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Abstract 

In this paper, we present an updated classification of the ubiquitous MIP  (Major Intrinsic Protein) family proteins, 
including 153 fully or partially sequenced members available in public databases. Presently, about 30 of these proteins 
have been functionally characterized, exhibiting essentially two distinct types of channel properties: (1) specific water 
transport by the aquaporins, and  (2)  small neutral solutes transport, such as glycerol by the glycerol facilitators. 
Sequence alignments were used to predict  amino  acids and motifs discriminant in channel specificity. The protein 
sequences were also analyzed using statistical tools (comparisons of means and correspondence analysis). Five key 
positions were clearly identified where the residues are specific for  each functional subgroup  and exhibit high dissimilar 
physico-chemical properties. Moreover, we have found that the putative channels  for  small neutral solutes clearly differ 
from  the aquaporins by the  amino acid content and the length of predicted loop regions, suggesting a substrate filter 
function for  these loops. From these results, we propose a signature pattern for water transport. 

Keywords: aquaporin; correspondence analysis; glycerol facilitator; MIP family; multiple sequence alignment; 
protein function prediction 

Water is the most ubiquitous molecule of living systems and its 
movement across  cell membranes accompanies essential physio- 
logical functions. All biological membranes exhibit some water 
permeability as a result of diffusion through the lipid bilayer, under 
the driving force of the osmotic gradient. However, some cells are 
able to transport water  at greatly accelerated rates by  way  of water- 
selective channels called aquaporins. The discovery of these spe- 
cialized proteins has led to new information on both the physiological 
and molecular mechanisms of membrane water permeability and 
on  links between aquaporins and human diseases (King zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Agre, 
1996). 

The first functionally characterized aquaporin, AQPl (original 
name CHIP28), was discovered in the membrane of red blood cells 
(Preston  et al., 1992). This protein is distributed in many water 
permeable tissues. AQPl is constitutively expressed in the proxi- 
mal tubules and  descending thin limbs of the kidney where it 
mediates 90% of bulk water reabsorption (Sabolic & Brown, 1994). 
Presently, seven other mammalian aquaporins have further been 
identified (reviewed by Brown et al., 1995): AQP2, the vasopressin 
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sensitive water channel expressed in the renal collecting tubules is 
implicated in a form of nephrogenic diabetes insipidus; AQP3 also 
expressed in kidney, exhibits water, glycerol and urea permeabil- 
ity; AQP4 is predominantly expressed in the brain where it prob- 
ably plays a role in cerebrospinal fluid outflow regulation; AQPS 
is distributed in a variety of exocrine glands; AQP6 (hKID)  is 
exclusively expressed in the kidney and  is not regulated by anti- 
diuretic hormone. Finally AQW and AQP8, two novel aquaporins, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
are predominantly expressed in testis (Ishibashi et al., 1997a, 1997b). 
AQW being a mixed channel, like AQP3. 

Aquaporins have also been identified in amphibian, plant, bac- 
teria, and insect tissues. For  example, FA-CHIP has been charac- 
terized in frog urinary bladder (Abrami et al., 1994), y-TIP and 
RD28 have been identified, respectively, in the tonoplast and the 
plasma membrane of Arubidopsis thaliuna (Maurel  et al., 1993; 
Daniels et al., 1994). AqpZ was discovered in Escherichia coli 

where it seems to play a role  in osmoadaptation by contributing to 
cellular volume regulation in hypoosmolar media (Calamita et al., 
1995, 1997). One aquaporin, called AQPcic, was recently charac- 
terized in  the digestive tract of an homopteran sap-sucking insect, 
Cicudella  viridis (Beuron  et al., 1995; Le CahCrec et al., 1996). 

The aquaporins belong to an ancient and ubiquitous family of 
channel proteins called the MIP family with reference to MIP26 
(AQPO), the  Major Intrinsic Protein expressed in lens fiber  cells 
(Gorin et al., 1984). The function of the archetype MIP26 is un- 
clear. When expressed in Xenopus oocytes, MIP26 weakly en- 
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hances permeability for ions, water, and glycerol, suggesting multiple 
physiological functions for this protein (Chandy  et al., 1995; Kush- 
merick et al., 1995;  Mulders  et al., 1995). 

Sequence  comparisons revealed that the glycerol facilitators 
(GlpF) are  also  members of the MIP family. Bacteria use glycerol 
as a carbon  source for glycolysis, and for lipid biogenesis. The 
transport of glycerol into the cytoplasm  involves two types of 
mechanisms: a passive diffusion across the lipid bilayer, or a fa- 
cilitated uptake when the external concentration of glycerol is low 
(Richey zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Lin, 1972). The  GlpF protein acts as a selective pore for 
uncharged molecules, depending  on  the  molecular  size of the sub- 
strates  (Heller et al., 1980;  Sanders  et al., 1997). A glpF gene  has 
been cloned from Bacillus subtilis, E. coli, Haernophilus  infiuen- 

zae, Pseudomonas  aeruginosa, and Shigella fiexneri. A glycerol 
facilitator was also  characterized in Saccharomyces  cerevisiae 

(Luyten et al., 1995). 
Members of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMIP family are now included in the PROSITE 

database (Bairoch et al., 1996) with the signature sequence [HNQAI- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
x-N-P-[STAI-[LTVMFI-[ST]-[LIVMFI-[GSTAFY]. with x as  any 
residue  and  alternative residues in brackets. All the MIP proteins 
are  about 260 residues long, with the exception for two  MIP yeast 
proteins that have  more than 600 residues, as a result of ex- 
tended N- and C-terminal segments. Hydropathy plots and ex- 
perimental investigations by epitope  insertions and mutagenesis 
reveal a common topology for these molecules, with six trans- 
membrane domains. After sequence alignment, the most divergent 
members of the family display less than 20% identity, but like the 
other MIP proteins, they share highly conserved residues distrib- 
uted throughout the sequence. A characteristic homology common 
to the members of the MIP family is the Asn-Pro-Ala (NPA) motif 
repeated in two  opposite  loops  (Fig. 1). Moreover, the NH2  and 
COOH-terminal halves  are sequence-related, suggesting an ances- 
tral intragenic gene  duplication as known for other channel fami- 
lies (Pa0 et al., 1991; Wktow et al., 1991;  Reizer et al., 1993; 
Saier, 1994). 

