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Vasopressin-regulated water reabsorption through the water
channel aquaporin-2 (AQP2) in renal collecting ducts main-
tains body water homeostasis. Vasopressin activates PKA,
which phosphorylates AQP2, and this phosphorylation event is
required to increase the water permeability and water reab-
sorption of the collecting duct cells. It has been established
that the phosphorylation of AQP2 induces its apical mem-
brane insertion, rendering the cell water-permeable. However,
whether this phosphorylation regulates the water permeability
of this channel still remains unclear. To clarify the role of
AQP2 phosphorylation in water permeability, we expressed
recombinant human AQP2 in Escherichia coli, purified it, and
reconstituted it into proteoliposomes. AQP2 proteins not re-
constituted into liposomes were removed by fractionating on
density step gradients. AQP2-reconstituted liposomes were
then extruded through polycarbonate filters to obtain unila-
mellar vesicles. PKA phosphorylation significantly increased
the osmotic water permeability of AQP2-reconstituted lipo-
somes. We then examined the roles of AQP2 phosphorylation
at Ser-256 and Ser-261 in the regulation of water permeability
using phosphorylation mutants reconstituted into proteolipo-
somes. The water permeability of the non-phosphorylation-
mimicking mutant S256A-AQP2 and non-phosphorylated
WT-AQP2 was similar, and that of the phosphorylation-mim-
icking mutant S256D-AQP2 and phosphorylated WT-AQP2
was similar. The water permeability of S261A-AQP2 and
$261D-AQP2 was similar to that of non-phosphorylated WT-
AQP2. This study shows that PKA phosphorylation of AQP2
at Ser-256 enhances its water permeability.

Body water homeostasis is essential for the survival of
mammals and is regulated by the renal collecting duct. Key
components in the regulation of collecting duct water perme-
ability are the vasopressin receptor and the water channel
aquaporin-2 (AQP2)? (1-6). Mutations in the vasopressin V.,
receptor and AQP2 cause congenital nephrogenic diabetes
insipidus, a disease characterized by a massive loss of water
through the kidney (7, 8). The binding of the antidiuretic hor-
mone vasopressin to vasopressin V, receptors on renal princi-
pal cells stimulates cAMP synthesis via activation of adenylate
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cyclase. The subsequent activation of PKA leads to phosphor-
ylation of AQP2 at Ser-256, and this phosphorylation event is
required to increase the water permeability and water reab-
sorption of renal principal cells. It has been established that
the phosphorylation of AQP2 induces its apical membrane
insertion, rendering the cell water-permeable. We showed
recently that AQP2 binds to a multiprotein “motor” complex
and that phosphorylation-dependent reciprocal interaction
with G-actin and tropomyosin 5b directs AQP2 to the apical
membrane (9 -13). However, whether this phosphorylation
regulates the water permeability of individual AQP2 proteins
still remains unclear.

Kuwahara et al. (14) showed that cAMP stimulation in-
creased the water permeability of AQP2 expressed in Xenopus
oocytes, although this stimulation did not increase the
amount of AQP2 on the oocyte membrane. This finding sug-
gests that cAMP-mediated phosphorylation of AQP2 in-
creases the water permeability of individual AQP2 proteins.
On the other hand, Lande et al. (15) purified endosomes de-
rived from the apical membrane of rat inner medullary col-
lecting duct cells that were highly enriched for AQP2 and
showed that their water permeability was not changed by
AQP2 phosphorylation. However, it was not excluded that
other proteins contained in oocytes or endosomes prepared
from inner medullary collecting duct cells may have affected
these responses. For example, basal phosphorylation levels of
AQP2 determined by endogenous kinase or phosphatase ac-
tivities may affect the results in these experimental systems.
To clarify whether the water permeability of AQP2 is regu-
lated by its phosphorylation event alone, an experimental sys-
tem that does not contain other regulatory proteins is
required.

