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Sucrose as a product of photosynthesis is the major car-
bohydrate translocated from photosynthetic leaves to
growing nonphotosynthetic organs such as roots and
seeds. These growing tissues, besides carbohydrate sup-
ply, require uptake of water through aquaporins to en-
hance cell expansion during growth. Previous work re-
vealed Sucrose Induced Receptor Kinase, SIRK1, to
control aquaporin activity via phosphorylation in response
to external sucrose stimulation. Here, we present the reg-
ulatory role of AT3G02880 (QSK1), a receptor kinase with
a short external domain, in modulation of SIRK1 activity.
Our results suggest that SIRK1 autophosphorylates at
Ser-744 after sucrose treatment. Autophosphorylated
SIRK1 then interacts with and transphosphorylates QSK1
and QSK2. Upon interaction with QSK1, SIRK1 phospho-
rylates aquaporins at their regulatory C-terminal phos-
phorylation sites. Consequently, in root protoplast swell-
ing assays, the gsk71gsk2 mutant showed reduced water
influx rates under iso-osmotic sucrose stimulation, con-
firming an involvement in the same signaling pathway as
the receptor kinase SIRK1. Large-scale phosphoproteo-
mics comparing single mutant sirk1, gsk1, and double
mutant sirk1 gsk1 revealed that aquaporins were regu-
lated by phosphorylation depending on an activated re-
ceptor kinase complex of SIRK1, as well as QSK1. QSK1
thereby acts as a coreceptor stabilizing and enhancing
SIRK1 activity and recruiting substrate proteins, such as
aquaporins. Molecular & Cellular Proteomics 18: 1556-
1571, 2019. DOI: 10.1074/mcp.RA119.001336.

Growth and development of a plant require precise control
of carbon assimilation, transport and storage (1). In this con-
text, sucrose as a main product of photosynthesis in most
plant species is the major carbohydrate translocated within
the phloem to serve as carbon supply for nonphotosynthetic
tissues such as roots or seeds. Sucrose is used for the main-
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tenance of cellular metabolism, as precursor for cell wall
biosynthesis, and a major storage sugar in vacuoles. Mecha-
nisms of how sucrose is loaded into the phloem (2, 3) and
distributed within the plant (4) are well understood and were
completed with discovery and characterization of sucrose-
exporting SWEET family (5). Besides sucrose, expansion of
cells during growth and storage requires the influx of water.
Since the discovery of aquaporins as water channels within
membranes (6), their regulation through C-terminal phosphoryl-
ation was unraveled (7-9). Aquaporins play important roles dur-
ing lateral root growth (10, 11) and seed development (12).
Arabidopsis contains ~600 receptor like kinases which play
critical roles in regulation of general signal perception and
transduction as well as plant growth and defense (13). There
are about 223 LRR receptor-like kinases in Arabidopsis (14),
and only about 60 of these have been functionally character-
ized (15). Receptor kinases with a large extracellular domain
are considered to play key roles in ligand binding and per-
ception, being specific to a single signaling pathways (16). In
contrast, receptor kinases with short extracellular domains
are often found to be involved in more than one signaling
pathway and have coreceptor functions. For example,
BRASSINOSTEROID INSENSITIVE 1 (BRI1) and BRI1-ASSO-
CIATION RECEPTOR KINASE 1 (BAK1, also known as SO-
MATIC EMBRYOGENESIS RECEPTOR KINASE 3, SERKS3)
function as brassinosteroid (BR)' receptor and coreceptor,
respectively. In the BR signaling pathway, BR binding induces
a basal activation of the receptor BRI1 for binding BAK1, and
transactivation occurs between BRI1 and BAK1 to fully acti-
vate BRI1 to enhance the phosphorylation of downstream
substrate (17-24). BAK1 is also coreceptor recruited to recep-
tor kinase FLAGELLIN-SENSING 2 (FLS2) after perception of
the flagellin peptide (flg22). The formation of a complex of
receptor FLS2, coreceptor BAK1 and ligand flg22 leads to a
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full activation of downstream immune defense signaling
(25-28). In addition, SERKSs including BAK1 function as core-
ceptors of IDA-receptors HAE/HLS2 and EPF-receptor
ERECTA in regulation of floral organ abscission and stomatal
patterning (29, 30), as well as in phytosulfokine signaling (31)
and other pathways.

Recently, several receptor kinases were shown to directly
interact with and regulate plasma membrane transmembrane
transporters, channels and proton pumps. For example, dif-
ferent LRR-receptor kinases, besides linking to cytoplasmic
signaling cascades, directly regulate the plasma membrane
H"-ATPases (32-34), Ca®>*-ATPases (35) or aquaporins (36).
The recent discovery of such short, direct regulatory circuits
within the plasma membrane between receptor kinases and
transporters or channels suggests that this is a generic mod-
ular principle allowing plants to very rapidly adjust to changing
environments. A prerequisite for the function of such short
signaling circuits are highly dynamic protein-protein interac-
tions between kinases and the respective transporters or
channels. Based on existing evidence from ABA-induced
membrane protein complex dynamics in membrane nanodo-
mains (37), also lateral segregation within the membrane may
play a key role in the dynamics of such regulatory interactions.

In previous research (36), we found that Sucrose-induced
receptor kinase SIRK1 (AT5G10020) can regulate aquaporins
through phosphorylation under conditions of external sucrose
supply. Upon sucrose stimulation, SIRK1 was found to form a
complex with another yet uncharacterized receptor kinase
with a short extracellular domain (AT3G02880). Based on our
findings in this work we here name this protein QSK1, gian
shou, (Chinese: F ) “thousand hands” kinase.

Interestingly, the localization of QSK1 within the plasma
membrane between detergent resistant membrane fractions
(DRM) and detergent soluble fractions (DSM) was previously
found to be highly dependent on cytoskeleton integrity (38).
Disruption of actin filaments resulted in a depletion of QSK1
from DRM and increase in DSM location which was visible by
enhanced appearance of the punctate location of QSK1 (39).
In contrast, disruption of microtubules resulted in a more
uniform and less structured localization and was accompa-
nied by general internalization processes or reduced secretion
(38). However, the role of QSK1 in regulation of receptor
kinase SIRK1 and aquaporins remained to be elucidated.

In the present study, we now explore the activation mech-
anism of SIRK1 and QSK1 using aquaporins as a known
phosphorylation and activation target of the SIRK1/QSKi1
complex. We conclude that QSK1 functions in stabilizing
SIRK1 activity like a coreceptor in other receptor kinase sig-
naling pathways.

" The abbreviations used are: BR, brassinosteroid; SIRK 1, su-
crose-induced receptor kinase; FWHM, full width half maximum;
FDR, false discovery rates.

EXPERIMENTAL PROCEDURES

Experimental Design and Statistical Rationale—To investigate the
role of QSK1 (At3g02880) and QSK2 (At5g16590) in the regulation of
aquaporins, we performed different experiments involving mass-
spectrometry based proteomic analyses. First, a comparative phos-
phoproteomic analysis of wild type, gsk7 mutant, sirk7 mutant, and
sirk1 qsk1 was performed under sucrose starvation and sucrose
resupplied conditions. Secondly, pull-down experiments were carried
out using SIRK1-GFP or QSK1-GFP as bait proteins. Furthermore, in
vitro phosphorylation assays were done using purified recombinant
QSK1 and SIRK1 kinase domains and synthetic peptides as phos-
phorylation targets. All these experiments were carried out with at
least three biological replicates per genotype or treatment and results
are presented as averages from these biological replicates. We used
the MaxQuant/Perseus data analysis platform for quantitative analy-
sis in all proteomics experiments.