The detection of a functional and/or structural site in a nucleic 
acid or protein is  of  major interest. Unfortunately, there is no 
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Fig. 1. Predicted  membrane topology of the  MIP family proteins. Primary 
structure of a monomer based on the hourglass model of aquaporins  pro- 
posed by Jung et al. (1994). The molecule  consists of six membrane- 
spanning domains connected by loops A  to E, with cytoplasmic NH2- and 
COOH- termini. Highly conserved residues including the two Asn-Pro-Ala 
(NPA) repeats are indicated. The stars indicate positions 1 to 5 predicted 
from the present  study to play  a functional role. In the hourglass model, 
loops B and E protrude into the lipid bilayer, and the NF'A boxes joints 
themselves in the middle of the channel to form  a single aqueous pathway. 
Indices are used to identify segments studied in  the correspondence analysis. 

simple  and  straightfonvard method, since the specific properties of 
a given molecule often result from a limited number of key resi- 
dues. For example, single nucleotide changes in given positions of 
tRNATv  and tRNATYr zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAare sufficient to transform the identity of 
these tRNAs to glutamine (Cavarelli & Moras, 1993). Single  amino 
acid substitutions also modify the ion-selection properties of the 
sodium channel protein into a calcium channel (Heinemann  et al., 
1992). The most common way to find the residues of functional 
importance is by site-directed mutagenesis. However, to avoid ran- 
dom targeting that can be both laborious and expensive, compu- 
tational methods  are of particular relevance. Since  the  enigmas of 
the  structure/function of proteins are hidden within their se- 
quences, a careful comparison of homologous sequences from a 
large  number  of  organisms  should  enable  us to make certain 
predictions. 

Functionally, for the MIP family, we know that the aquaporins 
present a highly selective, but quantitatively heterogenous, water 
permeability (Yang & Verkman, 1997). and that the GlpF channels 
transport glycerol but exclude water. Therefore, in  order to under- 
stand the molecular mechanisms of substrate selectivity and per- 
meation, one must find the residues that are specifically linked to 
each subclass. In this report, we present the results obtained from 
a sequence  analysis of the MIP proteins and point out  some resi- 
dues that could modulate the selectivity for water or glycerol. TWO 

different approaches were used: ( I )  a systematic comparison of the 
physico-chemical properties of the  amino  acids  at  each position in 
multiple sequence  alignments  and (2) a statistical analysis (con- 
ventional and multivariate) to compare the amino acid composition 
in  sequence segments. The results are assessed by comparison with 
published experimental data. 

Results 

The MIP family 

In Tables 1 and 2, we present an updated compilation of 122 
complete and 27 partial sequences of the MIP family available 
from public databases. These  sequences  were retrieved by com- 
bining searches with specific keywords and/or with the PROSITE 
signature  sequence  for  the MIP family. The number of MIF' se- 
quences  has rapidly increased since the recent publication of 84 
members by Park and Saier (1996). However, the last update of the 
PROSITE database  (PS00221, November 1997)  lists only 63 MIF' 

proteins. All of the proteins presented in Tables 1 and 2 have a 
nonredundant accession number in the databases. It is obvious that 
only a small  number of closed sequences results from genetic 
polymorphism. For example, AqpZ  (U38664) differs from  Bnip 
(D49469) by only three  amino acids, but both are homologous 
genes of different E. coli strains. 

Proteins  of  the MIP family are abundant in plant cells, where 
they are expressed both in plasma and vascular membranes. For 
A. thaliana, the model plant for genome sequencing, we retrieved 
20 different amino acid sequences from standard databases, but 
found 84 sequences (not shown) in the specialized database of the 
Institute for Genomic Research (http://www.tigr.org). Most of 
A. thaliana M I P S  are believed to be aquaporins. The plant aqua- 
porins play important physiological roles, including different lev- 
els of water permeability, probably for adaptation to a variety of 
water  stresses  and in relation to the plant cell compartmentaliza- 
tion (Maurel et al., 1997; Weig et al., 1997). 
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Table 1. Members of  the  MIP family analyzed in this studya zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Accession 

Pl t244 
P44826 
U49666 
P3745 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 
D25280 
L35 108 
U20864 
235595 
P43549 
PI8156 
U12567 
M58315 
U39682 
P23900 

P30302 
P42467 
U26537 
X769 1 1 
X73848 
L36095 
U39485 
X95952 
L12258 
M84344 
P26587 
US1638 
X97 159 
M77829 
X70257 
L24754 
U22658 
D634 12 
U14007 
D zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 3906 
D3 1846 
U 16245 
PO90 1 1 
U38664 
P23645 
P53386 

Identification Function Organism CI Ig No 

GLPF-ECOLI 
GLPF-HAEIN 
GLPF-PA0 
PDFL-SALTY 
AQP3-HUMAN 
AQP3-RAT 
Q 1 9949 
OW4-CEL 
YFF4-YEAST 
GLPF-BACSU 
GLPF-SPN 
YDPI-LACLC 
MGU39682 
FPSI-YEAST 

