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A Hez, 0N HER
ALK IR i = PN 53 U6k

B E [Ho] SEEEICBOTRROBERLRTRBTHY, 2o, DIlEAX O FERERE - ChdE
IMESREZ 33V N T, 88 G072 = A0 M A8 A U RO FIEA I LR RO PR A SGET 220 HIL TV D, L,
I EEB O < T ERBESE YN /2SN TR LT, ZORKEL T, MEDER - CThoHMEER MAEEOHENI AR
ThHOHZENGDIND, TEER MAERITIRME T R Y SRR L BUESDH23, Na' KT -ATPase & BRE) /1)L 4 520D
WAL, R AR RIUZERLIEA T DAV LA R 32 VT D) A7) o TR AT L T DT e
DRI TN e, RBFFETIZ, AV LIS A2 T HEREZARGES 20 )D 5T 1)L OBERE T BUREHE O Hil 5 4 fR 5
HTELE AT,

[ 5iE] DEROBFZE TR L QI I U L) A 2V 7 OFSRER BLZHIE 2 RTES 7 LV &38i% T 5 E A D
A% yeast two hybrid {512 TRz, FIC, FELIZE A OB CORBI A R Yy T, & AR A 1EH 256
T OMED B A S TR IS TR AT,

[FER] VDT LT v VD JRES 7 Va8 HE A L TT v —4 4 H Membrane Associate Guanylate kinase with
Inverted domain structure (MAGI-1a) D770 A7 T A AL KA A B LTZ, MAGI-1a (XBF ARG D~ AT
DN R DAL RAIE 12V TRV AT v 3L EHIEBLIL , B2 TIE I U AT 1L EOFE
HAEMZ§RDT-, MAGI-1a EAVY LT v VO EAEMIL, MAGI-1a @ 5 % H @ PSD-95/DIg/Z0-1(PDZ) fHik & 77
v LT ¥ AL PDZ-binding motif /L CITo4L Y, ZOMASERITT ¥y 2OV BB LIC IV RES L,

[B4] FELZTI—EH MAGI-la OFT/RAT TA AL RN BIELRAE (2310 D MR )Y 5F v 1L
DIEREFRBEFUEL TS EHEESITZ, MAGI-1a &0V LF v VO BARAD VT LT % 2 DU A LDl
ENTZZEND, B RAE IR BIL TV SGKL Z D —E A% in vivo THUD LU A7) 7K ORSRER Bla
HIEIL TOB ATREME S HEZR S LA, Vb &L, MAGI-1a (IZED U DA 270 7 R ORSRERR B A I 52 L
(20, TEER AT RO FIEIZ N LIl E A 9 D8 772 B R O I REME AV RIR S U7,

1. AR EM

EILE 1SR EC B W TR RO FR R SR 2 7R
ThoHLILT, I E - L - B AR L Vol Ao
MeFFIC B2l Cxr 3 2B E (O ME A~ h) O F %
721G kRN +C& 5 (Chobanian et al., 2003), IfiJF 24K fE
IZPRDZEIZEY 2SN LA A R NOFEIE DMH S
DHIZEDRABLNERRY | S IETER T AR T A2 2004 (230
Th, IVEE~DIMEa hr— LIRS TS, L
ML, ZLOEIMEIEFNZ BT, #E722 EDa ~ e
— VDR ZIVTORNDINBLR TH D,

I A BR i B i L0 KRR L HLES
NHEEZBNDH, Guyton (ZLVIRES T EILED
JPREMERF I OB BR M R Eib R D BeE RFE T 52

EMARAIR VORI EDH BT THERS L, 1 1
JEVBHRIZ 351 D1 B M4 il i o S M BRdika
T& W5 (Lifton et al., 2001), Lo L, BIfE, Bk Cff
SN TOBRBERO L I E L2 HIE 9 5354 C
BV | PEBR M AE B O FIEIE 2 A 2k E I3 R FED
HTHY, — T, FIRIEITE KMEE P ETDEIE
%2570, TR M & Fe /0 SHIlE 32 &
fER R TN EMZ N, LU EDZENS, &I ESE
BICOPEER M EHIEA R U CTh DI LM, Mtk
72— /LA B2 M ESE G M FAE T 5 F BRI K & e C
WHEHEERSND,

