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ABSTRACT: The major intrinsic protein (h4IP) of the bovine lens fiber cell membrane was the first member of 
the MIP family of proteins to be sequenced and characterized. It is probably a homotetramer with transmembrane 
channel activity that plays a role in lens biogenesis or maintenance. The polypeptide chain of each subunit may 
span the membrane six times, and both the N- and C-termini face the cell cytoplasm. Eighteen sequenced or 
partially sequenced proteins from bacteria, yeast, plants, and animals have now been shown to be members of the 
MIP family. These proteins appear to function in (1) metazoan development and neurogenesis (MIP and BIB), (2) 
water transport across the human erythrocyte membrane (ChIP), (3) communication between host plant cells and 
symbiotic nitrogen-fixing bacteria (NOD), (4) transport across the tonoplast membrane during plant seed devel- 
opment (a-TIP), (5 )  water stress-induced resistance to desiccation in plants (Wsi-TIP), (6) suppression of a genetic 
growth defect on fermentable sugars in yeast (PSI) ,  and (7) transport of glycerol across bacterial cell membranes 
(GlpF). One other sequenced member of the MIP family (OW1 of Lactococcus lactis) has no known physiological 
function. The biochemical functions of the eukaryotic proteins are not well established. 

Computer analyses have revealed that the fmt and second halves of all h4IP family proteins probably arose 
by a tandem, intragenic, duplication event. Thus, the primary structure of putative transmembrane helices 1 to 3 
is similar to that of putative transmembrane helices 4 to 6 even though they are of opposite orientation in the 
membrane. Among the most conserved residues in these two repeated halves are a membrane-embedded glutamate 
(E) in helices 1 and 4, an aspraghe-proline-alanine (NPA) sequence in the loops between helices 2 and 3 
(cytoplasmically localized) and helices 5 and 6 (extracellularly localized), and a glycine within helices 3 and 6. 
Statistical analyses suggest that the two halves of these proteins have evolved to serve distinct functions: the first 
half is more important for the generalized or common functions of these proteins, while the second half of these 
proteins is more differentiated to provide specific or dissimilar functions of the proteins. The apparent origin of 
MIP family proteins by duplication of a three-spanner precursor protein suggests an evolutionary origin distinct 
from other transport proteins with six transmembrane spanners. Based on the phylogenetic tree for the 18 
sequenced members of the MLP family, we propose that a single, primordial gene arose in prokaryotes shortly 
before the emergence of eukaryotes, that this gene was vertically transmitted to the principal eukaryotic kingdoms, 
and that subsequent gene duplication and divergence events gave rise to kingdom-related subfamilies or clusters 
of the MIP family. 

KEY WORDS: major intrinsic protein, MIP, lens fiber cells, sequence comparisons, phylogenetic tree, evolution, 
membrane channel proteins, transmembrane transport, intercellular communication 

1. INTRODUCTION (1) metazoan development and neurogenesis, (2) 
communication between host plant cells and sym- 

In earlier reports, we and others have de- 
scribed a family of integral membrane proteins 
from bacteria, animals, and plants that function in 

biotic bacteria, (3) organellar &import during plant 
seed germination, and (4) nutrient transport in 
single celled bacteria (Shiels et al., 1988; Baker 
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and Saier, 1990; Pao et al., 1991). We named 
this protein family the MIP family, after the 
first sequenced and best characterized member 
of this family, the major intrinsic protein or 
main intrinsic polypeptide (MIP) of the bovine 
lens fiber cell membrane. Six members had 
been sequenced and identified at the time of 
publication of our last effort (Pa0 et al., 1991). 
Since that time, new sequence data has allowed 
expansion of the MIP family from 6 to 18 mem- 
bers. New members of the family include some 
which are presumed to have functions similar 
to those described previously, but others are 
believed to play entirely different physiologi- 
cal roles. 

Members of this family have now been iden- 
tified in both Gram-negative and Gram-positive 
bacteria as well as in yeast, plants, and animals 
(see Table 1). Four of these proteins (MIP, ChIP, 
NOD, and GLP) have been reported to have trans- 
membrane channel activities for various substrates 
(ions, water, dicarboxylates, and straight chain 
carbon compounds, respectively) (Heller et al., 
1980; Nikaido and Rosenberg, 1985; Ehring et 
al., 1990, 1993; Ouyang et al., 1991; Preston et 
al., 1992; van Hoek and Verkman, 1992; Zeidel et 
al., 1992; see Ehring et al., 1993 for a concise 
summary of functional studies with MIP family 
proteins). Recently, the structural relationships of 
the sequenced plant proteins were reported, and 
different TIP proteins were found to be localized 

TABLE 1 
Major Types of MIP Family Proteins 

Abbreviations Name 

MIP Major intrinsic protein 

BIB Big brain 

ChlP Channel intrinsic protein 

NOD Nodulation protein 

TIP Tonoplast intrinsic protein 

FPS Fermentable sugar 

GLP Glycerol facilitator 
Defect suppressor (fdp-1 ) 

to tonoplast membranes of either plants or seeds 
(Hofte et al., 1992). 

