REHFS 49

RS S A A Ik HRMERFRME KFrRILEEOFREHIEL
D FEE

A AfRZoh, FTHEEE, BRFEH—E
RREMERKZE REREEFREUIRNR - HERE D AT LESFSH

REZEEFM KFrRILE, B2 OMBNGATUIC&YTOvrERITHIEN LN
THEY.Na', Ba?, Cs" GEDFARILRTDEYRENEELIZHE AL, FMMREE Rk
FlEERTAATE, Mg?, Ca?* HED LY FEWIGTERT 5. EERIKTFIEE RS
ALTDTOAYH—IZKANTED,

THADPAEFBETHRME K FvRL Kir2.1 &, fias Mg®' (&Y EEZISTauoSh B8,
ALY TI7Y—IZBT B Kir2.2, Kir2.3 [, #lfas Mg*'12&5T Oy oIty DR MEH
B, AMIECEVWTHLEINAD 3 BORABERRE K'FrrLORT7HMMUIAY OF
EIZRIBY 273/MBBE (Kir2.1:E125, Kir2.2:Q126, Kir2.3:H116) &L, #IEs D
Mg* kBT O0vPIcHT ERBUEDERICHESL TS ATREMERETLTz, SBIZ,
Kir2.1 128143 E125 5%, LYROEEITHERY MM Ba® (2&dT70v 75X %2,
K442 OFEBIZRIFTERIZOWTHBEFETL. UTOMRES-,

(1) Kir2.1(E125Q)ZERKIZH L THIRS Ba® T oy (254 MM ELL-SEMD,
Kir2.1 (28143 E125 (£, shallow blocker T#3 Mg?'121+T7<. deep blocker T#H5
Ba?*zk3 IOy AMEMDREIZHEEL TSI EATREN =, b1, Ba®'
TOysOEEMNEILLI=CEMD, E125 BRI Ba> B, F1=Id Ba® DEEHEREE
LRIEBIERAEFOEEALNS,

(2) BAD Kir2.1 12B00T, filast Mg iBEDIEMIZEL Ba* TOvy DEEHELL
f=oEm, Mg e Ba? MZ DY A MEFHELTOAI LM RS,

(3) E125Q ZTREOBAIZLY . Mk Mg EEE T COE—F R ILaL T IA0 ANE
fELf=CEmb, E125 13 Mg?, Ba¥'I2&3 70y o0 HELT ., K 442 DFEBIHE 57
Do EDSREMENT, T, AR O Kir2. 1 I2H UL THIIN KSR EQRD 240 Mg? 70
VoI BESUN T LI=CeMD, Mg e K BHZDY A FERALTNAIEARE
shi=,

ChoDEMREMALT. Kir2.1 12513 E125 [, Mg¥, Ba?', BLU K AHEMICE

T L TH BT EMTRREN =,
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5
&S 0236

N EA A kDN RERRME K FrRILEED
REHEETO N FERE

ARESh, FTHEEE, BRIFHE—ED
REREMERAE - KFREEFR SRR - MEETHE L AT LEFR S

@ Fil

HNRAZEERE KFrrLiL, BLOMBANGEAFUIckYTOvIERITHI LM LN
THY,Na*, Ba®, Cs' BEDFrRIILRTDLYRVNERMIZHS L, BB ES K
FHERTA4TE, Mg®, Ca?* HEDLYEVNVESMTERT 5. EERIKFEE RS
AT DTAYvh—IZKHTED,

THADRNEERFEME K'FrIL Kir2.1 (&, #ls Mg Ic&YBEZEIZTOyoEhbht,
BLYTI73)—I2BT5Kir2.2, Kir2.3 &, fifast Mg* 12k BT 0w oIzxtd 2B S ikt
BLy, RFIEICEVTRLIZINS 3 BONBEEERME KFrRILOE 1 BEEE
(M1) BELOR7HUAYOMHEICZES 5272 /BB%E (Kir2.1:E125, Kir2.2:Q126,
Kir2.3:H116) Ms&ELAS, #IEESL D Mg®'(2&ATOvicid R SMNERIZFELT
WA RTEEMEIZ DN THRET LTz, 512, Kir2.1 1281+ 3 E125 A5, KYRWEME CHEFd 241
Rask Ba? Jow iz 5 2 58I DLW THIRE LT,

