium; FBS, fetal bovine serum; Gohm, giga-ohm; kb, kilo-base pairs ; Mohm,
mega-ohm ; PBS, phosphate buffered saline ; pS, pico-Siemens: TEA, tetraethylammonium
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S5 & S6 DHEAEEALIL H5 H5 % SS1-SS2 & LiTh, vt
ERBEAMRE L, —HAEMIZA DAL EEY LD, KT
#5340 Sl b S6 ¥ TOHEL, BEMEKEYE Nat 74
arDa7azy bR CatF e RxrDal T2y b T
ZENBADODSFREVRLEAMD | DIt Y%35. L
BoTHEBMETE K F+ 2012, 42509 F 2=, b hb
EBEHMEESRL, BETE, KY # 4+ X L2420 FE ¥ =
REBOVT2=9 P TFORKBICE - THRER, £OED
BAEHEDEWS, K'Y F 4+ XL DOSBUHEORERRO—DIt e
D5 BHEELLRTLET™,

K*' 4+ % VEBETFOZe—=v L, £80 Kt + 5 310
RERTLC, 77V H Y 2 5= OIS RO
BRI RB X5 2 L R THRIC L.

e, RoFIIVIERIR, REIALT » A DBEY S
FULRATHENTAZ LRI LIEY. Thb2D2DFE®IC
Ih, K" Fr 2 NDBELBEL ODBROPIRIZ AT EA
b,

FEDQDRBTHI V-, Y9 A= 2—~wTF 5 —~Hila
LSy bV A~ <ML OB NGI08-15 o 48 &
DNA (complementary DNA, ¢cDNA) 54 751V =k 2950
K* #+ 2 VEBEF NGKI BX U NGK2 #7 v —=v 7L
129, NGKI1 1% Shaker B§# 77 > 3 V—ICBL, 5 v F DY
HETHS BK2 LAHRTHD, UL 5 v tONEETH S
RCK5 &HHRIMEA GV, —JF, NGK2 12 Shaw BH#+» 77 » 3
V-WZBL, v P OMEARTH S RKShll LR TH 5.
79 PORERTHS Kvd 12, NGK2 L DA TS v v 70
BOZEWE UK K 4+ 2 ABEFTHBHD.

AP TIZ, NGKI L0 NGK2 ¥ FhFh~w At
MRS vR722va v, KF 42 %BELTHRB
THVEGRAREL Y Lz, Sz hbofians,
RoFI2F3VvTERIDE—F v 2B X WE, BT L,
NGKI BL U NGK2 # v 2 L DBG AN E A B LT,

SV40
A Pvu |
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Fig. 1. Recombinant plasmids, pKNGKI1 (A) and pKNGK2 (B) for expression of the cloned K* channel genes in mouse fibroblast
cells.
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1. ¥ 8

ERCACERERS I ORI TR, B, 4585 RE
%, KB DNA £V 25—+ Klenow ¥R, DNA V % —
EEIVKBET A DY 7 527 7 2 — ¥ (L, =TH),
¥ = %7 v (Geneticin, G418) (GIBCO #:, Gland Island, #
E), V&7 =2 F v (Lipofectin) (Bethesda Research
Laboratories, Gaithersberg, ¥[E). FoMoRE DR
Digb DRk, FEHEE (KIR) OB&EE AL,

I. $EEEi

K' F 4 R AVBEFOIF VAT 22 v 2 VT - il
v ARRHESFRIMORR B82 TH B . Z MR 5 %LEE R s
(fetal bovine serum, FBS) (GIBCO #) % &&F+5 21~y o
EE¥A — 7 % (Dulbecco modified Eagle’s medium,
DMEM) (GIBCO #) 12 C37°C, CO, EEE10% DS F ol L
iz

0. $HH#Z DNA OERE L UBERBE~AD FS52 27 1

7ia

1. #lA#% DNA DER,

K' F+ 2 v BETOWABHHMRERF N7 s - LT
pKNHneo % A\ 7z, Z <> % — % pBR322 & pBR327 %
BREhY, 20— =V 78O BHK SVI0 O~ = € —
Z—, THIZCRY 7F=b—v 5 VORBRREYEL -2 ey
BEFO-MMFAINRTWS. T, BEEAMNEBIRT
ED LS HRA YA v (GA18) B EFAHARE R T
5.

NGK1 #HM 7% = 3 ¥ pKNGKI % &k® & 5l L.
pSPNGKI1® % Smal THMK L, Wi Hindll v v b —
dCAAGCTTG (RS, KBR) %##tH%, Hindll ok L:.
CORISE T 1 %7 % 0 — 2 X VEBLKEC AT, NGK1 ©
B A AT1.8%F v FHHEH (kilo-base pairs, kb) DWfH- % Bk

SV4u

ort/early promotor

B Pvu |

/\mp'//

T
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L. ZokiA %, pKNHneo @ Hindll iz (KIBE7 A5 Y
T 4RT 7 A HABED) CEAL, EHRCEAS R
D% pKNGKI1 & L7z (K 1A).

NGK2 %BHE 5 =% 1 ¥ pKNGK2 off#icix, ¥
pSPNGK2® % Pst] 3 X' BamH| THI¥rL, 1.6kb @
DNA Wil % 1 %7 #r—ArX VEKKB THEELZZ. ZO8
K% pBluescript (Stratagene, California, K&E) O Pstl/
BamH1 #ArwiEAL, T 75 A3 F% pBSNGK2 & L
#-. pBSNGK2 % BamH ! THIEIL, W4 KB E DNA K Y
25—+ [ @ Klenow B/ X DL L7, EcoRV TYH)
LT, 1.6kb ® DNA Wi %2 1 %7 4w — A NLVEKIKET
BE L7, SO E% Hindll THK L7 pKNHneo D¥ishi%
FHEEL, EBETANV 7 3 A7 7 2 —ELBLIHDRHE
ALt. IEFAcEAZIRILO% pKNGK2 & L7z (K 1B).