In this study, we performed large-scale expression of full-
length recombinant human AQP2, purified it, reconstituted it
into proteoliposomes, and examined the protein function.
Here, we show the direct evidence that the water permeability
of AQP2 is regulated by its phosphorylation at Ser-256 by
PKA.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant AQP2—Hu-
man AQP2 cDNA was subcloned into pET32 (Novagen, Mad-
ison, W1I) to generate His-tagged thioredoxin (Trx)-fused
AQP2 (AQP2/Trx). AQP2 mutants were generated by PCR
using a QuikChange II site-directed mutagenesis kit (Strat-
agene, La Jolla, CA) and the following sense primers: I, 5'-
GTGCGACGGCGGCAGGCGGTGGAGCTGCACTCG-3';
I, 5'-GTGCGACGGCGGCAGGACGTGGAGCTGCACTCG-
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35111, 5'-TCGGTGGAGCTGCACGCGCCGCAGAGCCTG-
CCA-3’; 1V, 5'-TCGGTGGAGCTGCACGACCCGCAGAG-
CCTGCCA-3";V, 5'-CTGCACTCGCCGCAGGCGCTGCC-
ACGGGGTACC-3; VI, 5'-GCGGTGGAGCTGCACGCGC-
CGCAGAGCCTGCCA-3'; VII, 5'-CTGCACGCGCCGCAG-
GCGCTGCCACGGGGTACC-3'; and VIII, 5'-CTGCCACG-
GGGTGCGAAGGCCTGAAAGCTT-3'. The S256A and
S$256D mutants were generated from WT-AQP2 using prim-
ers I and II, respectively. The S261A and S261D mutants were
generated from WT-AQP2 using primers III and IV, respec-
tively. The S256A/S261A/S264A mutant was generated using
primer VII from S256A/S261A, which was generated from
S256A using primer VI. The S256A/S261A/S264A/T269A
mutant was generated from S256A/S261A/S264A using
primer VIII. The S256A/S261A/T269A mutant was generated
from S256A/S261A using primer VIII. The S256A/S264A/
T269A mutant was generated using primer VIII from S256A/
S264A, which was generated from S256A using primer V. The
S261A/S264A/T269A mutant was generated using primer
VIII from S261A/S264A, which was generated from S261A
using primer VIIL

WT-AQP2/Trx and Mutants were expressed in Escherichia
coli BL21 (Novagen) by induction with 1 mm isopropyl-B-p-
thiogalactopyranoside for 4 h at 30 °C. The bacterial pellets
were incubated with lysozyme, sonicated, and centrifuged at
10,000 X g. For AQP2 purification, the pellets were sus-
pended with 6 M urea in PBS and centrifuged. The superna-
tants were diluted to a concentration of 2 M urea and applied
to a column of TALON resin (Clontech). The column was
washed and eluted by buffer A (50 mm K-HEPES (pH 7.6), 100
mwm KCl, and 10 mm MgCl,) containing 2% octyl glucoside
and 150 mMm imidazole. AQP2 purification was confirmed by
Coomassie Blue staining, silver staining, and immunoblotting
using anti-AQP2 antibody, which was generated against a
synthetic peptide corresponding to 15 C-terminal amino acid
residues (positions 257-271) of AQP2 (12, 16). For PKA
phosphorylation, AQP2 protein was added with 1 mm ATP
and 200,000 units/ml cAMP-dependent PKA (New England
Biolabs, Beverly, MA) and incubated at 30 °C for 1 h. The
phosphorylation was confirmed by immunoblotting using
antibodies for AQP2 phosphorylated at Ser-256 (12, 17). Anti-
bodies for AQP2 phosphorylated at Ser-256 were generated
against a synthetic peptide corresponding to amino acids
253-262 of human AQP2, with the addition of a cysteine resi-
due at the C terminus and a glycine residue at the N terminus,
which was phosphorylated at Ser-256, as described previously
(18, 19).

Measurement of the Sites and Efficiency of Phosphorylation
by PKA in Recombinant Human AQP2—The phosphorylation
sites and efficiency were measured as described previously
(20, 21) with the following modifications. A synthetic phos-
phopeptide corresponding to the C terminus of AQP2 (resi-
dues 231-271) that was phosphorylated at Ser-256 was used
as a standard. As shown in Fig. 3D, WT-AQP2 and mutant
proteins and the phosphopeptide standard were immuno-
blotted using antibodies for phosphoserine (Sigma) to exam-
ine their phosphorylation efficiencies. A dot blot was pre-
pared by spotting 25 pmol (2 ul) of each AQP2 protein and
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the phosphopeptide standard onto a nitrocellulose mem-
brane. The membrane was then processed as for Western blot
analysis. Coomassie Blue staining was performed to confirm
that the loaded molar amounts were equal among WT-AQP2
and mutant proteins.

