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Abstract—Bacterial proteins from the MIP family of membrane channels are divided into two subfamilies,
glyceroaquaporins and aquaporins. The earlier developed method SDPred [1,2] was applied to predict
amino acid residues responsible for specific functional features of these two subfamilies. Five of such resi-
dues mapped to the external side of the monomer. The analysis of the tetrameric glyceroaquaporin GlpF
from Escherichia coli reported here demonstrates that these residues—20Leu, 24Phe, 43Glu, 108Tyr, and
193Ser—form tight intersubunit contacts. Moreover, these residues form contacts between each other in two
spatial clusters. This allows us to suggest that 20Leu, 24Phe, 43Glu, 108Tyr and 193Ser form specific pat-
terns on the external side of GlpF monomers that are responsible for correct recognition of monomers and
preclude formation of chimeric oligomers with aquaporins from the other family.
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INTRODUCTION

The MIP (Major Intrinsic Protein) family is a
large group of selective membrane channels respon-
sible for passive transport of water and some other
small molecules such as glycerol, urea, ammonia,
Ni,, etc. [3]. These proteins play a major role in os-
motic regulation. They are found in diverse organ-
isms from bacteria and archaea to yeasts, plants, and
animals. Basing on sequence similarity, they were
divided into six subfamilies [4], of which only two
were found in bacteria: aquaporins (water channels)
and glyceroaquaporins (channels conducting glyc-
erol and water, the latter much less effectively than
aquaporins [5]).

The structure of several proteins of the MIP
family has been solved by X-ray analysis. These are
glyceroaquaporin GIpF from Escherichia coli [6],
aquaporins AQP1 from cattle [7] and human [8], and
AgpZ from E. coli [5]. The 3D structure of monomers
is a sheaf of six long transmembrane alpha-helices
and two shorter alpha-helices reaching only half of

the membrane. The conducting channel is in the mid-
dle of the sheaf (Fig. 1a). In the membrane these pro-
teins usually form tetramers [5, 6], and it is discussed
whether the channel formed by the monomers is an
additional ion-conducting channel [3, 6].

Families of homologous proteins whose func-
tions are generally similar but the substrate specific-
ities different pose the problem of identifying the
amino acid residues responsible for the differences in
specificity. This problem is especially interesting
when the 3D structure of the proteins is not known,
and it has been addressed in a number of recent stud-
ies [9-11]. In particular, we developed an algorithm
for identification of specificity-determining positions
(SDPs) [1, 2]. It is based on statistical analysis of
multiple protein alignment divided into groups of pro-
teins with the same specificity, and does not require
any additional structural data. On the other hand, such
data are useful for testing the algorithm.

For the bacterial proteins from the MIP family,
we identified 21 SDPs [1]. Mapping of these proteins
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Table 1. Contacts of residues in A-type (a) and B-type (b) clusters with residues from other GlpF subunits (contacts
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between SDPs are in bold; contact with 194Met is in italics)

(@)
subunit [ subunit II subunit [V
residue atom residue atom residue atom distance (A)
Glu43 OEl1 Ser38 0] 4.8
Glu43 OE2 Glu43 OE2 4.1
Glu43 CG Trp42 CD1 3.7
Glu43 OE2 Glu43 OE2 4.1
(b)
subunit | subunit IT

residue atom residue atom distance (A)
Leu20 CD2 Ile158 CD1 4.3
Leu20 CD1 Leul62 CD2 45
Phe24 CczZ Tle158 CG2 3.9
Phe24 CczZ Leul86 CDl1 39
Phe24 CE2 Vall89 CG2 3.8
Phe24 CE2 1e190 CGl 3.7
Phe24 CA Ser193 CB 39
Phe24 (0) Ser193 oG 4.2
Phe24 (0] Ser193 CB 33
Gly27 o Ser193 (0] 3.2
Cys28 CA Ser193 CA 3.8
Tyr108 OH Ser193 (0] 2.6
Tyrl08 CEI Met194 CE 3.7
Tyr108 CEl Leul97 CDl1 39

into the known GIpF structure [6] demonstrated that
five SDPs—20Leu, 24Phe, 43Glu, 108Tyr, and
193Ser—Iie on the outer side of the monomer and
could participate in the tetramer formation. The aim
of this study was to check this conjecture.

METHODS

The SDP prediction algorithm SDPred [1, 2]
was used to determine positions responsible for spe-
cific ligand recognition. The algorithm is based on
statistical analysis of multiple alignment, in which
groups of proteins having the same specificity are de-
fined. The training alignment was done by ClustalX
and included 17 proteins: 10 glyceroaquaporins with
average sequence identity 48%, and 7 aquaporins with
average identity 59%. The average identity between
the groups was 45%.

The set of SDPs was compared with the GIpF
structure [6] from PDB, identifier 1fx8, using the vi-
sual representation and contact analysis by RasMol
v.2.7.2.1.