9. EEMEAD K F 4+ XA AVBEFOIF VAT =27V g
v

B82 #Rfa% 60mm M T, HMED80—85% AT 5D
bhoBE: CEEL, My I0mM HEEEHARAER
(phosphate buffered saline, PBS) 1z X b 2 [E#t##, miFEHE
tno DMEM % 3mlfnx, F3 v A7 =27 v 2 vAOKRE L
#-. pKNGK! 3 X U pKNGK2 zh¥h 10pg #RERE K
S0ul L, Zhb% 0.54e/2l OV R7 =75 50p]
LEMICERE, BRICTISSHBEEL, DNA-V £7 = 7 F
vEAEERHB . ThL 2EHOEAGER 10011 &
BELLMBERERMZ, 37C, CO; BEL10% DT T 8K
fRzE L. FO%, EmEEME 5% FBS Hin DMEM &
LT, X HCL0RRIRER L. ok, MBRMBRERD D
12, cDNA AL TWwigy pKNHneo D P 3V AT = 7> a
v (Sham transfection) & RRIZfT/c . P VAT =7
v g VIBRES R B LR S B, TWEERMR O IR % B
B U, BRI L LT, GAIS %R IEE T00xg/ml &85
X B 1E L7 DMEM %\ 7. G418 FAET T10—14R [
s LHElA 2 v = — % &€, NGKI &8 X0 NGK2 % b
SvART =7V v LEMANSERERE 7 e -V (AFF)
BIO027 v —v (BE) &ML, WBfias 5125 77—
V(CE) RBEEL. ZThoDza—vikk—builtyF7
5 v 79 (whole-cell patch clamp recording) X Hh A7 Y —
=v7L, ABTCs2z7e—vdh3ra—-v, BTz -V
th7 o r—vhbEBRMKEEDSAEBRABESh. C
BT, b AEER LIBEES R ol ABLD
BEOEM 7 = — iz LT3, NGKI 540k NGK2 D £
2 — PR A4St cDNA 7 r—J WL/ —F v 7wy b
ENTRTE, HEREDEFEYRER SR THDE LS
R L. SEfIIa W, NGK1 3 X U'NGK2 o WTFh OfEE
EYLADLREh k. UEDAZ ) —=v I IC X 0BEE
e Ly m— VIR LT, B—F» XA RTR -1, %
D5 BABOBEY T 72— CLI023, BLOBEDOBEYE 2
m—v CL301 #MEHL LT, BRLALCRLE.

V. EREBSNAE

1. ESRHE

TANTOREL, 30mm BERIICKERE UicMla % S fEzE
MG (AAYSE, BN OXAF— Yo, HE (18—20T)
CT i o, BB % 0.224m 7 4 /v & — (Millipore
#, Bedford, k[E) ic X b ¥ L+ HEPES #&% V v PV

M

(HEPES-buffered Ringer’s solution) (in mM) (NaCl 134, K}
5.4, MgSO, 0.85, NaH,PO, 1.1, CaCl, 1.8, NaHCO, 5,
D-glucose 5.5, HEPES 10, pH 7.2) TE# L.

2. BIEREAONE

3M KCl Tt Lot n 5 A B (Glass IBBL) (World
Precision Instruments, New Haven, K[E) (10—40Mohm) %
EMRcR AL, OEMAMESERSR (DP2-16, DA
Medical system) & X h# IFEEM 2 RIE L.

3. Ry F I VTEILIBE—F » ANVBROHE

28y F 7 5 V7R Hamill PO HEIC Lo, X
DOPIE TR % » & (cell-attached patch) W THTis -1,
Sy, FEREBERIT, ¥TROEEHY 7 AT (G 1.5 BUE, ®
) R 2BRBEESS — (WX WX hilE, ki, TRt
ARy b (FYa—=v i, RN BB LTHEEYHR
%, BEEY T CTHEELL. BREROERITL -2
umm, EFIL5 —10Mohm 727, BREPIBEL, B, 4
Bt & F U< HEPES &) v ¥ Aia i, Kokt
BF ¢ 2 ADOBIRKER FDEBR T, BEBAO KC BEY
2.7, 10, 30, 703 L 0* 150mM KZELI €. HEE LA KO
ZEL0 NaCl i X W BB L. LT, BERO LA
A d VBEREC—ERE s, B—F v FVETRIIBNERY
1% 2% Axopatch-1C (Axon Instruments #L, Burlingame, X
E) w Xk hflE L. v — LEHIL 5-10giga-ohm (Gohm) T
Botr. MEF— 2T VAT —FE Lo b— & — (pulse
code modulator, PCM50/ES) (¥ = —, ) ML TEF+
>~ 5L a—&— (Mastacs, Hi-fi) (B3, 3) WKLY,

4. F— 2R

Bty 2 ABHROTFT— 212 1kHz Or — 27 4 L2
(—3dB, 24dB/octave) %@ L1k, 126y PDTFEIS/FY
2 LEEHSE (ADX-98E) (b7 — FABTF, #WF) &EHLE
ReYFAavE.—&v AT A (PCIBOIRX) (HAER, K
) LTI LI, avea—2~DF— 2D ALOH
P30 (sampling frequency) 2 5 kHz #*7cid 10kHz i@ L7,
F— 2 DY 7 b Y2 7, BRERKRFEAEREEEOH
AE—tEE2BAR LA LD EM L. B—F v 7L ERAD
Ei & (current amplitude) ¥ & O'F + F A BRRIEDOHERIL, &
Wil A b2 T akH Yy AMBTECL, HROHRED -
s OMEBR LOY— 7 EETHES BOER L 0iELE. B
B E ST, BiiEY 2 o — FEETFEH — v -2
TR, F v FABRIEOMRIT, BioMPIBER DK 8
WHOEEy 2 v — 2R IAATHELRL., F+340
SEBARERS (mean open time) XBERE e A b 2T A HH—IE
BEIRCEL L, FORERD HRDI.

159 #

[. EERESEN

#IEIEEAI, CL1023 1w8\W-C—33.1£5.9mV (n=13),
CL301 1236\~ T —34.7+£9.TmV (n=13) TH » 7. MECHE
203 7eh 5 T2 (pooled t-test, p=0.05). LATF DR T, il
OWIEEEMEY —30mV LEEL, BRI CIREL
(transmembrane potential) PFRHTZELLI.

I. B—F 5 XILBA

© KtEEMIEe, ©% h pKNHneo D&% b S VAT =7 ¥ a YLl

PRI 13, BEEAREN K F v 2 ARRIES Wik ok




NGK1 % XU NGK2 F + L DE—F & VAT

(n=20). CL1023 3 X 0% CL301 D¢y FILTIL, EH, 1 2%
530D LNADF ¢ FABRPBRE I NI, ThEhD v~
VOBERMERE, BDAVSAVOBRECOERZETH-. LI
#oC, CL1023 % X U CL301 121k, FHERTH—% 1 70
sy AABKRRLTCOB EE 2. K 2A, Bz CLI023 8L O
CL3 »HEFLAERENLE~F + A LEBEHEERT.

