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BORAIsEE | R lHE CIORESRRERRE 852 R
SRR KR W DICREERRERRSE 45 2 P
Al (AR )

7 7 7 &1 ¥(aquaporin, AQP)L W AKF ¥ A VEHEAT 52— HOEHORHK TH S,
BHEITIC, BAETIRAQPODPLITTHIOENDAQPA 7 O —= Y 7ENTWwh, T
LOAQPEH DR ENIHY . 6 MKEEBEETI DOMESIIV— T(loop A, C, E)
L2 00BNV — F(loop B, D)2 AHE LTV 5, &5IZ.RHF SN 7zAsn-Pro-AlafLFl
(NPA motif)#» loop B& loop EWHFEET Ao RO L ¥ XIZFFFET 5 Major Intrinsic
Protein (MIP)X. vasopressinBEZ KT ¥ RV TH2ZAQP2E D T I/ FERHEF D758 %
LEDLOTEHEVD, KBEBMEIZAQP2OB L Z1/5ThH %, TNFEEIE, AQP2IIHFHEL
MIPEBR %2 2—8DT7 I JBEFIFAF YA VEEREZED TVWLI EZRLTWV A, AQP
KBWT, AFTAF Y FVEELEOBEEIRBSN TV AEEAIE, loop B, C, D, ET
Hbo FITERAMETEMIPOI Wb Dloopk AQP2OEENIHMUTER LT AT E
TEFL L, AQP2D Y DT I JBEFIHKF ¥+ AV HHROEFACEETH 222 WAL 7,

FIVAYAFIVPBRABRERRS L URBRARERRE AV TREEABBEEPD
EWIE LR, AQP2IIMIP X DS 1ff b B K EBEEZ AL T/, loop B, loop C.
loop DOF AT DPFI>IMIPEEZETH D, 2 N5 Dloopt K BB ZED TV 5 aEMH
HEEMTHo70o THICH L Tloop EFiE#F A 7 Lloop EX X 7T TRPIFDLTHT
i b A A ECH LA BER b, bibilitloop EHE®T I J BEFIANAQPIOK
FYAVBREERCEETHLLHEEL L, 22T, ZAPOTFELIX LA 2 27 loop BIC
7 HES TH Hhelix SOBZENTO WTHE Lo loop EXhelix SHB¥H(T I / BIEE
168~1TN FABICERT L L, Bl CHEMEAEECPIPER L. 72,
helix SR BMHES)DA BB L72F A THEOPIRIMIPD2. TETH o2 ehb b, &\ |
KF v 2 VBEOBRICH T 2HSOEERN RIES L,

Bl b, MIPXAQP2D ¥ 2 F 4k DAL FRAT 12 & o T helix 5% # % loop ERTF#(T
3168~ 189)0TAQP2DOKF ¥ A VB EBICLETH 5 I L RR S, b
hbhid, OB KF v A VIABRICED o T A LifEE L TV 5o
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ﬂ))&ﬁﬁn%‘ DR ERE CGRRERERIRE 42 R
Jemrges KRR E OUREERRERICE 48 2 AR
At B (BlRERKSE S8

Ffge B 8y

T 77K Y(aquaporin, AQP)E I KT ¥ A VEREZET HA—HOEBEHOBKTH 5,
AQPREFDMMITH ML, KEHEICHL> Twd, BIETTIC, BWAKECTILAQPON S
IETDIOEDAQPH /7 U—Z Y 7 ENTWVE, ThHLDAQPEH DOHEE XL BEELDH Y |
6 [l B8 BT 3 DD StV — T (loop A, C, EYX 2 2DMAM L — 7 (loop B, D) %
ALTVL(HLA) & HIZ. RIFE N7zAsn-Pro-AlafE5I(NPA motif)dTloop B & loop E
WHET 20 REDEFHMBEIC L 2 RMT 2512, KT ¥ 2 VILOFE IZloop B &
loop EOB G REEN TV AED, TRULOFMEBRHFIZZENTWVEV,

