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ABSTRACT: Aquaporin-2 (AQP2), a vasopressin-regulated water channel, plays a major role in urinary
concentration. AQP2 and the major intrinsic protein (MIP) of lens fiber are highly homologous (58%
amino acid identity) and share a topology of six transmembrane helices connected by five loops (loops
A-E). Despite the similarities of these proteins, however, the water channel activity of AQP2 is much
higher than that of MIP. To determine the site responsible for this gain of activity in AQP2, several parts
of MIP were replaced with the corresponding parts of AQP2. When expressed inXenopusoocytes, the
osmotic water permeability (Pf) of MIP and AQP2 was 48 and 245× 10-4 cm/s, respectively. Substitutions
in loops B-D failed to increasePf, whereas substitution of loop E significantly increasedPf 1.5-fold. A
similar increase inPf was observed with the substitution of the front half of loop E.Pf measurements
taken in a yeast vesicle expression system also confirmed that loop E had a complementary effect, whereas
loops B-D did not. However,Pf values of the loop E chimeras were only∼30% of that of AQP2.
Simultaneous exchanges of loop E and a distal half of transmembrane helix 5 just proximal to loop E
increasedPf to the level of that of AQP2. Replacement of helix 5 alone stimulatedPf 2.7-fold. Conversely,
Pf was decreased by 73% when helix 5 of AQP2 was replaced with that of MIP. Moreover,Pf was
stimulated 2.6- and 3.3-fold after helix 5 of AQP1 and AQP4 was spliced into MIP, respectively. Our
findings suggested that the distal half of helix 5 is necessary for maximum water channel activity in
AQP. We speculate that this portion contributes to the formation of the aqueous pore and the determination
of the flux rate.

Water transport across the cell membrane is essential for
the maintenance of the intracellular environment. Physi-
ological evidence has shown that water molecules move
through a selective pore. In fact, a water channel protein,
now designated as aquaporin (AQP),1 was first identified in
1992 (1). In intervening years, AQPs and their homologues,
the major intrinsic protein (MIP) families, have been found
repeatedly throughout nature (2). Ten AQPs (AQP0-9) are
identified at present in mammals (3, 4), and all of them have
six transmembrane helices with three extracellular loops (A,
C, and E) and two intracellular loops (B and D), as shown
in Figure 1A (5, 6). In the amino acid sequences of MIP
and AQP, the first half is homologous to the second half
and each repeat contains a conserved Asn-Pro-Ala (NPA)
motif in cytoplasmic loop B and extracellular loop E (7). A
number of investigators have examined the structure-
function relationship in several AQPs. A site-directed mu-
tagenesis study of AQP1 suggested that two NPA motifs of

loops B and E participate in the formation of a water channel
pore (“the hourglass model”) (8). Three-dimensional analysis
by electron crystallography confirmed that the AQP1 mono-
mer consists of six membrane-spanning and tiltedR-helices
(9-11). The six helices surround a central structure con-
nected to helix 2 and helix 5 or 6, suggesting that the central
structure is composed of loops B and E (9-11). These
results, taken together with a similar observation made in
MIP monomer (12), support the hourglass model (8). In
addition, a chimeric study of AQP2 suggested that loops C
and D are also associated with pore formation (13). It should
be noted, however, that this result is derived from studies
dealing with loss-of-function chimeras (see below), so
caution is required in their interpretation.

AQP2 is a vasopressin-regulated water channel (14, 15)
that is indispensable for urinary concentration. Among AQPs
and MIPs, AQP2 is highly homologous (58%) to MIP
(AQP0), although its water channel activity is much higher
than that of MIP (16). This distinct functional difference
despite the high degree of similarity between their amino
acid sequences prompted us to determine the regions
responsible for the high water permeability of AQP2 by
making chimeras of AQP2 and MIP. Such an attempt was
previously performed by Mulders et al. with no obvious
identification of the responsible regions (17). A major pitfall
of chimeric studies is the interpretation of the loss-of-function
chimeras. When a chimera loses its original function, the
replaced part could very well be critical for that function,
but there are also a number of other possible explanations
such as a nonspecific structural change, instability of the
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chimera RNA or protein, or a processing defect of chimera
proteins between the endoplasmic reticulum and the cell
surface. To account for these possibilities in the study
presented here, we replaced loops B-E and transmembrane
helix 5 of MIP with those of AQP2 and evaluated the results
showing gain of activity, thereby allowing a more straight-
forward interpretation of the results.