ETAT, MacKinnon 512&2 T, KesA Fr 4 )L O#IRES B, KFIL=K (74> &Rt
KILE: KAA U N SR THEET HMEEN., BEMBTIcLYEERSh-, Ihik K14
DOEBEEBICEELEREFDEEALNDA, TOEEEBITHS MoTLVRLY,

FOTHAIE K21 128115 E125 5%, #ilas E8EIcs LW T K14 0B aICEE5T 5
ERTHY . M. COEEIZBVTHENOTOvh—THD Mg? ¥ Ba? &, BE(4
UTHDH K DBERETHENSTREMEIC DOV THIRIIL =,

@ Ak
(1) REEEDIER |
FTEEBALEA)IT XYL FFRE, Stratagene M Quik Change Site-Directed
Mutagenesis Kit #FALVTREERREZEMLIz, ZROEAIXIEERIIOREIZXYTE
L=,
(2) #BEFR
ZEKD cRNAZ in vitro TERL., YAH T)LIIBHMIISEALTRESE, LTOE
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K[AEHPERTET o=,
(3) 2 ARILIEE L E B &

EEEER7Y 1L, Warmner #0 OC725C-HV, AD/DA o /3—4—I&, Axon #t
@ Digidata1200 £\, Fli, T—42 DY A&, pPCLAMP6 (Axon #)IZ&Y{To7=,
HA L DHMEIL. 90 mM KCI, 10 mM Hepes (pH 7.4)&HL), B4 DiEED Mg™,
Ba® £ DRI EFDEERML =, £, KBEEZE X 5RERTIE, KCI £ NMDGCI T
BLT-, BL. 0 mM Mg>&RIZHUVTIL 0.1 mM EDTA %i&hLT=, £f=, Ca*-ClI'F
¥ RILOFEEHFIELT niflumic acid Z 200 pM FMLT=.

(4) BE—FvrrILECER

cell attached mode TiRsEL7=, ERWIHNiK. bath j&i&k&L T, 140 mM KCI, 10 mM
Hepes (pH 7.4) ZFL =, Mg®* Difshnid, 2 AFIFEERLE E & 0 B & RHRIZTo 1=,
Axon %t Axopatch-1D, Digidata1200 % fLY, 1 kHz @ low pass filter Z@L =%, 5
kHz TF—4%EB L1, B8k 200 Hz T digital filter A\ (F7=tDERIZTRLT=,

Q #HR

(1) Kir I73Y—A2 1 \—LZOEREOMBS Mg™ (2&2TOvIISH T HRERME
Kir2.1 1%, fifast Mg®" 12k 7avscLTEVWEREERLEZA, RLT7I—

[ZEd 5 Kir2.2, Kir2.3 1%, B2EAENCENERESIT= (Fig. 1),

Kir 2.1 wt Kir 2.2 wt
YA 0 mM Mg® YA 10 mM Mg?*
o o -150mv -100 -50 0
L 1 1
— e
————
] ﬁ
Y — %— gfi‘,
[ ——] 2
1 %
o 7,”'/——’ ol /Ef
/’/ 200 ms ;/5
L .20
BA
150 100 50 0 Kir 2.3 wt
~ | -150mv -100 -50 OE.:.
D’i/‘j
m
T o
Be T
-0 10mM Mg”* 0
—m— 3mM Mg
—o— 1 mMMg™
—e— OmM Mg* b | B

Fig. 1 Sensitivity of Kir2 family members expressed in Xenopus oocytes to the
block by Mg**,.
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ZOBBHERELTOAEEEBEESEMT, Kir2 773Y—A0/3—OHESHE
BT/ BERTIE B, BA42 T OyA—QEMEL Kir2.1 TR, Kir 2.2,
Kir2.3 TIZEWEWSTEMD, Kir2.1 OHHFETHEERERT7I/BRERLIZE
5. Glu(E) 125 MDEHEIZEBLTLE (Fig. 2),

