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Allosteric receptor activation by the plant peptide
hormone phytosulfokine
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Phytosulfokine (PSK) is a disulfated pentapeptide that has a ubi-
quitous role in plant growth and development1,2. PSK is perceived
by its receptor PSKR3,4, a leucine-rich repeat receptor kinase (LRR-
RK). The mechanisms underlying the recognition of PSK, the
activation of PSKR and the identity of the components down-
stream of the initial binding remain elusive. Here we report the
crystal structures of the extracellular LRR domain of PSKR in free,
PSK- and co-receptor-bound forms. The structures reveal that PSK
interacts mainly with a b-strand from the island domain of PSKR,
forming an anti-b-sheet. The two sulfate moieties of PSK interact
directly with PSKR, sensitizing PSKR recognition of PSK.
Supported by biochemical, structural and genetic evidence, PSK
binding enhances PSKR heterodimerization with the somatic
embryogenesis receptor-like kinases (SERKs). However, PSK is
not directly involved in PSKR–SERK interaction but stabilizes
PSKR island domain for recruitment of a SERK. Our data reveal
the structural basis for PSKR recognition of PSK and allosteric
activation of PSKR by PSK, opening up new avenues for the design
of PSKR-specific small molecules.

Peptide signalling has critical roles in regulating plant physiology1.
Phytosulfokine (PSK)5 is a secreted disulfated pentapeptide (Tyr
(SO3H)-Ile-Tyr(SO3H)-Thr-Gln) that has ubiquitous roles in plant
growth and development2. PSK matures through proteolytic cleavage
of its precursor proteins6 with post-translational sulfation7 for its full
activity8,9. PSK receptor was first identified in Daucus carota (carrot)3

and the corresponding gene DcPSKR is conserved among plants
including Arabidopsis that encodes two PSKR orthologues, PSKR1
(ref. 4) and PSKR2 (ref. 10), but PSK perception largely relies on
PSKR1 (ref. 10).

DcPSKR and PSKR1/2 (PSKRs) belong to the large family of leu-
cine-rich repeat receptor kinases (LRR-RKs) with an extracellular LRR
domain and a cytoplasmic kinase domain (KD)11. The extracellular
domains of the three LRR-RKs contain 21 LRRs with an island domain
(ID) required for PSK perception3,10. PSK binding induces signalling
mediated by Ca21/CaM binding and the kinase activity of PSKR1
(ref. 12), suggesting that ligand binding activates the PSKR1KD, as
observed in the well-studied RKs such as flagellin insensitive 2
(FLS2) and brassinosteroid insensitive 1 (BRI1)13. Signalling mediated
by the latter two receptor kinases requires ligand-enhanced hetero-
dimerization with the LRR-RK BAK1 (ref. 14), a member of somatic
embryogenesis receptor-like kinases (SERKs) that generally act as a co-
receptor with other LRR-RKs15.

We first solved the crystal structures of the PSK–PSKR1LRR (Fig. 1a
and Extended Data Table 1) and PSK–DcPSKRLRR (Extended Data
Fig. 1a and Extended Data Table 1) complexes. PSK adopts a b-strand
conformation, forming an anti-parallel b-sheet with the PSKR1ID

(Fig. 1a). Besides the hydrogen bonds within the b-sheet (Fig. 1b),
PSKR1Ser370, PSKR1Ser372, PSKR1Thr398 and PSKR1Asp445 from the
inner side of the helical structure also form hydrogen bonds with the

main chain of PSK (Fig. 1c). Additionally, PSKR1Arg300 and PSKR1Asn346

form hydrogen bonds with the free carboxyl group of PSKGln5

(Fig. 1c), whereas PSKR1Phe506 tightly packs against PSKGln5 and
PSKTyr3. The two sulfate moieties contribute to PSK–PSKR1LRR

interactions via both hydrogen bonds involving PSKR1Lys508 and
PSKR1Asn424 and van der Waals packing involving PSKR1Leu399,
PSKR1Trp448 and PSKR1Lys508 (Fig. 1b, c). The PSK-interacting resi-
dues of PSKR1 are highly conserved in DcPSKR (Extended Data
Fig. 1b, c) and PSKR2 (Extended Data Fig. 1d), suggesting that the
three PSKRs are conserved in PSK recognition. Indeed, the structure
of PSK–DcPSKRLRR is almost identical to that of PSK–PSKR1LRR

