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(Background: Protein phosphorylation is an important posttranslational modification.
Results: Both in planta and when expressed in yeast, the P-type proton pump is phosphorylated at multiple new positions at its

Conclusion: Multiple methods for phosphopeptide enrichment are required for complete phosphosite mapping.
Significance: This work provides a surprising example of functional conservation of protein kinase action between plants and
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Phosphorylation is an important posttranslational modifica-
tion of proteins in living cells and primarily serves regulatory
purposes. Several methods were employed for isolating phos-
phopeptides from proteolytically digested plasma membranes
of Arabidopsis thaliana. After a mass spectrometric analysis of
the resulting peptides we could identify 10 different phospho-
rylation sites in plasma membrane H*-ATPases AHA1, AHA2,
AHA3, and AHA4/11, five of which have not been reported
before, bringing the total number of phosphosites up to 11,
which is substantially higher than reported so far for any other
P-type ATPase. Phosphosites were almost exclusively (9 of 10)
in the terminal regulatory domains of the pumps. The AHA2
isoform was subsequently expressed in the yeast Saccharomyces
cerevisiae. The plant protein was phosphorylated at multiple
sites in yeast, and surprisingly, seven of nine of the phosphosites
identified in AHA2 were identical in the plant and fungal sys-
tems even though none of the target sequences in AHA2 show
homology to proteins of the fungal host. These findings suggest
an unexpected accessibility of the terminal regulatory domain of
plasma membrane H*-ATPase to protein kinase action.

Post-translational modifications play important roles in a
wide range of cellular functions. It is estimated that about one-
third of all proteins in eukaryotic cells are phosphorylated at
any given time (1). Reversible phosphorylation regulates the
activity, stability, and spatial organization of large number of
proteins (2). Post-translational regulation by phosphorylation
of proteins has a key role in signal transduction cascades in cells
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(1, 3, 4). Furthermore, protein kinases influence protein-pro-
tein binding properties by regulating the phosphorylation-de-
pendent binding of target motifs to modular protein domains
(5, 6). Examples of domains that specifically bind to phospho-
rylated targets are the Src homology 2 (SH2) domain (7), the
BRCA1 C-terminal (BRCT) domain (8), and the 14-3-3 protein
9).

Proteins are phosphorylated by protein kinases, a large family
of highly related enzymes (10). In the yeast Saccharomyces
cerevisiae, 122 protein kinases are present (11), humans have
518 putative protein kinases (12), and 836 and 1386 protein
kinases have been identified in the genomes of the plants Ara-
bidopsis thaliana and Oryza sativa (rice), respectively (13).

Characteristic for the catalytic function of protein kinases is
that they recognize and phosphorylate linear motifs (11,
14-16). Linear motifs are short regions of proteins (typically of
less than 10 residues) that often reside in regions without an
ordered structure (17, 18). The short length of protein kinase
target sequences and often poorly conserved sequences makes
them difficult to predict with certainty (16). Furthermore,
phosphorylation motifs are likely to arise/disappear spontane-
ously via mutations, for which reason they are evolutionarily
labile. Unlike protein domains, which are conserved over long
evolutionary distances, phosphorylation motifs often reside in
fast-evolving regions (15, 17, 19, 20). These properties render
phosphorylation sites difficult to align and trace evolutionarily
(21-25). Given the presence of short linear and poorly con-
served phosphorylation motifs, the number of potentially dif-
ferent phosphorylation sites becomes relatively small. With a
large number of protein kinases it is, therefore, not surprising
that target sequences often can be phosphorylated by more
than one protein kinase, and single protein sequences can have
several phosphorylation sites (26).

Quantitative mass spectrometry (MS) measurements of
phosphorylation networks and their dynamics are now rapidly
unraveling thousands of cellular phosphorylation sites (e.g.
Refs. 27-38)). Even though such large scale phosphoproteom-
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ics studies do not capture all phosphorylated peptides under a
given condition, large advances in enrichment strategies and
mass spectrometry techniques have been made in the past few
years (24, 39 —41).

