
Biochem. J. (2015) 472, 379–391 doi:10.1042/BJ20150147 379

Conserved phosphorylation sites in the activation loop of the Arabidopsis
phytosulfokine receptor PSKR1 differentially affect kinase and receptor
activity
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PSK (phytosulfokine) is a plant peptide hormone perceived
by a leucine-rich repeat receptor kinase. Phosphosite mapping
of epitope-tagged PSKR1 (phytosulfokine receptor 1) from
Arabidopsis thaliana plants identified Ser696 and Ser698 in the
JM (juxtamembrane) region and probably Ser886 and/or Ser893

in the AL (activation loop) as in planta phosphorylation sites.
In vitro-expressed kinase was autophosphorylated at Ser717 in
the JM, and at Ser733, Thr752, Ser783, Ser864, Ser911, Ser958 and
Thr998 in the kinase domain. The LC–ESI–MS/MS spectra
provided support that up to three sites (Thr890, Ser893 and Thr894)
in the AL were likely to be phosphorylated in vitro. These
sites are evolutionarily highly conserved in PSK receptors,
indicative of a conserved function. Site-directed mutagenesis of
the four conserved residues in the activation segment, Thr890,

Ser893, Thr894 and Thr899, differentially altered kinase activity
in vitro and growth-promoting activity in planta. The T899A and
the quadruple-mutated TSTT-A (T890A/S893A/T894A/T899A)
mutants were both kinase-inactive, but PSKR1(T899A) retained
growth-promoting activity. The T890A and S893A/T894A
substitutions diminished kinase activity and growth promotion.
We hypothesize that phosphorylation within the AL activates
kinase activity and receptor function in a gradual and distinctive
manner that may be a means to modulate the PSK response.

Key words: activation loop, Arabidopsis thaliana, leucine-rich
receptor receptor-like kinase, peptide signalling, phytosulfokine,
PSKR1.

INTRODUCTION

The pentapeptide PSK (phytosulfokine) with the amino acid
backbone YIYTQ has been described as a peptide hormone
that promotes plant growth through elevated cell expansion.
Furthermore, its involvement in the response to pathogens has
been reported [1–7]. Peptide activity depends on post-translational
sulfation of the two tyrosine residues which is catalysed by
the enzyme tyrosylprotein sulfotransferase in the trans-Golgi
network [8].

Perception and transduction of the PSK signal requires a
membrane-localized receptor protein. PSK is the natural ligand
for the PSK receptor kinases PSKR1 and PSKR2 in Arabidopsis
thaliana. PSKR1 and PSKR2 belong to a large monophyletic
gene family of Arabidopsis LRR RLKs (leucine-rich repeat
receptor-like kinases) [9–11]. LRR RLKs are characterized by
a defined organization of functional domains: LRRs with an
extracellular ligand-binding domain, a single transmembrane
domain and a cytoplasmic protein portion consisting of a catalytic
KD (kinase domain) flanked by two regulatory sequences, the JM
(juxtamembrane) region and a CT (C-terminal) domain. PSKR1
shares this organization of functional domains. PSKR1 possesses
a predicted extracellular domain with 21 LRRs. Between the
17th and 18th LRR of PSKR1 a 36-amino-acid island domain
is located that was shown to bind PSK [9,12,13]. A single
helical 21-amino-acid transmembrane domain spans the plasma

membrane followed by a JM region, a serine/threonine KD with
its 12 conserved subdomains and a short CT domain [9,14–16]
(Figure 1).

PSK perception at the cell surface probably triggers a
cellular auto- and trans-phosphorylation cascade. It has been
shown that PSKR1 kinase activity is essential for growth
promotion via PSKR1 signalling, although the targets that are
recognized and phosphorylated by the activated PSKR1 in
planta are not known [16]. Ligand-induced receptor dimerization
followed by autophosphorylation of the cytoplasmic domain is
considered a conserved mechanism of receptor kinase action
in plants and was shown for the brassinosteroid receptor BRI1
(BRASSINOSTEROID-INSENSITIVE 1) that is closely related
to PSKRs [17–19]. PSKR1, on the other hand, oligomerizes even
in the absence of ligand and autophosphorylates in vitro [16,20].
Phosphorylation of the cytoplasmic domain of receptor kinases
can occur on multiple sites in the JM region, KD and CT domain
[21]. The structure of serine/threonine protein KDs is highly
conserved, whereas the JM and CT regions are less conserved. The
protein structure can be separated into two domains: a small N-
terminal ATP-binding domain consisting of five β-sheets and one
α-helix (αC) and a larger C-terminal substrate-binding domain
that is predominantly helical [21,22].

A conserved activation segment with the central AL (activation
loop) is located in the C-terminal lobe within the kinase
subdomains VII and VIII as shown for the PSKRs BRI1 and
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Figure 1 The cytoplasmic domain of the LRR RLK PSKR1 of Arabidopsis indicating conserved subdomains, guanylate cyclase centre, calmodulin-binding
site and phosphorylation sites

A ClustalW multiple alignment of the cytoplasmic domains of PSKR1, PSKR2 and the related RD kinases BRI1 and CLV1 from Arabidopsis was carried out. The PSKRs belong to the class of RD
kinases with a designated AL. The JM domain of PSKR1 from amino acids 681–732 is indicated by a blue line. The KD of PSKR1 with its 12 subdomains starts at Ser733 and ends at Ser1003 (for a
definition of the PSKR1 kinase subdomains, see [14,15]). An invariant lysine residue (Lys762 in PSKR1) in the ATP-binding site located in subdomain II is indicated by a red asterisk. The invariant
Arg859 and Asp860 residues in subdomain VIb are boxed in red. Indicated also are the calmodulin (CaM)-binding site, the AL and the designated guanylate cyclase (GC) centre. The C-terminal region
is indicated by a green line. The short C-terminus of PSKR1 begins with amino acid 1004. Unambiguous phosphorylation sites (P) of PSKR1 are marked with squares; unconfirmed phosphorylation
sites are designated by a circle. Pink indicates in vitro sites and green indicates in planta sites. Shown in blue is a site that is also phosphorylated in E. coli.
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CLV1 (CLAVATA1) (Figure 1). PSKRs belong to the RD-type
kinases. An invariant aspartate residue in subdomain VIb (Asp860

in PSKR1) is required for catalytic activity and can be found in
all kinases. In RD kinases, this aspartate residue is preceded by a
positively charged arginine residue (Arg859 in PSKR1) (Figure 1).
Ligand-induced kinase activation of some, but not all, RD kinases
necessitates phosphorylation of one to three residues in the AL
[22]. In these cases, the conserved arginine residue probably
interacts with phosphorylated negatively charged amino acids of
the AL, resulting in charge neutralization and substrate access to
the catalytic aspartate residue [23].

Compared with the KDs, the JM region and the CT domain
show little sequence conservation among receptor kinases.
Nonetheless, these domains were shown to regulate activity of
BRI1 [24,25]. The phosphorylation state of the non-catalytic JM
and CT regions of BRI1 is important not only for modulating
kinase activity, but also for determining substrate specificity.
It is conceivable that the JM region and CT domain of
PSKR1 have similar functions in defining PSKR1 substrates
and/or receptor activity. Neither the positions of phosphorylation
nor their role in PSK signalling have been described to
date.

To elucidate PSKR1 function, it is essential to understand
early molecular events of PSKR1 signalling such as receptor
modification. In the present study, we used LC–ESI–MS/MS
analysis of the recombinant PSKR1 KD to show that the
cytoplasmic protein portion of the receptor is autophosphorylated
on specific serine and threonine residues in vitro. Furthermore,
phosphosite mapping was performed to identify phosphorylation
sites of PSKR1 in planta. We studied further the functional
role of identified phosphorylation sites in the PSKR1 AL with
respect to in vitro kinase activity. Additionally, the contribution
of phosphorylation of specific PSKR1 AL residues to receptor
function in planta was assessed by overexpressing site-mutated
PSKR1 variants in the receptor-null background. Our data
support the view that site-directed phosphoablative mutagenesis
of specific PSKR1 AL residues impairs PSKR1 kinase activity
in vitro and that phosphorylation of these serine and threonine
residues is likely to be required for growth signalling through
PSKR1 in planta.

EXPERIMENTAL

Plant material, growth conditions and transformation

All experiments were carried out with Arabidopsis thaliana
(L.) Heynh. ecotype Columbia (Col-0). For plant growth, a
2:3 sand/humus mixture was frozen at − 80 ◦C for 2 days
to avoid insect contamination. For experiments under sterile
conditions, seeds were surface-sterilized for 20 min in 1 ml of 2%
(w/v) sodium hypochlorite (NaClO) followed by five washing
steps with autoclaved water and laid out on half-concentrated
modified Murashige and Skoog medium [26] and 1.5% (w/v)
sucrose, solidified with 0.38% GelriteTM (Duchefa Biochemie)
and supplemented with 1 μM PSK as indicated (NeoMPS). Seeds
were stratified at 4 ◦C in the dark for 2 days and then transferred to
22 ◦C with a 16 h light (70 μM photons·m− 2·s− 1)/8 h dark cycle.

The pskr1-2 pskr2-1 double knockout line was described
previously [3,4]. Experiments were performed with homozygous
plants as tested by spraying with 200 μM glufosinate ammonium
(Basta, AgrEvo). Arabidopsis plants were transformed with
Agrobacterium tumefaciens (GV3101) using the floral dip method
[27]. Transgenic plants were selected by spraying with 200 μM
Basta. Expression of transgenes was verified by RT (reverse
transcription)–PCR.

Growth measurements and statistical analysis

The software ImageJ (NIH) was used to determine root lengths
from photographs. The open source program Rosette Tracker
[28] was used to determine projected rosette areas from
photographs. The program Minitab (http://www.minitab.com)
was used for statistical analysis. Unless stated otherwise,
statistical significance of means was tested by an ANOVA
(Tukey’s test) or a two-sample Student’s t test. Constant variance
and normal distribution of data were verified before statistical
analysis. If one of these conditions was not achieved, the P value
was set to <0.001. P values for the Pearson product moment
correlation are indicated in Figure legends. Kruskal–Wallis all-
pairwise comparisons of kinase mutants were performed for
autophosporylation and for trans-phosphorylation activities.

Site-directed mutagenesis of the PSKR1 full-length and
cytoplasmic domain coding sequence and cloning of constructs

Site-directed mutagenesis of the cytoplasmic domain of
PSKR1 was performed by overlap-extension PCR [29]. Five
constructs with the following substitutions were generated:
T890A, T890D, T899A, S893A/T894A and TSTT-A (T890A/
S893A/T894A/T899A). The encoded proteins encompassed
the intracellular protein part of PSKR1 from amino acid 686
to 1008. To replace each specific serine or threonine with
alanine or aspartate, primers 5′-GTCCTTACGAGGCTCATG-
TAAGTAC-3′ and 5′-GTACTTACATGAGCCTCGTAAGGAC-
3′ for T890A, primers 5′-GTCCTTACGAGGATCATGTAA-
GTAC-3′ and 5′-GTACTTACATGATCCTCGTAAGGAC-3′

for T890D, primers 5′-CTGATTTGGTTGGAGCTTTAGGT-
TAC-3′ and 5′-GTAACCTAAAGCTCCAACCAAATCAG-3′

for T899A, primers 5′-ACGCATGTAGCTGCTGATTTG-
GTTG-3′ and 5′-CAACCAAATCAGCAGCTACATGCGT-3′

for S893A/T893A and primers 5′-CGAGGCTCATGTA-
GCTGCTGATTTGGTTGGAGCTTTAG-3′ and 5′-CTAAAG-
CTCCAACCAAATCAGCAGCTACATGAGCCTCG-3′ for
TSTT-A were used for in vitro mutagenesis. PCR products were
cloned into pETDuet-1 (Merck) resulting in His6 N-terminal
fusions with the five mutant PSKR1 kinases.

Point-mutated T890A, T890D, T899A, S893A/T894A and
TSTT-A full-length PSKR1 sequences were generated by overlap-
extension PCR using the primers described above. The PCR
fragments were cloned into the vector pB7WG2.0 downstream
of the CaMV (cauliflower mosaic virus) 35S promoter using
the Gateway cloning system (Life Technologies). All constructs
were sequenced to verify the specific mutations and to exclude
unwanted mutations. The C-terminal in-frame fusion of GFP
with PSKR1 and cloning of the PSKR1–GFP construct into the
vector pB7WG2.0 downstream of the CaMV 35S promoter were
performed as described previously [16].

Recombinant protein expression, purification and in vitro kinase
assay

Constructs of the five mutant PSKR1 kinases T890A, T890D,
T899A, S893A/T894A and TSTT-A were transformed into
Escherichia coli BL21(DE3) cells (Life Technologies). Protein
expression was induced by adding 1 mM IPTG (Sigma–Aldrich)
followed by incubation of bacterial cultures for 16 h at 20 ◦C.
Soluble proteins were purified at native conditions on a TALON
column (Clontech) as described in the manufacturer’s instructions
and stored at 4 ◦C.
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In vitro kinase activity was assayed in 50 mM Hepes (pH 7.4),
10 mM MnCl2, 1 mM DTT, 0.2 mM unlabelled ATP, 20 μCi of
[γ -32P]ATP, 0.25 μg of affinity-purified His6–PSKR1-KD mutant
and 0.5 μg of MBP (myelin basic protein) in a final volume of
8 μl at 25 ◦C for 1 h followed by the addition of 4× SDS loading
buffer to stop reactions. Proteins were separated by SDS/PAGE
(15% gel), stained with Coomassie Blue, dried and exposed
to an X-ray film. The protein bands were excised, mixed with
Ultima Gold (PerkinElmer) and radioactivity was determined by
liquid-scintillation counting in a Tri-Carb 2910 TR instrument
(PerkinElmer). The background signal of the gel was subtracted.

Immunoprecipitation and immunoblot analysis

GFP-tagged full-length PSKR1 protein was extracted from 14-
day-old 35S:PSKR1-GFP and wild-type seedlings. The plant
material was ground in liquid nitrogen and the tissue was extracted
in 1 ml of extraction buffer per g of plant material. The extraction
buffer contained 50 mM Tris/HCl (pH 7.5), 150 mM NaCl and
1% (v/v) Igepal CA 630 (Sigma–Aldrich). After incubation of
protein samples on ice for 1 h, suspensions were centrifuged at
300 g for 3 min at 4 ◦C. The protein concentration was determined
with Roti®-Quant (Carl Roth). Then 10 ml (1 mg/ml) of total
plant protein in extraction buffer was incubated with 100 μl of
50% (v/v) Protein A–Sepharose CL-4B beads (GE Healthcare)
in 50 mM Tris/HCl (pH 7.5) and 150 mM NaCl. The samples
were centrifuged at 300 g for 3 min at 4 ◦C and supernatants
were incubated with anti-GFP antibody (Life Technologies) as
indicated for 1 h at 4 ◦C with gentle mixing of samples followed
by the addition of 200 μl of fresh 50% (v/v) Protein A–Sepharose
CL-4B beads and overnight incubation. The Protein A–Sepharose
CL-4B beads were pelleted at 300 g for 3 min and washed four
times with 1 ml of washing buffer containing 50 mM Tris/HCl
(pH 7.5) and 150 mM NaCl. The protein was separated on a
denaturing gel, immunoblotted on to a PVDF membrane, detected
with anti-GFP antibody linked to horseradish peroxidase (Life
Technologies) and visualized using the ECL detection system
(GE Healthcare).

In-gel digestion

To generate peptides for LC–ESI–MS/MS analysis, protein
bands were excised from the SDS gels, washed with 500 μl of
water for 15 min, and destained twice in 800 μl of 30% (v/v)
acetonitrile for 30 min. Supernatants were discarded and gel slices
were re-equilibrated with 500 μl of incubation buffer (100 mM
ammonium bicarbonate, pH 8) for 10 min. After removal of the
supernatants, the gel slices were dried by vacuum evaporation
using a SpeedVac (Eppendorf) for 30 min at room temperature.
For reduction of disulfide bonds, 116 μl of reducing solution
(10 mM DTT) was added to the gel pieces and the samples were
incubated at 56 ◦C for 30 min, followed by cooling at 4 ◦C for
10 min and a washing step with 150 μl of incubation buffer for
10 min. Alkylation of cysteine thiols was performed in the dark for
20 min by addition of 100 μl of 40 mM iodacetamide followed
by quenching with 75 μl of reducing solution for 10 min and
an additional washing step with 150 μl of incubation buffer for
15 min. To remove reducing and alkylation contamination, the
samples were washed with 150 μl of incubation buffer for 5 min
and 150 μl of pure acetonitrile was added to initiate gel shrinking.
The samples were shaken for 15 min before the supernatant
was removed, and dried using a SpeedVac for 30 min at room
temperature before digestion.