M1 p

® ¥

*

Kir2.1 ALLHGDLD--TSKVSKACVSEVNSFTAAF
Kir2.2 AVAHGDLEPAEGRGRTPCVLQVHGFMAAF
Kir2.3 AF|FHGDLE--ASNAPKPCIMHVNGFLGAF

/\

PSVPAVGGPGGNGGESP

P M2

% %k

Kir2.1 GYGFR|CVTDECPIAVFM
Kir2.2 GYGLRICVTEECPVAVFM
Kir2.3 GYGFRICVTEECPLAVIA

Fig.2 Scheme of the position of negatively charged amino acids in the
extracellular loop of Kir2.1 channel, and the comparison of
the corresponding amino acid residues among the Kir2 family members.

FoT. COTS/BBAETRSE-ERAEERL. TOWBEMTET oz, Kir2.1

OESIZIZREREESER E125Q 2BAL.Kir2.2, Kir2.3 OEE(E. EEREMA
% Q126E, HI16E OEREFNZNEALR, AR (W) LERAROLLBMTOER.
E125Q ZFRI=&LY Kir2.1 [ Mg Tavslcwd 32 HE%L . Q126E, H116E K&
[ckY . Kir2.2, Kir2.3 1k MgZJousicsd 2 BZHEERTHILMNBELMITET:
(Fig. 3, 4),
#5385 Fig. 1 TELI=. E125 LD 4 DORBHERH -73/BEEL. ERIETY
Mg 7 awslcdd BB HICELRFUVESShEMofz (data B, LLELKY,
Kir2.1 @ E125 AIBast MgZ 7 avs DEZHDREICHEETHEEGRETHAS
EhviREhT=,
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,» Kir2.1E125Q . Kir2.2 Q126E
A 0 mM Mg L A 10 mM Mg
0 o 0 e o - -1|50mv -1:30 ~E';0 u
SR
I ——E - 10
—
/ﬁ %
BA
-1150 mv -':30 --’}0 Kir2.3 H116E
-1[50mv -1I00 -5':0 0
--30
RA HA

Fig. 3 Effects of mutations of Kir 2.1 E125 and corresponding sites of Kir2.2
and 2.3 on the sensitivity to the block by Mg**,.

fractional current

—0 b e ‘O— @M

&
&
?

T T
4 -160 -150 -140  -130 -120 -110 -100

107 10" 10° 13‘ 10? 10° 10
+.
[Mg™](mM)

@ IRK1 wt A |RK3 wt

O IRK1E125D X IRK1E125Q
B IRK2 wt +° IRK1 E125N
O IRK2Q126E % IRK1 E125K
A IRK3 H116E

Fig. 4 Mg?*, dose-block relationship of wt and mutants of Kir 2 members, and

the voltage-dependency of Ki values
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(2) Kir2.1 & E125Q ZE&D Mg* S DIBAFAIckdTav i d R

RDAFyTELT, DM DSMB A2 I=kBTOYIIZHT HERMEL,
E125Q ERETEDINESHEMITL=, M Ca®', La® [, LW*hi Mg LRIk
(. BERIREEOFEZISBNITOvIETT . VAT NIEEDESIMLE. WTFht
BIBEOIEEIZENECAIZAELTLS (Fig. 5), E125Q FR(ZEY.Ca%" v La® =&
BI09IcR T AR EBHICHTELI=(Fig. 5). COREMNS, E125 A5 Mg?* (24
BEMGEASHETHEIENSIEY L. BERER>T=A TV EEERT I THAI &
EZ5hi1-(Fig. 5), ‘

Kir2.1 wt Kir2.1 E125Q

-120 -80 -40 -120 -80 -40
mVv

(IR S I W o

-10 ”
- 10 mM Ca

|, = 3mMCa’
o~ 1mmca’
| 30 & 0 mM Cay

I

1
-
o

-120 -80 -40 -120 -80 -40
m mV

o0 3mMLa”

LaS+ Z e 1mML”
3+
—0- 0.3mM La3+ L 20
-20 @~ OmMLa

Fig. 5 Comparison of the sensitivities to the block by Ca*’; and La®", of
Kir2.1 wt and E125Q mutant.

