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The recently identified molecule aquaporin-11 (AQP11) has
a unique amino acid sequence pattern that includes an Asn-
Pro-Cys (NPC) motif, corresponding to the N-terminal Asn-
Pro-Ala (NPA) signature motif of conventional AQPs. In this
study, we examined the effect of the mutation of the NPC mo-
tif on the subcellular localization, oligomerization, and water
permeability of AQP11 in transfected mammalian cells. Fur-
thermore, the effect was also assessed using zebrafish. Site-
directed mutation at the NPC motif did not affect the subcel-
lular localization of AQP11 but reduced its oligomerization. A
cell swelling assay revealed that cells expressing AQP11 with a
mutated NPC motif had significantly lower osmotic water per-
meability than cells expressing wild-type AQP11. Zebrafish
deficient in endogenous AQP11 showed a deformity in the tail
region at an early stage of development. This phenotype was
dramatically rescued by injection of human wild-type AQP11
mRNA, whereas the effect of mRNA for AQP11 with a mu-
tated NPC motif was less marked. Although the NPAmotif is
known to be important for formation of water-permeable
pores by conventional AQPs, our observations suggest that the
corresponding NPC motif of AQP11 is essential for full ex-
pression of molecular function.

The aquaporins (AQPs)2 are a family of membrane water
channel proteins found throughout the animal and plant
kingdoms (1, 2). The AQPs characterized to date all exist as
multisubunit oligomers (homotetrameric assemblies found in
most AQPs), and this oligomerization is suggested to be im-
portant for their function (3, 4). Almost all AQPs have two
highly conserved Asn-Pro-Ala (NPA) motifs in each subunit,
and these represent the signature motifs of the AQPs (1, 2, 5).
Structural analysis of AQP1, the first AQP molecule to be

identified, has shown that these motifs reside on opposite
sides of the AQP1 monomer and are important for water-
selective pore formation (2, 3).
So far, sequence analysis has revealed 13 functionally and

phylogenetically distinct members of the AQP family in mam-
mals, comprising three subgroups: the water-selective AQPs
(AQP0, AQP1, AQP2, AQP4, AQP5, AQP6, and AQP8),
aquaglyceroporins (AQP3, AQP7, AQP9, and AQP10), and a
recently proposed third group (AQP11 and AQP12) (1, 2, 5).
The water-selective AQPs are all permeated by water mole-
cules, but AQP6 is additionally permeable to a wide range of
anions, and AQP8 can facilitate the movement of ammonia
and hydrogen peroxide across the plasma membrane (1, 5).
The aquaglyceroporins are characterized by permeability to
water and neutral solutes, in particular glycerol (1, 5). Com-
pared with the water-selective AQPs and aquaglyceroporins,
the sequence alignments of mammalian AQPs indicate that
AQP11 and AQP12 are the most distantly related paralogs. At
the amino acid level, AQP11 is �10% identical and AQP12 is
�25% identical to the previously characterized members (6–
8). AQP11 is most similar to AQP12 (with �23% identity).
When compared with the signature motifs of other mamma-
lian AQPs, the C-terminal NPA motif is conserved in both
AQP11 and AQP12, but the N-terminal NPA motif is devi-
ated to an Asn-Pro-Cys (NPC) motif for AQP11 and to an
Asn-Pro-Thr (NPT) motif for AQP12. Because of their low
homologies and deviation from the N-terminal NPA motif, it
is difficult to include both AQP11 and AQP12 in the water-
selective AQP or aquaglyceroporin subgroup. Furthermore,
similar orthologs have been found in nematodes, fruit fly, fish,
frog, and chicken (5). Therefore, it has been proposed that
AQP11 and AQP12 together with similar orthologs should be
classified into a third AQP group (2, 5).
Of the AQPs thought to belong to the third group, mam-

malian AQP11 is the most characterized. Immunohistochem-
ical studies have shown that AQP11 may work as a sort of
intracellular AQP molecule in certain tissues, such as the kid-
ney and brain (6, 7). AQP11-null mice die in the neonatal pe-
riod due to renal failure with progressive renal cyst formation,
suggesting the importance of AQP11 in mammalian kidney
development (6, 9). Recently, it was reported that AQP11 also
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played significant roles in mammalian spermatogenesis and
salivary gland development (10, 11). Thus AQP11 is thought
to be an important intracellular molecule for the development
of certain organs. For the channel properties, no data for the
third AQP group other than AQP11 have yet been reported.
A reconstruction vesicle study has revealed that AQP11 is
permeable to the water molecule, suggesting that AQP11 is
a water channel and that the NPC motif of AQP11 and the
corresponding N-terminal NPA motif found in water-se-
lective AQPs are exchangeable (12). However, the role of
its divergent motif of AQP11 is still unclear.
In order to gain insight into the nature of the divergent mo-

tif of AQP11, we examined its role in the subcellular localiza-
tion, oligomerization, and water permeability of the molecule
in transfected mammalian cells. Furthermore the role was
also evaluated using zebrafish. Our data indicate that the NPC
motif of AQP11, unlike the NPA motif of known AQPs, is
essential for full functional expression of the molecule.