-30mv-
mwo
A0 SR, AL,
l
9..“ TR, . NPT,
|
10 SN, Ao mm

2
%A
A 400 msec
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Q_JLH‘\[ AL A I ol
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NGK1 35 L8 NGK2 # 4 # /13 & S I BA RN ¥,
RoBAEATAR LT, BRELHATS. K 2C
DIEBREL A 27T 20—F%R L. BEMZ 10mV D &
&, RO v — Z{EI13, NGKI1 Tt 0.92pA, NGK2 T
1.70pA &7z b FRRFEDHERIZA H 2 NGKI &+ 4 F A DHH
=N 0%

M. 5—F ¢ RILOALETRLR

NGK! 8 XU'NGK2 + + # LV OREMN (Vm) S BFME I) &
DBEARE R (K 3). BF v 240 Vml BRIZERS TEU
T&EW., ZhiL, MF+ X NVOB—o v 7 2 v AREBMNIC
FERFEHTHDZ EEFT. EROEENLHRDIE—a v
2 &2 v Ak, NGK1 # + % /v Tix llpico-Siemens {(pS),
NGK2 # + %/ Ci% 18pS THh 7. 7, NGKI B I
NGK2 # + 2 VO RIEEBAL (reversal potential) L, ThFh
—72mV B L —64mV TH 7. Thik, fF + FA0RERL
Kt F v 2V ATIERRT. UL, REBMEENRD S
ZEXb, MET K OBRRUECEC-ABDEELONL.
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Fig.2. Typical traces of single-channel recording in CL1023
and CL301 cells. A and B, single-channel currents
recorded from CL1023 (A) and CL301 (B) at wvarious
transmembrane potentials indicated on the left in mV in
cell-attached configulation. The resting membrane
potential was assumed to be —30 mV. The patch pipette
contained a physiological solution (134 mM NaCl, 5.4 mM
KCl). The outward current is upward. C and D, amplitu-
de histograms of the data shown in A and B, respectively,
at transmembrane potential depolarized from —30 to 10
mV. The current amplitudes calculated from the peak
positions in C and D are 0.918 and 1.697 pA, respectively.
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V. F+XILD K BRME

NGKI1 & NGK2 & 0 K*' OFURME DBV ST B8
L, MRAE (BREREGK) O KT BE - REBMEOBEGEHA
Nt (K 4). MEORRET e MIEROELT S Z &0

Current (pA)
©

1.0
0.8
0.6
0.4
02
Vm (mV)
70 60 -50 -40 30 20 -10 O 10 20 30 40 50 60 70
Fig.3. Current-voltage relationships of two single NGKI
and NGK2 channels. Currents were measured from 4 to
10 patches. Vm denotes transmembrane potential. Filled

(@) and open (O) circles represent the mean unitary
current of CL1023-NGK1 and CL301-NGK2 channels,
respectively. Solid lines represent linear regressions fitted
to data points, and bars indicate standard deviations.
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Fig. 4.

Relationships between extracellular K* and reversal potentials for NGK1 and NGK2 channels.
NGKI1 (A) and NGK2 (B) were plotted as a function of extracellular K* concentration.

il

BEThHD, MRAO KT BRESENTHC LI T, FEE
ST EDOHA~BE L. ZOBRIIFF « R ARFEIZ K ¢
LU CRBRMEE O xRS, KT BEXIOEELE w1,
EORBEMDELIE, NGKI Tix 5lmV, NGK2 <i
4mV TH 7. 20C DT T Nernst TRANHERESH
HREBMOE{LIL 58.2mV TH D, ZDER NGK1 + 4 x
NOME LB LT, NGK2 # v X A DE{EY . Zhit,
NGK2 # 4 & D K* F + F kT 2B IREAMEVLZ L35
W5,

V. F v 2 LOTFH(LAR

F 4 FNAONEWL, HCEME b - TREZ 58V R
¥RAD, EREORSBRBIC L2 F + X LVERLHEA
7o, M5 @S E (EER —60mV) OREED S I0mV Dy
B 5, 2000METME2BE&D, NGKI &
NGK2 OF % xNVBHEO P V-2 &, TOMETFHC LB+,
FABROBEERYTT. NGKl L I5BHRERSBHHO
M, BWhEREERLRL, RGN A DEOWERIZA%R
B ot —7, NGK2 XA BHE, BUWKEREEYT
L, FMEEE 4 WEORFERIISORCE L. ZO/RRLD,
W v RABRICIE, BOWREMLORSBFET L, TF
ML ORREIL, NGK2 4 2L IEBWTEBHTHE E VL5,

VI. F& FILOFEHELBR

F v RNTEM(LOBIER RS0, BHEEEM»SHsHE
WA BRI N2 7o & EOF » X VBIRREDHROBLE K

\

— e

200

i 2 5 10 30
[KHo (mM)

70

Reversal potentials of
Each circle represents the mean

reversal potential derived from current-voltage relationships (n=3 to 11) and bars indicate standard deviations. Solid lines are

linear regressions fitted to the data points.
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pi. 6, BEALFMEHES D 8 RO F » 21 BIRE
iR e OBEFEERT. NGKI # + 34Tk, —30mV PARR{E
Lo CHIRIERHZ L, —10mV 225 10mV O TIRIZERR
pcHEs LR L, 10mV 2z 5 EHERIZBE-ERK L
4. =7, NGK2 # v &/ Ti%, —10mV #3BR{E & 75 - THIR
gEAEE L, 0mV 225 20mV ORI TIRIZERICHERL LR
L, 20mV Rz 5 LHERIIE—EL L o7, WMER LT
&, #IZ NGK2 + + L OBEREEOMEN NGK1 F +» 31
LHARTER -7, i, F ¢ 2 AHERET SO, NGK2
+ R NDFRL D KERLRSBELEE Lz,

V. F v RILOFRREER

F o FADOREELE X UBIREOEEIL, ¥+ X VO
moyf L BRHS. K TAD REEMY 20mV, 40mV @
BB L EOBBEO LA M/ FATHD. LAMST L
I hEE L TBAR R & EEA L DBIGREK TE TRLT:.

A

-60 mV +30 mV
——-———’___‘-—i

B A e
_

500 msec
2pA

‘ ] 500 msec
Fig.5. Time courses of inactivation of NGKI and NGK2
channels. In each panel (A, NGKI1; B, NGK2), a voltage
step (Top), 8-9 traces of channel currents (Middle) and an
ensemble average (Bottom) are shown, Voltage steps

Weﬂ? applied for 5 sec from —60 mV to +30 mV at 20
sec interval.

i+ + 2L DOFHPEARERNL & S ICEBEMEKFECH D, BEBA
DEL B LA » CHBEIIER L. ¥bK, NGKI
F 5 R A OEBAMICKT 5 FHEFMOS ML, BRETEIET
E12h, NGK2 5+ 2 A Th, FFERMBEIR e, Fi,
BERFREIEEAL 10mV 25 60mV OFEFEC, #Hic NGK2 + +
FADIES5 NGKI F+ 2 X hEhoTo. ThbofERE,
i ONEWLBBCERER S D E2RBT .