AQP2IFRR 647 0 — =¥ 7 L Zzvasopressin B&E EK T ¥ 2 Tdh 5 (1) AQP2ITE
~EEOERMEETICHBIEL THBY ., vasopressinll & B RIEMISEICEE L 8% 2
2L Twa, RO L > XITHFFET % Major Intrinsic Protein (MIP, B4 AQPO)IE AQP2 &
DT I EEAMFEEDS8% L & bb’(r—ﬂﬂf)\ KEBHEIZAQP2OB L Z1/5TH b, 2D
BEED»L, AQP2ICTEE LMIPtEL‘r%—‘%ISO)T I/BRISFKTF v A VEREEED T
HEHEEIND, AQPIZBWT, 4 FTATF v % VIl L OMEASRIE S TWw 5L
3. loop B, C, D, ET& 5(2,3)o # ZCAMIETHEMIPOZ N Dloopk AQP2D [{ %
DHMMETERLAXFATEREFERL, YOT7 I VBEIINFKF v 2 VEEORKBEICEET
HowEBRFLE,

WF 5% 77 1
1. AQP2-MIP ¥ X ko E#l

MIPSER XY ¥ —(pMIP/ev )% 85T & L T, loop B, C, D, EX AQP2 D [F & & & &
Wlio RIERLAETIAT— 2B, BE®EAFDNAT T 7 2~ b %polymerase
chain reaction (PCR)E M W TIER L TAQP3%M N ¥ —DClalB & U'XbalZ itk & iz
FEREBUTI ISRV CEM LA, ERLAFATHEERIC~INICR Lo cRNA
13T3 RNA polymerase® /il u\fﬁzi’é L7,

2. 770V AAIVII BB BEEEAE BN E
GRS, 40 nlDJK F721310ngM cRNA% JE A L. Barth's bufferd T20°C 12T
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TABLE 1. Oligonucleotide primers for the cbnstruction of AQP2-MIP chimera.

Chimera Oligonucleotide

Name

Number Sequence

LB AQP2-MIP (replacement of residues 67 ~ 83) -
Sense 1. 5’-GGAGCCCATATCAACCCTGCAGTCACTGTC
_ GCCTGCCTTGTGGGCTC-3
Antisense 2. 5-GAGCCCACAAGGCAGGCGACAGTGACTGCA
GGGTTGATATGGGCTCC-3'
Sense 3. 5-TGCCTTGTGGGCTGCCACGTGTCCGTGCTT
CGTGCC-3
Antisense 4. 5-GCACGAAGCACGGACACGTGGCAGCCCACA
AGGCA-3
LC AQP2-MIP (replacement of residues 110 ~ 127)
Sense 5. 5-GTCAATGCTCTCAGCAACAGCACGACGGCT
GGCCAGGCCACCATAGTGGAGATCTTC-3
Antisense 6. 5-GTCGTGCTGTTGCTGAGAGCATTGACTGCT
AGGTTTCCTCGGACGGCAGGTGGGGTAAC-3'
Sense 7. 5-TACAGTGTTACCCCAGCTGACATCCGAGGA
GACCTAGCAGTCAATGCTCT-3
Antisense 8. 5-AGAGCATTGACTGCTAGGTCTCCTCGGATG
TCAGCTGGGGTAACACTGTA-S’
LD AQP2-MIP (replacement of residues 154 ~ 157)
Sense 9. 5-TACGACGAGAGGCGGGGTGAGAACCCGGGC
TCCGTGGCCCTG-3
Antisense 10. 5-AGGGCCACGGAGCCCGGGTTCTCACCCCGC

CTCTCGTCGTA-3'
LE AQP2-MIP (replacement of residues 181 ~ 200)

Sense 11. 5-ATGTATTATACTGGTTGCAGCATGAACCCT
GCCCGCTCCCTTGCTCCTGC-3

Antisense 12. 5-AGAATGGCAGGAGCAAGGGAGCGGGCAGGG
TTCATGCTGCAACCAGTATAATACAT-3

Sense 13. 5-CTTGCTCCTGCCGTTGTTACCGGAAAATTC
GACGACCACTGGGTGTACTGGGT-3

Antisense  14. 5-ACCCAGTACACCCAGTGGTCGTCGAATTTT
CCGGTAACAACGGCAGGAGCAAG-3'