RD28 
AQUA-ATRCA 
MIPD 
HVEMIP 
LETRAMP2 
MIPA 
443352 

NO26-SOYBN 
TIPG-ARATH 
TIPA-ARATH 
HI51638 
AQPcic 
AQPl-HUMAN 
AQP 1 -RAT 
RECAQ 

AQP4-HUMAN 
AQP4-RAT 
AQP2-RAT 
AQP2-HUMAN 
AQPS-RAT 
MIP-RAT 

g1212914 

g841315 

A w Z  
BIB-DROME 
AQPL-YEAST 

Escherichia coli 

Haemophilus influenzae 

Pseudomonas aeruginosa 

Salmonella typhimurium 

Homo sapiens 

Rattus norvegicus 

Caenorhabditis elegans 

Caenorhubditis elegans 

Saccharomyces cerevisiae 

Bacillus subrilis 

Streptococcus pneumoniae 

Lactococcus lactis 

Mycoplasma genitalium 

Saccharomyces cerevisiae 

Arabidopsis thaliana 

Atriplex  canescens 

Mesembryanthemum crystallinum 

Hordeum vulgare 

Lycopersicon esculentum 

Mesembryanthemum crystallinum 

Arabidopsis thaliana 

Heliantus zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAannuus 
Glycine max 

Arabidopsis thaliana 

Arabidopsis thaliana 

Haematobia irritans 

Cicadella  viridis 

Homo sapiens 

Rattus tlorvegicus zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Rana esculenta 

Bufo marinus 

Homo sapiens 

Rattus norvegicus 

Rattus norvegicus 

Homo sapiens 

Rattus norvegicus 

Rattus norvegicus 

Escherichia coli 

Drosophila melanogaster 

Saccharomyces cerevisiae 

B 
B 
B 
B 
A 
A 
A 
A 
Y 
B 
B 
B 
B 
Y 

P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
B 
A 
Y 

28 1 
264 
279 
264 
292 
292 
295 
290 
646 
274 
233 
289 
220 
669 

285 
282 
285 
288 
286 
283 
250 
248 
255 
25 1 
268 
268 
255 
269 
269 
272 
272 
323 
323 
27 1 
27 1 
265 
263 
23 1 
700 
305 

i 
2 
3 
4 
5 
6 
7 
8 
9 

I O  
1 1  
12 
13 
14 

15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

"Column 1, accession number in the databases (Swiss-Prot or EMBL or Genbank); column 2, reference name; column 3, function 
if known, glycerol facilitator (GlpF), aquaporin (AQP); column 4, source; column 5 ,  classification corresponding to animal (A), 
bacterium (B), plant (P), yeast (Y); column 6, number of amino acids in the protein sequence; column 7, sequences are numbered 
according to the clustering order of the PILEUP program. Numbers 1 to 14 correspond to  the  GlpF  cluster  and number 15 to 40 to the 
AQP cluster. The accession number and identification are cross-references used for the sequence identification in the databases. 

Complete  genome  sequences provide the opportunity to exam- 
ine the presence of MIP sequences in these genomes. Twelve com- 
plete genomes  were examined: S. cerevisiae possess four MIP 
encoding genes, one of them, 412302, cited in the conclusion 
paragraph, contains a frameshift mutation. E. coli possess two 
distinct and functionally identified MIP proteins, one aquaporin 
and one glycerol facilitator. l b o  distinct MIP  coding sequences 
have also been described in the genome of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH. influenzae but only 
one in that of Archaeoglobus fulgidus, Bacillus subtilis, Borrelia 

burgdorferi, Mycoplasma genitalium, Mycoplasma pneumoniae, 

and Synechocystis sp. Interestingly, no MIP-protein-encoding se- 
quences were retrieved from the genomes of Helicobacter pylori 

(eubacteria), Methanobacterium thermoautotrophicum, and Me- 

thanococcus jannaschii (archeobacteria). 

Sequence  alignment analysis 

The quality of the alignments obtained using various software  was 
similar. The major difference was  in  the number of gaps introduced 
into  the alignments. For this reason, further experiments were done 
with two independent methods: a precise analysis of the alignment 
content in regions of high conservation between the sequences, and 
a statistical analysis on sequence segments less dependent on align- 
ment methods. 
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Table 2. Sequences of the MIP family analyzed to check the predictions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
AC Identification  Organism k PI P2 P3 P4  P5 

1461 

P33560 
D26609 
P43285' 
P43286' 
P43287' 
T04 164 
T20432 
U78297' 
X54854 
X68293' 
X69294' 
Y07625' 
2 17424 
2 1 8064 
21811 1 
218142 
230833 
AE000782 
U60 147 
U60 148 
U60 149 
AEOO 1 1 34 
PO6624' 
P47865' 
P79099 
U9265 1 
U92652 
X95639 
X95640 
AF004293 
418352 
U404  15 
U41548 
270754 
P79144 
X86492 
023771 
D4.5077 
D45078 
P79164 
P93706 
U68246 
P79168 
P79165 
D49469 
L12257 
X04782 
U27347 
U62778 
HI1017 
X95950' 
x9595 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ 

x95953 
x95954 
AB006 190 
000285 
P30301' 
P55064' 
U48408' 
X80266 
004 179 
P79803 

DIP-ANTMA 
439196 
WC 1 A-ARATH 
WC2A-ARATH 
WC2B-ARATH 
TO4164 
T20432 
PIP3 
TIPR-ARATH 
WC  1B-ARATH 
WC 1 C-ARATH 
NLM 1 
S425.56 
441951 
4 4  1963 
Q4 1975 
230833 
AF1426 
439439 
439440 
439441 
BB0240 
MIP-BOVIN 
AQPl-BOVIN 
AQP2-BOVIN 
0040.52 
004053 
439383 
439384 
00467 1 
Q 18352 
421 159 
421473 
Q20985 
AQP2-CANFA 
CPGLPF 
023771 
439646 
CSMP28B 
AQP2-DASNO 
AB000506 
494495 
AQP2-ELEMA 
AQP2-HORSE 
BniP 
NOD26 
GMNOD26R 
439822 
Q39800 
HI1017 
439958 
439957 
439956 
439955 
AQWL 
000285 
MIP-HUMAN 
AQP5-HUMAN 
hKID (AQP6) 
443480 
004179 
P79803 

