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ABSTRACT: The water channel protein PvTIP3;1 (R-TIP) is a member of the Major Intrinsic Protein
membrane channel family. The in vitro activity of this aquaporin is dependent on phosphorylation, and
the protein is phosphorylated in vivo by a membrane-associated Ca2+-dependent kinase. Mutagenesis
studies have implicated three serine residues as kinase targets, but only phosphorylation of Ser7 has been
observed in vivo. An atomic model of PvTIP3;1 generated by homology modeling suggested that Ser7 is
the only residue that would be sterically accessible to kinases. To further explain the phosphorylation of
PvTIP3;1, we overexpressed this aquaporin in the methylotrophic yeastPichia pastorisand purified the
hexahistidine-tagged protein by immobilized metal affinity chromatography. Mass spectrometry confirmed
that a fraction of recombinant PvTIP3;1 was phosphorylated. Phosphatase and kinase treatments indicated
that Ser7 was the only residue that could be phosphorylated. In addition, mass spectrometry indicated
that the native and expressed proteins are N-terminally acetylated. This is the first demonstration that a
full-length, recombinant aquaporin can be produced in yeast and authentically phosphorylated in vitro.
Characterization of phosphorylation-mediated gating in PvTIP3;1 will serve as a paradigm for understanding
gating mechanisms of other channels.

The first water channel was cloned serendipitously during
the characterization of human blood group antigens and was
found to encode a putative channel in the red blood cell
plasma membrane (1). By expressing the protein inXenopus
toad oocytes, its function as a water channel was suggested
by a concomitant increase in the swelling rate of osmotically
shocked cells (2). This demonstration of water channel
activity ended decades of speculation that proteins were
responsible for the high water permeability observed in
certain biological membranes.

Over the last decade, many organisms have been shown
to possess a class of protein channels, termed “aquaporins”,
which are specialized to facilitate the transcellular movement
of water. Aquaporins are members of the Major Intrinsic
Protein (MIP)1 superfamily, found in animals, plants, insects,
and bacteria (3-6). Generally, aquaporins facilitate the
movement of water across cell membranes in response to
osmotic gradients, functioning in cellular and organismal
osmoregulation and solute transport (7-9).

Recent high-resolution structures derived by electron and
X-ray crystallography suggest that selectivity for water is
accomplished by a filter that excludes larger molecules and
a hydrophobic entrance to the pore that blocks the passage
of hydrated ions (10-12). Electrostatic interactions between
highly conserved asparagine residues and water molecules
in the pore disrupt the hydrogen bonding pattern that would
be formed by the chain of water molecules, thereby prevent-
ing the conduction of protons (11). The unusual combination
of a hydrophobic pore and a small number of solute binding
sites was proposed to facilitate water transport (12).

PvTIP3;1 (formerly namedR-TIP) is a plant aquaporin
found in bean seed vacuole membranes (13). In a Xenopus
oocyte water channel assay (2), PvTIP3;1 shows weak water
channel activity (14) that is greatly increased when the
oocytes are treated with kinase-activating and phosphatase-
inhibiting compounds (14). The protein undergoes phospho-
rylation in vivo during seed germination by a membrane-
associated, calcium-dependent protein kinase (CDPK) (15)
and can also be phosphorylated in vitro by plant and animal
kinases (14). Phosphorylation increases the water channel
activity of PvTIP3;1 expressed inXenopusoocytes (14). It
may therefore be inferred that PvTIP3;1 phosphorylation
enhances the rehydration of the protein storage vacuole,
thereby facilitating the enzymatic breakdown of stored
compounds and the release of nutrients (13). Ser7 at the
amino-terminus is phosphorylated in vivo upon germination
(15); however, phosphorylation at Ser23 and Ser99 may also
participate in PvTIP3;1 regulation (14).

Phosphorylation of water channels may be a widespread
mechanism for regulating transmembrane water flux in
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plants. The plant aquaporin SoPIP2;1 (PM28a) is regulated
by phosphorylation via a membrane-associated CDPK (16).
The protein is dephosphorylated as a result of lowered
extracellular (apoplastic) water potential, suggesting that
water transport activity is reduced during increased water
stress (17). These results suggest a role for SoPIP2;1 in the
drought stress response in which water stress leads to closure
of SoPIP2;1 water channels and a reduction in water loss
from the cell (17, 18). GmNod26, found in the soybean
symbiosome membrane of root nodules, is also phosphory-
lated at its C-terminus by a membrane-associated CDPK (19),
which results in enhanced water permeability (20). Phos-
phorylation occurs during root nodule organogenesis and
following osmotic stress (20). Phosphorylation in vitro, by
a Mg2+-dependent protein kinase, has also been observed
with PvTIP3;1 homologues from lentil seed (21).

The mechanism of PvTIP3;1 aquaporin regulation by
phosphorylation is unknown, even though a number of plant
aquaporins appear to share this ability. In contrast, mam-
malian aquaporins are typically in a constitutively open
conformation and regulation is achieved by modulating
protein abundance through vesicle-mediated transport of the
channels to the plasma membrane (22). To investigate the
phosphorylation-dependent activity of water channels, we
developed an overexpression system inPichia pastoris.
Recombinant PvTIP3;1 can be appropriately phosphorylated
and dephosphorylated in vitro by protein kinase A (PKA) at
Ser7, as determined by matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-TOF
MS). A molecular model of PvTIP3;1 was generated by
homology modeling, from which it can be inferred that Ser7
is the only residue accessible to serine kinases.