% -3

2EHED K # ¢ X ABETF NGKI & X 08 NGK2 11,
NG108-15 #iaD cDNA S 4 759 —b, vV RDNAEEKD
K* # + %/ MBKI O—#% 7 r—FIfnwTrZr—=v 7
9. NG108-15 it~ v A= 2 — w75 2 b — <Mk
NI8TG-2 &5 v b Z/ U — <ok C6Bu-l L&tV &4 ¥
ANARZ L >TEEI BRI THD, 14279 » 7
AMP ® Fezx /5wy Bl To{bdes s, XX
FhAAVERYBETES. T055, KN BRTR, B
§, MEW, Ca'* KEMERS L UC— BN R X Bz &2
HEI N Fo, NGI0S-15 OB THE=a—nT T
A b —<iilCLBEEM &N K B Cat KES K' B
AR INLY. LichloT, NGKI BB 2 NGK2 + + *
M EBERIL, ThETIEBE It NGI0S-15 i
=a2—r7 3 A —<HROBEMKENE K BHROMIER
HieTEELDRD.

BB K F+» 2NVBEFIRAEZR—=v 7 &R
TRER, F o R LOBIAEBRFNENELF » X LEOOER
WL OMENEBEINODHS. LTI T, AERTHESH
FoF v RNOWEEF ¢ A ABHEE OB OV THETS.

Bi—o 23 v &y 2w AL, NGKI Tt 11pS, NGK?2
TIX 18pS Lieh, MEATHLARERRDLhL, i,
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Fig.6. Activation kinetics of NGK1 and NGK2 channels.
The probablities of NGK1 (@) and NGK2 (O) channels
being open at various depolarization steps. Vm denotes
transmembrane potential. Current data were sampled for

about 8 sec after the application of voltage step as in Fig.

2. i
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A IR 5 7. BT D, K* F + A OHME M b
Number (S51-S82) I TH B Z & 238 L7z, Mackinnon 5% i,
Kt F 4 A ARERTA29 YV VBV VT F oy (charyb-
L dotoxin, CTX) OfEAMHMIZEE LT, H5 IR LTy
600 | HAEERBEF (site-directed mutagenesis) O LB 17 "
\ 7o, ZTORER, CTX ORSEHEL 5257 3 /Bt Hs oF
400-' izt L Tuvvic, Lisdtis T, DRI HF ¥ XL HLOMR
SN BT HZ L RE L. S5 Yellen 5% 13, g
20011 F o FNERHT P F=F 0T v E =Y A (tetraethylammon;
ﬁ-‘ um, TEA) #AVWTAROERY T »70. TORKR, Hs K
ot ﬁmﬂé’oﬂ“ W7 s/ BEERERD L, MU SO TEA ks
100 =, (mﬁc 40 50 HEMAE(LT 52—, HS OHBHEDT $ A ER e
P ) BL, MEERN SO TEA IKHT 5 EEHAEL L. o
ERIT, HS SRy 2 IR AR L BT LR T L,
B —7, Hartmann 5% %, B—F 4 %/ 2 VEI R VR ENR
Number PAD TEA K53 5 BEH A RIS 250 K 4 3
/b DRK1 & NGK2 L D% 2 5F 4+ R ARMEH L. DRKI 0
1 S5-S6 EAERRE NGK2 ORI L BRLALF 2 5F 4 24T
400 1y i, 2200MEIZVThi NGK2 # vk Db 0 L1
! Teo7z. F7z Yool 5%, Shaker # v & v d Hb5 ik
. BB ERBREOERE T, 1+ VEIRERE (T Bk
2001 FHRE L. H5 DX 1207 3 /By ERERDL LT,
K* EENTERO/NZ W Nat 2HRT 2 B ARER o1
2, K LHRTEROKE W NHY, Rb* 183 2 SRRM 8
0 i = N KU7c. K &3 28R RE R o7, U EDORR T
0o 10 20 30 40 50 S TR TR o SEORR ).
Open Time (msec) ¥R BRAORMEL R T D £
bihfz.
ZZ T, NGK1 & NGK2 o H5 a4, o K* #4350
c LB L TH (R 8A). NGK1 & NGK2 & Tit,
Number
E
] 16 1
4004_ 14 ] /D
I
A12 1
2001 §
510 7
0 LU e " - g 8 -
0 10 20 30 40 50 =
Open Time (msec) -
D 6
o
@)
D 4 -
Number
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100- Fig.7. Open-time analysis of NGK1 and NGK2 channels.
The open-time histograms of NGK1 (A, B) and NGK2 (C.
D) channels at transmembrane potential of 20 mV (A, o]
and 40 mV (B, D).” Each histogram is sum of histograms
0 _—

y + - _ obtained from 4 to 6 experiments. E, Mean open
0 10 2Q 30 40 50 time-voltage relationships of NGKI (@) and NGK2 (O)
Open Time (mSEC) channels.
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BHO8T I BBEEOILEDKMENADRD.
Hartmann 5%, S6 DFFID21BE N F » A FIBRICE S
THEMELTED, ZhIZLidzid, NGKI 4 x 1k
NGK2 # ¥ Z A EDa vy 2y A LU K BREOE
17, S6 DFHOKT ¢/ BREVESE L TWAEESRDS.
NGK1 # v & & NGK2 # 4 )V & Th, {EH{LOBEA
HECERA DI, T+ RADBREY & Sk, NGK2
FrRVDOHRRKECRSBEELEE Ui, BEEMKESE
Na*, Cat" BIUV K* F+ XM IHBE LA S4 HEA B 5.
S i3, EBHAEHOLTAF =) SVvBEN I o8 K
g0 TEHBETHBNREELY L TR Y, BERMMA
(voltage sensor) &\ bR T 7™, Papazian 5% 13, Shaker
BFy&A®D S4DTODEEMT 2 BEEY, BRHCH
#ir7 3 BERECERBME LMo T 1 VBEEL 1 o0
BLT, S4 OBEXYBRHLE. TORE, 1) 40750
EBH7 I /BEED S DREOLON, EEMEFHCES
THIE2) F+ X LOERILIIEERMR7 s VBEBEROES
OB TR TRV E3) S4 UADEERT 3
JBBELERAKEECBES T E R ERERH L. ¥
#-, Liman 5%, 5o Fl¥ED RCK1 + 4+ X BT,

A. S6
HS  ShakerB  DAFWWAVVTMTTVGYGDMTPVGFWGKI
NGKI ~ -------- §----m-m- V-1116---
NGK2  1G---------- L--=-=Y-QTWS-}L
Shaw  LOL==-l-=-mmmmmmme A-KTYI-MF
DRKI ~ A§=-=-T]----=---- [Y-KTLL---

B.