Antirrhinum majus 

Arabidopsis thaliana 

Arabidopsis thaliana 

Arabidopsis thaliana 

Arabidopsis thaliana 

Arabidopsis thaliana 

Arabidopsis thaliana 

Arabidopsis thaliana 

Arabidopsis thaliana 

Arabidopsis thaliana 

Arabidopsis thaliana 

Arabidopsis thaliana 

Arabidopsis thaliana 

Arabidopsis thaliana 

Arabidopsis thaliana 

Arabidopsis thaliana 

Arabidopsis thaliana 

Archaeoglobus fulgidus 

Beta vulgaris 

Beta vulgaris 

Beta vulgaris 

Borrelia burgdorjeri 

Bos taurus 

Bos taurus 

Bos taurus 

Brassica oleracea 

Brassica  oleracea 

Brassica  oleracea 

Brassica  oleracea 

Brassica  rapa 

Caenorhabditis  elegans 

Caenorhabditis  elegans 

Caenorhabditis  elegans 

Caenorhabditis  elegans 

Canis  familiaris 

Clostridium  pegringens 

Craterostigma plantagineum 

Cucurbita maxima 

Cucurbita sp. 
Dasypus novemcinctus 

Daucus camta 

Dictostelium  discoideum 

Elephas maximus 

Equus caballus 

Escherichia coli 

Glycine zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmax 

Glycine zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmax 
Glycine max 

Gossypium hirsutum 

Haemophilus influenzae 

Heliantus annuus 

Heliantus annuus 

Heliantus annuus 

Heliantus annuus 

Homo sapiens 

Homo sapiens 

Homo sapiens 

Homo sapiens 

Homo sapiens 

Hordeum vulgare 

Lycopersicon esculentum 

Macroscelides  pmboscideus 

250 
287 
286 
287 
285 
130* 
137* 
280 
253 
286 
286 
284 
286 
111* 
103* 
1 IO* 
101* 
246 
288 
28 1 
286 
254 
263 
27 1 
109* 
25 1 
175* 
286 
286 
286 
244 
290 
302 
172* 
109* 
164* 
288 
279 
269 
109* 
248 
277 
109* 
109* 
23 1 
249 
27 1 
285 
248 
225* 
248 
248 
250 
62* 
342 
263 
263 
265 
282 
250 
250* 
111* 

T 
Q 
Q 
Q 
Q 

M 
T 
Q 
Q 

Q 
F 

V 

Q 

Q 
M 

F 
T 
T 
T 
T 
T 
Q 
Q 
Q 
L 
H 
Y 
L 
T 
Y 
Q 
T 
T 
T 
T 
L 
T 
T 
A 
T 
F 
Q 
T 
F 
T 
T 
T 

F 
T 
T 
V 
M 
T 
T 
T 

S 
S 
S 
S 
S 

S 
A 
S 
S 
S 
S 

T 
S 
S 
S 
D 
S 
S 

A 
A 
S 
S 
S 
S 
D 
D 
S 

D 
S 
S 
A 

S 
S 

S 
T 
S 
S 
S 
D 
S 
S 
S 

D 
S 
S 
S 
S 
S 
S 

A 
A 
A 
A 
A 

A 
A 
A 
A 
A 
A 

Y 
A 
A 
A 
R 
A 
S 

A 
A 
A 
A 
A 
N 
R 
R 
S 

R 
A 
A 
S 

A 
A 

A 
A 
A 
A 
A 
R 
A 
T 
A 

R 
A 
A 
A 
A 
A 
A 

Y 
F 
F 
F 
F 

F 
Y 
F 
F 
Y 
F 

Y 
F 
F 
F 
P 
Y 
F 

Y 
Y 
F 
F 
F 
Y 
Y 
P 
Y 

F 
Y 
Y 

Y 
Y 

F 
Y 
Y 
F 
Y 
P 
Y 
Y 
Y 

P 
Y 
Y 
F 
F 
Y 
Y 

W 
W 
W 
W 
W 

W 
W 
W 
W 
L 
W 

V 
W 
W 
W 
I 

W 
W 

W 
W 
w 
W 
W 
Y 
F 
V 
W 

W 
W 
W 

W 
W 

W 
W 
L 
W 
W 
V 
W 
W 
W 

V 
W 
W 
W 
W 
W 
W 

(continued) 
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. Continued. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
AC Identification Organism zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk P1 P2  P3  P4 P5 

P79804 P79804 Manis sp. 109* T 
P42067 MCP-MEDSA Medicago  sativa 147* L 
L36097' MIPB Mesembryanthemum crystallinum 285 Q S A F W  
U26538 MIPE Mesembryanthemum crystallinum 284 M S A F W 
U73466 MIPC Mesembryanthemum crystallinum 287 Q zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS A F W 
LO29  14' AQPl-MOUSE Mus musculus 269 V S A F W 
P51180' MIP26 Mus musculus 263 T S A Y W  
P55088' AQP44MOUSE Mus musculus 322 T S A Y W  
U48399' mMIWC3 Mus musculus 354 T S A Y W  
P56402 AQPlMOUSE Mus musculus 27 1 T S A F W  
P56404 AQP8-MOUSE Mus musculus 26 1 S A A Y W  
233098 4490 12 Mycoplasma  capricolum 89* 
P52280 GLPF-MYCGA Mycoplasma  gallisepticum 205* N D R 

P49173 PMIP-NICAL Nicotiana  alata 270 F S A Y V 
AB002 149 NEAB2149 Nicotiana  excelsior 287 M S A F W 
AJ001416 NTAQUAPOR Nicotiana  tabacum 287 M S A F W 
P21653 TIPI-TOBAC Nicotiana tabacum zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA250 T S A Y W  

