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Sucrose-induced Receptor Kinase SIRK1
Regulates a Plasma Membrane Aquaporin

in Arabidopsis*s

Xu Na Wut, Clara Sanchez Rodriguezt, Heidi Pertl-Obermeyert, Gerhard Obermeyers§,

and Waltraud X. Schulzet]

The transmembrane receptor kinase family is the largest
protein kinase family in Arabidopsis, and it contains the
highest fraction of proteins with yet uncharacterized func-
tions. Here, we present functions of SIRK1, a receptor
kinase that was previously identified with rapid transient
phosphorylation after sucrose resupply to sucrose-
starved seedlings. SIRK1 was found to be an active ki-
nase with increasing activity in the presence of an exter-
nal sucrose supply. In sirk1 T-DNA insertional mutants,
the sucrose-induced phosphorylation patterns of several
membrane proteins were strongly reduced; in particular,
pore-gating phosphorylation sites in aquaporins were af-
fected. SIRK1-GFP fusions were found to directly interact
with aquaporins in affinity pull-down experiments on mi-
crosomal membrane vesicles. Furthermore, protoplast
swelling assays of sirk1 mutants and SIRK1-GFP express-
ing lines confirmed a direct functional interaction of re-
ceptor kinase SIRK1 and aquaporins as substrates for
phosphorylation. A lack of SIRK1 expression resulted in the
failure of mutant protoplasts to control water channel ac-
tivity upon changes in external sucrose concentrations. We
propose that SIRK1 is involved in the regulation of sucrose-
specific osmotic responses through direct interaction with
and activation of an aquaporin via phosphorylation and that
the duration of this response is controlled by phosphoryla-
tion-dependent receptor internalization.  Molecular & Cellu-
lar Proteomics 12: 10.1074/mcp.M113.029579, 2856-2873,
2013.

The growth and development of a plant require precise
control of carbon and nitrogen assimilation, as well as con-
trolled allocation between growth and storage functions. In
plants, sucrose and starch are the main products of photo-
synthesis. Besides its function as the main carbon transport
metabolite connecting producing source tissues with con-
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suming sink tissues such as growing regions and storage
organs (1), sucrose also serves as an important metabolite
with signaling functions in many aspects of plant physiology
(2-5). Sucrose as a signal requires the perception of external
and internal sucrose status, as well as some signal transduc-
tion pathways induced by alterations in sucrose availability.

Sucrose synthesis and degradation are highly regulated (4,
6-8). The mechanisms of sucrose uptake across the plasma
membrane have been studied extensively in the past (9-13),
and with the characterization of the sugar-exporting SWEET
transporter family (14), our understanding of the path for
sucrose across the plasma membrane is fairly complete.
However, despite the importance of sucrose as a metabolite
and metabolic signal (15), many aspects of sucrose-related
signaling and the mechanisms involved in controlling sucrose
transport remain poorly understood. Regulatory effects of
sucrose have been studied in a systematic manner through
the analysis of sucrose-induced transcriptional changes (16),
the sucrose-starvation-induced translational status of mRNAs
(17), or ribosome subunit composition (18). However, only a
few genes have been characterized that are regulated by
sucrose specifically (19). Examples of sucrose-specific tran-
scriptional responses are those of the bZIP transcription fac-
tor family (5, 20). A sensing mechanism for membrane-local-
ized sucrose involving sucrose transporters has been
suggested (21, 22). Even if the sucrose-sensing mechanisms
were cytosolic, as has been suggested for glucose (23), the
responses likely also would involve the modulation of trans-
port processes at the plasma membrane.

Furthermore, sucrose and other nutrients are also osmoti-
cally active, and exposure to altered osmotic conditions re-
quires cellular adjustments. A histidine receptor kinase has
been identified as an osmosensor in plants (24), but the in-
volvement of other kinases and of hormone signaling path-
ways in osmotic responses also has been demonstrated (25—
27). Thus, plant cells, although protected by a rigid cell wall
system, are required to mount an integrated response to the
combination of nutritional and osmotic alterations in their
external environment. In this respect, a universal means of
osmotic regulation is the regulation of water fluxes across
the plasma membrane. Aquaporins, the water channels
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present in all cellular organisms, provide a means of fast
regulation upon osmotic stress (28-30) and are tightly reg-
ulated by phosphorylation (31).

Reversible phosphorylation is a key mechanism for regulat-
ing protein function in all organisms (32, 33). Regarding the
regulation of sucrose metabolism, posttranslational regulation
through the phosphorylation of sucrose phosphate synthase
has been elucidated (34). Furthermore, there are indications of
the regulation of sucrose transport through phosphorylation
(35, 36), although the precise functions of the phosphorylation
events remain to be determined. In the past decade, a number
of systematic medium- to large-scale mass-spectrometry-
based phosphoproteomics studies have resulted in the iden-
tification of protein phosphorylation sites, and the magnitude
of phosphorylation in many cases was condition dependent
(87-42). Particularly, sucrose-induced protein phosphorylation
was analyzed in a time course experiment in which sucrose was
resupplied to sucrose-starved Arabidopsis seedlings (43), and
comprehensive information about the phosphorylation sites of
Arabidopsis proteins can be found in the PhosPhAt database
(44, 45). However, we still know little about the kinases in plants
that are responsible for phosphorylation of the large number of
experimentally identified phosphorylation sites. Targets for
recombinant expressed plant kinases have been experimen-
tally screened for via either exposure to a substrate peptide
mixture and subsequent mass spectrometric analysis of pep-
tide phosphorylation (46) or protein or peptide arrays (47, 48).
In Arabidopsis, a number of kinase—substrate relationships
have been identified through genetic interactions based on
crosses of different mutants (see various examples in Ref. 49).

Up to now, only a few of the large-scale phosphoproteomic
studies had been followed by more detailed studies on the
role of particular phosphoproteins in the context of the stim-
ulus. Here, we carried out a systematic functional study on
one of the receptor kinases (SIRK1) identified from a large-
scale analysis of sucrose-induced protein phosphorylation
(43). We used gene expression mutants and phosphorylation
site-directed mutants in combination with proteomic, physio-
logical, and cell biological experiments to characterize the in
vivo role of this protein kinase in the context of sucrose
resupply after starvation responses.

EXPERIMENTAL PROCEDURES

Plant Material— A T-DNA insertional mutant for sirk7 (SALK_125543)
was identified within the SALK T-DNA insertional lines collection (50).
Seeds of sirk1 T-DNA insertional mutant were obtained from the
Nottingham Arabidopsis Stock Centre and propagated in the green-
house at the Max Planck Institute for Molecular Plant Physiology
(Potsdam, Germany). The sirk1 T-DNA insertional mutant carries a
T-DNA insertion in the first intron of SIRK7 and was confirmed via
PCR amplification using T-DNA border primer LBb1.3 (5'-ATTTTGC-
CGATTTCGGAAC-3') and gene-specific primer SIRK1-RP (5'-
GTGGGTTTCCTAGTGGCTTTC-3’). The expression of SIRK1 in the
wild type and sirk1 mutant was examined by using a pair of gene-
specific primers (SIRK1-1F, 5'-TTTCGAGGTTCACGTGCAAG-3' and
SIRK1-1R, 5'-CCTATATCCCCAGGCAGCATAC-3').

Quantitative Real-time PCR—Total RNA was extracted from the
sirk1 plants using the Plant RNA Mini Kit (Invitek, Berlin, Germany)
according to the instructions provided by the manufacturer. RNA was
digested with DNasel (Roche Diagnostics, Germany) to remove the
genomic DNA. First-strand cDNA was synthesized using SuperScript
Il reverse transcriptase (Invitrogen). Quantitative real-time PCR anal-
ysis was performed using the StepOnePlus Real Time PCR system
(Applied Biosystems, Austin, TX) with the SYBR green detection proto-
col (Applied Biosystems, Austin, TX). The UBQ gene was used as an
internal control, and the relative expression of the gene of interest was
calculated using a comparative A-A C, method (51). Primers for SIRK1
were designed for the N-terminal part (F1/R1) and the C-terminal part
of the gene (F2/R2): F1 5’-TTTCGAGGTTCACGTGCAAG-3’, R1 5'-
CCTATATCCCCAGGCAGCATAC-3'; F2 5'-TTGCCAATAATAAGCT-
GTCCGC-3', R2 5'-CGACACATTGAATCCCACCATT-3'. Primers used
for ubiquitin were 5'-GGCCTTGTATAATCCCTGATGAATAAG-3' and
5'-AAAGAGATAACAGGAACGGAAACATAGT-3'.