The protein was digested with chymotrypsin, elastase, GluC
and trypsin. Enzyme/protein ratios of 1:10 were used, except
for trypsin which was used at 1:20. For the in vitro sample,
all four enzymes were used in a multi-protease approach as
described previously [30]. For the in vivo sample with a restricted
amount of starting material, only the enzymes elastase and trypsin
were used. Each protease stock solution was diluted in 50 mM
ammonium bicarbonate, 5 % (v/v) acetonitrile and 10 μl of the
protease solution was added to the dehydrated gel slices. After
incubating for 15 min, 90 μl of digestion buffer was added and
the samples were left to digest overnight at 37 ◦C. To extract the
digested proteins, the supernatants were transferred to new tubes
followed by two incubation steps with 150 μl of extraction buffer
I [60% (v/v) acetonitrile and 0.5% TFA (trifluoroacetic acid)]
and with 150 μl of pure acetonitrile for 15 min. The three extracts
were combined, evaporated to dryness using a SpeedVac at room
temperature, made up to 10 μl with loading buffer A [3 % (v/v)
acetonitrile and 0.1 % TFA] and stored at − 20 ◦C before LC–
ESI–MS/MS analysis.

Phosphopeptide enrichment

Phosphopeptides from the in vitro sample were enriched using
TiO2 beads (GL Sciences, MZ-Analysentechnik) similar to the
method described previously [31]. First, 240 μg of TiO2 beads
were washed twice with 20 μl of loading buffer [80% (v/v)
acetonitrile, 15% (v/v) water, 5% (v/v) TFA and 1 M glycolic
acid] for 15 min with shaking. The supernatant was discarded
followed by peptide dilution in 50 μl of loading buffer. Diluted
peptides were transferred and incubated with the TiO2 beads for
15 min while shaking. Beads were pelleted and the supernatant
(NB fraction) was transferred to a new tube. Then, 50 μl of
washing buffer I [80 % (v/v) acetonitrile, 19 % (v/v) water and
1% (v/v) TFA] was added and samples were shaken for 15 min.
Beads were pelleted followed by a second washing step with
washing buffer II [20% (v/v) acetonitrile, 79.8% (v/v) water and
0.2% TFA]. Combined supernatants of both washing steps were
transferred to a new tube (W fraction). Before eluting the bound
phosphopeptides, the beads were evaporated to dryness using a
SpeedVac at room temperature for 30 min. Elution was performed
twice using 50 μl and 100 μl of elution solution (1% NH4OH in
H2O). Supernatants from both elution steps were combined (P
fraction) and acidified with 5 μl of pure TFA and dried using a
SpeedVac. Before MS analysis, each sample (NB, W or P) was
diluted in 16.5 μl of eluent A (0.05% formic acid in water).

Mass spectrometry

Protein digests were separated and analysed by RP (reverse-phase)
LC using an UltiMate 3000 nano-HPLC system (Dionex) coupled
online to an LTQ Orbitrap Velos equipped with ETD support
(Thermo Fisher). Solvents used for LC were: solvent A (0.05 %
formic acid in water) and solvent B [80% (v/v) acetonitrile and
0.04% formic acid in water]. For sample loading, a solution of
3% (v/v) acetonitrile and 0.1% TFA was used. The flow rates
were 30 μl/min for the loading and 30 nl/min for the micro-pump.
Isocratic elution (5 % B) was used for the first 4 min, followed
by an increase to 10% B within 1 min. Then a linear gradient to
50% B within 80 min was used. Column washing was performed
by a linear increase of B to 95% within 10 min and held for 5 min.
Re-equilibration was set to 10 min at 5 % B.

A dual top five CID (collision-induced dissociation)–HCD
(higher-energy collisional dissociation fragmentation) method
was written manually using XCalibur 2.1. Here, a MS full scan
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was acquired at a resolution of 60000 with activated pre-scan. For
fragmentation, the five most intense precursor ions were selected
for fragmentation by CID (default settings) and analysis in the
ion trap. Afterwards, the same five most intense precursor ions
were selected for fragmentation by HCD (normalized collision
energy 45%; isolation window of m/z 3; remaining settings
were default). To increase the number of acquired peptide ions,
dynamic exclusion was activated (repeat count of three within
20 s and an exclusion duration of 30 s; the number of entries was
set to 500). For LC–ESI–MS/MS analysis, 14 μl of the in vivo
sample, 10 μl of the phosphopeptide fraction and 5 μl of the non-
phosphopeptide fraction (in vitro sample) were injected.

Database searches and data evaluation

Proteome Discoverer 1.4 (PD) with Mascot (version 2.2.04) and
SEQUEST HT (shipped with PD) were used. The complete
reference proteome set of A. thaliana was downloaded (November
2013, taxonomy identity: A. thaliana, reviewed proteins only)
from Uniprot. A PD workflow consisting of the following nodes
was created; if not specified otherwise, the default settings were
used: (0) Spectrum Files; (1) Spectrum Selector; (2) MS2 -
Spectrum Processor, (3) Scan Event Filter [splitting into CID-
IT (CID in an ion trap) or HCD data]; (4) Mascot or SEQUEST
HT (see below); (5) phosphoRS 3.0; (6) Percolator; (8) Scan
Event Filter; (11) Event Detector and (12) Precursor Ions Area
Detector. In total, four (independent) database searches were
performed using CID-IT or HCD MS/MS data and Mascot and
SEQUEST HT respectively. The resulting four .msf files were
opened together and filtered for high confidence with a validation
threshold of 0.01 based on the q-value. The combination of four
independent searches was required as phosphoRS 3.0 [32] is only
used for the search engine node with the lowest number in the PD
workflow in a multi-database search engine workflow.

For PSMs (peptide-spectrum matches), the precursor mass
tolerance window was set to 10 p.p.m. Fragment ions in MS/MS
spectra were matched with a tolerance window of 0.02 Da and 0.3
Da for HCD (Orbitrap) and CID (ion trap). Carbamidomethylation
was set as static, and oxidation of methionine and phosphorylation
of serine, threonine and tyrosine as dynamic modification
respectively. No-enzyme specificity was set as at least two
(elastase and trypsin) and four (chymotrypsin, elastase, GluC and
trypsin) different proteases were used respectively.

For data evaluation, GAMBAS (version 3) scripts were written
in house. These scripts were used to group peptide identification
features of the phosphopeptides identified. The .txt files of the
PSMs were loaded and phosphorylated peptide identifications
were grouped together on the basis of their sequence, retention
time difference (<20 min) and [M + H]+ m/z values. Using
these data, the start and end position of the peptide within the
protein of interest was extracted. Furthermore, it was determined
(Boolean value) whether this peptide was identified by Mascot
or SEQUEST with CID and HCD respectively. Additionally, the
number of hits for each of the four combinations was counted. The
average peptide [M + H]+ mass, its average retention time and
precursor mass (obtained from the Precursor Ions Area Detector)
were calculated.

To allow for improved data handling of the high complex
peptide composition with up to four enzymes that release
peptides with nearly identical, but overlapping, sequences, the
phosphorylation site mapping was performed by (i) using
the results from the search engines, and (ii) the phosphoRS
score. For the search-engine-based approach, (i), the number of
phosphorylation site localizations was counted and the maximal

value reported and set as ‘most likely’. In addition, the number
of hits for this modification was set in relation to the overall
number of peptide hits within the peptide under investigation.
PhosphoRS report percentages were calculated by dividing
the phosphoRS score by the accumulated value. Finally, the
results were normalized to an accumulated value of 100%. The
percentage values for each modification within a peptide under
investigation were summed and divided by the number of hits.
This value is reported and used as ‘normalized’ phosphoRS
probability value.

RESULTS AND DISCUSSION

Identification of PSKR1 autophosphorylation sites

To understand phosphorylation-dependent signalling mechanisms
of PSKR1, one aim of the present study was to identify
phosphorylation sites in the cytoplasmic domain of the receptor
using MS analysis. PSKRs belong to the large family of RD-
type LRR RLKs, many of which are activated by phosphorylation
of one or more residues in the AL (Figure 1). Regulation of
receptor activity may also occur through phosphorylation of other
subdomains. To identify phosphorylated amino acid residues in
PSKR1, ectopically expressed His6-tagged soluble PSKR1 KD
(His6–PSKR1-KD) protein was autophosphorylated in vitro as
shown previously [16]. The protein was separated on an SDS gel
and subjected to an in-gel multi-protease digestion procedure [30],
using two relatively low-specific (chymotrypsin and elastase) and
two high-specific (GluC and trypsin) proteases. Phosphopeptides
were enriched using TiO2 and then analysed by LC–ESI–MS/MS.
Two different MS/MS approaches, namely CID-IT and HCD
in an Orbitrap mass analyser, were used, as the acquisition
of a dual fragmentation method can increase the accuracy of
phosphorylation site mapping utilizing computational proteomics
tools [33].

On the basis of phosphopeptide grouping applied to
estimate the correctness of the automated phosphorylation site
mapping (see the Experimental section for further information),
various phosphorylated peptides could be identified and
their phosphorylation sites localized. Manual MS/MS spectra
interpretation was done to verify the identifications.

Site mapping was significantly facilitated by using the
four proteases and both the phosphoRS score [32] and the
search engine results, e.g. for four peptides MSPYETHV,
MSPYETHVSTDLVGTL, RLMSPYETHVSTDLVGTL and
LMSPYETHVSTDLVGTLGYIPPEYGQASVATYK, covering
the phosphorylation site Thr890 (Supplementary Figures S1A–
S1D respectively). The use of four different proteases generated
peptides ranging from 8 to 33 amino acids ([M + H]+ : 1043.4–
3667.7) with different physicochemical properties (e.g. change of
fragmentation pattern by C-terminal residues). This enabled us to
localize the phosphorylation site with high confidence. Overall,
using this multi-protease strategy, a sequence coverage of 99%
was achieved for the His6–PSKR1-KD protein.

On the basis of the dataset and on the number of PSM and
phosphoRS scores, eight phosphorylation sites were identified:
Ser717 in the JM domain, Ser733, Thr752, Ser783, Ser864, Ser911,
Ser958 and Thr998 (Figure 1 and Table 1). Moreover, on the basis
of automated and manual inspection of the data, at least one
and possibly two sites (Thr890, Ser893 or Thr894) in the AL of
PSKR1 spanning residues 886–894 is likely to be phosphorylated
(Figures 1 and 2A, and Table 1). Here, Thr890 represented the
most likely phosphorylation site on the basis of the automated
phosphorylation site mapping approaches (phosphoRS score and
database search engines). In addition, peptides covering this
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potential phosphorylation site show a high diversity of sequence
length (between 8 and 33 amino acids) and starting positions (883–
886). This resulted in 29 unique peptide sequences encompassing
different modification forms of a peptide with the same sequence
that, as a group, can be used for phosphorylation site localization.
Together with these singly phosphorylated peptide species, a
second, doubly phosphorylated, form was also detected, probably
a combination of Thr890 and Ser893 or Thr890 and Thr894. However,
owing to the close proximity of Ser893 and Thr894, an unambiguous
localization of the second site was not possible. At present, we
cannot exclude that both forms exist in parallel.

To verify that the identified amino acids were indeed
targets of autophosphorylation by PSKR1 rather than targets
of E. coli kinases we expressed and affinity-purified kinase-
inactive His6–PSKR1(K762E)-KD protein [16]. In this mutant
protein, an invariant lysine residue in subdomain II that
is conserved in all kinases and that is essential for
kinase activity was replaced by glutamate [34]. Kinase-
inactive His6–PSKR1(K762E)-KD protein was subjected to a
phosphorylation assay and phosphopeptide analysis by LC–ESI–
MS/MS. The sequence coverage of His6–PSKR1(K762E)-KD
was comparable with that obtained for His6–PSKR1-KD. For this
mutant protein, one phosphorylation site (Thr890) was determined
in vitro (median phosphoRS score >99%; Supplementary Table
S1) suggestive of trans-phosphorylation of this residue by
E. coli.

To compare the precursor ion signal areas and the PSM
respectively, as a quantitative measure of the extent of
phosphorylation, the corresponding values (i.e. precursor area
or PSM) of the sample were divided by the sum of sample
and control. In total, 11 peptide species (including forms with
different modifications) were identified for the phosphorylation
site Thr890 (Supplementary Table S2). To normalize the data,
the median of all 11 peptide species was calculated. For
the precursor area, median values of 94.5% (His6–PSKR1-
KD) and 5.5% [His6–PSKR1(K762E)-KD] was obtained.
Similar values were calculated for the PSM [89.7% for
His6–PSKR1-KD and 10.3 % for His6–PSKR1(K762E)-KD].
To evaluate the extent of phosphorylation between His6–
PSKR1-KD and His6–PSKR1(K762E)-KD, the same approach
as described before was performed. Comparing the peptide
sequences, the percentage distribution [His6–PSKR1-KD/(His6–
PSKR1-KD + His6–PSKR1(K762E)-KD] was 94% and 90%
for the label-free and SPC (spectral counting) approach
respectively (Supplementary Table S2), indicating that the
extent of phosphorylation in His6–PSKR1(K762E)-KD was much
lower. Nonetheless, the kinase-inactive His6–PSKR1(K762E)-
KD protein is a suitable substrate for an as yet unknown bacterial
kinase. Probably, phosphorylation takes place during ectopic
expression of the mutant protein in E. coli. It is unlikely that the
phosphorylation event originates from any kinase activity of the
mutant His6–PSKR1(K762E)-KD protein, since a replacement of
the invariant lysine residue in subdomain II by glutamate results in
a loss of kinase-mediated phosphotransfer [34]. Consistent with
this, His6–PSKR1(K762E)-KD kinase activity was essentially
abolished (Figure 2). Phosphorylations at the JM domain, the KD
and close to the CT domain result from activity of the wild-type
His6–PSKR1-KD protein and reveal a pattern that is common for
receptor kinases [21,23].

Identification of in planta PSKR1 phosphorylation sites

To identify in planta PSKR1 phosphorylation sites, a C-terminally
GFP-tagged full-length PSKR1 sequence was generated, placed

Figure 2 Site-directed mutagenesis of PSKR1 activation segment or KD
residues impairs kinase activity in vitro

(A) Alignment of the activation segments encompassing the AL (Ser886–Thr894 in PSKR1)
of PSKR1, PSKR2, SERK1, BRI1 and BAK1. The phosphorylation sites of PSKR1 that
were identified in vitro (magenta), in planta (green) or in the kinase-inactive variant in
E. coli (blue) are indicated. (B) Top: autoradiograph of recombinant PSKR1-KD variants
(KD*) showing autophosphorylation of KD* and trans-phosphorylation of MBP: wild-type
(lane 1), the kinase-inactive His6–PSKR1(K762E)-KD (lane 2), His6–PSKR1(T890A) (lane
3), His6–PSKR1(T890D) (lane 4), His6–PSKR1(T899A) (lane 5), His6–PSKR1(S893A/T894A)
(lane 6), and His6–PSKR1(TSTT-A) (lane 7). Bottom: Coomassie Blue-stained gel as a
control for protein loading. (C) Mean+−S.E.M. radioactivity (n = 6 from three independent
experiments) of trans-phosphorylated [32P]MBP and autophosphorylated [32P]KD* is given
as c.p.m. Kruskal–Wallis all-pairwise comparisons were performed for autophosporylation
(lower-case letters) and for trans-phosphorylation (capital letters) activities. TSTT-A, T890A/
S893A/T894A/T899A; wt, wild-type.
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Table 1 Identification of in vitro phosphorylation sites of His6–PSKR1-KD protein by LC–ESI–MS/MS

Residue Median phosphoRS score Average phosphoRS score Standard error Number of unique* peptides Number of accumulative PSMs†

Ser717 100.00 88.69 7.47 9 134
Ser733 48.30 48.30 – 1 28
Thr752 100.00 100.00 – 1 2
Ser783 58.40 58.40 – 1 11
Ser864 98.20 98.20 – 1 5
Thr890 95.95 86.99 2.44 48 1306
Thr890 and Ser893/Thr894 Ambiguous Ambiguous Ambiguous 9 142
Ser911 100.00 100.00 – 1 9
Ser958 89.80 79.95 5.97 11 99
Thr998 61.15 61.15 11.15 2 3

*Unique peptides are identified peptide sequences which can be used for unambiguous peptide and protein identification. For the multi-protease approach applied in the present study, this also
includes overlapping peptide sequences.