U62280 440595 Nicotiana tabacum 284 M S I F W 
P79200 AQP2-ORYAF Orycteropus  afer 109* T 
P792 13 AQP2-RABBIT Oryctolagus cuniculus 109* T 
D 17443 rMIPl Oryza  sativa 284 F S A Y I 
D2.5534 rTIP 1 Oryza  sativa 250 T S A Y W  
U77297 P93435 Oryza  sativa 29 1 Q D  P F W 
AF009037 G226695 1 Ovis  aries 272 T S S F W 
248232 P93448 Petroselinum crispum 226* N H L 
P23958 TIPA-PHAVU Phaseolus  vulgaris 256 T A S F W 
U97023 MIP-1 Phaseolus  vulgaris 289 E S A F W 
P25794 TIPW-PEA Pisum sativum 289 E S A F W 

P79229 AQP2-PROHA Procavia  capensis 109* T 
X56970 RPMIP Rana pipiens 262 T S A Y W  
D84669 0041 19 Raphanus sitivum 25 3 T A A Y W  
AB000507' AQP7-RAT Rattus norvegicus 269 F D R P V 
AF007775+ AQP8-RAT Rattus norvegicus 263 S A A Y W  
L28 1 14' GLIP Rattus norvegicus 285 Y D K P I 
P3 1 140' GLPF-SHIFL Shigella flexneri 28 1 Y D K P L 
U65700-1 g1518057 Solanum tuberosum 250 T S A Y W  
L77969 Q4 1372 Spinacia  oleracea 28 1 M S A F W 
P19255 GYLA-STRCO Streptomyces  coelicolor 80* 
D43774 SMPX Synechococcus sp. PCC7942 269 L T A Y F 
P73809 AqPZ Synechocystis sp. PCC6803 247 A S A F W 
229946 441616 Trifolium repens 247 T S A Y W  
X95650 TGTIPlGEN Tulipa gesneriana 262 T S A Y W  
X56970 JN0557 Xenopus laevis 26 1 T S A Y W  
X82633 ZMTRAPRO Zea mays 287 Q S A F W 

s73437  s73437 Mycoplasma  pneumoniae 264 F D R P V 

P24422 TIP2-TOBAC Nicotiana  tabacum 250 T S A Y W  

x54357 4 4  1006 Pisum sativum 289 E S A F W 

"Column 1, accession number in the databases (+ indicates that the function is known); column 2, reference name; column  3, source; 
column  4, number of amino acids in the protein sequence (a star indicates an incomplete sequence); column 5-9, amino acids 
corresponding to positions P1 to P5. 

The  PILEUP program was used to create a multiple alignment 
with the test set of 40 sequences. In the resulting dendrogram, the 
data are clearly separated into  two major clusters and each cluster 
fits into a main functional subgroup: cluster I corresponds to glycerol 
transport and  cluster 11 corresponds to water transport (Table 1). In 
all the sequence alignment studies, the proteins AQP3 (Nos. 5 and 
6), which are able to transport either glycerol or water when ex- 
pressed in  the Xenopus oocyte, were allocated to cluster I. MIP26, 

the archetype of the MIP family, was allocated to cluster II. The 
function of some of the 40 proteins is yet unknown, but the par- 
tition into two major clusters  was  not affected by adding or re- 
moving new sequences to create the multiple alignment. This is in 
agreement with a recent phylogenetic study (Park & Saier, 1996), 
concluding that most and probably all the M P  family members 
will exhibit specificity for water and/or  small neutral solutes. At 
this point in  our analysis, we postulated that it should be possible 
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to identify residues that are directly linked to function by a careful 
inspection of the multiple alignments. In the  following experi- 
ments, we will consider  the alignment of 40 sequences and  the two 
subgroups extracted from this alignment: cluster I, 14 sequences, 
which will be named the GlpF cluster, and cluster zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAII, 26 sequences, 
which will be named the AQP cluster. 

One of the  most popular prediction methods for getting infor- 
mation concerning  the protein membrane topology consists in 
averaging  the  residue hydropathy for  consecutive 19-residue seg- 
ments (Kyte zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Doolittle, 1982). We compared the average hydro- 
phobicity profiles of the two clusters, using different hydrophobicity 
scales  (data  not shown). The resulting profile supports  the predic- 
tion of six membrane spanning segments for the MIP proteins 
(Reizer et al., 1993). The transmembrane segments  are clearly 
superimposable for the  two functional subgroups, while for pre- 
dicted loop segments, the hydrophobicity scores differ signifi- 
cantly, suggesting  the presence of residues linked to function. 

The hydrophobicity profile method is based on an average value 
calculated along a sliding window. Thus,  the presence of gaps in 
the alignment will alter  the comparison between the  two clusters. 
Therefore, we used another method to extract the information at 
each position of the alignment: the similarity profile method, which 
was applied with a one residue window (Fig. 2). Potential residues 
of high interest are directly visualized on the curves, when the 
similarity score  for each cluster is higher than the score for all 
sequences. Five discriminating positions were identified, where 
the physicochemical properties are conserved within each sub- 
group, but differ between the subgroups. These positions are lo- 
cated in highly conserved regions, and can be easily retrieved from 
any sequence (Figs. 1,3). From our observations, we deduced the 
following rule: 

Position 1 ,  located in the terminal part of the third transmem- 
brane segment,  is an aromatic residue in the GlpF cluster. This 
residue is not aromatic in the AQP cluster. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0.40 -. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.10 T 

/ “””, - 
0.w : : : : : : : : : : : : : < : : : : :  

820 625 630 6335 840 

Podtion in th. munlpk dlgnnnnt 

Fig. 2. Part of the  average  similarity  plots  for  the MIP family  proteins.  At 
each position of the 40 sequence alignment, the average  similarity  score is 
calculated  for each cluster.  The  similarity  score  was  calculated using the 
modified Dayhoff table  (Gribskov & Burgess, 1986) scale, and  plotted  with 
a sliding window of one. This figure  illustrates the similarity  plot  from 
position 620 to 640  of the  global alignment. The similarity  for  the 40 
sequences is shown as a  broken  curve,  the  GlpF  cluster is shown as a  dotted 
curve  and  the  AQP  cluster as a  continuous curve. A  maximum  score of 1.5 
is obtained  when  all  amino acids at  a given position of the alignment are 
identical.  Highly conserved residues  presented  in  Figure 1 are indicated 
above the alignment. The positions P2 and P3 predicted to have  a  func- 
tional  role are indicated. 