All MIP family members are integral mem- 
brane proteins presumed to have essentially the 
same topology (Doolittle, 1986). Each subunit 
of the MIP, ChIP, and NOD polypeptide chains 
appears to span the membrane as a-helices six 
times (Takemoto and Takehana, 1986; Horwitz 
and Bok, 1987; Takemoto et al., 1987, 1988; 
Zampighi et al., 1989; Verma, 1992), and evi- 
dence suggests that the native proteins exist in 
the membrane as tetramers (Aerts et al., 1990; 
Smith and Agre, 1991; Verma, 1992). By con- 
trast, the glycerol facilitator of Escherichia coli 
may exist as a homodimer (Voegele et al., 1992). 
Because the biochemical functions of the eu- 
karyotic proteins are not well established, we 
here extend our earlier studies to provide (1) a 
multiple alignment of the 18 sequenced MIP 
family proteins with identification and discus- 
sion of fully or largely conserved residues, (2) 
statistical analyses of corresponding binary com- 
parisons that establish homology for all mem- 
bers of this protein family, (3) a phylogenetic 
tree defining the relatedness of the currently 
known members of the family, (4) a signature 
sequence allowing rapid identification of new 
members of this family, (5) a pathway of MIP 
family protein evolution, and (6) a summary of 
analyses leading to an expanded understanding 
of structure-function relationships. In this last 

Function 

Lens biogenesis ? 
(Ion transport?) 

Brain development 

Osmoregulation 

Communication 

a: seed gemination 
w: Water stress resistance 
(Water transport) 

? 

(Water transport) 

(Dicarboxylate transport?) 

Carbohydrate supply 
(Glycerol transport) 

Organism 

Animal 

Animal 

Animal 

Plant 

Plant 

Plant 
Yeast 

Bacteria 
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respect, we show that the first and second halves 
of these proteins, segments 1 and 2, respectively, 
which probably arose by tandem duplication of 
a common genetic element in prokaryotes prior 
to the advent of eukaryotes on Earth, have di- 
verged from each other in ways that suggest that 
they have acquired distinct functions. We show 
that in closely related proteins, segments 2 are 
more similar to each other than are segments 1, 
but that in distantly related proteins, segments 1 
are more similar to each other than are segments 
2. These observations suggest that segments 1 
are more important for the generalized or com- 
mon structure/function of these proteins (i.e., 
biogenesis or channel formation), whereas seg- 
ments 2 are more important for the specialized 
or dissimilar functions of the proteins (i.e., chan- 
nel specificity or regulation). 

Based on published reports and the analyses 
described in this manuscript, we propose that all 
members of the MIP family serve a common 
function in transmembrane transport of small 
molecules, although each class of these proteins 
may exhibit distinctive specificities and charac- 
teristics. Some of these proteins are regulated by 
protein kinase-mediated phosphorylation, whereas 
others are posttranslationally modified by 
palmitoylation. Some of these proteins have dis- 
tinctive N- and/or c-terminal extensions that are 
not homologous to other proteins in the database. 
BIB and FPS, for example, have extensive hydro- 
philic N- and C-terminal regions of this type (Rao 
et al., 1990; van Aelst et al., 1991). The degrees 
of conservation of the proposed sites of phospho- 
rylation between members of the family are re- 
ported. 

II. COMPUTER METHODS 

All sequence analyses and database searches 
were performed with the GCG package from the 
University of Wisconsin (Devereux et al., 1984) 
and the DNASYSTEM package (Smith, 1988). 
The FASTA program (Pearson and Lipman, 1988) 
was used to search the current protein identifica- 
tion resource protein databank (PIR, version 34), 
SWISSPROT (version 23), and GenBank (ver- 
sion 74) databases, and to compare the percent 
identity of one protein to another. The RDF2 

program (Pearson and Lipman, 1988) was used to 
calculate comparison scores. Homologous se- 
quences were aligned with the TREE program 
(Feng and Doolittle, 1990) and adjusted by eye 
when appropriate. Construction of phylogenetic 
trees and estimation of relative evolutionary dis- 
tances were as described by Reizer and Reizer 
(1993) using the progressive alignment (TREE) 
method of Feng and Doolittle (1990) and the 
parsimony after progressive alignment (PAPA) 
method of Doolittle and Feng (1990). Other meth- 
ods are as described in the table and figure leg- 
ends. 

111. RESULTS 

A. Phylogenetic Tree of the MIP Family 
Protein Members 

Figures 1A and B show phylogenetic trees 
obtained using two different programs of all cur- 
rently recognized members of the MIP family for 
which complete sequences are available. Sixteen 
members are depicted in this figure. The partially 
sequenced members GLP(Sco) and MIP(Gga) are 
not included in the tree because artifactually long 
branch lengths were observed for these members 
due to incomplete sequences. The major classes 
of these proteins are described in Table 1, while 
individual proteins are characterized in Table 2. 
The members include: 

1. 

2. 

3. 

4. 

MIP (major intrinsic protein of the lens fiber 
cell of the cow, human, and rat that appears 
to function in lens biogenesis or maintenance; 
partial sequence of the chicken protein is 
also available) 
BIB (big brain, a neurogenic protein in 
Drosophila melanogaster; partial sequence 
of the human protein is also available [Adams 
et al., 19921) 
ChIP (channel intrinsic protein of the human 
erythrocyte that can serve as a water channel; 
also found in kidney tubules (Preston et al., 
1992; van Hoek and Verkman, 1992) 
NOD (nodulin-26, a legume-encoded protein 
that allows communication between plant 
cells and bacteria in the nitrogen fixing 
bacteroid) 
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BIB (D me) 

-GLP(Bsu) 

FPS(Sce) 
ORF(Lla) 