†PSMs are MS/MS spectra to which a peptide sequence was mapped by a database search algorithm and validated further by false discovery rate analysis (1 %). Here, the total number of PSMs
was summed for each individual phosphorylation site.

under control of the CaMV 35S promoter and stably expressed
in wild-type plants. PSKR1–GFP fluorescence was observed
in mesophyll protoplasts derived from 4-week-old 35S:PSKR1-
GFP plants where it was localized to the plasma membrane
as expected (Figure 3C). Roots of 5-day-old 35S:PSKR1-GFP
seedlings were significantly longer than wild-type roots indicating
that receptor overexpression caused a specific growth response
(Figures 3A and 3B) and that the GFP fusion did not impair in
planta receptor function. Total protein was extracted from 14-day-
old 35S:PSKR1-GFP and from wild-type seedlings followed by
immunoprecipitation with anti-GFP antibody. A band with a size
of approximately 175 kDa was detected in protein samples of the
transgenic line, but not in the sample from wild-type seedlings
(Figure 3D). GFP has a molecular mass of ∼27 kDa and the
Arabidopsis PSKR1 protein has a calculated mass of 112353
Da. However, the PSKR from Daucus carota was shown to be
glycosylated in planta, increasing its molecular mass by ∼10 kDa.
The ∼175 kDa protein band was detected in Western blot analysis
with anti-GFP antibody, suggesting that it corresponded to the
PSKR1–GFP fusion protein. This was subsequently verified by
LC–ESI–MS/MS. The amount of immunoprecipitated PSKR1–
GFP protein correlated with the anti-GFP antibody concentration
that was used for immunoprecipitation.

To identify in planta PSKR1 phosphorylation sites, the
PSKR1–GFP band was excised, in-gel digested with trypsin
or elastase and subjected to LC–ESI–MS/MS analysis. The
phosphorylated peptides identified are listed in Supplementary
Table S3 and representative MS/MS spectra are shown in
Supplementary Figures S2A–S2C. Combining the peptides
generated by elastase and tryptic digestion, 74.70% of the
protein sequence was covered. Three possible phosphorylation
sites were identified. Ser698 (median phosphoRS score >93%;
Figure 1A and Supplementary Table S3), which is located in
the JM region represents a true in planta phosphorylation site.
A double-phosphorylated peptide probably at Ser696 and Ser698

was also detected. A third site was located at Ser886 or Ser893

(Figures 1A and 2A, and Supplementary Table S3). Unfortunately,
an unambiguous localization of this phosphorylated residue was
not possible. More residues may be phosphorylated in planta
that may be identified using the native promoter or an optimized
extraction procedure. Nonetheless, the data indicate that at least
one site (Ser886 or Ser893) in the AL of PSKR1 is phosphorylated
in planta.

Taken together, the LC–ESI–MS/MS analyses identified only
phosphorylation of serine/threonine residues consistent with
the fact that PSKR1 displays a predicted serine/threonine
kinase catalytic domain based on the 12 subdomains that are
characteristic of this class of kinases [9,14,15]. A preference
for serine over threonine residues was observed which has
also been shown for the LRR RLKs BRI1 and CLV1 [35–37].
A recent study found that BRI1, BAK1 (BRI1-ASSOCIATED
RECEPTOR KINASE) and BKK1 (BAK1-LIKE 1) are also
autophosphorylated at tyrosine residues, indicating that these
are dual-specificity kinases [38]. Bojar et al. [39] report
conservation of the conformation of the AL and of core
phosphorylation sites among different plant RLKs [40–44]. It is
hence conceivable that PSKR1 could also exhibit dual specificity,
although phosphorylation of tyrosine residues was not detected in
the present study.

Conservation of serine/threonine residues in positions aligning
with phosphosites in PSKR1

To identify conserved positions of phosphorylatable amino acids
in PSKRs throughout the plant kingdom, we identified PSKR1
as well as PSKR2 orthologues from the genomes of 35 higher
plants and of two mosses using the Phytozome database [45].
The intracellular kinase sequences were aligned (Supplementary
Figures S4 and S5). The conservation of phosphorylatable
amino acids at each site of PSKR1 and PSKR2 orthologues
is summarized in Figure 4. Three of the positions that are
phosphorylated in the AL of PSKR1, Thr890, Ser893 and Thr894,
were conserved in all PSKRs including those from mosses. The
ambiguous phosphorylation site at Ser886 was conserved in PSKR1
homologues from Brassicaceae only. A serine residue aligns with
Ser864 in subdomain VIb N-terminal to the activation segment in all
plant PSKR1 and PSKR2 homologues, indicative of a conserved
function in PSKRs.

In the JM region, the position of at least one of the two residues
Ser696 and Ser698 was conserved in 83.3% of higher plant PSKR1
orthologues, but not in PSKR2 orthologues. In PSKR1, Ser717 was
exclusive to A. thaliana, whereas Ser717 was present in ∼22% of
higher plant PSKR2 orthologues, mostly from the Brassicaceae
lineage.
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Figure 3 Functional analysis, localization and purification of PSKR1–GFP

(A) Phenotypes of 5-day-old seedlings from wild-type and 35S:PSKR1-GFP expressed in the wild-type background. (B) Mean+−S.E.M. root lengths were determined in two independent experiments
with at least 46 seedlings analysed per genotype. The asterisk indicates significantly different values between wild-type and 35S:PSKR1-GFP (P < 0.05, two-sample Student’s t test). (C) PSKR1–GFP
localization was analysed by confocal laser-scanning microscopy in mesophyll protoplasts of 4-week-old soil-grown 35S:PSKR1-GFP plants. The receptor protein is expressed and localized at the
plasma membrane. Scale bars, 5 μm. (D) Immunoprecipitation of PSKR1–GFP from total protein extracts obtained from seedlings expressing PSKR1–GFP with anti-GFP antibody added at the
concentrations indicated. As a control, extract from wild-type seedlings was analysed. The proteins immunoprecipitated from wild-type and PSKR1–GFP extracts were separated by SDS/PAGE (10 %
gel) and fusion protein was detected with an anti-GFP antibody. Molecular masses of marker proteins are indicated in kDa. Ab, antibody; IP, immunoprecipitation; WB, Western blot; wt, wild-type.

Subdomain X is overall little conserved and Ser958 that was
phosphorylated in PSKR1 was present at this position only in that
receptor. By contrast, Thr998 was conserved in 83.3% of PSKR1
orthologues, but in only one PSKR2 protein. The positions of
the phosphorylated serine residues in the JM region of PSKR1
are not conserved in the two moss homologues, whereas, in
most higher plant orthologues, at least one of the two positions
is occupied by a phosphorylatable amino acid. Taken together,
the positions of phosphorylatable amino acids in the AL are
strictly conserved in PSKRs, suggesting a conserved mode of
receptor regulation. By contrast, positions of PSKR1 phosphosites
in the JM region are not retained in PSKR2 orthologues and
are altogether absent from PSKR orthologues from mosses.
Possibly, regulation via phosphorylation of the JM region has
evolved early during higher plant evolution, possibly arising from
a need for more complex receptor regulation in cormophytes.
The differences in phosphosites between PSKR1 and PSKR2
orthologues suggest that regulation at these sites has evolved faster
and is less subject to selection pressure than the regulation of
the AL.

To date, regulation of only a few of the 610 RLKs encoded
in the Arabidopsis genome [46] has been analysed and therefore
our knowledge on conserved and unique modes of plant receptor
regulation at the level of phosphorylation is limited [24,37,47–
49]. The detailed analysis provided in the present study not
only helps to further our understanding of PSK signalling,
but also provides comparative data for the study of related
RLKs.

Phosphoablative mutagenesis suggests that phosphorylation
within the AL activates PSKR1

The activation segment starts at the highly conserved DFG motif
in kinase subdomain VII and most often terminates with the
sequence APE in subdomain VIII [14,15,22] (Figures 1 and
2A). It consists of the Mg2 + -binding loop, the β-9 sequence,
the AL (Ser886–Thr894 in PSKR1) and the p + 1 loop with Thr899

in PSKR1 [50]. Phosphorylation of one to three residues in
the AL results in a conformational change accompanied by
kinase activation. In some cases, it also affects binding of
kinase substrates [22,23]. To resolve the ambiguities concerning
specific in vitro phosphorylation sites in the AL of PSKR1
and to test for a functional role of these phosphorylation sites
with respect to kinase activity, site-directed mutagenesis was
performed on the soluble KD of PSKR1 (PSKR1-KD). The
serine and threonine residues were mutated to alanine which
prevents phosphorylation and, in the case of Thr890, to aspartate
which acts as a phosphomimic [23,36]. PSKR1-KD proteins
with T890A, T890D, T899A and S893A/T894A mutations, or
the quadruple mutation T890A/S893A/T894A/T899A (denoted
TSTT-A), were ectopically expressed as fusion proteins with
an N-terminal His6 tag. Auto- and trans-phosphorylation of the
common substrate MBP were analysed in vitro using radiolabelled
[γ -32P]ATP. As controls, the wild-type His6–PSKR1-KD and
the His6–PSKR1(K762E)-KD variant were analysed [16]. Even
though Thr890 was a target of trans-phosphorylation by E. coli, it
cannot be ruled out that it is also a target of autophosphorylation.
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Figure 4 Conservation of serine and threonine residues of PSKR1 orthologues (left symbol) and PSKR2 orthologues (right symbol) in positions aligning with
PSKR1 phosphorylation sites

A dot indicates a conserved substitution of the respective residue by serine, threonine or tyrosine; – indicates no conservation, and + indicates a conserved P site. The species tree used in the
present study was constructed by modifying the Phytozome version 10 plant tree of life.

c© 2015 Authors. This is an open access article published by Portland Press Limited and distributed under the Creative Commons Attribution License 3.0.

http://creativecommons.org/licenses/by/3.0/


388 J. Hartmann and others

On the basis of this reasoning, we included analysis of this
residue. The T890A mutation resulted in overall reduced kinase
activity compared with the wild-type, whereas the T890D mutant
displayed wild-type activity (Figures 2B and 2C). The auto-, but
not trans-, phosphorylation activity of the S893A/T894A mutant
was lower than that of the T890A mutant.

Several studies described an important role for AL
phosphorylation in the kinase activity of BRI1 and BAK1
[24,25,41,44]. Mutations of BRI1 AL residues corresponding to
PSKR1 Thr890 and Ser893 likewise had a moderate effect on BRI1
kinase activity, indicating that the kinase activities of soluble
PSKR1-KD and BRI1-KD are regulated in a similar manner by
this residue. BAK1-KD is also autophosphorylated at two residues
equivalent to Thr890 and Ser893. However, single mutations of
BAK1 AL residues corresponding to PSKR1 Thr890, Ser893 and
Thr894 had little effect on BAK1 kinase activity, revealing a distinct
difference between this co-receptor and the receptors BRI1 and
PSKR1. Replacement of all three threonine residues by alanine in
the AL of BAK1 abolished its activity.

Interestingly, BRI1 and SERK1 AL residues corresponding
to PSKR1 Thr890 and Ser893 affect substrate phosphorylation
more than autophosphorylation in vitro [24,25]. On the basis
of the crystal structure of the BRI1 KD, the BRI1 AL residues
corresponding to PSKR1 Thr890 and Ser893 were found to be
phosphorylated and were surface-oriented, probably contributing
to the stabilization of the conformation of the AL by interaction
with a third residue equivalent to PSKR1 His891 [41]. In the
dephosphorylated state, the AL impairs ATP binding and/or
lowers the rate of phosphotransfer to the substrate [21,22].
Dependent on its phosphorylation state, the AL is characterized
by defined conformational changes [23,37]. Our data suggest
that differential phosphorylation of the AL may result in partial
receptor activation.

Thr899 was not identified as a site of phosphorylation.
Nonetheless, it is conserved in all PSKR1 and PSKR2 orthologues
from higher and lower plants (Figure 4, and Supplementary
Figures S4 and S5) and the equivalent residue in BRI1 was
shown to be a likely candidate for phosphorylation [24]. Thr899

was therefore included in this mutational analysis. The T899A
mutant was inactive, strongly arguing for a crucial role of the
invariant Thr899 in kinase activity. Similarly, the quadruple TSTT-
A mutation resulted in loss of kinase activity.

Phosphoablative mutagenesis within the AL differentially alters
PSKR1 activity in planta

The high conservation of potential phosphosites in the AL
of PSKR orthologues and the differential effect of individual
phosphosites on PSKR1 kinase activity prompted us to analyse
the impact of AL phosphorylation and of the adjacent Thr899

on growth regulation by PSKR1 in planta. To that end,
we generated T890A, T890D, T899A, S893A/T894A and
TSTT-A point-mutated full-length PSKR1 sequences that were
expressed under the control of the CaMV 35S promoter in
the receptor-null background. Expression of the transgenes
was analysed in 5-day-old seedlings in the independent lines
35S:PSKR1(T890A)-1,2,3,4; 35S:PSKR1(T899A)-1,2,3,4,5, 35S:
PSKR1(S893A/T894A)-1,2,3,4,5, 35S:PSKR1(TSTT-A)-1,2,3 and
35S:PSKR1(T890D)-1,2,3,4,5 by RT–PCR (Supplementary
Figures S3A and S3B). In the null background line pskr1-3 pskr2-
1 (denoted r1r2), no PSKR1 mRNA was detected, indicating
that growth promotion was driven exclusively by the respective
receptor variant.

Transgenic lines expressing the various receptor mutants
were analysed for their ability to rescue the short-
root phenotype of the PSKR-null mutant r1r2. Root
lengths of 5-day-old wild-type, r1r2, r1r2 35S:PSKR1-GFP-
1, r1r2 35S:PSKR1(T890A), r1r2 35S:PSKR1(T890D), r1r2
35S:PSKR1(T899A), r1r2 35S:PSKR1(S893A/T894A) and r1r2
35S:PSKR1(TSTT-A) seedlings as well as their responsiveness
to exogenously supplied PSK were measured (Figures 5A and
5B). r1r2 roots were significantly shorter than wild-type roots.
Expression of wild-type PSKR1 in r1r2 35S:PSKR1-GFP-1
seedlings rescued the short-root phenotype of r1r2 and resulted
in root lengths similar to that of wild-type.

The phosphoablative mutations in the AL and of the adjacent
Thr899 impaired root elongation in different ways. The T890A
mutant did not, or only weakly, rescued the short-root phenotype
of r1r2 in accord with the reduced kinase activity of this mutant
(Figures 2B and 5A). However, r1r2 35S:PSKR1(T890A)-1,2,3,4
seedlings were still responsive to PSK, indicating that activation
of the receptor by ligand binding is not fully dependent on
Thr890. Replacing Thr890 by a phosphomimic aspartate residue
resulted in wild-type root lengths in five independent lines
(Figure 5B). At least two of the r1r2 35S:PSKR1(T890D)
lines (4 and 5) had an overexpression phenotype [4], indicative
of an active receptor. None of the lines displayed enhanced
root elongation when treated with PSK, possibly because the
response was saturated. The PSKR1(S893A/T894A) receptor
had weak root-growth-promoting activity in accord with the
weak in vitro kinase activity (Figures 2B and 5A). Root lengths
were intermediate between those of the receptor-null mutant and
the wild-type (Figure 5A). Unlike the PSKR1(T890A) receptor,
which was activated by PSK, ablation of the phosphosites
Ser893/Thr894 abolished responsiveness to PSK in four of the five
PSKR1(S893A/T894A) lines and diminished it considerably in
the fifth line.