Positions 2 and 3 are located in  loop E, just behind the second 
“NPA” box. They correspond respectively to an acidic then a basic 
residue (D, then R or K)  in the GlpF cluster  and to two small 
uncharged residues in  the AQP cluster. 

Positions 4 and 5 correspond to two consecutive amino acids 
located in  the sixth transmembrane segment. These positions can 
be defined  as two aromatic residues in the AQP cluster compared 
with a proline followed by a nonaromatic residue in the GlpF 
cluster (except for the yeast protein YFF4, which possess  an ala- 
nine in P4 and a tryptophan in P5). 

A close inspection of the second set of sequences (Table 2) 
confirms that the five positions described above are composed of 
remarkably conserved residues. Of 112 proteins, 21 are function- 
ally characterized, and 20 of them present a perfect correspon- 
dence with the rule, confirming possible functional role for key 
residues. The exception concerns a newly characterized aquaporin 
from A. thaliana, NLMl (Weig et al., 1997), which possess mixed 
key residues of GlpF cluster  for PI and P5,  and AQP cluster for 
P2-P4. Of 450 key residues available from Table 2, only 22 (4.8%) 
differ from those observed in Figure 3. In the absence of a func- 
tional characterization of the corresponding proteins, it is dificult 
to relate these differences to extensions or divergences of the rule, 
or to errors in the sequences. Residues particularly well conserved 
concern each of the couples P2-P3 and P4-P5. These couples are 
closely tied to each other: charges of opposite sign in P2-P3 as- 
sociate with nonaromatic residues in P4-P5 or uncharged residues 
in P2-P3 associate with aromatic residues in P4-P5. Presently, 
there  are only two exceptions to this observation and they concern 
two MIP proteins of Caenorhabditis elegans (U40415,  235595). 
Another observation concerns the position P1, which is generally 
the counterpart of P4-P5 (aromatic/nonaromatic) between the  two 
clusters. 

Conventional statistical analysis 

The differences between the glycerol facilitators and the aquapor- 
ins, revealed by the  average similarity profiles, result in changes of 
amino acid content between the subgroups. These compositional 
differences can be quantified by conventional statistical analysis. 
The mean amino acid content  and  the mean length in  amino acids 
of the segments, predicted to be inside or outside the membrane, 
were calculated for  each  subgroup and compared with the “Student 
t” test. Such a trivial analysis revealed some of the residues that 
participate in  the key positions: position 1 in TM3 (Y), position 2 
and 3 in  loop E (D,R) and position 4 in TM6  (P), as defined 
previously. We also observed that some amino  acids  are over- 
represented in  glycerol facilitators (W in TM2; P in loop B; I, F, P, 
T in  loop C; N in TM4 and  loop D; G,  L in loop E), and that others 
are significantly more frequent in aquaporins (A, S ,  W in TMl;  V 
in  loop B; C in TM3, R and K in loop D; H in T M 5  and TM6). 
Moreover, the statistical analysis revealed significant differences 
(Student t test, P < 0.001) in  the predicted length of two external 
loops. Loops C and E are  longer for the GlpF cluster than for  the 
AQP cluster. The respective mean lengths, calculated from the 40 
sequences of Table 1 are 27.92 compared with 18.24 for loop C 
and  28.35 compared with 18.52 for loop E. 

The results of the above  comparisons strongly suggest that sev- 
eral amino  acids could contribute to structural and functional dif- 
ferences between the glycerol  facilitators  and  the aquaporins. 
However, these results were obtained by averaging the amino acid 
content  over already predetermined functional subgroups. Thus, to 
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check our observations without a priori classification, we have 
carried out a multivariate analysis on  the 40 MIP proteins. 

Multivariate statistical analysis 

Correspondence analysis was used to compare the amino acid 
frequencies in the MIP proteins, from segments of different lengths. 
CA  does not take  into  account the amino acid order  along  the 
polypeptide chain or the presence zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof gaps in the alignment. The 
results of the  correspondence analysis are shown on a factorial 
map  in which each amino acid is represented by its letter, and each 
MIP protein by the  number  corresponding to the sequence  in 
Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. Proteins having a close resemblance are positioned closely 
on the map. Thus, if the two functional subgroups  are clearly 
separated on  the map, this suggests that the segment participates in 
the channel specificity. Preliminary experiments using entire  se- 
quences zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor short segments  gave unsatisfactory results. The best 
separations were obtained for medium-sized segments located be- 
tween but excluding  two strictly conserved amino acids. These 
selected segments  are marked on  Figure 1 from NH2- to COOH 
termini: EI-GI,  Gl-Q,  Q-EZ, E2-G2, G2-P. In our study, the pro- 
jection map obtained with the segment Q-E2, including the major 
part of the third transmembrane domain and loop C, gave a clear 
and  complete separation of the two functional subgroups (Fig. 4). 
The first factor accounts for 20.9% of the total variance between 
MIP proteins, while factors 2, 3,  and 4 account for 13.7%, 10.4%, 
and  9.7%, respectively. Thus, the first factor corresponds to the 
most predominant differences present in the population sequence. 
Along this factor (Fl), all glycerol facilitators have positive values 
and all aquaporins have negative ones. The simultaneous repre- 
sentation of proteins and amino  acids  leads to sensitive means of 
identifying those  amino  acids responsible for the separation on the 
factor map. Tryptophane, aspartic acid, phenylalanine, and tyro- 