EXPERIMENTAL PROCEDURES

Plasmid Construction, Cell Culture, Transfection, and Con-
focal Microscopy—The Myc-, GFP-, or V5-tagged AQP11
construct was made by in-frame subcloning of mouse AQP11
cDNA into the pCMV-Myc (BD Biosciences Clontech),
pEGFP-C1 (BD Biosciences Clontech), pcDNA-DEST47
(Invitrogen), pcDNA3.1/nV5-DEST (Invitrogen), or
pcDNA-DEST40 (Invitrogen) vector. The pDsRed2-ER vec-
tor (BD Biosciences Clontech) was used for fluorescent label-
ing of the ER. The mutations of the constructs were intro-
duced by site-directed mutagenesis (Stratagene).
CHO-K1 cells (obtained from ATCC, catalog no. CCL-61)

were transfected at 50–60% confluence using Lipofectamine
2000 (Invitrogen) as described previously (13). Cultured cells
on glass coverslips in 35-mm dishes were observed 24 h post-
transfection using an FV-300 confocal microscope (Olympus,
Japan).
Surface Biotinylation—After transfection, CHO-K1 cells

were biotinylated in 1 mg/ml sulfo-NHS-SS-biotin (Pierce) at
4 °C for 10–15 min as described previously (14). After wash-
ing, the cells were lysed in lysis buffer (25 mM Tris, pH 7.4,
150 mM NaCl, 2 mM EDTA, 2% Nonidet P-40, Complete pro-
tease inhibitor mixture) for 30 min at 4 °C, and the cell lysate
was then centrifuged at 12,000 � g for 10 min. The resulting
supernatant was precipitated with immobilized NeutrAvidin
beads (Pierce).
Immunoprecipitation—Transfected CHO-K1 cells were

lysed, and the lysate was incubated with anti-Myc (Sigma) or
anti-V5-agarose beads (Bethyl Laboratories, Montgomery,
TX). After washing, the beads were mixed with 4� Laemmli
sample buffer supplemented with 0.2 M DTT at 37 °C for
60 min.
Cross-linking Experiments—Transfected CHO-K1 cells

were lysed in lysis buffer (25 mM Tris, pH 7.4, 150 mM NaCl, 2
mM EDTA, 4% sodium deoxycholate, Complete protease in-
hibitor mixture), and the lysate was incubated with 150 �M

dithiobis(succinimidyl propionate) (DSP) at room tempera-
ture (25 °C) for 30 min. Ethanolamine (final concentration 50
mM) was then added to the lysate, and the lysate was mixed

with 2� Laemmli sample buffer (62.5 mM Tris, pH 6.8, 25%
glycerol, 2% SDS, 0.01% bromphenol blue) supplemented with
or without 0.1 M DTT at 37 °C for 20 min.
For cross-linking with paraformaldehyde, cells were incu-

bated with PBS containing 4% paraformaldehyde at room
temperature for 15 min. After washing, the cells were lysed in
lysis buffer (25 mM Tris, pH 7.4, 150 mM NaCl, 2 mM EDTA,
1.5% Nonidet P-40, Complete protease inhibitor mixture),
and the lysate was then mixed with 2� Laemmli sample
buffer supplemented with 0.1 M DTT at 37 °C for 20 min.
Measurement of Osmotic Water Permeability (Pf)—One day

after transfection, CHO-K1 cells were treated with trypsin-
EDTA for 15 s to create a round cell shape, allowing easy cal-
culation of cell volume. The cells were then washed and im-
mersed in an extracellular solution containing 150 mM NaCl,
1 mM MgCl2, 1 mM CaCl2, and 10 mM Hepes (pH 7.4 with
Tris). The cells expressing GFP were identified under a laser-
scanning confocal microscope (FV300). Osmotic swelling was
induced at 25 °C by puff application of a hypotonic solution
made by dilution of extracellular solution 1:1 in MilliQ water.
The puff application was performed using a nearby pipette of
30–35 �m diameter. An image frame of the cell was recorded
every 1.12 s using a time lapse image capture system attached
to the microscope. Pf was calculated from osmotic swelling
data obtained between 1.12 and 15.68 s using the formula,

Pf � �V0 � d�V/V0�/dt�/�S � Vw � �osmin � osmout�� (Eq. 1)

where V0 and S are the initial cell volume and surface area,
respectively, d(V/V0)/dt is the slope of linear fit for the plot of
cell volume versus time between 1.12 and 15.68 s during os-
motic swelling, and Vw � (osmin � osmout) is the osmolality
gradient.
Zebrafish Experiments—Zebrafish experiments were per-

formed as described previously (15). In brief, morpholino an-
tisense oligonucleotides (MOs) were obtained from Gene
Tools, LLC (Philomath, OR). The sequences of the MOs used
in this study were as follows (see Fig. 6A): MO2, 5�-CAAAA-
ACTAATCCAGACAGGCAACT-3�; MO3, 5�-AAACGCAG-
TGATTCTACAAACCCGC-3�; MO4, 5�-TGTCCACCTTT-
ACAAAACACAACAC-3�; MO5, 5�-TGTTGTAATTCTGC-
TCACCTAGTAT-3�; control MO, 5-bp mismatched MO5,
5�-TcTTcTAATTCTcCTCAgCTAcTAT-3� (lowercase letters
indicate mismatched bases in MO5). A total amount of 2 or 4
ng of each MO was injected into one-cell-stage embryos. In
vitro transcribed 5�-capped mRNAs encoding GFP, human
AQP11 (hAQP11), and hAQP11 with Cys101 mutated to Ala
(hAQP11-C101A) were synthesized using a mMessage
mMachine� T7 kit (Ambion), and 80–150 pg of capped
mRNA was injected. For the RT-PCR, total RNA was isolated
from 24-h postfertilization larvae using an RNeasy� Protect
minikit (Qiagen, MD). The zebrafish AQP11-specific primers
used were as follows: forward, TTCATCATCTCGGTGGT-
TCA; reverse, TCATCTTTTTCTTCTTGAGTCCA.
Western Blot Analysis and Chemicals—After separation by