(3) Kir2.1 & E125Q ZREOHMIKS Ba® (2kdTAvIIZHTHERME

#Mpast o Ba? I1E. EERKFEEOBLNIOVIZRT. Thbhb, TORBEMEIE,
MR O BIBORVNVIE., THHhLEFrRILRT DRFIZHET 5, CORT, LiE
® Mg?, Ca?* HIZk3TOvsEIFRARENERL, E125 KEEHETHHLEE R
S, LinL, E125 A%, Ba® ASRULMESEMLIZEIES HE10 Pt R L THREL
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TWAE B LR BEEZDND, 20T, EEIREEICE TS Ba® (23T OvsIcxtd
% E125Q TEOMBEERITLI, TOER, Ba® [CL3EBMEKEEDARLTOVY
4+ E125Q TE(ZKYBRZHENTMNEEMNBELMIZLH-T= (Fig. 6).

Kir 2.1 wt Kir 2.1 E125Q

- 3000 uM Ba®*
O 300 pM Ba®*
= 30pMBa®
o 3pMBa®
e OpMBa*

44
y . %
oy —
[3] =
5 = 10 %
Q — B]
= <o %
o -
g ‘] 3 $
S
£ . $ o Kir2.1 E125Q
i ® Kir2.1 wt
13
T T T T T
102 10" 10 1021 102 100 10 120 -100 -80 mv
+-
[Ba™"] (uM)

Fig. 6 Comparisons of the sensitivities to the Ba*", block of Kir2.1 wt and
E125Q mutant.
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Kir2.1 wt Kir2.1 E125Q
-~ 0mM Mg®, 10 M Ba? - 0mM Mg?*, 100 uM Ba*
= 0mMMg®, 3uMBa? = 0mM Mg®*, 30uMBa®

-o- 10 mM Mg®*, 100 pM Ba®*

-o- 10 mM Mg®", 30 uM Ba**
- 10 mM Mg?*, 30 pM Ba®*

o 10 mM Mg®", 10 uM Ba®*

-
@
|
-
o
1

1 (s
3
|
1 (s
T

-140 -120 -100 mV -140 -120 -100 mV

Fig. 7 Voltage - 1/tp0ck relationships of the block by Ba?', in Kir2.1 wt and
E125Q mutant  --- effect of Mg**, ---

EBIZ, RFYFILARIZEITS Ba¥, (23T OvIDHETOBEE tox FEA
0 Ba® BETTRHELRE. COT—42%MEs Mg> 0 mM & 10 mM FTUREL. &
BliLDBiFEETOvbLE (Fig. 7). OF—4h5, RIEELIZHEITS Ba™', BEL
1 ook DBARERSD ., BFOVRL-DA Fig. 8 THS,

Kir2.1 wt : Kir2.1 E125Q
2+
Mg = Ae0mv
K @ 10
0 mM £ g
T s '_’_f/_;’jf—afj 0mv < s
° T T T 1 0 T T T 1
4 6 8 10 40 60 80 100
15 -160mv ]
T& 10 | Tﬂ’ 10
10mM ¥ / it
- 5—| //:’/’;’,,:: '90 mV - 5‘1
o4 : . 0 T T 1
10 20 30 40 60 80 100
(Ba”"] (uM) [Ba”"] (M)

Fig. 8 [Ba®'], - 1/tui0ck relationships at various membrane potentials of the
block by Ba**, in Kir2.1 wt and E125Q mutant  --- effect of Mg?*, --
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Kir2.1 wt Kir2.1 E125Q
15 - 0.15 -
- N k,, = 0.082 +0.014
1_'” 1'0 . kon(—120 mV) = 065 i 0037 A 0.10 —
: =
el 3
\‘f: 0.5 — g 0.05 —
&8 w x k., = 0.075 + 0.009
o | k,,=0.17 £0.004 0]
I I I T i I
-140 -120 -100 mv -140 -120 -100 mv
& 0 mM Mg**
2 10 mM Mg**