An intriguing difference between in vitro kinase activity and in
planta receptor function was unveiled for the PSKR1(T899A)
mutant. Even though this residue was not identified as being
phosphorylated, it is a conserved residue in all PSKRs, and the
BRI1 AL residue corresponding to PSKR1 Thr899 is a likely
phosphosite in planta [24]. Mutation of the conserved AL residue
in BRI1 and BAK1 that corresponds to Thr899 in PSKR1 abolished
the kinase activities of both receptors. Whereas the T899A
mutation in PSKR1-KD similarly abolished kinase activity in vitro
(Figures 2B and 2C), it did not impair basal PSKR1 receptor
activity in planta (Figure 5A). This suggests that folding of the
KD in an active receptor in planta may depend on other factors. It
is conceivable that the PSKR1(T899A) receptor is complemented
by heterodimerization with another kinase in planta that aids in
signal transduction as demonstrated recently for BAK1 [20]. The
PSKR1(T899A) seedlings were, however, unresponsive to PSK,
indicating some impairment in signal regulation.

Mutating all three serine and threonine residues in the AL and
Thr899 to alanine not only abolished kinase activity, but also,
upon in planta expression, resulted in roots that were as short
as or shorter than the roots of r1r2 seedlings, indicating that this
receptor was inactive in planta (Figure 5A). The importance of
these AL residues to receptor activity in planta is supported by
the fact that all sites are under high selection pressure in PSKR1
and PSKR2 orthologues.

Analysis of soil-grown plants revealed that the phosphoablative
mutations had a similar effect on plant shoot growth as it had
on seedling root growth and hence confirmed the differential
effect of specific phosphosites on receptor activity (Figure 6).
The rosette sizes of 4-week-old r1r2 35S:PSKR1(T890A) and
of r1r2 35S:PSKR1(S893A/T894A) plants as well as the flower
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Figure 5 Inhibition of phosphorylation of specific activation segment
residues through site-directed mutagenesis differentially impairs growth
signalling by PSKR1 in seedling roots

(A) Seedlings of up to five independent transgenic lines of the PSKR1(T890A),
PSKR1(S893A/T894A), PSKR1(T899A), and PSKR1(TSTT-A) mutants in the receptor-null r1r2
background were grown with or without 1 μM PSK for 5 days. Mean +− S.E.M. root lengths
were determined in three independent experiments with at least 48 seedlings analysed per
genotype. Asterisks indicate significantly different values between r1r2 and the lines expressing
different receptor variants (P < 0.001, two-sample Student’s t test). Circles indicate significantly
different values between treatments for each genotype (n �32; P < 0.001). (B) Mean +− S.E.M.
root lengths were determined in five independent lines of the phosphomimic receptor variant
PSKR1(T890D) expressed in the receptor-null r1r2 background. At least 57 seedlings were
analysed per genotype in three independent experiments in the absence or presence of 1 μM
PSK. Asterisks indicate significantly different values between r1r2 and the PSKR1(T890D) lines
(P < 0.001, two-sample Student’s t test). Circles indicate significantly different values between
treatments for each PSKR1(T890D) line (n �50; P < 0.001). S/T893/4A, S894A/T894A; wt,
wild-type.

stalks of 6-week-old plants were intermediate between r1r2 and
wild-type plants (Figure 6A and 6B). The rosette sizes of r1r2
35S:PSKR1(T899A) plants had wild-type size as was observed for

Figure 6 Preventing phosphorylation of specific activation segment
residues impairs shoot growth

(A) The mean+−S.E.M. projected rosette area from PSKR1(T890A), PSKR1(S893A/T894A),
PSKR1(T899A) and PSKR1(TSTT-A) plants (n = 8–9) was calculated using the program Rosette
Tracker [28]. Wild-type plants and plants complemented with a GFP-tagged wild-type receptor
in the receptor-null background were included as controls. Asterisks indicate significantly
different values between r1r2 and the receptor variants (P < 0.05, two-sample Student’s t
test). (B) Representative phenotypes of 4-week-old (upper row) and of 6-week-old (lower
row) soil-grown plants from wild-type, r1r2, 35S:PSKR1-GFP-1, 35S:PSKR1(T890A )-3,
35S:PSKR1(S893A /T894A )-2, 35S:PSKR1(TSTT-A )-2 and 35S:PSKR1(T899A )-3. Scale bars,
1 cm. S/T893/4A, S894A/T894A; wt, wild-type.

seedling roots (Figures 5A and 6A). And as with seedling roots,
the rosettes and flower stalks of r1r2 35S:PSKR1(TSTT-A)-1,2,3
plants were no bigger than those of r1r2. Hence the concerted
phosphoablative mutations in the activation segment of PSKR1
resulted in the inability of the PSKR1(TSTT-A) receptor to rescue
the short-root and small-shoot phenotype of receptor-null plants.

In summary, our results showed that PSKR1 belongs to the
RD-type kinases that require phosphorylation within the AL for
their full activation. Phosphoablative mutations of one or two
AL phosphosites partially reduced kinase activity and receptor
function, but did not abolish it. We hypothesize that differential
phosphorylation of AL residues of PSKR1 can modulate receptor
activity.
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Arabidopsis thaliana 681  RARRRSGEVDPEIEESESMNR-KELGEIGSKLVVLFQSND-----------KELSYDDLLD 729

Physcomitrella patens      1008  RWRLLKQEAIAKTKDLERMKLTMVMEAGACMVIPKSKEPLSINVAMFEQPLLRLTLADILL 1068
Selaginella moellendorffii  719  MLSFSRARAGHRQDIAGRNFKEMSVAQMMDLTVTMFGQRYR-----------RITVGDLIK 768
Amborella trichopoda        710  RRHRKRKCGDGVCRTAGGIR--RSSEFSGSRMVILFQPQDK----------KELTICDLLK 758
Brachypodium distachyon     718  MKRSFRRQDHTVKAVADTDG---ALELAPASLVLLFQNKDDD---------KAYTISDILK 766
Oryza sativa                717  LKSSFRRQDYIVKAVADTTE---ALELAPASLVLLFQNKDDG---------KAMTIGDILK 765
Panicum virgatum            706  RIVHSRMQEPNPKAVANAE----DSESSNSCLVLLFQNN------------KEISIEDILK 750
Setaria italica             717  LKSRFRRQDHTVKAVTDTNR---ALELAPASLVLLFQNKDD----------KALTISDILK 764
Sorghum bicolor             715  LKSSFNKQDHTVKAVKDTNQ---ALELAPASLVLLFQDKAD----------KALTIADILK 762
Zea mays                    717  LKSNFRRQDHTVKAVADTDR---ALELAPASLVLLFQNKAD----------KALTIADILK 764
Aquilegia coerulea          684  TRTDSHKQHDTKVDNFDSSD--NVLYPSGSRSVVLFEDEDN---------NNELFIEDLLK 733
Mimulus guttatus            685  VCSCRRRGVDPEMEYSRTSSKTDYYFEETSSVVILCQNKDKD-INISSTSKKEIFLDDLLK 744
Solanum lycopersicum        631  VRASSRKVVDQEKELDASNRE---LEDLGSSLVIFFHNKE---------NTKEMCLDDLLK 679
Solanum tuberosum           677  IRASSRKVVDQEKELDASNRE---LEDLGSSLVIFFHNKE---------NTKEMCLDDLLK 725
Vitis vinifera              465  IPYVGDPIVDLDEEIS-RPHR-LS-EVLGSSKLVLFQNSGC----------KDLSVADLLK 512
Eucalyptus grandis 679  MRAHRRGEVDPEKEVVGRKE--RDIEDLESRLLVMFQNKDR---------CEKLSYEDISR 728
Populus trichocarpa         693  LRAHNRGEVDPEKVDADTND--KELEEFGSRLVVLLQNKES---------YKDLSLEDLLK 742
Linum usitatissimum         719  RRARGDLINSLDEEAS-ESQR-SS-QALMTSKLVLFQNSDC----------KGLTVTDLLK 766
Manihot esculenta           693  RAHSRGGEVDAEKEGVETND--KDLEELGSRLVVLFQNKEN---------YRELSLEELLK 742
Ricinus communis            678  LRAHSRGEVDPEKEGADTND--KDLEELGSKLVVLFQNKEN---------YKELSLEDLLK 727
Carica papaya               582  LRAHSRGEVDPER-DFDGNE--KDLEELGSRLVVLFQNKED---------NKDLSFDDLLK 630
Gossypium raimondii         678  LRTHKRNEVDPEKEEPDTND--KNLEELSSRLVVLFQNWES---------YKELCIDDLLE 727
Theobroma cacao             680  LRAHKRGEVDPEKEEPDTND--KDLEELSSRLVVLFQNRET---------YKELCIDDLLK 729
Arabidopsis lyrata          681  RARRRSGEVDPEIEESESMNR-KELGEIGSKLVVLFQNND-----------KELSYDDLLD 729
Arabidopsis thaliana 681  RARRRSGEVDPEIEESESMNR-KELGEIGSKLVVLFQSND-----------KELSYDDLLD 729
Boechera stricta            691  RARRRSGEVDPEIEESESMNR-KELGEIGSKLVVLFQNND-----------KELSYDDLLD 739
Brassica rapa               689  HARRRSGEVDPEMEE-ESMNR-KDLEEIGSKLVVLFQDSD-----------KDLSFDDLLD 736
Capsella grandiflora        675  RARRRSGEVDPEIEESESMNR-KELGEIGSKLVVLFQNND-----------KELSYDDLLD 723
Capsella rubella            689  RARRRSGEVDPEIEESESMNR-KELGEIGSKLVVLFQNND-----------KELSYDDLLD 737
Eutrema salsugineum         690  RARRRSGEVDPEIEE-ESMNR-KEVEEIGSKLVVLFQNND-----------KDLSFDDLLD 737
Citrus sinensis             692  LRAHSRGEVDPEKEEANTND--KDLEELGSKLVVLFHNKE-----------KEISIDDILE 739
Citrus clementina           692  LRAHSRGEVDPEKEEANTND--KDLEELGSKLVVLFHNKE-----------KEISIDDILE 739
Cucumis sativus             366  LRPPRGRVGDPENEVSNIDN--KDLEEVKTGLVVLFQNNDN----------GSLSLEDILK 414
Glycine max                 724  KRDDDKPMDNFDEELNGRPRR-LS-EALASSKLVLFQNSDC----------KDLTVADLLK 772
Malus domestica             688  VRAHSRREVDPEREDHDTNG--KDLEELGSKLVVLFQNKDA---------NKELSLDDLLQ 737
Medicago truncatula         720  KREEDKPIDSFDEEMSGRPRR-LSSEGFVASKLVLFQNSDC----------KDLTVSDLLK 769
Phaseolus vulgaris          720  RRDDDKPIDNYDEELNGRPHR-LS-EALVSSKLVLFQNSDC----------KDLTVADLLK 711
Prunus persica              689  LRAHSRREVDPEKEEYDSNG--KDLEELGSKQVVLFQNKDT---------DKELSLDDLLQ 738

                                        

                                                                                                                                                                                                                                 

A.thaliana        730  STNSFDQANIIGCGGFGMVYKATLPDGKKVAIKKLSGD--CGQIEREFEAEVETLSRAQHPNLVLLRGFCFYKN-DRLLIYSYMENGSLDYWLHERND 824

P.patens         1069  ATNNFCKTNIIGDGGFGTVYKAVLPDTKRIVAIKKLGAS-RSQGNREFLAEMETLGKVKHRNLVPLLGYCSFGE-EKLLVYEYMVNGSLDLYLRNRAD 1164
S.moellendorffii  769  ATNNFDATNIIGCGGFGLVFKANLPDGNVVAIKRLTSEDGGPQMEKEFDAELSTLGNITHPNLVSLEGYCRLGMRDRLLVYSYMENGSLDYWLHERSD 866
A.trichopoda      759  ATDNFDQANIIGCGGFGLVYRATLPDGRKVAIKRLSGD--CGQMDREFQAEVESLSRAQHKNLVLLQGYCRHGD-DRLLIYSFMENGSLDYWLHERLD 853
B.distachyon      767  STNNFDQANIIGCGGFGLVYKATLPDGAKIAIKRLSGG--FGQMEREFKAEVETLSKAKHRNLVLLQGYCRVGS-DRLLIYSYMENGSLDYWLHEKPD 861
O.sativa          766  STNNFDQANIIGCGGFGLVYKATLPDGATIAIKRLSGD--FGQMEREFKAEVETLSKAQHPNLVLLQGYCRIGN-DRLLIYSYMENGSLDHWLHEKPD 860
P.virgatum        751  STNNFDQAYIVGCGGFGLVYKSTLPDGRRVAIKRLSGD--YSQIEREFQAEVETLSRAQHDNLVLLQGYCKVGN-DRLLIYSYMENGSLDYWLHERAD 845
S.italica         765  STNNFDQANIIGCGGFGLVYKATLPDGATIAIKRLSGD--FGQMEREFKAEVETLSKAQHPNLVLLQGYCRIGS-DRLLIYSFMENGSLDHWLHENPN 859
S.bicolor         763  STNNFDQANIIGCGGFGLVYKATLQDGAAIAIKRLSGD--FGQMEREFKAEVETLSKAQHPNLVLLQGYCRIGS-DRLLIYSFMENGSLDHWLHEKPD 857
Z.mays            765  STNNFDQANIIGCGGFGIVYKATLQDGAAIAIKRLSGD--FGQMEREFKAEVETLSKAQHPNLVLLQGYCRIGS-DRLLIYSFMENGSLDHWLHESPD 859
A.coerulea        734  STNNFDQANIIGCGGFGLVYRATLPDGRKVAIKRLSGD--CGQMEREFQAEVEALSRAQHENLVLLQGYCSCKN-DRLLIYSYMENGSLDYWLHEKHD 828
M.guttatus        745  ATTNFDQSNIIGCGGFGLVYKAVLSDGRKLAIKRLSGE--HFQIEREFRAEIETLSRAQHPNLVRLQGYCKYKK-DRLLLYTYMENGSLDYWLHEKVD 839
S.lycopersicum    680  CTDNFDQSNIVGCGGFGLVYKAILRDGRKVAIKRLSGD--YGQMEREFQAEVESLSRAQHPNLVHLQGYCKYRT-DRLLIYSYMENGSLDYWLHEKVD 774
S.tuberosum       726  CTDNFDQSNIVGCGGFGLVYKAILRDGRKVAIKRLSGD--YGQMEREFQAEVESLSRAQHPNLVHLQGYCKHRT-DRLLIYSYMENGSLDYWLHEKVD 820
V.vinifera        513  STNNFNQANIIGCGGFGLVYKANLPDGTRAAIKRLSGD--CGQMEREFRAEVEALSRAQHKNLVSLQGYCRHGN-DRLLIYSYMENGSLDYWLHERVD 607
E.grandis         729  ATNNFDQANIIGCGGFGMVYRATFPDGTKLAIKKLSGD--CGQMEREFRAEVETLSRAQHPNLVYLQGFCMDTD-ARLLIYSYMENSSLDYWLHEKPD 823
P.trichocarpa     743  FTNNFDQANIIGCGGFGLVYRATLPDGRKLAIKRLSGD--SGQMDREFRAEVEALSRAQHPNLVHLQGFCMLKN-DKLLIYSYMENSSLDYWLHEKLD 837
L.usitatissimum   767  ATNNFSQANIIGCGGFGLVYKASLPNGKKAAIKKLSGD--CGQIDREFQAEVEALSRAQHKNLVSLQGYCKHGS-DRLLVYSYMENGSLDYWLHECVD 861
M.esculenta       743  STNNFDQANIIGCGGFGLVYKATLPDGRKVAIKRLSGD--CGQMEREFRAEVETLSRAQHPNLVHLQGYCMFKA-DRLLIYSYMENSSLDYWLHEKID 837
R.communis        728  STNNFDQANIIGCGGFGLVYRATLPDGRKVAIKRLSGD--CGQMEREFRAEVETLSRAQHPNLVHLQGYCMFKN-DRLLIYSYMENSSLDYWLHEKTD 822
C.papaya          631  STNNFDQANIIGCGGFGLVYKATLPDSRKVAIKRLSGD--CGQMDREFRAEVEALSRAQHPNLVLLQGYCMHKN-DRLLIYSYMENGSLDYWLHEKID 725
G.raimondii       728  STNNFDQANIIGCGGFGLVYRGTLPDGRKVAIKRLSGD--CGQMDREFRAEVEALSRAQHPNLVHLQGYCMHKN-DRLLIYSYMENGSLDYWLHEKVD 822
T.cacao           730  STNNFDQANIIGCGGF-------------------------GLMDREFRAEVEALSRAQHPNLVHLQGYCMHKG-DRLLIYSYMENGSLDYWLHEKVD 801
A.lyrata          730  STNSFDQANIIGCGGFGMVYKATLPDGKKVAIKKLSGD--CGQIEREFEAEVETLSRAQHPNLVLLRGFCFYKN-DRLLIYSYMENGSLDYWLHERND 824
A.thaliana        730  STNSFDQANIIGCGGFGMVYKATLPDGKKVAIKKLSGD--CGQIEREFEAEVETLSRAQHPNLVLLRGFCFYKN-DRLLIYSYMENGSLDYWLHERND 824
B.stricta         740  STNSFDQANIIGCGGFGMVYKATLPDGKKVAIKKLSGD--CGQIEREFEAEVETLSRAQHPNLVLLRGFCFYKN-DRLLIYSYMENGSLDYWLHERND 834
B.rapa            737  STNNFDQANIIGCGGFGLVYKAMLPDGSKVAIKRLSGD--CGQIEREFKAEVETLSRAQHPNLVLLQGFCFYKT-DRLLIYSYMENGSLDYWLHERND 831
C.grandiflora     724  STNSFDQANIIGCGGFGMVYKATLPDGKKVAIKKLSGD--CGQIEREFEAEVQTLSRAQHPNLVLLRGFCFYRN-DRLLIYSYMENGSLDYWLHERND 818
C.rubella         738  STNSFDQANIIGCGGFGMVYKATLPDGKKVAIKKLSGD--CGQIEREFEAEVQTLSRAQHPNLVLLRGFCFYRN-DRLLIYSYMENGSLDYWLHERND 832
E.salsugineum     738  STNNFDQANIIGCGGFGLVYKATLPDGRKVAIKRLSGD--CGQIEREFKAEVETLSRAQHPNLVLLQGFCFYKT-DRLLIYSYMENGSLDYWLHERND 832
C.sinensis        740  STNNFDQANIIGCGGFGLVYRATLPDGRNVAIKRLSGD--CGQMEREFRAEVEALSRAQHPNLVHLQGYCMHKN-DRLLIYSFMENGSLDYWLHEKLD 834
C.clementina      740  STNNFDQANIIGCGGFGLVYKATLPDGRNVAIKRLSGD--CGQMEREFRAEVEALSRAQHPNLVHLQGYCMHKN-DRLLIYSFMENGSLDYWLHEKLD 834
C.sativus         415  STNDFDQENIIGCGGFGLVYKATLPDGRKVAIKRLSGD--CGQMDREFQAEIETLSRAQHPNLVLLQGYCMYKN-DRLLIYSYMENGSLDYWLHEKPD 509
G.max             773  STNNFNQANIIGCGGFGLVYKAYLPNGAKAAVKRLSGD--CGQMEREFQAEVEALSRAQHKNLVSLKGYCRHGN-DRLLIYSYLENGSLDYWLHECVD 867
M.domestica       738  STNNFDQANIVGCGGFGLVYKASLPDGKKVAIKRLSGD--CGQMDREFCAEVETLSRAQHPNLVPLQGYCTYKS-DRLLIYSYMENGSLDYWLHEKID 832
M.truncatula      770  ATSNFNQANIVGCGGFGLVYKAYLPNGMKAAVKRLSGD--CGQMEREFQAEVEALSRAQHKNLVSLKGYCRHGN-DRLLIYSYMENGSLDYWLHECVD 864
P.vulgaris        769  STNNFNQANIIGCGGFGLVYKAYLPNGTKAAIKRLSGD--CGQMEREFQAEVEALSRAQHKNLVSLKGYCRHGN-DRLLIYSYLENGSLDYWLHECVD 863
P.persica         739  STNNFDQANIIGCGGFGLVYKATLPDGKKVAIKRLSGD--CGQMDREFRAEVEALSRAQHPNLVHLQGYCTYKS-DRLLIYSYMENSSLDYWLHEKID 833