SDS-PAGE, the protein was transferred to a polyvinylidene
difluoride membrane, and the protein on the membrane asso-
ciated with antibodies was detected by a SuperSignal� chemi-
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luminescence detection system (Pierce). Antibodies used in
this study were anti-Myc antibody (BD Biosciences Clontech),
anti-V5 antibody (Invitrogen), and anti-GFP antibody (Molec-
ular Probes). All other chemicals and reagents were from
Sigma or Wako Pure Chemicals (Japan).

RESULTS

Subcellular Localization of AQP11-C101A Mutant—It has
been reported that AQP11 is localized at the endoplasmic
reticulum (ER) membrane (6). We investigated whether the
introduction of a mutation at Cys101, replacing it with Ala,
affected the subcellular localization of AQP11. CHO-K1 cells
were transfected with C-terminal GFP-tagged human AQP1
(hAQP1-GFP), N-terminal GFP-tagged mouse AQP11 (GFP-
AQP11), C-terminal GFP-tagged AQP11 (AQP11-GFP), and
GFP-AQP11-C101A expression plasmids together with a
plasmid encoding an ER marker protein. Twenty-four hours
after transfection, the cells were observed with a confocal mi-
croscope. AQP1-GFP was clearly localized in the cytoplasm as
well as at the plasma membrane (Fig. 1A). In contrast, the
localizations of GFP-AQP11 (Fig. 1B) and AQP11-GFP (data
not shown) virtually overlapped that of the ER marker. These
data confirmed a previous report that AQP11 is localized
mainly in the ER (6). Moreover, even when a larger protein
molecule, such as GFP, was used to tag the N or C terminus of
AQP11, its subcellular localization was unchanged. As shown
in Fig. 1C, GFP-AQP11-C101A was clearly localized in the
ER, indicating that the NPC motif might not be related to the
intracellular localization of AQP11.
Cell surface expression levels of Myc-AQP11 and Myc-

AQP11-C101A were further assessed by biotinylation experi-
ments. The abundance of the biotinylated protein did not dif-
fer between Myc-AQP11 and Myc-AQP11-C101A (Fig. 1, D
and E), confirming the intracellular localization of GFP-
AQP11-C101A revealed by fluorescence microscopy. In addi-
tion, the presence of a significant amount of cell surface Myc-
AQP11 and Myc-AQP11-C101A was noteworthy.
Oligomerization State of AQP11—So far, biochemical and

structural analyses have revealed that the water-selective
AQPs have a tetrameric structure (2, 3). A sucrose density
gradient ultracentrifugation experiment by Gorelick et al. (7)
has also shown that AQP11 sediments in fractions similar, but
not identical, to those of AQP4, which is known to form tet-
ramers (16), suggesting that AQP11 may also be capable of
tetramer formation. We therefore examined the oligomeriza-
tion state of AQP11 using techniques other than sucrose den-
sity gradient ultracentrifugation, such as co-immunoprecipi-
tation and chemical cross-linking. CHO-K1 cells were
transfected with either or both of the expression plasmids
Myc-AQP11 and AQP11-V5, and 24 h later, the cellular pro-
teins were precipitated using anti-Myc- or anti-V5-agarose
beads. The precipitates were then subjected to Western blot-
ting analysis using anti-Myc or anti-V5 antibody. As shown in
Fig. 2A, after precipitation with anti-Myc-agarose beads, only
the precipitates from cells expressing both Myc-AQP11 and
AQP11-V5 were reactive with the anti-V5 antibody. Also,
after precipitation with anti-V5-agarose beads, only the pre-
cipitates from cells expressing both proteins were reactive

with the anti-Myc antibody. These results clearly indicate that
Myc-AQP11 interacts with AQP11-V5.
Because a chemical cross-linking experiment with DSP has

shown that AQP4 has an oligomeric structure (16), DSP was
used to further investigate the oligomeric structure of
AQP11-V5. Without DSP treatment, only a 25 kDa protein
band was observed (Fig. 2B). However, after treatment of cell
lysate with DSP, Western blotting analysis yielded a band at
�50 kDa in addition to a band at �25 kDa. This 50 kDa pro-
tein band disappeared when the cell lysate was further incu-
bated with DTT, a strong reducing agent. Therefore, the 50
kDa band was likely to be dimerized AQP11. In some experi-
ments, we observed a band at �75 kDa, apparently corre-
sponding to trimeric AQP11 (data not shown).