FIGURE 1. Phylogenetic trees of 16 of the 18 current protein members of the MIP family of presumed 
channel-forming proteins. The 16 proteins depicted are those for which complete sequences are available. 
Relative evolutionary distances are given adjacent to the branches unless less than one arbitrary unit. The 
programs of Feng and Doolittle (1 990) and Doolittle and Feng (1 990) were used to calculate the relative branch 
lengths. Panel A shows the phylogenetic tree obtained with the TREE program. Panel B (next page) shows the 
phylogenetic tree obtained with the PAPA program. The abbreviations used are included in Table 2 together 
with their descriptions, biological sources, number of residues, and accession codes. References of published 
protein sequences are as follows: WTIP(Psa), the water stress-induced tonoplast intrinsic protein (TIP) of 
Pisum sativum (Guerrero et al., 1990); WTIP(Ath), the water stress-induced TIP of Arabidopsis thaliana 
(Yamaguchi-Shinozaki et al., 1992); RtTIP(Nto), the root-specific TIP of Nicotiana tabacum (Yamamoto et al., 
1990, 1991); yTIP(Ath), the vegetative tissue-specific TIP of Arabidopsis thaliana (Hofte et al., 1992); aTIP(Pvu), 
the seed-specific TIP of fhaseolus valgaris (Johnson et al., 1990); aTIP(Ath), the seed-specific TIP of 
Arabidopsis thaliana (Hbfte et al., 1992); NOD(Gma), the plant-encoded nodulin-26 from the peribacteroid 
membrane of Glycine max (soybean)lRhizobium root nodules (Sandal and Marcker, 1988,1990); FPS(Sce), the 
fdpl suppressor of Saccharomyces cerevisiae (Van Aelst et al., 1991); ORF(Lla), hypothetical protein in the 5' 
region of the X-prolyl dipeptidyl aminopeptidase-encoding gene of Lactococcus lactis ssp. cremoris or Lactococcus 
lactis ssp. lactis (Mayo et al., 1991); GLP(Eco), the glycerol facilitator of Escherichia coli (Muramatsu and 
Mizuno, 1989); GLP(Bsu), the glycerol facilitator of Bacillus subtilis (Holmberg et al., 1990); GLP(Sco), glycerol 
facilitator of Streptomyces coelicolor (Smith and Chater, 1988); MIP(Bta), the major intrinsic protein (MIP) from 
the bovine (Bos taurus) lens fiber cell membrane (Gorin et al., 1984); MIP(Rno), the rat (Rattus nowegicus) MIP 
(Kent and Shiels, 1990); MIP(Hsa), the human (Homo sapiens) MIP (Pisano and Chepelinsky, 1988); MIP(Gga), 
the MIP of chicken (Gallus gallus) (Kodama et al., 1990); BIB(Dme), the Drosophila melanogaster neurogenic 
protein termed "Big Brain" (Rao et al., 1990); and ChlP(Hsa), the water channel-forming integral protein of 
human erythrocytes and kidney (Preston and Agre, 1991). The partially sequenced MIP family proteins, 
GLP(Sco), and MIP(Gga) are not included in this tree as artifactually long branch lengths reflect their incomplete 
sequences rather than their evolutionary distances. They nevertheless cluster with other proteins of the same 
function from other organisms. 
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BIB ( Dme) 
I 

5. 

6. 

7. 

8. 

\ ORF( Lla) 

\ \ 
N 0 D( G m a) 

FPS 
FIGURE 1B 

\ 
i(Sce) 

TIP (tonoplast intrinsic protein of various 
plants and plant tissues; the different 
isoforms are designated Wsi or W [water 
stress induced], Rt [root], a [seed], and y[all 
plant vegetative tissues but not seeds] (Hofte 
et al., 1992; Ludevid et al., 1992). aTIP may 
be important in seed germination, possibly 
by allowing diffusion of amino acids and/or 
peptides from the tonoplast interior to the 
cytoplasm 
FPS (the fdpl suppressor of Saccharomyces 
cerevisiae (FPS1) that plays a role in sugar 
fermentation and possibly in carbon 
catabolite repression 
GLP (the glycerol facilitator [GlpF] from 
three evolutionarily divergent bacteria) 
ORFl (an open reading frame in L. lactis 
with no known physiological function; 
possibly a glycerol facilitator) 

been defined as a result of mutant analyses, 
evidence for the biochemical functions of only 
a few of the eukaryotic proteins has been forth- 
coming. Some evidence suggests that NOD may 
either function in dicarboxylate transport or 
regulate this process (Ouyang et al., 1991). 
Further, as noted here, ChIP is capable of func- 
tioning as a water channel (Preston et al., 1992; 
van Hoek and Verkman, 1992; Zeidel et al., 
1992). a- and y-TIPS may also be capable of 
functioning as water channels (Maurel et al., 
1993), although their potential roles as ion chan- 
nels has not been eliminated. MIP may trans- 
port salt (possibly Na+) (Nikaido and Rosenberg, 
1985). 

Binary statistical analyses showed that all 
protein members of the MIP family are homolo- 
gous. The complete matrix of the binary statisti- 
cal analyses is not presented, but statistical analy- 
ses of representatives of all major types of MIP 

While the physiological consequences of 
the genetic loss of some of these proteins have 

family proteins are presented here. Phylogenetic 
tree construction (Figure 1) revealed the degrees 
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of relatedness of the various MIP family proteins 
as well as their clustering patterns. Clustering 
patterns proved to be independent of the program 
used for tree construction, and with the exception 
of the plant proteins, the relative positions ob- 
served for the various protein clusters were essen- 
tially the same when the TREE and the PAPA 
methods were employed (compare Figure 1A with 
Figure 1B). 

As shown in Figures 1A and B, plant mem- 
bers of the MIP family cluster together. Thus, six 
different TIP proteins have been sequenced, and 
they fall into two major subclusters. The cluster- 
ing pattern generally correlates with their cellular 
locations and induction patterns. The two water 
stress-induced proteins (W-TIP) cluster tightly 
together, while the remaining TIP proteins (a- 
and y-TIP) form a second loose cluster. NOD26 
comprises a branch close to the W-TIP branch 
(Figure 1). Animal proteins, MIP, ChIP, and BIB, 
cluster together with the same clustering pattern 
in both trees. The chicken MIP (not shown) ex- 
hibited an artifactually long branch length within 
the MIP protein cluster, reflecting the fact that the 
gene encoding this protein has been only partially 
sequenced (Table 2). ChIP is the closest relative 
of MIP, while BIB is more distant but still on the 
same major branch (Figures 1A and B). 