There are 11 isoforms of plasma membrane proton pumps in
A. thaliana that are expressed throughout the plant. The
closely related isoforms AHA1® and AHA?2 together are essen-
tial for plant growth (42, 43). Plasma membrane proton pumps
are phosphorylated at multiple sites in vivo (44), and six phos-
phosites have been identified so far. By combining several
methods for extraction and enrichment of phosphopeptides,
we could confirm the presence of five of these phosphosites and
identified five new phosphosites. A commonly used tool for
studying protein phosphorylation is expression of proteins in
heterologous hosts, this being bacteria, yeast, or mammalian
cell lines. We compared the phosphorylation profile of AHA2
in its natural environment with that of the plant pump
expressed heterologously in the fungal host S. cerevisiae. The
plant proton pump was phosphorylated to a large extent in
yeast and, to our surprise, at several of the same sites as in
Arabidopsis even though phosphorylated sequences did not
share homology to any predicted yeast gene product.

EXPERIMENTAL PROCEDURES

Purification of A. thaliana Plasma Membranes—A. thaliana
ecotype Columbia (Col-0) plantlets were grown in liquid cul-
tures. Growth conditions involved 16 h light, 21 °C, 200 microe-
insteins in % Murashige and Skoog medium including 30 mm
sucrose for 8 days. After 8 days the medium was changed to 12
Murashige and Skoog for 24 h. Seedlings were homogenized in
buffer that contained 50 mm MOPS-KOH, pH 7.5, 330 mMm
sucrose, 5 mM sodium ascorbate, 5 mm EDTA, and phosphatase
inhibitors: 25 mMm NaF, 50 mMm sodium pyrophosphate
(Na,O,P,), and 1 mM sodium molybdate (Na,MoQO,). Plasma
membrane vesicles were purified from the microsomal mem-
brane fraction (10 000 X g) by two-phase partitioning at 4 °C
(44, 45). The final plasma membrane pellet was suspended in
sucrose 330 mM, 100 mm Tris-HCl, 1 mm EDTA, and 1 mMm
DTT.

Expression of AHA2 in Yeast—The S. cerevisiae strain RS-72
(46) was transformed and cultured essentially as described pre-
viously (47). In RS-72 (MATa adel-100 his4-519 leu2-3,112),
the natural constitutive promoter of the endogenous yeast
plasma membrane H*-ATPase PMAI was replaced by the
galactose-dependent promoter of GALI. A centromeric yeast
expression vector (pMP1733) was used for expression of differ-
ent versions of the AHA2 gene placed under control of the
PMA1 promoter. Depending on the experiment, wild-type
AHA2 (pMP 1625 or 1745).

Site-directed Mutagenesis—The construction of the wild
-type H"-ATPase vector for heterologous expression in the
yeast S. cerevisiae has been described (48). Mutants were con-
structed by site-directed mutagenesis using an overlap exten-
sion polymerase chain reaction. All mutated sequences were
verified by DNA sequencing.

3 The abbreviations used are: AHA, autoinhibited H" -ATPase; IMAC, immobi-
lized metal ion affinity chromatography; FA, formic acid.
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Yeast Complementation Assays—The yeast strain RS-72 was
employed for functional complementation growth analysis.
Plasmid-borne plant H"-ATPases carrying point mutations
were tested for their ability to rescue a pmal mutant on glucose
medium. Each experiment was replicated independently three
times, each time with cells from independent transformation
events.

Isolation of Membrane from Transformed Yeast Cells—Cells
were harvested, and membranes were isolated as described (49,
50) with the following modifications. Yeast cells were homoge-
nized in the presence of phosphatase inhibitors: 50 mm Tris
HCl, pH7.5,10% glycerol, 1 mmM EDTA, 1 mm DTT, 25 mm NaF,
25 mm sodium pyrophosphate (Na,O,P,), and 10 mm sodium
molybdate (Na,MoO,). Isolated membranes from transformed
yeast cells were routinely subjected to Western blotting using
anti-AHA2 antibodies to confirm equal expression of wild-type
AHA?2 and mutants derived from this protein. Protein concen-
tration was determined by Bradford assay (51) using bovine
serum albumin as reference

In Solution Digestion of Proteins—For determination of
H*-ATPase phosphorylation in planta, plant plasma mem-
brane vesicles (100 ug protein) were inverted by Brij58 (0.01%)
or treated with urea (7 M) and thiourea (2 M) and sonicated for 5
min. The plasma membrane proteins were digested with tryp-
sin overnight at 37 °C or with Lys-C for 4 h at room temperature
followed with trypsin for overnight at 37 °C. Yeast microsomal
membrane proteins containing recombinant AHA?2 or His-tag
purified AHA2-His, were subjected to reduction by DTT and
alkylation by IAM and subsequently digested individually with
three proteases (trypsin, Lys-C, and Glu-C).