H5 AQP2-MIP (replacement of residues 168 ~ 177)

Sense 15. 5-GCCGTTGGCTTCTCCGTCGCCCTGGGGCAC
CTCCTTGGGATCCATTATACTGG-3’

Antisense  16. 5-CCAGTATAATGGATCCCAAGGAGGTGCCCC
AGGGCGACGGAGAAGCCAACGGC-3'
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FIG. 1. Topology of MIP/AQP and scheme of chimera proteins. A: Membrane
topology of MIP/AQP family proteins. MIP/AQP possesses six presumed
transmembrane helices with five connecting loops (Loops A™E), and two conserved
Asn-Pro-Ala (NPA) motifs in loops B and E. B~ N: Scheme of MIP (B) and
chimeras of AQP2 and MIP made in the present study (C ~ N). Loops B~ E and a
part of transmembrane helix 5 of MIP were replaced by the corresponding parts of
AQP2 showﬁ with dotted lines. LX AQP2-MIP: substitution of AQP2 loop X for MIP
loop X. LX1/2 AQP2-MIP: Substitutioh‘ of the front half of loop X.of AQP2 for
that of MIP. HS5 AQP2-MIP: substitution of AQP2 helix 5 for that of MIP.
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ABIERI A v ¥ an— v a vy LAERICEE TR » 72(4), BEEKREBEPHERD S
. GBI %200 mOsm 2570 mOsm D A~ LB OMBEEEROL{LE, CCDA
AT LEREBEEBERRAVTOSHB EXICES Y — Lic, PRI, ZWOISTHH oMK ER
Zi k) ki,

3. FERHHE /N ARIC BT B RE EAKE BED W E

B3 BL NS ¥ —CTdhHpYES2OHindI Il & Xbali@ ik #4112 AQP2-MIP ¥ 2 7 % A
L. B4 (S accharomyces cerevisiae)® 7 075 7 — ¥ RKEHRTH HBI3505IZFKR S
Fro BRS OBETELNLMBAREOPIZ, ALy 770 —RKEBEE AV THBELEL
THhBD7(5)e 200, MIEBEORBE 228 LA S TERRD OFEERE
BE L7, '

4., 9TLAFr7uv b

K F 72 1EcRNA % 7 ATR48 B 0 90 B (B2 i A7 . T E AR 4318 & 4RILL . 70°C T 10
SEAYFaR—2ar L THHSDS-PAGEICTREML ), EHEZSF ATV T ALY
—IKBLTHL. 74 V5 — %MIPOCKMIST 3 /B % RikT 2 HWMIPHA (1:200FH)
LIRS ¥ aN—Ya v, 74T —ERikEK, SH5IC1251-7 074 VAL ]