All remaining proteins, from yeast and bacte- 
ria, are relatively distant from each other, regard- 
less of the program used for tree construction. 
The yeast FPSl suppressor protein from S .  
cerevisiue branches from the trunk of the tree 
after NOD, and it is followed by the three fully 
sequenced bacterial proteins. The Streptomyces 
coelicolor protein (not shown) exhibited an 
artifactually long branch length within the GLP 
cluster, reflecting the fact that only 80 residues of 
its sequence are available (Table 2 and Smith and 
Chater, 1988). The function of the O W  from L. 
luctis is not known. 

B. Hydropathy Analyses of Eight 
Representative Members of the MIP 
Family 

As reported previously (Pa0 et al., 1991), 
several regions in the aligned MIP family pro- 
teins are highly conserved. The dual appearance 

of the highly conserved NPA sequence in the N- 
and C-terminal halves of the proteins reflect the 
presumed tandem intragenic duplication noted 
previously (Pa0 et al., 1991) and analyzed in de- 
tail here. The topological consequences of this 
duplication were considered briefly in an earlier 
report (Saier and Reizer, 1991) and are illustrated 
in Figure 2. 

Figure 3 shows the hydropathy plots of eight 
dissimilar but representative members of the MIP 
family, one from each of the major clusters of this 
protein family (see Figure 1). The hydropathy 
plots of these representative proteins show strik- 
ing similarities, but also noteworthy differences. 
First, BIB shows an extensive hydrophilic C-ter- 
minal domain, with tandemly repeated glutamine 
residues, which is not depicted in Figure 3. This 
domain is not homologous to any protein in the 
current databases. Short N-terminal hydrophilic 
regions are also observed for the plant and yeast 
proteins, but not for MIP, ChIP, or the bacterial 
proteins. Second, as indicated by the dashed ver- 
tical lines that delineate the two hydrophobic re- 
peat sequences in each protein, there is substan- 
tial variation in the hydropathy profiles. In the 
animal proteins, the first of these repeats (here 
designated segments or repeats 1) are more hy- 
drophobic than the second of these repeats (here 
designated segments or repeats 2). The first two 
putative transmembrane helical spanners are close 
together, while the third is more distant. In some 
cases, the intervening region between spanners 2 
and 3 is quite hydrophobic (MIP,  BIB, ChIP, and 
GLP) in segments 1, but not in segments 2. Third, 
the region between the repeated segments 1 and 2 
is somewhat variable in length, being very short 
for aTIPAth, longer for the yeast and bacterial 
proteins, and intermediate and of fairly constant 
length for the remaining proteins (Figure 3). 

C. Correlation of the Average 
Hydropathy Plot with the Average 
Sequence Similarity Plot 

As shown in Figure 4A (upper panel), the 
eight hydropathy plots shown in Figure 3 were 
averaged following multiple alignment of the se- 
quences. The three putative transmembrane a- 
helical spanners are clearly revealed for both seg- 
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t 
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Shadrd MIP h o b $  w/o Ilks 

FIGURE 2. Topology (transmembrane orientation) of MIP and other members of the MIP 
family in the membrane showing the consequence of the tandem intragenic duplication 
event which is believed to have given rise to the primordial gene of the MIP family. 
Segments 1 (transmembrane spanners 1 to 3) are homologous to segments 2 (transmem- 
brane spanners 4 to 6); yet homologous transmembrane helices are believed to be of 
opposite orientation in the membrane (Pa0 et al., 1991; Saier and Reizer, 1991). 

ments 1 (N-terminal halves) and segments 2 
(C-terminal halves). Furthermore, the average 
hydropathy plot, like the individual plots shown 
in Figure 3, clearly demonstrates that the regions 
between spanners 2 and 3 in segments 1 are sub- 
stantially more hydrophobic than the regions be- 
tween spanners 5 and 6 in segments 2. Otherwise 
the two halves show remarkable similarity, not 
only in degree of hydrophobicity, but also in the 
average spacing between peaks. 

In Figure 4B (lower panel) the average simi- 
larity scores for the same eight proteins are plot- 
ted as a function of position. Comparison of the 
data shown in Figures 4A and 4B clearly demon- 
strates that the six hydrophobic spanners consis- 
tently show peaks of sequence similarity and that 
the loop regions between them usually show lower 
degrees of similarity. However, the hydrophilic 
regions between spanners 2 and 3 in segments 1 
and spanners 5 and 6 in segments 2 show maxi- 
mal degrees of sequence similarity. The f i s t  of 

these two regions is more conserved than the 
second, but both exhibit similar sequences that 
are characteristic of the currently known MIP 
family members. The sequences shown above 
these two peaks of sequence similarity in Figure 
4B reveal the degree to which they resemble each 
other. 

