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FIG. 1. Membrane topology of two types of MIP family proteins (A, B). In one
type (B), extra amino acid residues (~15 amino acid) are present at the second
and the third extracellular loops. These extra segments are designated as
“segment I” and “segment II" in this paper. In the other type (A), these
segments are absent. Both types possess six presumed transmembrane
segments, five connecting loops, and two conserved Asn-Pro-Ala (NPA) motifs.
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1. ¥ASHEDOER

AQP- CE1MCcDNABMIPZ7 7 S YU—EBHD 1283 — KL THY . Genebankic
"COT1G6.1"E& L TESH Eh T3 (accessionNo. Z35595), bhbh k. = DcDNA
ENRBABRENPSWELE TIVAYASTNNSMBREEANY 2—(pXBG-evi)
M BRA L, ZOFMBAQP- CE148BHEL T, EREEALDNATS F 4> k&
polymerase chain reaction (PCR) BV TIEB L%, Table 1126 fA4 U T 5 1
Y- &RV T. AQP-CE1ICH W BIDT 3 /BEFI(DGGVRTVG) &0 7 I /B &5
(SIFYGGAVFTK) #AQP3 D1, 11O 7 3 /BESI( % h 2 L ADNQLFVS & ALAGW GSAVET
TGQH) & & UGIpFDI D7 3 /B ESI( % 1 Z REQTHHIVR WLAGW GNVAFTGGRDIP)
TERUZ, &S50, BEANI 2 —OHind | BB B E XbaBRBUOEELTRES G
T TXA FTEB#BRLI, TREDNAY — 4 >4 —(CTHEEBL 7 %. cRNA%T3 RNA
polymerasezZ W TR LU/,

2. BREEKERME., 7V tO0-NLEBYE. REEEROAT
TIVAIAHTIEREMAZIZ, 40 nlDK £ -1 5ngDAQP-CET1EZ DX A SHD
CRNA%3EA L. Barth's buffersi T 200CIc T48RBM A > % a~— S 52 L A1 AT
T B ok, RBEKBEBM(PHEXkD220. 20°CICTHBMEE200 mOsm » >
70 mOsmDBE B LB OMBEEOLTILE. CCOH A S L EMATEBEEH VT
0.5MBEICEZS— Lk, PiiZ. BUNI1SHEOMBEHEELENRDA, FU+wDO
— VBB (Ply) . REBBM(Purea) . 2hzh'4c- sy +wo—n. 14c- gx
DMURAHDP KD, PRMEEE2HE 4C- s tn—ngri'4c BEeqo %

AN=Yall, YL FL—Yarhrra—icT ACEMEL A,

3. 44770y b

SRR DB IEE A D E AWML, SDS- PAGEC TRERBIL . BEAF 1O 7 «
M —IZH Uk, 748 —%AQP- CEIMCHIE 157 3 /B & BAT 5 HAQP- CE1
H(1:200FM) £ > Fan—asih, 8510125 FOFC AL v o2 n—d
2L L. A - RS UAIS T4~ TEAERE L,

MERZR

Fig. 2ICAQP-CET D7 I /VEREFI&E R L7, AQP-CE1W2 90D T I/ BEN 1),
HE LTI31.4- kDaTh - 7, & D =% AQP3 . GIpF. AQP1. AQP2 ME 5 % [
BIICR U7, ZOFig. 275 S 4k 510, AQP- CE1. AQP3. GIpFiZAQP1 .
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TABLE 1. Oligonucleotide primers for mutagenesis of AQP-CE1