EXPERIMENTAL PROCEDURES

Construction of the MIP and AQP2 Chimera.Chimeras
of human AQP2 and bovine MIP were made with the
polymerase chain reaction (PCR) technique using the MIP
expression vector as a template (18). A fragment between
ClaI and XbaI sites in pMIP/ev1 was replaced with a PCR
fragment encoding the mutants. Figure 1C-N depicts the
chimeras made in this study. Loops B-E (LB-LE) and a
part of transmembrane helix 5 (H5) of AQP2 were substituted
for those of MIP. Table 1 lists the primers used in this study.
PCR was performed twice for the whole exchange of loop
B, C, or E. For example, to make the LB AQP2-MIP
chimera (Figure 1D), the front half of loop B was replaced
using primers 1 and 2, and then the back half was replaced
using primers 3 and 4. In the helix 5 chimera, a 10-residue
sequence just proximal to loop E of MIP (residues 168-
177, LTLGHLFGMY) was exchanged with the same se-
quence in AQP2 (VALGHLLGIH). To make LBC, LCD,
and LDE/H5 AQP2-MIP (Figure 1J-L), PCR was carried
out using a one-loop chimera as a template. To make LBE/
H5 and LBCDE/H5 AQP2-MIP (Figure 1M,N), the frag-
ment between theClaI site and thePVuII site (nucleotide
401) in LB and LBC AQP2-MIP (Figure 1D,J) was
substituted for those of LE/H5 and LDE/H5 AQP2-MIP
(Figure 1I,L), respectively. The whole DNA sequence of the
constructed chimeras was confirmed by a fluorescence DNA
sequencer (Applied Biosystems model 373A).

Measurement of Osmotic Water Permeability (Pf) of
Oocytes.Capped RNA transcripts of wild-type AQP2, MIP,
and their chimeras were synthesized in vitro with T3 RNA
polymerase after a digestion withXbaI to linearize the
plasmids. Oocytes at stage V or VI were obtained from
Xenopus laeVis. Forty nanoliters of water (Control) or 10
ng of cRNA was injected into each oocyte, and the oocytes
were incubated for 48 h at 20°C in Barth’s buffer. ThePf

of the oocytes was measured at 20°C from the time course
of osmotic cell swelling (19). The oocytes were transferred
from 200 mosM Barth’s buffer to 70 mosM buffer and then
imaged on a CCD camera connected to an area analyzer
(Hamamatsu Photonics model C3160). Serial images taken
at 0.5 s intervals were stored in a computer.Pf was calculated
from the initial 15 s response of cell swelling. To examine
the effect of mercury onPf, oocytes were incubated with
0.3 mM HgCl2 for 5 min before the assay. To determine the
reversibility of the mercurial effect, oocytes were incubated
with 5 mM 2-mercaptoethanol for 15 min after the HgCl2

treatment.

Preparation and Pf Measurement of Yeast Vesicles.AQP2,
MIP, and their chimeras were expressed in a protease-
deficient BJ3505 strain ofSaccharomyces cereVisiae yeast
cells as described previously (20, 21). In brief, PCR
fragments of AQP2 were generated with two primers, 5′-
CCCAAGCTTAGCATGTGGGAGCTCCGCTCCATA-3′ and
5′-CCCTCTAGATCAGGCCTTGGTACCCCGTGGCAG-
3′ (underlining denotesHindIII and XbaI restriction sites,
respectively), and PCR fragments of MIP and chimeras were
generated with two primers, 5′-CCCAAGCTTAGCAT-
GTGGGAACTGCGGTCAGCC-3′ and 5′-CCCTCTAGAT-
CATCCGGGGGCTGGCTCAGCCCC-3′. These constructs
were subcloned betweenHindIII and XbaI sites of a yeast
expression vector, pYES2 (Invitrogen). The yeast cells were
transformed with the recombinant plasmids according to a