FIGURE 1. Subcellular localization of AQP11 mutant. A–C, subcellular
localizations of hAQP1-GFP, GFP-AQP11, and GFP-AQP11-C101A (GFP-
C101A) were evaluated by fluorescence microscopy. CHO-K1 cells were
co-transfected with hAQP1-GFP (A), GFP-AQP11 (B), or GFP-C101A
(C) expression plasmid and a plasmid encoding an ER marker protein
(pDsRed2-ER). The cells were observed with a confocal microscope 24 h
post-transfection. Green and red indicate AQPs and ER marker proteins,
respectively. Scale bars, 10 �m. Experiments were repeated more than three
times with similar results. D, cell surface expression levels of Myc-AQP11
and Myc-AQP11-C101A (Myc-C101A) were assessed by a biotinylation ex-
periment. CHO-K1 cells were transfected with Myc-AQP11 or Myc-C101A
expression plasmid, and 24 h post-transfection, the cell surface proteins
were labeled with membrane-impermeable biotin. The biotin-labeled pro-
teins were precipitated by NeutrAvidin beads. The biotin-labeled cell sur-
face proteins as well as the total cell lysates were analyzed by Western
blotting using anti-Myc antibody. E, densitometric analysis of biotinyl-
ated Myc-tagged proteins is summarized. The ratio of biotinylated to total
Myc-tagged proteins was taken as an index of the cell surface expression
level. Values are presented as mean � S.E. (error bars). The numbers of ex-
periments are given in parentheses. No statistical significant difference was
found between the two groups (Student’s t test).
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Paraformaldehyde, a fixative, has been reported to be a use-
ful cross-linker for detection of the oligomeric structure of
membrane proteins (17). We therefore used paraformalde-
hyde as another cross-linker to evaluate the oligomeric struc-
ture of AQP11. After the fixation of cells expressing Myc-
AQP11, cellular proteins were prepared and analyzed by
Western blotting. Fig. 2C shows a representative result. As
observed, paraformaldehyde was able to produce a band at
�50 kDa in addition to a band at �25 kDa. In some cases
with paraformaldehyde, we observed bands at �75 and 120
kDa, which corresponded to the trimeric and tetrameric
structures of AQP11 as shown with AQP11-V5 (Fig. 2D).
These results were very similar to those obtained with DSP.
However, because use of paraformaldehyde is a first approach

to study the oligomerization of AQP family proteins, we
needed to check the legitimacy of this approach. Therefore,
we performed the co-immunoprecipitation combined with
paraformaldehyde fixation. CHO-K1 cells were transfected
with either or both of the expression plasmids Myc-AQP11
and AQP11-V5, and 24 h after transfection, lysates prepared
from the cells fixed with paraformaldehyde were precipitated
using anti-Myc-agarose beads. The precipitates were then
evaluated by Western blotting analysis using anti-V5 anti-
body. As shown in Fig. 2E, only the precipitates from cells
expressing both Myc-AQP11 and AQP11-V5 produced bands
corresponding to monomeric, dimeric, and trimeric AQP11.
These data clearly indicate that paraformaldehyde cross-links
the AQP11 subunits and produces visible oligomerized bands.
Taken together, these results indicated that AQP11 exists as a
multimerized protein, most likely a tetramer, as is the case for
AQP1 and other AQPs (2, 3, 16).
Oligomerization State of AQP11 Mutants—Next, we exam-

ined the oligomerization state of the AQP11-C101A mutant.
As shown in Fig. 3A, after precipitation with anti-Myc-agar-
ose beads, the abundance of protein detected by the anti-V5
antibody was lower in cells co-expressing Myc- and V5-

FIGURE 2. Oligomerization of AQP11. A, oligomerization between Myc-
AQP11 and AQP11-V5 was assessed by a co-immunoprecipitation experi-
ment. Twenty-four hours post-transfection, the cellular proteins were pre-
cipitated by anti-Myc-agarose (IP: �-Myc) or anti-V5-agarose beads (IP:
�-V5). The precipitates were then analyzed by Western blotting using anti-
Myc (IB: �-Myc) or anti-V5 antibody (IB: �-V5). Experiments were repeated
three times with similar results. B and C, oligomerization state of AQP11-V5
was evaluated using a chemical cross-linker, DSP (B) or paraformaldehyde
(PFA) (C). The cellular lysates from cells expressing AQP11-V5 or Myc-AQP11
were treated with DSP or PFA and then analyzed by Western blotting. Ex-
periments were repeated three times for B and six times for C with similar
results. D, a typical example of tetramerization of AQP11-V5 after treatment
of cells expressing AQP11-V5 with paraformaldehyde. Experiments were
repeated four times with similar results. E, oligomerization between Myc-
AQP11 and AQP11-V5 after treatment with paraformaldehyde was assessed
by a co-immunoprecipitation experiment. Cells were transfected with Myc-
AQP11, AQP11-V5, or both expression plasmids. NS indicates non-specific
band. The second lane was loaded with lysate from cells expressing only
AQP11-V5. Experiments were repeated twice with similar results.

