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Abstract. The ubiquitous major intrinsic protein (MIP) are known to selectively transport water, small neutral
family includes several transmembrane channel proteinsolutes, and possibly ions (Maurel et al., 1993, 1994;
known to exhibit specificity for water and/or neutral sol- Ishibashi et al., 1994; Knepper, 1994; Weaver et al.,
utes. We have identified 84 fully or partially sequenced1994; Kashiwagi, Kanamary & Mizuno, 1995; Luyten et
members of this family, have multiply aligned over 50 al., 1995). Topological and three-dimensional structural
representative, divergent, fully sequenced membersanalyses have been reported for one member of this fam-
have used the resultant multiple alignment to derive curily, the aquaporin CHIP protein (Jung et al., 1994; Pre-
rent MIP family-specific signature sequences, and haveton, 1994; Walz et al., 1994; Jap & Li, 1995).
constructed a phylogenetic tree. The tree reveals novel The recent flurry of research activity designed to
features relevant to the evolutionary history of this pro-e|ycidate functional and structural attributes of MIP fam-
tein family. These features plus an evaluation of func-jly proteins relates to the physiological importance of
tional studies lead to the postulates: (i) that all currentgnimal and plant aquaporins, of which many have been
MIP family proteins derived from two divergent bacte- sequenced and characterized. In animals, these protein:

rial paralogues, one a glycerol facilitator, the other angre apundant in erythrocytes, renal proximal tubules and
aquaporin, and (ii) that most or all current members Ofgeyeral other tissues where their activities are osmoti-

the family have retained these or closely related physiza|ly sensitive and hormonally regulated, allowing cell

ological functions. volume regulation and organismal fluid retention (Knep-
per, 1994. In plants, homologous channel proteins in
Key words: Transmembrane channels — Aquaporins —vacuolar and plasma membranes in part allow controlled
Glycerol facilitators — Nodulins — Evolution — Phy- water movement through the tissues, from the roots, up
logenetic analyses — MIP family conductive tissues of the stem, to the leaves where watet
vapor is released (Chrispeels & Agre, 1994). In micro-
organisms, the physiological functions of recently dis-
covered aquaporins are completely unknown (Calamita
et al., 1995).
In 1993, we reported a phylogenetic study of the
family proteins that had been sequenced at that time
(Reizer et al., 1993). Sequences of eighteen genes anc
gene fragments were then available for analysis. In the
fhtervening time, that number has increased over 4-fold,
" largely due to extensive sequencing of bacterial, yeast,
plant and animal genomes. This increase in sequence
data together with new functional information warranted
[ reinvestigation of the phylogenetic origins of MIP family
Correspondence tav.H. Saier proteins. In this topical review, we present the results of

Introduction

The ubiquitous major intrinsic protein (MIP) family of
transmembrane channel proteins is an old, but not angp
cient family, dating back perhaps 2.5 to 3 billion years in
evolutionary time (Pao et al., 1991; Saier, 18p4it

arose by an intragenic duplication event that precede
diversification of the family (Pao et al., 1991; Reizer
Reizer & Saier, 1993; Saier, 1994). These proteins
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Table 1. Proteins of the MIP family analyzed in this study

J.M. Park and M.H. Saier: The MIP Family

Abb? Reference # Accesion # Protein designation Source HAA
ANIMAL 1
Aqpl(Hsa) AQP1HUMAN P29972 Aquaporin 1 Homo sapienghuman) 269
Agp2(Hsa) AQP2HUMAN P41181 Agquaporin 2 Homo sapiens 271
Aqp5(Rno) A55630 A55630 Aquaporin 5 Rattus norvegicugrat) 265
Agp(Bma) BMU22658 U22658 Aquaporin Bufo marinus(giant toad) 273
Aqp4(Rno) RNU14007 u14007 Aquaporin-4 water channel Rattus norvegicus 324
(AQP4)
Agp(Res) RANCAQ L24754 Aquaporin (AQPA) Rana esculent#frog) 273
Mip(Xle) JNO0557 JNO0557 Major intrinsic protein Xenopus laevigafrican clawed 262
frog)
Mip(Hsa) MIP-HUMAN P30301 Major intrinsic protein Homo sapiens 263
Mer(Hsa) HSU34845 U34845 Mercurial-insensitive water Homo sapiens 302
channel
Mer(Mmu) MMU33012 U33012 Mercurial-insensitive water Mus musculugmouse) 301
channel
Bib(Dme) BIB_DROME P23645 Neurogenic protein Big Brain Drosophila melanogaste(fly) 700
ANIMAL 2
Agp3(Rno) RATAQP 135108 Aquaporin 3 Rattus norvegicus 293
Orf1(Cel) U20864 u20864 F32A5.5 gene product Caenorhabditis elegan@vorm) 295
Orf2(Cel) CELK02G10 u40415 K02G10.7 gene product Caenorhabditis elegans 290
Orf3(Cel) CELMO2F4 U41548 MO2F4.8 gene product Caenorhabditis elegans 302
Orf4(Cel) 235595 735595 CelG6.1 gene product Caenorhabditis elegans 290
PLANT 1
aTip(Ath) TIPA_ARATH P26587 Tonoplast intrinsic protein Arabidopsis thaliana 268
Tip(Pvu) JQ1106 JQ1106 Tonoplast intrinsic protein Phaseolus vulgarigkidney 289
beans)
rtTip(Ath) TIPR_ARATH P21652 Tonoplast intrinsic protein Arabidopsis thaliana 253
Tipl(Nta) TIP1L. TOBAC P21653 Tonoplast intrinsic protein Nicotiana tabacun{tabacco) 250
Tip(Tre) TRGTIPLP 729946 Tonoplast intrinsic protein Trifolium repens(clover) 248
Cha(Ama) DIP ANTMA P33560 Membrane protein Antirrhinum majus(snapdragon) 250
Cha(Csp) CUCMP28B D45078 Membrane protein 28 Cucurbita sp. 269
Nod2(Gma) JQ2288 JQ2288 Nodulin-26 Glycine max(soybean) 255
PLANT 2
MipA(Mcr) CIPMIPA L36095 Major intrinsic protein A Mesembryanthemum crystalli- 282
num
MipB(Mcr) CIPMIPB L36097 Major intrinsic protein B Mesembryanthemum crystalli- 286
num
MipD(Mcr) MCU26537 U26537 Major intrinsic protein D Mesembryanthemum crystalli- 286
num
MipE(Mcr) MCU26538 U26538 Major intrinsic protein E Mesembryanthemum crystalli- 254
num
Mip(Ath) 544083 s44083 Major intrinsic protein Arabidopsis thaliangmouse- 286
ear)
wTip(Psa) TIPW PEA pP25794 Tonoplast intrinsic protein Pisum sativurr{garden pea) 289
Tip(Hvu) S41194 S41194 Transmembrane protein Hordeum vulgargbarley) 288
Cha(Zma) S49590 S49590 Transmembrane protein Zea maygmaize) 287
Aqp(Aca) AQUA_ATRCA U18403 Aquaporin Atriplex canescené-winged 283
saltbush)
Aqp(Gma) GMU27347 u27347 Glycine max water channel Glycine max(soybean) 286
Ram(Les) S34650 S34650 Ripening associated membrane Lycopersicon esculentu(io- 214
protein mato)
PLANT 3
Nod(Gma) NO26 SOYBN P08995 Nodulin-26 Glycine max(soybean) 271
Mip(Nal) NAU20490 U20490 Major intrinsic protein Nicotiana alata(tabacco) 271
Mip(Osa) RICYK347 D17443 Major intrinsic protein Oryza sativa(rice) 285