D. Multiple Alignment of All Sequenced 
MIP Famlly Members 

The multiple alignment of all 18 sequenced 
MIP family proteins is shown in Figure 5. Align- 
ment positions are indicated above the multiple 
alignment, while the residue positions in each 
protein are indicated at the beginning of each line. 
Positions with fully conserved residues or with 
only one nonconserved residue are shaded black, 
while the consensus sequence (at least nine resi- 
dues conserved) is provided below the multiple 
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50 150 200 250 

Position 
FIGURE 3. Hydropathy analyses of eight representative members of the MIP family. One 
member of each subgroup (Figure 1) was selected for detailed analysis. The abbreviations of 
the selected proteins are provided in Table 2. The program of Kyte and Doolittle (1982) was 
used to generate the hydropathy plots. Dashed lines delineate the boundaries of the three- 
spanner, repeated segments 1 and 2 within each of these proteins. 
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Q. 
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0 100 200 Position 300 
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FIGURE 4. Average hydropathy plot (A upper panel) and average similarity plot (B lower panel) for the eight 
representative proteins of the MIP family depicted in Figure 3. The average hydropathy and average similarity 
plots were calculated using a sliding window of 20 residues. The average similarity across the entire alignment 
in (B) is shown as a dotted line. The plot reveals the coincidence of hydropathy and similarity plots except for 
the peaks of similarity between spanners 2 and 3 and spanners 5 and 6. The degenerate sequences of these 
two hydrophilic regions were derived from all protein members of the MIP family rather than from the seven 
representative proteins shown in Table 1 and are provided above the similarity plot. In these sequences, 
ambiguous residues at a particular position are given in parentheses, whereas an X indicates that any residue 
can occur at the specified position. 

alignment. Following a variable N-terminal re- 
gion is a conserved, hydrophobic stretch of about 
18 residues containing a single fully conserved 
glutamyl residue (E) at position 3 in the multiple 
alignment. These 18 residues correspond to puta- 
tive transmembrane spanner #1, and the conserved 
glutamyl residue is in the N-terminal portion of 
this spanner, near the cytoplasmic side of the 
membrane. A largely conserved threonyl residue 
(T) occurs four residues after the fully conserved 
glutamyl residue (position 7). The loop region 
between spanners 1 and 2 shows many gaps, but 
the entire region from the beginning of putative 

transmembrane spanner 2 to the end of spanner 3 
is well conserved. The consensus sequence re- 
veals two five-residue sequences that are largely 
conserved: I S G A H and N P A V T, separated 
by a single variable hydrophobic residue (posi- 
tions 95 to 105 in the multiple alignment). The 
N P A V T sequence is particularly well conserved. 
Within the putative transmembrane spanner 3, at 
positions 126 and 129, are fully conserved 
glutaminyl and glycyl residues, respectively. 

Following the central loop region where nu- 
merous gaps occur, putative transmembrane span- 
ner #4 with its fully conserved glutamyl (E) resi- 
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due is found (position 194). Like the homolo- 
gous spanner 1 in segment 1, a largely con- 
served threonyl residue (T) occurs four resi- 
dues after the conserved glutamyl residue (po- 
sition 198). 

At the beginning of the loop region between 
spanners 4 and 5 is a nearly fully conserved 
aspartyl (D) residue (position 231), not found 
between spanners 1 and 2 in segment 1. However, 
greater variability is observed in the regions be- 
fore and after spanners 4 and 5 when compared 
with the corresponding regions in segments 1. In 
the highly conserved loop regions between span- 
ners 5 and 6 (on the outer surface of the mem- 
brane), only a T G sequence (positions 274 and 
275), corresponding in position to the I S G A H 
sequence in segment 1, is recorded in the consen- 
sus sequence (Figure 5); however, the N P A V T 
sequence of segment 1 is largely conserved as 
N P A R S .  Four additional fully or nearly fully 
conserved residues are seen within or following 
spanner 6: a tryptophanyl (W) residue at position 
3 1 1, a prolyl (P) residue at position 3 17, a glycyl 
(G) residue at position 320, and a tyrosyl (Y) 
residue at position 328. The well-conserved P Hy 
Hy G sequence (positions 3 17 to 320) corresponds 
to the Q Hy Hy G sequence of segment 1 (Hy 
denotes any hydrophobic residue). 

The presence of a largely conserved arginyl 
(R) residue in the external loop between spanners 
5 and 6 (position 282 in the multiple alignment 
shown in Figure 5) is surprising in view of the 
“positive charge inside” rule of von Heijne that 
states that basic residues (lysyl and arginyl resi- 
dues) occur with higher frequency on cytoplas- 
mic loops than on external loops (von Heijne, 
1991). The computer program of von Heijne 
(1992) for prediction of transmembrane topology 
was applied to several sequences shown in Figure 
5, and six to eight putative transmembrane span- 
ners were predicted for the various proteins. The 
“inside-out” rule (von Heijne, 1992) was, on the 
average, followed for these proteins. For example, 
assuming six transmembrane spanners for the eight 
divergent, representative proteins depicted in Fig- 
ure 3, the average number of positive charges 
found outside of the putative transmembrane seg- 
ments were as follows: N-termini, 1.5; loops 1 
(outside), 0.9; loops 2 (inside), 2.1; loops 3 (out- 

side), 1.25; loops 4 (inside), 1.75; loops 5 (out- 
side), 1.1, and C-termini, 3.6. 