Plant Materials and Growth Conditions— Arabidopsis seeds of wild
type (col-0), sirk1 single mutant (SALK_125543), gsk1 single mutant
(SALK_019840), gsk2 single mutant (WiscDsLoxHs082_03E), sirk1
gsk1 double mutant (crossing of the sirk7 and gsk1 T-DNA insertion
lines), sirk1 qsk1 gsk2 triple mutant (crossing of sirk1, gsk1, and
gsk2 T-DNA insertional lines), as well as overexpression lines
358::SIRK1-GFP and %°S::QSK71-GFP were used. Homozygous T-
DNA insertional mutants sirk1, gsk1 and double mutant sirk? qsk1
were confirmed via PCR amplification using T-DNA border primer
LBb1.3 (5'-ATTTTGCCGATTTCGGAAC-3’) and gene-specific prim-
ers (SIRK1-RP: 5’-TTTCCAGCATTTCCAACACTC-3’, SIRK1-LP: 5'-
CACTAAGCTTGTTGAGGTCGC-3'; QSK1-RP: 5'-CAAACCAGGTC-
CATCAAGATC-3’, QSK1-LP: 5'-GAGATTCCGTCGCTTCTCTTC-3').
Lack of SIRK1 gene and protein expression was already character-
ized previously for the sirk1 mutant (36), and Lack of QSK7 expression
was demonstrated for the gsk7 mutant (supplemental Fig. S1). Mu-
tants of gsk2 and gsk1 gsk2 were confirmed via PCR amplification
using T-DNA border primer LB (5'-TGATCCATGTAGATTTCCCGGA-
CATGAAG-3) and gene specific primer (QSK2-RP: 5'-TTCC-
ATTCACTGCAGTCTGC-3', QSK2-LP: 5'-GCAGAAGCTTTCAGCA-
ATCC-3').

Plants were germinated and grown under 16/8 day/night (22 °C,
120 pE/s*m?) in 72 MS medium plus 0.5% sucrose in a hydroponic
cultivation system (39). After 19 days, seedlings were starved by
changing the growth medium to a sucrose-free medium and leaving
the culture vessels in the dark for 48 h as described (40). Sucrose was
then resupplied to a final concentration of 30 mm for 3 min before
roots were harvested for microsomal protein preparation.

Quantitative Real-time PCR—Total RNA was extracted from the
gsk1 plants using the Plant RNA Mini Kit (peQlab, Germany) accord-
ing to the instructions provided by the manufacturer. RNA was di-
gested with DNasel (Roche Diagnostics, Germany) to remove the
genomic DNA. First-strand cDNA was synthesized using PrimeScript
RT reagent kit (TaKaRa). Quantitative real-time PCR analysis was
performed using the Bio-Rad CFX Connect real-time PCR system
(BioRad Laboratories; Munich, Germany) with the SYBR green detec-
tion protocol (TaKaRa, Saint-Germain-en-Laye, France). The Actin and
Tubulin genes were used as reference genes, and the relative expres-
sion of the gene of interest was calculated by the 2A-AACq method. RT
Primers for QSK1 was F 5-TGAGTCATGCCAATCTCGTGAC-3, R
5-GCAATATCGCAGACAAGCTTCC-3. Primers used for Actin and Tu-
bulin were: Actin-F 5-ACTTTCATCAGCCGTTTTGA-3, Actin-R-5-ACG-
ATTGGTTGAATATCATCAG-3 and Tubulin-F  5-ACCTACTGGTC-
TGAAGATGGCAT-3 and Tubulin-R5-TTTCTCCTGAACATAGCTGT-
GAAC-3.

Constructs—For ratiometric bimolecular Fluorescence Comple-
mentation (rBiFC) of Arabidopsis proteins, cDNAs of the following
genes were cloned into rBiFC plasmids (41): SIRK1, or SIRK1 with
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phosphorylation site mutations SIRK1S744A, SIRK1S744D, QSK1,
QSK1 with phosphorylation site mutations QSK1S621AS626A,
QSK18621DS626D, QSK2 and PIP2;4. SIRK1, SIRK1S744A and
SIRK1S744D were cloned as fusions with the C-terminal half of YFP,
whereas QSK1, QSK1S621AS626A, QSK1S621DS626D, QSK2 and
PIP2;4 were cloned as fusions with the N-terminal half of YFP. All
constructs were transformed into Agrobacterium tumefaciens strain
GV3101 by electroporation. Positive colonies were confirmed by
spectinomycin and rifampicin resistance and colony PCR.

To produce overexpression lines of SIRK1 and QSK1 for pull-down
analysis (°°S::SIRK71-GFP and %°S::QSK1-GFP), cDNA of the SIRK1
gene and QSK1 gene without a stop code were cloned into the plant
transformation vector pEZR(H)-LN (36) and fused with GFP coding
sequence. Homozygous T2 transgenic lines were further selected by
means of segregation analysis, and T3 seeds were used for experi-
ments. The fluorescence of GFP in the transgenic lines was checked
using confocal laser-scanning microscopy (TCS SP5, Leica Micro-
systems CMS GmbH, Wetzlar, Germany).

For purification of the cytoplasmic domain of SIRK1 protein
(SIRK1-CD, amino acid 625-1048) and QSK1 protein (QSK1-CD,
amino acid 276-627) to be used in in vitro kinase assays, SIRK1-CD
and QSK1-CD were cloned into Escherichia coli BL21(DE3) express-
ing plasmid pETGST 1a and fused with His and GST tags, resulting in
the plasmid His-GST-SIRK1-CD and His-GST-QSK1-CD.

Protein Expression and Purification— Plasmids His-GST-SIRK1-CD
and His-GST-QSK1-CD were transformed into Escherichia coli BL21
(DES). After 5 h induction by IPTG (isopropy! B-p-thiogalactopyrano-
side), cells were harvested and lysed using BugBuster Protein Extrac-
tion Reagent (Novagen, Nottingham, UK), soluble fractions were used
over gravity flow Ni2*-NTA Sepharose columns (1 ml, IBA GmbH,
Goettingen, Germany) for His-GST-SIRK1-CD and His-GST-QSK1-CD
protein purification.

Microsomal Membrane Preparation, Tryptic Digestion, and Phos-
phopeptide Enrichment—A total of 1 to 1.5 g of roots (fresh weight)
was homogenized in 10 ml ice-cold extraction buffer (330 mm man-
nitol, 100 mm KCI, 1 mm EDTA, 50 mm Tris-MES, fresh 5 mm DTT, and
1 mm phenylmethylsulfonylfluoride, pH 7.5) (42) in the presence of
0.5% v/v proteinase inhibitor mixture (Sigma-Aldrich, Taufkirchen,
Germany) and phosphatase inhibitors (25 mm NaF, 1 mm Na3VO4, 1
mm benzamidin, 3 uMm proteinase inhibitor leupeptin). The homoge-
nate was centrifuged for 15 min at 7500 X g at 4 °C. The pellet was
discarded, and the supernatant was centrifuged for 75 min at
48,000 X g at 4 °C. The microsomal pellet was resuspended in 100 ul
of membrane buffer (330 mm mannitol, 25 mm Tris-MES, 0.5 mm DTT)
or UTU (6 ™M urea, 2 m thiourea, pH 8). Further tryptic digestion,
desalting over C18 and enrichment of phosphopeptides over titanium
dioxide beads was performed as described (43).