Continued on next page
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Table 1. Continued

Abb? Reference # Accesion # Protein designation Source HAA

YEAST 1

Orf1(Sce) YSCL96777 u25841 P9677.5 gene product Saccharomyce cerevisigbak- 306

er's yeast)

YEAST 2

Fps(Sce) FPSIYEAST P23900 Glycerol uptake/efflux facillita- Saccharomyces cerevisiae 669
tor

YEAST 3

Orf2(Sce) TFF4YEAST P43549 Hypothetical 70.5 KD protein Saccharomyces cerevisiae 646

BACTERIAL 1

Orf(Lla) YDP1 LACLC P22094 Hypothetical protein Lactococcus lactis 289

Glp2(Hin) HEAHI1017 L45655 Glycerol uptake facilitator Haemophilus influenzae 226

Glp(Mga) MGU35010 U35010 Glycerol uptake facilitator Mycoplasma gallisepticum 206

Glp(Mge) MGU39682 U39682 Glycerol uptake facilitator Mycoplasma genitalium 221

Glp(BsuP GLPEBACSU P18156 Glycerol uptake facilitator Bacillus subtilis 274

Glp(Spn) SPU12567 u12567 Glycerol uptake facilitator Streptococcus pneumoniae 234

BACTERIAL 2

Glp(Eco) P11244 P11244 Glycerol uptake facilitator Escherichia coli 281

Glp1(Hin) HUI32752 u32752 Glycerol uptake facilitator Haemophilus influenzae 265

Pdf(Sty) PDUE SALTY P37451 Propanediol diffusion facilitator ~ Salmonella typhimurium 264

BACTERIAL 3

AgpZ(Eco) ECU38664 U38664 Aquaporin Z protein Escherichia coli 232

BACTERIAL 4

SmpX(Ssp) SYOSMPX D43774 Channel protein Synechococcus sp. 270

2 Abbreviation used throughout this study

® Number of amino acids in the protein

our phylogenetic studies which lead to important predic-cated. As can be seen, most of these proteins are les:
tions regarding the evolutionary origins and functionalthan 300 residues in length, although a few of the eu-
relationships of MIP family proteins. karyotic proteins are substantially longer. For example,
two of the three yeast proteins are of greater than 600
residues in length, and Big Brain (Bib) d&rosophila
melanogasterthe largest protein in the family, is re-
ported to be 700 residues long. The larger sizes of these
Tables 1 and 2 list all currently sequenced proteins of th%roteins are due primar”y to the presence of extended

MIP family. The fifty-two proteins listed in Table 1, N-terminal and C-terminal hydrophilic domains.
including representatives of all major subclusters of the

MIP family, were selected for the phylogenetic analyses
reported. Table 2 lists all remaining sequenced MIP
family proteins which either exhibit a high degree of
sequence similarity with a protein included in Table 1
(seelast two columns of Table 2) or were incompletely Multiple alignments of the most highly conserved por-
sequenced. As Table 2 lists 32 proteins, the current MIRions of 52 MIP family proteins are shown in Fighsand
family includes 84 sequenced or partially sequenced proB. The alignment shown in Fig.Alincludes the well-
tein members retrieved from the databases. conserved NPA motif found in the first repeat units of
The information tabulated in Tables 1 and 2 givesthese proteins while that shown in FigB Includes the
the recognized names and organismal origins of the MIFNPA motif found in the second repeat unit (Pao et al.,
family proteins as well as the protein abbreviations to bel991; Reizer et al., 1993). Within the NPA motif of the
used throughout this study. The clustering pattesee ( first repeat unit, the Ns and Ps are fully conserved, and
Fig. 2 below) and the sizes of the proteins are also indithe A is replaced by an S in just one protein, Fps (Sce)

Current MIP Family Members

Multiple Alignment of MIP Family Proteins



J.M. Park and M.H. Saier: The MIP Family
51

41

21

ANIMAL 1

Agpl(Hsa)