Reconstitution of Recombinant AQP2 into Liposomes—Lip-
ids (Sigma) were mixed in chloroform/methanol (2:1, v/v) to
yield phosphatidylcholine (molar ratio of 1) and cholesterol
(molar ratio of 1.6). After drying under N, gas, they were re-
suspended in buffer A containing 2% octyl glucoside to a total
lipid concentration of 7.5 mM, mixed with an equal volume of
recombinant AQP2 (0.7 mg/ml), and dialyzed against 50 mm
Tris-HCI (pH 7.5) and 10 mm MgCl,. The proteoliposomes
were overlaid with step gradients of 30 and 40% OptiPrep
(Axis-Shield, Oslo, Norway) and centrifuged using an SW41Ti
rotor (Beckman Coulter, Fullerton, CA) at 39,000 rpm for 4 h.
The proteoliposomes were collected at the 0—-30% interface
and extruded through polycarbonate filters with 50-nm pores
using a LiposoFast extruder (Avestin, Ottawa, Canada) to ob-
tain unilamellar vesicles (22).

Measurement of Osmotic Water Permeability—The
stopped-flow experiments were performed on an Applied
Photophysics SX18.MV stopped-flow apparatus. The proteo-
liposomes suspended in 50 mm Tris-HCI (pH 7.5) containing
1 mm DTT were abruptly mixed with 50 mm Tris-HCI (pH
7.5) containing 600 mM mannitol, and the liposomes were
imposed with a 300 mm inwardly directed osmotic gradient.
To inhibit the water transport of AQP2, AQP2-incorporated
liposomes (AQP2-liposomes) were treated with 1 mm HgCl,
for 15 min. A decrease in the liposome volume due to osmotic
water efflux driven by the osmotic gradient was monitored as
the time-dependent increase in 90° scattered light intensity
monitored at 466 nm. The data were fitted to a double expo-
nential function. The osmotic water permeability (P) was cal-
culated from the initial rate of volume change by the relation
dV(t)/dt = PsSAV-V(Osm,,,, — Osmy,,), where V(¢) is lipo-
some volume at time ¢, SAV'is initial surface area to volume
ratio (calculated from the liposome diameter examined by
electron microscopy), Vi is the molar volume of water (18 X
1072 liters/mol), and Osm_, — Osm,, is the difference in
external and internal osmolarity.

Statistical Analysis—All values are expressed as means =
S.E. Data were analyzed by one-way analysis of variance, fol-
lowed by the Bonferroni test for multiple comparisons, and
p < 0.05 was considered to be statistically significant. All sta-
tistical procedures were carried out using SPSS Version 11.5
(SPSS Inc., Chicago, IL).

RESULTS

Expression and Purification of Recombinant WT-AQP2 and
Mutants—To examine the regulation of the water permeabil-
ity of AQP2 by its phosphorylation without the effects of
other regulatory proteins, we performed large-scale expres-
sion of full-length recombinant human AQP2 fused to Trx
and purified it (Fig. 1A4). A single band corresponding to the
theoretical size of 49 kDa was recognized by both Coomassie
Blue staining and immunoblotting using anti-AQP2 antibody,
confirming that the purified recombinant protein preparation
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FIGURE 1. Purification of recombinant WT-AQP2 and mutants. Full-
length human WT-AQP2 (A), S256A-AQP2 (B), S256D-AQP2 (C), S261A-AQP2
(D), and S261D-AQP2 (E) were fused to Trx; expressed in E. coli BL21; purified
using a TALON metal affinity column; separated by SDS-PAGE; and sub-
jected to Coomassie Blue staining (left panels) and immunoblotting using
anti-AQP2 antibody (right panels). Lanes f1-f5 indicate consecutive serial
elution fractions (5 X 500 wl) of 1 ml of the TALON matrix column.