(Fig. 1d) with a r.m.s.d. (root mean square deviation) of 1.45 Å.
Further supporting the sulfate group-mediated PSK–DcPSKRLRR

interactions, microscale thermophoresis (MST) showed that PSK dis-
played a higher binding affinity with DcPSKRLRR than the desulfated
PSK (dPSK) (Extended Data Fig. 2a), agreeing with the observation
that dPSK promotes root elongation of Arabidopsis plants but
with a lower activity than PSK8. Previous studies using microsomal
fractions derived from cells showed that PSK–PSKR interaction dis-
played a dissociation constant of 4.2 nM in carrot3 and 7.7 nM in
Arabidopsis4, approximately 200–370 times stronger than the affinity
measured between DcPSKRLRR and PSK by MST. The precise reason
for the affinity difference between cell-based and in vitro quantifica-
tion assays is unclear, but it is possible that interactions between
transmembrane or cytoplasmic domains within the cellular context
provide an environment more favourable for PSK interaction with its
receptor. Assays using MST also confirmed the important role of the
critical DcPSKRLRR residues (Extended Data Fig. 1b, c) in PSK recog-
nition, as their mutations compromised PSK–DcPSKRLRR asso-
ciation, albeit to varying degrees (Extended Data Fig. 2b).

As observed previously8, the pskr1-3 Arabidopsis mutants displayed
a shortened root phenotype (Fig. 1e). The phenotype was fully com-
plemented by wild-type (WT) PSKR1 and the chimaeric PSKR1 car-
rying DcPSKRLRR and the transmembrane domain and KD of PSKR1,
and almost fully complemented by DcPSKR (Fig. 1e), but not by the
PSKR1 constructs carrying mutations of the residues critical for PSK–
PSKR1 interaction (Fig. 1b, c, e). Furthermore, plants carrying the
single PSKR1 mutants were less responsive to PSK than the WT plants
(Extended Data Fig. 2c).

PSK binding induced no oligomerization of PSKR1LRR or DcPSKRLRR

(Extended Data Fig. 3), suggesting that a co-receptor is required for
their activation based on the dimerization model14. PSKR1/2 and
DcPSKR belong to the same family of LRR-RKs as BRI1 (ref. 11) that
utilizes a SERK member as its co-receptor13. Moreover, PSK promotes
somatic embryogenesis16, a marker of which is DcSERK17. These data
prompted us to hypothesize that a SERK member functions as a co-
receptor with PSKRs. Indeed, gel filtration showed that PSK induced
the formation of a complex between PSKR1LRR and SERK1/2/BAK1LRR

(Fig. 2a and Extended Data Fig. 4a, b). PSKR1LRR–SERK1LRR (Fig. 2a)
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or DcPSKRLRR–SERK1/2LRR (Extended Data Fig. 4c, d) was heterodi-
meric in solution as indicated by gel filtration. Further supporting the
gel filtration data, sedimentation-velocity analytical ultracentrifugation
showed that PSKR1LRR formed a PSK-induced heterodimer with
SERK1/2LRR or BAK1LRR (Fig. 2b and Extended Data Fig. 5).

Co-expression of full length Flag-conjugated PSKR1 (PSKR1–Flag)
with haemagglutinin (HA)-conjugated SERKs resulted in rupture
of Arabidopsis protoplasts quickly. We therefore used a KD truncated
PSKR1 (PSKR1(DKD))–Flag and SERK1/SERK2/BAK1–HA for co-
expression in protoplasts. Co-immunoprecipitation (Co-IP) assays
showed that PSKR1(DKD) interacted with SERK1, SERK2 or
BAK1 in protoplasts even in the absence of PSK (Fig. 2c), probably
resulting from the endogenous PSK or their constitutive interaction, as
observed for the BRI1–BAK1 interaction18. Importantly, the
PSKR1(DKD)–SERK interactions were substantially increased in the
PSK-treated protoplasts (Fig. 2c). Similar results were also obtained
in Arabidopsis co-expressing PSKR1 and BAK1, SERK1 or SERK2
(Fig. 2d). Further supporting these results, the triple serk1/1;serk2/2;
bak1/2 mutant plants (where serk1 is heterozygote serk2 and bak1 are

homozygote) had shortened roots much less sensitive to PSK than the
wild type (WT) plants, phenocopying the pskr1-3 mutants (Fig. 2e).
Only slightly shorter roots were observed in the single or double
knockout plants (Extended Data Fig. 6a, b) that were still PSK-sensitive
(Extended Data Fig. 6c), suggesting functional redundancy of SERKs
in PSK-induced plant growth. It should be noted that the plant sens-
itivity to PSK was significantly reduced by inhibition of brassinosteroid-
induced signalling19 in which BAK1 and other SERK members play
essential roles13.