174

HOHDHDD>DDHHH
dadddaddagadd a0
vovvbLVLVLLVLOVLOLO
SA>KARAAAlRRA0
013000 A3000

[e e Ro Xo o No o o Yo Xo Ko
A

HGGHEBEHQGG S H B

HODDOHHHHIEHHH
DD B D D D D D D DD
B e B R B R O R R X
ALCSDHDDODHKD> D> A
dadddaugatnna
CACA A - A 4
M AI ARG H
H>D A HHHAAHHM

N aa
HOHHHHEEHHH
ON OO OOOX X 0
VUVDZuKLUDuw @K
NOVNEHVWOOEHEHD
A>PHAQULUAH>LOLUD>
Addn>aaa>>0
ALUVARAZVREEEA
Vad Aduaaaaa
A>AE> AkkD>D>A
HFHHEHHEHHEBEBHR
SPEOPHDDODOD>DD
A_A_A_A_A_A_A_A_A_A_A_
S B By B By By Py B Py By
zZzzzzzzzZzz2
AHHAHAHD HHH
oommmnommmom o
CAUVAVLC OO
VOVVOLOLVLUVLLVLVBLOVLY
nnununnnunan 9
HHDODHHD>D D HHHH

TEADNDxnDm:m:
OvVvVVVLVLVBLLOLLA
SRASEHDHD MM
nuad<aVnnnvouL
(e Xe e lo Yo Xo Xo Fo Xo XoJol
CO>CaD> D>
ARrAaEZE=Ex
HHHEHHEHB
COVCA g
HHHHHHQ
NUCg VD>

AFGLALATLV
CFGLSIATMV
CFGLSIATMV
ASGLAMATLT

Mer (Mmu)
Bib(Dme)

ANIMAL 2
Agp3(Rno)

Agp2 (Hsa)
AqpS (Rno)
Agp(Bma)
Agp4 (Rno)
AQp(Res)
Mip(Xle)
Mip(Hsa)
Mer (Hsa)

AQLLGA

I

AVTFGALVGGRVTAIRAIYYW

VSGGHVN

I
(79) VALAHAFALFAAVSAAIN

(69) INLAFGFAVTLAILVAG

(70)
(65)
(80)
(64) Vv

orfl(cel)
orf2(Cel)
orf3(cCel)
orf4 (Cel)
PLANT 1

aTip(Ath)
Tip(Pvu)

HHDEBEDEHHD>

nunuunugun
vovvovovovo
AdAHAAA
Haaa0Ha

| I I DN |

(o e Xe o e Yo No]
A

HHHHHD>H

BEEAZREE
BB B D D
M R D> R b A
SHkHA A
L RCRUNCRUN Y]
®©REB XXX
HO A H
SHHAHARW
NDEHEHEHBOH
HHHHHHH
®ZZZzZem
VOOVVLVVLO
[CRCRCRURUNONY]
HHD>>>ab>
(S BTN P )
AL Aaca>a
[CRURURCNCNURY)
[ONC RSy
HEHEHHHBH
>eB>>>>>
A_A_ A_ A_ A_ A_ A_
P_P_P_P_P_P_P_
ZZZzzz2Z
S>> Aadbas>>
oo omomomomom
[CAVECRUNUNCRY]
[CAVRCRCRCRURY)
nuNunn o
SHHH>>H

rtTip(Ath)
Tipl(Nta)
Tip(Tre)
Cha(aAma)
Cha(Csp)
Nod2 (Gma)

PLANT 2

HHHHHHHHHHH
A aadaa
VvVvVLVLVLVLOLOLOL
Hadd kA daadan

0, 000O0U>0000LU
[ 4 D S D Y i |

[e e N e o Xe o Yo Xo e Yol

ZEEAZEZEEASE

PHHHDD>DHHHDD>

ZEEEHEIHHEER
DD D4 D4 D4 D D D4 D4 D
B B B ) B B B B D> S R
S>> HD>AHD
AACACAa G
A A A A A A 4
HFOHHEBEEHBEEAHER
(SIS N I I I S S IS IS S |
nnnununnunnaa
ARA>Ad>Aas>>a
XXX XXXZXXXX
oo oo
Aladgadadddada
AHAdl3ddaaagaaal
TR IS I PR PRV PRy P R S )
Al adaaaaa
VOVLVLVLVLVLLVLUVO
o Bo B B B B B B B B B
HEHHHBHHBHBH
L
}}}J}JA}}}A
PPPPPP_PPPPP
N_N_N_N N_NNN_N_N_N
HHHHHHHHMHHH
Mmoo X momomom
VVVLVLVOLOY Voo
VLVLVLVLVLVLUVLOLVBVLO
nnnuunuunaRnn o
HHHHHHHHHHKH

VVLVVLLVLLVLUVULVLO
A Al da
BB BB BB B OE R OE R
vvvovuvLVuvLVuovoL
DD D4 D4 DB D DD B >
S>>5>P25>55> >
[ERE E T I L IC I I
A HAL LS H
o Beo B B oo B G b Ry B B
HHHHHHHHHHH
ZEEEEEREEREEE=R
VOVVLVLUVLVLVLVLODVLO
VUVVLLVLUVLVLVLVLVOO
B B B B B B B By B B
ndcndldnnn <<
TREEEEERZEZERR
PR R R R g g

A(Mcr)
B (Mcr)
D(Mcr)
(Ath)
wTip(Psa)

ip
ip
ip
ip

Tip (Hvu)
Cha(zma)
Agp(Aca)
Aqp(Gma)
Ram(Les)

M
M
M.
M
M.