Mutant name Oligonucleotide
AQP31 sense 5-GCCGACAACCAGCTTTTTGTTTCGGGAC
' CAAAGGACACCGCCGGA-3'

antisense 5'-CCCGAAACAAAAAGCTGGTTGTCGGCAA
ACACATTGATGGCGTCATT-3'
AQP3 II sense 5-GGGGCTCTGCAGTCTTCACGACCGGCC
AGCATTGGTTCTGGGTTCCAATT-3'
antisense 5-CGTGAAGACTGCAGAGCCCCAGCCCGC
AAGGGCGGTGAAGAGACGTGGTGC-3'
GlpF | sense 5’-GAGCAGACTCATCACATTGTI’CGCGGA
CCAAAGGACACCGCCGGA-3'
antisense  5-CCGCGAACAATGTGATGAGTCTGCTCA
AACACATTGATGGCGTCATT-3'
GIpF 1l sense 5-GGGGCAATGTCGCCTTTACCGGCGGCAG
AGACATTCCTTGGTTCTGGGTTCCAATT-3'
antisense 5'-GCCGCCGGTAAA_GGCGACATTGCCCCAG
CCCGCCAGCCAGGTGAAGAGACGTGGTGC-3'

AQP2ICIEH > hawl, D7 I JEESEHELTW3, AQP- CE107 3 /BAR M
IAQP3(44%)FE S . ZDOMTIEGIPF(38% ). AQPZ(36%). AQP1(34%),
AQP2(36%). AQP4(32%). AQP5(34% ) T& - 7o

RIS, BHEROAQP- CET AQP3 .Gl pF % 57 4k S6 30 & ¢ THIEE £ #4F L 72 (Fig. 3),
KEEAL 3 EBINBMA OPFIE17+2(SE)x10” 4 cm/sT#% » 4. AQP- CE1
CRNAZZ AL 7= SRRMBIDPFIE10.9481C LR L 2 (Fig. 3A). 0.3mM DIEALE = 5kiR
T5RMA > FaN—2a o HBbPIRDET (+Hg) . KBBEMNFBOSNE Dok,
AQP3 R B & ¢ 75 MM T H AQP- CE1 L RIEEDPFABH >h 729°. GlpF e R R &
C R MBEOPIEMBEEDSE N o7, Fig.ICRRLTWEWD Arrhenius® =X %
AV TPFOEMIET 2 L¥ — %K) 570 104°CE30°CICTPIERIEL=e 2h 5D
B & RS PIOEMILT XK —153.9kcal/mol TH Y. KF v 3L EEZ 5N BE
DEEA(<6kcal/mol) TH - 7=,

AQP- CE1 cRNAZSEA L =SB BDPglyld BB ERMEZE TH - 722" (Fig. 3B),
Purealf 4. 7f5( ML . LA bPFERBICKROMEERIETBH > Nl H > 7= (Fig.
3C). AQP3RBMALT I¥. PglykPurean’Z h#h4.8f&. 3.7f&(CHEML 7=, Gl pFH
HMB T . Pglyn 6. 715 AL 27, Pureald 1.6f5DMMIC & &% 5 1,

I, HO7 3 /B E5(Figs. 1,2) DEH &4 T3 2%, AQP- CE1 DI, IIEF %
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FIG. 2. Amino acid sequence of AQP-CE1 (C01G6.1) aligned with human AQP3,
GlpF, human AQP1, and human AQP2. Gaps (-) are inserted to maximize the
matching. White letters in black boxes denote conserved amino acid residues.

-113-

100
100
100
100
100

150
150
150
150
150

200
200
200
200

5 200

250
250
250
250
250

300
300
300

300



A

Control l:|-|

AQP-CE1 (COIGO.1)

+Hg
AQP3 %777
GlPF 1 1 1 1 L . . ,
100 200
B Pf ( x 10-4 cm/s )
Control ‘
AQP-CEI [T

AQP3 77

GlpF \ )

Pgly ( x1(1)0-6 cm/s ) 20
C
Control [ H
/-\QP-CELl : T e b
+Hg

AQP3 Y%,

GlpF AW . . o
2 4 6

Purea ( x 10-6 cm/s )

FIG. 3. Function of AQP-CE1 (C01G6.1), AQP3, and GIpF expressed in
Xenopus oocytes. A, osmotic water permeability (Pf); B, glycerol permeability
(Pgly); C, urea permeability (Purea). Oocytes were injected with 40 nl of water
(Control) or 5 ng of cRNAs of AQP-CE1, human AQP3, and GlpF. Pf was
calculated from the time course of osmotic cell swelling of the oocytes. Pgly
and Purea were measured from the initial 5-min uptake of glycerol and urea into
oocytes, respectively. Where indicated, the oocytes were preincubated with