   



   

                   
A.thaliana        825 GPALLKWKTRLRIAQGAAKGLLYLHEGCDPHILHRDIKSSNILLDENFNSHLADFGLARLMS-PYETHVSTDLVGTLGYIPPEYGQASVATYKGDVY 920

P.patens         1165 AVEHLDWAKRFKIAMGSARGLNFLHHGFIPHIIHRDIKASNVLLDADFEPRVADFGLARLIS-AYETHVSTSLAGTCGYIPPEYGQSWRSTTRGDVY 1260
S.moellendorffii  867 GGSRLTWRHRLAILRETARGLEYLHRGCNPHIVHRDIKSSNILLDGDLRAHVADFGLARLML-PSDTHVTTELVGTLGYIPPEYAQSSEASLRGDVY 962
A.trichopoda      854 GGSMLDWASRLRMAQGAAHGLAYLHQTCEPNILHRDIKSSNILLDEEFEAHLADFGLARLIL-PYDTHVTTDLVGTLGYIPPEYGQASVATFKGDVY 949
B.distachyon      862 GPPKLSWQRRLQIAKGAARGLAYLHLSCQPHILHRDIKSSNILLDENFEAQLADFGLARLIC-PYDTHVTTDLVGTLGYIPPEYGQSSVATFKGDVY 957
O.sativa          861 GPSRLSWQTRLQIAKGAARGLAYLHLSCQPHILHRDIKSSNILLDEDFEAHLADFGLARLIC-PYDTHVTTDLVGTLGYIPPEYGQSSVANFKGDVY 956
P.virgatum        846 SGMLLDWRKRLRIAQGAARGLAYLHMSCDPHILHRDIKSSNILLDENFEAHLADFGLARLIC-AYETHVTTDVVGTLGYIPPEYGQSPVATYKGDIY 941
S.italica         860 GPSRLIWPIRLQIAKGAARGLAYLHLSCQPHILHRDIKSSNILLDENFEAHLADFGLARLIC-PYATHVTTDLVGTLGYIPPEYGQSSVATFKGDVY 955
S.bicolor         858 GPSRLIWPRRLQIAKGAARGLAYLHLSCQPHILHRDVKSSNILLDENFEAHLADFGLARLIC-PYATHVTTDLVGTLGYIPPEYGQSSVATFKGDVY 953
Z.mays            860 GPSRLIWPRRLQIAKGAARGLAYLHLSCQPHILHRDIKSSNILLDENFEAHLADFGLARLIC-PYATHVTTDLVGTLGYIPPEYGQSSVATFKGDVY 955
A.coerulea        829 GAYALDWETRLRIAQGAARGLAYLHQSCEPHILHRDVKSSNILLDENFVAHLADFGLARLIL-PYDTHVSTDLVGTLGYIPPEYGQASVATFKGDVY 924
M.guttatus        840 GPTSLDWETRLNIAKGAARGLAYLHQSCEPHILHRDIKSSNILLNEKFEAHLADFGLARLIL-PYDTHVSTDLVGTLGYIPPEYGQASVATYKGDVY 935
S.lycopersicum    775 GPALLDWDLRLQIAQGAARGLAYLHLACEPHILHRDIKSSNILLDENFEAHLADFGLARIIR-PYDTHVTTDVVGTLGYIPPEYGQASVATYKGDVY 870
S.tuberosum       821 GPALLDWDLRLQIAQGAARGLAYLHLACDPHILHRDIKSSNILLDENFEAHLADFGLARIIR-PYDTHVTTDVVGTLGYIPPEYGQASVATYKGDVY 916
V.vinifera        608 GGSFLTWDTRVKIAQGAGRGLAYLHKVCEPSVVHRDIKSSNILLDETFEAHLADFGLSRLLR-PYDTHVTTDLVGTLGYIPPEYSQTLTATFKGDVY 703
E.grandis         824 GPCLLDWCKRLRIAQGAARGLAYLHQSCEPHIVHRDVKSSNILLDGNFEAHLADFGLARLIR-AYDTHVTTDLVGTLGYIPPEYGMASVATCKGDVY 919
P.trichocarpa     838 GPSSLDWDTRLQIAQGAARGLAYLHQACEPHIVHRDIKSSNILLDENFVAHLADFGLARLIL-PYDTHVTTDLVGTLGYIPPEYGQAAVATYMGDVY 933
L.usitatissimum   862 GPSVLQWEARLKIAKGAAKGLAYLHKVCEPHIVHRDVKSSNILLDDKFEAHLADFGLSRLLR-PYDTHVTTDLVGTLGYIPPEYSQALTATCRGDVY 957
M.esculenta       838 GPSLLDWSTRLKIARGAAKGLAYLHQSCEPHILHRDIKSSNILLDENFEAHLADFGLARLIL-PSDTHVTTDLVGTLGYIPPEYGQASVATYKGDVY 933
R.communis        823 GPTLLDWVTRLQIAQGAARGLAYLHQSCEPHILHRDIKSSNILLNENFEAHLADFGLARLIL-PYDTHVTTDLVGTLGYIPPEYGQASVATYKGDVY 918
C.papaya          726 GLSSLDWNTRIQIAIGAARGLAYLHQSCEPHILHRDIKSSNILLDENFEAHLADFGLARLIL-PYDTHVTTDLVGTLGYIPPEYGQASVATYKGDVY 821
G.raimondii       823 GPSLLSWETRLKIAQGAARGLAYLHQSCEPHILHRDIKSSNILLDENFKAHLADFGLARLIL-PYDTHVTTDLVGTLGYIPPEYGQASVATYKGDVY 918
T.cacao           802 GPSSLDWETRLQIALGAARGLAYLHQSCEPHILHRDIKSSNILLDENFKAHLADFGLARLIL-PYDTHVTTDLVGTLGYIPPEYGQASVATYKGDVY 897
A.lyrata          825 GPALLKWRTRLRIAQGAAKGLLYLHEGCDPHILHRDIKSSNILLDENFNSHLADFGLARLMS-PYETHVSTDLVGTLGYIPPEYGQASVATYKGDVY 920
A.thaliana        825 GPALLKWKTRLRIAQGAAKGLLYLHEGCDPHILHRDIKSSNILLDENFNSHLADFGLARLMS-PYETHVSTDLVGTLGYIPPEYGQASVATYKGDVY 920
B.stricta         835 GPALLKWKTRLRIAQGAAKGLLYLHEACDPHILHRDIKSSNILLDENFDSHLADFGLARLLS-PYETHVSTDLVGTLGYIPPEYGQASVATYKGDIY 930
B.rapa            832 GPALLDWKTRLRIAQGAARGLYYLHQACDPHILHRDIKSSNILLDENFDSHLADFGLARLMS-PYETHVSTDLVGTLGYIPPEYGQASVATFKGDVY 927
C.grandiflora     819 GPALLNWRTRLRIAQGAAKGLLYLHEACDPHILHRDIKSSNILLDENFTSHLADFGLARLMS-PYETHVSTDLVGTLGYIPPEYGQASVATYKGDIY 914
C.rubella         833 GPALLNWRTRLRIAQGAAKGLLYLHEACDPHILHRDIKSSNILLDENFTSHLADFGLARLMS-PYETHVSTDLVGTLGYIPPEYGQASVATYKGDIY 928
E.salsugineum     833 GPALLDWRTRLRIAQGAARGLFYLHQACDPHILHRDIKSSNILLDENFDSHLADFGLARLMS-PYETHVSTDLVGTLGYIPPEYGQASVATYKGDVY 928
C.sinensis        835 GPSSLDWDSRLHIAQGAARGLAYLHQSCEPHILHRDIKSSNILLDGNFGAHLADFGLARLILSPYDTHVTTDLVGTLGYIPPEYGQASVATYKGDVY 931
C.clementina      835 GPSSLDWDSRLHIAQGAARGLAYLHQSCEPHILHRDIKSSNILLDGNFGAHLADFGLARLILSPYDTHVTTDLVGTLGYIPPEYGQASVATYKGDVY 931
C.sativus         510 GSSCLDWDTRLQIARGAAGGLAYLHQFCEPHILHRDIKSSNILLDKNFKAHLADFGLARLIL-PYDTHVTTDLVGTLGYIPPEYGQSSIATYRGDVY 605
G.max             868 ENSALKWDSRLKVAQGAARGLAYLHKGCEPFIVHRDVKSSNILLDDNFEAHLADFGLSRLLQ-PYDTHVTTDLVGTLGYIPPEYSQTLTATFRGDVY 963
M.domestica       833 GPTSLDWNVRLKIAQGAARGLAYLHQSCEPHILHRDIKSSNILLDENFKAHLADFGLARLIH-PYATHVTTDLVGTLGYIPPEYSQASVATYKGDVY 928
M.truncatula      865 GNSALKWDVRLKIAQGAAHGLAYLHKDCEPYIVHRDIKSSNILLNDKFEAHLADFGLSRLLS-PYDTHVTTDLVGTLGYIPPEYSQTLTATFRGDVY 960
P.vulgaris        864 ESAALKWDARLKIAQGAARGLAYLHKGCEPFIVHRDVKSSNILLDDKFEAHLADFGLSRLLQ-PYDTHVTTDLVGTLGYIPPEYSQTLTATFRGDVY 959
P.persica         834 GPSSLDWNMRLQIAQGAARGLAYLHQSCEPHILHRDIKSSNILLDENFKAHLADFGLARLIL-PYDTHVTTDLVGTLGYIPPEYGQASVATYKGDVY 929

                                        

A.thaliana        921 SFGVVLLELLTDKRP--VDMCKPKGCRDLISWVVKMKHESRASEVFDPLIYSKENDK----EMFRVLEIACLCLSENPKQRPTTQQLVSWLDDV 1008