PLANT 3

> HA
B
<A<
[
> > >
(o e Ne )
X X
Az
A
[T
"o

oo
nun
HHH

AIVWGLV
CVTWGLI
AIVWGLA

(83) I
(87) I
Mip(Osa) (93) v

Mip(Nal)

Nod (Gma )

SQIVAGM

FAGQLIGATF
AQIIGAY

v
\'A

VSGGALNPAMSLSLCLARAVSPTRCVVMW

SAISGAHLNPSITLANLVYRGFPLKKVPYY
ISGGHINPAVTISMAIFRKFPWKKVPVYI

IAIGFGFSVMFSIWCFAG
VALGWAAAVVMGYFCAGG
LSFAWGFGCMLGVYVAGG

(104)
(173)
(384)

YEAST 1
orfil(sce)
YEAST 2
Fps (Sce)
YEAST 3
orf2(sce)
BACTERIAL 1
orfl(Lla)
Glp2 (Hin)

ZREEHZR
Al

KCOD>H

IGWGYGLGVMLPAVAFGN
v
F
A
A
A

Y
I
I
v

(54)
(41)
(56)
(29)
(50)
(50) Vv

Glp(Mga)
Glp(Mge)
Glp(Bsu)
Glp(Spn)

BACTERIAL 2
Glp(Eco)

[N
L
voo
Qg
> R
oo
nna

HHH
Ba >4 >4
A Ay
HH A
> > >
X XX
@ X o
X OX
[a 2l
[T
oovov
<<
[T
axXa

>HAaH

vwoo

Glpl(Hin)
Pdf (Sty)

LGA

AQVVGGI

FQFIGGL

I
v

DAFFYV

L
Both of these signature sequences were screenec

revealed two homologous regions of striking sequencegainst the SwissProt database. They retrieved only pro-

(HQA)-(LIVF)-N-P-(AS)-(LIVMF)-(TS)-(LIVFW)
similarity which proved to be suitable for signature se-tein members of the MIP family. These sequences are an

unit, the Ns and As are fully conserved, and the P isSignature sequence #2 (alignment positions 26-36 in Fig.

replaced by an L in one protein, again Fps(Sce). It will1B) is:
(LIVM)-N-(PL)-A-(LIVR)-(SATD)-(LIVFT)-

(GAM)-(LIVPSTA)-(ASKR)-(LIVMF)

update of those reported previously (Reizer et al., 1993).

Signature sequence #1 (alignment positions 26-33 in FigThey should prove useful in identifying new members of
the MIP family as these become sequenced.

NPAVT

ISGGHFNPAVTIGLWAGGRFPAKEVVGYV

ISGGH

VVMGLGMGLTAMIIMYSPWGKRSGAHINPAVTLTFYRLKKIAAW

(49) VALAFGLTVLTMAFAVGH

(67)

Fig. 1. Multiple alignment of two well-conserved regions of 52 divergent members of the MIP family. The alignment was performed using t
The multiple alignments shown in FigAland B

PREALIGN program of Feng and Doolittle (1990). Proteins included are indicated by the abbreviations provided in Table 1. Residue numbe
each protein is indicated in parenthesis at the beginning and end of each aligned sequence. Alignment position and the consensus se

(CONSENSUS) (27 or more residues at any one position conserved) are provided above and below the multiple alignment, respectively. Par

Figure 1 is found on the facing page.
be shown below that Fps(Sce) is one of the most diver-

(Fig. 1A). Within the NPA motif in the second repeat
gent members of the MIP family.

guence derivation.