FIGURE 1: Topology of MIP and AQP and their chimeric proteins. (A) Membrane topology of MIP and AQP family members. MIP and
AQP possess six presumed transmembrane helices with five connecting loops (loops A-E) and two conserved Asn-Pro-Ala (NPA) motifs
in loops B and E. (B-N) MIP (B) and chimeras of AQP2 and MIP constructed in this study (C-N). Loops B-E and a part of transmembrane
helix 5 of MIP were replaced by the corresponding parts of AQP2 shown with dotted lines. The chimeras were constructed with the PCR
technique using wild-type MIP as a template. LX AQP2-MIP was constructed by substitution of AQP2 loop X for MIP loop X. LX1/LE2
AQP2-MIP was constructed by substitution of the front half of loop X of AQP2 for that of MIP. H5 AQP2-MIP was constructed by
substitution of AQP2 helix 5 for that of MIP.
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lithium acetate protocol (22). The transformants were
selected, and grown at 30°C. The yeast vesicles were
prepared as previously described (21, 23). ThePf of the yeast
vesicles was measured by a light-scattering method using
an SX-18MV stopped-flow apparatus (Applied Photophysics
Ltd.). The vesicles were diluted 1:30 with the vesicle buffer.
The vesicle suspension with 300 mosM was mixed abruptly
with the same volume of buffer containing 580 mM mannitol
to impose a 140 mosM inwardly directed osmotic gradient.
The decrease in the cell volume due to osmotic water efflux
was monitored as the time-dependent increase in the 90°
scattered light intensity at 466 nm. Each trace of the light
intensity was obtained by averaging four to seven measure-
ments. The light-scattering intensities were fitted to biex-
ponential curves, andPf was calculated as described previ-
ously (24, 25) by the following equation with Mathematica
software (Wolfram Research).

where dV(t) is the volume of the cell at timet, SAV is the
surface area-to-volume ratio at time zero (2.58× 105 cm-1,
calculated from the average vesicle diameter of 233 nm
measured by a Coulter counter), vw is the molecular volume
of water (18 cm3/mol), and Osmin and Osmout are the
osmolarity inside and outside the vesicles, respectively.

Immunoblot Analysis of Oocytes and Yeast Cells.Lysates
and the plasma membrane fraction of oocytes were obtained
as previously described (19, 26). After being heated at 70
°C for 10 min, samples were separated by SDS-PAGE.
Oocyte lysates from 0.2 oocyte or plasma membrane from
20 oocytes were applied in each lane. In some experiments,

oocyte lysates were incubated with endoglycosidase H
(Boehringer) according to the manufacturer’s instructions.
The samples were transferred to Immobilon-P filters (Mil-
lipore) using a semidry system. The filters were incubated
for 1 h with an affinity-purified antibody against 15 C-
terminal amino acids of MIP (Sawaday Technology, Tokyo,
Japan). The filters were further incubated for 1 h with a [125I]-
protein A solution, followed by autoradiography. For im-
munoblot analysis of yeast cells, vesicle fractions were
isolated from MIP- or chimera-expressing yeast cells as
described above. A 2.5µg portion of protein was applied in
each lane.

Immunocytochemistry of Oocytes.Oocytes were fixed in
4% paraformaldehyde for 4 h and cryoprotected overnight
in phosphate-buffered saline (PBS) containing 30% sucrose.
The samples were embedded in OCT compound and frozen
in liquid nitrogen. Cryostat sections (6µm) were incubated
for 30 min in PBS containing 1% BSA. After three washes
in PBS, the sections were incubated for 60 min with affinity-
purified antibody against MIP diluted 1:500, rinsed with PBS,
and further incubated for 30 min with FITC-labeled goat anti-
rabbit IgG (1:200, Sigma). Oocytes were imaged with a
fluorescent microscope at a magnification of 400× (Nikon
BIOPHOT).