E. Sites of Phosphorylation of MIP 
Famiiy Proteins 

A site of phosphorylation of MIPBta is serine 
residue 243 near the C-terminus of the protein 
(Johnson et al., 1986; Lampe et al., 1986, 1988; 
Lampe and Johnson, 1989). This residue is not 
conserved in other MIP family members (not 
shown). The phosphorylation of this residue oc- 
curs by a cyclic AMP-dependent (A-type) kinase, 
and its phosphorylation by protein b a s e  A con- 
verts a voltage-independent Na+ channel into a 
voltage-dependent channel (Ehring et al., 1991). 
MIPBta can also be phosphorylated by a Ca2+- 
calmodulin-type (C-type) kinase, but the position 
of this latter phosphorylation is not known (Lampe 
et al., 1986; Lampe and Johnson, 1989). a-TIP 
from the kidney bean (TIPPvu) (Johnson and 
Chrispeels, 1992) and NOD from soybeans 
(NODGma) (Weaver et al., 1991) are also known 
to be phosphorylated. The position of phosphory- 
lation in NOD by a Ca2+-dependent calmodulin- 
independent kinase (Weaver et al., 1991; Weaver 
and Roberts, 1992; Mia0 et al., 1992) is a C- 
terminal seryl residue (S262). a-TIP from kidney 
bean is phosphorylated on an N-terminal serine 
(S7) (Johnson and Chrispeels, 1992). These phos- 
phorylated residues are always present in the N- 
terminal and C-terminal portions of the MIP fam- 
ily proteins that are not well conserved in the 
proteins whose sequences are depicted in Figure 
5, and consequently these portions of the align- 
ment are not shown. In the case of NOD, phos- 
phorylation correlated with stimulation of malate 
uptake across the peribacteroid membrane of the 
soybean nodule (Ouyang et al., 1991). Site-spe- 
cific mutagenesis analyses of these phosphoryla- 
tion sites in only one member of the MIP family, 
a-TW of kidney bean, have been reported, and in 
this case, the S7A mutation abolished phosphory- 
lation of the protein as expected (M. Chrispeels, 
personal communication). These results establish 
that the poorly conserved N- and C-termini of 
MLP family proteins can serve in regulatory ca- 
pacities rather than catalytic capacities. 
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F. Signature Sequence for the MIP 
Family 

Employing the multiple alignment of the 18 
proteins shown in Figure 5, the following signa- 
ture sequence was derived: (HQ) (LIVIW) N P 
(AST) (LIVh4F) T (LIVMF) (GA). Ambiguous 
residues at a specific position are given in paren- 
theses. This signature sequence corresponds to 
residues 99 through 107 in the multiple alignment 
shown in Figure 5 (between transmembrane span- 
ners 2 and 3). It recognizes all currently known 
protein members of the MIP family, but not other 
protein(s) currently present in the PIR (version 
34) and SWISSPROT (version 23) databanks. The 
signature sequence proposed here should assist in 
the identification of new protein members of this 
family and should replace the signature sequence 
of the MIP family proposed by Bairoch (1992). 

G. Multiple Alignment of Segments 1 
with Segments 2 and Generation of the 
Corresponding Phylogenetic Tree 

When segments 1 and 2 are multiply aligned 
(Figure 6), only five residues are fully conserved 
or conserved in all but one position. These resi- 
dues, highlighted in black, are the glutamyl (E) 
residue at the beginning of spanners 1 and 4, the 
NPA sequence between spanners 2 and 3 (seg- 
ments 1) as well as spanners 5 and 6 (segments 2), 
and the glycyl (G) residue found just after span- 
ners 3 and 6. However, the fourth residues fol- 
lowing the conserved glutamyl residues at the 
beginnings of spanners 1 in segments 1 and span- 
ners 4 in segments 2 are threonyl residues in all 
but four of the proteins. In three of these proteins, 
a seryl residue replaces the conserved threonyl 
residue. Only in FF’S(Sce)2 is a nonhydroxyl amino 
acid present at this position. Because segments 1 
are oriented in the membrane from inside to out, 
and segments 4 are of the opposite orientation, 
these hydrophilic residues could partially com- 
prise the hydrophilic lining of a transmembrane 
channel with the symmetric transmembrane se- 
quence: E T T E. No other conserved transmem- 
brane hydrophilic residues seem to serve as can- 
didates for potential hydrophilic channel liners. 

The phylogenetic tree corresponding to the 
multiple alignment shown in Figure 6 is shown in 
Figure 7. Although branch lengths vary substan- 
tiaIly, the tree is largely symmetrical with all 
segment 2 sequences depicted on the left and all 
segment 1 sequences depicted on the right. Thus, 
the order of the sequences depicted on the left is 
the same as those shown on the right except for 
the plant proteins where the three major clusters 
are inverted relative to each other in the segment 
1 vs. segment 2 sides of the tree. This difference 
may help to explain the discrepancies in the clus- 
tering patterns observed for intact plant proteins 
depicted in Figure 1A vs. Figure 1B (see earlier). 
The obvious near “mirror image” appearance 
observed in Figure 7 strongly argues for the par- 
allel evolution of segments 1 and 2 from a com- 
mon ancestral sequence at rates which were at 
least comparable. The configuration of the tree 
implies that the tandem intragenic duplication that 
gave rise to the primordial gene encoding the six- 
spanner precursor of the MIP family occurred 
before any of the duplication and divergence events 
that led to the different members of the family. 

H. Statistical Analyses of the Binary 
Comparisons for Segments 1 and 
Segments 2 

Table 3 presents a matrix of binary compari- 
son scores for representative segments 1 against 
each other (top left), for the corresponding seg- 
ments 2 against each other (bottom right), and for 
these segments 1 against the corresponding seg- 
ments 2 (top right, boxed). Data for the eight 
divergent, representative, MIP family proteins 
depicted in Figure 3 are presented. When segment 
1 is compared with segment 2 of the same protein, 
the value obtained is highlighted with a black 
background. Examination of the values obtained 
when segments 1 or segments 2 are compared 
with segments 1 or segments 2, respectively, re- 
veals clear homology (comparison scores [in 
brackets] frequently above 9 SD). By contrast, 
when segments 1 are compared with segments 2, 
values of this magnitude are seldom obtained, 
even when the two segments compared are within 
the same protein (highlighted values, black back- 
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h h - 
m ae 

35 
5 s =  

BlBl(Dma) 