Phosphopeptide Enrichment by TiO, Microcolumn—Peptide
mixtures from 100 ug of plant plasma membrane proteins and
100-200 pg of yeast microsomal membrane proteins contain-
ing recombinant AHA2 were desalted with a Poros R3 column
as described (52), and phosphopeptide enrichment was per-
formed using titanium dioxide (TiO,) microcolumns as
described (53).

Phosphopeptide Enrichment by IMAC—Peptide mixtures
from 100 ug of plant plasma membrane proteins were desalted
with a Poros R3 column, and phosphopeptide enrichment was
performed using IMAC as described (54).

Phosphopeptide Enrichment by Calcium Phosphate Pre-
cipitation—Peptide mixtures from 100 pg of plant plasma
membrane proteins were subjected to phosphopeptide enrich-
ment by calcium phosphate precipitation as described (55). The
pellet was dissolved with 5% FA, the peptide mixture was
desalted with a Poros R3 column, and the bound peptides were
eluted with TiO, loading buffer (1 M glycolic acid in 80% aceto-
nitrile and 5% TFA). Further phosphopeptide enrichment was
performed by TiO, microcolumn.

Mass Spectrometry—Samples were analyzed by an EASY
nanoflow LC system (Proxeon Biosystems)-coupled LTQ-Or-
bitrap XL mass spectrometer (Thermo Fisher Scientific, Bre-
men, Germany). Samples resuspended in Solvent A (0.5% FA)
were loaded onto a custom-made 15-cm analytical column
(100-um inner diameter, 375-um outer diameter, packed with
Reprosil C18, 3-um reversed-phase particles (Dr. Maisch
GmbH, Germany)) at a high flow rate of 550 nl/min. The pep-

JOURNAL OF BIOLOGICAL CHEMISTRY 4905



Multiple Phosphorylation of Plasma Membrane H* -ATPase

tides bound to the reversed phase material were eluted with a
50-min gradient of 0—-34% Solvent B (90% acetonitrile, 0.5%
FA). The instrument was operated in a data-dependent mode.
The peptides were detected in the Orbitrap, and up to five of the
most intense peptides were selected and subjected to fragmen-
tation using Multistage Activation (MSA) method in the linear
ion trap.

Data Analysis—Raw data from LTQ-Orbitrap MS were pro-
cessed using Proteome Discoverer 1.0 (Thermo) and searched
in an in-house Mascot server (Version 2.2.04, Matrix Science
Ltd., London, UK). The NCBI nr data base was used as the
searching data base, and A. thaliana and S. cerevisiae was used
as taxons when appropriate.

Searching parameters were set as: tryptic (or Lys-C and
Glu-C when appropriate) peptides with up to two missed cleav-
ages sites; carbamidomethyl cysteine as a fixed modification;
protein N-acetylation-oxidized methionine and phospho_STY,
permitted as variable modifications. The results were searched
with a peptide mass tolerance of 5 ppm and a fragment mass
tolerance of £0.6 Da. A decoy data base search was performed.
Only peptides that identified as peptide rank 1 and with an
expected value lower than 0.05 were considered as candidates.
All phosphopeptides and phosphorylation sites presented in
this work were validated manually.

RESULTS

Attempts to Get Complete Coverage of Phosphosites in Mem-
brane Protein—By employing a systematic approach involving
several different methods for enrichment of phosphopeptides,
we succeeded in identifying five new in vivo phosphosites in the
plant plasma membrane H"-ATPase (Fig. 1; Table 1). Our
results demonstrate that a number of complementary methods
are required to get a close to complete coverage of phosphosites
present in the membrane-bound transporter.

AHA proteins represented less than 3% of all proteins in the
Arabidopsis plasma membranes employed. In previous pro-
teomic studies of H*-ATPase phosphorylation, Brij58 was used
to prepare inside-out vesicles before digestion (56). To increase
the number of phosphorylated sites detected, we treated the mem-
branes with urea/thiourea and employed different phosphopep-
tide enrichment methods such as IMAC, TiO,, and CaPP followed
by TiO,. These different approaches resulted in identification of
the phosphorylation sites presented in Fig. 1 and Table 1.