FIGURE 3. Oligomerization of the AQP11-C101A mutant. A, oligomeriza-
tion between Myc-AQP11 and V5-AQP11 or Myc-AQP11-C101A (Myc-
C101A) and V5-AQP11-C101A (V5-C101A) was assessed by a co-immuno-
precipitation experiment. Experiments were repeated four times, and
similar results were obtained. B, the oligomerization state of V5-C101A was
evaluated using a chemical cross-linker, paraformaldehyde (PFA). Experi-
ments were repeated three times. C, densitometric analysis of oligomerized
proteins in B is summarized. The ratio of oligomerized proteins (more than
dimer) to total proteins (monomer plus oligomerized proteins) was taken as
an index of the oligomerization level. Values are presented as mean � S.E.
The numbers of experiments are given in parentheses. *, p � 0.05 versus
V5-AQP11. Statistical significance was evaluated by Student’s t test. D and E,
oligomerization between Myc-C101A and AQP11-V5-C101A (C101A-V5) or
GFP-AQP11-C101A (GFP-C101A) was assessed by a co-immunoprecipitation
experiment. IP, immunoprecipitation; IB, immunoblot.
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AQP11-C101A in comparison with the wild-type form. Recip-
rocally, after precipitation with anti-V5-agarose beads, the
precipitation of Myc-AQP11-C101A was reduced. On the
other hand, the expression levels of V5- or Myc-tagged pro-
teins in the two groups were quite similar. These results
clearly indicate that C101A mutation in the NPC motif re-
duces the oligomerization of AQP11.
We also examined the oligomerization state of AQP11-

C101A using cross-linkers. Chemical cross-linking with DSP
(data not shown) or paraformaldehyde (Fig. 3, B and C) re-
sulted in less multimer formation by V5-AQP11-C101A,
compared with the wild-type form.
Furthermore, we evaluated the oligomerization between

Myc-AQP11-C101A and AQP11-V5-C101A or Myc-AQP11-
C101A and GFP-AQP11-C101A in a co-immunoprecipitation
experiment. As shown in Fig. 3, D and E, even when we used
different tags, reduced oligomer formation of AQP11-C101A
was observed.
Hetero-oligomerization of AQP11 Mutants with the Wild-

type Form—We examined the extent of oligomerization be-
tween the wild-type form and AQP11-C101A. The precipitate
obtained with anti-Myc-agarose beads from cells co-express-
ing AQP11-V5 and Myc-AQP11-C101A reacted weakly with
anti-V5 antibody (lane 4 of the lower panel in Fig. 4A), com-
pared with that from cells co-expressing AQP11-V5 and Myc-
AQP11 (lane 2). On the other hand, the expression levels of
V5- or Myc-tagged proteins in the two groups were quite sim-
ilar, as shown in the lanes that were loaded with lysates. These
results indicate that the C101A mutant forms oligomers
poorly with wild-type AQP11.
Finally, we examined the effect of mutations in and around

the NPC motif on the degree of oligomerization between
wild-type AQP11 and the mutants. As shown in Fig. 4B, the
V5-AQP11-C101T and -N99D mutants formed oligomers
poorly with wild-type AQP11. On the other hand, no reduc-
tion of oligomer formation by V5-AQP11-G102V with the
wild-type form was observed. These findings again indicate
the importance of the NPC motif in the oligomerization of
AQP11.
Measurement of Pf—As mentioned earlier, cell surface bio-

tinylation experiments with CHO-K1 cells expressing AQP11
revealed that AQP11 was expressed mainly in intracellular
components. However, a significant amount of AQP11 was
also detected at the plasma membrane (Fig. 1, D and E), thus
possibly allowing measurement of the water permeability of
AQP11 using a conventional cell swelling assay. We therefore
measured the osmotic water permeability of cells expressing
GFP-AQP11 using the method. As shown in Fig. 5A, treat-
ment with a hypotonic solution caused swelling more rapidly
in cells expressing GFP-AQP11 than in mock cells. The Pf
values (Fig. 5B), shown as mean � S.E., were 8.0 � 0.7 cm/s �
10�4 (n 	 12) for cells expressing GFP-AQP11 and 4.8 � 0.8
cm/s � 10�4 (n 	 12) for the mock cells.
Because it proved possible to measure the water permeabil-

ity of AQP11 using this assay, we then used it to measure the
osmotic water permeability of cells expressing GFP-AQP11-
C101A. As shown in Fig. 5, A and B, cells expressing GFP-
AQP11-C101A showed no significant water permeability

(Pf 	 3.8 � 0.9 cm/s � 10�4, n 	 12), compared with that of
mock cells. Because the plasma membrane expression level
of AQP11-C101A was not significantly different from that
of mock cells (Fig. 1E), these data indicate that the NPC mo-
tif of AQP11 plays an important role in the water permeability
function of the molecule.
Effect of hAQP11-C101A Capped mRNA on the Phenotype

of Zebrafish Deficient in Endogenous AQP11—It has been re-
ported that, in zebrafish, disruption of endogenous AQP11 by
MO results in body axis curvature of the morphants and that
this phenotype was rescued by co-injecting hAQP11 mRNA
(18). We therefore employed this system to evaluate the im-
portance of Cys101 for the function of AQP11. Because the
nucleotide sequence around the initiation codon of zebrafish
aqp11 was ambiguous in the NCBI and Ensembl databases
(19), we originally designed four MOs that would be poten-
tially capable of blocking sites involved in splicing the
pre-mRNA of zebrafish aqp11 and screened them. Among
these four MOs (MO2–MO5), MO5 was found to be the most
effective for splice inhibition, as judged by RT-PCR and se-
quence analysis, and also for inducing a higher number of
morphants showing body axis curvature. Therefore, we used
MO5 for further experiments.