P.patens         1261 SYGVILLELLTGKEPTGSDVKDYHEGGNLVQWARQMIKAGNAADVLDPIVSDGPWKC----KMLKVLHIANMCTAEDPVKRPSMLQVVKLLKDV 1350
S.moellendorffii  963 SFGVLVLEVLSRRRP--VDACRRGGIRDLVPWVEGMQATGRGIEIVDPLLLQNYSEVDALEEMLRVLDVACYCVDSCPQRRPGIEEVVAWLDAV 1054
A.trichopoda      950 SFGVVLLELLTGKRP--VDVCKPKGCRDLVSWILQLKSEGREEEVFDPFVYEKEHSK----QMLQMLEVACSCVNACPKARPFICQVVSWLDSI 1037
B.distachyon      958 SFGIVLLELLTGKRP--VDMCKPKGARELISWVIHMKGENREADVLDRAMYEKKYEI----QMMKMIDIACLCISESPKLRPLSHELVLWIDTI 1045
O.sativa          957 SFGIVLLELLTGKRP--VDMCKPKGARELISWVLHMKEKNCEAEVLDRAMYDKKFEM----QMVQMIDIACLCISESPKLRPLTHELVLWLDNI 1044
P.virgatum        942 SFGIVLLELLTGRRP--VDMCRPKGTRDVVSWVLQMKEEGRETEVFHPSIHHKENES----QLIRVLEIACLCVTAAPKSRPTSQQLVAWLDDI 1029
S.italica         956 SFGIVLLELLTGKRP--VDMCKPKGARELVSWVTHMKKENRETDVLDRAMYDKKFEK----EMMQMIDVACLCVSDSPKLRPLTHQLVLWLDNI 1043
S.bicolor         954 SFGIVLLELLTGKRP--VDMCKPKGARELVSWVTHMKKENREADVLDRAMYDKKFET----QMIQMIDVACLCISDSPKLRPLTHQLVLWLDNI 1041
Z.mays            956 SFGIVLLELLTGKRP--IDMCKPKGARELVSWVTLMKKENREADVLDRAMYDKKFET----QMRQVIDIACLCVSDSPKLRPLTHQLVMWLDNI 1043
A.coerulea        925 SFGVVLLELLTGKRP--MDMCKPKDRRNLISWVFQMKKEKREAEVIDPFIYDKQHDK----EILRALEIACLCLSESPKVRPSTQQIVSWLENI 1012
M.guttatus        936 SFGVVLLELLTGKRP--MDMCRKRENRDLIAWVREMRREERETEVSIRFCTRN--------EMLRKW--------------------------- 992
S.lycopersicum    871 SFGVVLLELLTCKRP--MDPCKPRASRDLISWVIQMKKQKRETEVFDPLIYDKQHAK----EMLLVLEIACLCLHESPKIRPSSQQLVTWLDNI 958
S.tuberosum       917 SFGVVLLELLTCKRP--MDPCKPRASRDLISWVIQMKKQKRETEVFDPLIYDKQHAK----EMLLVLEIACLCLHESPKIRPSSQQLVTWLDNI 1004
V.vinifera        704 SFGVVLLELLTGRRP--VEVCKGKNCRDLVSWVFQMKSEKKEEQIMDSSVWDKDREK----QFLEVLGIACRCIDQDPRQRPSIDQVVSWLDAV 791
E.grandis         920 SFGVVLLELVTGKRP--MDMCKPKVSRDMISWVIRMKGENRESEVFDHSIYGMKHDK----EILRVFEIACLCLNVSPKVRPSTQQLVSWLDG- 1006
P.trichocarpa     934 SFGVVLLELLTGKRP--MDMCKPKGSRDLISWVIQMKKENRESEVFDPFIYDKQNDK----ELQRVLEIARLCLSEYPKLRPSTEQLVSWLDNI 1021
L.usitatissimum   958 SFGVVLLELLTCRRP--VEVCKGKSCRDLVSWVFQMKFEKRVSEIIDASIWDKDQEK----QLVEMLEIACRCLDHEPRRRPFIEEVVSCLDGI 1045
M.esculenta       934 SFGVVLLELLTGKRP--MDMCKPKGSRDLISWVIQMKKENRESEVFDPFICDKQHDK----QLLQVFDIACLCLSESPKVRPSTTQLVSWLENT 1021
R.communis        919 SFGVVLLELLTGKRP--MDMCKPKGSRDLISWVIQMKKENRESEVFDPFIYDKQNDK----QLLQVLDIACLCLSEFPKVRPSTMQLVSWLDGI 1006
C.papaya          822 SFGVVLLELLTGKRP--MDMCKPKGSRDLISWAIQMKKENRENEVFDPFIYDKQHDK----EMCLVLQIACICLSECPKVRPTTQQLVSWLDNI 909
G.raimondii       919 SFGVVLLELLTGKRP--MDMCKPKGTRDLISWVIRMKMENKESEVFDPFIYGKQHDK----EMLRILEIACLCLNESPKIRPTTQQLVYWLDKV 1006
T.cacao           898 SFGVVLLELLTGKRP--MDMCKPKGSRDLISWVIRMKIENRESEVFDPFIYGKQHDK----EMLRVLEIACLCLSESPKVRPTTQQLVSCLDKV 985
A.lyrata          921 SFGVVLLELLTDKRP--VDMCKPKGCRDLISWVVKMKHENRASEVFDPLIYSKENDK----EMFRVLEITCLCLSENPKQRPTTQQLVSWLDDV 1008
A.thaliana        921 SFGVVLLELLTDKRP--VDMCKPKGCRDLISWVVKMKHESRASEVFDPLIYSKENDK----EMFRVLEIACLCLSENPKQRPTTQQLVSWLDDV 1008
B.stricta         931 SFGVVLLELLTDKRP--VDMCKPKGCRDLISWVVKMKNENRACEVLDPLIYSKENDK----EMFRVLEIACLCLNENPKQRPTTQQLVSWLHDV 1018
B.rapa            928 SFGVVLLELLTDKRP--VDMCKPKGGRELISWVVRMKSEGRASEVFDPFIHGKVNEE----EMFRVLEVACLCLSHNPKLRPTTEQLVSWLDDV 1015
C.grandiflora     915 SFGVVLLELLTDKRP--VDMCKPKGSRDLISWVVKMKYENRASEVFDPLIYRKENEK----EMLRVLEIACLCLSENPKQRPMTEQLVTWLDDV 1002
C.rubella         929 SFGVVLLELLTDKRP--VDMCKPKGSRDLISWVVKMKYENRASEVFDPLIYRKENEK----EMLRVLEIACLCLSENPKQRPMTEQLVTWLDDV 1016
E.salsugineum     929 SFGVVLLELLTDKRP--VDMCKPKGGRDLISWVVRMKNENRASEVFDPLIHGKENEK----EMLRVLEVACLCLSENPKQRPTTQELVSWLDDV 1016
C.sinensis        932 SFGVVLLELLTGKRP--MDMCKPKGSRDLISWVIRMRQENRESEVLDPFIYDKQHDK----EMLRVLDIACLCLSESPKVRPTTQQLVSWLDSI 1019
C.clementina      932 SFGVVLLELLTGKRP--MDMCKPKGSRDLISWVIRMRQENRESEVLDPFIYDKQHDK----EMLRVLDIACLCLSESPKVRPTTQQLVSWLDSI 1019
C.sativus         606 SFGVVLLELLTGKRP--IDMCRPKGLRDLISWVFQMRKDKKVSEVFDPFVYDKKNEM----AMVEVLDIACLCLCKVPKERPSTQQLVTWLDKC 693
G.max             964 SFGVVLLELLTGRRP--VEVIKGKNCRNLVSWVYQMKSENKEQEIFDPVIWHKDHEK----QLLEVLAIACKCLNQDPRQRPSIEIVVSWLDSV 1051
M.domestica       929 SFGVVLLELLTGKRP--MDMCKPKECRDLISWAFQMKREKKESEVFDPFICDKQHDE----ELLCVFEIACLCLSGSPKVRPSTQQLVTWLDNI 1016
M.truncatula      961 SFGVVLLELLTARRP--VEVIKGKNCRNLVSWVYQMKYENKEQEIFDQTIWEKEREK----QLLEVLSIACKCLDQDPRQRPSIEMVVSWLDSV 1048
P.vulgaris        960 SFGVVLLELLTGRRP--VEVIKGKNCRNLVFWVFQMKSENKEQDIFDPAIWHKDREK----QLLEMLAIACKCLDQDPRQRPAIEVVVSWLDCV 1047



P.persica         930 SFGVVLLELLTGKRP--MDMCKPRGCRDLISWAFQMKREKRETEVFDPFIYDKKHDE----ELLCVLEIACLCLSGSPKVRPSTQQLVSWLDNM 1017

A.thaliana ----------------------------

P.patens         1351 EMSSQLSTHDDAQ--------------- 1363
S.moellendorffii 1055 GSSRLKVGLGKP---------------- 1066
A.trichopoda     1038 GADSQQTK-------------------- 1045
B.distachyon     1046 DTSGEAIN-------------------- 1053
O.sativa         1045 GGSTEATK-------------------- 1052
P.virgatum       1030 AEDSVLEQPEVSGGFNLLA--------- 1048
S.italica        1044 GVSSDAPK-------------------- 1051
S.bicolor        1042 GVTSDAPK-------------------- 1049
Z.mays           1044 GVTSDEPK-------------------- 1051
A.coerulea       1013 DTYGP----------------------- 1017
M.guttatus ----------------------------
S.lycopersicum    959 NTPPDVHVF------------------- 967
S.tuberosum      1005 NTPPDVHVF------------------- 1013
V.vinifera        792 GKEGVLPLFIAFEISSFSFFLS------ 813
E.grandis ----------------------------
P.trichocarpa    1022 DTNT------------------------ 1025
L.usitatissimum  1046 GDT------------------------- 1048
M.esculenta      1022 DISTA----------------------- 1026
R.communis       1007 DNTT------------------------ 1010
C.papaya          910 ETTSSILIM------------------- 918
G.raimondii      1007 TSLSSV---------------------- 1012
T.cacao           986 DISI------------------------ 989
A.lyrata ----------------------------
A.thaliana ----------------------------
B.stricta ----------------------------
B.rapa ----------------------------
C.grandiflora ----------------------------
C.rubella ----------------------------
E.salsugineum ----------------------------
C.sinensis       1020 I---------------------------
C.clementina     1020 I---------------------------
C.sativus         694 TFYNQPYTPHNKFFVSLVYISTFFSSLN 721
G.max            1052 RFDGSQQ--------------------- 1058
M.domestica      1017 NTKKV----------------------- 1021
M.truncatula     1049 KVDGFQQ--------------------- 1055
P.vulgaris       1048 RFDGSQQ--------------------- 1054
P.persica        1018 STKN------------------------ 1021

Arabidopsis thaliana

in planta in vitro

E. coli



Arabidopsis thaliana PSKR1 681  RARRRSGEVDPEI---EESESM-----NRKELGEIGSKLVVLFQS--NDKELSYDDLLD 729

Physcomitrella patens       817  EVEAKDLEKAKLNMNMTLDPCS----LSLDKMKEPLSINVAMFEQ--PLLRLTLADVLR 869
Selaginella moellendorffii  721  SFSRAR-AGHRQD----IAGRN----FKEMSVAQMMDLTVTMFGQ--RYRRITVGDLIK 768
Amborella trichopoda        650  HMSRKE--ERYQSNGEVVDSDR-----SHRPSESFGSKLVLLFQN-PEGMELTINDLLK 700
Brachypodium distachyon     690  NISKGE--ASAISD---EDAEG-----DCHDPYYSYSKPVLFFEN-S-AKELTVSDLIK 736
Oryza sativa                711  NISKRE--VSIIDD---EEING-----SCHDSYD-YWKPVLFFQD-S-AKELTVSDLIK 756
Panicum virgatum            586  NMSKRE--VSAIDY---EDTEG-----SCHELYDSYLKPVLFFQN-SAVKELTVSDLVR 633
Setaria italica             695  NMSKRE--VSAIDY---EETEG-----SCHELYDSYSKPVLFFQN-SAVKELTVSDLVR 742
Sorghum bicolor             703  NMSKRE--VTAIDY---EDTEG-----SSHELYDTYSKPVLFFQN-STVKELTVSDLVR 750
Zea mays                    696  NMSKRE--VSAIEHE--EDTEG-----SCHELYGSYSKPVLFFQN-SAVKELTVSDLVR 744
Aquilegia coerulea          713  KISRKD-VRYPMD---DVEENF-CRSNRFS-EALGSSKLVILFQN-SESKELTIGDLLK 764
Mimulus guttatus            702  RVSRKD-NRAPVE---DLEEEED-------SRTTGQPK-MVIFKN-ADFKDLTVSDLLK 747
Solanum lycopersicum        685  RVSRRD-AGHQIG---DFEEDFSR--PPRSSDTFVPSK-LVLFQN-SDCKELTVADLLK 735
Solanum tuberosum           712  RVSRRD-AGHQIG---DFEEDFSR--PPRSSDTFVPSK-LVLFQN-SDCKELTVADLLK 762
Vitis vinifera              462  EVYIPY-VGDPIV---DLDEEI-SRPHRLS-EVLGSSK-LVLFQN-SGCKDLSVADLLK 512
Eucalyptus grandis 715  KILRRD-VNDHID---DLHEEL-GRPHRLS-GTLESSK-LVLFPN-SDCKDLTVADLLK 765
Populus trichocarpa         715  KMSRRN-VGDPIG---DLEEEG-SLPHRLS-EALRSSK-LVLFQN-SDCKELSVADLLK 765
Linum usitatissimum         716  MMSRRA-RGDLIN---NLDEEG-SESQRSS-QALMTSK-LVLFQN-SDCKDLTVTDLLK 766
Manihot esculenta           716  KMSKRD-VGDPIE---DLDEEV-SWPHRLS-EGLGSSK-LVLFQN-SECKDLTVADLLK 766
Ricinus communis            714  KISRRDYVGDPFD---DLDEEV-SRPHRLS-EALGSSK-LVLFQN-SDCKDLTVADLLK 765
Carica papaya               583  RAHSR-GEVDPER---DFDG-------NEKDLEELGSRLVVLFQNKEDNKDLSFDDLLK 630
Gossypium raimondii         716  RMSKRD-VGSTVD---NLDEEL-SRSHRLS-EALGSSK-LVLFQS-SNCKELTVTDLLK 766
Theobroma cacao             716  RMSRRD-VGDPID---DLDEEL-SRSHRLS-EALGSSK-LVLFQS-SNCKELTVTDLLK 766
Arabidopsis lyrata          701  RISRKD-SDDRIN---DVDEET----ISGVPKALGPSK-IVLFHS-CGCKDLSVEELLK 749
Arabidopsis thaliana       701  RISRKD-VDDRIN---DVDEET----ISGVSKALGPSK-IVLFHS-CGCKDLSVEELLK 749
Boechera stricta            701  RISRKD-ADDRIN---DVDEET----ISGVPKALGPSK-IVLFHS-CGCKDLSVEDLLK 749
Brassica rapa               674  RLSRKE-GDDRVN---DADEE--------VPKAPLSSK-IVLFHS-CGCKDLTVADLLK 718
Capsella grandiflora        701  RISRKD-ADDRIN---DVDEET----VSGVPKALGPSK-IVLFHS-CGCKDLSVEDLLK 749
Capsella rubella            701  RISRKD-ADDRIN---DVDEET----ISGVPKALGPSK-IVLFHS-CGCKDLSVEDLLK 749
Eutrema salsugineum         682  RLSRKD-ADDRVN---DIDEEM----ISDVPKAPGTSK-IVLFHS-CGCKDLSVADLLK 730
Citrus sinensis             714  KMSRRD-SGCPID---DLDEDM-GRPQRLS-EALASSK-LVLFQN-SDCKDLTVSDLLK 764
Citrus clementina           718  KMSRRD-SGCPID---DLDEDM-GRPQRLS-EALASSK-LVLFQN-SDCKDLTVSDLLK 768
Cucumis sativus             724  KISRKD-VGDRRNNRFDEEFDR----ADRLSGALGSSK-LVLFQN-SECKDLTVAELLK 775
Glycine max                 721  KMSKRD-DDKPMD---NFDEELNGRPRRLS-EALASSK-LVLFQN-SDCKDLTVADLLK 772
Malus domestica             718  KMSRRG-AKDQID---DFDED--SRPHRIS-GALASSK-LVLFQN-SDCKDFTVSDLLK 767
Medicago truncatula         717  RMSKRE-EDKPID---SFDEEMSGRPRRLSSEGFVASK-LVLFQN-SDCKDLTVSDLLK 769
Phaseolus vulgaris          717  RTSRRD-DDKPID---NYDEELNGRPHRLS-EALVSSK-LVLFQN-SDCKDLTVADLLK 768
Prunus persica              716  KMSRRG-VKDQND---DFDDDL-SRPHRLS-GALASSK-LVLFQN-SDCKELTVTDLLK 766

                                        

                                                                                                                                                                             

A.thaliana  PSKR1 730  STNSFDQANIIGCGGFGMVYKATLPDGKKVAIKKLSGDCG--QIEREFEAEVETLSRAQHPNLVLLRGFCFYKN-DRLLIYSYMENGSLDYWLHERND 824