SIRK1 Overexpression and Mutagenesis Constructs—Full-length
cDNA of the SIRK1 gene without a stop code was amplified via PCR
using the specific forward primer SIRK1-EcoRI (5'-GGAATTCAT-
GAGTCATTTTCTCACTTTCTG-3') and the specific reverse primer At-
SIRK1-Smal (5'-ACAACCCGGGAGCAGGCAGAAATTGAAGTA-3). It
was then subcloned into the pGEM-T easy vector (Promega, Fitch-
burg, WI). The EcoRI-SIRK7-Smal fragment was then cloned into the
plant transformation vector pEZR(H)-LN (a kind gift from Staffan
Persson Lab, Max Planck Institute for Molecular Plant Physiology)
upstream and as a fusion of the GFP coding sequence, resulting in
the plasmid %°S::AtSIRK1-GFP. The construct pGEM-T easy-EcoRI-
SIRK1-Smal was used for mutating Ser-744 of AtSIRK1 to Ala-744 or
Asp-744. Site-directed mutagenesis was done via PCR using specific
primer pairs (5'-GTTAGATGTTTACgCACCTGATAGATTGGC-3' and
5'-CCAATCTATCAGGTGCGTAAACATCTAAC-3' or 5'-GTTAGAT-
GTTTACgatCCTGATAGATTGGC-3" and 5'-CAATCTATCAGGatcG-
TAAACATCTAACAT-3’) and the QuikChange Il Site-Directed Mu-
tagenesis Kit (Agilent Technologies, Santa Clara, CA). The EcoRI-
AtSIRK15744A-Smal fragment or EcoRI-SIRK15744P-Smal fragment
also was cloned into plant transformation vector pEZR(H)-LN and as
a fusion with the GFP coding sequence, resulting in the plasmid
35S::AtSIRK1S7#4A-GFP or 3°S:AtSIRK15744P-GFP. Three plasmids
were transferred into Agrobacterium tumefaciens strain GV3101, and
sirk1 mutant plants were transformed using the floral dip method (52).
Homozygous T, transgenic lines were further selected by means of
segregation analysis, and T, seeds were used for experiments. The
fluorescence of GFP in the transgenic lines was checked via confocal
laser-scanning microscopy (TCS SP5, Leica Microsystems CMS
GmbH, Wetzlar, Germany).

Seedling Growth and Experimental Design— Arabidopsis seedlings of
wild type (col-0), sirk1, °S:AtSIRK1-GFP/sirk1, 3°S::AtSIRK1S744A-
GFP/sirk1, and 3°S:AtSIRK15744P-GFP/sirk1 were germinated and
grown under continuous light (20 °C, 130 wE/s*m?) in Jouanneau and
Péaud-Lenoél medium composed of micro- and macronutrients (53),
with a total of 3 mm nitrogen and supplemented with 0.5% sucrose.
After 11 days, we sucrose starved the seedlings by changing the
growth medium to a sucrose-free medium and leaving the flasks in
the dark for 24 h as described elsewhere (43). Sucrose was then
resupplied to a final concentration of 30 mm for 3 min before seedlings
were harvested for microsomal protein preparation. In a control ex-
periment, 30 mM mannitol was used instead of sucrose.

Microsomal Preparation—A total of 4 g of seedlings (fresh weight)
was homogenized in a falcon tube with 20 ml extraction buffer (330
mm mannitol, 100 mm KCI, 1 mm EDTA, 50 mm Tris-MES, fresh 5 mm
DTT, and 1 mm PMSF, pH 8) in the presence of 0.5% v/v proteinase
inhibitor mixture (Sigma-Aldrich, Germany) and phosphatase inhibi-
tors (25 mm NaF, 1 mm NagVO,, 1 mm benzamidin, 3 um leupeptin).
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The homogenate was centrifuged for 15 min at 10,000 X g at 4 °C.
The pellet was discarded, and the supernatant was ultracentrifuged
for 1 h at 48,000 X g at 4 °C. The microsomal pellet was re-sus-
pended in 100 ul of membrane buffer (330 mmM mannitol, 25 mm
Tris-MES, 0.5 mm DTT). The soluble fraction in the supernatant was
precipitated with three times volume acetone overnight, and then
proteins were resuspended in 500 ul 6 M urea, 2 M thiourea, pH 8.

Pull-downs of GFP-tagged SIRK1 and SIRK1S744 Mutants—Mi-
crosomal proteins (300 ug) isolated as described above were incu-
bated with 50 ul of anti-GFP magnetic beads (Chromotek, Martin-
sried, Germany) for two hours on a rotating wheel at 4 °C. After
incubation, the beads were collected on a uMACS separator (Milteniy
Biotech, Bergisch-Gladbach, Germany) and washed two times with
350 ul and 500 wl wash buffer (10 mm Tris/HCI pH 7.5, 150 mm NaCl,
0.5 mm EDTA, 0.01% Nonidet P-40).

For protein—protein interaction assays, the proteins were eluted
from the beads with 100 ul 6 M urea, 2 ™M thiourea, pH 8, before
in-solution tryptic digestion. For kinase activity assays, one more
washing step was carried out with wash buffer (10 mm Tris/HCI, pH
7.5, 300 mm NaCl, 0.5 mm EDTA), and the beads were mixed with 100
wul kinase reaction buffer (20 mm HEPES pH 7, 10 mm MgCl,, 2 mm
DTT, 0.1 mg ml~' BSA).

Kinase Activity Assay— SIRK1-GFP fusion protein was affinity pu-
rified over magnetic beads (see above). A luciferase-based kinase
activity assay was performed in 60 ul reaction mixture incubated for
one hour at room temperature. The reaction mixture contained 20 ul
to 40 pl beads with GFP-tagged proteins, 15 ul myelin basic protein
(1 mg ml~"; Sigma-Aldrich) as a generic kinase substrate, 1 ul of 40
uM ATP, and an appropriate reaction buffer (20 mm HEPES pH 7, 10
mmM MgCl,, 2 mm DTT, 0.1 mg ml~" BSA). After incubation, 60 wul
Kinase-Glo® Plus Reagents (Promega, Fitchburg, WI) were added
and incubated for 10 min. Luminescence as a measure of ATP con-
sumption was recorded with a luminometer (Microbeta Trilux). In
general, protein isolations from three independent batches of seed-
lings were tested, and the average activity value plus/minus the
standard deviation is presented.

In Vitro Peptide Phosphorylation—SIRK1-GFP fusion protein was
affinity purified over magnetic beads (see above). A luciferase-based
kinase activity assay was performed as described above, except that
30 pg of a mixture of putative target peptides was used as a
substrate. The peptide mixture consisted of 25 peptides bearing
experimentally confirmed phosphorylation sites to different proteins
(including ALGSFGSFGSFR/PIP2F (AT2G39010), LGTVSSPEPISVVR/
SWEET11 (AT3G48740), and LIEEVSHSSGSPNPVSD/AT3G02880), as
well as control peptides without known phosphorylation sites (e.g.
DPPPAPFFDMEELR/PIP2F (AT2G39010), TSPHLGEK/SWEET11
(AT3G48740), and INLGENK/AT3G02880). In total, the 43 peptides
(supplemental Table S5) were exposed as a substrate to the enriched
SIRK1-GFP fusions enriched in microsomal fractions of three inde-
pendent protein isolations. After exposure to the target peptides, the
reaction mixture was purified over C8 material to trap undigested
SIRK1 protein and to collect the respective target peptides. Collected
peptide mixtures were then desalted over C18 prior to mass spec-
trometric analysis. The phosphorylation of target peptides was con-
firmed via mass spectrometry (see below).

Protoplast Generation— Arabidopsis seedlings were grown in liquid
cultures and sucrose starved as described above but not challenged
with sucrose. Instead, parts of the 12-day-old seedlings were care-
fully dried on tissue paper, washed with a filter-sterilized 300 mm
mannitol-10 mm CaCl, solution, and cut into small pieces that were
finally transferred to 3 ml enzymatic digestion medium (ES-500M: 500
mM mannitol, 10 mm MES/KOH (pH 5.8), 10 mm CaCl,, 10 mm KCI)
plus 1% (w/v) cellulase Onozuka R10 (Duchefa, Haarlem, The Neth-
erlands) and 1% (w/v) macerozyme R10 (Duchefa, The Netherlands).

The protoplasts were prepared in the dark with gentle shaking for two
to three hours, filtered through a 50-um nylon filter, centrifuged at
80 X g at 4 °C for 5 min, and washed three times with ice-cold ES-500
M without enzymes. Protoplasts were stored in the dark on ice for at
least 30 min before an experiment was started.

Protoplast Swelling Assays—In principle, protoplast swelling ex-
periments were performed as described previously (54), with some
modifications. Approximately 20 ul of the protoplast suspension were
pipetted into 200 ul ES-500 M in a perfusion chamber mounted on
the stage of an inverted microscope. Protoplasts were allowed to settle
down for about 5 to 10 min. The chamber was then perfused with 3
ml of ES-500 M to select protoplasts sticking well to the glass bottom
of the chamber. The perfusion solution was then changed to a hypo-
osmolar solution (ES-350M) containing the same ingredients as ES-
500 M but with 350 mm mannitol instead of 500 mm mannitol. The
solution change in the chamber lasted about 15 s. Images were taken
every 3 s with a video-camera-equipped microscope for a total of
300 s. In some experiments, protoplasts were treated with 30 mm
sucrose. For this, the chamber was perfused with a solution containing
30 mm sucrose and 470 mm mannitol (ES-470M_30S) for about 5 min
(ES-470M_30S: 470 m M mannitol, 30 mm sucrose, 10 mm MES/KOH
(pH 5.8), 10 mm CaCl,, 10 mm KCI) and then challenged with a hypo-
osmolar solution consisting of 320 mm mannitol and 30 mm sucrose
(ES-320M_30S: 320 mm mannitol, 30 mm sucrose, 10 mm MES/KOH
(pH 5.8), 10 mm CaCl,, 10 mm KCI). The osmolality of all media was
measured with a cryoscopic osmometer (Osmomat 030, Gonotec, Ber-
lin, Germany), and the following osmolalities were noted: ES-500M,
0.578 Osmol kg~ '; ES-470M_30S, 0.588 Osmol kg~ '; ES-350M, 0.402
Osmol kg™ '; ES-320M_30S, 0.395 Osmol kg™~

The diameter of the protoplasts was measured using imagedJ soft-
ware. Diameters were converted to micrometers, and the volume,
surface area, and relative volume were calculated for each time point.
A regression line was fitted to the steepest part of the swelling curve
to determine the maximal water volume flux density, which corre-
sponds to aquaporin activity. Statistical analysis was performed with
Sigma Plot (Jandel Scientific, San Rafael, CA).