PRABE NI T AR IR L, RIS MY
LHANFREIAATOZ LIS KD | FEBR IS RO S | B B
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B2 Be- T ZEAVHIAL TS, ZOPRAE TR L
WA I, M AN REBLL T D Na'/K -ATPase % Bl
1L WD, Na'/K -ATPase 1%, TR A2
L CHIBAN VD AOFRAZED T2 | AN IZ AL 72

VD LaMRASMI P T2 VT WA 70 7 HEE I

ZOIEHEIMEAFL T DHEH 2515 (Fig. 1) (Giebisch,
2001) , ABFZETIZ, BV LIS A7V T kAR
DAVT LT % 2L DI BUHIHBERE 2 B2 285
ZOHIENEE R T 525 R AT, BT LFFRIIZ R
B350 Z)Y A7) T BEREOHIEIC LY AR KT fLAE
FHEORIWERZ RUICOEER MAE S EE S R T & 5
AIREMED D,

Basolateral

Fig. 1 “K*-recycling” for renal distal tubular Na*-reabsorption.
In renal distal tubules, Na® is reabsorbed transcellularly.
Na*/K*-ATPase conducts active transport on basolateral side, and
Na*-transporters conduct passive transport on apical side (upper
schematic cell). Because Na'/K'-ATPase induces intracellular
K'-entry, the pathway for K'-excretion, “K'-recycling”, is
indispensable for Na*-reabsorption to continue. Renal distal
tubules have two pathways for “K*-recycling”, the apical and
basolateral pathways, and regulate the net K*-secretion/absorption
without affecting the net Na'-reabsorption by coordinating these
pathways (lower schematic cell).

2. ARAE
2.1 REVIFIVHEEEDRE

PERDOBFET, MBI VT DV A7) 7 HEREIEN
M EEEGENEA VD LT % RV R T D2FDT ¥ 1L D
~7~— (Kir5.1/Kir4.1 heteromer) & KL CTHZ L%
fi#BAL (Tanemoto et al., 2000) . D &l ~DFEHI
Kird1l Y7 2=y "D IV RF LV RISENAFAET D
DDJFHEL 7 T/ TV BESNDZEE LN L T
7= (Tanemoto et al., 2005; Tanemoto et al., 2004) , Zi15
JFEY 7 F N ZRET2EAZH LT D701, 2
NODRES T F N ETe Kird 17 2=y hD I LRF

IOVARIRERIZ %L T yeast two hybrid 4 61T L7,

yeast two hybrid {EIZ IV [EIE ST I/ BERCAZ VY,
PCR £ THEE cDNA 235, ZOBLH A5 125 1 O
F LTz,

2.2 AEL-#EEEBETF Y RILOBEEEROER

ALY AR ZHWT MEeRAET v
FNVOHBAEMZE AL~V TR LTz, HHAAER O
FRIZI%, F /L% Green fluorescent protein (GFP) # &
BEHALLTIVL, fEEAORERE G/ V2T
Hv S NI AT 2T —8 (GST) EAKRAE{ERIL, GST
pull-down ¥£% v iz,

2. 3 HEEBOHEBAERS MO

o E P DR R PUARZ R RLL | S0 MR G
BIEIZTHEBA TORB ML, BB T 5T v rv
EDIFBLOF AR LTz, BT, S ibRREIC T B
Bl 255G E A LT ¥y VO AAE 2GR LT,

2. 4 HFEEEAEFYRILOBEEERDOFIEDAEEE

T R DOFE BAEFERALAS | TEARDOMFFETREIL T
WEREY 7 F Lo —oThb PSD-95/DIg/Z0-1
(PDZ)-binding motif THHZ LM, EFLDFEERO S
B L7-, =2 C. PDZ-binding motif % K48 . £721%
PDZ-binding motif (273 /A% $aa8 AT 28 BARAAE
L, PDZ-binding motif (D% FIZ L HHH HAEH DFHE %
fifesB L7z,