0.3 mM HgCl2 (+Hg). Each bar represents means+SE of 14 - 21
measurements. '

AQP3. GIpF DI, NEFHI TER LA* 2 Sthe FE L TIBMEMRICERS €2, AQP-
CE1MEHI £#AQP3 DEFIITEBIR L = % 2 5 K(AQP3 1) DPfIZEFHEEAQP- CE1 DPf&L
66%Hd Liz(Fig. 4A). % 7=. AQP- CE1 DEIN %G pFOEII TEBBRL & F X 5§
(GIpF 1) dPfIEF B AQP- CETDPF &N 70% D Lo LA L. AQP3 1 £GIpF 1DPf
BRI EL THBD2.7-3.2TH Y. KF v 3 VEERRIES LTV, AQP- CE1 DR
51l # AQP3. GIpFOE SN TEHR L = % X 5 k(AQP3 Il GIpF II) T BERAQP-
CE1DOPFICH LT39-42%DPFED NFBH SNh, LAL. R EL THEBDS5.3-

S 7EDPIETH 7o &5 I, AQP- CE1TOEII. | ERBEICERL 2 % 4 S4K(AQP3
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FIG. 4. Pf, Pgly, and Purea of wild-type and mutated AQP-CE1s expressed in
oocytes. Segments | and Il of AQP-CE1 were replaced by those of human
AQP3 (“AQP3 I’ and “AQP3 II", respectively) and/or those of GlpF (“GlpF I” and
“GlpF II", respectively). Each bar represents means+SE of 12 - 20
measurements.

/10 GIpF I/1) IC5 WTHPFIE67-74% D Ln . ®id UPHEIRHEBD2.4-3 .11
EKRF v 3 IVHBRERZR SO Tz,

Polyld 6 BOTRNTO* A SHhRBEMITHBOPYlyE AZETH -7/ (Fig. 4B). 6
BO X A5 HRRBMEIOPUreald THERICEEL T28-64%BD L Ad . HEOPuread
1)2.3-6.0f50EBM #1325 LTV (Fig. 4C), BHE & 618D % X 5{KAQP- CE1 %
RBP &L -NBMREDT L/ 70Oy b TR.TART27-kDaDWBIC/N > K& B /-

(Fig. 5)o
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FIG. 5. Immunoblot of the oocyte plasma membrane fractions probed with an
affinity-purified antibody against AQP-CE1. Oocytes were injected with water
(Control) or cRNA of wild-type or mutated AQP-CE1s. Segments | and Il of
AQP-CE1 were replaced by those of human AQP3 (“AQP3 I" and “AQP3 II",
respectively) and/or those of GlpF (“GlpF I" and “GlpF II", respectively).
Samples of the plasma membrane fraction from 20 equivalent oocytes were
loaded in each lane. :

R

bhbh »Higdh(Caenorhabditis elegans) TRMICATEL 2KF v X I T&H 5AQP-
CETlE., KDOMICREBAMEHL TW/(Fig. 3). AQP- CETISEILIENDAQPTH 3
AQP3 EDREIC44% DR HBVWT X/ BERM B Shiz(Fig 2). RHMEENP DA
5 EAQP3 R DAQPO A K ER LY. GlpFERAUAHICHEI NS, ZOHKIE. I, I
D7 I /BENEFETHI EPEBTH B(Figs. 1B, 2), L A=» > T, AQP-CE1H Z
DHABIIBETIHDEZEAOSND,