We then solved the crystal structures of the PSK–PSKR1LRR–
SERK1LRR (Fig. 3a and Extended Data Table 1) and PSK–
DcPSKRLRR–SERK2LRR (Extended Data Fig. 7a and Extended Data
Table 1) complexes. The structures of PSKR1LRR and DcPSKRLRR
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Figure 1 | Recognition mechanism of PSK by PSKR1LRR. a, Overall structure
of PSK–PSKR1LRR complex. Arrow indicates the position of PSK. ID, island
domain. b, Detailed interactions of PSK (purple) with the ID (salmon) of
PSKR1LRR. sY, sulfated tyrosine. c, Detailed interactions of PSK with the
inner surface (cyan) of PSKR1LRR. d, Structural comparison of PSK–
PSKR1LRR(31–631) and PSK–DcPSKRLRR(29–640). e, Reducing PSK–PSKR1LRR

interaction compromises PSKR1 to complement the shortened root phenotype
of pskr1-3 mutants. Average (6s.e.m.) primary root lengths of seedlings
were determined in three independent experiments. Three independent
overexpression lines (represented by -1, -2 and -3) per genotype were analysed
(n 5 30 for each line, *P , 0.05, ***P , 0.001, Student’s t-test).
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Figure 2 | PSK promotes PSKR–SERK heterodimerization. a, PSK induces
PSKR1LRR–SERK1LRR heterodimerization. Left, superposition of the gel
filtration chromatograms of the PSKR1LRR and SERK1LRR proteins. The red
and black arrows indicate the elution positions of PSK–PSKR1LRR–SERK1LRR

and molecular weight markers, respectively. mAU, micro-ultraviolet
absorbance at 280 nm. Right, Coomassie blue staining of the peak fractions
shown on the left following SDS–PAGE. M, molecular weight ladder (kDa).
b, PSK induces a monomeric PSK–PSKR1LRR–SERK1LRR complex in
sedimentation-velocity analytical ultracentrifugation. The peak sedimentation
coefficients and the calculated molecular weights for the proteins indicated
are shown. c, PSK promotes PSKR1–SERK interaction in Arabidopsis
protoplasts. Flag-tagged PSKR1(DKD) and HA-tagged SERK1/2/BAK1 were
co-expressed in WT Arabidopsis protoplasts, and their interactions were
detected by co-immunoprecipitation (Co-IP). Each assay was repeated three
times. Full blots are shown in Supplementary Data. d, PSK promotes PSKR1–
SERK interaction in planta. Crude protein extracts from the treated and
untreated plants overexpressing green fluorescent protein-conjugated PSKR1
(PSKR1–GFP) and SERK1/2/BAK1–HA were used for Co-IP experiments.
Each assay was repeated three times. Full blots are shown in Supplementary
Data. e, The serk1/1;serk2/2;bak1/2 triple mutants are less sensitive to
PSK in root growth. Wild-type or mutant Arabidopsis plants were grown for
10 days on plates with (1PSK) or without (CK) 1.0 mM PSK. The image is
representative of ten plants for each genotype.
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are homologous (Ca r.m.s.d. 1.49 Å over 600 amino acids) and an
equivalent surface area is buried by their interaction with SERK1LRR

(984 Å2) and SERK2LRR (973 Å2), respectively (Fig. 3b). SERK1LRR

binds the carboxy-terminal side of PSKR1LRR, whereas PSKR1ID con-
tacts the amino-terminal side of SERK1LRR (Fig. 3a). The structures of
the two complexes are well aligned with that of the BRI1- but not the
FLS2-containing complex (Extended Data Fig. 7b, c). Unlike the flg22-
and brassinosteroid-mediated complexes14,20,21, PSK is not directly
involved in the PSKR1LRR–SERK1LRR or DcPSKRLRR–SERK2LRR

interfaces (Fig. 3b). This is seemingly inconsistent with the PSK-pro-
moted PSKR–SERK interaction. The structure of a free DcPSKRLRR

(Extended Data Table 1) revealed that its ID is completely disordered
(Fig. 3c and Extended Data Fig. 7d), sharply contrasting with the well-
defined ID in PSK-bound DcPSKRLRR (Fig. 3d) or PSKR1LRR (Fig. 1a).
This demonstrates that PSK allosterically induces PSKRLRR–SERKLRR

interaction.
PSKR1ID interaction with the N-terminal side of SERK1LRR is

mainly mediated by van der Waals contacts (Fig. 4a). Centred at this
interface is SERK1Thr59 that tightly packs against PSKR1Leu516 and
PSKR1Tyr518. Stacking of SERK1Phe61 against PSKR1Pro525 further for-
tifies the interactions around this interface (Fig. 4a, left panel). More
extensive PSKR1LRR–SERK1LRR interactions come from contacts of
the residues PSKR1Phe596, PSKR1Ser598 and PSKR1Thr619 from one
lateral side of PSKR1 with the inner surface of SERK1LRR (Fig. 4a, right
panel). The PSKR1LRR–SERK1LRR interactions are highly conserved in
the PSK–DcPSKRLRR–SERK2LRR complex (Fig. 4b and Extended Data
Fig. 1d).