Pull-downs of GFP-tagged SIRK1 and QSK1—Root microsomal
proteins (100 ng) isolated as described above was incubated with 25
ul of anti-GFP agarose beads (Chromotek, Planegg, Germany) for two
hours on a rotating wheel at 4 °C (36). After incubation, the beads
were collected by centrifugation and washed two times with 500 ul
wash buffer (10 mm Tris/HCI pH 7.5, 150 mm NaCl, 0.5 mm EDTA,
0.01% IGEPAL). For protein-protein interaction assays, the proteins
were eluted from the beads with 100 ul UTU (6 M urea, 2 M thiourea),
pH 8, before in-solution tryptic digestion. For kinase activity assays,
three more washing steps were carried out with one-time wash buffer
(10 mm Tris/HCI, pH 7.5, 300 mm NaCl, 0.5 mm EDTA) and two times
kinase reaction buffer (40 mm Tris/HCI pH 7.5, 10 mm MgCl,, 0.1%
BSA, 2 mm DTT).

Kinase Activity Assay—SIRK1-GFP and QSK1-GFP fusion proteins
were affinity purified over anti-GFP beads (see above). A luciferase-
based kinase activity assay was performed as described (36). The
agarose beads with GFP-tagged proteins were re-suspended into 30

wul kinase reaction buffer with ATP and the generic kinase substrate
myelin basic protein (40 mm Tris/HCI pH 7.5, 10 mm MgCl,, 0.1%
BSA, 2 mm DTT, 100 um ATP, 0.4 pg/ul myelin basic protein). After
incubation for one hour, 30 ul ADP-GLO Reagents (Promega, Mann-
heim, Germany) was added and incubated for 40 min. Then Kinase
Detection Reagents were added and incubated for another hour.
Luminescence as a measure of ATP conversion from ADP was re-
corded with a luminometer (Tecan M200 Pro, Crailsheim, Germany).
In general, protein isolations from three independent batches of roots
were tested, and the average activity value is presented.

In Vitro Peptide Phosphorylation Assay—Kinase activity assays
were performed as described above, except that 10 pmol of the
peptides FSDQPVMLDVYSPDR (SIRK1), LIEEVSHSSGSPNPVSD
(QSK1), or ALGSFGSFGSFR (PIP2;4) were used as a substrate and
His-GST-SIRK1-CD and His-GST-QSK1-CD protein were used as
kinases. All peptides were synthesized based on experimentally iden-
tified phosphopeptides in this work or previous studies (36, 40). After
exposure to the target peptide, the reaction mixture was acidified with
2 ul TFA. Acidified peptide mixtures were then desalted over C18
prior to mass spectrometric analysis. The phosphorylation of target
peptides was confirmed via mass spectrometry (see above) (44).
Phosphorylation was quantified based on signature fragment ion
sums using MaxQant. The nonphosphorylated input peptide was
used for normalization. The same three recombinant kinase prepara-
tions were used in the activity assays with all substrate peptides.

Transient Expression of Ratiometric Bimolecular Fluorescence
Complementation (rBiFC) Constructs—Positive colonies of Agrobac-
terium tumefaciens harboring the relevant constructs described
above were propagated in LB medium at 28 °C for 2 days, and then
diluted as 1:500 into new medium for overnight culture. Agrobacte-
rium pellets were collected by centrifugation at 1500 X g for 15 min
and resuspended in resuspension buffer (10 mm MES, 10 mm MgCl,,
0.15 mMm acetosyringone, pH 5.8), the suspension was diluted to
0OD600 of 0.5. The suspensions were injected into 5 to 6 weeks old
Nicotiana benthamiana leaves with 1 ml syringe for 2 days before
observation. Fluorescence was observed using a Zeiss LSM700 con-
focal microscope (20% 0.75-NA objectives). In all cases, excitation
intensities, filter settings, photomultiplier gains and other parameters
were standardized. The YFP and RFP fluorochromes were excited
with 488 nm and 561 nm, respectively. Emitted light was collected at
a range of 500-560 nm for YFP and 575-625 nm for RFP. All images
throughout all experiments were collected using the same settings.
The collected images were processed and both YFP and RFP inten-
sity was measured using the FIJI software (45) and the YFP/RFP ratio
was calculated. 10-30 different cells from leaves of the 2 plants were
analyzed. Statistical significance was determined using Welch Two
Sample t test. To calibrate YFP/RFP ratios, known interaction of CBL9
with CIPK23 was used as positive control, whereas the interaction of
CBL9 with CIPK14 was used as negative control (46).

Protoplast Swelling Assay—Seedlings were grown on vertical
plates with 2 MS without sucrose for 7 days and roots were cut into
small pieces. The root fractions were incubated in 2 ml enzymatic
digestion medium (ES-300M: 300 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 Netherlands) and 1% (w/v) macerozyme R10
(Duchefa) at room temperature. Protoplasts were harvested after 4 h
of gentle shaking via a 50 um nylon filter. The washing steps were
done by three times ice cold ES-300 M (without enzymes) and cen-
trifugation at 80 X g. The protoplasts were finally resuspended in 150
ul ES-300 M buffer.

The protoplast swelling assay was performed as described previ-
ously (36, 47, 48). Approximately 20 ul protoplasts were pipetted into
a perfusion chamber with 200 ul ES-300M. After 10 min the proto-
plasts settled down and the chamber was perfused with 3 ml of
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ES-300 M to flush away protoplasts not sticking to the chamber glass
bottom. The hypotonic challenge was performed by changing ES-300
M to ES-150 M solution with reduced mannitol to 150 mm. Images
were taken every 3 s with a video-camera-equipped microscope for 5
min. For the sucrose treatment, protoplasts not stuck to the glass
slide were firstly washed away by ES-300M, and then perfusion
solution was changed to ES-270M-30S (270 mm mannitol, 30 mm
sucrose, 10 mm MES/KOH, pH 5.8, 10 mm CaCl,, 10 mm KCI) for 5
min. The hypotonic perfusion was done with ES-120M-30S. The
osmolarities of each solution was measured with a cryoscopic os-
mometer (Osmomat 030, Gonotec): ES-300 M 0.350 osmol/kg; ES-
150 M 0.197 osmol/kg; ES-270M-30S 0.353 osmol/kg; ES-120M-
30S, 0.197 osmol/kg. The diameter of the protoplasts was measured
using imagedJ software. Diameters were converted to micrometers,
and the volume, surface area, and relative volume changes 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 corresponds to aquaporin opening status.
Statistical analysis was performed with Sigma Plot (Jandel Scientific).

LC-MS/MS Analysis of Peptides and Phosphopeptides—Peptides
mixtures were analyzed by nanoflow Easy-nLC (Thermo Scientific)
and Orbitrap hybrid mass spectrometer (Q-exactive, Thermo Scien-
tific). Peptides were eluted from a 75 um X 50 cm analytical C,q
column (PepMan, Thermo Scientific) on a linear gradient running from
4% to 64% acetonitrile over 135 min. Proteins were identified based
on the information-dependent acquisition of fragmentation spectra of
multiple charged peptides. Up to twelve data-dependent MS/MS
spectra were acquired in the linear ion trap for each full-scan spec-
trum acquired at 70,000 full-width half-maximum (FWHM) resolution.

Protein Identification and Label Free Quantification of Protein In-
tensities—MaxQuant version 1.5.3.8 (49) was used for raw file peak
extraction and protein identification against the UniProt Arabidopsis
database UP000006548 (release 2017_10, 39,389 entries). Protein
quantification was performed in MaxQuant using the label free quan-
tification (LFQ) algorithm (50). The following parameters were applied:
trypsin as cleaving enzyme; minimum peptide length of seven amino
acids; maximal two missed cleavages; carbamidomethylation of cys-
teine as a fixed modification; N-terminal protein acetylation, oxidation
of methionine as variable modifications. For phosphopeptide identi-
fication also the phosphorylation of serine, threonine, and tyrosine
was included as variable modifications. Peptide mass tolerance was
set to 20 ppm and 0.5 Da was used as MS/MS tolerance. Further
settings were: “label-free quantification” marked, multiplicity set to 1;
“match between runs” marked with time window 2 min; peptide and
protein false discovery rates (FDR) set to 0.01; common contaminants
(trypsin, keratin, etc.) excluded. Phosphorylation sites were deter-
mined by the site-scanning algorithm search engine Andromeda (51).
Phosphopeptide identifications were submitted to the PhosPhAt da-
tabase (52), and are supplied in supplemental Fig. S6. The raw MS
data from this study was deposited at the ProteomeXchange Con-
sortium (http://proteomecentral.proteomexchange.org) via the PRIDE
partner repository with the identifier PXD011284 (phosphorylation
profiling) and PXD011265 (pulldowns).