FIGURE 4. Oligomerization between the wild-type form and its mutant
protein. A, oligomerization between AQP11-V5 and Myc-AQP11 or Myc-
C101A was assessed by a co-immunoprecipitation experiment. Experiments
were repeated twice with similar results. B, oligomerization between Myc-
AQP11 and V5-AQP11, V5-AQP11-C101T (V5-C101T), AQP11-V5-N99D (V5-
N99D), or AQP11-V5-G102V (V5-G102V) was assessed by a co-immunopre-
cipitation experiment. Experiments were repeated three times with similar
results. IP, immunoprecipitation; IB, immunoblot.
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We injected MO5 into one-cell-stage embryos and macro-
scopically observed the phenotype at days 1–5 after injection.
Fig. 6A summarizes the data in the same batches of mor-
phants at 2 days after injection. When the control MO (5-bp
mismatched MO5) was injected into the embryos, only 4.5%
of the morphants exhibited body axis curvature. In contrast,
more than 70% of morphants with MO5 did so. However, this
malformation was observed in only 24% of morphants that
had received a co-injection of both MO5 and hAQP11 cap
RNA. Similar results were obtained at the other time points
studied. These data are in good agreement with the previous
observations and suggest that the functions of human and
zebrafish AQP11 are interchangeable.
Using this technique, we next examined the effect of

hAQP11-C101A cap RNA on the MO5-induced phenotype.

In Fig. 6, B–D show representative photographs, E summa-
rizes the data from the same batches of morphants at 2 days
after injection. When MO5 and GFP cap RNA (as a control
cap RNA) were co-administered, 76% of the morphants
showed body axis curvature. The frequency of occurrence of
the abnormal phenotype was reduced when we used hAQP11
instead of GFP cap RNA. After co-administration of hAQP11-
C101A with MO5, 52% of the morphants showed body axis
curvature, suggesting that the AQP11-C101A mutant had
reduced ability to rescue the malformation induced by MO5
compared with that of the wild-type AQP11.

DISCUSSION

Both water-selective AQPs and aquaglyceroporins are
known to have two highly conserved NPA motifs that repre-
sent the signature motifs of the AQP family (1, 2). The third
AQP group is the subgroup that has been proposed most re-
cently (2, 5), and it is characterized by the divergence of an

FIGURE 5. Osmotic water permeability of cells expressing wild-type AQP11
or AQP11-C101A. A, CHO cells were transfected with GFP-AQP11 or GFP-
AQP11-C101A (GFP-C101A) expression plasmid. In the mock group, cells re-
ceived the same reagent treatment to transfect but without adding the plas-
mid. After 24 h, the cell diameter was measured under a microscope. At time 0,
the cells were exposed to hypotonic solution (300 to 150 mosmol solution). An
image frame of the cell was recorded every 1.12 s with the microscope
equipped with a time lapse image capture system. Values are presented as the
mean. The numbers of cells tested are given in parentheses. B, Pf values were
calculated from osmotic swelling data from A between 1.12 and 15.68 s using
the formula as indicated (Equation 1). Values are presented as mean � S.E.
(error bars). *, p � 0.05 versus mock. #, p � 0.01 versus GFP-AQP11-C101A. Stati-
stical significance was evaluated by Dunnett’s test.

FIGURE 6. The effect of capped hAQP11 or hAQP11-C101A mRNA on
body axis curvature of endogenous AQP11-deficient morphants. A, bar
graph showing the percentage of larvae with body axis curvature, when a
control MO, MO5, or MO5 
 capped human AQP11 mRNA (hAQP11) was
injected into one-cell-stage embryos. For each experimental condition,
more than 48 embryos were injected. B–D, examples of body shape of 48-h
postfertilization zebrafish larvae are shown, when MO5 
 capped GFP
mRNA (GFP) (B), MO5 
 hAQP11 (C), or MO5 
 capped human AQP11-
C101A mRNA (hAQP11-C101A) (D) was injected into one-cell-stage embryos.
Scale bar, 2 mm. E, bar graph showing the percentage of larvae with body
axis curvature, when MO5 
 GFP, MO5 
 hAQP11, or MO5 
 hAQP11-
C101A was injected into one-cell-stage embryos. For each experimental
condition, more than 60 embryos were injected.
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N-terminal NPA motif with conservation of the C-terminal
NPA motif. As yet, the function of the third AQP group has
been little characterized, and the role of the divergent NPA
motif has not been elucidated. AQP11 belongs to this group
with an N-terminal NPC motif, and the present study at-
tempted to clarify the role of this motif. Fluorescence micros-
copy and biotinylation experiments indicated that the NPC
motif played no significant role in the subcellular localization
of AQP11. Co-immunoprecipitation and cross-linking studies
showed that the NPC motif was important for the multimer-
ization of AQP11, and a cell swelling assay revealed that the
motif was necessary for AQP11 water permeability. Further-
more, experiments with zebrafish showed that the functions
of human and zebrafish AQP11 were exchangeable and that
introduction of mutation in the NPC motif lowered the func-
tion of AQP11. Based on these data, we conclude that the N-
terminal NPC motif of AQP11 is essential for full functional-
ity of the molecule. Moreover, our observations seem to
highlight the functional importance of the divergent N-termi-
nal motif for members of the third AQP group.
The water-selective AQPs characterized to date form tet-