Hbhbh LU E FAQP3ICHWT, Tyr-212( 2D 73/ BHIZAQPT. AQP2IZH T
BKIBREBMCYSICHHYET2) 2CysICBRTH Z & T, NBMBEEICRABAL APfs & U
POlyDKIRBEMIE 52 & Tyr-2120TrpBR TPFs L UPglyhHBERZ
TETIBZE. EH5ICPlyDEMIET X IVF —h4.5kcal/mol TH 32 & #8E L 7=,
KR ERMECYsD TrpBH# TPINVET TS 2 &3, AQPT. AQP2ICH W T KEIBRL =&
CysEKF 4+ X NIADOHHERICEA D> TWT, TrpO X &G MIEY F v IV DIEE & Tt
BEBZEINELTKERBEBAETZ2-HEMREN 3, LEF>T. hh bhHAQP3
DRI THEFERIE. KETVEO—- W EAQP3ICTERETAIHBOF v XL ERY . L
PHAQP3IDF v XL DEMAAAQPT, AQP2ERI—TH D& Z2RMERL TWVWS,
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Pgly. Purea®FM{tT RILF =4 >1 2kcal/mol @M o7/, CNODEEMSE S (L,
L UDT S /BRI KF v 2L EFL<HDONITFOBBTSF v x VILEERL
TWBENSRHEZEELE, bhbhid, |, HO7 I /BENEEL. LAbEII
HEMEDOEWIEDOMIPT7 7 S U—%R8. AQP- CE1. AQP3. GlpF&#H (\TAQP- CE1+#
ASEEERLUE, bUEchevarriabDEHMBELWAESE. F 4 S5E&DOAQP3 I,
AQP3 II, AQP3 I/IIlE VO - EBEZEEL. + A F&DGIpF I, GlpF I, GlpF
/BB EREBBMEERSRDYICSY tO—- L EBHEEET X9 THS.
LD LESEDDADNOBETI. CASOTRTOFASEE. HFHBAQP- CE1LMH
BICKBARERESBUERD. YU EtO—LEBHEEDSNAENok, LENS>T
L HOT 2 /BREIFEENATFF v RNLERBELTOAN S EBTR ENA, L
L. FAZ&EAQP- CETDPf, PurealdHHEAQP-CETICEELTENEN3I-74%,
28-65%DETHHEONEEIENS. I HDOT = /BEEIITTF v R IVEEE OBET ICE L
TWBIENTRRENE, FHREDNDNHSUMAQIICD WTHF > FREEE 5.
MIP77 SYU—BADF v X LI 1EETHY . KEMDFRA—DF v RALERE
TBEEAISND,

SR ORE
MIPY 7 SU—BEDOF v # VAOBUE S5 CHMICAET 3L EHB 5. £k, F
PRNAOBREERE LTV SBLERS DT BBEND B,
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STRUCTURAL AND FUNCTIONAL ANALYSIS OF WATER CHANNEL

Michio Kuwahara', Kenichi Ishibashi?, and Kiyohide Fushimi’
'Second Department of Internal Medicine, School of Medicine,
Tokyo Medical and Dental University, 2°Ohme General Hospital,

Tokyo, Japan

Water channels are now called aquaporins (AQPs) and widely
distributed in mammalian tissues. AQPs belong to the major intrinsic
protein (MIP) superfamily, and there is functional difference among
MIP proteins. For example, AQP1 and AQP2 are water-selective and
exclude solutes; AQP3 is permeable to water, glycerol, and urea; AQP-
CE1 (the first water channel which we identified in the nematode
Caenorhabditis elegans) is permeable to water and urea, but exclude
glycerol; glycerol facilitator (GlpF) is glycerol-selective and excludes
water and urea. It has been speculated that the MIP family may be
separated into two large subfamilies based on the presence or
absence of two segments of extra amino acid residues (~15 amino
acid) at the second and third extracellular loops. Because AQPS3,
AQP-CE1, and GipF all have these two'segments, we replaced the
segments of AQP-CE1 with those of AQP3 and GIpF to identify their
roles. The functional characteristics of these mutants were principally
similar to that of wild-type AQP-CE1, although the values of Pf and
urea permeability were decreased by 39~74% and 28~65%,
respectively. In summary, the two segments of extra amino acid
residues at the second and third exiracellular loops may not contribute
to the channel selectivity or the formation of the route for small solutes.
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