EXPERIMENTAL PROCEDURES

Construction and OVerexpression of PVTIP3;1-G3-H6 in
P. pastoris.The sequence flanking thePhaseolusVulgaris
PvTIP3;1 aquaporin cDNA (23) was modified by PCR to
facilitate cloning and protein purification. Two oligonucle-
otide primers were constructed for this purpose. The forward
strand primer was 5′-CGAG GAATTC ATG GCT ACC
CGA AGA TAT TCT TTT GGA AG-3′, which incorporates
an EcoRI restriction site before thePVTIP3;1 start codon.
This sequence also introduced a conservative base pair
change in the second codon (GCA to GCT) that created an
Ala codon preferred by yeast (24). The reverse strand primer
was 5′-TGT TCTAGA TCA ATG GTG ATG GTG ATG
GTG CCC ACC CCC GTA ATC TTC AGT TGC CAA
AGG-3′, which added an amino-terminal G3-H6 tag before
thePVTIP3;1 stop codon and introduced an XbaI restriction
site. PCR was performed using Deep Vent DNA polymerase
(New England Biolabs). The resulting PCR fragment was
cut with EcoRI and XbaI, purified by electrophoresis in an
agarose gel, and extracted from the agarose using a gel
extraction kit (Qiagen). This PvTIP3;1 gene fragment was
subcloned into theP. pastorisexpression vector PICZ-B
(Invitrogen) that was cut with EcoRI and XbaI, purified by
electrophoresis in an agarose gel, and extracted from the
agarose using a gel extraction kit (Qiagen). PvTIP3;1 and
PICZ-B were ligated together using T4 DNA ligase (New
England Biolabs). ThisPVTIP3;1-G3-H6/pPICZ construct was
transformed intoEscherichia colistrain XL1-Blue (Strat-
agene). Transformants were selected by plating on low-salt

LB agar containing the antibiotic zeocin at a concentration
of 25 µg/mL. Plasmid DNA was isolated using a plasmid
purification kit (Qiagen), and the fidelity ofPVTIP3;1-G3-
H6 was verified by DNA sequencing. Prior to yeast trans-
formation by homologous recombination, thePVTIP3;1-G3-
H6/pPICZ plasmid was linearized with BstXI. Transformation
of P. pastoris yeast strain KM71H with the linearized
plasmid was carried out using thePichia EasyComp kit
(Invitrogen). Transformants were selected by plating the
treated yeast on YPDS agar containing the antibiotic zeocin
at a concentration of 100µg/mL. Preparation of PvTIP3;1-
overexpressingP. pastoris was started by culturing an
isolated yeast colony in 10 mL of BMGY medium [1% yeast
extract, 2% peptone, 1.34% yeast nitrogen base, 100 mM
potassium phosphate (pH 6.0), 4× 10-5 % biotin, and 1%
glycerol] overnight at 30°C with shaking at 275 rpm. A
larger volume of BMGY medium (100 mL to 1 L) was
inoculated with a 1/100 volume of the starting culture. The
second culture was incubated for approximately 12 h at 30
°C with shaking at 275 rpm. Cells were harvested at an
OD600nmbetween 1 and 4 and pelleted by centrifugation for
5 min at 1500g. Induction of protein expression was initiated
by resuspending the yeast cells in BMMY medium [1% yeast
extract, 2% peptone, 1.34% yeast nitrogen base, 100 mM
potassium phosphate (pH 6.0), 4× 10-5 % biotin, and 1%
methanol] to an OD600nmof 0.5-2. Incubation was continued
at 30°C with shaking at 250 rpm for baffled culture flasks
or 300 rpm for unbaffled culture flasks. A supplemental
volume of methanol equal to 1/100 of the culture volume
was added every 16 h. Following induction for 24-40 h,
the culture was chilled on ice and stored at 4°C.

Purification of PVTIP3;1-G3-H6. Cells from a culture of
induced, PvTIP3;1-G3-H6-overexpressingP. pastoriswere
harvested by centrifugation for 5 min at 1500g. The cell pellet
was frozen and stored at-80 °C. To prepare spheroplasts,
cells were thawed at 4°C and resuspended in Spheroplasting
Buffer [1.5 M sorbitol, 50 mM triethanolamine (TEA) (pH
7.5), 10 mM sodium azide, and 10 mM benzamidine], in a
volume of 2 mL/g of pelleted cells.â-Mercaptoethanol was
added to a final concentration of 30 mM, followed by
addition of yeast lytic enzyme (ICN Biomedicals) at a
concentration of 400 units of lytic activity/g of cell pellet.
This cell suspension was then incubated at 30°C for 1 h
with gentle, magnetic stirring. Yeast spheroplasts were
harvested by centrifugation for 5 min at 2000g. Subsequent
steps were carried out at 4°C or on ice. The cell pellet was
washed by resuspension in cold Spheroplasting Buffer and
isolated by centrifugation for 5 min at 5000g. Pelleted
spheroplasts were frozen at-80°C, thawed, and resuspended
in Lysis Buffer [50 mM TEA (pH 7.5), 10 mM benzamidine,
5 mM EDTA, 5 mM EGTA, 1 mM 1,10-phenanthroline, 1
mM dithiothreitol (DTT), 10µM leupeptin, 5µM pepstatin
A, and 1µM aprotinin], in a volume of 3 mL/g of spheroplast
pellet. Cells were stirred and lysed by sonication with fifteen
30 s, 20 kHz bursts at a power of 75 W using a microtip
probe (Misonix part 420). Each sonication burst was followed
by a 1 min cooling interval on ice. Phenylmethanesulfonyl
fluoride in dimethyl sulfoxide was added to a final concen-
tration of 1 mM immediately before the start of sonication.
Cell debris was removed by centrifugation for 10 min at
2000g and 4°C. Yeast microsomes were then harvested by
centrifugation for 1 h at25000g and 4°C.
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Membrane protein solubilization and nickel affinity chro-
matography were adapted from the procedures of Jahn et al.
(25). The microsomal pellet was resuspended in cold
Solubilization Buffer [50 mM 2-(N-morpholino)ethane-
sulfonate (MES) (pH 6.5), 20% glycerol (v/v), and 2 mM
â-mercaptoethanol] in a volume of 20 mL/g of microsomal
pellet. This suspension was stirred at 4°C, and dry
n-decanoylsucrose (DeS) was slowly added, up to a quantity
equal to half of the microsomal pellet mass, which produced
a solution of∼2.5% (w/v) detergent. Microsomes were then
stirred for 2.5 h at 4°C, and then insoluble material was
removed by centrifugation for 1 h at100000g and 4°C. The
supernatant was diluted with an equal volume of Binding
Buffer [50 mM MES (pH 6.5), 500 mM NaCl, 20% glycerol,
50 mM imidazole, and 0.2% DeS (w/v)]. Ni-NTA Super-
flow resin (Pharmacia) was then added in a volume of 250
µL of packed resin per gram of microsome pellet. Prior to
use, the Ni-NTA Superflow resin was washed twice with
water and once with Binding Buffer. Solubilized microsomes
and resin were mixed together by gentle stirring for 20 h at
4 °C. The suspension was poured into an 0.8 cm× 4 cm
plastic chromatography column (Bio-Rad), and the liquid was
drained. Collected resin was washed twice with 10 column
volumes of Washing Buffer [50 mM MES (pH 6.5), 250
mM NaCl, 20% glycerol (v/v), 50 mM imidazole, and 0.2%
DeS (w/v)]. The resin was then washed with 10 column
volumes of Equilibration Buffer [50 mM TEA (pH 7.5), 100
mM NaCl, 20% glycerol (v/v), 50 mM imidazole, and 0.2%
DeS (w/v)]. Bound protein was eluted by washing the column
resin with 4 column volumes of Elution Buffer [50 mM TEA
(pH 7.5), 20% glycerol (v/v), 500 mM imid-
azole, 100 mM NaCl, 1 mM DTT, and 0.25% DeS (w/v)].
The eluted protein was concentrated using Centricon-50
centrifugal filter devices (Amicon), which had been previ-
ously treated for 10 min with Equilibration Buffer. Buffer
exchange was performed by diluting the concentrated protein
in Storage Buffer [50 mM TEA (pH 7.5), 100 mM NaCl,
0.25% DeS (w/v), 3 mM sodium azide, and 1 mM DTT]
and reconcentrating the sample by centrifugal filtration as
described above. SDS-PAGE chromatography and Western
immunoblotting were performed as previously described (26).