2, PDZ-binding motif 2% A &7 —+¥ (PKA) 1ZL5Y
UIAVIE A ST B AT REME S HEE S T2 72 . PKA DTE
PEALZARHE T D50 K O E T D562 W TH AR
MR HZLIZED, PKA OIEHALICE AR A EAE
F ¥ VO BAERIT T 22 R A fatL i,

3. ARHER
3.1 mMERA)DL)FrRILEEES

yeast two hybrid JE(ZCRIELZHE AW A H T Kird.1
BT 2=y hD IV ARF L LK L B A L5
ZEEMR LI DONG, T — & EH Membrane
Associate Guanylate kinase with Inverted domain structure
(MAGI-1a) 773U — D H VR 2V KSR A R E S 47z
(Lauraetal., 2002),

FIZ, PCR{EIZTE M cODNA S [RIEL7=Z D 2hLS
X, BEHO MAGI-1a E54720 Wb H WW FEIR D RiTt:
WA —RNEb DTl AT TA RIS BARTHHZ LDV
BIL7= (Fig. 2),
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Fig. 2 MAGI-1a isoform identified from rat kidney. Exons of MAGI-1a deduced from the sequence in a genomic database and their
arrangement in MAGI-1a isoforms are schematically shown. Gray indicates the splice sites identified in this study.
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Fig. 3 PDZ domain-dependent interaction of MAGI-1a and Kird.1l. (A) GST pull-down of GFP-Kir4.1 by the CT segments of
MAGI-1a. Schema shows each GST-fusion construct and summarizes its binding to Kir4.1. The lower panel shows a representative
result. Fusion proteins that contain PDZ5 interacted with Kird.1; however, PDZ5 deletion diminished the interaction. (B) GST
pull-down analysis of GFP-Kir4.1 mutants by the PDZ3"-CT segment of MAGI-1la. Schema shows the sequence of the CT of each
GFP-Kir4.1 mutant and summarizes its binding to MAGI-1la. Panels show representative results of expression (upper) and pull-down
analysis (lower). Deletion (A3) and a single mutation (S377A, S377D) in the PDZ-binding motif disrupted the interaction.

3. 2 HEREHEFYRILOMEEERAERGL 75 MAGI-1a Z R SR8 52 L 2R3 L (Fig. 4A) |
GST pull-down 5 Cix, MAGI-la® 3 & B LABEOPDZ  HL MAGI-1 Hiiii% FW =B th Bz L0 Bic s
I E &y ET Y RV OMABEERZRD. 5 FHO  TMAGI-1la LI AF v 3/L Kird.1 2338 BT AAE
PDZ fHIAFF72720y MAGI-1a Wi &F v WM AN HLTWDI LML (Fig. 4B), H1Z, Hit MAGI-1 #t
HU7Zeiro72(Fig. 3A), Flo. TRV DANRFAR  KEHWT, MAGI-1a DENEN TOFRBL A2 iR LT,
s> PDZ-binding motif % K358 BRI IO MAGI-1a |35 BB TAFAE S 2 PRANE O RN R 2R
PDZ-binding motif D& UANTEREZEALZT /MR REEZTRD | T OFEBLNE ALK E ANV 5T

1%, MAGI-1a A BAEH AR5 7 (Fig. 3B) . YAV Kird1E—E3 52000, MAGI-1a 2B JRHIE O
3. 3 WRHEEHDHEBRESMOMER HCh | FRIA~ L EATRIO IR ALI A DIz AL i R

MAGI-la OT /KUl O R T I/ BEESIZ VY T ZRDHO RS IR B A WA YT 5T 1L &
T, FUMAGI-1 HUAAERIL -, MERLL7-HTMAGI-1 5Tk I D2 22 fH L= (Fig. 4C),
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Fig. 4 Expression of MAGI-1a in rat Kidney.

antibody specifically recognized MAGI-1a expressed in HEK293T cells.
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(A) Immunoreactivity of the anti-MAGI-1 antibody raised in the present study. The

Mock and MAGI-1a indicates lysates from HEK293T cells

transfected with a mock vector and MAGI-1a, respectively. (B) Immunoprecipitation of MAGI-1a and Kir4.1 in rat kidney. MAGI-1a

and Kir4.1 were coprecipitated.
(green).