Statistics.The results were expressed as means( the
standard error. Analysis of variance (ANOVA) was used to
determine statistical significance. Values forp of <0.05 were
considered significant.

RESULTS

Figure 2A shows the immunoblots of the oocyte lysates.
The apparent molecular mass of a 26 kDa band was detected

Table 1: Oligonucleotide Primers for the Construction of AQP2-MIP Chimeras

chimera
oligonucleotide

number sequence

LB AQP2-MIP
(replacement of
residues 67-83)

sense 1 5′-GGAGCCCATATCAACCCTGCAGTCACTGTCGCCTGCCTTGTGGGCTC-3′
antisense 2 5′-GAGCCCACAAGGCAGGCGACAGTGACTGCAGGGTTGATATGGGCTCC-3′
sense 3 5′-TGCCTTGTGGGCTGCCACGTGTCCGTGCTTCGTGCC-3′
antisense 4 5′-GCACGAAGCACGGACACGTGGCAGCCCACAAGGCA-3′

LC AQP2-MIP
(replacement of
residues 110-127)

sense 5 5′-GTCAATGCTCTCAGCAACAGCACGACGGCTGGCCAGGCCACCATAGTGGAGATCTTC-3′
antisense 6 5′-GTCGTGCTGTTGCTGAGAGCATTGACTGCTAGGTTTCCTCGGACGGCAGGTGGGGTAAC-3′
sense 7 5′-TACAGTGTTACCCCAGCTGACATCCGAGGAGACCTAGCAGTCAATGCTCT-3′
antisense 8 5′-AGAGCATTGACTGCTAGGTCTCCTCGGATGTCAGCTGGGGTAACACTGTA-3′

LD AQP2-MIP
(replacement of
residues 154-157)

sense 9 5-TACGACGAGAGGCGGGGTGAGAACCCGGGCTCCGTGGCCCTG-3′
antisense 10 5′-AGGGCCACGGAGCCCGGGTTCTCACCCCGCCTCTCGTCGTA-3′

LE AQP2-MIP
(replacement of
residues 181-200)

sense 11 5′-ATGTATTATACTGGTTGCAGCATGAACCCTGCCCGCTCCCTTGCTCCTGC-3′
antisense 12 5′-AGAATGGCAGGAGCAAGGGAGCGGGCAGGGTTCATGCTGCAACCAGTATAATACAT-3′
sense 13 5′-CTTGCTCCTGCCGTTGTTACCGGAAAATTCGACGACCACTGGGTGTACTGGGT-3′
antisense 14 5′-ACCCAGTACACCCAGTGGTCGTCGAATTTTCCGGTAACAACGGCAGGAGCAAG-3′

H5 AQP2-MIP
(replacement of
residues 168-177)

sense 15 5′-GCCGTTGGCTTCTCCGTCGCCCTGGGGCACCTCCTTGGGATCCATTATACTGG-3′
antisense 16 5′-CCAGTATAATGGATCCCAAGGAGGTGCCCCAGGGCGACGGAGAAGCCAACGGC-3′

dV(t)/dt ) Pf × SAV × vw × [Osmin/V(t) - Osmout]
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in oocytes to which cRNA of MIP and chimeras of loops B,
C, and E had been added. In the loop D chimera, a 27 kDa
band was observed. These band intensities were roughly
similar in all samples. In chimeras containing the replacement
of loop B or C, an additional band with a slightly higher
molecular mass was identified. This extra band disappeared
after digestion by endoglycosidase H (Figure 2B), indicating
that it represented a glycosylated form. Because endogly-
cosidase H-sensitive glycoproteins are localized in endo-
plasmic reticulum (27, 28), this observation indicated that
chimeras of loops B or C might be retained in endoplasmic
reticulum with an inhibition of further processing. Immu-
noblots of the oocyte plasma membrane fractions further
disclosed the difference (Figure 2C). A clear band was
detected in MIP and chimeras of loops D and E, but the
band was extremely weak in chimeras having the exchange
of loop B or C, indicating an impairment in the processing
and cell surface appearance in these latter chimera proteins.
The amount of protein expressed in the plasma membrane
was estimated by densitometry. When the band density of