The phosphopeptides identified belong to four or five differ-
ent isoforms of the plasma membrane H*-ATPases in Arabi-
dopsis (AHA1, AHA2, AHA3 and AHA4/11; the last two
isoforms could not be distinguished). We detected all phos-
phorylation sites previously identified in the C-terminal cyto-
plasmic domain (57, 58) with the numbering of AHA2: Thr-
881, Ser-899, Ser-904, Ser-931, Ser-944, Tyr-946, and Thr-947,
except for one, Ser-904 (Table 1). Furthermore, we identified
new phosphorylation sites at the N terminus (Ser-2 and Ser-3),
in the P-domain (Ser-544 in AHA1), and in C terminus of (Thr-
889 in AHA3 and Ser-931 in AHA2). Interestingly, among the
phosphorylation sites identified in planta all but one, Ser-544,
were in the N- or C-terminal domains. Phosphorylation of Ser-
544 was only observed in AHA1, and this residue is not con-
served in other AHAs. As AHA?2 is the best characterized
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plasma membrane H* -ATPase and a crystal structure is avail-
able for this pump (59), phosphorylated residues identified in
AHA?2 were, therefore, analyzed in more detail.

Functional Analysis of Phosphosites in N and C termini of
AHA2—A well characterized function of the N- and C-terminal
domains of plasma membrane H"-ATPases is to regulate pump
function, possibly by restricting domain movements during
catalysis and/or blocking access to the H" entry pathway (60).
This would suggest that the identified phosphorylation sites in
these termini could play a role in regulation of enzyme activity.
A tempting hypothesis is that phosphorylation of at least some
of these sites abolishes the negative interaction between the
termini and the rest of the pump.

To test whether introduction of a negative charge at these
positions could result in an activated pump, we performed site-
directed mutagenesis of all Ser (four residues), Thr (five resi-
dues), and Tyr (two residues) in the C terminus of AHA2 (Fig.
2A). Furthermore, we mutagenized Ser-2 and Ser-3 in the
N-terminal domain of AHA2 (Fig. 2B). All residues were
changed to either a negatively charged residue (Asp or Glu), to
mimic the charge effect of phosphorylation, or to a neutral res-
idue (Ala) and expressed in the yeast strain RS-72 (46). Yeast is
equipped with its own plasma membrane H*-ATPase, Pmalp,
but in the yeast strain RS-72 the endogenous PMAI gene has
been put under the control of a galactose dependent promoter.
This implies that introduced plant plasma membrane H*-AT-
Pase, the gene of which had been brought under control of the
constitutive PMAI promoter, will be produced and replace
Pmalp when the cells are grown on glucose medium.

Single-point mutations at the C terminus had profound
effects. In the complementation test, transformed cells express-
ing mutants of Thr-924, Ser-931, Thr-942, Ser-944, Tyr-946,
and Thr-947 exhibited growth that was considerably impaired
compared with the wild-type AHA2 no matter whether they
were mutated to Ala or Asp/Glu. This suggests a functional
importance of these residues. In planta phosphorylation of
Thr-947 is known to create a binding site for 14-3-3 protein that
activates the pump after its interaction with the pump C terminus
(61). When expressed in yeast, endogenous protein kinase(s) phos-
phorylates Thr-947, which is then allowed to form a complex with
yeast 14-3-3 protein with pump activation as the result (62). This
provides an explanation why both the T947A and the T947D
mutations reduce the ability of AHA2 to complement pmal;
T947A because it cannot get phosphorylated in yeast, and T947D
because the introduction of a negative charge at this position is not
sufficient to create a 14-3-3 protein binding site.