RESULTS

SDPred identified in the MIP alignment 21
SDPs corresponding to the following residues in GlpF
from E. coli:: 20Leu, 22lle, 24Phe, 43Glu, 48Trp,
108Tyr, 135Phe, 136Ser, 137Thr, 159Leu, 187Ile,
191Gly, 193Ser, 194Met, 195Gly, 199Gly, 200Phe,
201Ala, 207Asp, 211Lys, 236Pro (Fig. 1b). In [1] we
demonstrated that of these, 16 residues either are in
tight contact with glycerol, or belong to the chan-
nel-forming helices on the internal (channel) side
(gray spheres in Fig. 1). Five residues, 20Leu, 24lle,
43Glu, 108Tyr, 193Ser, lie on the external side of the
monomer (white spheres on Fig. 1). One more
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(b)

Glycerol

Fig. 1. (a) The structure of the GlpF monomer from E. coli (1fx8). (b) Predicted SDPs in the GlpF monomer from E. coli (1{x8).
Atoms of SDPs contacting glycerol or situated on the cjannel side are shown as gray spheres. Atoms of SDPs lying on the exter-
nal side are shown as white spheres. 194Met is marked by an arrow.
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Fig. 2. Predicted SDPs in the GlpF tetramer from E. coli (1fx8, biological unit). Atoms of SDPs lying on the intersubunit contact

surface are shown as white spheres.

residue, 194Met, has main chain atoms in the channel
side of the helix, and side chain atoms on the external
side (arrow on Fig. 1). Here we checked whether the
external side residues 20Leu, 24lle, 43Glu, 108Tyr,
193Ser participate in contacts responsible for forma-
tion of the GIpF tetramer.

Each GIpF subunit forms contacts (defined as
having at least a pair of atoms at the distance not
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exceeding 4.5A) with 69 residues from the other three
subunits. All five external SDPs belong to this list.
Moreover, of 6 tightest contacts (at least one inter-
atomic distance less than <3.0A), two are the predicted
108Tyr and 193Ser. It should be noted that the
oligomerization of GIpF leads to a decrease in accessi-
ble surface, and this decrease is highest at 193Ser that
is almost completely shielded from the solvent [12].
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Fig. 3. (a) SDPs in the A-type cluster. Oxygen atoms are shown by gray spheres. The distances are given in Angstroms. (b) SDPs

in the B-type cluster.
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Fig. 4. Comparison of contacts in B-type clusters of the GIpF tetramers [6] and AqpZ tetramers [5] from E. coli. Aligned resi-
dues are shown in corresponding positions (e.g. 108Tyr in GIpF corresponds to 103Ala in AqpZ). Two residues are joined by a
line if the distance between them allows for the contact. The distances are given in Angstroms. Hydrogen bonds supporting al-
pha-helices are not taken into account. Residues corresponding to predicted SDPs are set in bold.

Figure 2 shows the positions of 20Leu, 24lle,
43Glu, 108Tyr, 193Ser in the tetramer structure.
These residues form compact clusters of two types.
One A-type cluster is formed by 43Glu from all four
subunits (Fig. 3a), whereas each of four B-type clus-
ters is formed by 20Leu, 24Ile, 108Tyr from one
subnit and 193Ser from another subnit (Fig. 3b). The
contacts of these residues with residues from other
subunits are listed in Table 1a (A-type cluster) and 1b
(B-type cluster).

The A-type cluster is formed by four glutamic
residues contacting through carboxyl groups, which is
unusual. One possible explanation could be the exis-
tence of magnesium ion coordinated by these residues
and molecules of water [6]. Another possibility could
be formation of a network of hydrogen bonds between
the NH group of 40Gly, protonated forms of carboxyl

groups of 43Glu, and water molecules clustered in
this area (Fig. 3a). The carbon atoms of 43Glu(I) also
form contacts with the carbon atoms of 42Trp(IV). In-
terestingly, in the glyceroaquaporin subfamily, Trp in
position 42 is observed only in proteins with Glu in
position 43; in other cases the combination 43V + 421
is observed.

The B-type clusters are formed by three residues,
20Leu(I), 24Phe(I), 108Tyr(I), of one subunit and one
residue, 193Ser(Il), of another subunit (Fig. 3b). One
more close residue is 194Met(II) that forms a contact
with 108Tyr(I). 20Leu(I) does not form contacts with
SDP from the other subunit, but it forms contacts with
other residues from the second subunit and with
24Phe(I) (not shown). The hydroxyl of 108Tyr(I) and
the carbonyl of 193Ser(Il) could form a hydrogen
bond.
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Thus five external SDPs participate in inter-
subunit contacts of the GlpF tetramer. Moreover, they
participate in tight contacts and form contacts with
each other. Since, by the basic assumption, SDPs are
responsible for specific interactions, it is interesting to
compare the above-described clusters of GIpF with
the corresponding clusters in AqpZ. In the latter, the
region corresponding to the A-type cluster is differ-
ent. Residue 43Glu of GIpF corresponds to residue
38Gly of AgqpZ that forms no contacts with either
38Gly of other subunits, or 37Ala (corresponding to
42Trp of GIpF), but can form an intersubunit contact
with 175Leu (the distance between them is 3.7 A). On
the other hand, the structure of the region correspond-
ing to the B-type cluster is more or less conserved
(Fig. 4), although it is formed by different residues. It
should be noted that the residues corresponding to
two of four SDPs in this cluster, 24Phe and 193Ser in
GlpF, and 18Gly and 176lle in AqpZ form tight con-
tacts in both tetramers (3.3 A and 3.2 A respectively).

DISCUSSION

Prediction of SDPs in proteins functioning as
oligomers often identifies positions that in known
structures are involved in intersubunit contacts. Thus,
the set of SDPs identified in the bacterial transcription
factor family Lacl included not only residues contact-
ing DNA and ligand, as expected, but also tight
intersubunit contacts [1, 2]. In the case of the MIP
family considered in detail here, five SDP residues
participate in tight intersubunit contacts.

This prompts a conjecture that selection in po-
sitions responsible for oligomerization is correlated
with selection in positions determining the specific-
ity of substrate binding. In the MIP family we actu-
ally see tight spatial clusters of SDPs involved in
intersubunit contacts that could provide specific rec-
ognition patterns precluding formation of chimeric
aquaporin—glyceroaquaporin heterooligomers.
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