MIP was taken to be 1, the band density was 1.21( 0.17,
1.15 ( 0.23, 0.94( 0.20, 1.08( 0.13, and 1.27( 0.18
(means( the standard deviation,n ) 3-4) in LD AQP2-
MIP, LE1/2 AQP2-MIP, LE AQP2-MIP, LD/H5 AQP2-
MIP, and LDE/H5 AQP2-MIP, respectively. These values
were not significantly different from 1, suggesting that the
expression levels of MIP and these chimeras in the plasma
membrane were similar. Consistent with the findings in the
immunoblot, the immunocytochemistry showed a bright
staining of the plasma membrane in oocytes expressing loop
D and loop E chimeras, whereas the plasma membrane was
not stained in loop B and loop C chimeras (Figure 3).

The oocytePf values are summarized in Figure 4A. The
Pf of water-injected oocytes (control) was (17( 2) × 10-4

cm/s. Injection of cRNA encoding AQP2 and MIP signifi-
cantly increasedPf 14.4- and 2.8-fold, respectively. AQP2
was thus 5.1 times more water permeable than MIP.Pf values
were similar to the control in oocytes to which cRNA
encoding LB AQP2-MIP (replacement of the whole loop
B) and LC AQP2-MIP (replacement of the whole loop C)

FIGURE 2: Immunoblot analysis of oocytes probed with an affinity-purified antibody against bovine MIP. Water (control) or 10 ng of
cRNA of wild-type AQP2, MIP, or their chimeras was injected into oocytes. (A) Samples of the oocyte lysates. The lysates from the
equivalent 0.2 oocyte were loaded in each lane. (B) Oocyte lysates before and after incubation with endoglycosidase H. (C) Samples of the
plasma membrane fractions. The membranes from 20 equivalent oocytes were loaded in each lane.

FIGURE 3: Immunocytochemistry of oocytes. Water (A) or cRNA encoding MIP (B), LB AQP2-MIP (C), LC AQP2-MIP (D), LD
AQP2-MIP (E), or LE AQP2-MIP (F) was injected into oocytes. Oocyte sections were incubated with affinity-purified antibody against
MIP, and immunostained with goat anti-rabbit IgG conjugated with FITC.
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had been added. These observations were consistent with
the processing defects of loop B and C chimeras shown by
the immunoblots (Figure 2). Injection with cRNA of LD
AQP2-MIP (replacement of the whole loop D) gave aPf

similar to that of MIP, suggesting that loop D does not
contribute to a highPf. In contrast,Pf values of LE1/2
AQP2-MIP (replacement of the first half of loop E, residues
181-189) and LE AQP2-MIP (replacement of the whole
loop E) were significantly higher than thePf of MIP (p <
0.05). However,Pf values of these loop E chimeras were
still 29-31% of that of AQP2, suggesting the presence of
another important site for a highPf. Because helix 5 is
connected to loop E, we examined the role of this site.
Surprisingly, the replacement of residues 168-177 in helix
5 together with the loop E replacement (LE/H5 AQP2-MIP)
remarkably increased thePf to (208 ( 11) × 10-4 cm/s.
This value was not significantly different from thePf of
AQP2. Other chimeras having an exchange of loop B or C
all exhibited lowPf values, primarily due to a lack of cell
surface expression. LDE/H5 AQP2-MIP was appropriately
expressed at the cell surface and exhibited aPf value close
to that of LE/H5 AQP2-MIP. The effects of mercury on
oocytePf values are shown in Figure 4B. ThePf of MIP
was insensitive to mercury, but thePf of AQP2 was
reversibly inhibited by mercury. A similar reversible inhibi-
tion was observed in the loop E chimera (LE1/2 AQP2-
MIP) and loop E and helix 5 chimera (LE/H5 AQP2-MIP).