Confocal Microscopy and Imaging Processing—Seedlings ex-
pressing SIRK1-GFP, SIRK1S7#*A.GFP, and SIRK1S744P-GFP were
imaged on a confocal microscope equipped with a CSU-X1 Yok-
ogawa spinning disc head fitted to a Nikon Ti-E inverted microscope,
a CFI APO 60X water immersion objective, an evolve charge-coupled
device camera (Photometrics Technology, Tucson, AZ), and a 1.2X
lens between the spinning disc and the camera. GFP was excited at
491 nm and FM4-64 at 561 nm using a multichannel dichroic and an
ET525/50 M or ET595/50 M band pass emission filter (Chroma Tech-
nology, Bellow Falls, VT) for GFP and red fluorescent protein, respec-
tively. Image acquisitions were performed using Metamorph Online
Premier, version 7.5. Typical exposure times were 600 ms for GFP
and 300 ms for red fluorescent protein.

Four-day-old seedlings grown in the dark in half-strength MS liquid
medium were incubated in half-strength MS liquid medium supple-
mented with 20 um FM4-64 (stock solution: 4 mm in DMSO; Invitro-
gen, Molecular Probes) for 10 min. They were washed three times for
5 min in half-strength MS liquid medium. The treatments were per-
formed in the dark under slight agitation.

The quantification of endocytotic events was performed for seed-
lings (four days old, grown in the dark in half-strength MS liquid
medium) not incubated in FM4-64 in order to avoid any alteration of
the sugar perception produced by the lipophilic dye. The three SIRK1
constructs (SIRK1-GFP, SIRK1S74#A-GFP, and SIRK1S744P-GFP)
were imaged directly after growth under sucrose-starvation condi-
tions or after 3 to 15 min of sucrose resupply. Per treatment and
genotype, at least eight seedlings and 20 hypocotyl cells/seedling
were counted, starting from the bottom part of the hypocotyl. The
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cells were classified according to the amount of endocytotic events
observed—no detectable, few (less than 10 per cell), or many (more
than 10 per cell—as described elsewhere (55). All images were
processed using Imaged software. Background correction was per-
formed using the Subtract Background tool (rolling ball radius: 50
pixels).

Protein Preparation for Mass Spectrometry—Microsomal or soluble
proteins were predigested for 3 h with endoproteinase Lys-C (0.5
ng/ul; Wako Chemicals, Neuss, Germany) at room temperature. After
4-fold dilution with 10 mm Tris-HCI (pH 8), samples were digested with
4 ul sequencing-grade modified trypsin (0.5 ug ul~'; Promega, Ficht-
burg, WI) overnight at 37 °C. After overnight digestion, trifluoroacetic
acid (TFA)' was added (until the pH was 3 or less) to stop digestion.
Digested peptides were desalted over a C18 tip (56) and dissolved in
100 wl 80% acetonitrile and 0.1% TFA before phosphopeptide en-
richment with titanium dioxide (TiO,) (GL Sciences, Torrance, CA).

Phosphopeptide Enrichment—Phosphopeptides were enriched
over TiO, as described elsewhere (57), with some modifications. TiO,
beads were equilibrated with 100 wl of 5% acetonitrile and 0.1% TFA.
100 wl digested and desalted peptides were mixed with 100 ul 5%
acetonitrile and 0.1% TFA and incubated for about 1 min with 2 mg
equilibrated TiO, beads. The solution with the beads was then placed
into a self-made microcolumn in a 200-ul pipette tip with a C8 disc as
a plug. Phosphopeptides were eluted from TiO, beads in these mi-
crocolumns using 5% ammonium hydroxide and 5% piperidine (58).
Elutes were immediately acidified by adding 50 ul 20% phosphoric
acid to reach a pH value less than 3. Enriched phosphopeptides were
desalted over a C18 stage tip again prior to mass spectrometric
analysis.

LC-MS/MS of Peptides and Phosphopeptides—Tryptic peptide
mixtures were analyzed via LC-MS/MS using nanoflow Easy-nLC
(Thermo Scientific) as an HPLC system and an Orbitrap hybrid mass
spectrometer (LTQ-Orbitrap, Thermo Scientific) as a mass analyzer.
Peptides were eluted from a 75-um analytical column (Reprosil C18,
Dr. Maisch GmbH, Tubingen, Germany) on a linear gradient running
from 4% to 64% acetonitrile over 90 min and sprayed directly into the
LTQ-Orbitrap mass spectrometer. Proteins were identified via MS/MS
based on the information-dependent acquisition of fragmentation
spectra of multiple charged peptides. Up to five data-dependent
MS/MS spectra were acquired in the linear ion trap for each full-scan
spectrum acquired at 60,000 full-width half-maximum resolution in
the Orbitrap. The overall cycle time was approximately 1 s. When
analyzing samples after phosphopeptide enrichments, multistage ac-
tivation was chosen for fragmentation to achieve the simultaneous
fragmentation of parent ion and neutral loss peaks of phosphopep-
tides (59).

Protein identification and ion intensity quantitation were carried out
by MaxQuant, version 1.3.0.5 (60). Spectra were matched against the
Arabidopsis proteome (TAIR10, 35,386 entries) using Andromeda
(61). Common contaminants (trypsin, keratin, etc.) were included
during database searches. Carbamidomethylation of cysteine was set
as a fixed modification, and the oxidation of methionine and phos-
phorylation of serine, threonine, and tyrosine were set as variable
modifications. Trypsin was specified as the protease, and up to two
missed cleavages were allowed. The mass tolerance for the database
search was set to 20 ppm for full scans and 0.5 Da for fragment ions.
The multiplicity was set to 1. For label-free quantitation, retention time
matching between runs was chosen within a time window of 2 min.
Peptide and protein false discovery rates were set to 0.01, and the
site false discovery rate was set to 0.05. The location of phosphory-
lation sites was determined by the site-scanning algorithm within

" The abbreviations used are: EVC, empty vector control; TFA,
trifluoroacetic acid.

Andromeda. Hits to contaminants (e.g. keratins) and reverse hits
identified by MaxQuant were excluded from further analysis. A full list
of all identified peptides from the phosphoproteomics experiment is
found in supplemental Table S1, and that for the pull-down experi-
ments is presented in supplemental Table S2. The identified phos-
phopeptides, including their spectra (supplemental Fig. S1), were
submitted to the phosphorylation site database PhosPhAt (44, 45)
and are publicly available.

Mass Spectrometric Data Analysis and Statistics—Reported ion
intensity values were used for quantitative data analysis. cRacker (62)
was used for label-free data analysis of phosphopeptide ion intensi-
ties based on the MaxQuant output. All phosphopeptides and pro-
teotypic non-phosphopeptides were used for quantitation. Within
each sample, ion intensities of each peptide ions species (each m/z)
were normalized against the total ion intensities in that sample (pep-
tide ion intensity/total sum of ion intensities). Subsequently, each
peptide ion species (i.e. each m/z value) was scaled against the
average normalized intensity of that ion across all treatments. For
each peptide, values from three biological replicates were averaged
after normalization and scaling. In the case of non-phosphopeptides,
protein ion intensity sums were calculated from normalized scaled ion
intensities of all proteotypic peptides.

Sucrose-induced phosphorylation was expressed as the ratio of
normalized and scaled phosphopeptide ion intensity values at 3 min
of sucrose resupply to the normalized and scaled phosphopeptide ion
intensity values from the sucrose-starved control. For estimation of
the sample-to-sample variation of sucrose-induced phosphorylation
within each plant line, distributions of sucrose-induced phosphoryla-
tion ratios (normalized ion intensity at 3 min/normalized ion intensity
at 0 min) were compared within col-0, within sirk7, and between
sirk1/col-0 (supplemental Fig. S2), as described previously (63). Dif-
ferences between the ratio distributions were assessed via a Kolm-
ogorov-Smirnov test using the software R.

For the analysis of pull-down results, protein ion intensity values
from three biological replicates in samples of bait pull-down and
GFP-only pull-down were compared by means of a pairwise t test,
and multiple testing correction (64) was applied. For pull-downs under
sucrose-induced conditions, GFP-only pull-downs under sucrose-
induced conditions were used as a control, and for the sucrose-
starvation condition, GFP-only pull-downs under sucrose-starvation
conditions were used as reference (supplemental Table S4).

Functional classification of proteins was done based on MAPMAN
(65). Information about subcellular location was derived from the
consensus location available from SUBAS3 (66). For data not derived
from mass spectrometry studies, statistical analyses were carried out
using Sigma Plot (Jandel Scientific, San Rafael, CA) and Excel (Mi-
crosoft, Redmond, WA).