BACTERIAL 3
AQpZ (Eco)
BACTERIAL 4
SmpX (Ssp)
CONCENSUS

1A) is:
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B
ANIMAL 1 61 71 1 11 21 31
Agpl(Hsa) VATAILSGITSSLT (132) (177) SAPLAIGL SVALGHLLAIDYTGCGINPARSFGSAVI (213)
Agqp2(Hsa) AGAALLHEITPADI (123) (169) TPALSIGF SVALGHLLGIHYTGCSMNPARSLAPAVV (205)
AgpS(Rno) AGAGILYWLAPLNA (124) (170) SPALSIGL SVTLGHLVGIYFTGCSMNPARSFGPAVV (206)
Agp(Bma) VATAILSGITSNVE (134) (179) SIPLAIGL SVALGHLIAIDYTGCGMNPARSFGSAVV (215)
Aqgp4 (Rno) IGAGILYLVTPPSV (141) (188) SVALAIGF SVAIGHLFAINYTGASMNPARSFGPAVI (224)
AQpA (Res) VATAILSGITSGLE (135) (177) SVPLAIGL SVALGHLIAIDYTGCGMNPARSFGSAVL (213)
Mip(Xle) AGAAVLYGVTPAATI (122) (168) SVSLAIGF SLTLGHLFGLYYTGASMNPARSFAPAVL (204)
Mip(Hsa) AGAAVLYSVTPPAV (123) (165) SVALAVGF SLALGHLFGMYYTGAGMNPARSFAPAIL (201)
Mer (Hsa) IGAGILYLVTPPSV (130) (176) SIALAIGF SVAIGHLFAINYTGASMNPARSFGPAVI (212)
Mer (Mmu) IGAGILYLVTPPSV (129) (171) SIALAIGTF SVAIGHLFAINYTGASMNPARSFGPAVI (207)
Bib(Dme) AGAALLYGVTVPGY (181) (227) NSAASIGC AYSACCFVSMPY LNPARSLGPSFV (263)
ANIMAL 2
Agp3 (Rno) LGAGIVFGLYYDATI (138) (196) LEAFTVGL VVLVIGTSMGFNSGYAVNPARDFGPRLF (232)
orfl(Cel) VASLGMYSYYYEQF (139) (200) WHPMFFGF LVMMIGTGFGMNIGYPINPARDLGPRLTF (236)
orf2(Cel) LGAAVAYFGHHDDL (134) (195) VVPVLAGS IMSMVAMTFGANGGFAINPARDFGPRVF (231)
orf3(Cel) LGSAAAFGLYYDOQF (149) (210) AHPLLFGL VVMMIGTAYGMNLGYPINPARDLGPRLTF (246)
orf4 (Cel) FGAATVYAVYNDATI (133) (194) LQPILVGT GFVAIGAAFGYNCGYPVNPARDFAPRLF (230)
PLANT 1
aTip(Ath) LACLLLRLTTNGMR (148) (188) TIAPLAIGL IVGANILVGGPFSGASMNPARAFGPALV (224)
Tip(Pvu) VAALVLRLVTNNMR (140) (180) IAPLAIGL IVGANILVGGPFDGACMNPALAFGPSLV (216)
rtTip(Ath) VACLILKFATGGLA (140) (180) IAPIAIGTF IVGANILAGGAFSGASMNPAVAFGPAVV (216)
Tipl(Nta) VACLLLKYVTNGLA (138) (178) TIAPIAIGF IVGANILAAGPFSGGSMNPARSFGPAVV (214)
Tip(Tre) LASLLLVFVTASSUV (136) (175) IAPIAIGF IVGANILVGGAFTGASMNPAVSFGPAVV (211)
Cha(Ama) VACLLLKFVTNGLS (138) (182) IAPIAIGTF IVGANILAAGPFSGGSMNPARSFGPAVA (218)
Cha(Csp) VASLILRLATGGMR (152) (196) IAPLAIGL IVGANILVGGVFDGACMNPARAFGPSLV (232)
Nod2 (Gma) VACLLLKFATGGLE (130) (174) IAPIAIGTF IVGANILAGGAFDGASMNPAVSFGPAVV (209)
PLANT 2
MipA(Mcr) CGAGVVKGFQHPLP (167) (216) LAPLPIGF AVFLVHLATIPVTGTGINPARSLGAATITI (252)
MipB (Mcr) CGAGVVKGFQPSQY (168) (219) LAPLPIGF AVFLVHLATIPITGTGINPARSLGAATII (255)
MipD(Mcr) CGAGVVKGFESGAY (127) (219) LAPLPIGF AVFLVHLATIPITGTGINPARSLGAAITI (255)
MipE(Mcr) CGVGLVKAFMKGY Y (168) (178) LAPLPIGF AVFMVHLATIPITGTGINPARSFGAAVI (214)
Mip(Ath) CGAGVVKGFQPNPY (169) (216) LAPLPIGF AVFLVHLASIPITGTGINPARSLGAATITI (252)
wlip(Psa) CGAGVVKGFEGKQR (172) (220) LAPLPIGF AVFLVHLATIPITGTGINPARSLGAAIV (256)
Tip(Hvu) CGAGVVKGFQQGLY (171) (218) LAPLPIGF AVFLVHLATIPITGTGINPARSLGAAITI (254)
Cha(zma) CGRGVVKGFQQGLY (169) (221) LAPLPIGF AVFLVHLATMGITGTGINPARSLGAAVI (257)
Agp(Aca) CGVGLVKAFMKGPY (157) (208) LAPLPIGF AVFMVHLATIPITGTGINPARSFGAAVI (244)
AqQp(Gma) CGVGLVKAFQKAYY (160) (211) LAPLPIGF AVFMVHLANIPVTGTGINPARSLGAAVM (247)
Ram(Les) CGAGVVKGFMVGPY (135) (145) LAPLPIGF AVFLVHLATIPITGTGINPARSLGAATITI (181)
PLANT 3
Nod (Gma) LASGTLRLLFMGNH (121) (190) LAGIAIGS TLLLNVIIGGPVTGASMNPARSLGPAFV (226)
Mip(Nal) LASGTLALLFDVTP (156) (194) VAGIAVGM TITLNVFVAGPISGASMNPARSIGPAIV (230)
Mip(0Osa) LAAGTLRLMFG RH (162) (200) LAGLAVGA TILLNVL AGPISGASMNPAR LGPAM (236)
YEAST 1
orfl(Sce) AAGGAASAMTPGEV (173) (211) MAALPIGI SLFIAHVALTAYTGTGVNPARSLGAAVA (247)
YEAST 2
Fps (Sce) TGALILFIWYKRVL (244) (300) VFPLMM FILIFIINASMAYQTGTAMNLARDLGPRLA (336)
YEAST 3
orf2(sce) FGGAMAYGYFWSS I (452) (513) MTALIIGF LVAAIGMALGYQTSFTINPARDLGPRIF (548)
BACTERIAL 1
orfl(lla) FGQLLIVMVYRPYY (122) (216) IAHLFLGF LVMGLVVALGGPTGPGLNPARDFGPRLYV (252)
Glp2 (Hin) IVALIVWLLFKDHL (110) (l161) VAMFFVFT GVAGGVMSFGGLTSYAINPARDFMLRLI (197)
Glp(Mga) IAQIILNSLNWKHTI (129) (172) YHKLTGVF FVMAIVMSLGSVTGCAINPARDFGPRVI (208)
Glp(Mge) IAQTTLNFLFWKQL (90) (152) VPPGFMGLWLVAGIIIAFGGATGSAINPARDLGTRIV (189)
Glp(Bsu) IGAVIIYLHYLPHW (119) (170) LNPLIVGF LIVAIGISLGGTTGYAINPARDLGPRTIA (206)
Glp(Spn) LGQILVWLQFKPHY (169) (l166) IGTFAVGT LIVGIGLSLGGTTGYALNPARDLGPRIM (202)
BACTERIAL 2
Glp(Eco) CAAALVYGLYYNLF (123) (188) LAPLLIGL LIAVIGASMGPLTGFAMNPARDFGPKVF (224)
Glpl(Hin) FAAALVYALYRNVF (121) (186) LAPLLIGI LIAVIGGAMGPLTGFAMNPARDFGPKFF (222)
PAf (Sty) GGALLAYVLYSSLF (169) (182) LRLCLLGI LVAVIGHA TGPLTGFAMNPARDFGPKLF (218)
BACTERIAL 3
AQpZ (Eco) VAAALVYLIASGEKT (168) (171) FAPIAIGL ALTLIHLISIPVTNTSVNPARSTAVAIF (207)
BACTERIAL 4
SmpX (Ssp) LGVVLVAFLLQTPF (139) (178) FTPFFAGC LIVSYVIFESPLSGFGMNPARTVASALP (214)
CONCENSUS G A APL IGF v L G TG NPARSFGPA
Fig. 1. Continued
Phylogenetic Characterization of the MIP terial subfamily #1 (plus three fragments included in
Family Proteins Table 2) are probably glycerol facilitators. Five of these