was indeed AQP2. To further confirm the purity of this pro-
tein, silver staining was performed (Fig. 2A). There were faint
nonspecific protein bands. Densitometric analysis showed
that the purity of AQP2 protein was >95%. To examine the
roles of phosphorylation at Ser-256 and Ser-261, we also ex-
pressed and purified mutants mimicking the phosphorylated
(5256D and S261D) and non-phosphorylated (S256A and
S261A) states. In addition to Ser-256, phosphorylation at Ser-
261 is also regulated by vasopressin, and its roles have been
examined (17, 23-25). Coomassie Blue staining and immuno-
blotting using anti-AQP2 antibody showed the purification of
these mutants (Fig. 1, B-E). Silver staining further confirmed
that these mutant proteins were of high purity (Fig. 2, B-E).

Phosphorylation of AQP2 by PKA—WT-AQP2 was then
subjected to in vitro PKA phosphorylation. Immunoblotting
for total AQP2 and phosphorylated AQP2 confirmed AQP2
phosphorylation (Fig. 3, A and B).

We then examined the sites and efficiencies of phosphory-
lation of recombinant human AQP2 by PKA (Fig. 3, C and D).
Recent phosphoproteome analyses have shown that three
other sites are also phosphorylated in addition to Ser-256,

G
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FIGURE 2. Silver staining of recombinant WT-AQP2 and mutants. Puri-
fied WT-AQP2 (A), S256A-AQP2 (B), S256D-AQP2 (C), S261A-AQP2 (D), and
S261D-AQP2 (E) were separated by SDS-PAGE and subjected to silver stain-
ing. Lanes f1-f5 indicate consecutive serial elution fractions (5 X 500 ul),
and 35 ul from each fraction was loaded.

although Ser-256 is phosphorylated predominantly in rat re-
nal inner medullary collecting duct cells (20, 23). Ser-256
phosphorylation is most likely mediated by PKA (3, 26),
whereas the kinases acting at the other sites have not been
reported. To confirm the sites phosphorylated by PKA in re-
combinant human AQP2, we expressed and purified non-
phosphorylation-mimicking mutants at plausible phosphory-
lation sites: Ser-256, Ser-261, Ser-264, and Thr-269.
Coomassie Blue staining of 25 pmol each of WT-AQP2 and
mutants, with or without phosphorylation by PKA, is shown
in Fig. 3C. The band densities were equal, confirming that the
loaded molar amounts were equal. In the immunoblot for
phosphoserine, the signal of WT-AQP2 phosphorylated

by PKA was similar to that of an equimolar amount of phos-
phopeptide, indicating that almost all WT-AQP2 was phos-
phorylated (Fig. 3D). Furthermore, the signal of the phosphor-
ylated S261A/S264A/T269A-AQP2 mutant, in which

Ser-256 was intact, was equal to those of phosphorylated WT-
AQP2 and the phosphopeptide. On the other hand, positive

JOURNAL OF BIOLOGICAL CHEMISTRY 40779



Regulation of AQP2 Water Permeability

A Phosphorylation

B Phosphorylation

~75 75
WT-AQP2 » =50 WT-AQP2p - [0
37 —37
C &
\ad 12 12 12 12
N & & & &
oF & o o N
SV VX{L < VS\‘L Sy
o > @"‘Vx o 6'\?X
v v v eV i e
«X °§’$ 6\?\ S b‘b‘?x vﬁk
& Sy SV SV = S
- + - 4 - 4+ = 4+ -+ —_— 4+ Phosphorylation
— 4 AQP2
12
D %
qg)q,?“ OQ"L OQ(L OQ’L OQ'L
?g\ X X X X
R A R e
LR R
A R\ A
g o ?@'L g g o &
X‘O 6(b$ Y b“ov\ 6‘6?X ‘3‘6? %‘\
\$« co“lx roqz %q/ %q’ %'L A\