RESULTS

SIRK1 (AT5G10020), a member of the LRR-receptor-like
kinase family, showed a significant transient increase in pro-
tein phosphorylation of serine 744 after sucrose resupply to
sucrose-starved cells (43). In order to study the role of SIRK1
in sucrose-induced phosphorylation processes, we made use
of a sirk1 T-DNA insertional mutant (SALK_125543). The T-
DNA was inserted into the first intron of the SIRK7 gene (Fig.
1A). Homozygous mutants of sirk1 were selected from a seg-
regating population using a PCR screen with gene-specific
primers and T-DNA primers (Fig. 1B). Homozygous sirk1 mu-
tants had an overall reduced SIRK1 gene expression (Fig. 1C).
Additionally, no peptides of SIRK1 protein were fragmented in
membrane preparations of sirk1 T-DNA insertional mutants,
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Fic. 1. Identification of a T-DNA insertional mutant of SIRK1. A, SIRK7 gene structure with T-DNA insertion in the first intron. B,
confirmation of the T-DNA insertion in homozygous progeny of sirk1. C, expression of SIRK1 was tested by quantitative real-time PCR in
wild-type, T-DNA insertional mutant, and SIRK7 overexpression and SIRK71 mutagenesis lines in sirk1 background. The relative expression of
three biological replicates (average *+ standard deviation) is displayed in comparison to the wild type, which was set to 1. D, normalized ion
intensity of SIRK1 peptides identified in plasma membrane purifications before phosphopeptide enrichment. lon intensity sum fractions of total
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but ion intensities for two peptides, FSDQPVMLDVYSPDR
and NEIWGDVGEIFTELK, were assigned based on retention-
time correlation. In general, peptide ion intensity sums for
SIRK1 in the T-DNA insertional mutant were at least 10 times
lower than in the wild type (Fig. 1D). For complementation of
sirk1 mutants, the SIRK7 cDNA was cloned as a GFP fusion
and expressed under the CaMV35S promoter, resulting in
higher expression of SIRK1 relative to the wild type (Fig. 1C).
Furthermore, SIRK1-GFP-fusion constructs were made for
SIRK1, in which the serine 744 was mutated to either alanine
(S744A) or aspartic acid (S744D) to result in phosphorylation
site null mutants and phosphorylation mimics. Relative expres-
sion levels of the phosphorylation site mutant constructs were
similar to those observed for the native construct (Fig. 1C).
Predicted SIRK1 localization to the plasma membrane was
confirmed by confocal imaging of the GFP-fusion constructs in
overlay images with membrane staining dye FM4-64 (Fig. 1D).
The localization of SIRK1 in the plasma membrane was not
altered by the mutations on S744; all three SIRK1 constructs
(SIRK1-GFP, SIRK1S744A-GFP, and SIRK15744P-GFP) localized
at the plasma membrane and to endosomes (zoom-in boxes in
Fig. 1) overlapping with FM4-64 (solid triangles in Fig. 1).
SIRK1 Is an Active Kinase—SIRK1 and the phosphorylation
site mutants showed kinase activity when exposed to a ge-
neric substrate, such as myelin basic protein, as recorded by
reduced luminescence in a luciferase-dependent measure-
ment of residual ATP in the assay (Fig. 2) (high luminescence
correlates with low phosphorylation). The kinase activity of
SIRK1 isolated from microsomal fractions of sirk1 seedlings
expressing the 3°S::SIRK1-GFP construct was significantly
increased upon sucrose resupply after sucrose starvation. In
contrast, for sirk? mutants expressing °S::GFP only (empty
vector control (EVC)), kinase activity in sucrose-starved and
sucrose-resupplied seedlings remained unaltered. In general,
kinase activity in plants expressing GFP only was significantly
lower even relative to sucrose-starved sirk7 plants expressing
the 3°S::SIRK1-GFP or the site directed mutant constructs
358::SIRK1 S7#4A.GFP and 3°S::SIRK157#*P-GFP. Mutation of
the SIRK1 phosphorylation site at serine 744 to alanine re-
sulted in kinase activity similar to that of sucrose-starved
358::SIRK1-GFP plants, and kinase activity did not signifi-
cantly increase upon sucrose exposure. In contrast, when
serine 744 was mutated to aspartic acid, subsequent kinase
activity was more similar to that of the sucrose-induced
358::SIRK1-GFP plants and remained higher under sucrose
starvation. In all cases, although SIRK1 protein was isolated
from different plant lines, the amount of SIRK1 protein present
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Fic. 2. Kinase activity of SIRK1 and its site-directed mutants
SIRK15744A and SIRK15744P ysing a luciferase-based lumines-
cence assay. A, myelin basic protein was used as a generic kinase
substrate. Seedlings of sirk1 expressing the different SIRK1-GFP
fusion constructs were starved for sucrose over 24 h and then
resupplied with sucrose for 3 min before protein extraction and
pull-down of GFP-tagged SIRK1. High luminescence values corre-
late to high ATP concentrations, meaning low phosphorylation. B,
normalized ion intensity sums of peptides identified for SIRK1 in the
pull-downs subjected to the kinase activity assay and analysis of
interaction partners. Numbers within the bars indicate the number
of SIRK1 peptides identified. Averages with standard deviations of
three biological replicates are displayed. Small letters indicate sig-
nificant differences between different treatments as determined via
one-way analysis of variance and pairwise multiple comparison
procedures according to Holm-Sidak (p < 0.05). EVC: empty vector
control, expressing GFP only. ND: not detectable.

ion intensity in each sample were averaged and expressed relative to col-0 wild type. Numbers within the column indicate the numbers of
different peptide species identified. E, SIRK1, SIRK1S744A, and SIRK1S744D localize at the plasma membrane and in endocytotic structures
(solid triangles in zoom-in boxes) as shown in confocal images of sucrose-starved four-day-old etiolated hypocotyl cells of 3°S::SIRK1-GFP,
353::SIRK1S744A-GFP, and °°S::SIRK15744P-GFP lines. Seedlings expressing SIRK1-GFP, phospho-null-GFP (SIR1S744A), and phospho-
mimic-GFP (SIRKS744D) were incubated in 20 um FM4-64 for 10 min. FM4-64 also stains endosomes, which do not contain the corresponding
SIRK1 construct (open triangles in zoom-in boxes). Scale bar = 20 um.
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Fic. 3. Three minutes of sucrose
treatment on sucrose-starved seed-
lings for col-0 and sirk1 mutant re-
vealed a total of 226 commonly quan-
tified phosphopeptides. Significantly
altered sucrose-induced phosphoryla-
tion was observed for 68 peptides. In
particular, the phosphorylation of trans-
port proteins (p = 8 X 107°, Fisher’s
exact test) was reduced in sirk1. Two
phosphorylation motifs were identified
among the differentially phosphorylated
peptides.

n=226

in the assay was not significantly different for different con-
structs (Fig. 2B).

Identification of Putative SIRK1 Targets via Phosphorylation
Profiling in Sucrose-induced Conditions—In order to study
the role of SIRK1 in the context of rapid alterations in external
sucrose availability, a sucrose starvation and resupply exper-
iment was carried out with seedlings of wild type and sirk1
mutant. Sucrose was resupplied to carbon-starved seedlings
to a final concentration of 30 mm for 3 min. This was the time
point at which maximal transient phosphorylation of SIRK1
had been observed in previous work (43). In total, 369 phos-
phopeptides were identified in at least one genotype or con-
dition. Spectra for all identified phosphopeptides were sub-
mitted to the phosphorylation site database PhosPhAt and
also can be found in supplemental Fig. S1. From these, 253
phosphopeptides were quantified in wild type both in starved
seedlings and after 3 min of sucrose resupply; for the sirk?
mutant, 246 phosphopeptides were quantified under both
conditions. This resulted in an overlapping 226 phosphoryla-
tion sites with quantitative information for both time points in
wild-type and sirk1 mutant seedlings (Fig. 3). To identify sig-
nificant alterations in sucrose-induced phosphorylation be-
tween the wild type and the sirk7 mutant, the variation in
sucrose-induced phosphorylation as calculated from phos-
phopeptide ion intensity ratios of the sucrose-induced state
relative to the sucrose-starved state was analyzed within the
replicates of each plant line (comparisons of col-0 versus
col-0 or sirk1 versus sirk1). In contrast, comparison of the
sucrose-induced phosphorylation ratios between sirk7 and
col-0 revealed a significantly different distribution of sucrose-
induced phosphorylation (p = 0.013, Kolmogorov-Smirnov
test; supplemental Fig. S2). Particularly, for sirk in compari-
son to wild type, the distribution of sucrose-induced phos-
phorylation ratios (log,(3 min sucrose/sucrose starved)) was
shifted to lower ratios, suggesting that protein phosphoryla-
tion in sirk1 did not increase in response to the sucrose
stimulus to the same degree as in wild-type col-0.

n=51 ?m.'.'.’v'.‘°-

wmmm transport

e== cell wall/ vesicle trafficking
== signaling

== protein synthesis / degradation
mmmm DNA /RNA binding

= other

== not 3assigned

In detail, about 30% of all 226 quantified phosphopeptides
showed an altered abundance in sirk7 mutant relative to the
wild type, with 51 phosphopeptides displaying at least 2-fold
lower sucrose-induced phosphorylation and 19 phosphopep-
tides showing at least 2-fold higher sucrose-induced phos-
phorylation relative to the wild type (supplemental Table S3).
We could confirm the sucrose-induced phosphorylation of the
SIRK1 peptide FSDQPV(oxM)LDVY(pS)PDR bearing S744
(43). Sucrose-induced phosphorylation of this peptide was
abolished in sirk1 mutant and partially restored in the SIRK1-
GFP overexpression line (supplemental Fig. S3).