In the case of five AHA2 residues (Thr-881, Ser-899, Tyr-
900, and Ser-904), the Ala substitution resulted in a pump with
less ability to complement pmal, whereas Asp or Glu substitu-
tions produced a pump that was far better in supporting yeast
growth and even better than the wild-type AHA2. This suggests
that phosphorylation of these residues results in an activated
pump due to neutralization of the C-terminal constraint. Thr-
881 has previously been demonstrated as important for regula-
tion of AHA?2 activity (44). It is located in the regulatory region
R-T (49) and appears to be homologous to Thr-912 in yeast
Pmalp, which is phosphorylated in yeast in response to glucose
in the medium (63). Glucose activation of Pmalp results in an
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FIGURE 1.Phosphosites identified in plasma membrane H*-ATPases homologously expressed in A thaliana membranes. A, phosphosites were determined in
A. thaliana plasma membrane H"-ATPases using different approaches for phosphopeptide enrichment. Plasma membranes purified from A. thaliana seedlings were
exposed for trypsin digestion directly, after treatment with Brij58, or after solubilization by urea/thiourea. IMAC, TiO,, and calcium phosphate precipitation followed by
TiO, (CaPP+TiO,) were used for phosphopeptide enrichment. Phosphorylation sites in the phosphopeptides were validated manually and are unique for the isoform
of AHA mentioned in this figure with following exceptions: Site Ser-931 of AHA2 was determined in the peptide GHVEpSVVK, which can derive also from AHA2, AHA3,
AHAS5, AHA6, AHA8, AHA9, and Thr-959/955 in the peptide GLDIETIQQAYpTV that is shared by AHA4 and AHA11 isoforms. All the phosphopeptides determined are
presented in the supplemental material. B, shown is ClustalW analysis of parts of the N terminus (N), P domain (P), and C terminus (C) of the ATPase isoforms of
Arabidopsis. The identified phosphopeptides are underlined, and phosphorylated residues printed in bold and red. Novel residues are boxed.

activated pump with strict coupling between ATP hydrolysis
and proton pumping (64).

Substitution of Ser-899 with an Asp had a clear positive
effect on the activity of the pump, but this residue is not
conserved in plant plasma membrane H'-ATPases other
than AHA1 and AHAZ2. This could indicate an isoform-spe-
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cific regulation of AHA1/AHA2. aha2 S904D showed the
most pronounced activation compared with wild-type
AHA?2 and aha2 S904A. Ser-904 has previously been identi-
fied as a phosphorylated residue in planta (56). Ser-904 is
located in the regulatory region R-II (49), a part of the C
terminus that is thought to form intramolecular binding to
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TABLE 1

Phosphorylation sites in AHAs expressed homologously in plant membranes

Phosphorylation sites detected in

Conservation between

AHA isoforms Residue in AHA2* Cytosolic domain AHAs"” Reference
Ser-2-AHA1 Ser-2 N terminus This work
Ser-3-AHA2 Ser-3 N terminus This work
Ser-3-AHA3
Ser-544-AHA1 Ala-544 P domain 2/11 This work
Thr-881-AHA1 Thr-881 C terminus 10 (11)/11; Ser or Thr (77, 78) and this work
Thr-881-AHA2 This work
Thr-889-AHA3 Lys-888 C terminus 1/11; This work
Ser-899-AHA1 Ser-899 C terminus 5(7)/11; Ser or Thr (57, 77) and this work
Ser-899-AHA2 This work
Not detected in this work Ser-904 C terminus 9/11 (57)
Ser-931-AHA2/3/5/6/8/9¢ Ser-931 C terminus 11/11 This work
Ser-944-AHA2 Ser-944 C terminus 1/11 (79) and this work
Tyr-946-AHA2 Tyr-946 C terminus 10/11 (56) and this work
Thr-948-AHA1 Thr-947 C terminus 11/11 (44, 56, 57,77, 78, 80) and this work

Thr-947-AHA2
Thr-948-AHA3
Thr-959/955-AHA4/11¢

“Homologous residues in A. thaliana AHA2.

“Number of sequences in which the residue is conserved out of the 11 AHAs encoded for in the genome of A. thaliana (81).
“The identified phosphopeptide cannot be distinguished between several isoforms (AHA2/3/5/6/8 and AHA4/11).

the core of the H" pump protein as well as being important
for stabilization of 14-3-3 binding (65, 66).

The C-terminal residue Ser-931 was consistently phosphor-
ylated in planta and showed unusual properties. An Ala substi-
tution at this position resulted in a pump more efficient in com-
plementing pmal, whereas an Asp substitution gave rise to a
mutant pump that could not support yeast growth in the
absence of Pmalp, i.e. the opposite effect of the corresponding
Thr-881 and Ser-904 mutations. Phosphorylation at this posi-
tion by the Arabidopsis protein kinase PKS5/CIPK11/
SnRK3.22, which is related to Snflp in S. cerevisiae, has been
shown to impair binding of 14-3-3 protein no matter whether
the penultimate Thr is phosphorylated or not (48, 58).