_ . . proteins are from Gram-positive bacteria, and only
The phylogenetic tree for the 52 MIP family proteins Glp2(Hin) is from a Gram-negative bacteriurkide-

listed in Table 1 is shown in Fig. 2. All currently se- qohiys influenzge Of these proteins, only Glp2(Hin)
quenced MIP family proteins (including those listed in j5 encoded by a gene that is not included within an op-
Table 2) fall into twelve subfamilies, four of bacterial grg that also encodes proteins concerned with glycerol
origin, three (_)f_yeast origin, thrg_e of plant origin, and two 5tapolism. Perhaps the gene encoding Glp2(Hin) was
of animal origin. The subfamilies from each of these 5.qired from a Gram-positive bacterium as a result of
fourphy_logenetlcally divergent groups of organisms will 5 rizontal gene transmission. The gene encoding
be considered separately. Glp2(Hin) was found to exhibit 37% G+C while
Glpl(Hin) proved to possess 43% G+C. The overall
G+C content of thed. influenzaegenome is 38% (Fleis-
There are four major types of bacterial isoforms of MIP chmann et al., 1995), similar to that of many low G+C
family proteins. All of the six proteins included in bac- Gram-positive bacteria.

BACTERIAL PROTEINS
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Table 2. Sequenced proteins of the MIP family not included in this study

J.M. Park and M.H. Saier: The MIP Family

Reference # Accession #  Protein designation Source a#AASimilar protei® % Identity’
ANIMAL 1
AQP1 MOUSE Q02013 Aquaporin Mus musculugmouse) 269 Agpl(Hsa) 94%
APQ1 RAT P29975 Aquaporin Rattus norvegicugrat) 269 Agpl(Hsa) 92%
JT0749 JT0749 Water channel protein Rattus norvegicus 269 Agpl(Hsa) 92%
S37639 S37639 Chip-28 protein Rattus norvegicus 269 Agpl(Hsa) 92%
A44395 A44395 Proximal tubule water trans- Rattus norvegicus 269 Agpl(Hsa) 93%
porter
JC1320 JC1320 Chip 28 Rattus norvegicus 269 Agpl(Hsa) 90%
JC2348 JC2348 Chip 29 Bos primigenius taurus 271 Agpl(Hsa) 90%
(cattle)
AQP2 RAT P34080 Aquaporin Rattus norvegicus 271 Agp2(Hsa) 90%
MIP_RANPI Q06019 Major intrinsic protein Rana pipien(northern leop- 263 Mip(Xle) 100%
ard frog)
MIP_BOVINE P06624 Major intrinsic protein Bos taurus 263 Mip(Hsa) 92%
MIP_RAT P09011 Major intrinsic protein Rattus norvegicus 261 Mip(Hsa) 93%
HSU34846 U34846 Mercurial-insensitive water Homo sapier(human) 342 Mer(Hsa) 99%
channel
PLANT 1
JQ1106 JQ1106 Tonoplast 27K intrinsic pro- Phaseolus vulgarigkidney 256 Tip(Pvu) 96%
tein bean)
TIPG_ARATH pP25818 Tonoplast intrinsic protein  Arabidopsis thaliana 251 rtTip(Ath) 96%
RICYK333 D25534 Tonoplast intrinsic protein ~ Oryza sativa 251 rtTip(Ath) 78%
TIP2_TOBAC P24422 Tonoplast intrinsic protein  Nicotiana tabacun{tabacco) 250 Tip1(Nta) 99%
S45406 S45406 Tonoplast intrinsic protein  Nicotiana tabacun{tabacco) 251 Tipl(Nta) 96%
CUCMP23A D45077 Membrane protein 23 Oucurbita sp. 280 Cha(Csp) 88%
PLANT 2
ATHPTP D26609 Putitive transmembrane pro- Arabidopsis thaliana 288 MipB(Mcr) 90%
tein
WC1A_ARATH  P43285 Plasma membrane intrinsic  Arabidopsis thaliana 286 MipB(Mcr) 86%
prot. 1A
WC1B_ARATH Q06611 Plasma membrane intrinsic  Arabidopsis thaliana 286 MipB(Mcr) 86%
prot. 1B
WC1C ARATH Q08733 Plasma membrane intrinsic  Arabidopsis thaliana 286 MipB(Mcr) 86%
prot. 1C
WC2A_ARATH  P43286 Plasma membrane intrinsic  Arabidopsis thaliana 287 MipD(Mcr) 76%
prot. 2A
WC2B_ARATH P43287 Plasma membrane intrinsic  Arabidopsis thaliana 285 MipD(Mcr) 78%
prot. 2B
WC2C_ARATH P30302 Plasma membrane intrinsic  Arabidopsis thaliana 285 MipD(Mcr) 78%
prot. 2C
S42556 S42556 Hypothetical protein Arabidopsis thaliana 286 Mip(Ath) 93%
FRAGMENTS
MIP_CHICK A37203 Major intrinsic protein Gallus gallus(Fragment) 112 Mip(Hsa) 80%
CIPMIPC L36096 Major intrinsic protein C Mesembryanthemum crys- 194 MipA(Mcr) 78%
tallinum (Fragment)
GLPF_SHIFL P31140 Glycerol facilitator Shigella flexneri(Fragment) 214 Glp(Eco) 100%
GYLA_STRCO P19255 Glycerol facilitator Streptomyces coelicolor 80 Glp(Bsu) 54%
(Fragment)
MC140 733098 Glycerol facilitator Mycoplasma capricolum 90 Glp(Bsu) 42%
(Fragment)
CPGLGF X86492 Glycerol facilitator Clostridium perfringens 149 Glp(Bsu) 60%