3.3 HAEALFYRILOEEERAD)VERIEIZES
altil

3. 20 GST pull-down EICRWT, Kirdl @ PDZ
-binding motif M-V (Serine377) &% DV R IR HE
FRETI/IBTHLIT ANTE U BICERSES
(Kir4.1S377D) &£ MAGI-1a &7V 5T 1)V Kird.1 DR
HAERAD M ESNDZ LA LT (Fig. 3a), Serine377
I% PKA (XY A2 T 5 a et n s dh 2 e A B8
FIZFEL T2 LM (Pearson and Kemp, 1991) |
PDZ-binding motif V{23 MAGI-1a L U7 AT+ %
)V Kird.l O AAERZHIIE9 2 rrRetEd gz, 22
T, PKA IHMLOFHEIZ LD MAGI-1a & Kird. 1 OFHHE
VER % B2 Mlla % (HEK293T) THERL T,

HEK293T a2 A BLSH7- MAGI-1a & Kird.1 O#H
HAEAIL, PKA HI FCIEBLES L, ZOMEIT PKA
IEMERHAL T MBRS A7 (Fig. 5), 2O ZEMND,
MAGI-1a & Kir4.1 1%, PDZ-binding motif A33E) bk
RBICH DD EAE LY HZ &N HIFILT,

(C) Coimmunostaining of rat kidney with the anti-MAGI-1 antibody (red) and anti-Kir4.1 antibody
In the cortex, MAGI-1a was colocalized with Kir4.1 on the basolateral side of distal tubules.

Scale bar: 50 um
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Fig. 5 Disruption of MAGI-1a/Kir4.1 interaction by activation
of PKA. Panel shows the representative results of
immunoprecipitation. The conditions of incubation are indicated
in the panel above. The disruption was impeded by H89, a
PKA-specific inhibitor. PKA, incubation with cAMP cocktail;
H89, inhibition by H89. Bar graph shows the relative intensity of
the coprecipitated Kir4.1 with PKA stimulation as compared with
coinhibition by H89 (n = 3; * P < 0.01).
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4. &

AL IRANAE VDT LT X RV D JJTES 7 T V38T
HEHAELT, T H—EHA MAGI-1a DFi7=/e AT A A
EEROREITHI LT, FELZ MAGI-la 13 AL
PRAME D~ b AT 33 (67 St 508 70> 3 (67 B BRI 12
BOWTREFOIME M A Y7 5F v %/ (Tanemoto et al.,
2004) LIFEHL QBN TOEARHAIERAZRD,
@BV LF ¥ VD J{TES 7 F /v PDZ-binding motif &
MEERLEZZENS MO T o A—EANEEAD
PDZ-binding motif % 4L 7=FH ALAE I KO BEREFE B4
Z21To DD E[RERIZ (Fanning and Anderson, 1999) .
MAGI-1a BT KU1 707 B o i 38 B O
RERHLHIEZTT> QWD ATREME DM EE ST,

MAGI-la BV LF v OEAMMAAE-L O
PKA 1ZL2V g kiZ CRES L, @PDZ-binding motif
DOV FBCIRRELAH R 7 /B BRI CILE S =2 b
2>, PDZ-binding motif OV FR(LIREED MAGI-1a &5

¥ ARNVOHEEMERZHIEL CTOWDZERHEESNT, Bl

MAGI-1a IZFEV > FE{LIRAED PDZ-binding motif &/34H
HAERT 523, ViRt EED PDZ-binding motif &1 4H
HAEH LN 2 Bz (Fig. 6) .

Kir4.1 mﬁ.

J

PDZ-binding motif
SNV pSNV

¥

PDZ5

Fig. 6 Schematic summary of the MAGI-1a/Kir4.1 interaction.

PDZ5 of MAGI-1a interacts with the PDZ-binding motif of Kir4.1

with unphosphorylated serine®”’.