In Vitro Phosphorylation and Dephosphorylation of
PVTIP3;1. For phosphorylation, 3µg of Ni-NTA-purified
PvTIP3;1 was incubated for 2 h at room temperature in a
solution of 25 mM NH4HCO3 (pH 7.4), 5 mM DeS, 5 mM
MgCl2, 2 mM DTT, 5 mM ATP, and 25 units of bovine
PKA catalytic subunit (Sigma). For dephosphorylation, 3µg
of Ni-NTA-purified PvTIP3;1 was incubated for 2 h atroom
temperature in a solution of 25 mM NH4HCO3, 5 mM DeS,
5 mM MnCl2, 2 mM DTT, and 250 units ofλ protein
phosphatase (New England Biolabs).

CNBr Digestion and Mass Spectrometry.Native PvTIP3;1
was prepared from dryPh. Vulgaris seed as previously
described (26). Either native PvTIP3;1 orPichia-expressed
PvTIP3;1-G3-H6 was denatured by heating for 30 min at 37
°C in 2% SDS, 20 mM Tris-HCl (pH 6.8), 10% glycerol,
and 100 mM DTT. SDS-PAGE chromatography was
performed as previously described (26), and the gel-bound
protein was electroblotted onto a nitrocellulose membrane
(Schleicher & Schuell Protran BA83) for 2 h at 100 V in
20% methanol, 25 mM Tris-HCl (pH 8), 192 mM glycine,
and 0.01% SDS. Ponceau S stain was used to visualize the

band corresponding to PvTIP3;1, which was excised using
a clean scalpel. The excised nitrocellulose strip (∼7 mm2)
was washed three times for 10 s with 200µL of water and
then dried under vacuum. Bound PvTIP3;1 was proteolyti-
cally cleaved by immersing the strip in an aqueous solution
of 0.5 M CNBr, 0.1 N HCl, and 10% acetonitrile for 12-24
h at 22°C under argon in the dark. The nitrocellulose was
then washed once with water and dried under vacuum. Prior
to MALDI-TOF MS, the nitrocellulose strip was dissolved
in 15 µL of 96% acetone and 4% trifluoroacetic acid.
Aliquots (0.2µL) of the cleared solution were spotted onto
a stainless steel sample plate. The spot was resuspended in
1.5µL of 96% acetone, 3% trifluoroacetic acid, and 1% water
with R-cyanohydroxycinnamic acid at 15 mg/mL, and then
allowed to dry. Sample spotting, matrix addition, and drying
were performed at 4°C. MALDI-TOF mass spectra were
recorded with a PerSeptive Biosystems Voyager-DE mass
spectrometer with delayed extraction and TOF mass analyzer.
Bradykinin fragment 1-7 and bovine erythocyte ubiquitin
were used as external standards for mass calibration.

Trypsin Digestion and Mass Spectrometry.Native PvTIP3;1
was prepared from dryPh. Vulgaris seed as previously
described (26). Aliquots of recombinant TIP3;1-G3-H6 were
diluted in PFOA Buffer (25 mM NH4HCO3 and 6 mM
pentadecafluorooctanoic acid) and then concentrated using
Microcon-100 centrifugal filter devices (Amicon), which had
been previously treated for 10 min with PFOA Buffer. Buffer
exchange was performed by diluting the concentrated protein
in PFOA Buffer and reconcentrating the sample by centrifu-
gal filtration as described above. Sequencing-grade trypsin
(Promega) was added in a quantity of 0.2µg of trypsin per
10 µg of protein, and proteolysis was performed for 12 h at
37 °C. The resulting peptide solution was concentrated in a
centrifugal evaporator. Aliquots (0.5µL) of the concentrated
solution were spotted onto a stainless steel sample plate. The
spot was mixed with 0.5µL of 60% acetonitrile (v/v) and
1% trifluoroacetic acid in water withR-cyanohydroxycin-
namic acid at 10 mg/mL and then allowed to dry. Sample
spotting, matrix addition, and drying were performed at room
temperature. MALDI-TOF mass spectra were recorded with
a PerSeptive Biosystems Voyager-DE mass spectrometer
with delayed extraction and TOF mass analyzer. Bradykinin
fragment 1-8 and theR-cyanohydroxycinnamic acid matrix
dimer were used as external standards for mass calibration.