S4  Shaker B ILRVIRLVRVFRIFKLSRHSKGL
NGKI ~ =-R--R--R--R--K--R--K--
RCKI ~ --R=-R--R--R--K--R--K--
NGK2  F-R-VRF-RILR--K-TR-FV--
Shaw ~ --EFFSTIRIMRL-KVTR--S--

Shab VVQ-FRIMRILRVLK-AR--T-~
Shal AFVTLRVFR--R--KF-R--Q--

C.

S6  ShakerA  IVGSLCVVAGVLTIALPVPVIV
ShakerB ~ ------ Al--=mmmmmmmmme e
NGKI ~ ------ L
NGK2 L--A--AL------- M-mmmm-

Fig.8. Amino acid sequence alignment of H5 (A), S4 (B)
and S6 (C) regions of various voltage-dependent K*
channel proteins. A dash represents the same amino acid

~as the top. Abbreviations for the amino acid residues
are: A, alanine ; C, cysteine; D, aspartic acid; E, glutamic
gcid; F, phenylalanine; G, glycine; H, histidine; I,
isoleucine ; K, lysine; L, leucine; M, methionine; P,
proline ; G, glutamine; R, arginine; S, serine; T, threoni-
ne; V, valine; W, tryptophan; Y, tyrosine.
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S4 HOEER7 3 7 BBEENY -  BIRKEST 32 L 2%
BB L. hbd, S4 NOEEDT L £ = viEin
F e ZADS - FERCERELLZ LB S L. NGKI &
NGK2 @ 84 o7 3 / EjliF%, 4D K* =+ 2N E LIk
BMLTHBE (K 8B), NGK1 C 7 HBWCIHBTATFERE 7 ¢
BBV P UM NGK2 TRAY vEBREC - T\ 5. W
DEMT7 2/ BOBNIID—EREFTHER, RALLETIR
Shab, Shal % XU Shaw CTLIEBMICIc - TWwisks. 2 A
A5, Shab 8 X O Shal 5 + % A DIEM(LEEIZ Shaker 9 v &
NMERIFFELL, Shaw F 4+ F A TRL LABWERE IR T
WA®, Lichis T, NGKI & NGK2 fi# v & A0 (LR
EDHEY, S4 OEBH7 S VBOBGCHET S Z LI1TT
BlpWbkE2 5. ek, St ORFITHMY LD NCGK2 kg
HOBB Shaw THh, S4 ACIEBH7 I VBOBRVEL D
4L, EbK, BETAMF=vELIHRTS 1 &
DNBIEBH Lo/ % I VBN S S, Shaw F 4 X
N DEFROREEL, EYE{LBIES Shaker, Shab % X 0% Shal
F XN IDEL —T0mV b —80mV THbH, FHEEN
RIEMAL (steady-state inactivation) xR B R\ Z & TH
B ZOWEIE, Fv 3 ABEOBREBIC BT B RERE & W
5mrbA4% L, Shaw REERENTREETH O, BRI
B EMBICRETAE VLS. —F, EHLEEN LS
<, MO RENELERT NGK2 5 4 2, BB EE
R, BB e D LB RBC B EELBRD .,

F e FNDORERBBERH LR, NGKI B3O
NGK2 # v A MICIIEMHE TR 2 B AERERZ bR
By, BRIIC RICBE DB DML, NGK2 F + 2 DM
BHER -, ZhiE, F+ 2 v ORERIICES T B85,
WEOM TR D Z ERRETH. NGKI F + 2L LB
% Shaker # v & MICIE, TEM(LERZ 200555 .
123 VBHTREIAECESTH D, b 1202 H8BH
BERINDIEBVESTHS. Hoshi 513, Shaker B + 4 1
DONKEBDFEHDINEDT 3 /BEOREPLERIZLD, B
G EE I B L aR LI, ¥k, ZOIMEDT 3 Vi
e IR R T2 EARERIEAEBE L, 8L T5 &Y
L2 Lz, & 512 Zagotta H™iL, TONFKHROT $ /i
BLA LM U7+ Fa, NRBORKIE LI Shaker B 5 + & v
ORIBBEMNICIER S 2 &, HORECARET S 2 & 20
BLE. ZThbHDOHBREEIL, Armstrong H® OB LK —
& §HE 5L (ball and chain model) KH & L. DFhH,
F o FAREDIE S TEN KD R — A FHEEDF » LD H % H
BN SESZET, BEARERLARIBZEEL N
fo. FO#, Isacoff H¥i, R— N HEERTT &5 TRKERE
EH S4 & S5 LD (S4-S5 loop) 1B BT EERRE L. o
DEFHIZF ¢+ FAHEEL, NERLEF TRl F v 21 =
vE xR SBETAEE L BRI, NGKI & NGK2 o
NGRS VL, Shaker B O — L35 L 577 3/
BRECSIz A b Ris . ER, B+ RAITABRO X 5 7o
WAREME(LIZ . COERERR -V EYEEFACFE TS D
DTIRTE.

TEHEDOBOGCESINFREHR L THHEFEIRS. Lk
DT, TORSICRNRRUNOHEGREE TS ETFHA2H
7z. Hoshi 5%, Shaker B & + /L Th b BBV RiGH(L
= S6 ABEE T A Z L RRE L. T 2T NGKI1, NGK2, B\
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REM(LD L Shaker A 38 X VBV RIEM(LD B % Shaker
BoS6 D7 i/ EBEFRLETS L (X 8C), Shaker A &
Shaker B & Ci3, 207 I /83 (ShA: VV, ShB: Al A
Ric%. Hoshi HI3MAEARERFROERNS, Zhb 2
SO7T 3 ) BEED 5 Shaker B 07 F = VEKIEVRIE
P IZ B 55 2 LB 5 Lz, NGKI & Shaker B @ S6
BEIHERTHH, NGKI F 4 2V OBEWRIER(LIL Shaker
B %+ 4L bR LB TR ZWEMEAAEV. NGK2 1k T
i3, NGK1 BT 2L 47D 7 IV BEEXRIL- T
B, ZhLDEGA, HF + X ALORERILORCOREC
AL, 40DE = ATHETHS. VanDongen 5™k, Shab B
B v %0 DRKl DCHRMEREI D EECTERIENE
kT2 xBELE. Zhid, K* 5+ XV 5 - TR, R
#ibiz S6 LA OB LBEET A Z ERRRT S, CRMICHE
B35 &, NGK2, Shaw 8 XU Kvd 7 & Shaw B# 77 7
Y —BTB K F e 2 AT, SBIEWMETIEER 7 2
JEBBES 5 OEGET A ERNEFIARD LR Y. £ OBE
HEZIITEA, TEM(LE ORHEIEKRA b Ichad. 20
RREEA &0 K* 7 + RO L HEE & OBIE Y X ST
By, SMAIEAEERERCF A TF v 3T EDORRH Y
Tr#xsh. ¥, SHOBBELT, HTFLILVTEREZIR
7Kt F oy Zh, EEOEKATULRDZERYET LY
oM TALERDD.