Mutations of Ser-2 and Ser-3 at the N terminus did not affect
the ability of the plant pump mutants to complement pmal
(Fig. 2A). A functional role of phosphorylation of these residues s,
therefore, difficult to deduce. However, it remains a possibility that
these events are important for interaction with regulatory pro-
teins(s) present in the natural hosts but absent in the yeast system.
In the future it will be important to separate those phosphorylation
events that regulate activity from those that might regulate pro-
tein-protein interactions, trafficking, etc. in planta.

Phosphorylated Residues in Recombinant AHA2 Heterolo-
gously Expressed in Yeast Membranes—A number of Ala sub-
stitutions resulted in a plant pump less effective in supporting
yeast growth, and this effect could be reversed by an Asp or Glu
substitution (see above and Fig. 2). This suggested to us that the
involved residues might already be subject to phosphorylation
in the heterologous host, which would produce an activated
pump. One such example, phosphorylation of AHA2 Thr-947
in yeast, has previously been reported (62, 67). We, therefore,
decided to determine whether other phosphorylation sites
could be identified in recombinant AHA2 produced in yeast.

As a starting point, we found that AHA?2 protein represented
around 5.5-10% of protein in the microsomal membrane frac-
tion obtained from transformed yeast cells. When membrane
fractions containing recombinant AHA2 were subjected to
mass spectrometry, several phosphorylation sites were identi-
fied in the plant pump (Fig. 3). Surprisingly, seven of nine phos-
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phorylation sites of AHA?2 that we had identified in planta were
also phosphorylated in yeast (Fig. 3 and Table 2: Ser-2, Ser-3,
Ser-899, Ser-931, Ser-944, Tyr-946, and Thr-947). The two in
planta phosphorylation sites that could not be identified in
AHAZ2 produced in yeast were Ser-544 and Thr-881. In the
reverse, in fungus, two phosphorylation sites identified in
recombinant AHA2 were not observed in the plant material,
namely Thr-511 and Thr-942.

Thr-511 is situated in the cytoplasmic P-domain and was the
only residue in yeast expressed AHA?2 that was phosphorylated
outside the N and C termini. The corresponding phosphopep-
tide was only observed once in yeast, and phosphorylation of
this residue could not be detected in planta. Nevertheless, Thr-
511 was analyzed in more detail (Fig. 4), as it is a highly conserv-
ative residue in P-type ATPases (68) and is situated in the con-
served motif MXTGD and close to the Asp-329, which plays an
essential role in the catalytic mechanism of the pump (Fig. 4B).
Both Ala and Asp mutants completely abolished yeast growth
(Fig. 4A) even though they were expressed at the same levels as
wild-type AHA2 (Fig. 4C). This suggests a crucial role of this
residue in the functioning of the enzyme. Obviously, in planta
phosphorylation at this position, should it occur, would result
in effective inhibition of pump activity.

DISCUSSION

New in Planta Phosphosites Identified in Arabidopsis Plasma
Membrane H"-ATPases—By employing complementary phos-
phopeptide enrichment methods, we have in this work identi-
fied 10 different in vivo phosphosites in different isoforms of the
plasma membrane H"-ATPase (Table 1), five of which have not
been reported before, bringing the total number of phospho-
sites in this pump up to 11, which is substantially higher than
reported for any other P-type ATPase.

The phosphopeptides identified belong to four or five differ-
entisoforms (AHA1, AHA2, AHA3, and AHA4/11; the last two
isoforms cannot be distinguished) of Arabidopsis plasma mem-
brane H'-ATPases. We detected previously known sites, and in
addition we have reported new in planta phosphosites at the N
terminus (Ser-2, Ser-3), in the P-domain (Ser-544), and in the C
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FIGURE 2. Analysis of the importance of phosphosites in AHA2 for the
activity of the pump by functional complementation of yeast pma1. The
yeast strain RS-72 is dependent on the activity of the H"-ATPase expressed
when grown on glucose media. When grown on galactose the endogenous
yeast H"-ATPase PMAT is expressed. A, shown is an analysis of pumps
mutated in C-terminal phosphosites. B, shown is an analysis of pumps
mutated in the N-terminal phosphosites.
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A
Lys-C Trypsin
B
Domain of ala n
the pump
N-terminus S2 4
S3 6
P-domain T511 1
C-terminus S899 6
S931 7
T942 1
S944 7
Y946
T947 7