ARFFETIL, VT LT 21D PKA ([ZXDV R %
BHOMICLZAS, BIgICB W T o — B R F v %
NEVARIGL, 7o —EH MAGI-la SO /RN A
FIEIL ., ZORER, AV LU A7V 7 E OMSRER B
ZHAEL T B RTREME 2 BT (Alvarez de la Rosa et
al., 2003; Vitari et al., 2005) , &AL RAIE 121 SGK1 %
DOFF—ERRKEL THBIEDRMIAINTEY, BiEAL

JRANE IZR L QD ZLEF—E2, in vivo T, &
U LYY A7) TR OBEREF BLA B L TV D ATHE
MHERHD,

VB bZ L, MAGI-1a (2X5 U7 AF % FL Dl
RPN RTEZBL CHYD DA77 HE DR RE R 34
HIET D20, AR N Y A ENHE 21T
2 D ATREME DS A FEIZ LD RS 4L 7, AR Y ER bk
HAFEITHILITRY, fEER A AL | ()% )
N9~ 28 7 7 I PR VG 958 2 i B HH R 2 R REME A3 HE IE S 4
2o

5. §&NDRE

TIVT BT KDV BT ¥ R EHEC BRI &
ETRESC, RSB CHlREL TV DT AT v L
DOV AR AT 20305, Flo, 7o 1 —E
F MAGI-1a 23 SEBIC AR T BEEEL CWD0 % )y
IT M~ A5 e N TABIRL ~ L TR 200 03
b, ZOMEINZEY | EEIZAR T AT 2T YA 7Y
7 B A N A BISHIBL S 27303 . BIZE BN IR
2o

FXRNET I —EBADOHBEAERO ZRITET LN
IV a—% ECERTCEA RN DS, (ERLI-ET
JVIZEESE in silico THA/ERZY 2L —a fiffr©
HUE, Z0EESHIREC TN Y AR 25
L EIE R ORI ZHED D LN TED, 2, v
L= al AT IS TR A D BAR FE I EE DV o i
JEDT —F—A—RNEF LA TELZEL IR TED,
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Summary
[Back ground and objectives] Hypertension, the most common disorder in industrialized societies and an
independent risk factor for end-organ damage, is one of the chief burdens of the healthcare system. The treatment
of hypertension based on its pathophysiology can arrest the progression of end-organ damage, and will relieve the
burden on the healthcare system. Recent genetic analysis has revealed that the Na* reabsorption in the distal
convoluted tubules (DCT), which depends on K recycling, participates in the pathogenesis of hypertension.
Previously, we showed that the Kir5.1/Kir4.1 heteromer, which is an heteromeric assembly of two inwardly
rectifying K* channels, comprises the principal pathway for the basolateral K* recycling in the DCT, and that two
motifs in the carboxyl terminal portion of the Kir4.1 subunit regulate its functional expression. Therefore, the
mechanism that recognizes these motifs is thought to be a key factor for the renal regulation of Na* and K"
homeostasis. In this study, we aimed to identify the mechanism.
[ Methods and Results] By using yeast two-hybrid screening, we identified a new isoform of Membrane Associate
Guanylate kinase with Inverted domain structure 1 (MAGI-1a) as a scaffolding protein for the channels that
comprise the basolateral K recycling pathway. By using the anti-MAGI-1 antibody, which specifically
recognizes MAGI-1a, we further revealed the interaction between MAGI-1a and Kir4.1 in the kidney, and the
colocalization of MAGI-la with Kird.1 in the DCT. MAGI-la interacted with the PSD-95/Dlg/Z0O-1
(PDZ)-binding motif of Kir4.1 through its 5" PDZ domain, and the phosphorylation of the motif impeded the
interaction.
[Conclusions] A new splice variant of MAGI-1a plays a regulatory role in the basolateral K* recycling by
functioning as a scaffolding protein for the K* channels that comprise the recycling pathway. The
phosphorylation of the channels impedes the anchoring of the channels by MAGI-1a and decreases the basolateral
K" recycling. Affecting the activity of the basolateral K* recycling, the pathway for channel phosphorylation
could coordinate renal Na* and K* reabsorption in the DCT. These findings suggest that the phosphorylation
-dependent regulation of basolateral K recycling by MAGI-1a could be a new target for the treatment of
hypertension and hyperkalemia.
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