In-gel trypsin digestion of native PvTIP3;1 samples was
performed as previously described (27). MALDI-TOF mass
spectra were recorded with a PerSeptive Biosystems Voyager-
STR mass spectrometer with delayed extraction and TOF
reflectron mass analyzer.

Molecular Modeling.Amino acid sequences corresponding
to human AQP1, bovine AQP1, and ovine AQP0 (GenBank
accession numbers P29972, P47865, and AY573927, re-
spectively) were aligned with PvTIP3;1 using the T-Coffee
method (28), with manual adjustments to move gaps out of
transmembraneR-helical domains. This alignment was used
in conjunction with the associated structure files (Protein
Data Bank entries 1H6I for human AQP1, 1J4N for bovine
AQP1, and 1SOR for ovine AQP0) to generate molecular
models using the Modeller software package [release 6v2
(29)]. A set of five possible models was produced, with a
single “very-fast” thermal annealing step and 50 cycles of
conjugate gradient energy minimization applied to each.
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Simulated thermal annealing was performed within the
Modeller package, and conjugate gradient energy minimiza-
tion was performed using the CNS software suite (30). Model
stereochemistry was evaluated using Procheck (31). Struc-
tural alignments and comparisons were carried out using the
TOPP routine in the CCP4 software package (32). Molecular
graphics images were produced using UCSF-Chimera soft-
ware (33). Disorder-based predictions of protein phospho-
rylation sites were performed using DISPHOS [version 1.3
(34)]. Predictions were calculated using both plant (Arabi-
dopsis thaliana) and yeast (Saccharomyces cereVisiae)
proteome membrane protein training sets.

RESULTS

Purification of OVerexpressed PVTIP3;1-G3-H6. The me-
thylotrophic yeastP. pastorisis increasingly being used as
a protein expression system (35). The PvTIP3;1 gene was
subcloned into the pPICZP. pastorisexpression vector (36)
and modified to include a carboxy-terminal extension of three
glycine and six histidine residues to facilitate purification
by immobilized nickel affinity chromatography. The final
gene construct (PVTIP3;1-G3-H6) was linearized and inte-
grated into the yeast genome by homologous recombination,
and recombinant yeast cells were selected by antibiotic
screening. Since gene expression was under the control of
theAOX1alcohol oxidase promoter, protein production was
induced by switching to methanol as the sole carbon source
in the growth medium. The growth rate of yeast expressing
the recombinant protein was∼35% of the wild-type rate
(data not shown).

Following induction of protein expression, yeast cells were
harvested by centrifugation and lysed to isolate the membrane
fraction. Sonication, French press, or yeast lytic enzyme
treatment alone was inefficient in lysing PvTIP3;1-expressing
P. pastoris (results not shown). Improved disruption of
inducedP. pastoriscells required a series of lytic treatments.
Exposure to yeast lytic enzyme followed by sonication in
hypo-osmotic media produced the most reproducible and
efficient cell breakage. Cell debris was removed by low-
speed centrifugation, and yeast membranes were then
harvested by high-speed centrifugation. The resulting mem-
brane pellet was solubilized with the nonionic detergent

n-decanoylsucrose (DeS). One-step purification of PvTIP3;1-
G3-H6 was accomplished using the affinity of the C-terminal
hexahistidine for gel bead-immobilized Ni2+.

FIGURE 1: Purification of recombinant PvTIP3;1-G3-H6. (A)
Coomassie-stained gel. (B) Western immunoblots of the equivalent
gel, prepared with PvTIP3;1 antiserum (46): lane 1,n-decanoyl-
sucrose-solubilizedP. pastoris membranes; lane 2, solubilized
membrane material not chelated by immobilized Ni2+; and lane 3,
solubilized membrane material chelated by Ni2+ and released by
imidazole. Positions of molecular mass markers are indicated on
the side with the respective mass in kilodaltons. The band at∼60
kDa in lane 3 of panel B is a dimer of PvTIP3;1-G3-H6.

FIGURE 2: Linear MALDI-TOF mass spectra from CNBr digests
of native PvTIP3;1 fromPh. Vulgaris and PvTIP3;1-G3-H6 ex-
pressed inP. pastoris. Peaks labeled by fragment number as
described in Table 1. Ac denotes peptide acetylation, and the letter
P denotes peptide phosphorylation. The inset in each panel shows
expanded spectra of fragment 2. (A) Native PvTIP3;1. The fragment
2 peak is followed by minor peaks atm/z +18 (homoserine
derivative resulting from CNBr digestion) andm/z +80 (peptide
phosphorylation). (B) Recombinant PvTIP3;1-G3-H6 expressed in
Pichia. The fragment 2 peak is followed by minor peaks atm/z
+42 (peptide acetylation) andm/z +80 (peptide phosphorylation).
(C) Recombinant PvTIP3;1-G3-H6 treated with λ-PPase. The
fragment 2 peak is followed by a minor peak atm/z +42 (peptide
acetylation); the second peak of the phosphorylated peptide is no
longer evident. (D) Recombinant PvTIP3;1-G3-H6 treated with PKA.
The fragment 2 peak is not present; the major peak is from the
phosphorylated peptide atm/z +80, followed by a minor peak at
m/z +122 for a peptide that is both acetylated and phosphorylated.
A peak from the homoserine derivative is also present. Note that
peaks of other PvTIP3;1-G3-H6 fragments do not experience
significant changes in mass with eitherλ-PPase or PKA treatment,
suggesting that no other cytoplasmic serine residues are phospho-
rylated.
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The yield of purified, expressed protein was∼1 mg from
50 g of wet cells, which is an average amount for heterolo-
gous membrane proteins produced inP. pastoris (35).
Coomassie-stained gels indicated that Ni2+ affinity column-
purified PvTIP3;1 was>90% pure (Figure 1a). Yeast
cultures grown to high cell density can result in an increased
level of proteolysis of expressed protein (35); however,
Western immunoblotting showed no significant proteolytic
degradation of purified PvTIP3;1 (Figure 1b).