FIGURE 3. Phosphorylation of recombinant autoinhibited plasma mem-
brane H"-ATPase 2 (AHA2) heterologously expressed in yeast membranes.
A, shownis a Euler diagram of the number of phosphosites determined by digest-
ing of AHA2 in a mixture of solubilized membrane proteins with trypsin, Lys-C,
and Glu-C.Trypsin and Lys-C were of the same effectiveness and gave one unique
site each. B, shown is a summary table of phosphosites in AHA2 determined using
complementary digestion by three enzymes, their distribution within the H*-
ATPase domains, and number of cases (n) when phosphosites were determined
within a total number of 7 samples analyzed. a/a, amino acid. Almost all the
phosphosites determined are in the N- and C-terminal ends of the pump.

terminus (Thr-889, Ser-931) of this essential plant pump. In a
specific isoform, AHA2, we detected seven phosphosites in
vivo. The seven sites include almost all known sites (except for
Ser-904; see Ref. 57) and in addition two new sites (Ser-3 and
Ser-931). Phosphorylation of Ser-931 was previously only dem-
onstrated in tobacco (58) and not in any of the systematic
screens performed on material from Arabidopsis, indicating the
importance of complementary methods.

Comparison of Phosphosites in Homologously and Heterolo-
gously Produced Protein—Our data demonstrate that a heter-
ologously expressed protein can undergo phosphorylation to a
large extent. The phosphorylation patterns of AHA2 expressed
in planta and in yeast membranes are strikingly similar (Table
2). Phosphosites covering Thr-881 and Ser-544 were the only
exceptions being observed in material derived from plants only
and not in recombinant AHA?2 produced in yeast. Common for
phosphorylation sites observed in AHA2 whether expressed in
planta or in fungus is that they are situated in the N- and C-ter-
minal domain, which in AHA?2 play regulatory roles (60). These
extensions of the plant plasma membrane H*-ATPase are not
conserved in its fungal counterpart Pmalp (supplemental Figs.
1 and 2). For this reason it was unexpected to find a similar
phosphorylation pattern between AHA2 expressed in planta
and in yeast (Fig. 5B).
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TABLE 2

Comparison of phosphorylation sites in AHAs expressed homologously in plant membranes with those of AHA2 expressed heterologously in

yeast membranes

Phosphorylated in planta

Phosphorylated in fungus

Cytosolic domain AHA1 AHA2 AHA3 AHA2 Pmalp
N-terminal domain Ser-2 Ser-2
Ser-3 Ser-3 Ser-3
Ser-11
Ser-12
Ser-14
Ser-52
Ser-61
Central part Ser-464
Thr-511
Ser-544
Thr-647
C-terminal domain Thr-881 Thr-881
Ser-899 Ser-899 Ser-899
Thr-889
Ser-931 Ser-931
Ser-942
Ser-944 Ser-944
Tyr-946 Tyr-946
Thr-948 Thr-947 Thr-948 Thr-947

>

+galactose

pH 55 pH 55 pH 4.5 pH 3.5

+glucose

empty vector
AHA2

anti-AHA2

FIGURE 4. Phosphorylation of highly conservative Thr-551 situated in the
catalytic center inhibits pump activity. A, shown is abolishment of yeast
growth complementation when mutantin Thr-511 AHA2 was expressed. B, in the
crystal structure of AHA2, Thr-511 is situated close to Asp-329, the conserved Asp
phosphorylated during catalysis (59). C, shown is a Western blot analysis of
expression level of the mutant AHA2 in yeast cells.
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The phosphorylation patterns of AHA2, whether it be in
planta or in fungus, could not have been predicted using
common phosphophosite prediction servers such as Net-
PhosK and PhosPhAt 3.0. Phosphorylation of Ser-931, Ser-
944, and Thr-947, which were phosphorylated in both bio-
logical systems, was not predicted by any server (Fig. 5).
Furthermore, Thr-34, Thr-35, Thr-315, Thr-343, Thr-345,
Thr-410, Ser-472, Ser-493, Thr-609, Ser-616, Ser-698, Thr-
700, Thr-740, Ser-778, Thr-861, Tyr-900, and Thr-934 were
predicted as protein kinase targets by both servers (labeled
both in bold and italic in Fig. 5A) but were not phosphoryl-
ated in any of the two systems. Among these residues, none
are in transmembrane segments or loops exposed to the
extra-cytoplasmic side, and at least Thr-34, Thr-35, Thr-
410, Ser-472, Thr-609, and Thr-700 are surface-exposed to
various degrees in the crystal structure of AHA2 (supple-
mental Fig. 3; Ref. 59).