B A Fa~n—Yayl, d— b 59455 74— ICTEBERE Lz, RO FET
BRMBANEEO YAy v7 0y P ERITO R,

T 5% % 3
IMK%LtWﬂM@@%%@&lxﬁyfmvFfu\MWﬁlU%@#i?%K
BV T26~27kDaD I BICAN Y FHERAE SNz, TNHEDNY FiEEIR, BBXZRET
& 72 loop Bloop CEH ALF X FTIFEHIT~2kDak& /Ny Fe@Roeh, Z
M8 v Fidendoglycosidase HE D A Y F 2= a Y TiklL, LAd>TIDNY
FIZ B B O ¥ A SkBEHTH D, endoplasmic reticulumlZ8 £ o T 5h I EAUR
MR i, H2CICR LA BMREEES WOy 228 ¥ 70y FTiE, MIPBL
lwpD&M@E%@Aﬁ#i??ﬁ%ﬁ&ﬂyFﬁﬁ%éﬂtﬁ\mwBthC%ﬁ
AMEFATONY FREEIEEHF ., 7oLty v 7EBEICL > THRBEARENDOERIE
EENTVAIENHERBRINT,
NQMEﬁ%%E3K%LtDm%&lbtﬁ%%ﬂm%bHdHiMﬂMWAcmm
Td o7-H . AQP2EMIPD cRNA%R £ A L7z 9P B4 Ja DPfid, FRENILAME, 28051
CER L, L7ohoT, AQP2IIMIP L DS 15b Bk EBME4%H L T/, loop B
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FIG. 2. Immunoblot of oocytes probed with an affinity-purified antibody against
bovine MIP. Oocytes were injected w'ith water (Control) or 10 nglcRNA of wild-type
AQP2, MIP, or their chimcrés. A: Samples of the oocyte lysates. The lysates from
the equivalent 0.2 oocytes were loaded in each lane. B: Oocyte lysates before and
after an incubation with endoglycosidase"'.H. C: Samples of the plasma membrane

fractions. The membranes from 20 equivalent oocytes or were loaded in each lane.
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Yloop CEB ALF ATOPIIMBERMET, VTA§ 77Uy PTRESNAF AT
EHOTO LYy FEEC—HT 2HEETHo 72, loop DF A T DPETRIMIPLRFTH
o7re TN L Tloop ER1/2% A 5 &loop EX A 7 TRPIFAEICHEMLZ, L
L b TP Tho T, IS OPHERHFAMD29~31% T ELh o7z BEDPSL,
bibNitloop EffE D7 I/ BEFINAQP2OK T v 4 VEEEFICERTH 2 LHEE
Lo 22Ty BHWOTFEICIEE D o 72 dloop BICHE % 2 E5TH Shelix SOEFIID
WTHE L 720 loop E&helix 5SOB%EZRABICBIRLAF X TOPFE, B/l LILH
AR L% THo o LIz o Thelix SHKEBUHICEETH LI LHRKRS NI,

SR MIL R R Tk, loop BXloop CEEALF AT REAN T U LY ¥ EELM
BREE~NORBETOERLZ 2Abh, 22T, 70ty Y705 L 2vEEBEL
%% FvCTloop BXloop CORENE M L7z, BBMR/IREZERECREEL THRE
OMEBEERLELLPIE RO, MAAIR L2 L )0, MIPERBEMER TR X
WABRIEIKE (. AQP2Rhelix 5/loop BEF A ST ELIIKEL kolc, BE
WL NI TR PO R4 M4BIZE L/, MIPB L UAQP2EIRITL » TPfIX, €
NZEN2 4fE. 9.0 L 72, helix 5/loop EF A SRDPFIZAQP2DOPIEETH |
FEMRERAITELNERE —B L 7o loop BF A Ik L loop CF A FHDOPFIF L
L5 OMIPER%ETH 07z VEAY Y70y FTiE, WTFh$26~27kDaD L EIZ/N ¥
FAFEE & iz (B4C),

B %12, helix SOREICD VT D FMICHRE L 2o RISAICR L7 & ) Chelix 574
(HS) % & HICHIEEHS) EFHEMESCHTF ATEPHSOA ZER LT AT
VEBL L7co SN OPHIERREZ HSBICH 2o HSF X THRDOPAIMIPD2. 1T H 2 720
loop ERI:1/2/HS5% X ShD PR AQP2L R % TH o72c —J7. loop ERIH1/2/H5'F X

11

Stk Lloop BERiE1/2/HS"* X RO PfIE. H5F X TR &loop BRI 1/2/H5F 2 F4ED
FEOEERLI.