Phosphorylation of OVerexpressed PVTIP3;1-G3-H6. As
discussed above, the water channel activity of PvTIP3;1 is
activated by phosphorylation (14). In vitro phosphorylation
by a native, membrane-associated CDPK occurs at an amino-
terminal serine, most likely Ser7 (15). We used MALDI-
TOF MS to test whether recombinant PvTIP3;1-G3-H6 was
authentically phosphorylated inP. pastoris.

Hydrophobic integral membrane proteins can be problem-
atic to study by MS. When using in-gel trypsin or cyanogen
bromide digestion techniques (37), >3 kDa peptides usually
cannot be detected by MS. Our method of preparing
PvTIP3;1-G3-H6 for MALDI-TOF MS was derived from that
of Pawate et al. (38). Protein was denatured with detergent,
isolated by gel electrophoresis, and then electroblotted to pure
nitrocellulose. Nitrocellulose-bound PvTIP3;1-G3-H6 was
cleaved with cyanogen bromide, and the resulting peptides
were recovered by dissolving the paper in acetone or a
mixture of acetone and acetonitrile. The solubilized peptides
were subsequently analyzed by MALDI-TOF.

Most mass peaks in MALDI-TOF spectra from cyanogen
bromide fragments of native PvTIP3;1 and recombinant
PvTIP3;1-G3-H6 (Figure 2) could be assigned (Table 1) and
accounted for∼79% of the amino acid sequence. Mass peaks
smaller thanm/z 1200 could not be assigned, and most are
likely generated by the various matrix compounds (data not
shown).

The peak of CNBr fragment 2 from native PvTIP3;1
(Figure 2a) was shifted bym/z+42 from the predicted mass,
corresponding to a peptide acetylation within amino acids
2-20. This suggests that a fraction of the expressed protein
undergoes N-terminal processing, whereby Ala2 is acetylated
following removal of the N-terminal residue by methionine
aminopeptidase. Acetylated moieties were not observed for
any other detected fragment. The major peak of CNBr
fragment 2 fromPichia-expressed PvTIP3;1-G3-H6 was of
the expected mass; however, a significant peak was observed
at m/z +42 (Figure 2b), corresponding to a peptide acety-
lation, which suggested that a fraction of the expressed
protein undergoes N-terminal processing as occurs with the
native protein.

Minor peaks were seen at positionsm/z +80 to CNBr
fragment 2 of both native and recombinant PvTIP3;1,
corresponding to a single phosphorylation event (Figure
2a,b). This minor phosphorylation peak was not detected in
reflectron mode MALDI-TOF (data not shown), which is
characteristic of phosphopeptides, resulting from the physical
loss of the phosphate group during ion reflection (39).

Table 1: Predicted and Observed Cyanogen Bromide Fragments of PvTIP3;1a

a The expected mass list is presented as the expected average protonated mass. The amino acid sequence of fragments is shown in the bottom
section of table, in single-letter amino acid code. Potential phosphoserine residues are boxed in black.
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Phosphorylated moieties were not observed for any other
detected fragment.

Treatment of expressed PvTIP3;1-G3-H6 with λ protein
phosphatase (λ-PPase) eliminated them/z+80 peak of CNBr
fragment 2 and did not significantly change the mass of any
other observed fragment (Figure 2c). Conversely, treatment
of PvTIP3;1-G3-H6 with protein kinase A (PKA) eliminated
the parent ion peak and greatly increased the size of the+80
m/zpeak (Figure 2d). In addition, a minor peak atm/z +122
was seen, corresponding to CNBr fragment 2 that is both
acetylated and phosphorylated.

To verify the phosphorylation of Ser7, we performed in-
solution trypsin digestion of recombinant PvTIP3;1-G3-H6.
Generally, only peptides corresponding to the N-terminus
were detected by MALDI-TOF MS using this method. The

peak of tryptic fragment 2+3 from the recombinant protein
was accompanied by a peak atm/z +80 (Figure 3a),
corresponding to a single phosphorylation event. Phospho-
rylated tryptic fragment 3 was not observed. A similar pattern
was observed with trypsin-digested native PvTIP3;1 (Figure
4a). Trypsin cleaves poorly when a phosphoserine or
phosphothreonine residue is the second amino acid following
the cleavage site (40), which explains the absence of the
fragment and further supports the evidence of Ser7 phos-
phorylation in both native and recombinant protein. Peptide
1ptr, corresponding to the N-terminus lacking a Met1 residue,
was found in both acetylated (m/z +42) and nonacetylated
forms (Figure 3), confirming that a significant fraction of
the recombinant protein undergoes N-terminal processing.

Table 2: Predicted and Observed Trypsin Fragments of PvTIP3;1a

a The expected mass list is presented as the expected average protonated mass. The amino acid sequence of fragments is shown in the bottom
section of the table, in single-letter amino acid code. Trypsin cleaves poorly when a phosphoserine residue is the second amino acid following the
cleavage site (40), which would result in the absence of fragment 3 following PKA treatment. Partial cleavage can result when Arg residues occur
in tandem or at the peptide N-terminus (64), illustrated by the presence of fragment 2+3. Acidic residues flanking the cleavage site will also inhibit
trypsin activity (64), which would explain the presence of fragment 2+3+4. Potential phosphoserine residues are boxed in black. Fragment 1ptr
results from the post-translational removal of the amino-terminal methionine.
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Treatment of recombinant PvTIP3;1-G3-H6 with λ-PPase
eliminated them/z +80 peak of tryptic fragment 2+3 and
did not significantly change the mass of any other observed
fragment (Figure 3b). Additionally, the peak intensity of
tryptic fragment 3 increased relative to those of the other

peptide and matrix peaks. Conversely, treatment of PvTIP3;1-
G3-H6 with PKA eliminated the parent ion peak of either
tryptic fragment 3 or fragment 2+3 and greatly increased
the m/z +80 peak of tryptic fragment 2+3 (Figure 3c).
Similar results were observed with native PvTIP3;1 (Figure
4b,c). λ-PPase or PKA treatment did not change the mass
of tryptic fragment 1ptr or 4. Peaks corresponding to trypsin
fragment 1 or 1ptr were not observed with native PvTIP3;1.