(Fragment)

2Number of amino acids in the protein

® The proteins listed in this column are included in Table 1 and are the closest homologues of the proteins indicated in column 1. These two prc

exhibit the percent identity indicated in the last column.
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Bacterial subfamily #2 includes three proteins exhibits defective control of glycolysis (Van Aelst et al.,
(Table 1) plus one fragment (Table 2), all from closely 1991; Luyten et al., 1995). The other yeast homologues
related Gram-negative bacteria. They are all believed tdhave not been functionally characterized. Because these
be glycerol facilitators. This subfamily includes the three proteins are nearly as distant from each other as
well-characterized glycerol facilitator dE. coli (Glp  they are from the four subfamilies of bacterial proteins,
Eco) (Heller, Lin & Wilson, 1980) which when incorpo- they probably did not arise as a result of gene duplication
rated into frog oocyte membranes efficiently transportsevents that occurred in yeast. They may have been ac-
glycerol but not water (Maurel et al., 1993, 1994). quired vertically from one or more ancestral organism(s)
Glpl(Hin) is encoded by a gene that is cotranscribedr horizontally from other organisms. The genes encod-
with a glycerol kinase-encoding gene. The sequencethg these three proteins proved to exhibit 51% (Orfl),
protein from S. typhimurium(Pdf(Sty) ) presumably 43% (Fps) and 43% (Orf2) G+C content. The overall
transports the close glycerol analogue, propanediol, as i5+C content ofS. cerevisiads 40% (Lloyd & Sharp,
is found within thepdu operon, concerned with the ca- 1992). Thus, Orfl may have been obtained by horizontal
tabolism of this compound (Chen, Andersson & Roth,transmission. Based on their phylogenetic positions rela-
1994). tive to proteins of known function, we suggest that Fps

The third bacterial subfamily includes a single pro- and Orf2 are glycerol facilitator isoforms while Orfl is
tein, AgpZ(Eco). This protein has been shown to be aan aquaporin.
mercury-insensitive aquaporin. It cannot transport glyc-
erol or urea as does tHe coli glycerol facilitator (Ca-  PLANT PROTEINS

lamita et al., 1995). The genes encoding the Bv@oli  pjants possess three MIP subfamilies, all of which have
MIP family proteins &qpZandglpF) proved to exhibit 530y members. Members of subfamilies #1 and #2 are
51-52% G+C content, the same as for Eheoligenome.  fond in various plant tissues, and several have been
The fourth bacterial subfamily includes a single se-|gcalized to the vacuolar (tonoplast) or plasma mem-
quenced protein from the blue-green bacteriBymecho-  prane (Hdte et al., 1992; Chrispeels & Agre, 1994
coccus(Kashiwagi et al., 1995). The biochemical func- Chrispeels & Maurel, 1994; Engel, Walz & Agre, 1994).
tion of this protein is not known, but on the basis of an vpst of these proteins are believed to be aquaporins.
in vivo genetic analysis, it has been proposed to play &ijnce several of the proteins in plant subfamilies #1 and
role in C¥* homeostasis (Kashiwagi et al., 1995). This 45 are fromArabidopsis thaliangTables 1 and 2), sev-
fact might suggest that it plays a role in ion transport. gral of those in plant subfamily #2 are froltesembry-
The presence of four bacterial subfamilies, three ofythemum crystallinurMipA-E Mcr; Tables 1 and 2),
which are represented by the proteins founcEincoli  an representatives in all three plant subfamilies are from
and H. influenzae argues that a smgle bacterium may Glycine max(Table 1), it is clear that higher plants pos-
possess two, and possibly three distantly related MIRsgss g number of closely related as well as distantly
family paralogues that diverged from each other early ing|ated MIP family paralogues. The closely related par-
evolutionary time. The proteins that comprise SUbfami'alogues undoubtedly arose by gene duplication events

lies 1 and 2 are probably glycerol facilitator orthologuesihat occurred after the plant kingdom diverged from the
that derived from a functionally similar ancestral protein gnimal and fungal kingdoms.

common to Gram-positive and Gram-negative bacteria.  one well-characterized protein of plant subfamily
AQpZ(Eco) is an aquaporin of unknown physiological 43 the nodule-specific symbiosome protein from the

function, while SmpX(Ssp), implicated in the physi- soyhean, Nod(Gma) (Verma, 1992), has been reported tc
ological process of Cif homeostasis, has not been char-pe capable of transporting ions (Weaver et al., 1994).

acterized biochemically. However, another member of this cluster (Mip Nal) is
probably an aquaporin (M.J. Chrispegbi&rsonal com-
YEAST PROTEINS municatior). The distant relationship between plant sub-

o o family #3 and subfamilies #1 and #2 suggests that the
Most (>90%) of theSaccharomyces cerevisi@@nome  former proteins may be functionally dissimilar from the

had been sequenced and deposited into the databasesigger proteins. It is interesting to note that close homo-

of the completion of the analyses reported here. Threg,y 65 of Nod(Gmay) are found in rice and tobacco. Con-
highly divergent yeast MIP family isoforms were iden- saquently, this subfamily is not restricted to nitrogen fix-

tified. Because of their distant relatedness, we have p%g legumes and cannot be considered to be nodulation-
each into a distinct subfamily (yeast subfamilies #1, #Z'Specific.

and #3; Fig. 2). One of these, Fps(Sce), has been shown

to exhibit glycerol facilitator activity and may play a role A\ wmaL ProTEINS

in osmoregulation (Luyten et al., 1995). Expression of

the FPSI gene encoding Fps(Sce) suppresses the groniequenced animal MIP family proteins fall into just two
defect on fermentable sugars of tfapl mutant which  subfamilies. Animal subfamily #1 is large and diverse
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PLANT 1 PLANT 2