& i

2D K* # v R AVEETF NGKI & NGK2 #, = A#
WFMBEBS2 I T VAT 22 v a v L, ThEhDEET
EMPRECREATILEEMGY I Lic. Zhb0Miay
FIWT, NGKI X0 NGK2 #+ R DE—F » R VERET
AEL, UTFofmzEi.

1. B—F o kiaviErzvaid, IRAKEEBRAD
K* #E% 5.4mM & Li-fifagEs <y 71 B\T, NGKI
# 5 2 ATIE 11pS, NGK2 + » % /A TiX 18pS ThH -1z,

2. NGK2 # + &0 K* $RMEL, NGK1 F + %L & X
TEM 5T

3. BB b ROBRBIC X - T, ¥ » 2T
BORER(LER L. ZOREMELE NGK2 # + L E
WTHEHETH- .

4. F v FAERCOBEMME L, NGK2 # + R LD
NGKl #+ 2N X D@D otz EicF +» FABIREOMERL,
iz NGK2 + + # A DJh NGK1 F » &V X D {Eh 7.

5. BT v & ADOFHBGEILEEMICERE L. LaL,
TR RN DRI IS THENRD bhic. NGKZ # +
F O FHBERET NGKL # » 2 L DEM T,

Bl ¥

BERRZBITHA D, MWL E D ¥ LB LTAZEERS
CREARDMEYRLET. i, KAEEOMEELYERD F LL&R
KM RPF R IER AR YR 0 REBIEEE O LB L &
. 2R EKD, BN LEBERTE G, MMM ORILR
BFEW W BRER AEATEE HEOFE AL~ TR  BHBEL
4. ¥, HEBEEARHESR E LSRARREMARABEE
EW T HRFETREROERRBRLET. JOFRO—HRE
EEEDIRE RAEBMREY AT 4] OBRBYHERAL TR, &
BT OEEE X, 20th Annual Meeting of the Society for Neuroscience
(1990, St. Louis, ¥E) TR W THELL.

X [

1) Hille, B.: Ionic Channels of Excitable Membranes, 2nq
ed., p115-139, Sinauer Associates Inc., Massachusetts, 1992,
2) Kaczmarek, L. K. & Strumwasser, F.: A voltage
clamp analysis of currents underlying cAMP-induced
membrane modulation of isolated peptidergic neurons of
Aplysia. J. Neurophysiol., 52, 340-349 (1984).

3) Segal, M., Rogawski, M. A. & Barker, J. L.: A
transient potassium conductance regulates the excitability of
cultured hippocampal and spinal neurones. ]J. Neurosci, 4,
604-609 (1984).

4) Getting, P.:

underlying swimming in Tritonia. II. Intrinsic and synaptic

Mechanisms of pattern generation

mechanisms for delayed excitation. J. Neurophysiol., 49,

1036-1050 (1983).

5) Cassell, J. F. & McLachlan, E. M.: The effect of a
transient outward current () on synaptic potentials in
sympathetic ganglion cells of the guinea pig. J. Physiol,

374, 273-288 (1986).

6) Nelson, T. J., Collin, C. & Alkon, D. L. : Isolation of
a G protein that is modified by learning and reduces
potassium currents in Hermissenda. Science, 247, 1479-1483
(1990).

7) Papazian, D. M., Schwarz, T. L., Tempel, B. L,
Jan, Y. N. & Jan, L. Y.: Cloning of genomic and
complementary DNA from Shaker, a putative potassium
channel gene from Drosophila. Science, 237, 749-753 (1987).

8) Tempel, B. L., Papazian, D. M., Schwarz, T. L,
Jan, Y. N. & Jan, L. Y.: Sequence of a probable potassium
channel component encoded at Shaker locus of Drosophila.
Science, 237, 770-775 (1987).

9) Kamb, A., Iverson, L. E. & Tanouye, M. A.:

Molecular characterization of Shaker, a Drosophila gene that
encodes a potassium channl. Cell, 50, 405-413 (1987).

10) Baumann, A., Krah-Jentgens, [., Miiler, R,
Miiller-Holtkamp, F., Seidel, R., Kecskemethy, N., Casal,
J., Ferrus, A. & Pongs, O.: Molecular organization of the
maternal effect region of the Shaker complex of Drosophila:
characterization of an Ix channel transcript with homology to
vertebrate Na* channel. EMBO J., 6, 3419-3429 (1987).

11) Butler, A., Wei, A., Baker, K. & SalKoff, L.: A
family of putative potassium channel genes in Drosophila.
Science, 243, 943-947 (1989).

12) Wei, A., Covarrubias, M., Butler, A., Baker, K.
Pak, M. & Salkoff, L.: K* current diversity is produced by
an extended gene family conserved in Drosophila and
mouse. Science, 248, 599-603 (1990).

13) Ribera, A. B.: A potassium channel gene is expressed
at neural induction. Neuron, 5, 691-701(1990).

14) Tempel, B. L., Jan, Y. N. & Jan, L. Y.: Cloning of
a probable potassium channel gene from mouse brain.
Nature, 332, 837-839 (1988).

15) Chandy, K. G., Williams, C. B., Spencer, R. H.




NGK1 B XU NGK2 F + 2 VDB —5 5 F IENT 3927

Aguilar, B. A, Ghanshani, 8., Tempel, B. L. & Gutman,
G. A.: A family of three mouse potassium channel genes
with intronless coding regions. Science, 247, 973-975 (1990).
16) Grissmer, S., Dethlefs, B., Wasmuth, J. J., Goldin,
A. L., Gutman, G. A., Cahalan, M. D. & Chandy, K.
G.: Expression and chromosomal localization of a lymphocyte
K* channel gene. Proc. Natl. Acad. Sci. USA, 87, 9411-9415
(1990).

17) Pak, M. D., Baker, K., Covarrubias, M., Butler, A,
Ratcliffe, A. & Salkoff, L.: mShal, a subfamily of A-type
K* channel cloned from mammalian brain. Proc. Natl. Acad.
Sci. USA, 88, 4386-4390 (1991).

18) Baumann, A., Grupe, A., Ackermann, A. & Pongs,
0.: Structure of the voltage-dependent potassium channel is
highly conserved from Drosophila to vertebrate central
nervous systems. EMBO J., 7, 2457-2463 (1988).