Statistical Analyses and Data Visualization—The proteomic data
from pulldowns (evidence.txt) derived from MaxQuant was normal-
ized and quantified by the R based script cRacker (53) (version 1.496).
Within each sample, all peptide intensities were normalized to fraction
of total ion-intensity sums. Subsequently, peptide intensities were
scaled across samples or treatments. For each peptide, values from
three biological replicates were averaged after normalization and
mean scaling. Protein group averages were calculated from proteo-
typic peptides.

Phosphosites data (Phospho(STY)Sites.txt) were analyzed by Per-
seus software (54). Briefly, phosphosites quantified in at least 50% in

all of samples were analyzed by ANOVA. For comparison analysis
between sucrose-resupplied sample and sucrose-starved samples,
the log, ratios (sucrose/starvation) were calculated across the differ-
ent genotypes and the student t-tests were used to determine the
significant difference in two conditions.

Functional classification of proteins was done based on MAPMAN
(55). Information about subcellular location was derived from SUBA3
(56). Detailed protein function was manually updated with the support
of TAIR (57). Other statistical analyses were carried out with Sigma
Plot (version 11.0) and Excel (Microsoft, 2013). Overrepresentation
analysis was done via Fisher’s exact test, p values were adjusted
using Bonferroni correction.

RESULTS

This work aimed at a close investigation of the functional
role of QSK1 (AT3G02880) and its close homolog QSK2
(AT5G16590) in the complex with SUCROSE INDUCED
RECEPTOR KINASE 1 (SIRK1, AT5G10020) during regula-
tion of aquaporins in response to external changes in su-
crose concentrations.

Interaction of SIRK1 and QSK1 is Phosphorylation-depen-
dent—To confirm the sucrose-induced complex formation of
SIRK1 with QSK1, we performed inverse single-step pull-
downs of endogenously expressed SIRK1-GFP or QSK1-GFP
as a bait under sucrose-starved and sucrose-supplied condi-
tions using an affinity enrichment-mass spectrometry ap-
proach (58). After LC-MS/MS and intensity-based label-free
quantitation analysis, each pulldowns contained large hum-
bers of background binders, which were additionally defined
in a GFP-only pulldown experiment under sucrose stimulated
and sucrose free condition (supplemental Table S1). Roughly,
10% less proteins were found in the GFP-only pulldown com-
pared with the kinase-GFP experiments (supplemental Table
S3). To further filter for relevant interactors of SIRK1 and
QSK1 under the sucrose-induced condition, we (1) focused
on plasma membrane proteins and (2) performed pairwise t
test between sucrose-supplied condition and control treat-
ment and between GFP-only binders and baits as described
(58). The ratio of normalized ion intensity sums (LFQ-values) of
each protein identified under sucrose supplied conditions
versus sucrose starvation condition was used as a measure of
sucrose-dependent interaction based on a statistical compar-
ison (p < 0.05, pairwise t test, Fig. 1A). In total, 11 out of the
47 sucrose-induced interactors to SIRK1 and QSK1 were also
found in GFP-only pulldowns, but with lower abundance (sup-
plemental Table S1). QSK1 (AT3G02880) as well as its close
homolog QSK2 (AT5G16590), were found in a complex with
SIRK1-GFP with stronger interaction under sucrose supply,
and not in the GFP-only pulldown. In the inverse pulldowns
using QSK1 as bait, consistently SIRK1 was found as part of
the complex with QSK1 (Fig. 1A, supplemental Table S1).
These results confirm that SIRK1 forms a complex with QSK1,
and this interaction is enhanced under sucrose stimulation. In
contrast to previous work (36) 33 out of the 45 sucrose-
induced interaction partners listed for the SIRK1-GFP bait
were putative novel interactors to SIRK1, not identified previ-
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proportional to the sucrose-induced interaction as measured by the summed ratio of ion intensities under sucrose supply compared with
sucrose free condition. Error bars indicate standard deviations of ratios calculated from three biological replicates. B, Quantitative YFP/RFP
fluorescence intensity ratio describing the interaction of SIRK1 with QSK1 and QSK2. Phosphodead (S to A) and phosphomimic (S to D)
versions of SIRK1 and QSK1 were included. 10-30 randomly selected cells were quantified. Center lines of boxes represent medians, black
dots indicate outliers. Small letters indicate significant differences (p < 0.05; pairwise rank-sum test). C, Representative images of epidermal
cells showing expression of the illustrated constructs (RFP-channel) and interaction of SIRK1 with QSK1 by rBiFC (YFP-channel). D,
Representative images of epidermal cells showing expression of the illustrated constructs (RFP-channel) and interaction of SIRK1 with QSK2
by rBiFC (YFP-channel). Cartoon shows the respective T-DNA of the rBiFC-2in1-NC vector QSK1-nYFP or QSK2-nYFP and different versions

of SIRK1-cYFP. In (C) and (D): Scale bar, 10 um.

ously. In the present study, root tissue was used, whereas
previously published experiments were carried out on whole
seedlings. These newly identified interaction partners mainly
were proteins with functions in vesicle trafficking (e.g. SYPs),
and calcium signaling proteins (e.g. CPK5, CPK6, ACAS8).In
addition, and confirming previous findings, SIRK1-GFP was
found to be in a complex with aquaporins and plasma
membrane proton ATPases (Fig. 1A; supplemental Table
S1). QSK1-GFP was also found to be in a complex with
aquaporins.

The direct interaction of SIRK1 and QSK1 was confirmed by
ratiometric bimolecular fluorescence complementation as-
says (Fig. 1B, 1C). To calibrate YFP/RFP ratios, the known
interaction of Calcineurin B-like Calcium Sensor Protein CBL9
(AT5G47100) with CBL-interacting protein kinase CIPK23
(AT4G17615) was used as positive control, whereas the
known absence of interaction of CBL9 with CIPK14
(AT5G01820) was used as negative control (supplemental Fig.
S2). Thus, YFP/RFP florescence ratios greater than 1 suggest
interaction of the two proteins tested, whereas fluorescence
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ratios lower than 1 indicate weak or no interaction. Based on
this calibration, we found that the interaction of SIRK1-°YFP
with QSK1-NYFP was enhanced by phosphorylation mimick-
ing mutation at SIRK1 Ser-744 (SIRK1-D), which is the phos-
phorylation site previously identified under sucrose supply
(36, 40). In contrast, SIRK1 with Ser-744 mutated to phos-
phorylation-dead alanine (SIRK1-A), showed no interaction
with QSK1. Furthermore, the interaction of SIRK1 and QSK1
was affected by phosphorylation of the two C-terminal serines
(Ser-621 and Ser-626) of QSK1 (Fig. 1 B, C). When the C-ter-
minal serines were mutated to phosphomimicking aspartic
acids, the interaction of QSK1 with SIRK1 was significantly
enhanced. When these C-terminal serines of QSK1 were mu-
tated to alanines, the interaction SIRK1 and QSK1 of both
proteins was still well detectable, similarly to the interaction of
nonmutated QSK1 (Fig. 1 C). QSK2 also interacted with SIRK1
in the bimolecular fluorescence complementation assay (Fig.
1B, D), and this interaction was abolished by a phosphodead
mutation of SIRK1 Ser-744 to alanine. Interaction behavior of
SIRK1 with sucrose-induced substrates identified by the pull-
down analysis was additionally tested in seedling tissue of
sirk1 gsk1 mutant background (Supplemental Fig. S3). Both,
SIRK1 and QSK1 are expressed in seedlings (59), therefore,
by using the double mutant background we confirm interac-
tion of the two proteins in a background without endogenous
protein expression levels (supplemental Fig. S3A). Further-
more, we also used the transient expression in sirk1 gsk1
mutant background to test the newly identified interaction of
SIRK1 with putative substrate protein Calcium ATPase ACA8
(supplemental Fig. S3B).