Because chimeras having an exchange of loop B or C
failed to reach the oocyte cell surface, their role in conferring

a highPf was unknown. To examine their possible role, we
used a yeast expression system, which has been shown to
be free from such processing problems (21, 29). ThePf of
yeast vesicles was evaluated by light scattering using a
stopped-flow system. Figure 5A shows representative traces.
The vesicles shrunk in response to an inwardly directed
osmotic gradient. The expression of MIP increased the rate
of volume shrinkage, and the expression of AQP2 or LE/
H5 AQP2-MIP further accelerated the rate. The rate of
initial volume decrease provides a quantitative measure of
Pf (Figure 5B). ThePf values of MIP- and AQP2-expressing
vesicles were 2.4 and 9.0 times higher than the controlPf,
respectively. ThePf of LE/H5 AQP2-MIP was comparable
to that of AQP2, which confirmed the observation in oocytes
(Figure 4A). YeastPf values of LB AQP2-MIP and LC
AQP2-MIP were similar to that of MIP, clearly suggesting
that chimeras containing loop B and/or C replacement did
not confer a highPf. LBE/H5 AQP2-MIP and LBCDE/H5
AQP2-MIP exhibited highPf values equivalent to that of
AQP2. Immunoblot analysis detected 26 or 27 kDa bands
in all yeast cell samples (Figure 5C).

Next we replaced specific parts of helix 5 to identify the
exact site responsible for a highPf. Five amino acids differ
between MIP and AQP2 in the sequence of residues 168-
177 (Figure 6A). We divided this site into two parts and
constructed the following four chimeras: replacement of
residues168-177 (H5 AQP2-MIP), replacement of the front
half of loop E (LE1/2) and residues 168-177 (LE1/2/H5
AQP2-MIP), replacement of LE1/2 and residues 174-177
(LE1/2/H5′ AQP2-MIP), and replacement of LE1/2 and
residues 168 and 169 (LE1/2/H5′′ AQP2-MIP). As shown
in Figure 6B, a 2.7-fold increase inPf was observed with a
mere replacement of helix 5 (H5 AQP2-MIP). The Pf of
LE1/2/H5 AQP2-MIP was 3.1 times higher than that of the
loop E chimera (LE1/2 AQP2-MIP) and close to that of
AQP2.Pf was increased 2.4-fold in LE1/2/H5′ AQP2-MIP
and 2.1-fold in LE1/2/H5′′ AQP2-MIP. However, thesePf

values were still lower than those of LE1/2/H5 AQP2-MIP
and AQP2. Finally, we constructed three chimeras of helix
5. When helix 5 of AQP2 was replaced with that of MIP

FIGURE 4: OocytePf measurement. (A) Summary ofPf. Forty
nanoliters of water (control) or 10 ng of cRNA encoding wild-
type AQP2, MIP, or their chimeras was injected into oocytes.Pf
was calculated from the time course of osmotic cell swelling of
the oocytes. See Figure 1 for the structures of chimeras. Each bar
represents the mean( the standard error of 20-26 measurements.
One asterisk indicates ap of <0.05 compared with the control by
ANOVA; two asterisks indicate ap of <0.01 and three asterisks a
p of <0.001 compared with the control by ANOVA. (B) Effect of
mercury onPf. Where indicated, the oocytes were incubated for 5
min in the presence of 0.3 mM HgCl2 (+Hg) or were further
incubated for 15 min in the presence of 5 mM 2-mercaptoethanol
(+Hg+ME). Each bar represents the mean( the standard error of
14-19 measurements.