19) Christie, M. J., Adelman, J. P., Douglass, J. &
North, R. A.: Expression of a cloned rat brain potassium
channel in Xenopus oocytes. Science, 244, 221-224 (1989).
20) McKinnon, D.: Isolation of a cDNA clone coding for a
putative second potassium channel indicates the existence of
a gene family. J. Biol. Chem., 264, 8230-8236 (1989).

21) Paulmichl, M., Nasmith, P., Hellmiss, R., Reed, K.,
Boyle, W. A., Nerbonne, J. M., Peralta, E. G. &
Clapham, D. E.: Cloning and expression of a rat cardiac
delayed rectifier potassium channel. Proc. Natl. Acad. Sci.
USA, 88, 7892-7895 (1991).

22) Stiihmer, W., Ruppersberg, J. P., Schréter, K. H.,
Sakmann, B., Stocker, M., Giese, K. P., Perschke, A.,
Baumann, A. & Pongs, O.: Molecular basis of functional
diversity of voltage gated potassium channels in mammalian
brain. EMBO ], 8, 3235-3244 (1989).

23) Kirsch, G. E., Drewe, J. A., Verma, S., Brown, A.
M. & Joho, R. H.: Electrophysiological characterization of a
new member of the RCK family of rat brain K' channels.
FEBS Lett., 278, 55-60 (1991).

24) Swanson, R., Marshall, J., Smith, J. F., Williams,
J. B., Boyle, M. B., Folander, K., Luneau, C. 1.,
Antanavage, J., Oliva, C., Buhrow, S. A., Bennett, C.,
Stein, R. B. & Kaczmarek, L. K.: Cloning and expression
of ¢cDNA and genomic clones encoding three delayed
rectifier potassium channels in rat brain. Neuron, 4, 929-939
(1990).

25) Luneau, C. J., Williams, J. B., Marshall, J., Levitan,
E. 8, Oliva, C., Smith, J. F., Antanavage, J., Folander,
K., Stein, R. B., Swanson, R., Kaczmarec, L. K. &
Buhrow, S. A.: Alternative splicing contributes to K’
channel diversity in the mammalian central nervous system.
Proc. Natl. Acad. Sci. USA, 88, 3932-3936 (1991).

2%6) McCormack, T., Vega-Saenz de Miera, E. C. &
Rudy, B.: Molecular cloning of a member of a third class
of Shaker-family K* channel gene in mammals. Proc. Natl.
Acad. Sci. USA, 87, 5227-5231 (1990).

27) Schroter, K-H., Ruppersberg, J. P., Wunder, F.,

Rettig, J., Stocker, M. & Pongs, O.: Cloning and
functional expression of a TEA-sensitive A-type potassium
channel from rat brain. FEBS Lett., 278, 211-216 (1991).

28) Frech, G. C., VanDongen, A. M. J., Schuster, G.,
Brown, A. M. & Joho, R. H.: A novel potassium channel
with delayed rectifier properties isolated from rat brain by
expression cloning. Nature, 340, 642-645 (1989).

29) Betsholtz, C., Baumann, A., Kenna, S., Ashcroft, F.
M., Ashcroft, S. J. H., Berggren, P-0., Grupe, A.,
Pongs, 0., Rorsman, P., Sandblom, J. & Welsh, M.:

Expression of voltage-gated K* channels in insulin-producing
cells. FEBS Lett., 263, 121-126 (1990).

30) Kamb, A., Weir, M., Rudy, B., Varmus, H. &
Kenyon, C.: Identification of genes from pattern formation,
tyrosine kinase, and potassium channel families by DNA
amplification. Proc. Natl. Acad. Sci. USA. 86, 4372-4376
(1989).

31) Philipson, L. H., Hice, R. E., Schaefer, K.,
LaMendola, J., Bell, G. 1., Nelson, D. J. & Steiner, D.
F.: Sequence and functional expression in Xenopus oocytes
of a human insulinoma and islet potassium channel. Proc.
Natl. Acad. Sci. USA., 88, 53-57 (1991).

32) Grupe, A., Schroéter, K. H., Ruppersberg, J. P.,
Stocker, M., Drewes, T., Beckh, S. & Pongs, O.: Cloning
and expression of a voltage-gated potassium channel. A
novel member of the RCK potassium channel family. EMBO
J., 9, 1749-1756 (1990).

33) Tamkun, M. M., Knoth, K.'M., Walbridge, J. A.,
Kroemer, H., Roden, D. M. & Glover, D. M. : Molecular
cloning and characterization of two voltage-gated K*
channel ¢cDNAs from human ventricle. FASEB J., 5, 331-337
(1991).

34) Chandy, K. G.: Simplified gene nomenclature.
Nature, 352, 26 (1991).

35) Christie, M. J., North, R. A., Osborne, P. B.,
Douglass, J. & Adelman, J. P.: Heteropolymeric potassium
channels expressed in Xenopus oocytes from cloned
subunits. Neuron, 2, 405-411 (1990).

36) Isacoff, E. Y., Jan, Y. N. & Jan, L. Y.: Evidence
for the formation of heteromultimeric potassium channels in
Xenopus oocytes. Nature, 345, 530-534 (1990).

37) Ruppersberg, J. P., Schréter, K. H., Sakmann, B.,
Stocker, M., Sewing, S. & Pongs, O.: Heteromultimeric
channels formed by rat brain potassium-channel proteins.
Nature, 345, 535-537 (1990).

38) MacKinnon, R.: Determination of the subunit stoichi-
ometry of a voltage-activated potassium channel. Nature,

350, 232-235 (1991).

39) Timpe, L. C., Schwarz, T. L., Tempel, B. L.,
Papazian, D. M., Jan, Y. N. & Jan, L. Y.: Expression of
functional potassium channels from Shaker ¢DNA in
Xenopus ococytes. Nature, 331, 143-145 (1988).

40) Leonard, R. J., Karschin, A., Jayashree-Aiyar, S.,
Davidson, N., Tanouye, M. A., Thomas, L., Thomas, G.



328 N

& Lester, H. A.: Expression of Drosophila Shaker potassium
channels in mammalian cells infected with recombinant
veccinia virus. Proc. Nath Acad. Sci. USA., 86, 7629-7633
(1989).

41) Koren, G., Liman, E. R., Logothetis, D. E., Nadal-
Ginard, B. & Hess, P.: Gating mechanism of a cloned
potassium channel expressed in frog oocytes and mammalian
cells. Neuron, 2, 39-51 (1990).