SIRK1 and QSK1 Form an Active Complex Under Sucrose
Stimulation—We then used kinase activity assays and in vitro
phosphorylation assays (44) to study the functional relation-
ship between SIRK1 and QSK1 based on the SIRK1/QSK1
complexes enriched through pulldowns of tagged SIRK1 or
QSK1 (Fig. 1A). We showed that SIRK1-GFP or QSK1-GFP
complexes showed higher kinase activity toward the generic
substrate myelin basic protein when enriched from roots sup-
plied with external sucrose compared with isolations from
roots grown in sucrose-free medium (Fig. 2A). Thereby, the
average amount of enriched SIRK1 was similar in the SIRK1-
GFP pulldowns under sucrose supplied and sucrose free
conditions (Fig. 2B). Likewise, comparable amounts of QSK1
were enriched in QSK1-GFP pulldowns under both conditions
(Fig. 2B). However, the abundance of QSK1 in SIRK1-GFP
pulldowns and the abundance of SIRK1 in QSK1-GFP pull-
downs was higher under sucrose supplied conditions (Fig.
2B). This confirmed that the interaction of SIRK1 and QSK1
was enhanced by external sucrose, not their total amounts
within the membrane. Kinase activity correlated with the
abundance of SIRK1 in the complex enrichments (r* = 0.948),
but not with the abundance of QSK1 (r* = 0.395). This sug-
gests that SIRK1 was the active kinase within the complex
(Fig. 2C).

SIRK1 Autophosphorylates at Ser-744 and Transphospho-
rylates the C Terminus of QSK1—Previous work has revealed
sucrose-induced phosphorylation at Ser-744 of SIRK1, and at
Ser-621 and Ser-626 of QSK1 (40). Using in vitro phospho-
rylation assays, we exposed synthetic peptides covering
these experimentally identified sucrose-induced phosphory-
lation sites of SIRK1 and QSK1 to different dilutions of recom-
binant kinase domains of SIRK1 and QSK1. Recombinant
intracellular domains of SIRK1 (SIRK1C) and QSK1 (QSK1C)
were used in order to avoid effects by co-purified proteins
present from in planta pulldowns of SIRK1-GFP or QSK1-
GFP. We found that SIRK1 Ser-744 phosphorylation (supple-
mental Fig. S4) by recombinant SIRK1 kinase domain, but not
by recombinant QSK1 alone (Fig. 2D). However, presence of
QSK1 together with SIRK1 resulted in increased substrate
phosphorylation compared with reactions with recombinant
SIRK1 alone (Fig. 2D). Also, the C-terminal QSK1 peptide was
phosphorylated (supplemental Fig. S4) in the presence of
recombinant SIRK1 intracellular domain, but not with QSK1
intracellular domain alone (Fig. 2E). Moreover, an enhanced
kinase activity toward the QSK1 C-terminal peptides was
observed when recombinant SIRK1 was combined with re-
combinant QSK1 (Fig. 2E). The normalized ion intensities of
phosphorylated QSK1 substrate peptide did not decrease
with decreasing amounts of recombinant SIRK1 when up to
equal amounts of recombinant QSK1 were present in the
assay only in those phosphorylation assays, in which recom-
binant SIRK1 intracellular domain (SIRK1C) was less abun-
dant than recombinant QSK1, low substrate phosphorylation
was observed (Fig. 2E). This effect was less pronounced for
SIRK1 autophosphorylation (Fig. 2D). In vitro kinase assays
were further confirmed by using SIRK1-GFP expressed and
purified in sirk1 background as an active kinase together with
different amounts of recombinant QSK1 kinase domain (sup-
plemental Fig. S5). These assay with full-length SIRK1 as a
kinase confirmed autophosphorylation of SIRK1, as well as
trans-phosphorylation of QSK1.

In support of the above in vitro kinase activity assays, the
C-terminal phosphopeptide of QSK1 was identified only in
wild type, and neither in sirk1 nor gsk1 mutants (supplemental
Table S2). Furthermore, our results agree with other findings
that QSK1 does not undergo autophosphorylation (60) and
suggest a sucrose-induced trans-phosphorylation of the
QSK1 C terminus at two serines by receptor kinase SIRK1.

Aquaporins as Phosphorylation Substrates to SIRK1/QSK1
Complex—In a phosphoproteome profiling experiment com-
paring sirk1, gsk1 and sirk1 qsk1 double mutant we aimed at
finding preferential substrates for each of the two kinases. In
total, 1714 phosphosites were identified and 1029 phospho-
sites were scored with a localization probability > 0.75 (class
| sites). We obtained quantitative data (MaxQuant LFQ-values
(50)) for 669 of the class | phosphosites in at least two bio-
logical replicates from at least one of the two treatments,
sucrose starvation and sucrose resupply (supplemental Table
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S2, supplemental Fig. S6). Sucrose stimulation at a final con-
centration of 30 mm for 3 min was used, as this was previously
identified as the time point for maximal transient phosphory-
lation of SIRK1 (36, 40). Thereby, particularly those phospho-
sites with reduced phosphorylation or no phosphorylation in
the sirk1 qsk1 double mutant compared with wild type or
either single mutant (sirk7 or gsk1) were considered as de-
pendent on a functional SIRK1/QSK1 complex. Proteins with
transport functions (aquaporins, plasma membrane H+-
ATPases, sucrose exporters; p = 9.68 X 10-11, Fisher’s
exact test) constituted the major functional group within those
putative targets of the SIRK1/QSK1 complex. These putative
substrates included calcium ATPase ACA8 (AT5G57110),
members of the SYP-family (syntaxin of plants, SYP122
AT3G52400, SYP121 AT3G11820) or the plasma membrane
proton ATPase AHA2 (AT4G30190) (supplemental Table S2).
The phosphopeptide LIEEVSRSPA(pS)PGPLSD, matching a
close homolog of QSK1 C-terminal peptide (QSK2,
AT5G16590) was also found as putative phosphorylation target
of the SIRK1/QSK1 complex. Further, among the putative sub-
strates of the SIRK1/QSK1 complex, we found the two well-
known conserved and regulatory serines (61) in the C terminus
of aquaporins at well characterized sites Ser-273 and Ser-276 in
PIP3 (AT4G35100); Ser-283 and Ser-286 in PIP2;4
(AT5G60660); Ser-278 and Ser-281 (AT2G37170) in PIP2;2).
Because aquaporins were also identified as part of this putative
SIRK1/QSK1 complex in pulldown experiments (Fig. 1A), we
explored in more detail the functional role of SIRK1 and QSK1
phosphorylation during interactions between SIRK1, QSK1 and
their aquaporin substrates.

Differential Roles of SIRK1 and QSK1 in Regulation of PIP2;
4 —We specifically quantified C-terminal phosphorylation of
PIP2;4 by sucrose treatment in the different genotypes.
Thereby, Ser-283 of PIP2;4 is conserved and correspond to
the pore gating Ser-274 of aquaporin in spinach SoPIP2;1
(61). Serine Ser-286 of PIP2;4 is conserved with Ser-286 of
PIP2;1 (AT3G53420) controlling plasma membrane localiza-
tion (8). Thus, phosphorylation of these sites is expected to
result in higher water channel activity and plasma membrane
localization, respectively. Dephosphorylation is expected to
relate to pore closing and removal from plasma membrane.