Molecular Modeling of the PVTIP3;1 Structure.To predict
the molecular environment of Ser7, Ser23, and Ser99, we
generated molecular models of PvTIP3;1 using the atomic
structures of homologous aquaporins as templates. High-
resolution, three-dimensional (3D) structures are available
for human and bovine AQP1 (12, 41) and ovine AQP0 (42).
The amino acid sequences of these aquaporins were aligned
with that of PvTIP3;1 (Figure 5), and the Modeller software
package (29) was used to generate 3D models of PvTIP3;1
by homology modeling (Table S1 of the Supporting Infor-
mation). Since the aquaporin templates used to build the
homology model were 35-38% identical to PvTIP3;1, the
careful alignment of multiple templates with the target
sequence should result in a degree of structural overlap
significantly greater than 80% (43). Nine amino-terminal
residues and two carboxy-terminal residues could not be
modeled since the corresponding residues in homologous
proteins did not have defined structures (Figure 5). Five
models were generated and superimposed (Figure 6). The
Modeller objective scoring function and protein stereochem-
istry showed that the best model had no residues with
disallowed φ or ψ angles. Compared to the template
aquaporin structures, the best model had anR-carbon rms

FIGURE 3: Linear MALDI-TOF mass spectra from trypsin digests
of PvTIP3;1-G3-H6 expressed inP. pastoris. Peaks labeled by
fragment number as described in Table 2. Ac denotes peptide
acetylation, P denotes peptide phosphorylation, and asterisks
indicate matrix peaks. (A) Recombinant PvTIP3;1-G3-H6. The
fragment 1ptr peak is accompanied by a minor peak atm/z +42
(peptide acetylation). The fragment 2+3 peak is followed by a
minor peak atm/z+80 (peptide phosphorylation). (B) Recombinant
PvTIP3;1-G3-H6 treated withλ-PPase. The fragment 1ptr peak is
accompanied by a minor peak atm/z +42 (peptide acetylation).
The peak of phosphorylated fragment 2+3 is no longer evident,
and the intensity of the fragment 3 peak is increased relative to
those of the matrix peaks. (C) Recombinant PvTIP3;1-G3-H6 treated
with PKA. The fragment 1ptr peak is accompanied by a minor peak
at m/z +42 (peptide acetylation). Fragment 2+3 and fragment 3
peaks are not present; the major peak is from the phosphorylated
peptidem/z +80 from fragment 2+3. Note that peaks of other
PvTIP3;1-G3-H6 fragments do not experience significant changes
in mass with eitherλ-PPase or PKA treatment, suggesting that no
other amino-terminal serine or threonine residues are phosphory-
lated.

FIGURE 4: Reflectron MALDI-TOF mass spectra from trypsin
digests of PvTIP3;1 isolated fromPh.Vulgarisseed. Peaks labeled
by fragment number as described in Table 2. The letter P denotes
peptide phosphorylation. Note that trypsin will not cleave when a
phosphoserine residue is the second amino acid following the
susceptible bond (40), or when acidic residues are nearby (64). (A)
Native PvTIP3;1. The fragment 2+3 peak is accompanied by a
peak atm/z +80 (peptide phosphorylation). A minor peak that is
m/z +80 greater than the expected mass of fragment 2+3+4 is
also observed. (B) Native PvTIP3;1 treated withλ-PPase. The peak
of phosphorylated fragment 2+3 is no longer evident, and the peak
of unphosphorylated fragment 2+3+4 is evident. (C) Native
PvTIP3;1 treated with PKA. The fragment 2+3 and fragment
2+3+4 peaks are not present; peaks corresponding to phosphory-
lated peptidesm/z +80 from fragment 2+3 and fragment 2+3+4
are observed. Delayed extraction of ionized peptides into the
spectrometer column prevented the loss of phosphate from the
phosphopeptides during ion reflection.
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deviation of 0.8 Å and a structural diversity of 0.9-1.3 Å.
This analysis showed that Ser23 is located within the

transmembrane domain of the first membrane-spanning helix,
whereas Ser99 appears to be slightly buried within the
protein, beneath the carboxy-terminal domain (Figure 6).
Ser7 could not be modeled since there is no corresponding
template structure. One should note that electron densities
for the amino-terminal domains of ovine AQP0, human
AQP1, and the homologous bacterial glycerol channel GlpF
are disordered (10-12, 42). Such disordered domains have
a much higher likelihood of being phosphorylated than
structurally ordered regions (34). The program DISPHOS,
which calculates phosphorylation site probabilities on the
basis of position-specific and disorder parameters (34),
predicts that PvTIP3;1 residues Ser7 and Ser51 are phos-
phorylated (Table S2 of the Supporting Information). Ac-
cording to our structural model, however, Ser51 is on a loop
projecting into the vacuolar lumen and is therefore unlikely
to be phosphorylated. These observations, combined with
the extramembrane location of the amino terminus, suggest
that Ser7 is in a flexible domain exposed to the cytoplasm.
Our results therefore indicate that Ser7 is accessible to
cytoplasmic kinases, whereas Ser23 and Ser99 would be
inaccessible.