9.6 -04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-02 0 0 1  0.4 0.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOd 1 1.2 
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Fig. 4. Correspondence analysis applied on the MIP family proteins. Cor- 
respondence analysis was applied to the segment located between the res- 
idues Q and El, principally including the third transmembrane domain and 
loop C (Fig. 1). Each  segment in the MIP proteins is represented as  a vector 
point in a 20-dimensional space, where each dimension corresponds to the 
relative frequency of one of the 20 amino acids. The cloud of proteins as 
well as that of amino  acids  are then projected on  the plane of first and 
second factors and these projections are overlaid. Proteins of similar  com- 
position appear  as neighbors and amino acids contributing to the separation 
are  easily identified. 
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sine have a high relative contribution on  the first factor to separate 
glycerol facilitators and aquaporins. These results support our key 
residues rule given for position P1 (located inside the Q-E2 seg- 
ment): aromatic residues (phenylalanine and tyrosine) are charac- 
teristic of glycerol facilitators. Along  factor 2, aquaporins  are 
separated into  two major subgroups, one of which is a subgroup of 
plant aquaporins (numbers 15 to 20). Lysine, cysteine, and  glycine 
seem responsible for this separation. Intriguingly, two AQP;! aqua- 
porins, from rat and human (numbers 34 and 35), are positioned in 
the extreme negative values of factor 2. The presence of glutamic 
acid in their segment appears to be responsible for this separation. 

Discussion 

Recently, Park and Saier (1996) reported a phylogenic study of the 
MIP family based on the comparison of 84 protein sequences. The 
authors concluded that most, if not all, MIP proteins fall into one 
of two physiological groups: (1) the water transport by the aqua- 
porins and (2) the small neutral solutes transport such  as glycerol 
by the glycerol facilitators. Considering these two main functions, 
the present work focuses  on the characterization of functional res- 
idues in the MIP proteins. The study was carried out by the anal- 
ysis of multiple protein sequence alignments, a standard strategy to 
highlight residues of structural and functional importance in a 
protein family (Livingstone & Barton, 1993), and by a new strat- 
egy based on amino acid frequencies in sequence segments. 

The present work highlights five key positions that could play 
an important role in the structure and function of each MIP family 
subgroup, and consequently, raises questions on the mechanisms 
of substrate selectivity by conserved residues. An hourglass topo- 
logical model was previously proposed for  AQPl (Jung et al., 
1994). In this model, the loops B and E dip and join into the 
channel. According to this scheme, the second "NPA" region, which 
includes P2 and P3, should be very close to P4 and P5 and possibly 
to  PI (Fig. I), thus forming an atomic network whose bond prop- 
erties  are differentiated by these key residues, resulting in channel 
specificity. However, as we have also  shown,  the  amino acid length 
and composition of the external loops C and E differ significantly 
from glycerol facilitators to aquaporins, and these parameters may 
probably play a crucial role in  pore selectivity. In summary, we 
predict that the external aperture of the channel, surrounded by the 
key residues and protected by the external loops act as a substrate 
filter. Further sequence analysis will be required to combine our 
observations in a single rule, and to identify the amino acids able 
to interact at distance. Mutagenesis experiments on AQPcic (an 
insect aquaporin) and on GlpF (the glycerol facilitator of E. coli) 

are currently in progress in our laboratory to assess these predic- 
tions. Problems with this experimental approach is that missense 
mutations can induce multiple effects, particularly in protein fold- 
ing and trafficking (Mulders  et al., 1996). In these conditions, it  is 
difficult to determine if the mutation also affects the functional 
properties of the channel. 

Meanwhile, by examining the current literature in the field, we 
can evaluate the accuracy of our predictions. The following results 
support our predictions: 

The insertion of 25 amino acids in  loop E of hAQPl (V201- 
E l )  resulted in a markedly reduced water channel activity 
(Preston et  al., 1994). We have shown by statistical analysis 
that the length of this loop  is significantly longer in glycerol 
facilitators than in aquaporins. 
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In the aquaporin hAQP2, the substitution of a segment of loop 
C (eight amino acids) by an  other segment of loop C (eight 
amino acids) from GlpF abolished water transport function 
(Bai  et al., 1996). This substitution introduced into  the  loop zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
two proline, one isoleucine, and  one phenylalanine, residues 
that we demonstrated to be more abundant in loop C in  glyc- 
erol facilitator than in aquaporins. 
The substitution of a serine by a cysteine at position 196 of 
hAQPl greatly reduced the water transport activity of this 
aquaporin (Jung et al., 1994). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThis serine corresponds to po- 
sition P2 in our rule. 
The aquaporin AQW  was recently cloned from rat testis. Ex- 
pression experiments  in Xenopus oocytes have shown that 
AQW also transports glycerol (Ishibashi et al., 1997a, 1997b). 
The five key residues of AQW are Y, D, R, P, and V and 
correspond, according to our rule, to the solute transport sig- 
nature. Interestingly, like AQW, AQP3, which is also a mixed- 
channel, bears the signature of glycerol facilitators, as if the 
key residues are  more important for solute transport than for 
water transport. 

The results presented below do not follow our predictions but 
allows refinements of our rule: 

The insertion of 25 amino  acids in loop C of hAQPl  (T120- 
E l )  had  no significant effect on water permeability (Preston 
et al., 1994), even though this loop  is significantly longer in 
glycerol facilitators. This result suggests that the length of 
loop C does not affect the water permeability but probably the 
solute transport properties. 
The permeability to water and glycerol for  MIP26 and NOD26 
have been recently demonstrated (Kushmerick et al., 1995; 
Mulders et  al.,  1995; Rivers et al., 1997).  These functional 
properties should assign the two proteins to cluster I, by anal- 
ogy with AQP3. However, MIP26 and  NOD26  also exhibit 
ion channel activity (Weaver et  al.,  1994; Kushmerick et al., 
1995;  Lee  et al., 1995;  Modesto  et al., 1996). The SmpX 
protein (D43774) of the Gram-negative bacterium Synecho- 

coccus might also be involved in ion transport, particularly in 
copper transport (Kashiwagi  et al., 1995). Therefore, cluster I1 
proteins could include functional subgroups other than water 
transport. 