Our results here confirm reduced C-terminal aquaporin
phosphorylation in sirk7 (36). In contrast, in the gsk7 mutant
we found a higher than wild type phosphorylation status of
aquaporin PIP2;4 at singly and doubly phosphorylated sites.
In the sirk1 gsk1 double mutant, sucrose-induced aquaporin
phosphorylation was even lower than in the sirk1 single mu-
tant (Fig. 3A). Thus, the loss of QSK1 alone did not result in

drastic phosphorylation changes in sucrose-induced aqua-
porin phosphorylation, but loss of QSK1 in the background of
sirk1 enhanced the sirk1 phenotype by significantly lower
sucrose-induced aquaporin phosphorylation. To further in-
vestigate the contributions of SIRK1 and QSK1 to phospho-
rylation of aquaporins, a synthetic C-terminal peptide of
PIP2;4 was exposed to different mixtures of recombinant
SIRK1 and QSK1 intracellular domains (Fig. 3B). Although
recombinant QSK1 alone did not result in phosphorylation of
PIP2;4, recombinant SIRK1 alone was clearly able to phos-
phorylate the substrate peptide at Ser-283 and Ser-286 as
shown previously (36). Moreover, when SIRK1 intracellular
domain was exposed with the substrate peptides in presence
of recombinant QSK1 intracellular domain, QSK1 contributed
to a significantly enhanced activity of recombinant SIRK1,
possibly through stabilization of an active complex. This be-
came visible through significantly higher substrate phospho-
rylation ion intensity sums in the respective assay. Introducing
phosphodead alanine mutations to recombinant QSK1 C-ter-
minal phosphorylation sites (QSK1C-AA) resulted in target
peptide phosphorylation intensities proportional to reactions
in the presence of only recombinant SIRK1 intracellular do-
main (Fig. 3C). In contrast, phosphomimicking aspartate mu-
tations within recombinant QSK1 (QSK1C-DD) resulted in sig-
nificantly enhanced phosphorylation of the PIP2;4 target
peptide compared with the substrate phosphorylation by re-
combinant SIRK1 alone (Fig. 3C). We conclude that QSK1,
particularly in its phosphorylated state, enhanced PIP2;4
phosphorylation by SIRK1, possibly through complex forma-
tion of SIRK1 and QSK1 kinase domains. The enhanced phos-
phorylation of substrate peptide of PIP2;4 in presence of
QSK1 kinase domain was also confirmed when SIRK1-GFP
enriched from expression in the sirk1 mutant background was
used as a kinase substrate (supplemental Fig. S7).

The interaction of SIRK1 with PIP2;4 was abolished when
the SIRK1 autophosphorylation site Ser-744 was mutated to
nonphosphorylated alanine (SIRK1-A), but not when mutated
to phosphomimicking aspartate (SIRK1-D), as shown by ra-
tiometric bimolecular fluorescence complementation (Fig.
4A). Interestingly, also QSK1 and QSK2 were able to interact
with PIP2;4 (Fig. 4A, 4C). Mutation of QSK1 C-terminal phos-
phorylation sites to phosphodead alanine (QSK1-AA) or phos-
phomimicking aspartic acid (QSK1-DD) remained with strong
interaction with PIP2;4 in both cases. Thus, the interaction of
QSK1 with PIP2;4 was not dependent on the phosphorylation
of the two C-terminal serines of QSK1 (Fig. 4A). However, the

domains. E, Peptide phosphorylation assay for QSK1 C terminus in presence of different mixing ratios of SIRK1 and QSK1 recombinant kinase
domains. In (D) and (E) dots indicate PIP2;4-phosphorylation respective amounts of SIRK1 kinase domain only, asterisks mark significant
differences between SIRK1 only and SIRK1/QSK1 combinations (p < 0.05, pairwise t test). In all panels, means with standard deviations of
three independent isolations are shown, small letters indicate significant differences based on ONEWAY-ANOVA pairwise comparisons (p <

0.05). ND: not detected.
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Fic. 3. SIRK1/QSK1 complex modulates aquaporin phosphorylation. A, Sucrose-induced phosphorylation of PIP2;4 in wild type, sirk7,
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0.05; pairwise t test) for each phosphopeptide between genotypes. B, Peptide phosphorylation assay for PIP2;4 C-terminal peptide in presence
of different mixing ratios of recombinant SIRK1 and QSK1. C, Peptide phosphorylation assay for PIP2;4 C-terminal peptide in presence of
different mixing ratios of recombinant SIRK1 and recombinant QSK1 with phosphodead (QSK1-AA) or phosphomimicked (QSK1-DD)
mutations. In (B) and (C) ion intensity sums of phosphorylated forms of the peptide are shown as means with standard deviations of three
independent assays. Dots indicate PIP2;4-phosphorylation respective amounts of SIRK1 kinase domain only. Small letters indicate significant
differences based on ONEWAY-ANOVA pairwise comparisons (p < 0.05). Asterisks mark significant differences between SIRK1 only and
SIRK1/QSK1 or SIRK1/QSK1-DD combinations (p < 0.05, pairwise t test). ND: not detected. LFQ: label-free quantitation within the peptide
sequence ALGSFGSFGSFR, (s) indicates sites of phosphorylation in combinations as explained in the legends.
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Fic. 4. Interaction of SIRK1, QSK1 and QSK2 with PIP2;4/PIP2F. A, Quantification of YFP/RFP mean fluorescence intensities ratio from
around 30 randomly selected cells. The interactions of SIRK1 phosphodead (SIRK1-A) and phosphomimic (SIRK1-D) with PIP2;4 as well as the

interaction of QSK1 phosphodead (QSK1-AA) and phosphomimic

(QSK1-DD) with PIP2;4 were tested. Center lines of boxes represent

medians, black dots indicate outliers. Small letters indicate significant differences (p < 0.05; pairwise t test). B, Representative images of
epidermal cell showing expression of the constructs (RFP-channel) and BIFC (YFP-channel) from transiently transformed Nicotiana bentha-
miana leaves. Cartoon shows the T-DNA of the rBiFC-2in1-NC vector containing nYFP-PIP2;4 and different versions of SIRK1-cYFP. Scale bar:
10 um. C, Representative images of the rBiFc analysis of PIP2;4 with QSK1 and QSK2. Cartoon shows the T-DNA of rBiFC-2in1-CN vector

containing versions of QSK1-nYFP and cYFP-PIP2;4.

interaction of SIRK1 with QSK1 was enhanced by C-terminal
QSK1 phosphorylation (Fig. 1B), and phosphorylated QSK1
enhanced SIRK1 kinase activity (Fig. 3C).

To further dissect the role of QSK1 in the regulation of
aquaporins, we performed swelling assays on root proto-
plasts of different gsk7 and gsk2 mutants and we used the
sirk1 mutant from previous work as reference (Fig. 5A). When

sucrose was included in the hyperosmotic medium, small
alterations of water influx densities were observed in the gsk1
mutant compared with wild type (WT), but the gsk1 qsk2
double mutant showed a slightly reduced water influx density.
This suggests that QSK1 and QSK2 have some degree of
functional redundancy. Knock-out of sirk7 was shown to re-
sult in significantly lower water influx into seedling protoplasts
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Fic. 5. SIRK1/QSK1 complex modulates aquaporin gating as
indicated by root protoplast swelling assays. Boxplots of water
flux densities (j,) as calculated from 6 to 10 individual protoplasts and
genotype. A, Sucrose was included into the hypoosmotic medium. B,
Only mannitol was used as osmoticum with the same osmolarity as in
(A). Center lines of boxes represent medians, with showing each
outer. Small letters indicate significant differences (p < 0.05; rank
sum test) within one figure panel. Data for water flux density of sirk7
mutant were obtained from seedlings in previous work (36).