NODl(Gma), \ 5 b l  

RtTfPl(Nto) / “Is\ 

GLPl(Bsu) /36 \ 
p’ c.-,c--\ ORF2( Lla) 

FIGURE 7. Phylogenetic tree of the MIP family segments 1 (1) and segments 2 (2) presented in 
Figure 6. The tree was constructed as described in the legend to Figure 1 employing the TREE 
program. Branch lengths, proportional to evolutionary distances, are provided except when less than 
1 arbitrary unit. Abbreviations for the various MIP family proteins are as presented in Table 2. 

ground). Thus, values of 9 SD (W-TIPAth2 vs. 
aTIPAth1) and 7 SD (aTIPAth1 vs. aTIPAth2) 
were among the largest comparison scores ob- 
tained. A binary comparison matrix of segments 
1 and segments 2 of all currently sequenced mem- 
bers of the MTP protein family confmed this 
conclusion, indicating that the data shown in 
Table 3 faithfully represent the similarity scores 
of the two repeats in all members of the MIP 
family (data not presented). These observations 
further substantiate the conclusion that divergence 
of segments 1 from segments 2 following the 
intragenic duplication event which gave rise to 
the intact protein of six transmembrane spanners 
occurred substantially before the divergence events 
that gave rise to the different members of the MIP 
family. 

Distance scores for all segments 1 against 
each other, for all segments 2 against each other, 
and for all segments 1 against all segments 2 were 

calculated and tabulated in decreasing order of 
the distance scores for the intact proteins being 
compared. One hundred and twenty distance scom 
for the segment 1:segment 1 or segment 2:seg- 
ment 2 comparisons were obtained, while 240 
segment 1 :segment 2 comparisons were obtained. 
These distance scores were then subdivided into 
ten groups of decreasing distance scores for the 
intact proteins being compared (12 or 24 values in 
each group) and averaged. As shown in Figure 8, 
when the intact protein distance scores were large 
(i.e., for distantly related proteins), the correspond- 
ing values for the segment 1 vs. segment 1 com- 
parisons were of lesser magnitude than those for 
the segment 2 vs. segment 2 scores. By contrast, 
when the intact protein distance scores were small 
(i.e., for closely related proteins), the distance 
scores for segments 1 vs. segments 1 were gener- 
ally larger than the segment 2 vs. segment 2 scores. 
The values presented in Figure 8 reveal that seg- 
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ments 1 are more similar to each other than are 
the segments 2 when they are derived from dis- 
tantly related proteins, but that segments 2 are 
more similar to each other than are segments 1 
when they are derived from closely related pro- 
teins. 
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FIGURE 8. Correlation of the averaged distance 
scores between intact protein members of the MIP 
family (plotted on the X axis) with the corresponding 
segment 1 :segment 1 comparisons (Segments 111 ; 
120 total), the corresponding segment 2:segment 2 
comparisons (segments 2/2; 120 total), and the corre- 
sponding segment 1 segment 2 comparisons (segments 
112; 240 total), plotted on the Y axis. See text for 
details. 

Also presented in Figure 8 are the results of a 
similar averaging process when segments 1 are 
compared with segments 2. It can be seen that 
segments 1 are more similar to segments 2 for 
similar proteins than for highly divergent pro- 
teins. This observation suggests that while seg- 
ments 1 and 2 play different functional roles, they 
nevertheless function in some cooperative capac- 
ity. This proposed common function must ac- 
count for the evolutionary pressure which caused 
similar proteins to exhibit segment 1 sequences 
that more closely resemble segment 2 sequences 
than for the evolutionarily divergent proteins of 
the MIP family. 

These observations lead to the conclusion that 
segments 1 must be more important for the gen- 
eralized or common structure/function of the en- 

tire family of MIP proteins, while segments 2 are 
more important for the specific or dissimilar func- 
tions of these proteins, shared only by closely 
related proteins. A common function primarily 
involving segments 1 might be proper membrane 
insertion or channel formation, while a dissimilar 
function, determined more by the segments 2, 
might be solute specificity or channel regulation. 
Both segments might function cooperatively, for 
example, to create the channel, but with a greater 
dependency on segment 1 than on segment 2. The 
results of site-specific mutagenesis studies are 
likely to provide answers as to the nature of the 
functional differentiation that these repeat se- 
quences have undergone during evolutionary his- 
tory. 

JV. DISCUSSION 

The two halves of all MIP family proteins 
were apparently derived from a common ances- 
tral gene, half as big as the current genes, and this 
ancestral gene tandemly duplicated internally to 
give rise to the primordial gene of the MIP family 
proteins. We presume that this event occurred in 
prokaryotes, well before divergence of the spe- 
cies. MIP family proteins are roughly related to 
each other as are the organisms in which they are 
found (Figures 1 and 7). Because only one such 
gene has been found in any one bacterium, but 
several have been found in single eukaryotes, we 
propose that a single MIP family gene was trans- 
mitted vertically from the prokaryotic ancestor to 
each of the eukaryotic kingdoms (animals, plants, 
and fungi) and that these genes then duplicated 
and diverged within the eukaryotes to yield cur- 
rent MIP protein subfamilies. 

Initial statistical analyses revealed that seg- 
ments 2 exhibit a higher degree of average simi- 
larity (i.e., they have lower average distance 
scores) than do the segments 1, but that the seg- 
ments 2 also exhibit more variability (data not 
presented). Comparison of the segment 1 vs. seg- 
ment 1 distance scores with the corresponding 
segment 2 vs. segment 2 distance scores, both 
plotted as a function of the distance scores for the 
intact proteins (Figure 8), revealed that when the 
proteins are closely related, the segment 2 scores 
are usually smaller than the segment 1 scores, but 
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when the proteins are distantly related, the seg- 
ment 1 scores are generally smaller than the seg- 
ment 2 scores (see Figure 8). This observation led 
us to propose that the N-terminal halves evolved 
for a function largely common to all MIP family 
proteins, such as channel formation or membrane 
insertion, while the second halves differentiated 
to play a subfamily specific role such as solute 
specificity or regulation. Our statistical analyses 
appear to provide the first evidence for regional 
differentiation of permease proteins derived from 
repeated internal structural elements. 