A great number of published MIP sequences were obtained by 
the RT-PCR technique using degenerate primers directed against 
the two conserved “NPA” boxes. Moreover, a large number of 
sequences were obtained from  poly(A)+ RNA prepared from the 
kidneys of vertebrates, and in plants, most MIP genes were cloned 
after induction by water-deficit stress. As a result of such strat- 
egies, a bias could be expected with a great number of published 
MIP sequences being aquaporins bearing the two “NPA” boxes. A 
question arises immediately: Is it possible to define aquaporin 
sequences without reference to the “NPA’  boxes? 

We examined  this question by retrieving all sequences in the 
databases matching with a new signature sequence, which ex- 
cludes the “NPA motif. We have focused this preliminary search 
on key amino  acids P2 to P5 deduced from the 26 sequences of 
cluster II (Fig. 3), and located between highly conserved residues 
(G2-P, Fig. 1). From these, we designed a signature pattern specific 
for water but not for solute transport: 

G-x(~~)-[SA]-X(~)-[AS]-X(~ 1,14)-[FY]-W-x(2)-P (1)  

(the signature is reported in the PROSITE format, x corresponds to 
any residue and brackets to alternative residues). 

This signature sequence based on only six residues was used to 
extract related proteins from the Swiss-Prot and the TREMBL 
databases. These databases include more than 170,000 entries cor- 
responding to the translation of all CDS in the  EMBL Nucleotide 
Sequence Database (Apweiler et al., 1997). We retrieved 91 se- 
quences, from which 81 sequences have, as expected, the signature 
we proposed for aquaporin and possess the NPA boxes. From these 
8 1 sequences, we have retrieved four new MIP sequence proteins: 
U58207 from Allium cepa, P28238 from Gallus gallus, 412302 
from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS. cerevisiae and  P93683  from Sorghum bicolor. These se- 

quences were not retrieved in  our previous analysis because they 
correspond to partial sequences without the first “NPA” box. Con- 
sequently, the total number of MIP sequences recorded in this 
study is 153. The other ten sequences retained with the signature 
sequence do not appear to be,  at a first glance, water channels 
(P80517, 409652, P44843, 000213, P30208, P47542, W8018, 
410782, P46933,  W4003). In conclusion, we have shown that, if 
the presence of the “NPA” boxes is a characteristic of the MIP 
family, water transport function can be described by using a spe- 
cific signature devoid of any zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA“NPA” box, such as AQP6 (AB006190). 

On the basis of the constantly increasing number of sequences 
available for  the MIP family, together with more functional char- 
acterizations, we believe that a similar approach is feasible to 
design a specific signature for  other transport functions. 

Materials  and  methods 

Selection of protein sequences 

The sequences were extracted from GenBank, EMBL,  and PRO- 
SITE databases (indexing date Dec 1997). We based our initial 
analysis on a test set of 40  MIP protein sequences representative of 
different groups of organisms (Table 1). In order to avoid any bias 
in the analysis, we took care to include divergent members rather 
than a too large number of very similar ones.  This initial analysis 
was limited by the number of available sequences. Therefore, an- 
other  set, including 109 other fully or partially sequenced MIP 
proteins, was used to amplify the predictive reliability of the re- 
sults (Table 2). 

Multiple alignment sojhvare 

We have used three  multiple  alignment  programs, using vari- 
ous values for the critical parameters, K-tuple and gap penalties: 
CLUSTALW (Thompson et al., 1994), MAP (Huang, 1994), and 
PLEUP from the GCG package (Devereux  et al., 1984). We have 
tried three amino acid substitution tables: the Dayhoff table PAM250, 
(Dayhoff et al., 1978), the standard GCG table (Gribskov & Bur- 
gess, 1986), and the BLOSUM62  table (Henikoff & Henikoff, 
1992). The computation from  the GCG programs was performed 
using INFOBIOGEN resources (http://www.infobiogen.fr). 

Alignment analysis 

Assignments for transmembrane domains were made with the ThtAP 
program (Person & Argos, 1994), available on the Worldwide 
Web (http://www.embl-heidelberg.de/tmap/tmap_mul.html). The 
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program CGD (Delamarche, unpubl. obs.) was used to analyze the 
amino acid composition along the  sequence alignments: amino 
acid frequencies, similarities, charge distribution, hydrophobicity, 
etc. CGD runs on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPC using the powerful computing  and graphical 
tools of EXCEL worksheets. For  the hydrophobicity profiles, each 
of the three hydropathy scales  was used: Hopp and Woods (198 l), 
Kyte and Doolittle (1982), Rao and Argos (1986). For  the  simi- 
larity profiles, CGD uses the  same substitution matrices than for 
the multiple alignments. The similarity score at a given position of 
the alignment is the arithmetic mean of all the pairwise amino acid 
similarity scores  at that position. The  distance between the couples 
formed by two  gaps or one gap and one amino acid is zero. In this 
way, a position in the alignment that contains many gaps will have 
a lower similarity score. This algorithm is similar to that used by 
the program PLOTSIMILARITY from the GCG package (De- 
vereux et  al., 1984). 

Correspondence analysis 

Correspondence analysis (CA) (Benzecri, 1973) may be applied to 
contingency tables whose rows  and  columns correspond, respec- 
tively, to “individuals” (or objects) and attributes (or categories). 
In our study, the data consist of 40 X 20 contingency tables whose 
rows correspond to  40 MIP protein sequences (entire sequences or 
segments situated between two strictly conserved amino acids) and 
whose columns represent 20 amino acids. The ( i , j )  cell of the 
contingency table contains  the frequency of amino acid j in se- 
quence i .  CA  was  carried  out  on  entire sequences and  on five 
different segments using the  CORRESP procedure of SAS/STAT 
software. In this paper, we present the results obtained on  the 
segment Q-E2, which gave the highest inertia. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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