FIGURE 5: Pf measurements and immunoblot analysis of yeast cells.
Wild-type AQP2, MIP, or their chimeras were expressed in yeast
cells. (A) Representative traces of yeast vesicle volumes in response
to osmotic shock. (B) Summary ofPf measurements.Pf was
calculated from the rate of volume decrease. Each bar represents
the mean( the standard error of six to eight measurements. See
Figure 1 for the structures of chimeras. (C) Immunoblots probed
with affinity-purified antibody against bovine MIP. A 2.5µg portion
of protein was loaded in each lane.
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(H5 MIP-AQP2), a 73% decrease inPf was observed
(Figure 6B). By contrast,Pf was increased 2.6- and 3.3-fold
after helix 5 of MIP was replaced with that of AQP1 (H5
AQP1-MIP) and AQP4 (H5 AQP4-MIP), respectively.
Figure 6C shows the immunoblot of plasma membrane of
oocytes expressing MIP and its chimeras. The relative band
densities were 1, 1.07, 0.93, 0.88, 1.14, 1.02, 1.11, and
0.95 (the mean of two separate experiments) in MIP,
LE1/2 AQP2-MIP, H5 AQP2-MIP, LE1/2/H5 AQP2-
MIP, LE1/2/H5′ AQP2-MIP, LE1/2/H5′′ AQP2-MIP, H5
AQP1-MIP, and H5 AQP4-MIP, respectively, suggesting
similar expression levels of these proteins.

DISCUSSION

Knowledge of the AQP pore structure is important for our
understanding of the transport of water and small solutes
through membrane proteins. One potential procedure for
identifying the pore-forming regions might be a functional
analysis of chimeras between a highly water-permeable AQP
and an MIP family member impermeable to water. The
glycerol facilitator of Escherichia coliis an MIP family

member that permeates glycerol but not water. Thus, we
initiated our experiments by replacing loop B, loop E, and
several other parts of the glycerol facilitator with the
corresponding parts of AQP2. However, the oocyte expres-
sion studies revealed that these chimeras were misrouted
proteins whose apparent molecular masses were distinctly
different from the expected sizes (M. Kuwahara, unpublished
observation) and whose functions were difficult to examine.
Among mammalian AQPs, MIP (AQP0), AQP1, AQP2,
AQP4, and AQP5 have relatively high degrees of sequence
homology and form a subgroup of AQPs. However, MIP
has a much weaker water-transporting activity than the others
(16, 30), suggesting that it may contain the site responsible
for this difference. We replaced several parts of MIP with
those of AQP2 to construct gain-of-function chimeras. Some
of the chimeras were correctly expressed at the plasma
membrane of oocytes, but chimeras of loops B or C were
not expressed at the cell surface, presumably because of
misrouting (Figures 2 and 3). A similar defect in the loop B
chimera was previously suggested (17). These misrouted
chimera proteins were proved to be functional with our yeast
expression system (Figure 5).

The exchange of the front half of loop E (LE1/2 AQP2-
MIP) and the whole loop E (LE AQP2-MIP) significantly
increased the oocytePf to a similar extent (Figure 4A). Thus,
we can presume that the front half of loop E (residues 181-
189) is involved in the stimulation of the channel function.
This part contains three different residues between MIP and
AQP2 (residues 181, 182, and 189, Figure 6A). C181 in
AQP2 and C189 in AQP1, both located three residues
proximal to the second NPA motif, are thought to be target
sites for the mercurial inhibition, and the exchange of this
cysteine with tryptophan was shown to decreasePf (13, 31,
32). Thus, it was hypothesized that this cysteine participates
in aqueous pore formation and that a large side chain of
tryptophan causes the physical blockade of the pore (31, 32).
Our observation supported this view and suggested that the
exchange of the front half of loop E might alter the pore
structure and make it more favorable for water flow. The
hourglass model of the AQP structure may predict that the
role of loop B is similar to that of loop E. Our yeast vesicle
studies showed that the ability to confer a highPf is restricted
to loop E and not to loop B. This observation indicates that
these two loops are not completely symmetrical with regard
to the function. Mulders et al. constructed the chimera of
MIP with AQP2 loop E (essentially identical to LE AQP2-
MIP in our study) by introducingAgeI restriction sites at
the beginning and end of this loop (17). In contrast to our
results, thePf of the chimera did not increase in their study.
The reason for the difference between their results and ours
is not clear, although residue L209 was altered to V in their
chimera because of the introduction of theAgeI site.