Fig. 9 Voltage — ko, relationships at various membrane potentials of the block
by Ba?*, in Kir2.1 wt and E125Q mutant  --- effect of Mg® o ===

ESI22OTOYRND. W Tbock = kon [Ba%'lo + ko 1ZHELY, TAVIDETT HiBS5 1B
BRIZHENTIL ko 1FERTEDERELT kon ZEHL, FEBHIZEITS kan 7R
whUf= (Fig. 9). OB DB A THS Fig. 9 £RAL, REEMIZHITH Ba®, TR
wHD kon DIEAS Kir2.1 wt [ZHELTIE, MBS Mg OFEEICLYDNEEHILE,
E125Q ZE&ETIEL. 20 Mg” OMESEHNHIEABALMITIEoT=,

(4) Kir2.1 I=dsH 2485 Mg?* (2&k2T0v)OEZEHT Ml K OHR

Kz, RS Mg? 1=k BT Ovs OESEIC, Ml K ABEEERINEINER
SHL1= (Fig. 10), ZOHEE. K' BEMMELNE MY TOvs 0 Ki EANSED, Thb
5. M2 I OvsIo i A2 HATESLVSCEMFEST,
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o 90mMK

+ 2+ + 2+ 1.0 A
\ 4mMK', 0 mM Mg . 4mM K', 10 mM Mg}_ ] . Kig120myy=10.6 £ 3.2 mM
[ | AR -

N el —— .
//‘_‘ f’— E 0.6 2
// § 04

8 b
10 10 - & 02+ e 4mMK
| Kic120myy=6.1 0.9 mM
200 ms R B VA S
0.1 1,10 100
[Mg" 1(mM)
50\, 100 -

Ki (mM)

' _0- 10 mM Mg®*
= 3mM Mg™
-0~ 1mM Mg2+
—e— 0mM Mg* |10

PRI
: -.‘:

@
'S

T

160  -140  -120 -1|oo mv
Fig. 10 Effect of K',, to the block by Mgz"o

(5) Kir 21 H&U E125Q EREQE—FrrNaVFIEV R, BLUHRST Mg**
B&U Ca®™ DEMA

Jl= . B—FrkLavd oav RIS T R Mg® 4 ca* mELEMmLi=
(Fig. 1), TOFER. M5 Mg® © Ca®* OREAEAHL, Kir2.1 [ZBWTIEE—F
LAV HAV AN THSHIE, E125Q FREEIZBNTIZZNOELH LY minor TH
2o MBS Mot 51T, Mg® FEFETIZEITS E125Q QE—Frr)NaAVED
AL Kir2. wt &YIhEmhot=Cemn, E125 1%, Tavsn#End K EBIZHE
BELTWAIEMN RSN,
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Kir 2.1 wt Kir2.1 E125Q

LLL s bt

B I W O
WMMWMMM1””MMLJLWM

1pA
200 ms

-150 -100 -50 -150 -100 -50
mv 1 ) 0 mv, 1 L 0

W, 0mMMg*}l .3

& e w, 0mMca'l 3
g B w, 3ImMMg* B w, ImMCa®
A w , 10mMMg” A w , lommca®
* o E125Q, 0mM Mg’ o E125Q, 0mM Ca’]
U E125Q, 3mM Mg*| S O E125Q, 3mMca’[ 8
¢ & E125Q,10mM Mg™| pA ¢ A E125Q,10mM Ca®| pA
Fig. 11 Analysis of single channel properties