P.patens          870  ATNGFSKTNIIGDGGFGTVYKAHLPDGRIVAIKKLGHGLS--QGNREFLAEMETLGKVKHRHLVPLLGYCSFGE-EKLLVYDYMKNGSLDLWLRNRAD 964
S.moellendorffii  769  ATNNFDATNIIGCGGFGLVFKANLPDGNVVAIKRLTSEDGGPQMEKEFDAELSTLGNITHPNLVSLEGYCRLGMRDRLLVYSYMENGSLDYWLHERSD 866
A.trichopoda      701  STNNFDQANIIGCGGFGLVYKAYLPDNTKAAIKRLSGDCG--QMEREFRAEVEALSRAQHKNLVSLRGYCRHGN-DRLLIYSYMENGSLDYWLHERLD 853
B.distachyon      737  STNNFDEANIIGCGGFGMVYKAYLPDGTKAAVKRLSGDSG--QMEREFHAEVEALSQAQHKNLVSLRGYCRYRD-DRLLIYTYMENNSLDYWLHERED 831
O.sativa          757  STNNFDQANIIGCGGFGLVYKAYLPDGTKAAVKRLSGDCG--QMEREFRAEVEALSQAQHKNLVSLRGYCRYGN-DRLLIYSYMENNSLDYWLHERSD 851
P.virgatum        634  STNNFDQANIIGCGGFGLVYKAYLPDGTKAAVKRLSGDYG--QMEREFRAEVEALSQAQHKNLVTLRGYCRYGN-DRLLIYSYMENGSLDYWLHERSD 728
S.italica         743  STNNFDQANIIGCGGFGLVYKAYLPDGTKAAVKRLSGDCG--QMEREFRAEVEALSQAQHKNLVTLRGYCRYGN-DRLLIYSYMENGSLDYWLHERSD 837
S.bicolor         751  STNNFDQANIIGCGGFGLVYKAYLPDGTKAAVKRLSGDCG--QMEREFRAEVEALSQAQHKNLVTLKGYCRYGN-DRLLIYSYMENGSLDYWLHERSD 845
Z.mays            745  STNNFDQANIIGCGGFGLVYKAYLPDGTKAAVKRLSGDCG--QMEREFRAEVEALSQAQHKNLVTLKGYCRYGD-DRLLIYSYMENGSLDYWLHERSD 839
A.coerulea        765  STNNFDQANIIGCGGFGLVYKANLPNGSKAAIKRLSGDCG--QMEREFRAEVEALSRAQHKNLVPLQGYCRHGN-DRLLIYSYMENGSLDYWLHERVD 859
M.guttatus        748  STNNFSQSNIVGCGGFGLVYRADFPNGAKAAVKRLSGDCG--QMEREFRAEVEALSRAQHKNLVSLQGYCIYRN-DRLLIYSYMENGSLDYWLHEQIE 842
S.lycopersicum    736  STNNFNQSNIVGCGGFGLVYKAELPNGIKTAIKRLSGDCG--QMEREFQAEVEALSRAQHKNLVSLQGYCQHGS-DRLLIYSYMENGSLDYWLHERVD 830
S.tuberosum       763  STNNFNQSNIVGCGGFGLVYKAELPNGIKTAIKRLSGDCG--QMEREFQAEVEALSRAQHKNLVSLQGYCQHGS-DRLLIYSYMENGSLDYWLHERVD 857
V.vinifera        513  STNNFNQANIIGCGGFGLVYKANLPDGTRAAIKRLSGDCG--QMEREFRAEVEALSRAQHKNLVSLQGYCRHGN-DRLLIYSYMENGSLDYWLHERVD 607
E.grandis         766  STSNFSQANIIGCGGFGLVYKANLPNGMKAAIKRLSGDCG--QVEREFHAEVEALSRAQHKNLVSLQGYCRHGN-HRLLIYSYMENGSLDYWLHECND 860
P.trichocarpa     766  STNNFNQANIIGCGGFGLVYKANFPNDTKAAIKRLSGDCG--QMEREFQAEVEALSRAQHKNLVSLQGYCRHGN-YRLLIYSYMENGSLDYWLHESVD 860
L.usitatissimum   767  ATNNFSQANIIGCGGFGLVYKANLPNGKKAAIKKLSGDCG--QIEREFQAEVEALSRAQHKNLVSLQGYCKHGS-DRLLVYSYMENGSLDYWLHECVD 861
M.esculenta       767  STNNFNQANIIGCGGFGLVYKANLPNGTKAAIKRLSGDCG--QMEREFRAEVEALSRAQHKNLVSLQGYCRHGN-DRLLIYSYMENGSLDYWLHECVD 861
R.communis        766  ATNNFNQANIIGCGGFGLVYKASLPNGAKAAIKRLSGDCG--QMEREFRAEVEALSRAQHKNLVSLQGYCRHGN-DRLLIYSYMENGSLDYWLHECAD 860
C.papaya          631  STNNFDQANIIGCGGFGLVYKATLPDSRKVAIKRLSGDCG--QMDREFRAEVEALSRAQHPNLVLLQGYCMHKN-DRLLIYSYMENGSLDYWLHEKID 725
G.raimondii       767  STNNFNQANIIGCGGFGLVYKAYLPDGTNAAVKRLSGDCG--QMEREFRAEVEALSRAQHKNLVSLQGYCKHGN-DRLLIYSYMENGSLDYWLHESVD 861
T.cacao           767  STNNFNQANIIGCGGFGLVYKAYLPDGTKAAVKRLSGDCG--QMEREFRAEVEALSRAQHKNLVSLQGYCKHGN-DRLLIYSYMENGSLDYWLHESVD 861
A.lyrata          750  STNNFSQANIIGCGGFGLVYKANFPDGSKAAVKRLSGDCG--QMEREFQAEVEALSRAEHKNLVSLQGYCKHGN-DRLLIYSFMENGSLDYWLHERVD 844
A.thaliana       750  STNNFSQANIIGCGGFGLVYKANFPDGSKAAVKRLSGDCG--QMEREFQAEVEALSRAEHKNLVSLQGYCKHGN-DRLLIYSFMENGSLDYWLHERVD 844
B.stricta         750  STNNFSQANIIGCGGFGLVYKANFPDGSKAAVKRLSGDCG--QMEREFQAEVEALSRAEHKNLVSLQGYCKHGN-DRLLIYSFMENGSLDYWLHERVD 844
B.rapa            719  STNGFSQANIIGCGGFGLVYKANLPDGSKAAVKKLSGDCG--QMEREFQAEVEALSRAEHENLVSLQGYCKHGD-DRLLIYSFMENGSLDYWLHERVD 813
C.grandiflora     750  STNNFSQANIIGCGGFGLVYKANFPDGSKAAVKRLSGDCG--QMEREFQAEVEALSRAEHKNLVSLQGYCKHGN-DRLLIYSFMENGSLDYWLHERVD 844
C.rubella         750  STNNFSQANIIGCGGFGLVYKANFPDGSKAAVKRLSGDCG--QMEREFQAEVEALSRAEHKNLVSLQGYCKHGN-DRLLIYSFMENGSLDYWLHERVD 844
E.salsugineum     731  STNSFSQANIIGCGGFGLVYKANLPDGSKAAVKRLSGDCG--QMEREFQAEVEALSRAEHKNLVSLQGYCKHGN-DRLLIYSFMENGSLDYWLHERVD 825
C.sinensis        765  STNNFNQANIIGCGGFGLVYKATLTNGTKAAVKRLSGDCG--QMEREFQAEVEALSRAQHKNLVSLQGYCRHGN-DRLLIYSYMENGSLDYWLHESVD 859
C.clementina      769  STNNFNQANIIGCGGFGLVYKATLTNGTKAAVKRLSGDCG--QMEREFQAEVEALSRAQHKNLVSLQGYCRHGN-DRLLIYSYMENGSLDYWLHESVD 863
C.sativus         776  ATCNFNQANIIGCGGFGLVYKASLPNGSKAAVKRLTGDCG--QMEREFQAEVEALSRAQHKNLVSLQGYCKHGN-DRLLIYSYMENGSLDYWLHEVVD 870
G.max             773  STNNFNQANIIGCGGFGLVYKAYLPNGAKAAVKRLSGDCG--QMEREFQAEVEALSRAQHKNLVSLKGYCRHGN-DRLLIYSYLENGSLDYWLHECVD 867
M.domestica       768  STNNFNQANIIGCGGYGLVYKANLPNGAKAAIKRLSGDCG--QMEREFQAEVEALSRAQHKNLVSLQGYCRHGN-DRLLIYSYMENGSLDYWLHESVD 862
M.truncatula      770  ATSNFNQANIVGCGGFGLVYKAYLPNGMKAAVKRLSGDCG--QMEREFQAEVEALSRAQHKNLVSLKGYCRHGN-DRLLIYSYMENGSLDYWLHECVD 864
P.vulgaris        769  STNNFNQANIIGCGGFGLVYKAYLPNGTKAAIKRLSGDCG--QMEREFQAEVEALSRAQHKNLVSLKGYCRHGN-DRLLIYSYLENGSLDYWLHECVD 863
P.persica         767  STNNFNQANIIGCGGYGLVYKANLPNGTKAAIKRLSGECG--QMEREFQAEVEALSRAQHKNLVSLQGYCRHGN-DRLLIYSYMENGSLDYWLHESVD 861

   



   

                                
A.thaliana  PSKR1 825 GPALLKWKTRLRIAQGAAKGLLYLHEGCDPHILHRDIKSSNILLDENFNSHLADFGLARLMSPYETHVSTDLVGTLGYIPPEYGQASVATYKGDVY 920

P.patens          965 ALEHLDWPKRFRIALGSARGLCFLHHGFIPHIIHRDIKASNILLDANFEPRVADFGLARLISAYDSHVSTDIAGTFGYIPPEYGQSWRSTTRGDVY 1060
S.moellendorffii  867 GGSRLTWRHRLAILRETARGLEYLHRGCNPHIVHRDIKSSNILLDGDLRAHVADFGLARLMLPSDTHVTTELVGTLGYIPPEYAQSSEASLRGDVY 962
A.trichopoda      854 EGLMLDWGTRLKIAQGSARGLAYLHRVCDPNIVHRDVKSSNILLNDKFEAHLADFGLSRLLRPYDTHVTTDLVGTLGYIPPEYGQTLTATFKGDVY 949
B.distachyon      832 GGYMLKWDSRLKIAQGSARGLAYLHKECEPSIIHRDVKSSNILLNENFEAHLADFGLARLMQPYDTHVTTELVGTLGYIPPEYSQSLIATPKGDVY 927
O.sativa          852 GGYMLKWESRLKIAQGSARGLAYLHKDCEPNIIHRDVKSSNILLNENFEAHLADFGLARLIQPYDTHVTTDLVGTLGYIPPEYSQSVIATPKGDVY 947
P.virgatum        729 GGYMLKWESRLRIAQGSARGLAYLHKVCEPNIIHRDVKSSNILLNENFEACLADFGLARLIQPYDTHVTTDLVGTLGYIPPEYSQSVIATPKGDVF 824
S.italica         838 GGYMLKWESRLRIAQGSARGLAYLHKVCEPNIIHRDVKSSNILLNENFEACLADFGLARLIQPYDTHVTTDLVGTLGYIPPEYSQSVIATPKGDVF 933
S.bicolor         846 GGYMLKWESRLRIAQGSARGLAYLHKVCEPNIIHRDVKSSNILLNENFEACLADFGLARLIQPYDTHVTTDLVGTLGYIPPEYSQAVIATPKGDVF 941
Z.mays            840 GGYVLTWESRLRIAQGSARGLAYLHKVCEPNIIHRDVKSSNILLNENFEACLADFGLARLIQPYDTHVTTDLVGTLGYIPPEYSQAVIATPKGDVF 935
A.coerulea        860 GGSVLKWDVRLKIAQGAGKGLAYLHKGCEPNIVHRDVKSSNILLDENFDAHLADFGLARLLCPYDTHVTTDLVGTLGYIPPEYSQTLTATFKGDVY 955
M.guttatus        843 DGSFLDWEKRLKIARGAACGLAYLHN--EPNIVHRDIKTSNILLNEKFDAHLADFGLSRLLHPYDTHVTTDLVGTLGYIPPEYSQSLAATFRGDVY 936
S.lycopersicum    831 -GSSLTWDMRLKIAQGAARGLAYLHK--EPNIVHRDIKTSNILLNERFEAHLADFGLSRLLRPYDTHVTTDLVGTLGYIPPEYSQTLTATFRGDVY 923
S.tuberosum       858 -GSSLTWDIRLKIAQGAAHGLAYLHK--EPNIVHRDIKTSNILLNERFEAHLADFGLSRLLHPYDTHVTTDLVGTLGYIPPEYSQTLTATFRGDVY 950
V.vinifera        608 GGSFLTWDTRVKIAQGAGRGLAYLHKVCEPSVVHRDIKSSNILLDETFEAHLADFGLSRLLRPYDTHVTTDLVGTLGYIPPEYSQTLTATFKGDVY 703
E.grandis         861 GGSVLAWDVRLKIAQGAARGLAYLHKVCEPNIVHRDVKSSNILLDEKYEAHLADFGLSRLLRPYDTHVTTDLVGTLGYIPPEYSQTLTATFRGDVY 956
P.trichocarpa     861 GTSVLKWEVRLKIAQGAACGLAYLHKVCEPHIVHRDVKSSNILLDENFEAHLADFGLSRLLRPYDTHVTTDLVGTLGYIPPEYSQTLMATCRGDVY 956
L.usitatissimum   862 GPSVLQWEARLKIAKGAAKGLAYLHKICEPHIVHRDVKSSNILLDEKFEAHLADFGLSRLLRPYDTHVTTDLVGTLGYIPPEYSQALTATCRGDVY 957
M.esculenta       862 GASFLKWDVRLKVAQGAASGLAYLHKVCEPHIVHRDVKSSNILLDEKFEAHLADFGLSRLLRPYDTHVTTDLVGTLGYIPPEYSQTLTATCRGDVY 957
R.communis        861 GASFLKWEVRLKIAQGAASGLAYLHKVCEPHIVHRDVKSSNILLDEKFEAHLADFGLSRLLRPYDTHVTTDLVGTLGYIPPEYSQTLTATCRGDVY 918
C.papaya          726 GLSSLDWNTRIQIAIGAARGLAYLHQSCEPHILHRDIKSSNILLDENFEAHLADFGLARLILPYDTHVTTDLVGTLGYIPPEYGQASVATYKGDVY 821
G.raimondii       862 GSSVLKWDVRLKIAQGAARGLAYLHKVCEPHIVHRDVKSSNILLDEKFEAHLADFGLSRLLRPYDTHVTTDLVGTLGYIPPEYSQTLTATCRGDVY 957
T.cacao           862 GSSILKWDVRLKIAQGAARGLAYLHKVCEPNIVHRDVKSSNILLDEKFEAHLADFGLSRLLRPYDTHVTTDLVGTLGYIPPEYSQTLTATCRGDVY 957
A.lyrata          845 GNMTLKWDVRLKIAQGAARGLAYLHKVCEPNVIHRDVKSSNILLDEKFEAHLADFGLARLLRPYDTHVTTDLVGTLGYIPPEYSQSLIATCRGDVY 940
A.thaliana       845 GNMTLIWDVRLKIAQGAARGLAYLHKVCEPNVIHRDVKSSNILLDEKFEAHLADFGLARLLRPYDTHVTTDLVGTLGYIPPEYSQSLIATCRGDVY 940
B.stricta         845 GNMTLKWDVRLKIAQGAARGLAYLHKVCEPNVIHRDVKSSNILLDEKFQAHLADFGLARLLRPYDTHVTTDLVGTLGYIPPEYSQSLIATCRGDVY 940
B.rapa            814 GSTTLRWDVRLKIARGAARGLAYLHKDCEPNVIHRDVKSSNILLDEKFEAHIADFGLARLLRPYDTHVTTDLVGTLGYIPPEYSQALIATCRGDVY 909
C.grandiflora     845 GNMTLKWDVRLKIAQGAARGLAYLHKVCEPNVIHRDVKSSNILLDEKFEAHLADFGLARLLRPYDTHVTTDLVGTLGYIPPEYSQSLIATCRGDVY 940
C.rubella         845 GNMTLKWDVRLKIAQGAARGLAYLHKVCEPNVIHRDVKSSNILLDEKFEAHLADFGLARLLRPYDTHVTTDLVGTLGYIPPEYSQSLIATCRGDVY 940
E.salsugineum     826 GNMTLKWDVRLKIAQGAARGLAYLHKVCEPNVIHRDVKSSNILLDEKFEAHLADFGLARLLRPYDTHVTTDLVGTLGYIPPEYSQSLIATCRGDVY 921
C.sinensis        860 KDSVLKWDVRLKIAQGAARGLAYLHKVCEPHIVHRDVKSSNILLDEKFEAHLADFGLSRLLRPYDTHVTTDLVGTLGYIPPEYSQTLTATCRGDVY 955
C.clementina      864 KDSVLKWDVRLKIAQGAARGLAYLHKVCEPHIVHRDVKSSNILLDEKFEAHLADFGLSRLLRPYDTHVTTDLVGTLGYIPPEYSQTLTATCRGDVY 959
C.sativus         871 NDSILKWETRLKIAQGAAHGLAYLHKECQPNIIHRDVKSSNILLDDRFEAHLADFGLSRLLRPYDTHVTTDLVGTLGYIPPEYSQTLTATCRGDVY 966
G.max             868 ENSALKWDSRLKVAQGAARGLAYLHKGCEPFIVHRDVKSSNILLDDNFEAHLADFGLSRLLQPYDTHVTTDLVGTLGYIPPEYSQTLTATFRGDVY 963
M.domestica       863 GVSLLKWDVRLKIAQGAARGLAYLHKGCQPNIVHRDIKTSNILLDEKFEAHLADFGLSRLLRPYDTHVTTDLVGTLGYIPPEYSQTLTATCRGDVY 958
M.truncatula      865 GNSALKWDVRLKIAQGAAHGLAYLHKDCEPYIVHRDIKSSNILLNDKFEAHLADFGLSRLLSPYDTHVTTDLVGTLGYIPPEYSQTLTATFRGDVY 960
P.vulgaris        864 ESAALKWDARLKIAQGAARGLAYLHKGCEPFIVHRDVKSSNILLDDKFEAHLADFGLSRLLQPYDTHVTTDLVGTLGYIPPEYSQTLTATFRGDVY 959
P.persica         862 GVSLLKWDVRLKIAQGAARGLAYLHKGCQPNIVHRDIKTSNILLDEKFEAHLADFGLSRLLRPYDTHVTTDLVGTLGYIPPEYSQTLTATCRGDVY 957