Several reasons for the observed high similarity between
phosphorylation sites in the two distantly related organisms
can be proposed. The most obvious possibility is perhaps that
the structures of the terminal domains of plasma membrane
proton pumps are in extended loose or helical forms that make
them extremely accessible to protein kinase action. An
extended structure is not unlikely given the fact that at least the
C-terminal domain is predicted to make interactions with res-
idues in several cytoplasmic domains (42).

More speculative models could be the following: (a) specific
protein kinases phosphorylating plant plasma membrane
H*-ATPases are conserved in yeast; (b) both organisms express
nonspecific protein kinases that phosphorylate targets at all
surface-accessible phosphorylation sites; (¢) both organisms
have their own palette of protein kinase(s) recognizing essen-
tially the same phosphorylation sites.

Model (a) is unlikely be correct, as there is no sequence sim-
ilarity between the terminal domains of AHA2 and its yeast
counterpart Pmalp (supplemental Fig. 1), and there is no
homology between the phosphorylation motifs of AHA2 and
any other yeast gene product (supplemental Fig. 2). Still, we
cannot entirely rule out the possibility that protein kinases in
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FIGURE 5. Overview of phosphosites in AHA2. A, shown is the amino acid sequence of AHA2. Green color, phospho-residues identified in AHA2 expressed homolo-
gously in planta (this study and previous studies). Boxed, phosphosites identified in recombinant AHA2 expressed heterologously in yeast. ltalics (and cyan when not
phosphorylated in AHA2 in planta), Phosphosites were predicted by the NetPhosK server. Bold (and yellow when not phosphorylated in AHA2 in planta), phosphosites
predicted by the PhosPhAt 3.0 server; underlined, membrane spanning domains in the crystal structure of AHA2 (59). B, shown is a spaghetti model of AHA2 with the
phosphosites indicated. Green circles, phosphosites when expressed in planta. Magenta squares, phosphosites when expressed in yeast.

the two organisms have the same structure and/or substrate
specificities even though not all possible substrates are present
in each organism.

Model (b) above is not likely to be true as in vivo phosphosites
are exclusively located in the terminal domains, whereas Ser
and Thr residues, which according to the crystal structure of
AHA?2 (supplemental Fig. 3; Ref. 59) are exposed in cytosolic
domains, fail to become phosphorylated. However, we cannot
rule out the possibility that other conformations of AHA?2 asso-
ciated with transport or regulation allow for nonspecific kinases
to phosphorylate the cytosolic domains.

According to the Model (c), protein kinases do not evolve
according to their protein targets but rather as a group express
a variety of potential binding preferences. If this is true, protein
targets may preferentially evolve to become the substrate of
preexisting protein kinases, which even they have the same
specificity, need not be phylogenetically related.

All protein kinases have a very conserved active site that cat-
alyzes phosphoryl transfer from ATP to a protein substrate (69,
70). Flexibility is achieved by separating the region of catalysis
from that of molecular recognition, the docking groove (71—
73). However, this separation is not absolute, and docking
grooves of protein kinases are still intimately connected to the
active sites, for which reason protein kinase docking grooves
show a limited degree of modularity and evolvability (74 -76).
The fact that protein kinase recognition motifs can easily be
copied by new targets, whereas docking grooves in protein
kinases show less flexibility, provides a molecular rationale for
Model (c) above.

AHAZ2 is so far the first example of a protein being targeted by
yeast protein kinases in a similar manner as by protein kinases
in its natural host. Whether this is a unique feature of AHA?2 or
a common phenomenon across kingdoms still needs to be
demonstrated.
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Conclusion—In this work we have demonstrated the power of
combining different methods for enrichment of phosphopeptides
when mapping phosphosites in a membrane protein. We identi-
fied five new phosphosites in the plant plasma membrane H™-
ATPase, bringing the total number of phosphosites mapped in this
pump up to 11. Most of the phosphosites are in terminal regulatory
domains. When the AHA2 pump isoform is expressed in yeast it is
phosphorylated at seven of these sites and at two more not
observed in planta. The fact that phosphosites are almost identical
in these two homologous and heterologous systems is surprising
and could indicate that the terminal domains of proton pumps are
unusually accessible for protein kinases.

Acknowledgment—We thank Mette Niemann for excellent technical
support.
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