@ HE
ULDIERERETIE, FRROLIIC E‘f’rc%é
(1) Kir2. 1(E125Q) ERADBITIZKY I T OFEREB =, (1-a) Kir2.1(E125Q)EEIKIL.
BAER Kir2.1 ISR THIRS Ba® T Oy 2B AEESHAL TV, (1-b)
Kir2.1(E125Q)Z Bk, B4R Kir2.1 [T R THIBES Ba® T 0/ OHETEE, E15E
EELITETLTW =, (1-c) MlEND MgZEHESELROE—FrRILarT o4y
AlE, AR Kir2.1 [SEERTEEDEAICKYFAPL T,
(2) HER Kir2.1 I2BLWT, ATOREANTEINT=, (2-a) FER Kir2.1 [2ELT, #kE
st Mg® B EEDIEMIZ L Ba* T Oy DT, MEIEBET S EEHELE, (2-b) %
AR Kir2.1 Tl #18a5 KEEE DR IZH#D Mg Tov (22 EAEMmLT
W zo (2-0) B4R Kir2. 1 OBE—FvRILaVA V80 R I&, SRS Mg® BB o (-
W (SR LAY, ChoDTbIE, Kir2.1(E125Q) R TIE R bh i o7=,
ChoDERMS, Fig. 12 ITERLTz, UTORMSHERESIT=,
(1) Kir2.1(E125Q)Z EKIZH WV THIEES Ba® T 0w (o3 T 32N ER LIS END,
Kir2.1 [2#1+3 E125 [, shallow blocker Td#5 Mg®' 214 T7%i{, deep blocker T#H5
Ba¥'2&2T0v/Ic ¢ BB D REICHEASELTOAIEMNTESHT=, &2, Ba®
TOvIOEENTILLI=CEMD, E125 ST Ba? B, 1-I% Ba® DM RS
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LREEEBIERERDLEALND,
(2) TR Kir2.1 2B T, MRS Mg? B E DIz Ba> TOvy OEEMNEL
f=CEm D, Mg> e Ba?' ST DY A FEHAL TSI LTS h T,
(3) E125Q TEMBAIZLY . #la5 Mg EEE T TOE—FXrRILAVE IV ANE
{ELt=C &M, E125 12 Mg . Ba?'I2&37 Ay D#H DT K44 DEBIZHE ST
BoEMFRBENT, T BERO Kir2.1 1280 THESN KHEEORAD 240 Mg 70
w2z BESENTLLIzCEM D, MgP'E K BCDHAMERELTNSIENTRIE
=hi-,

LlEDoEMD, Kir2.11281+3 E125 £, Mg?', Ba?, LUK A EESMIZERYT 550
HThHBLHERSNT=,

Ba?* block K* permeation

Kir2.1
wi

Kir2.1
E125N

Fig. 13 Significance of E125 in the Kir2.1 channel

® >Tmk
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Identification of a site involved in the block
by extracellular Mg®* and Ba** as well as permeation of K"
in Kir2.1 K* channel

Yoshihiro Kubo, Yoshimichi Murata, Fujiwara Yuichiro

Department of Physiology and Cell Biology
Tokyo Medical and Dental University Graduate School and Faculty of Medicine

Summary

The inward rectifier potassium channel Kir2.1 is more sensitive to the weakly
voltage-dependent block by extracellular Mg?" (Mg?*,) than Kir2.2 and Kir2.3. We
identified Glu125 at an extracellular loop before the pore region of Kir2.1 as a
responsible site for its éensitivity to Mg?*, block, since Glu125GIn (E125Q) mutation
strongly decreased the sensitivity while a mutation to Glu at corresponding sites of
Kir2.2 and 2.3 increased it. The negative charge was proved to be crucial because
Glu125Asp (E125D) mutant showed properties similar to the wild type (wt). The
sensitivity to the block by extracellular Ba** (Ba®';) was also decreased in E125Q
mutant although the depth of the block was not changed, as reported previously. We
additionally observed that the speed of Ba?", block and recovery was decelerated by
the presence of Mg®*, in wt but not in E125Q mutant. The sensitivity to the block by
Mg®*, was increased by lowering extracellular K" (K",), suggesting a competitive
interaction of Mg®*, and K',. The single channel conductance of wt in 140 mM K
was 39.6 pS (0 mM Mg?*,) and 11.5 pS (10 mM), while that of E125Q mutant was 26.0
pS (0 mM) and 19.6 pS (10 mM). These results demonstrate that Mg** competes
with K* permeation in wt and that E125 is requisite for efficient K* permeation in the
absence of M92+o. Taken together with these results, we conclude that E125 at an
extracellular loop of Kir2.1 is an intermediate binding site which facilitates K
permeation and entry of Ba?" toward a deeper plugging site, and that Mg?*, competes

with K*, and Ba?*, at this site.
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