The picture emerging from the statistical 
analysis of the earlier-mentioned distance scores 
is, however, incomplete. When segment 1 vs. 
segment 2 distance scores are compared with each 
other for structurally and functionally divergent 
MIP family proteins when compared with MIP 
family proteins of similar structure and function, 
we found that segments 1 are more similar to 
segments 2 for the similar or identical proteins. 
This observation suggests that the two segments 
have retained at least one common function that 
depends on some degree of sequence similarity 
between the two segments. 

We have recently conducted comparative 
functional analyses employing two of the MIP 
family proteins, i.e., y-TIPAth and GLPEco, fol- 
lowing expression in Xenopus oocytes (Maurel et 
al., 1993). The results of [*4C]glycerol uptake 
measurements have established that GLPEco, but 
not y-TIPAth, can transport this straight chain 
carbon compound. The results show, however, 
that of these two proteins, only y-TIPAth readily 
transports water. Detailed analyses of [ *4C]glycerol 
uptake via GLPEco has confirmed virtually all of 
the functional characteristics reported by Heller 
et al. (1980). Thus, GLPEco is a simple channel 
protein capable of facilitating the nonspecific 
passage of straight chain compounds across the 
membrane. We anticipate that all protein mem- 
bers of the MIP family will prove to exhibit simple 
channel characteristics, but each for differing sub- 
strates. Current evidence favors this notion al- 
though more extensive experimental work will be 
required to establish the nature of the substrates 
transported in each individual case. 

The analyses reported in an earlier paper (Pa0 
et al., 1991) and presented more extensively in 
Table 2 and Figure 7 have also led to the proposal 

that MIP family proteins evolved by duplication 
of a triplex, that is, a three-spanner precursor 
(Figure 2), about 2.5 billion years ago, shortly 
before the advent of eukaryotes on Earth (Figure 
9). By contrast, the mitochondrial carrier family 
(MCF) apparently evolved more recently by trip- 
lication of a duplex, that is, a two-spanner precur- 
sor, probably about 1.5 billion years ago, after the 
advent of mitochondria within eukaryotes (Kuan 
and Saier, 1993; see accompanying paper). All 
members of the latter family occur in eukaryotic 
organelles (most are within mitochondria), and 
none have yet been found in prokaryotes. Com- 
parison scores obtained when comparing the in- 
ternal repeat sequences within protein members 
of the MCF are much larger than those obtained 
when corresponding analyses are conducted with 
the ME' family (Figure 9 and Kuan and Saier, 
1993). These findings indicate that the internal 
repeats within the MCF protein members are less 
divergent than the internal repeats within various 
members of the MIP protein family. Finally, it 
has been suggested that the major facilitator su- 
perfamily (MFS) (Marger and Saier, 1993; Reizer 
et al., 1993) evolved much earlier, possibly by 
duplication of a six-spanner precursor (Henderson 
and Maiden, 1990; Henderson, 199 1 ; Gfl i th  et al., 
1992). This last-mentioned duplication event prob- 
ably occurred greater than 3.5 billion years ago, 
long before the advent of eukaryotes on Earth. It 
is probably only in this last family, the MFS, that 
the duplication and divergence events, giving rise 
to currently recognized protein members of the 
MFS, occurred long before the prokaryotic-eu- 
karyotic divergence (Marger and Saier, 1993). 
Thus, although these three transport protein fami- 
lies (the MIP family, the MCF, and the MFS) 
evolved independently of each other, by distinct 
routes,and at different times in evolutionary his- 
tory, they all generated fundamental structural 
units of six transmembrane spanners. This obser- 
vation disproves the proposal of several investi- 
gators, suggesting that transport proteins exhibit- 
ing the characteristic six-spanner unit (Saier and 
Reizer, 1991; Nikaido and Saier, 1992) might 
share a common evolutionary origin (Krupinski 
et al., 1989; Maloney, 1990; Saier, 1990; Jan and 
Jan, 1992). Why this six transmembrane struc- 
tural element is so often used for transport func- 
tion has yet to be ascertained. 
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RECONSTRUCTED HISTORY OF THREE TRANSPORT PROTEIN FAMILIES 

Family: MC < MIP 

Primordial flom 
Protein: 

Average 
Comparlson 4.5-6.1 S.D. 1.5 S.D. 
Score: 

< MF 

< O  S.D. 

FIGURE 9. Proposed dissimilar evolutionary pathways for three families of transport proteins all of which 
exhibit the six spanner structural unit (Saier and Reizer, 1991; Nikaido and Saier, 1992). The mitochondrial 
carrier (MC) family arose by triplication of a two-spanner segment, estimated to have occurred about 1.5 
billion years ago (average comparison scores between segments of 4.5 to 6.1 SD; Kuan and Saier, 1993). 
The MIP family arose by duplication of a three-spanner segment, about 2.5 billion years ago (average 
comparison scores between segments 1 and 2 of 1.5 SD), while the major facilitator (MF) family may have 
arisen by duplication of a six-spanner segment, an event which occurred more than an estimated 3.5 billion 
years ago (comparison scores between six-spanner segments of e0 SD) (Henderson and Maiden, 1990 
Henderson, 1990, 1991; Griffith et al., 1992 Marger and Saier, 1993). 
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