In general, proteins with transport functions (aquaporins,
SWEET11, ATPases) were overrepresented (p = 8 X 1076,
Fisher’s exact test, using all identified proteins as a back-
ground; Fig. 3) among phosphopeptides with reduced su-
crose-induced phosphorylation in sirk1, followed by proteins
with functions in protein synthesis (p = 0.0007015, Fisher’s
exact test). Peptides of transport-related proteins were the
Ca®* ATPase ACA8 (AT5G57110), the sucrose exporter
SWEET11 (AT3G48740), the vacuolar glucose exporter ERDL6
(AT1G75220), and, particularly, peptides originating from the
C-terminal end of different aquaporins (PIP3SA AT4G35100,
PIP2E AT2G39010, PIP2B AT2G37170, PIP2F AT5G60660). For
signaling proteins, the sucrose-induced phosphorylation of pro-
tein kinase SnRK2.5 (AT5G63650.1) phosphopeptide IFV(pT)
NSAKR was found to be reduced in sirk1. Other signaling
proteins with reduced phosphorylation in sirk7 included FHL
(AT5G02200), NPH3 (AT5G64330), the Rab protein ARA4
(AT2G43130), and a remorin family protein (AT3G61260). Fur-
thermore, for seven ribosomal proteins and one translation ini-
tiation factor, protein phosphorylation in response to external
sucrose was reduced in sirk1. For another 14 proteins, SIRK1
overexpressing lines showed increased sucrose-induced phos-
phorylation that remained unaltered in sirk1. For example, the
sucrose-induced phosphorylation of NSLNI(pS)MR of kinase
CPK5 (AT4G35310) was only slightly reduced in sirk1, but it
showed a higher phosphorylation state in SIRK1 overex-
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pressing lines than in wild-type seedlings after sucrose-
induced phosphorylation.

The phosphopeptides identified with reduced sucrose-in-
duced phosphorylation contained two significant (p < 0.01)
phosphorylation motifs (67): an ES motif (motif score = 3.17)
that was mainly found in the ribosomal proteins, and an SXRS
motif (motif score = 6.93) that particularly contained the dou-
ble-phosphorylation sites of the aquaporin peptides (Fig. 3). A
search for the SXRS motif in the PhosPhAt database (44)
revealed a total of 69 phosphopeptide sequences, and phos-
phorylation was shown for 33% of these for both serine
residues. The SXRS motif thus seems to be a double-phos-
phorylation site motif, and possibly the same kinase can
address both sites.

For 19 proteins, higher sucrose-induced phosphorylation
was observed in the sirk7 T-DNA insertional mutant. Among
them we found enzymes of central carbon and nitrogen
metabolism, such as sucrose phosphate synthase SPS1F
(AT5G20280), an isoform of cytosolic glutamine synthase
GLN1;1 (AT5G37600), glutamate decarboxylase GAD1 (AT5G-
17330), and asparagine synthase ASN2 (AT5G65010). The
phosphorylation site in peptide IN(pS)AESMELWASQQK of su-
crose phosphate synthase SPS1F was found to be the major
regulatory phosphorylation site, leading to inactivation of the
enzyme in phosphorylated status (6). Observations of levels of
sucrose-induced phosphorylation of these proteins higher than
found in the wild type might point to the involvement of addi-
tional proteins, such as protein kinases or phosphatases that
are inactivated or activated by SIRK1.

For 33 phosphopeptides of the 51 proteins with decreased
phosphorylation in sirk1, a trend or significant increase of
sucrose-induced phosphorylation was observed in the
358::SIRK1-GFP overexpression line relative to the sirk1 mu-
tant. For most of these phosphopeptides, sucrose-induced
phosphorylation reached levels similar to those in wild-type
plants (supplemental Table S3).

The major apparent phosphorylation targets of SIRK1,
namely, aquaporin proteins, were confirmed by an in vitro
phosphorylation assay involving synthetic peptides. An in
vitro kinase assay was performed using a mixture of 43 dif-
ferent peptides as a substrate. The peptide mixture contained
a total of 25 peptides matching various experimentally con-
firmed phosphorylation sites, including the C-terminal peptide
ALGSFGSFGSFR of aquaporin PIP2F (AT5G60660), LGT-
VSSPEPISVVR from SWEET11 (AT3G48740), and peptide
LIEEVSHSSGSPNPVSD of receptor kinase AT3G02880. In
addition, 18 control peptides were included, one for each of
the putative substrate proteins. After exposure to SIRK1,
only peptides ALGSFGSFGSFR, LGTVSSPEPISVVR, and
LIEEVSHSSGSPNPVSD were found to be phosphorylated,
whereas 14 other peptides with experimentally confirmed
phosphorylation sites were detected in the non-phosphor-
ylated form. For peptide ALGSFGSFGSFR, the singly phos-
phorylated versions ALGSFG(pS)FGSFR and ALGSFGSFG-

(pS)FR and the doubly phosphorylated version ALGSFG(pS)
FG(pS)FR were detected. Quantitative analysis of the PIP2F
phosphopeptides revealed increased phosphorylation of
peptide ALGSFGSFGSFR at two different phosphorylation
sites upon exposure to the SIRK1-GFP constructs relative
to GFP-only purifications (EVC). The phosphorylation of
PIP2F substrate peptide was independent of phosphoryla-
tion site mutagenesis (supplemental Fig. S4). The control
peptide for PIP2F, with no phosphorylation sites (DPP-
PAPFFDMEELR), did not show altered ion intensity levels
after exposure to the SIRK1 variants. Altogether, 8 putative
target peptides (from total of 25) and 5 control peptides
(from total of 18) were not detected in the mass spectro-
metric analysis after in vitro kinase exposure. For technical
reasons, the peptide ALGSFGSFGSFR was the only C-ter-
minal aquaporin peptide included in the in vitro assay; related
peptides SLGSFR(pS)AANV (PIP2B), ALGSFR(pS)NATN (PIP3),
and (pS)QLHELHA (PIP2E) were not tested in this context.

Sucrose-induced Interaction Partners of SIRK1—We were
interested in sucrose-induced protein—protein interaction
partners of SIRK1. Therefore, GFP pull-downs under sucrose-
starvation conditions (time point: 0 min) and under sucrose-
resupplied conditions (time point: 3 min) were performed with
sirk1 seedlings expressing the different SIRK1-fusion proteins
or GFP only (EVC). Under each sucrose treatment condition
(starvation or resupply), protein ion intensity sums of interac-
tion partners for each of the bait GFP-fusions (SIRK1,
SIRK15744A and SIRK15744P) were expressed relative to the
interaction partners of the GFP-only control (EVC) under that
condition. Results from three biological replicates were aver-
aged and significant interaction partners were defined after
pairwise t test and multiple-testing correction (64). The full list
of all 1386 identified proteins in the pull-down experiments of
the different bait protein versions is available as supplemental
Table S2, and the full results of pairwise t tests of bait versus
GFP-only samples, including corrected and uncorrected p
values, are available as supplemental Table S4.

In pull-downs with SIRK1 bait proteins, under sucrose-
induced conditions (3 min sucrose supply), two to three times
more proteins were identified as significant interaction part-
ners (p < 0.05 after multiple testing correction) than in the
sucrose-starved condition, although SIRK1 bait was present
in similar amounts (Fig. 2B). A large overlap in identified
proteins was observed for the three SIRK1 constructs (SIRK1-
GFP, SIRK1S744A.GFP, and SIRK1574*P-GFP), with a tend-
ency for stronger overlap between SIRK1 and SIRK1S744A
than between SIRK1 and SIRK15744P (Fig. 4A). Among the
significant interaction partners (p < 0.05 after multiple testing
correction) were also numerous ribosomal proteins and pro-
teins with plastidal locations. These protein classes are known
to be particularly “sticky” and often occur as nonspecific
interactors in pull-downs. Therefore, only proteins with
plasma membrane or extracellular locations based on the
consensus location from SUBAS3 were considered (66). A total
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of 36 proteins remained as significant sucrose-induced inter-
action partners for all SIRK1 constructs (Fig. 4B). Among
these common interactors, we found a strong overrepresen-
tation (o = 4.53 X 107 ', Fisher’s exact test) of aquaporins,
particularly PIP1A (AT3G61430), PIP1C (AT1G01620), PIP2A
(AT3G53420), PIP2B (AT2G45960), PIP1D (AT4G23400),
PIP2E (AT2G39010), PIP2F (AT5G60660), and PIP3A (AT4G-
35100). Other significant interaction partners to SIRK1 and its
site-directed mutants were a number of protein kinases, such
as three transmembrane-receptor-like protein kinases, as well
as two kinases from the BSK family (Table I). The BSK kinases
were shown to be involved in the brassinosteroid signaling
pathway initiated by receptor kinase BRI1 (68). Other signifi-
cant interaction partners to SIRK1 were clathrins (AT2G-
20760, AT3G08530, AT3G11130) and a coatomer subunit
protein (AT4G31480) indicating connections to endocytotic
pathways. Interestingly, members of the remorin family of
proteins were identified exclusively under sucrose-resupplied
conditions, with more than 2-fold enrichment in the different
SIRK1 pull-downs relative to GFP only. Remorins are proteins
with clear preferable location in sterol-rich membrane mi-
crodomains (69, 70).