DISCUSSION

In this study, we examine the ability of protein kinase A
to phosphorylate the plant aquaporin PvTIP3;1 in vitro and
mimic the in vivo phosphorylation state. Mass spectrometry
showed that PKA phosphorylation only occurred at the
amino-terminal residue Ser7, which is identical to the results
of previous studies of in vivo phosphorylation. Molecular
modeling suggested that this is the only amino-terminal serine
accessible to cytoplasmic kinases.

Aquaporins Are Abundant in Plants.Plants possess a
surprising variety of aquaporins and other MIP family
proteins. To date, more than 100 isoforms have been
identified; curiously, 38 have been found in theA. thaliana
genome, while only 13 have been identified in the human
genome. The relative abundance of these proteins in plants
is thought to be due to the greater number of selectively

filtered compounds and the wider variety of subcellular
membrane targets and regulatory mechanisms (44, 45).

As a strict aquaporin, PvTIP3;1 is selective for water and
impermeable to ions and small nonpolar solutes such as
glycerol and urea (13, 14). The protein accumulates in
membranes of protein storage vacuoles during embryo
maturation and disappears rapidly after germination (46, 47).
PvTIP3;1 may therefore play important roles during embryo
desiccation (48) and seed germination (13). Whether PvTIP3;1
functions primarily during seed development or after ger-
mination is unclear. Nevertheless, it is thought to have an
important and evolutionarily conserved function since it
shares immunogenic epitopes and sequence identity with seed
membrane proteins in a wide variety of plant species (21,
46, 49-51).

PvTIP3;1 cDNA expressed inXenopustoad oocytes shows
phosphorylation-regulated aquaporin activity (14), so the
channel appears to be fully functional by itself. However, it
is possible that PvTIP3;1 forms heterotetramers with another
aquaporin in vivo, as observed by Harvengt et al. (21), who
detected oligomers of two MIP family proteins in the vacuole
membrane of lentil seed. Several aquaporin homologues are
found in bean andA. thalianaseed (23, 49), but there is no
evidence to suggest that PvTIP3;1 participates in the forma-
tion of heterotetramers.

Mass Spectrometry Shows that Ser7 Is Phosphorylated.
The ability to manipulate the phosphorylation state of
recombinant PvTIP3;1-G3-H6 will allow generation of both
the phosphorylated, open form and the dephosphorylated,
closed form of this channel for structural studies. We used
cyanogen bromide digestion of nitrocellulose-bound protein
and MALDI-TOF MS to identify phosphorylated PvTIP3;1
peptides. Our approach combines a number of techniques
that are important for the characterization of large and small
peptides from this integral membrane protein. Denaturation
was important for efficient proteolysis, while subsequent gel
electrophoresis and electroblotting removed detergent that
would otherwise interfere with MS. Consequently, the protein
was transferred to nitrocellulose prior to proteolysis since
the entire substrate-peptide matrix could then be solubilized

FIGURE 5: Sequence alignment of bovine and human AQP1, ovine AQP0, and PvTIP3;1. Amino acid residues are indicated by the single-
letter amino acid code. Uppercase letters are used for residues present in the relevant atomic structure or model, and lowercase letters are
used for residues not present in the crystal structures. Cytoplasmic consensus sites of PKA phosphorylation (Ser7, Ser23, and Ser99) in
PvTIP3;1 are boxed in black. TransmembraneR-helical residues are shown in boldface type.
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and subjected to MALDI-TOF MS. Trypsin digestion and
MALDI-TOF MS of gel-bound, native PvTIP3;1 and solu-
bilized, recombinant PvTIP3;1-G3-H6 were used to confirm
that the phosphorylation of Ser7 observed in vivo was
identical to that generated in vitro by PKA.

Previous studies have shown that PvTIP3;1 is phospho-
rylated in vivo by a membrane-bound CDPK at an amino-
terminal serine (15). Potential sites for CDPK phosphory-
lation include Ser7, Ser23, and Ser99, which have been
implicated in channel regulation (14, 15). Partial phospho-
rylation of both native PvTIP3;1 and recombinant PvTIP3;1-
G3-H6 was detected by MALDI-TOF MS (Figures 2a,b, 3a,
and 4a). MS showed that phosphorylation was observed in
only CNBr fragment 2, where Ser7 lies within the only
CDPK motif of this amino-terminal peptide (52, 53). No
phosphorylation-associated mass was observed in CNBr
fragments 3 and 4, which contain residues Ser23 and Ser99.

Phageλ protein phosphatase was able to completely dephos-
phorylate Ser7 (Figures 2c, 3b, and 4b). Protein kinase A
(PKA) is one of the most thoroughly studied protein kinases,
and its phosphorylation site specificities have been well
characterized (54, 55). The consensus sequence for PKA
phosphorylation is Arg-Arg-X-Ser/Thr-B, where B represents
a large hydrophobic residue. Ser7 lies within a model
consensus sequence Arg-Arg-Tyr-Ser-Phe, whereas Ser23
and Ser99 lie within the poor PKA motif Arg-X-Ser. No
other Ser or Thr residues of PvTIP3;1 lie within possible
PKA phosphorylation sites. Consequently, PKA was used
to phosphorylate Ser7 in vitro, and complete conversion of
unphosphorylated to phosphorylated protein was achieved
(Figures 2d, 3c, and 4c). However, even the promiscuous
kinase activity of PKA could not produce detectable phos-
phorylation of Ser23 and Ser99 (Figure 2d). In addition, a
tryptic fragment corresponding to amino acids 6-10 was

FIGURE 6: Stereo model of PvTIP3;1 aquaporin based on homology modeling with the crystal structures of AQP0 (42) and AQP1 (12, 41).
The left- and right-hand pairs correspond to wall-eyed and cross-eyed stereoviews. One subunit in the tetramer is shown as a ribbon model,
and three subunits are shown as molecular surface models. Ser23 and Ser99 are highlighted with red and yellow arrowheads, respectively,
and displayed as spherical atoms. The ribbon model is an overlay of five possible calculated structures. The model with the lowest free
energy and best scoring was used to generate the molecular surface. (A) Side view, with cytoplasmic face up and vacuolar face down. The
green circle represents the probable boundary for the location of Ser7. The vertical bar denotes 50 Å and the approximate span of the lipid
bilayer in relation to the protein tetramer. (B) View of the cytoplasmic face, tilted by 5°. (C) Side view, with the tetramer from panel B
rotated by 90° and tilted by 30°. The scale bar is 10 Å.
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the only peptide of the N-terminus affected by PKA treatment
(Figures 3c and 4c), supporting the idea that Ser7 is the only
site of phosphorylation.