ramers, and each monomer contains a channel (2). Many bio-
chemical and structural studies have demonstrated that wa-
ter-selective AQPs have a high degree of similarity in their
amino acid sequences and that their monomers have the same
topological characteristics (2). The topological model includes
six transmembrane domains (TM1 to -6) connected to each
other by five loops (A–E) with two conserved NPA motifs in
loops B and E. In this study, co-immunoprecipitation and
cross-linking experiments demonstrated that the unique NPC
motif of AQP11, corresponding to the N-terminal NPA motif
of the water-selective AQPs, plays an important role in its
three-dimensional protein structure. According to the three-
dimensional models, the quaternary structure of AQP1 is sta-
bilized by interaction between TM1 and TM5 of the neigh-
boring monomer as well as between TM2 and TM4 of the
neighboring monomer. Furthermore the N- and C-terminal
domains of AQP1 are thought to be involved in its tetramer
formation (2–4, 20, 21). Recently, it has also been reported
that although the residues are unique to AQP1, Lys51 of TM2
interacts with Asp185 of TM5 on an adjacent monomer to
stabilize the AQP1 tetramer (22). Because the degree of
amino acid sequence similarity between AQP11 and other
AQPs is rather low, it is difficult to predict the three-dimen-
sional structure of AQP11 using homology modeling (7).
However, if the quaternary structure of AQP11 is similar to
those of known AQPs, and Cys101 of AQP11 is located in loop
B, then the residue may not be positioned in the domains that
are considered important for the multimerization of AQP1
through direct interaction with other monomers. Therefore,
mutation at Cys101 of AQP11 may interfere with formation of
the correct structure within the individual subunit, leading to
misalignment of surrounding contact points between sub-
units. In fact, when we preliminarily built three-dimensional
structure models of both AQP11 and AQP11-C101A using
the AQP1 crystal structure as a template, the mutation at
Cys101 caused a misalignment in a C-terminal domain after
TM5 (especially at the junction between loop E and TM6) of

AQP11. Future crystallographic studies will be necessary to
assess more definitively the structure of the AQP11 oligomer.
Numerous theoretical analyses have shown that the water-

selective AQPs have two narrow constrictions (2, 3). The nar-
rowest constriction is located close to the extracellular pore
mouth, which consists of Arg in an aromatic environment.
The second, less narrow, constriction is located at the center
of the pore, and this constriction is formed by the two Asn
residues in two NPA motifs. The two Asn residues are
thought to act as hydrogen donors to the oxygen atoms of
passing permeants. According to this model, two NPA motifs
are essential for transfer of water molecules through the wa-
ter-selective AQPs. In the present study, we examined the
effect of mutation in the N-terminal NPC motif on the water
permeability of AQP11. Although the effect of the C101A
mutation on multimerization was partial, the mutation almost
abolished the water permeability of AQP11. Again, if the
three-dimensional structure of AQP11 is assumed to resem-
ble those of known AQPs, the Cys101 is positioned at a site at
or near the second constriction region. Therefore, it is likely
that the mutation at Cys101 may change the structure around
the second constriction region, leading to a greater effect on
water permeation than on multimerization.
The present study clearly demonstrated the water perme-

ability of AQP11, in good agreement with previously reported
data (12), indicating that AQP11 is a water channel protein. In
view of its water permeability, AQP11 is thought to be similar
to the water-selective AQPs. However, our data indicated the
importance of the NPC motif for the full functionality of
AQP11, whereas the corresponding NPA motif was a signa-
ture motif for the water-selective AQPs (1, 2, 5), suggesting
that AQP11 is a protein distinct from the water-selective
AQPs. Furthermore, the amino acid sequence alignments
show that Cys at the ninth residue downstream of the C-ter-
minal NPA motif is well conserved in the members that are
thought to belong to the third AQP group, whereas this Cys is
not conserved in either the water-selective AQPs or the aqua-
glyceroporins (5). Recently, a point mutation of Ser at this Cys
of AQP11 was reported to produce a phenotype similar to
that of AQP11-null mice (9), suggesting that Cys227 is impor-
tant for the function of AQP11. Therefore, AQP11 should be
preferably placed in a new class of the AQP subfamily, the
third AQP group, in which deviation of the N-terminal NPA
motif and Cys at the ninth residue downstream of the C-ter-
minal NPA motif may be a defining characteristic.
In contrast to the mutational effect on water permeability,

our zebrafish experiments showed that mutation at Cys101 of
the NPC motif did not result in complete loss of function.
Because the zebrafish lives in waters at temperatures below
the culture temperature for transfected mammalian cells, the
differential effect of the mutation between the water perme-
ability and zebrafish phenotype may result from a tempera-
ture-dependent effect of the mutant. We therefore prelimi-
narily measured the osmotic water permeabilities of cells
expressing AQP11 and AQP11-C101A as well as the mock
cells at a temperature (15 °C) lower than that (25 °C) used in
Fig. 5. The Pf values, shown as mean � S.E., were 2.8 � 0.6 �
10�4 cm/s (n 	 6) for cells expressing AQP11, 2.9 � 0.7 �
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10�4 cm/s (n 	 6) for AQP11-C101A, and 3.8 � 0.6 � 10�4