E5

AQPF ¥ A VILOMEMRBIE, BEACBY 2D TOMELHEM T2 L TEFICE
BT hb, BMEN O 120)KEL LT, AEbhbhiz7 I/ BEFOMEESE
(58%) Whdrbbd, KF v i ViEEIKE L REoMIP, AQP2EWV ) 2D D
ERAOF A THRAERL THBERITZT o, FATHROMEMBITTHBEL 2200k, 1
BAETEEER LS ACBIAREROMRTH L, Tbb, BRLATI VRE
&ﬁﬁ%%ﬁmiﬁfééamiﬁﬁ%&bﬁOﬁ\ﬁﬁu\ﬁﬁimﬁﬁﬁgw\%x
SRNAZT7: BEHAOAE E., ¥ X2 T%HDendoplasmic reticulum# b ML H IR L 5
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LE AQP2-MIP N #
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LCD AQP2-MIP

YRR R A R T A A AR S 7
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%L 3%

3 .
3 3 SN
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LDE/H5 AQP2-MIP
LBE/H5 AQP2-MIP

LBCDE/H5
AQP2-MIP

1 i
~ 100 . 200
Pf (x 10 -4 cn/s)
FIG. 3. Oocyte Pf measurement. Qocytes were injected with 40 nl of water
(Control), or 10 ng cRNA of wild-type AQP2,.MIP, or their chimeras. Pf was
calculated from the time course of osmotic cell swelling of the oocytes. See Fig. 1
for the structure of chimeras. Each bar represents means+SE of 20 - 26
measurements. ¥, ** ¥¥* 5<0.05, p<0".‘01, p<0.001, respectively, compared with

the control by ANOVA.
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RITon 70ty v /EERZEOTRELDEETEL V, £Z TAMAETIX, MIPOHEE
D—EE MY T HAQP2TEMRL TATF ¥ 2 VR P HEM T % % X 7 fF(gain-of-function
chimera)DE#Z B L 72,

B Oy Ay T Oy b EPAEOKRD S, loop BEloop CEEHALF AT
HKIZBHMBEEERELORBRPEEINR TWAL ZENREKBEEN, L2L, INHLDF R
SEKOBERARATHV BRI TRPIRELLIMIPERSETH ), BiEgZAL TWVaH I
AL 7z, LA L, PEASMIPELE IS L o722 & 6. AQP2OE WAKT ¥ 4
NV EEIZloop B loop COM SR BEEMTH o7 loop DF A 130 Bl THRIRAR
B NH, PEASMIPERBOBEERLZIEL S, RIEHDAQP2OKEBMEIZNT 5
loop DO L) TweFxbini,

loop ERi£1/2% 72 1dloop EOBIRTPAIAEICHE ML 225 | loop ERfH1/20
AWK T v ANV BETHUT 2BV FEET AT LHFRBRE N, TOWMMTMIPL
AQP2TEL AT I /MEIEXRIZI81, 182, 189D 3 D Tdh b, fFI1I. AQP2DCL81E., 5
2NPA motif® 3 BFANICHNE LT . AREZFUELAF Y ELTHON TS (3),
CDYVAFUEMBOKRE RN Y SR T 7y E BT B EPIAAE CETTH I EDD
CIBIEAF ¥ A NVILOFRICEboTWT, MY T b7 7 YHIMNF v VILZFES
EBHEV) RBEPRBEN, bRDHOERKERDL | loop EFIF1/20WEH T v 3
DAREBUERET ALV IBICBVWTIR, EORFLEAKTH L, L2L 25, loop
BRI 1/2% A 5 Eloop BEX A T OPHEIE V& WEF AT 020~ 31% 12T X5 ot o &
26, WS PICAQP2OF ¥ A MR R IO O BEENR ST,

bhbhid, loop EF Dhelix 5EFEMHESICEH L. OOV TOHRE Z M
Al THHOERTH o 72H, loop BEHSRFIMICERLIF AT OPFET AR L E
ETHotto HSOH Z B L72F A FHROPIIMIPD2.THETH D . Hicw TIOHHMLD
EREFRBENT, &5 HS BRTFHS) L RFES IS T F A F K OPFATMIP
EAQP2OF HOMERRL AT LA b, HS' LHS"WENREN KT v FVEERERICFS L
TWABIENREINTZ, FTH, H'ICEENH168FH DT I VRIIMIPTIILTH %
A, MIPLHREMR2 E L L2bPIOEVAQPI, AQP2, AQP4,AQP5STIRVTH % (H5A),
FA IS, HICEENH176BEB DT I VBIEMIPTIEM Td 5. MIP &l OPfO & »
AQPTRITH B, £ o T, VI68LTIT6HAQP2DKEBE DL 2UWRREFER b,