SIRK1 Modulates Water Flux across the Plasma Mem-
brane—In the phosphopeptide profiling experiment compar-
ing sucrose-induced phosphorylation of wild type and sirk1,
several phosphopeptides matching the C-terminal end of
aquaporins were identified, and aquaporins were found as
interaction partners of SIRK1. Thus, we hypothesized that
SIRK1, either independently or within a complex of interacting
proteins, may be involved in the regulation of aquaporin ac-
tivity, particularly given that aquaporins are known to be reg-
ulated by protein phosphorylation. The identified differentially
phosphorylated sites in wild-type and sirk7 mutant samples at
the C terminus of aquaporins are conserved in the aquaporin
protein family and are responsible for pore gating. Full phos-
phorylation at the two serine residues will lead to pore open-

3min sucrose

Fic. 4. Conditional interaction part-
ners to SIRK1 and SIRK1-S744 mu-
tants. A, all identified proteins from pull-
downs and with significantly higher
abundance in the bait pull-down relative
to the respective GFP-only controls are
shown for the various baits and condi-
tions. B, interaction partners were filtered
for plasma membrane or extracellular loca-
tion. C, interaction partners to SIRK1S744A
in sucrose-starved and sucrose-resup-
plied condition. D, interaction partners to
SIRK1S744D in sucrose-starved and su-
crose-resupplied condition. In general,
only significant interactors are shown (p <
0.05 in pairwise t test of each proteins
from comparison of bait pull-down to
GFP-only pull-down and after multiple-
testing correction according to Benjamini-
Hochberg (64)).

ing, whereas dephosphorylated serine residues result in a
closed pore (31). Therefore, the water transport capacity of
wild type, sirk1 mutant, and the different lines expressing
SIRK1 and S744 mutants were analyzed in a protoplast swell-
ing assay reflecting the aquaporin activity (30).

When exposed to a hypo-osmolar medium, protoplasts
take up water through aquaporins; this can be observed in the
swelling of the protoplasts (Fig. 5A). Protoplasts were pre-
pared from sucrose-starved seedlings and initially exposed to
500 mm mannitol (approximately 580 mOsmol kg~"). Then,
the protoplasts were challenged either with 350 mm mannitol
or with 320 mm mannitol containing 30 mm sucrose (approx-
imately 400 mOsmol kg~ ' for both media). The water flux
density (j,) across the protoplast membrane was calculated
from video records of individual protoplasts. In the wild type,
sucrose-containing medium induced a higher (p = 0.021)
swelling rate than mannitol medium alone (Fig. 5B). This was
completely abolished in the sirk1 mutant, which showed sig-
nificantly less swelling (o < 0.001) upon sucrose treatment
than upon mannitol treatment. In the complementation line
expressing *°S::SIRK1-GFP, the significant increase (p =
0.002) in water flux density upon sucrose treatment was re-
stored (Fig. 5C). The higher water flux density in the comple-
mentation line than in the wild-type sucrose-induced proto-
plasts might be due to overexpression of SIRK1 under the
CaMV35S promoter. There were no significant differences in
water flux densities among wild-type, sirk7, and SIRK1 ex-
pressing lines when treated with mannitol only. The mutation
of S744 to alanine or aspartic acid did not result in a signifi-
cantly different water flux density in mannitol medium. Proto-
plasts from the two site-directed mutant lines also showed
increases in water flux densities similar to those in plants
expressing wild-type SIRK1. In general, the mutants of SIRK
S744 were still able to phosphorylate aquaporins (supplemen-
tal Fig. S5), indicating that mutations at S744 did not affect
kinase activity.
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TABLE |
Results of the protein—-protein interaction studies using GFP-fusions of SIRK1, SIRK157444, and SIRK15744P as bait under either sucrose-
starvation conditions or sucrose-resupplied conditions for 3 min. Numbers indicate the protein abundance ratio of bait pull-down to
GFP-only control and were obtained by averaging results from three biological replicates. Asterisks indicate significant differences (p <
0.05) after pairwise t tests of normalized ion intensity sums for bait pull-down versus control pull-down and after multiple-testing correction
(64). The minimum p value across all conditions is shown; individual p values and standard deviations for the displayed averaged ratios are
available in supplementary Table S4

Normalized ion intensity sums log2(bait/GFP-only) Minimum
Interactor Sucrose starvation Sucrose resupply (3 min) Description p value
SIRK1  SIRK1S744P  GQIRK1S744A  GJRK1  SIRK1S744P  GQIRK1S744A (t test)
Aquaporins
AT1G01620 0.689 2.008* 1.113* 1.492* PIP1C, PIP1;3 1.56E-06
AT2G37170 1.553 1.359 PIP2B, PIP2;2 0.052843
AT2G39010 0.761* 1.599* 1.293* 1.540* PIP2E, PIP2;6 5.29E-05
AT3G53420 2.038* 0.840* 1.313* PIP2A, PIP2;1 1.29E-15
AT3G61430 2.027* 1.152* 1.449* PIP1A, PIP1;1 9.26E-07
AT4G00430 2.678 PIP1E, PIP1;4 0.087501
AT4G23400 0.721 0.692 1.965* 1.298* 1.126* PIP1D, PIP1;5 0.000336
AT4G35100 1.979* 1.119* 1.434* PIP3A, PIP2;7 1.1E-13
AT5G60660 —0.736 1.578* 1.817 2.338 PIP2F, PIP2;4 0.040114
Kinases
AT2G43230 2.075 Protein kinase superfamily protein 0.051732
AT3G02880 —0.770 1.358* 1.063 Leucine-rich repeat receptor-like ~ 0.040978
protein kinase
AT3G14840 1.249 1.406 Leucine-rich repeat receptor-like ~ 0.078647
protein kinase
AT3G63260 2.506 RAF-kinase ATMRK1 0.078331
AT4G08850 -1.511 1.830 2.291 Leucine-rich repeat receptor-like ~ 0.084065
protein kinase
AT4G35230 1.479* 1.568 1.088 BSK1 (BR-signaling kinase 1) 0.025121
AT5G46570 1.701 BSK2 (BR-signaling kinase 2) 0.064452
Remorins
AT2G45820 1.078 Remorin family protein 0.076945
AT3G61260 0.544 1.637* 1.165* 1.074* Remorin family protein 1.80E-06
Clathrins and coatomers
AT2G20760 1.198* 0.893* 1.065* 0.868* Clathrin light chain protein 0.005237
AT3G08530 1.039* —0.855* 0.979* 0.782* Clathrin, heavy chain 0.000711
AT3G11130 0.887* —0.688* 0.946 0.506 0.631* Clathrin, heavy chain 3.08E-43
AT4G31480 —0.745* 1.217* 0.700* 0.750* Coatomer beta subunit 2.85E-08
Other
AT2G45470 0.935* 0.511 0.701* FLA8 0.000804
AT1G03870 0.741* 0.623* FLA9 0.007464
AT2G20990 —1.241* 1.440* 0.997* SYTA, synaptogamin A 1.43E-06
AT1G16890 21417 1.500* 1.784* UBC36, ubiquitin conjugating 2.47E-05
enzyme 36
AT1G72150 0.748* 1.096* 1.686* 1.666* 1.680* PATLA1, Patellin1 2.78E-45
AT1G22530 0.766* 1.063* 0.555* 1.138* 1.121* 1.085* PATL2, Patellin2 1.18E-20
AT1G41830 1.131* 1.942* 1.415* SKS6 0.016744
AT4G20260 1.023* 1.670* 1.363* 1.390* PCAP1 4.80E-24
AT1G54000 0.515* 0.523* 0.946* 0.684* GDSL-like lipase 1.32E-09
AT1G54010 0.586* 0.774* 1.176* 0.994* GDSL-like lipase 2.04E-16
AT1G78830 1.264* 0.723* 1.378* 1.895* 2.167* Cucurlin-like lectin family protein ~ 2.49E-07
AT1G78850 1.376* 0.956* 1.551* 2.001* 1.965* p-mannose binding lectin family 3.21E-10
protein
AT4G35790 —1.280 1.376* 0.946 1.295* PLD delta, phospholipase D 0.001986

Role of S744 in Sucrose-induced Responses—In order to
gain insights into the role of serine 744 phosphorylation sites
in sucrose-related responses, we also performed sucrose-
starvation experiments followed by 3 min of sucrose resupply
using the sirk1 mutants expressing either S744A or S744D
mutants of SIRK1 (SIRKS744A and SIRKS744P). We assumed
that an aspartic acid (D) substitution mimics a constitutive
phosphorylation of Ser-744, and that alanine (A) produces a
phosphorylation-null mutation. There was a slight trend for
the plants expressing SIRK15744P showing more wild-type-
like sucrose-induced phosphorylation of aquaporin PIP2E

(AT2G39010) (supplemental Fig. S5) or other proteins, such as
tonoplast located ERDL6 (AT1G75220). This trend was sup-
ported by our findings of slightly higher kinase activity in
SIRK15744P than in SIRK1S744A (Fig. 2).