(36), and in combination with gsk7 gsk2 knock-out mutants
(sirk1 qsk1 qgsk2), water flux into root protoplasts was highly
impaired. Overexpression of QSK1 in gsk7 background re-
stored water influx to flux densities higher than wild type.
Expression of a QSK1 phosphodead mutant (QSK1-AA) re-
sulted in significantly lower water influxes, whereas expres-
sion of a QSK1 phosphomimic mutant (QSK1-DD) signifi-
cantly increased the water influx density. Thus, although
phosphorylation of QSK1 did not influence the interaction
properties with aquaporin PIP2;4/PIP2F (Fig. 4A, 4C), the
phosphorylation status of QSK1 seemed to be important for
the regulation of aquaporins through inducing the formation
and activation of the SIRK1/QSK1 complex. No large differ-
ences in water uptake were observed with mannitol only in the
hypoosmotic medium (Fig. 5B), except for the triple mutant

sirk1 qsk1 gsk2, which showed highest variability of water
influx densities under mannitol (Fig. 5B). We conclude that the
observed responses were induced by sucrose and not by
general osmolarity changes because sucrose-containing and
mannitol-containing solutions had the same osmolality.

DISCUSSION

Phosphorylation of SIRK1 at Ser-744 was identified in sev-
eral experiments under sucrose resupply (36, 40), and a
slightly higher in vitro kinase activity was observed for a
phosphomimic version SIRK1-S744D (36). Thus, in this work
we further studied the role Ser-744 in context of formation of
an active complex with interaction partner QSK1.

Role of SIRK1 Ser-744 Phosphorylation— Autophosphoryl-
ation of receptor kinases on specific serine and/or threonine
residues in the cytoplasmic domain plays a key role in their
activation mechanism and signaling transduction. The activa-
tion of brassinosteroid receptor BRI1 and its coreceptor BAK1
in regulation of plant growth (20, 21, 62, 63) as well as for
FLS2 and BAK1 in plant defense responses (64) are well
studied examples. A meta-analysis of known autophospho-
rylation sites revealed an overrepresentation in the juxtamem-
brane domain (JM) and the C-terminal (CT) region (65). JM
and CT autophosphorylation sites are known to generate
docking sites for downstream kinase substrates in receptor
kinase signaling pathway or enhance the possibility for (het-
ero)dimerization (66). For example, BRI1 autophosphorylation
sites in the JM domain did not result in loss of general kinase
activity. However, they strongly affected downstream sub-
strates (20, 21).

In this study we could identify Ser-744 as an autophospho-
rylation site in the juxtamembrane region of SIRK1 (Fig. 2). Our
results here clearly show that SIRK1 phosphorylation at Ser-
744 enhanced the interaction with QSK1 as well as with
substrate PIP2;4 (Fig. 1, 4). However, in previous experiments,
no significant difference of water-influx under sucrose treat-
ment was observed in SIRK1-D and SIRK1-A, but expression
of SIRK1-D increased water influx compared with wild type
(86). Thus, the autophosphorylation of SIRK1 can be consid-
ered as first step (Fig. 6) in formation of an active signaling
complex which in a second step leads to trans-phosphoryla-
tion of interacting kinase QSK1 (Fig. 6). This complex of SIRK1
and QSK1 (possibly also with QSK?2) then interacts with and
phosphorylates downstream substrates such as PIP2;4 (Fig.
6). Thus, aquaporin phosphorylation most likely was strongly
dependent on the complex formation of SIRK1 and QSK1, as
well as on QSK1 C-terminal phosphorylation.

Previously, a role for Ser-744 was already established in
internalization of SIRK1 (36). This role is further supported
here by the high number of vesicle trafficking proteins (SYPs,
clathrins) identified as interactors and substrates to the
SIRK1/QSK1 complex. Also observed high in vivo aquaporin
phosphorylation (Fig. 3) in the gsk7 mutant may point to an
involvement of QSK1 in SIRK1 internalization and thus re-
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FiG. 6. Functional model of the SIRK1/QSK1 complex at the
plasma membrane. SIRK1 is autophosphorylated after sucrose re-
supply, leading to an active SIRK1 that interacts with and transpho-

moval from the plasma membrane. This process could be
interrupted by missing gsk7 thus retaining phosphorylated
PIP2;4 at the plasma membrane. However, these processes
require further exploration in future.

QSKs Show Functional Redundancy and May Function as a
Coreceptor for SIRK1—Many receptor kinases are involved in
sensing and transducing extracellular signals, such as hor-
mones, secreted peptides, and pathogens, ultimately leading
to respective physiological responses (67). Recently, direct
regulations of transmembrane transporters by receptor ki-
nases became evident, such as regulation of H+-ATPases by
receptor kinase FERONIA (68), phytosulfokine receptor
PSKR1 (34) or brassinosteroid receptor BRI1 (33), Ca®*-AT-
Pases by FLS2 (35) or aquaporins by SIRK1 (36). Most of
these receptor kinases do not work alone but are part of larger
complexes (69). The well characterized coreceptor BAK1
(SERKS3; AT4G33430) plays an important role in assembly of
active signaling complexes (70). Moreover, there is increasing
evidence that BAK1 is part of several receptor kinase com-
plexes and plays an enhancing and additive role in signaling
pathways ranging from brassinosteroid or phytosulfokine hor-
mone signaling to defense or light responses, or developmen-
tal processes (29, 31, 71, 72). In addition, recent structural
analyses revealed that the coreceptor BAK1 (SERKS3) is cru-
cial for cooperative binding of ligands to the respective pri-
mary receptor kinases of different receptor-coreceptor het-
eromers (73, 74). Thus, coreceptors mediate cooperative
enhancement of the receptor signal and stabilize the receptor
complex during ligand binding. Here, for SIR1 we propose
that perception of an unknown ligand by receptor kinase
SIRK1 could induce SIRK1 autophosphorylation at Ser-744
(Fig. 2), induce interaction with QSK1 (Fig. 1), and result in
transphosphorylation of QSK1 at Ser-621 and Ser-626 (Fig.
2). Finally, sucrose-induced complex formation of SIRK1 and
QSK1 enhanced kinase activity of SIRK1, but not of QSK1.
This is in high analogy of activation processes described for
the BR-induced association between receptor kinase BRI1
and its coreceptor BAK1 (21).

To genetically determine whether QSK1/QSK2 function in
regulation of sucrose-induced aquaporin activity as SIRK1,
we test water influx (swelling assay) with the single mutants
gsk1 and gsk2 as well as double mutant gsk7 gsk2 and triple
mutant sirk1 qsk1 gsk2 (Fig. 5). In fact, both gsk single mu-
tants displayed no observable phenotype, whereas the dou-
ble mutant gsk7 gsk2, showed reduced water influx rates, and
were further significantly reduced in the sirk1 gsk1 gsk2 triple
mutant. This indicated functional redundancy of QSK1 and
QSK2. Overexpression of either QSK1 or QSK1-DD in the
gsk1 gsk2 mutant background restored water influx, but over-

sphorylates QSK1. The complex of SIRK1and QSK1 then regulates
the activity of aguaporins via phosphorylation. Thereby, QSK1 may be
involved in recruitment of substrate proteins and enhances SIRK1
kinase activity to downstream substrates such as PIP2;4.