To our surprise, a mere replacement of 10 residues in helix
5 (residues 168-177) increasedPf 2.7-fold (Figure 6B). In
addition, thePf was comparable to that of AQP2 when we
simultaneously replaced helix 5 and loop E. Conversely,Pf

decreased markedly after helix 5 of MIP was spliced into
AQP2. We have shown for the first time that helix 5
contributes to water permeation through AQP. Five of the
residues in the exchanged part of helix 5 differ between MIP

FIGURE 6: Detailed examination of transmembrane helix 5. (A)
Amino acid alignment around helix 5 in MIP with AQP2, AQP1,
AQP4, and AQP5. White letters in black boxes denote conserved
amino acid residues. H5, H5′, and H5′′ indicate residues 168-
177, 174-177, and 168 and 169 in helix 5, respectively. Note that
the number of amino acid residues refers to those of MIP and AQP2.
(B) Pf of oocytes expressing MIP and AQP chimeras at loop E
and helix 5. Forty nanoliters of water (control) or 10 ng of cRNA
was injected into oocytes. Each bar represents the mean( the
standard error of 15-22 measurements. One asterisk indicates ap
of <0.05 compared with that of MIP by ANOVA, and two asterisks
indicate ap of <0.01 compared with that of MIP by ANOVA. (C)
Immunoblots of the oocyte plasma membrane fractions probed with
antibody against bovine MIP. The membranes from 20 equivalent
oocytes were loaded in each lane.
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and AQP2 (residues 168, 169, 174, 176, and 177, Figure
6A). The amino acid alignment of MIP with highly water-
permeable AQPs (AQP1, -2, -4, and -5) revealed that the
corresponding residues at L168 and M176 of MIP are V and
I in the other four AQPs. ThePf of a partial replacement of
helix 5 chimeras showed that L174-H177, and V168 and
A169, are required for the maximum AQP2 activity (Figure
6B). Because helix 5 of AQP1 and AQP4 increasedPf

similarly like that of AQP2 did, we speculate that the highly
conserved V168 and I176 might play key roles in the
expression of high water permeability in AQP1, -2, -4, and
-5, and participate in the formation of the aqueous pore. It
is noteworthy that these two residues are hydrophobic amino
acids. A site-directed mutagenesis study of rat brain K+

channels demonstrated that V374 has a profound effect on
the ion selectivity (33). Then, a recent X-ray crystallography
study of K+ channels ofStreptomyces liVidanceshowed that
the main chain atoms at positions 76-79 dominate the
selectivity filter (34). Thus, the backbone atoms of residues
168 and 176 in helix 5 of AQPs (Figure 6A) might similarly
contribute to the aqueous pathway.

It has been suggested that MIP family members are divided
into two groups, namely, the water-selective channel group
(e.g., MIP, AQP1, AQP2, AQP4, and AQP5) and the small
molecule transporter group (e.g., glycerol facilitator, AQP3,
AQP7, and AQP9) (35, 36). Lagree et al. (37) recently
showed that the serine residue at position 205 in AQPcic,
an insect aquaporin, is essential for tetramerization, whereas
glycerol facilitators are monomers (37). Thus, they suggested
the possibility that water-selective channels are tetramers and
small molecule transporters exist as monomers. MIP and
AQP2 belong to the water-selective channel group, and the
residues corresponding to S205 in AQPcic (two residues
distal to the second NPA motif) are also a serine in both
MIP and AQP2 (S188). Therefore, the alteration of the
oligometric states might be unlikely for the functional
difference among chimeras in our experiments. Lagree et
al. also reported that AQPcic switched to a glycerol
transporter with concomitant structural change from tetramer
to monomer by the exchange of two residues (Y222 and
W223) at transmembrane helix 6 (38). When their observa-
tions and ours are taken together, helices 5 and 6 in addition
to loop E may be critical determinants for the function and
structure of MIP family members.
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