The results from SIRK1 pull-downs indicated 16 significant
interaction partners (o < 0.05) as more frequent interactors to
SIRK1S744A than to SIRK15744P (Fig. 4B) based on pairwise
significance testing of abundance ratios relative to the GFP-
only control. Among these proteins were FASCICLIN-like arabi-
nogalactan proteins (AT2G45470, AT1G03870), synamptogamin
A (AT2G20990), a ubiquitin-conjugating enzyme (AT1G16890),
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and a phospholipase D (AT4G35790) (Table ). Among the 223
proteins found as common interaction partners to SIRK1 and
SIRK1S744A (Fig. 4A), we found four members of the thioredoxin
family (AT1G45145, AT4G03520, AT5G39950, and AT5G42980),
six 14-3-3 proteins (AT1G78300, AT2G42590, AT4G09000,

AT5G10450, AT5G38480, and AT5G65430), six proteins with
functions in G-protein signaling (AT1G16920, AT1G56330,
AT3G18820, AT4G17170, AT5G20010, and AT5G59840), and
seven isoforms of tubulin (AT1G04820, AT1G20010, AT4G-
14960, AT5G12250, AT5G19770, AT5G62690, and AT5G44340).
Among the membrane-located interaction partners to
SIRK1S744A " synaptogamin A (AT2G20990), sugar trans-
porter STP1 (AT1G11260), and plasma membrane ATPase
AHA2 (AT4G30190) were found with abundance ratios that
were higher in the sucrose-supplied status (supplemental
Table S4, Fig. 4C).

In contrast, 14 proteins with membrane or external loca-
tions were identified as significant interaction partners to
SIRK15744P independent of the sucrose status (Fig. 4D). This
constituted 29% of all 47 identified membrane-located sig-
nificant interaction partners of SIRK15744P. Among these
sucrose-independent interactors were aquaporin PIP2E
(AT2G39010), as well as proteins with functions in mem-
brane trafficking, cell wall or membrane microdomains (e.g.
PATL1 (AT1G72150) and PATL2 (AT1G22530) or SKS6
(AT1G41830)), and three clathrins (AT2G20760, AT3G08530,
and AT3G11130). PCAP1 (AT4G20260) related to phosphoi-
nosite signaling (four proteins: AT1G5400, AT1G54010,
AT1G78830, and AT1G78850) belonged to the MAPMAN cat-
egory “myrosinases-lectin-jacalin.” All of these proteins were
also identified as significant interaction partners to SIRK1 with
a non-mutated phosphorylation site, but only in the sucrose-
induced state (Table l). These findings might be indicative of a
role of S744 phosphorylation in either protein targeting or
sucrose-induced internalization of SIRK1. Because interac-
tions with proteins with functions in receptor internalization or
trafficking were found to be stronger in the S744D mutant, we
propose that phosphorylation at S744 might be one way to
induce the rapid internalization of SIRK1 and thus lead to
adjustment of receptor availability during or after stimulation.

A role of S744 phosphorylation in connection with receptor
internalization was confirmed through the observation of
SIRK1 accumulation in sucrose-induced endocytotic events.
Clearly, sucrose stimulation for up to 15 min induced the
formation of endosome-like structures containing SIRK1 in
SIRK1-GFP overexpressing plants (Fig. 6). If S744 was mu-
tated to a phosphorylation-null mimic (S744A), the frequency
of SIRK1 endocytosis was significantly reduced, as shown by
the less frequent observation of cells with many sucrose-
induced SIRK1-containing endocytotic vesicles. In contrast, if
S744 was mutated to a constitutive phosphorylation mimic
(S744D), the number of cells with few SIRK1-containing en-
docytotic events in the absence of sucrose was strongly
increased (Fig. 6). Interestingly, in this mutant, the number of
cells with many SIRK1-containing endocytotic events under
non-induced conditions was slightly higher than observed in
the wild-type version. Interestingly, the S744D mutant did not
respond to sucrose resupply. Thus, some degree of phosphory-
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four-day-old etiolated hypocotyl cells of 3°S::SIRK1-GFP are shown
as a reference. Solid triangles indicate endosomal structures. Scale
bar = 20 pm.

lation at S744 resulted in increased SIRK1 endocytosis relative
to the non-phosphorylated condition (S744A).

DISCUSSION

The transmembrane receptor kinase family is the largest
protein kinase family in Arabidopsis (71) and the kinase family
with the largest fraction of proteins with yet uncharacterized
functions. Prominent and well-characterized members of the
receptor kinase family are the brassinosteroid receptor BRI1
(72), the flagellin receptor FLS2 (73), and CLAVATAT1, a recep-
tor for the peptide CLAVATAS (74). Other members of the
receptor kinase family are also involved in the perception of
peptide hormones (75) or other growth-promoting substances
(76). Receptor kinases are known to be phosphorylated in a
stimulus-dependent manner, as discovered in various com-
parative phosphoproteomics experiments (37, 42, 77, 78).
Under the assumption that transient stimulus-dependent
phosphorylation indicates functional roles under the respec-

tive conditions, SIRK1 was identified as potentially involved in
sucrose-induced signaling processes (43). The present study
aimed at gaining functional insights into the role of SIRK1 in
sucrose-induced responses.

Use of Kinase Mutants for the Identification of Putative
Substrates—In mammalian systems, systematic studies for
the identification of kinase substrates have been carried out
using ATP-analog-sensitive kinase mutants (79, 80). This ap-
proach was also followed in QIKS (the quantitative identifica-
tion of kinase substrates), which was used to identify cyto-
plasmic substrates of the MAP-kinase MEK1 by incubating
protein extracts of mek1 cells with recombinant mutated
MEK1, which takes an ATP analog as a substrate (81). Other
proteomic approaches in studying protein kinase functions
include the use of specific kinase inhibitors (82) or kinase-
selective enrichment methods (83). However, in our case,
these latter strategies were not readily applicable because of
insufficient knowledge of specific kinase inhibitors or binding
proteins for SIRK1.

Therefore, we used an unbiased approach of phosphopep-
tide profiling to identify possible target proteins of receptor
kinase SIRK1. It was assumed that in a sirk7 expression
mutant, the same stimulus (in our case, sucrose) would result
in reduced protein phosphorylation of SIRK1 substrate pro-
teins. This approach also assumed that other kinases with
similar functions would not completely take over SIRK1
functions and phosphorylation patterns. For mammalian re-
ceptor tyrosine kinases, it was described that different ki-
nases can actually phosphorylate the same target proteins
but differ in their quantitative degree of phosphorylation
(84). A large-scale and systematic comparative analysis of
protein phosphorylation patterns in wild-type and kinase- or
phosphatase-deletion mutants of yeast (85) revealed spe-
cific phosphorylation patterns for 78% of the kinases ana-
lyzed. However, a high degree of robustness and intercon-
nectivity in signaling pathways was concluded from lacking
or mild growth phenotypes for most of the kinase/phospha-
tase deletions. Thus, although the identification of kinase
substrates merely based on the absence of identified phos-
phopeptides is likely to be very difficult, the characterization
of putative kinase targets based on the quantitation of
phosphorylation levels was found to be quite successful.
Thus, enrichment of the compartment of interest—such as,
for instance, membrane proteins—will improve the chance
of finding relevant proteins.

SIRK1 as a Membrane-bound Kinase Directly Regulates
Transport Processes—Here, we present evidence in support
of a functional interaction of a transmembrane receptor kinase
with at least one member of the plasma membrane aqua-
porins (PIP2F), and possibly other transporters such as the
sucrose exporter SWEET11 (14). The molecular interaction of
SIRK1 with aquaporins could be proven at different levels and
with independent experiments: firstly, several plasma mem-
brane intrinsic proteins were identified as interaction partners
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in pull-downs of GFP-tagged SIRK1 from microsomal prepa-
rations. Secondly, a PIP2F-specific peptide served as a phos-
phorylation target in a kinase-substrate relationship with
SIRK1. Finally, physiological analysis of water uptake proper-
ties in mutants of different expression levels of SIRK1 re-
vealed that SIRK1 directly regulates aquaporins in a sucrose-
dependent manner via phosphorylation.

SIRK1 was initially identified with rapid transient changes in
protein phosphorylation in a sucrose-starvation/resupply ex-
periment (43), and it was assumed that the early time point
with maximum phosphorylation change at 3 min after sucrose
resupply placed SIRK1 rather upstream in a signaling cas-
cade. However, for protein phosphorylation and for signaling
in general, 3 min is already quite long. Phosphorylation and
heteromerization of receptor kinases can occur within sec-
onds, as shown for stimulus-induced FLS2 phosphorylation
and its interaction with the co-receptor BAK1 (86). Therefore,
it cannot be excluded that SIRK1 activation and the response
induced by SIRK1 are secondary effects of the altered osmo-
larity of the medium when 30 mm sucrose is resupplied to
sucrose-starved seedlings.

The primary osmo-sensor in plants was identified as a
histidine-receptor kinase, and connections to the MAP-kinase
signaling cascade were postulated (24). Prolonged exposure
of Arabidopsis plants to mild osmotic stress induced by 25
mwm mannitol leads to global adjustments of protein levels also
affecting mitochondrial respiration and photosynthetic pro-
teins (27). Thus, the plant may have more than one mecha-
nism of response to external osmotic changes, and possibly
even substance-specific responses. Receptor-like protein ki-
nases were suggested as a protein family with high potential
in the context of understanding and preventing drought stress
(87). Our finding that the receptor-like kinase SIRK1 is in-
volved in the regulation of sucrose-specific osmotic re-
sponses supports this concept. Sucrose specificity of the
response is suggested, as SIRK1-dependent protoplast
swelling occurred after sucrose treatment, but not in sirk?
mutant lines. No difference was observed if mannitol was
used at the same osmolarity.