+|

Phosphorylation

FIGURE 3. In vitro phosphorylation of AQP2 by PKA. A and B, WT-AQP2 with or without phosphorylation was immunoblotted using anti-AQP2 antibody
(A) and anti-phosphorylated AQP2 antibody (B). Anti-AQP2 antibody was generated against a synthetic peptide corresponding to 15 C-terminal amino acid
residues (positions 257-271) of AQP2. Anti-phosphorylated AQP2 antibody was generated against a synthetic peptide corresponding to amino acids 253-
262 of AQP2 with phosphorylation at Ser-256. Details are provided under “Experimental Procedures.” C and D, sites and efficiency of phosphorylation by
PKA in AQP2. C, WT-AQP2 and mutant proteins (25 pmol each), with or without phosphorylation by PKA, were analyzed by SDS-PAGE and Coomassie Blue
staining. D, WT-AQP2 and mutant proteins (25 pmol each), with or without phosphorylation by PKA, and the phosphopeptide standard were subjected to

dot blot analysis using antibodies for phosphoserine.

signals were not detected for any mutants that included the
S256A mutation. These findings indicate that only Ser-256 in
recombinant AQP?2 is phosphorylated by PKA.

Reconstitution of AQP2 into Liposomes—W'T-AQP2 and
mutants were reconstituted into proteoliposomes as de-
scribed under “Experimental Procedures.” Proteins that were
not reconstituted into liposomes were removed by fractionat-
ing on OptiPrep step gradients (Fig. 44). The proteolipo-
somes were extruded through polycarbonate filters to obtain
unilamellar vesicles (22). The size of the proteoliposomes was
examined by negative stain electron microscopy (Fig. 4B). The
diameter was similar in different kinds of liposomes: lipo-
somes without protein reconstitution, 185 * 4 nm; Trx-
liposomes, 193 = 5 nm; non-phosphorylated WT-AQP2-lipo-
somes, 200 = 4 nm; phosphorylated WT-AQP2-liposomes,

40780 JOURNAL OF BIOLOGICAL CHEMISTRY

199 = 5 nm; S256A-AQP2-liposomes, 189 * 4 nm; S256D-
AQP2-liposomes, 190 * 4 nm; S261A-AQP2-liposomes,
200 = 4 nm; and S261D-AQP2-liposomes, 196 * 6 nm.

PKA Phosphorylation of AQP2 Enhances Its Water
Permeability—We then examined the P of WT-AQP2-lipo-
somes, Trx-liposomes, and liposomes without protein recon-
stitution (Fig. 5). The P,of non-phosphorylated WT-AQP2-
liposomes was significantly greater than that of the control
substances, which were Trx-liposomes and liposomes without
protein incorporation. Treatment of WT-AQP2-liposomes
with HgCl, significantly decreased their P to the control lev-
els. This finding indicates that the increased P,of AQP2-lipo-
somes is mediated by the AQP2 function of water transport.
PKA phosphorylation significantly increased the water per-
meability of WT-AQP2-liposomes. These findings indicate
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FIGURE 4. Reconstitution of AQP2 into liposomes. A, WT-AQP2 reconsti-
tuted in proteoliposomes was fractionated on OptiPrep step gradients, sep-
arated by SDS-PAGE, and immunoblotted using anti-AQP2 antibody. The
OptiPrep concentrations in each fraction were 0% (f7), 0-30% interface (f2),
30% (f3), and 40% (f4). Proteoliposomes existed in the 0-30% OptiPrep in-
terface. B, negative stain electron microscopy of liposome without protein
incorporation, Trx-liposome, non-phosphorylated WT-AQP2-liposome (NP-
AQP2-liposome), phosphorylated WT-AQP2-liposome (P-AQP2-liposome),
S256A-AQP2-liposome, S256D-AQP2-liposome, S261A-AQP2-liposome, and
$261D-AQP2-liposome, which were derived from the f2 fraction. Scale

bars = 200 nm.
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that the water permeability of AQP2 is enhanced by its
phosphorylation.