                                                                                                                                                                

A.thaliana  PSKR1 921 SFGVVLLELLTDKRP-VDMCKPKGCRDLISWVVKMKHESRASEVFDPL-IYSKEND---KEMFRVLEIACLCLSENPKQRPTTQQLVSWLDDV 1008

P.patens         1061 SYGVILLEMLTGKEPTRDDFKDIEGGNLVGWVRQVIRKGDAPKALDSEVSKGPWKN----TMLKVLHIANLCTAEDPIRRPTMLQVVKFLKDI 1149
S.moellendorffii  963 SFGVLVLEVLSRRRP-VDACRRGGIRDLVPWVEGMQATGRGIEIVDPLLLQNYSEVDALEEMLRVLDVACYCVDSCPQRRPGIEEVVAWLDAV 1054
A.trichopoda      950 SFGVVLLELLTGKRP-VDVCKSKGCRDLVSWVVQMKREKKEEEIFVPF-LWSKEHE---KQLLQVLEIACKCIDQDPKQRPSIGQVVLWLDSV 1037
B.distachyon      928 SFGVVLLELLTGKRP-VGVLIVK--WDLVSWTLQMQSENKEEQIFDKL-IWSKEHE---KQLLAVLEAACRCINADPRQRPPIEQVVAWLDGI 1013
O.sativa          948 SFGVVLLELLTGRRP-MDVSKAKGSRDLVSYVLQMKSEKKEEQIFDTL-IWSKTHE---KQLFSVLEAACRCISTDPRQRPSIEQVVAWLDSV 1035
P.virgatum        825 SFGVVLLELLTGKRP-VDVSKSKGSRDLISWVLQMKSEKKEEQIFDRL-IWSKAHE---KQLLSVLEITCKCISADPRQRPSIEEVVSCLDKV 912
S.italica         934 SFGVVLLELLTGKRP-VDVSKSKGSRDLISWVLQMKSEKKEDQIFDRL-IWSKAHE---KQLLLVLEIACKCISPDPRQRPSIEQVVSSLDNV 1021
S.bicolor         942 SFGVVLLELLTGRRP-VDVSKFKGSRDLISWVLQMKSEKKEEQIFDSL-IWSKTHE---KQLLSVLETACKCISTDPRQRPSIEQVVSCLDNV 1029
Z.mays            936 SFGVVLLELLTGRRP-VDVSRSKGSRDLISWVLQMKSERKEEQIFDSL-IWSKAHE---KQLLSVLETACKCISADPRQRPSIEQVVSCLDNS 1023
A.coerulea        956 SFGVVLLELLTSRRP-VDVCKAKGTRDLVSWVLQLKLENKEEQIFDPS-IWSKSLE---KQFIEVLGVACKCIDQDPRRRPSIEQVVLLLDSI 1043
M.guttatus        937 SFGIVLLELITGRRP-VEVCKGKNCRDLVGWVYLKKSEKREMEIFDSSVVRDKECE---KQAMEMLEIACRCIERDPRRRPSIDEVVSFLETI 1025
S.lycopersicum    924 SFGVVLLELLTGKRP-VEVCRGKNCRDLVSWVFQLKSENRAEEIFDTT-IWDTSYE---KQLLEVLSIACQCIVQDPRQRPSIDQVVLWLEAI 1011
S.tuberosum       951 SFGVVLLELLTGKRP-VEVCRGKNCRDLVSWVFQLKSENRVEEIFDTS-IWDTSYE---RQLLEVLSIACQCIVQDPRQRPSIDQVVLWLEAI 1038
V.vinifera        704 SFGVVLLELLTGRRP-VEVCKGKNCRDLVSWVFQMKSEKKEEQIMDSS-VWDKDRE---KQFLEVLGIACRCIDQDPRQRPSIDQVVSWLDAV 791
E.grandis         957 SFGVVLLELLTSRRP-VEVIKGKNCRDLVSWVFQMKSEKREEEIIDPS-IWVKDHE---RQVLEVLSVACNCTDRDPRRRPSIEQVVSWLDRV 1044
P.trichocarpa     957 SFGVVLLELLTGRRP-VEVCKGKNCRDLVSWVFQMKSEKREAEIIDPA-IWDKDHQ---KQLFEMLEIACRCLDPDPRKRPLIEEVVSWLVLD 1044
L.usitatissimum   958 SFGVVLLELLTCRRP-VEVCKGKSCRDLVSWVFQMKFEKRVSEIIDTS-IWDKDRE---KQLVEMLEIACRCLDHDPRRRPFIEEVVSCLDGI 1045
M.esculenta       958 SFGVVLLELVTRRRP-VEVCKGKNCRDLVSWVFQMKSEKREAEIVDSS-MWDKDIE---KQLFEMLEIACRCLDQDPRRRPLIDEVVSWLDSI 1045
R.communis        919 SFGVVLLELLTGRRP-VEVCKGKNCRDLVSWMFQMKYEKRETEIIDSS-IWNKDLE---KQLSEMLEIACRCLDQDPRRRPLIDEVVSWLDGI 1044
C.papaya          822 SFGVVLLELLTGKRP-MDMCKPKGSRDLISWAIQMKKENRENEVFDPF-IYDKQHD---KEMCLVLQIACICLSECPKVRPTTQQLVSWLDNI 909
G.raimondii       958 SFGVVLLELLTGRRP-VEVCKGKNCRDLVSWVFQMKFEKRESEIIDSS-LWDKELE---KQLLDMLEIACRCLDQDPRRRPLIDEVVSWLNSI 1045
T.cacao           958 SFGVVLLELLTGRRP-VEVCKGKNCRDLVSWVFQMKSEKREAEIIDPS-IWDKDRE---KQLLEMLEIACKCLDQDPRRRPLIDEVVSWLNGI 1045
A.lyrata          941 SFGVVLLELVTGRRP-VEVCKGKSCRDLVSWVFQMKSEKREAELIDTT-IRENVNE---KTVLEMLEIACKCIDHEPRRRPLIEEVVTWLEDL 1028
A.thaliana       941 SFGVVLLELVTGRRP-VEVCKGKSCRDLVSRVFQMKAEKREAELIDTT-IRENVNE---RTVLEMLEIACKCIDHEPRRRPLIEEVVTWLEDL 1028
B.stricta         941 SFGVVLLELVTGRRP-VEVCKGKSCRDLVSRVFQMKAEKREAELIDTT-IRENVNE---KTVLEMLEIACKCIDHEPRRRPLIEEVVTWLEDL 1028
B.rapa            910 SFGVVLLELVTGRRP-VEVCKGKGCRDLVSRVFRMKDEKREAELIDAT-MREDVEE---KEVLEMLEIACKCIDHDPRRRPFIEDVVAWLQDF 997
C.grandiflora     941 SFGVVLLELVTGRRP-VEVCKGKSCRDLVSRVFQMKAEKREAELIDTT-IRENVNE---KTVLGMLEIACKCIDHEPRRRPLIEEVVTWLEDL 1028
C.rubella         941 SFGVVLLELVTGRRP-VEVCKGKSCRDLVSRVFQMKAEKREAELIDTT-IRENVNE---KTVLEMLEIACKCIDHEPRRRPLIEEVVTWLEDL 1028
E.salsugineum     922 SFGVVLLELVTGRRP-VEVCKGKSCRDLVSRVFQMKAEKREAELIDAT-IHDNLNE---KAVLEMLEIACKCIDHEPRRRPLIEDVVAWLEDF 1009
C.sinensis        956 SFGVVLLELLTGRRP-VEVCKGKNCRDLVSWVFQMKSEKREVEIIDAS-IWHKDRE---KQLLEMLEIACKCIDQDPRRRPFIEEVVTWLDGI 1043
C.clementina      960 SFGVVLLELLTGRRP-VEVCKGKNCRDLVSWVFQMKSEKREVEIIDAS-IWHKDRE---KQLLEMLEIACKCIDQDPRRRPFIEEVVTWLDGI 1047
C.sativus         967 SFGVVLLELLTGRRP-VEVCKGKACRDLVSWVIQKKSEKREEEIIDPA-LWNTNSK---KQILEVLGITCKCIEQDPRKRPSIEEVSSWLDGV 1054
G.max             964 SFGVVLLELLTGRRP-VEVIKGKNCRNLVSWVYQMKSENKEQEIFDPV-IWHKDHE---KQLLEVLAIACKCLNQDPRQRPSIEIVVSWLDSV 1051



M.domestica       959 SFGVVLLELLTGRRP-VEVCRGKNCRDLVSWMFQMRFEKRDEEIIDSS-IWNKNHE---KQLLDVLGVACKCLDPNPRQRPFIEEVVSCLDGI 1046
M.truncatula      961 SFGVVLLELLTARRP-VEVIKGKNCRNLVSWVYQMKYENKEQEIFDQT-IWEKERE---KQLLEVLSIACKCLDQDPRQRPSIEMVVSWLDSV 1048
P.vulgaris        960 SFGVVLLELLTGRRP-VEVIKGKNCRNLVFWVFQMKSENKEQDIFDPA-IWHKDRE---KQLLEMLAIACKCLDQDPRQRPAIEVVVSWLDCV 1047
P.persica         958 SFGVVLLELLTGRRP-VEVCRGKNCRDLVSWMFQMKSEKREEEIIDSS-IWNKDHE---KQLLEVLGVTCKCLDPNPRQRPSIEEVVSWLDGI 1045

A.thaliana  PSKR1 ----------------------------

P.patens         1150 EDQDHV---------------------- 1155
S.moellendorffii 1055 GSSRLKVGLGKP---------------- 1066
A.trichopoda     1038 GDAEPVR--------------------- 1044
B.distachyon     1014 SP-------------------------- 1015
O.sativa ----------------------------
P.virgatum ----------------------------
S.italica ----------------------------
S.bicolor ----------------------------
Z.mays           1024 V---------------------------
A.coerulea       1044 PVDEA----------------------- 1048
M.guttatus       1026 EMEKA----------------------- 1030
S.lycopersicum   1012 ASVKER---------------------- 1017
S.tuberosum      1039 GSVKER---------------------- 1044
V.vinifera        792 GKEGVLPLFIAFEISSFSFFLS------ 813
E.grandis        1045 GIEGSPGS-------------------- 1052
P.trichocarpa    1045 SKVLNNEL-------------------- 1052
L.usitatissimum  1046 GDT------------------------- 1048
M.esculenta      1046 GIQGA----------------------- 1050
R.communis       1045 GIQGAQ---------------------- 1050
C.papaya          910 ETTSSILIM------------------- 918
G.raimondii      1046 GNEVVRQ--------------------- 1052
T.cacao          1046 EHEVVQQ--------------------- 1052
A.lyrata         1029 PMESVQQQ-------------------- 1036
A.thaliana      1029 PMESVQQQ-------------------- 1036
B.stricta        1029 PMESVQ---------------------- 1034
B.rapa            998 PNQ------------------------- 1000
C.grandiflora    1029 PMESVQQQ-------------------- 1036
C.rubella        1029 PMESVQQQ-------------------- 1036
E.salsugineum    1010 PVESVQQQ-------------------- 1017
C.sinensis       1044 GIDAA----------------------- 1048
C.clementina     1048 GIDAA----------------------- 1052
C.sativus        1055 TSIHTQ---------------------- 1060
G.max            1052 RFDGSQQ--------------------- 1058
M.domestica      1047 GFESGKQ--------------------- 1053
M.truncatula     1049 KVDGFQQ--------------------- 1055
P.vulgaris       1048 RFDGSQQ--------------------- 1054
P.persica        1046 GFESGTQ--------------------- 1052

Arabidopsis thaliana

in planta in vitro

E. coli







in planta



Organism Accession Phytozome v10 Accession NCBI

Physcomitrella patens Phpat.001G165500.2
Selaginella moellendorffii 121260
Amborella trichopoda evm_27.model.AmTr_v1.0_scaffold00029.177 XP_006847965*
Brachypodium distachyon Bradi3g49370.1 XP_003575411
Oryza sativa LOC_Os02g41890.1
Panicum virgatum Pavir.Ga00206.1
Setaria italica Si016177m XP_004953174*
Sorghum bicolor Sobic.004G222100.1 XP_002454207*
Zea mays GRMZM2G080537_T01 AFW72422
Aquilegia coerulea Aquca_002_01421.1
Mimulus guttatus Migut.E00603.1 EYU30259*
Solanum lycopersicum Solyc01g008140.2.1 XP_004228537*
Solanum tuberosum PGSC0003DMT400042178 XP_006348541*
Vitis vinifera GSVIVT01014303001 CBI20272
Eucalyptus grandis Eucgr.J01778.1 KCW52373
Populus trichocarpa Potri.008G144700.1 XP_002312507*
Linum usitatissimum Lus10005403
Manihot esculenta cassava4.1_027914m
Ricinus communis 29801.m003229 XP_002518809*
Carica papaya evm.model.supercontig_2.62
Gossypium raimondii Gorai.005G151100.1
Theobroma cacao Thecc1EG011306t1 XP_007045577
Arabidopsis lyrata 484148 XP_002876804
Arabidopsis thaliana AT2G02220.1 Q9ZVR7
Boechera stricta Bostr.0556s0048.1
Brassica rapa Brara.F03427.1
Capsella grandiflora Cagra.2767s0007.1
Capsella rubella Carubv10019052m XP_006292801
Eutrema salsugineum Thhalv10003581m XP_006395801
Citrus sinensis orange1.1g035998m XP_006470905*
Citrus clementina Ciclev10004232m XP_006420664
Cucumis sativus Cucsa.229250.2 XP_004140449
Glycine max Glyma.13G275100.1
Malus domestica MDP0000142599 XP_008340497
Medicago truncatula Medtr2g078810.1 KEH38700
Phaseolus vulgaris Phvul.005G073800.1 XP_007149480*
Prunus persica ppa000729m XP_007227028



Physcomitrella patens
Selaginella moellendorffii
Amborella trichopoda
Brachypodium distachyon
Oryza sativa
Panicum virgatum
Setaria italica
Sorghum bicolor
Zea mays
Aquilegia coerulea
Mimulus guttatus
Solanum lycopersicum
Solanum tuberosum
Vitis vinifera
Eucalyptus grandis
Populus trichocarpa
Linum usitatissimum
Manihot esculenta
Ricinus communis
Carica papaya 
Gossypium raimondii
Theobroma cacao
Arabidopsis lyrata
Arabidopsis thaliana
Boechera stricta
Brassica rapa
Capsella grandiflora
Capsella rubella
Eutrema salsugineum
Citrus sinensis
Citrus clementina  
Cucumis sativus
Glycine max
Malus domestica
Medicago truncatula
Phaseolus vulgaris
Prunus persica