Cha
 TipiCha (gp) o AP Aqp
(b (NXAmdy (GTa)g MipEven
MipA(Mcr)

YEAST 1
. Orfl(SceD
?:1132) Nod2(Gma)
Aqp2(Hsa)mid Mip(Xle) Nod(Gma)
6 ma
AqpS(Rno) S ; o 2 Mip(Na])) PLANT 3
Agp(Res) 28 Mip(Osa)

10438
Aqpl(Hsa)
27

AqpZ(Eco)) BACTERIAL 3

94 psnenn. SPX (SSP)
BACTERIAL 4

Mer(Mmu)
Mer(Hsa)

67

ANIMAL 1 - Orf(Lla)
39 Glp2(Hin)
Glp(Bsu)
Glp(Spn)
Bib(Dme) BACTERIAL 1

Fig. 2. Phylogenetic tree of the 52 MIP family
proteins included in Table 1. The TREE program
of Feng and Doolittle (1990) was used for tree
Orf2 construction. Branch length is approximately
\(SQ proportional to phylogenetic distance. Clustering
YEAST 3 patterns are indicated as discussed in the text.

ot o Orfl ; Pdf
i 1 el
Cel)  (Cel) Y. YEAST 2

ANIMAL 2

including theDrosophila neurogenic protein Big Brain be found in any one mammalian species will undoubt-
(Bib(Dme) ) (Rao, Jan & Jan, 1990), major intrinsic pro- edly prove to be large.

teins of the mammalian lens (e.g., Mip Hsa) (Ehring, Multiple paralogues are also found in the inverte-
Zampighi & Hall, 1993) and aquaporins from a variety of brate, C. elegans,which has at least four paralogues
vertebrate tissuesé¢eTables 1 and 2; Knepper, 1994). within animal subfamily #2. N&. elegangiene encod-
The phylogenetic grouping of Bib and Mip with known ing a subfamily #1 protein has yet been sequenced, even
aquaporins leads us to suggest that the functionally unthough about one-third of th€. elegansgenome and
characterized Bib and Mip proteins are also aquaporinshalf of the genes of this organism had been sequenced a
Although Mip has been reported to exhibit anion selec-the time of this analysis (Waterston & Sulston, 1995).
tive conductance properties with symmetrical voltage de-

pendence following reconstitution in planar lipid bilayers

(Ehring et al., 1993), the physiological significance of Conclusions

this observation is not clear.

Animal subfamily #2 includes only one sequencedThe results summarized in this topical review reveal the
mammalian protein (Agqp3) as well as four functionally phylogenetic relationships between currently sequenced
uncharacterized ORFs from the invertebr&@eglegans. MIP family members. These proteins fall into twelve
Agp3(Rno) has been shown to be capable of transportingubfamilies, each including proteins that are exclusively
glycerol and urea in addition to water (Ishibashi et al.,derived from a single eukaryotic kingdom or from bac-
1994). In this capacity it differs from the characterizedteria. It is interesting to note that all recognized glycerol
aquaporins of animal subfamily #1 or from theTip  facilitators (Aqp3(Rno), Fps(Sce) and bacterial glycerol
protein fromA. thaliana(Maurel et al., 1993, 1994). facilitators) cluster loosely together at the bottom part of

Animal subfamily #1 clearly includes many par- the tree shown in Fig. 2 while all established aguaporins
alogues. For example, Mer(Hsa), Aqpl(Hsa),(including both animal and plant aguaporins as well as
Agp2(Hsa) and Mip(Hsa) are all from humans. Further,AgpZ(Eco) ) cluster loosely together in the top part of
a human orthologue of Bib(Dme) has been reported (Adthe tree. This observation leads us to suggest that most if
ams et al., 1992). Thus, humans possess multiple MIfot all MIP family proteins will prove to be of two physi-
family paralogues. The actual number of paralogues twlogically relevant functional types: (i) aquaporins and
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(if) channels for small neutral solutes such as glycerol. 1995. Molecular cloning and characterization of AqpZ, a water
The observations that some members of the MIP family channel fromEscherichia coli. J. Biol. Chen270:29063—-29066

are capable of catalyzing ion transport following recon-Chen, P., Andersson,_D.I., Roth, J.R. 1994_1. Th_e control region_of the
stitution in lipid bilayers (Ehring et al., 1993; Weaver et pdu/cobregulon in Salmonella typhimurium. J. Bacteriol.

. 1765474-5482
al., 1994) while theSynechococcubomologue appar- Chrispeels, M.J., Agre, P. 1994. Aquaporins: Water channel proteins of

ently plays a role in COPper homeostasis (Ka,Shlwagl ?t plant and animal cellsTrends Biochem. Scl19:421-425
al., ;995) are provoca“}’& b_Ut .dO not establish phys"ChrispeeIs, M.J., Maurel, C. 1994. Aquaporins: The molecular basis of
_0|09|03”y relevant functions in ion transport. |ntere_3t' facilitated water movement through living plant celRfant Phys-
ingly, the Synechococculsomologue, SmpX(Ssp), radi- iol. 1059-13
ates from a central position in the tree shown in Fig. 2,Ehring, G.R., Zampighi, G.A., Hall, J.E. 1993. Does MIP play a role in
between the functionally characterized aquaporins and cell-cell communicationt: Progress in Cell Research, Vol. 3, J.E.
the functionally characterized glycerol facilitators. ~ Hall. G.A. Zampighi and R.M. Davis, editors. pp. 153-162.
SmpX(Ssp) function cannot therefore be inferred from Elsevier Science Publishers B.V., Amsterdam, The Netherlands
its phvlogen Engel, A., Walz, T., Agre, P. 1994. The aquaporin family of membrane

P y geny. . . . . water channelsCurr. Opin. Struct. Biol4:545-553

With the exception of a singldaemophilugprotein, : T
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