Proposed Model of SIRK1 Function—In general, we cannot
exclude the possibility that SIRK1 functions within a larger
protein complex. Particularly, the receptor kinase AT3G02880,
identified as a sucrose-dependent interaction partner and
phosphorylation target of SIRK1, is a candidate for the for-
mation of a receptor complex with SIRK1. Therefore, targets
identified using the sirk7 T-DNA insertional mutant, as well as
identified SIRK1 interaction partners, might in fact have to be
referred to as targets and partners of a larger SIRK1 receptor
complex.

In its active state, SIRK1 complex interacts with other trans-
port proteins, particularly aquaporins (Fig. 7). Therefore, it is
likely that some aquaporins are direct substrates to SIRK1,
without other protein kinases being involved. There are other,
recent indications for phosphorylation-dependent direct short

SIRK1 AT3G02880

aquaparin SWEET11

sucrose starvation

remorin

sucrose resupply 3min

|——]}

2

Cytosolic targets @74

4 |ndirect targets

AT3G02880

SIRK1
sucroseresupply 10min

Fic. 7. Model of SIRK1 function. Sucrose resupply after starvation
induces activation and phosphorylation of SIRK1. Active SIRK1 (in-
dependently of S744 phosphorylation) can interact with and phos-
phorylate aquaporin PIP2F, SWEET11, and receptor kinase
AT3G02880. Further cytosolic targets and indirect targets show al-
tered phosphorylation status. S744 phosphorylation induces favor-
able interaction with clathrins and promotes the internalization of
SIRK1 via endocytosis.

signaling pathways at the plasma membrane involving recep-
tor kinases (88) that mainly affected transporters—for in-
stance, the plasma membrane H*-ATPase. Furthermore,
SIRK1 can also interact with other receptor kinases in a su-
crose-dependent manner (see Table I), which suggests that
SIRK1 forms heteromers under sucrose supply. The hetero-
merization of receptor kinases has been shown for various
other plant receptor kinases (86, 89, 90). Stimulation and
heteromerization can induce endocytosis, as shown for BRI1
and FLS2 (91, 92). Therefore, SIRK1 also could be targeted to
endocytotic vesicles after sucrose stimulation. This hypothe-
sis is supported by increased interaction with clathrin protein
after sucrose supply and observations of increased SIRK1
endocytosis within 15 min after sucrose treatment (see Table
| and Fig. 6).

An interesting finding in this study was the interaction of
SIRK1 with remorin proteins and indications that remorins
also are phosphorylation targets of SIRK1. Remorins are con-
sidered as marker proteins for sterol-rich membrane microdo-
mains (69, 70), also known as ordered lipid phases within the
membrane. Stimulus-dependent phosphorylation of remorins
was also found upon elicitor treatment of plant cell cultures
(37), as well as in other phosphoproteomic studies (41, 93). A
possible function of the interaction of SIRK1 with remorins
could be in the recruitment of SIRK1 and its target proteins to
the same ordered lipid phase, or the formation of a functional
SIRK1 protein complex. Such rearrangements of signaling
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proteins, particularly of receptor kinases, between the lipid-
ordered phase and the disordered phase (94) were demon-
strated in mammalian systems for the EGF receptor, which is
recruited to the membrane-ordered phase before inactivation
and endocytosis (95). Also, the phosphorylation-dependent
phase transition and subsequent assembly of signaling com-
plexes in the Nck-signaling pathway (96) suggests that such
stimulus-dependent recruitment of proteins to particular lipid
and protein environments might represent a general regula-
tory principle in all organisms. In plants, phosphorylation-de-
pendent recruitment of protein—protein interaction partners
specifically to sterol-rich membrane microdomains has re-
cently been demonstrated for the anion channel SLAH3 and
its phosphorylating kinase CPK21 (97). We propose similar
mechanisms for SIRK1 and its associated proteins in interac-
tions with clathrins for internalization.

Besides transport proteins and other receptor-like kinases,
the candidate targets to SIRK1 included a number of soluble
proteins, and even proteins of internal membranes, such as
the Golgi or tonoplast. The identification of SnRK2.5 suggests
a link to further cytosolic signaling cascades. Members of the
SnRK family were previously associated with signaling in re-
lation to metabolic stresses (98, 99), and in particular the
SnRK2 kinases were suggested to function in intracellular
osmotic responses (26). There are indications that phosphory-
lation is required for the activation of SnRK2.5, but the
precise sites of activation are not yet identified (25). Two
members of the soluble BSK kinase family were identified as
interaction partners to SIRK1 but did not show up as differ-
entially phosphorylated. BSK1 and BSK2 were initially char-
acterized as members of the brassinosteroid signaling path-
way induced by receptor kinase BRI1 (68). BSKs are activated
by phosphorylation by the receptor kinase BRI1 (90), but other
receptor kinases, such as SIRK1, also might activate BSK
signaling.

The identification of several ribosomal proteins as candi-
date targets for SIRK1 suggests a direct link to adjustments of
protein synthesis rates under altered sucrose environments.
In other studies, it was found that ribosomal proteins are
recruited to polysomes at the onset of the light period in a
diurnal cycle (100). Polysome levels correlated with sucrose
concentration in the leaf (101). Furthermore, diurnal changes
in ribosomal protein phosphorylation have been described
(102). This suggests that sucrose indeed might play an im-
portant role in inducing alterations in the translational machin-
ery, either via the recruitment of ribosomes to polysomes or
through alterations in ribosomal complex composition (18).
However, ribosomal proteins are frequently co-purified with
membrane proteins and constitute typical background pro-
teins in pull-downs. Therefore, results regarding direct con-
nections of SIRK1 to protein synthesis require further
verification.

It is likely that among the soluble proteins and proteins
localized to internal membranes, there are several indirect

targets of the SIRK1 complex. In particular, proteins in tono-
plast membrane (e.g. ERD®6) are likely to be phosphorylated
by another kinase, and not by SIRK1 directly. Also, the iden-
tification of several proteins from central carbohydrate metab-
olism with increased phosphorylation levels in the sirk? mu-
tant indicates that the removal of SIRK1 has indirect effects
beyond direct interactions of SIRK1 within the membrane
context. It is interesting, however, that also among the indirect
targets there is a strong link to the sucrose stimulus used in
this experiment. Thus, positive (activating) as well as negative
(inhibition) regulatory interactions are involved in sucrose-
induced responses mediated by SIRK1 and its complex.

Role of SIRK1 Phosphorylation Site S744 —The phosphory-
lation of SIRK1 at S744 does not directly affect target protein
phosphorylation efficiency, but it is suggested to create a
suitable environment for the SIRK1 kinase itself, for example,
through recruitment to different lipid environments of the
plasma membrane (96) or as interaction sites for activating
partner proteins (Fig. 6). Based on the observation that
SIRKS7#4P mutants show sucrose-independent SIRK1 endo-
cytotic activity, we propose a role of S744 phosphorylation in
SIRK1 internalization. A significant degree of S744 phosphory-
lation must be present for efficient internalization of SIRK1. It
remains unclear whether SIRK1 internalization will include the
complete functional complex or whether specifically only
SIRK1 is removed from the membrane. Detailed roles of the
phosphorylation-specific interaction partners will have to be
determined using other methods, such as peptide specific
interaction screens (103) and cell biological studies of mem-
brane microdomain locations of SIRK1 and its interactors.
The functional model of SIRK1 (Fig. 7) implies that sucrose
resupply after starvation induces activation and phosphor-
ylation of SIRK1. Active SIRK1, independently of S744
phosphorylation, can interact with and phosphorylate aqua-
porin PIP2F and SWEET11, as well as receptor kinase
AT3G02880. Further cytosolic targets and indirect targets
show altered phosphorylation status in a SIRK1-dependent
manner. S744 phosphorylation increases favorable interac-
tion with clathrins and promotes the internalization of SIRK1
via endocytosis. It cannot be ruled out that the activation of
SIRK1 depends either on other, not identified phosphorylation
sites or sucrose-induced interaction partners. Notably, inter-
acting RLK AT3G02880 also shows sucrose-induced phos-
phorylation changes (43), and for both proteins (SIRK1 as well
as AT3G02880), these phosphorylation sites lie within a phos-
phorylation hotspot (104).

The transient nature of observed sucrose-induced phos-
phorylation (43) creates a challenge in experimentally unrav-
eling SIRK1 activation, functional SIRK1 complex formation,
and subsequent SIRK1 internalization. These processes most
likely occur at different time scales that might not have been
adequately captured in all cases by studying the 3-min stim-
ulation time point of maximum sucrose-induced SIRK1
phosphorylation.
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CONCLUSIONS

Results from this work provide an example for the existence
of membrane-located signaling interactions consisting of a
receptor kinase and a transmembrane transporter as sub-
strate. Possibly, SIRK1 has a dual role in the direct regulation
of plasma membrane proteins, as well as in interactions with
intracellular signaling pathways. In addition, we present a
functional context of a yet uncharacterized transmembrane
receptor kinase with respect to sucrose-dependent re-
sponses. These findings are based on comparative quantita-
tive protein phosphorylation profiling of kinase knock-out mu-
tants as the discovery phase in combination with a conditional
analysis of protein—protein interactions of tagged kinase pro-
tein overexpressed in the mutant background. Finally, high-
level suitable physiological and cell biological experiments
were applied in order to pinpoint the functional and mecha-
nistic context of SIRK1 receptor kinase function. With the
combination of these methods, new insights into the function
of other as yet uncharacterized protein kinases are feasible in
the future.
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