42) Hamill, O. P., Marty, A., Neher, E., Sakmann, B.
& Sigworth, F. J.: Improved patch-clamp techniques for
high-resolution current recording from cells and cell-free
membrane patches. Pfliigers Arch., 391, 85-100 (1981).

43) Yokoyama, S., Imoto, K., Kawamura, T., Higashida,
H., Iwabe, N., Miyata, T. & Numa, S.: Potassium
channels from NG108-15 neuroblastoma-glioma hybrid cells.
Primary structure and functional expression from cDNAs.
FEBS Lett., 259, 37-42 (1989).

44) Fukuda, K., Higashida, H., Kubo, T., Maeda, A.,
Akiba, 1., Mishina, M. & Numa, S.: Selective coupling
with K* currents of muscarinic acetylcholine receptor
subtypes in NG108-15 cells. Nature, 335, 355-358 (1988).

45) Brown, D. & Higashida, H.: Voltage- and calcium-
activated potassium currents in mouse neuroblastoma Xrat
glioma hybrid cells. J. Physiol., 397, 148-165 (1988).

46) Bezanilla, F.: A high capacity data recording device
based on a digital audio processor and a video cassette
recorder. Biophys. J., 47, 437-441 (1985).

47) Robbins, J. & Sim, J. A.: A transient outward
current in NG108-15 neuroblastomaXglioma hybrid cells.
Pfliigers Arch., 416, 130-137 (1990).

48) Quandt, F. N.: Three kinetically distinct potassium
channels in mouse neuroblastoma cells. J. Physiol, 395,
401-408 (1988).

49) MacKinnon, R., Heginbotham, L. & Abramson, T.:
Mapping the receptor site for charybdotoxin, a pore-blocking
potassium channel inhibitor. Neuron, 5, 767-771 (1990).

50) Yellen, G., Jurman, M. E., Abramson, T. &
MacKinnon, R.: Mutations affecting internal TEA Blockade
identify the probable pore-forming region of a K* channel.
Science, 251, 939-941 (1981).

il

51) Hartmann, H. A., Kirsch, G. E., Drewe, J. A
Taglialatela, M., Joho, R. H. & Brown, A. M.: Exchange
of conduction pathways between two related K* channes,
Science, 251, 942-944 (1991).

52) Yool, A. J. & Schwarz, T. L.: Alteration of ionic
selectivity of a K* channel by mutation of the H5 region.
Nature, 349, 700-704 (1991).

53) Catterall, W. A.: Structure and function of voltage-
sensitive ion channels. Science, 242, 50-61 (1988).

54) Papazian, D. M., Timpe, L. C., Jan, Y. N. & Jan,
L. Y.: Alteration of voltage-dependence of Shaker potassium
channel by mutations in the S4 sequence. Nature, 349,
305-310 (1991).

55) Liman, E. R., Hess, P., Weaver, F. & Koren, G.:
Voltage-sensing residues in the S4 region of a mammalian
K* channel. Nature, 353, 752-756 (1991).

56) MHoshi, T., Zagotta, W. N. & Aldrich, R. W.:
Biophysical and molecular mechanisms of Shaker potassium
channel inactivation. Science, 250, 533-538 (1990).

57) Zagotta, W. N., Hoshi, T. & Aldrich, R. W.:
Restoration of inactivation in mutants of Shaker potassium
channels by a peptide derived from ShB. Science, 250,
568-571 (1990).

58) Armstrong, C. M. & Bezanilla, F.: Inactivation of
the sodium channel. I. Gating current experiments. J. Gen.
Physiol., 70, 567-590 (1977).

59) Isacoff, E. Y., Jan, Y. N. & Jan, L. Y.: Putative
receptor for the cytoplasmic inactivation gate in the Shaker
K* Channel. Nature, 353, 86-90 (1991).

60) Hoshi, T., Zagotta, W. N. & Aldrich, R. W.: Two
Types of inactivation in Shaker K' channels: Effects of
alterations in the carboxy-terminal region. Neuron, 7, 547-55
(1991).

61) VanDongen, A. M. J., Frech, G. C., Drewe, J. A,
Joho, R. H. & Brown, A. M.: Alteration and restoration of
K* channel function by deletions at the N- and C-termini
Neuron, 5, 433-443 (1990).

62) Luneau, C., Wiedmann, R., Smith, J. S. & Williams,
J. B.: Shaw-like rat brain potassium channel cDNA’s with
divergent 3 ends. FEBS Lett., 288, 163-167 (1991).




NGKI1 3% X 08 NGK2 F 4 2V DE—F 5 R VIR 329

Single Channel Analysis of the Voltage-dependent Potassium Channels, NGK1 and NGK2, Expressed in Mouse
Fibroblasts Tetsuro Kawamura, Department of Neurosurgery, School of Medicine, Kanazawa University, Kanazawa
920 —J. Juzen Med Soc., 101, 318 —329 (1992)

Key words  voltage-dependent potassium channel, fibroblast, transfection, single channel recording
Abstract

Two types of K" channels expressed in NG108-15 cells, mouse neuroblastoma and rat glioma hybrid cells, had been iden-
tified by molecular technique. The NGK1 belongs to the Shaker-related subfamily and the NGK2 belongs to the Shaw-relat-
ed one. The NGK1 and the NGK2 cDNAs were independently transfected to the B82 mouse fibroblast cells. Two types of
stably transformed clones, each expressing the NGK1 and the NGK2 gene products, were established. Electrophysiological
properties of the NGK1 and the NGK2 were studied using these clones by single channel recording technique. The manner
in which the channels opened, was voltage-dependent. The slope conductance of the open channels was found to be 11 pS
for the NGK 1 channel and 18 pS for the NGK2 channel with the extracellular and pipette solution having a 5.4 mM K" con-
centration at 18-20 ‘C. The reversal potentials suggested that both of the channels were predominantly K’ selective. In ion
substitution experiments, the reversal potentials of the NGK1 and the NGK2 channels changed linearly by 51 mV and 41
mV, respectively, per decade change in extracellular K" concentration. This finding indicates poor K" selectivity of the
NGK2 channels. The ensemble averages of both channels revealed slow inactivation during a long period of depolarization.
Inactivation of the NGK?2 channels was more prominent than that of the NGK1 channels. The analysis of open-channel prob-
abilities showed that the NGK2 channels required more depolarization for activation than the NGK1 channels. The probabil-
ity of the NGK2 channel being open was always lower than that of NGK1 channel. Mean open time-voltage relationships of
the NGK1 and the NGK?2 channels were voltage-dependent. The manner of the dependence, however, was different in each
case. The mean open time of the NGK2 channel was always longer than that of the NGK1 channel in the transmembrane
potential range of 10-50 mV. In this study, distinct electrophysiological characteristics were found in the NGK1 and the
NGK2 channels.