Phosphorylation of AQP2 at Ser-256 Is Essential for PKA
Regulation of Its Water Permeability—W e then examined the
role of AQP2 phosphorylation in the regulation of P, using
phosphorylation mutants of AQP2 reconstituted into proteo-
liposomes (Fig. 6). The P,of non-phosphorylation-mimicking
mutant S256 A-AQP2-liposomes was similar to that of non-
phosphorylated WT-AQP2-liposomes. On the other hand,
the P,of phosphorylation-mimicking mutant S256D-AQP2-
liposomes was significantly increased up to the levels of phos-
phorylated WT-AQP2-liposomes. PKA phosphorylation did
not alter the P,of either S256A-AQP2 or $256D-AQP2. These
findings indicate that phosphorylation of AQP2 at Ser-256 is
essential for PKA regulation of its water permeability and that
phosphorylation at other sites in AQP2 is not involved in this
regulation. Furthermore, the vaalues of both S261A and
S261D mutants were similar to those of non-phosphorylated
WT-AQP2, indicating that phosphorylation at Ser-261 has no
effect on P,

DISCUSSION

This study provides direct evidence for the regulation of
the water transport activity of AQP2 by phosphorylation.
AQP2-regulated water reabsorption in kidney collecting
ducts is a key event for the maintenance of body water bal-
ance. In addition to the intracellular translocation of AQP2
to the luminal membrane, our findings indicate that the
water transport activity of individual AQP2 proteins is im-
portant for the regulation of water reabsorption in kidney
collecting ducts.

To date, several groups have examined the role of phosphor-
ylation in P, Kuwahara et al. (14) examined the phosphoryla-
tion and P,of AQP2 expressed in Xenopus oocytes. They
showed that PKA phosphorylated AQP2 at Ser-256. cAMP
stimulation increased the P,of oocytes expressing AQP2, al-
though this stimulation did not increase the amount of AQP2
on the oocyte surface, which was examined by immunoblot-
ting of AQP2 using oocyte membranes. This finding sug-
gested that the P,of individual AQP2 proteins was increased
by cAMP-mediated phosphorylation of AQP2. However, the
possibility of phosphorylation-induced translocation of AQP2
could not be excluded in this experimental system. Recently,
Moeller et al. (27) also examined the role of phosphorylation
using AQP2 expressed in Xenopus oocytes. To evaluate the P,
of a single channel, P,relative to the plasma membrane abun-
dance was compared among WT-AQP2 and mutants. Both
the Prand plasma membrane abundance of the non-phosphor-
ylation-mimicking mutant S256A-AQP2 were decreased com-
pared with those of WT-AQP2, resulting in the P relative to
the plasma membrane abundance being similar. This finding
suggested that a lack of phosphorylation at this site had no
effect on individual AQP2 proteins. However, the methods
determining the plasma membrane abundance were semi-
quantitative, and this study could not exclude the possibility
that the P,of individual AQP2 proteins was altered by this
mutation. On the other hand, Lande et al. (15) purified endo-
somes derived from the apical membrane of rat inner medul-
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FIGURE 5. PKA phosphorylation of AQP2 enhances its water permeability. A, stopped-flow analysis. Proteoliposomes or liposomes without protein in-
corporation were abruptly imposed to an inwardly directed osmotic gradient, and the vesicle shrinkage was monitored by measuring the increase in scat-
tered light. The dots are measured values, and the solid lines are their fitted curves. Red, phosphorylated WT-AQP2-liposome; dark blue, non-phosphorylated
WT-AQP2-liposome; green, non-phosphorylated WT-AQP2-liposome treated with HgCl,; light blue, Trx-liposome; black, liposome without protein incorpora-
tion. B, summary of osmotic water permeability (P,). Data represent means = S.E. from 15-20 independent experiments. *, p < 0.001 versus Trx-liposome; **,

p < 0.001 versus non-phosphorylated AQP2-liposome.