Molecular & Cellular Proteomics 18.8
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expression of QSK1-AA resulted in similarly low water influx
as in the gsk7qsk2 mutant. These results suggest synergistic
interactions of SIRK1 and QSK1 (also QSK2) affecting inter-
actions with substrate proteins (e.g. PIP2;4) by subsequent
phosphorylation. Based on our findings of enhanced SIRK1
activity during interaction with (phosphorylated) QKS1 (Fig. 3)
and enhanced complex formation of SIRK1 with (phosphory-
lated) QSK1 (Fig. 4) we propose that SIRK1 and QSK1/QSK2
act in the same signaling pathway and function together to
activate water influx in response to sucrose stimulation.

The kinase domain of LRR-receptor kinase SIRK1 is a
member of the same evolutional monophyletic clade as ki-
nase domain of BRI1 (13). QSK1 (AT3G02880) and QSK2
(AT5G16590) are also located within that same clade, but
cluster into a different subclade containing four close ho-
mologs together with AT3G17840 and AT1G48480 (supple-
mental Fig. S7A). Ligand binding requires larger extracellular
structures. Thus, receptor kinases with extracellular domains
larger than ~400 amino acids were considered as ligand-
binding kinases whereas those with shorter extracellular do-
mains could be rather considered as having coreceptor func-
tions (16). SIRK1 has a large extracellular domain of 599
amino acids, whereas QSK1 and QSK2 have short extracel-
lular domains of 252 and 245 amino acids, respectively (75).
The structure model of SIRK1 suggests that it is a typical LRR
receptor kinase with several N-terminal extracellular LRR do-
mains like other well characterized LRR receptor kinases,
such as BRI1 or FLS2. In contrast, QSK1 and QSK2 have
short extracellular domains, like the SERK coreceptors (sup-
plemental Fig. S7B). Interestingly, CIKs, a group of LRR-
receptor kinases with short extracellular domains were char-
acterized as additional coreceptors in the CLAVATASZ/
EMBRYO SURROUNDING REGION (CLE) -signaling pathway
(76). Thus, given over 100 receptor kinases with short extra-
cellular domains, the identification of further coreceptors in
context of different signaling pathways is highly likely.

Aquaporins as Highly Regulated Water Channels— Aqua-
porin pore gating is known to be regulated by phosphoryla-
tion. Particularly, the phosphorylation status of two serines,
one in a cytosolic loop (S115 in SoPIP2;1) and one in the C
terminus (S274 of SoPIP2;1 is equivalent to S283 in Arabi-
dopsis PIP2A) is critical for the channel pore opening (61). In
the dephosphorylated status the pore is closed, whereas
phosphorylated aquaporins enable water transport. Further,
there is evidence that phosphorylation of S286, but not S283,
is involved in the targeting of PIP2;1 to the plasma membrane
(8). Treatment with 100 mm NaCl reduced phosphorylation at
S283 and induced relocation of PIP2A to intracellular mem-
branes (77). A decrease in phosphorylation of PIP2;1 at S283
and S286 was observed upon treatment with abscisic acid,
leading to a reduction in water flux through pore closing
(dephosphorylation of S283) and removal of PIP2A from the
membrane (dephosphorylation of S286) (78). In contrast, eth-
ylene increases water transport rate by enhancing phospho-

rylation of PIP2;1 at S283 and S286 (79). In our experiments
we confirmed already published increase of phosphorylation
at these regulatory serines upon sucrose treatment (36, 40).
Analysis of sirk1 and gsk1 mutants revealed new regulatory
roles of both proteins in context of aquaporin pore gating and
aquaporin membrane localization. QSK1 was recently also
identified as interaction partner to aquaporins in pull-downs
with GFP-tagged PIP2;1 (80).

Removal of PIPs from the plasma membrane under strong
osmotic exposure (8) could also involve internalization of the
proteins and their interaction partners. Sucrose-induced in-
ternalization of the (phosphorylated) SIRK1 complex was al-
ready shown (36), and this process could also include inter-
acting QSK1 (and QSK2) and possibly aquaporins as their
substrates.

Functional Model of SIRK1 and QSK1 Signaling—Thus,
considering our biochemical and physiological results we
conclude that SIRK1 acts as the main receptor perceiving the
sucrose signal through a yet unknown ligand and this signal
perception induces SIRK1 autophosphorylation at Ser-744
(Fig. 6). Based on the short extracellular domain structure of
QSK1 and QSK2, and particularly because of our findings that
QSK1 did not show kinase activity by itself but that (phospho-
rylated) QSK1 enhanced SIRK1 activity (Fig. 2, 4), we propose
that QSK1 and QSK2 most likely function as coreceptors to
SIRK1. The coreceptors QSK1 and QSK2 are first trans-phos-
phorylated by activated and autophosphorylated SIRK1 (Fig.
6) and phosphorylated QSK1 then stabilizes the complex with
SIRK1 through enhanced interaction with SIRK1 (Fig. 1). This
complex formation of SIRK1 and phosphorylated QSK1 also
results in interactions with downstream substrate proteins,
such as PIP2;4 (Fig. 3). The weak water influx rates of gsk1
mutants compared with mutants in the receptor kinase sirk1
(Fig. 5) point to an additive, signal enhancing function of QSK1
as well as to functional redundancy with QSK2. This is in
striking analogy to weak phenotypes and additive signal en-
hancing effects shown for BAK1 in context of brassinosteroid
signaling through BRI1 (21) and the family of SERKs as core-
ceptors for the IDA-receptors HAE/HLS2 (30).

The C-terminal phosphopeptide of QSK1 was identified in
many proteomic studies under various experimental condi-
tions (PhosPhAt (52)). QSK1 was recently also identified as a
protein segregating between sterol-rich and sterol-depleted
membrane phases depending on a functional cytoskeleton
(38). We therefore propose that QSK1, possibly through the
interaction with cytoskeletal components, could have a major
role in directing receptor complexes and required substrates
to their correct membrane environment action. Although this
role of QSK1 requires further testing, dynamic assembly of
signaling components could already be shown for the ion
channel SLAH3 and the kinase CPK21 (37). The interactions
of SIRK1/QSK1 with vesicle trafficking proteins point to an
involvement of SNARE proteins and clathrins in delivery
and/or internalization of the complexes. Phosphorylation-de-
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pendent internalization was already shown for SIRK1 (36).
QSK1, as a putative coreceptor, most probably is involved in
more than one signaling pathway and, like BAK1, might as-
sociate with more than one receptor kinase. A role of QSK1 in
regulation of potassium transport was recently published (81),
that strongly supports the proposal of its involvement in dif-
ferent signaling pathways.

CONCLUSION

The above results revealed that SIRK1 Ser-744 is a su-
crose-induced autophosphorylation site and important for the
interaction of SIRK1 with QSK1 and the substrate protein
PIP2;4. Cooperatively enhanced kinase activity of SIRK1 was
observed when recombinant QSK1 was jointly submitted to
activity assays. Phosphorylation of QSK1 enhanced the ac-
tivity of the SIRK1/QSK1 complex but was not required for
interaction with the substrate proteins. Water influx assays
suggested that QSK1 and QSK2 contributed to the overall
water influx rates besides known receptor kinase SIRK1.

This work proposes a key role for a yet uncharacterized
receptor kinase, AT3G02880 in signal-dependent regulation
of cellular water influx. We named the protein QSK1 gian shou
(chinese: F F “thousand hands”) kinase, describing the dual
interaction with receptor kinase SIRK1 as well as with sub-
strate proteins (aquaporins). We propose that QSK1 not only
cooperatively enhances activity of receptor kinase SIRK1,
but also may have recruiting function of kinase and sub-
strate proteins within the membrane. Because QSK1 is a
very abundant protein identified and phosphorylated under
a variety of biotic and abiotic stresses, we propose the
generic model of QSK1 as a coreceptor may recruit different
substrates to the respective signaling complexes also with
other (receptor)kinases.
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