Curiously, native and recombinant PvTIP3;1 CNBr frag-
ment 2 appearsm/z +42 higher than its expected position,
indicating that the peptide is acetylated. Previous mass
spectrometry of the native protein had not discovered any
such modification (15). The amino-terminal Met-Ala-Thr
sequence of PvTIP3;1 is a likely target of methionine
aminopeptidase and amino-terminal acetyltransferases (56).
Acetylation does not appear to affect phosphorylation of
PvTIP3;1-G3-H6 since phosphopeptides corresponding to
both unprocessed and acetylated CNBr fragment 2 are
observed following treatment by PKA (Figure 2d). Amino-
terminal acetylation can have various effects on protein
stability, activity, and interprotein interactions (56), so the
role of PvTIP3;1 acetylation is unclear.

Molecular Modeling Showed that Ser23 and Ser99 Are
Inaccessible for Phosphorylation.To correlate our results
with the protein structure, we generated models of PvTIP3;1
by homology modeling using templates based on the atomic-
resolution structures of bovine and human AQP1 (12, 41)
and ovine AQP0 (42). Our model shows that Ser23 is buried
within the lipid bilayer on transmembrane helix 1, and that
Ser99 is located at the amino-terminal end of transmembrane
helix 3 on the turn following the first NPA motif hemihelix
(Figure 6). It is possible for this latter residue to be exposed
to the cytoplasm if the carboxy-terminal domain were to
move; however, it is in such a buried location of the
cytoplasmic face that it would be unlikely to interact with a
kinase. The disordered electron density of the amino-terminal
domains of AQP1 and GlpF indicates significant conforma-
tional flexibility that would facilitate the accessibility of
kinases and is a feature characterized by an enhanced
likelihood of phosphorylation (34).

Although mutations of Ser23 and Ser99 in PvTIP3;1 affect
water channel activity, our results suggest that they cannot
be phosphorylated. It is possible that these residues interact
with phosphorylated Ser7, or that they are sufficiently close
to phosphorylated Ser7 that mutations may affect the
orientation or charge of adjacent residues that interact with
the phosphate.

Phosphorylation Is a Widely Used Mechanism for Gating
Plant Aquaporins.Phosphorylation is also known to enhance
aquaporin activity in the plant aquaporins SoPIP2;1 and
GmNod26. SoPIP2;1 is phosphorylated in vivo at the carboxy
terminus on Ser274 via a membrane-associated CDPK (16).
Mutational analysis demonstrated that both Ser274 and
Ser115 affect channel regulation, but phosphorylation of
Ser115 was not observed (17). Possible explanations for this
effect include the lack of activity from an appropriate kinase
or the rapid loss of phosphate. GmNod26 is similarly
phosphorylated in vivo by a membrane-associated CDPK,
at the carboxy terminus on Ser262 (20). In addition,
phosphorylation of severalArabidopsisand tulip plasma
membrane aquaporins (57, 58) has been detected, suggesting
that this modification may be common among plant aqua-
porins.

Phosphorylation of plant aquaporins PvTIP3;1, SoPIP2;1,
and GmNod26 occurs on the protein termini, which one can
predict to be fairly mobile given that these domains are
disordered in the aquaporin crystal structures (11, 12, 42).

Consequently, there may be a common mechanism for
channel gating, possibly due to physical occlusion of the pore
by the unphosphorylated amino- or carboxy-terminal domain.
The amino terminus of PvTIP3;1 and the carboxy termini
of SoPIP2;1 and GmNod26 have an overall basic character.
Positively charged residues in these domains could interact
electrostatically with acidic residues around the pore vestibule
and favor a closed state in which the water channel is
blocked. In such a case, the addition of a negatively charged
phosphate group would disrupt this interaction and open the
channel. The observation that SoPIP2;1 and GmNod26
phosphorylation null mutants have a constitutively low
activity (17, 20) supports this hypothesis. An alternative
mechanism of aquaporin gating has recently been proposed,
in which the charge of histidine residues in extracellular loops
can organize water molecules within the pore vestibule and
thereby restrict the flow of water through the channel in a
pH-dependent manner (59). A charged phosphate on Ser7
of PvTIP3;1 could have an analogous effect, but the
flexibility of the amino terminus would abrogate any effect
on the ordering of water molecules.

Dehydration-induced CDPKs have been found inArabi-
dopsis (60), spinach (16), and Mesembryanthemum(61);
similar kinases may exist inPhaseolus. Our hypothesis is
that unphosphorylated PvTIP3;1 channels are in a closed
conformation early in embryo development to keep the rate
of seed dehydration optimally low. Immediately prior to
embryo dormancy, PvTIP3;1 is phosphorylated by dehydra-
tion-induced CDPK(s) and the channels open, thereby
priming the seed for water uptake upon germination.

Regulation of channel function by protein phosphorylation
is a mechanism common in both plant and animal systems.
For instance, CDPK phosphorylation of the cystic fibrosis
transmembrane conductance regulator channels, L-type Ca2+

channels, and Ca2+-dependent K+ channels is necessary
either for channel opening or for increasing the size of the
channel open state (62, 63). Obviously, we have a limited
understanding of the structural rearrangements that underlie
phosphorylation-dependent channel regulation, despite the
abundance and importance of transmembrane proteins.
Characterization of phosphorylation-mediated gating in
PvTIP3;1 will serve as a paradigm for understanding gating
mechanisms of other channels.
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