BLE. MIPLAQP2D ¥ A SR OEREMRITIZ L o T, helix 54 & & loop BRI F A
AQP2OKF ¥ A VHRER BERICLETH 2 LHRE SN, bhibhid, ZOHFHIZHFK
Fx ANVILERICEb> T EHEL TWwh,
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FIG. 4. Pf measurement and immunoblot of ycast cells. Wild-type AQP2, MIP, or

their chimeras were expressed in yeast cells.

A: Representative traces of yeast

vesicle volumes in response to the osmotic shock. B: Summary of Pf measurement.

Pf was calculated from the rate of volume decrease.

Each bar represents means+SE of

6 - 8 measurements. See Fig. 1 for the structure of chimeras. C: Immunoblots

probed with affinity-purified antibody aéainst bovine MIP. A 2.5 p g portion of

protein was loaded in each lane.
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FIG. 5. Detailed examination of transmembrane helix 5. A: amino acid alignment
around helix 5 in MIP with AQP2, AQP1, AQP4, and AQP5. White letters in black
boxes denote conserved amino acid residues. H5, H5' , and H5'' indicate residues 168
~ 177, 174~ 177 and 168 ~ 169 in helix 5, respectively. Note that the number of
the amino acid residues refers to those of MIP and AQP2. B: Pf of oocytes
expressing MIP and AQP2 chimeras at loop E and helix 5. Oocytes were injected
with 40 nl of water (Control) or 10 ng cRNA. Each bar represents means+SE of 17

- 22 measurements. *, **; p<0.05, p<0:01, respectively, compared with MIP by

ANOVA.
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LB ORE

AQPOH ThH., AQP1., AQP2, AQP4, AQPSIE/KZFERW F ¥ A NV TH 5B H. KDOMIZ,
AQP3. AQPTIHREL 7Vt O —LERIE AL, AQPOMREBEEEH T 5o TN
BF X ANVILOEEOHEILLZ EEZOLNE DT, ZOREZ/HE,» DIV,
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TRANSMEMBRANE HELIX 5 AND LOOP E ARE CRITICAL FOR
THE HIGH WATER PERMEABILITY OF AQUAPORIN-2
Michio Kuwahara,' Kiyohide Fushimi,' and Kenichi Ishibashi,’
'Second Depariment of Internal Medicine, Tokyo Medical and Dental

University, and 2Department of Pharmacology, Jichi Medical School

Aquaporin-2 (AQP2), a vasopressin-regulated water channel,
and the major intrinsic protein (MIP) of lens fiber are highly
homologous,_(58% amino acid identity) and share a topology of six
transmembrane helices connected by five loops (loops A ~ E).
However, the water channel function of AQP2 is much higher than
that of MIP. To determine the site responsible for this difference,
several parts of MIP were replaced by corresponding parts of AQPZ2.
When expressed in Xenopus oocytes, the osmotic water
permeability (Pf) of MIP and AQP2 was 48 and 245 x 10* cm/s,
respectively. Substitutions of loops B, C, and D failed to increase Pf,
whereas substitution of loop E significantly increased Pf 1.5-fold. A
similar increase of Pf was observed with the substitution of the front
half of loop E. However, Pf values of these loop E chimeras were
only ~30% of that of AQP2. Simultaneous exchanges of loop E and
a distal half of transmembrane helix 5 just proximal to loop E
increased Pf to the level of AQP2. Moreover, replacement of helix 5
alone stimulated Pf 2.7-fold. Pf measurements in a yeast vesicle
expression system also confirmed that loop E had a complementary
effect, whereas loops B, C, and D did not. Our findings suggested
that the distal half of helix 5 and loop E are necessary for maximum
water channel function in AQP2. We speculate that this portion
contributes to the formation of aqueous pore and determination of
the flux rate. '
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