lary collecting duct cells that were highly enriched for AQP2.
These endosomes contained endogenous PKA and phospha-
tase activities that could phosphorylate and dephosphorylate
AQP2. Therefore, these authors prepared two kinds of sam-
ples to detect the effect of phosphorylation on P, For phos-
phorylated AQP2, AQP2-endosomes were incubated with
exogenous PKA catalytic subunit and ATP to maximize the
phosphorylation levels. For non-phosphorylated AQP2, the
above phosphorylated sample was then incubated with ex-
ogenous alkaline phosphatase, which was shown to remove
95% of the phosphate from AQP2. There was no significant
difference in P,between these two samples, suggesting that
the P,of AQP2 is not changed by its phosphorylation.
However, the phosphorylation levels of AQP2-endosomes
incubated with exogenous PKA and ATP progressively de-
creased over 20 min, which might have been caused by en-
dogenous phosphatase activities. It is possible that the dif-
ferences in P may have been underestimated due to the
existence of endogenous PKA, phosphatase, and other reg-
ulatory proteins in AQP2-endosomes. Our experimental
system using recombinant AQP2 reconstituted into lipo-
somes did not contain any other proteins, and thus, the
potential effects of other regulatory proteins were ex-
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cluded. This provides direct evidence that phosphorylation
of AQP2 regulates its water permeability.

In this study, it is possible that not all AQP2 proteins were
reconstituted in liposomes with the proper orientation and
topology, which may have caused underestimation of their
water transport activity. However, significant water transport
via AQP2 was observed, demonstrating functional reconstitu-
tion into liposomes, as shown in Fig. 5. Moreover, the effects
of PKA phosphorylation and mutations of AQP2 on P were
clearly observed (Figs. 5 and 6).

There is increasing evidence that aquaporins are gated (28).
The spinach aquaporin SoPIP2;1 is gated by phosphorylation
at Ser-115 and Ser-274 (29). Structural studies using electron
diffraction (30) and x-ray crystallography (31) proposed the
molecular mechanism of this gating. In the closed conforma-
tion, loop D caps the pore of this channel from the cytoplasm,
preventing the water passage. In the open conformation, loop
D is displaced, thereby unblocking the cytoplasmic entrance
of the water pore. Molecular dynamic simulations indicate
that Ser-115 phosphorylation triggers this movement of loop
D (31). Furthermore, x-ray structural analysis of phosphoryla-
tion mutants suggests that phosphorylation at Ser-188 may
also produce an open channel, which was supported by an
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FIGURE 6. Phosphorylation of AQP2 at Ser-256 is essential for PKA regulation of its water permeability. A, stopped-flow analysis of phosphorylation
mutants of AQP2 reconstituted into liposomes. Light blue, S256D-AQP2-liposome; red, PKA-phosphorylated S256D-AQP2-liposome; black, S256A-AQP2-
liposome; green, PKA-phosphorylated S256A-AQP2-liposome; dark blue, S261D-AQP2-liposome; orange, $261A-AQP2-liposome. B, summary of P Data rep-
resent means * S.E. from 15-25 independent experiments. *, p < 0.001 versus S256A-AQP2-liposome.

increased water transport activity of this mutant and also mo-
lecular dynamics simulations (32). These simulations have
revealed interactions between phosphorylated Ser-188 and
Lys-270 of the C terminus that lead to a conformational
change in loop D and channel opening. This finding also indi-
cates an important role for the C terminus of aquaporin in the
gating mechanism.

AQP4 is the predominant water channel in the mammalian
brain, and its water permeability is also regulated by its phos-
phorylation. The water permeability of AQP4 is decreased by
its phosphorylation at Ser-180 by protein kinase C (33) and is
enhanced by phosphorylation at Ser-111 by protein kinase G
(34). Electron crystallography of double-layered, two-dimen-
sional crystals suggests a mechanism that phosphorylated Ser-
180 may bind to the C-terminal domain, which blocks the
cytoplasmic entrance of this water channel (35).

The yeast aquaporin Aqy1 has also been shown to be a gated
channel by x-ray structural analysis at 1.15 A (36). The extended
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N terminus caps the water channel entrance. Furthermore, mo-
lecular dynamics simulations and functional studies have sug-
gested that its water transport activity is regulated by mechano-
sensitivity and Ser-107 phosphorylation (36).

We have shown here that the water transport activity of
AQP2 is regulated by phosphorylation at Ser-256, which is
located in the cytoplasmic C-terminal domain. Although a
crystal structure of AQP2 has not been reported to date, we
speculate that this phosphorylation induces conformational
changes in the C terminus that are important for channel gat-
ing. Structural analysis is required to further characterize the
molecular details of AQP2 gating.
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