cm/s (n 	 6) for the mock cells, and there was no significant
difference between the three groups. These results strongly
suggest that the differential effect of the mutation between
the water permeability and zebrafish phenotype does not re-
sult from a temperature-dependent effect of the mutant. On
the other hand, a partial effect of the mutation was also ob-
served in the oligomerization study, suggesting that the full
function of hAQP11 in zebrafish appears to be related to the
correct tertiary and/or quaternary structure rather than to
water permeation. Besides functioning as channels for water
and small solutes, some evidence indicates that AQPs play a
structural role involved in cell-to-cell adhesion. Electron crys-
tallography and atomic force microscopy studies have shown
that AQP0, a lens-specific AQP molecule, formed single lay-
ered as well as double layered crystals, suggesting that AQP0
has an adhesive role in the ocular lens fibers (23, 24). High
resolution structures of AQP0 have also shown the interac-
tion with lipid (25). Because mutations of AQP0 have been
observed in patients with cataract (26–28), this adhesion is
thought to be involved in the maintenance of lens transpar-
ency. Similarly to AQP0, it has also been reported that each
AQP4 tetramer interacts with four tetramers in the opposing
membrane (29). Although the pathophysiological significance
of this structure of AQP4 is still not clear (30), it is suggested
that the structure mediates AQP4-dependent adhesion. We
do not know whether this is the case for AQP11, but it is con-
sidered that the correct tertiary and/or quaternary structure
of AQP11 is necessary for a structural role of the molecule
inside or/and outside cells and that this role may be impor-
tant for the function of hAQP11 in zebrafish.
It has been reported that loss of function of AQP11 in mice

causes polycystic kidney disease (6, 9). We also checked the
kidney development in morphants with MO5. However, renal
cyst formation was not observed (data not shown). Recently, a
profile of AQP gene expression in zebrafish was reported (19).
In that study, RT-PCR analysis clearly showed a lack of ex-
pression of the zebrafish aqp11 gene (draqp11b) in the kid-
ney. These findings together with our results indicate that
AQP11 plays no significant role in kidney development in the
zebrafish, suggesting differences in the role of AQP11 be-
tween species. Because the gene structure of zebrafish aqp11
has not been completely established (19), the presence of al-
ternatively spliced forms of AQP11 is possible. Future studies
will be required to clarify the role of AQP11 in zebrafish.
In this study, injection of MO5 clearly caused a deformity

in the tail region of the zebrafish. Because a number of genes
are suggested to be involved in the body axis curvature of ze-
brafish (31) and the roles of AQPs in the body shape develop-
ment of teleosts are unknown (32), it is difficult to discuss
how AQP11 deficiency in zebrafish might induce body shape
mutants with a curled tail. However, several recent studies
seem to have hinted at the mechanisms underlying the body
axis curvature induced by deficiency of AQP11 in zebrafish.
Using microarray analyses, Okada et al. (33) have shown that
the kidneys of 1-week-old AQP11-null and wild-type mice
exhibit a significant change in the expression of three genes
(Myc, Egfr, and Egf) involved in cell proliferation and three

genes associated with remodeling of the extracellular matrix
(Mmp12, Timp1, and Tgfb1). Expression ofMyc, Egfr,
Mmp12, Timp1, and Tgfb1 was found to be up-regulated in
Aqp11�/� mice, whereas Egf was down-regulated. So far, both
enhancement of TGF-�1 signaling (34) and inhibition of
EGF-signaling (35) have been reported to inhibit hormone-
induced maturation of zebrafish oocytes. Therefore, it is con-
sidered that knockdown of zebrafish AQP11 by MO5 causes
up-regulation of Tgfb1 and down-regulation of Egf, thereby
inhibiting the normal development of zebrafish and leading to
curvature of the body axis. Array analysis to characterize the
gene expression profile in zebrafish with AQP11 deficiency is
now in progress in our laboratory.
The present study has provided a novel approach employ-

ing paraformaldehyde for studying the native quaternary
structure of AQP11, and using this simple method, we suc-
ceeded in detecting oligomeric forms of AQP11, as shown in
Fig. 2. This was in good agreement with the results obtained
using paraformaldehyde for detecting multimeric forms of
membrane proteins, such as synaptophysin, vesicle-associated
membrane protein II, secretory carrier membrane protein,
and 25-kDa synaptosome-associated protein (17). Formalde-
hyde has been used as a fixative for a long time, but the pre-
cise mechanism whereby it cross-links protein has not been
fully understood. However, it has been shown that the pro-
tein-protein cross-links induced by paraformaldehyde can be
as short as one carbon atom and that the predominant cross-
link species seem to be the methylene bridge (17). A methyl-
ene bridge connecting the nitrogen atoms of two Lys side
chains is estimated to be �3 Å long. For comparison, the
cross-link distance obtained with the commonly used homo-
bifunctional N-hydroxysuccinimide ester cross-linker DSP
would be 12.0 Å (data from the Pierce catalogue). The suc-
cessful use of paraformaldehyde for cross-linking in this study
appears to be an indication that the narrowest distance be-
tween each monomer of AQP11 is around 3 Å in an AQP11
oligomer. In order to define this clearly, a combination of
paraformaldehyde cross-linking and crystallography will be
required.
In summary, the present results indicate that a unique NPC

motif of AQP11 corresponding to the NPA motif found in
conventional AQPs has an important role in the function of
the molecule. Similarly to AQP11, AQP12 is thought to be-
long to the third group of AQPs because it also has a diver-
gent N-terminal NPA motif (8). Furthermore, other AQPs
with a divergent N-terminal NPA motif, which could also be
members of this group, have been reported in nematodes,
fruit fly, fish, frog, and chicken (5). We anticipate that the re-
sults of the present study will help to clarify the function of
members of the third AQP group at the molecular level.
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