DcPSKR(S608Y) and DcPSKR(T629Y), predicted to generate steric
clashes with SERK2 (Fig. 4b, right panel), led to loss of PSK-induced
DcPSKRLRR–SERK2LRR interaction (Fig. 4c, left panel and Extended
Data Fig. 8a, b). A similar observation was also made for
DcPSKR(F606D). Consistently, mutations of the equivalent residues
PSKR1Phe596, PSKR1Ser598 and PSKR1Thr619 (Fig. 4a) resulted in much
less responsiveness to PSK for interaction with BAK1 in Arabidopsis
protoplasts (Fig. 4c, right panel). Furthermore, mutations of these

PSKR1 residues but not the controls (PSKR1(S623Y) or
DcPSKR(S633Y)) (Fig. 4c and Extended Data Fig. 8a, b) reduced
the ability of PSKR1 to complement the shorter roots of pskr1-3
mutants and responsiveness of Arabidopsis plants to PSK (Fig. 4d
and Extended Data Fig. 2c). SERK2(T62Y) is expected to generate
similar effects on PSK-promoted PSKR–SERK interaction. Indeed,
the SERK2LRR mutant protein failed to form a PSK-induced complex
with DcPSKRLRR (Fig. 4e, left panel and Extended Data Fig. 8a, b).
Consistently, mutation of the equivalent residue BAK1Thr58 (Extended
Data Fig. 8c) rendered BAK1–PSKR1(DKD) interaction less respons-
ive to PSK than wild-type BAK1 (Fig. 4e, right panel).

Our current study offers evidence that PSK promotes PSKR–SERK
heterodimerization, providing a link between PSK perception and
early intracellular signalling and further supporting the dimerization
model14. Similar to brassinosteroid signalling22, PSK signalling also
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negatively regulates pathogen-associated molecular pattern (PAMP)-
triggered immunity (PTI)23,24. However, expressions of disease-related
genes were pathogen-induced in the pskr1-3 mutant plants23, similar to
the bri1 mutants22, whereas the bak1 or bak1 bkk1 (serk4) mutants
displayed constitutive immune responses even under sterile growing
conditions25,26. Thus, the roles played by SERK members in plant
growth and disease resistance seem to be uncoupled, similar to those
of BAK1 in brassinosteroid and PTI signalling27. These results can be
reconciled by a previous model25,26 postulating that SERK members
negatively regulate a brassinosteroid-independent cell-death pathway
induced by pathogens, which can be antagonized by the PSK signal-
ling. PSK-enhanced PSKR–SERK heterodimerization can lead to
transphosphorylation of the two RKs. Indeed, kinase activity of
PSKR1 is essential for PSK-induced plant growth in Arabidopsis12.

Unlike flg22 and brassinosteroid, which mediate interactions
between two LRR-RKs14,20,21 by acting as ‘molecular glue’, PSK func-
tions to stabilize the PSKRID, which in turn recruits a SERK member to
form a stable PSKR–SERK complex, resulting in allosteric activation of
PSKR. The PSKRID is shorter than that of BRI1, which is well struc-
tured even in the absence of ligand28,29. It therefore seems that ligand
binding is required to complete the PSKRID. Indeed, structural com-
parison showed that the PSKR1ID together with PSK is similarly posi-
tioned to BRI1ID (Extended Data Fig. 7b). It will be interesting to
investigate whether RLPs and some other RKs that contain an ID with
a similar size and position (relative to the last LRR) to that of PSKR30

use this mechanism for interaction with their partners.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS
No statistical methods were used to predetermine sample size and the experiments
were not randomized.
Protein expression and purification. The constructs of DcPSKRLRR (residues
24–659), PSKR1LRR (residues 24–648), SERK1LRR (residues 1–213, N115D,
N163Q), SERK2LRR (residues 1–216) and BAK1LRR (residues 1–220) with a
C-terminal 6 3 His tag were generated by standard PCR-based cloning strategy
and their identities were confirmed by sequencing. DcPSKRLRR and PSKR1LRR

constructs were expressed in High Five insect cells at 22 uC using the pFastBac-1
vector (Invitrogen) with a modified N-terminal hemolin signal peptide, and
SERK1LRR, SERK2LRR and BAK1LRR constructs used the original pFastBac-1 vec-
tor. One litre of cells (2.0 3 106 cells ml21 cultured in the medium from Expression
Systems) was infected with 20 ml recombinant baculovirus and the media was
harvested after 48 h. The proteins were purified using Ni-NTA (Novagen) and
size-exclusion chromatography (Hiload200, GE Healthcare) in buffer containing
10 mM Bis-Tris pH 6.0 and 100 mM NaCl. The purified proteins were digested
with endoglycosidase F1 and F3 at 18 uC overnight and further cleaned using
gel filtration. The deglycosylated DcPSKRLRR and PSKR1LRR proteins were con-
centrated to about 7.0 mg ml21 for crystallization. To crystallize the PSK–
DcPSKRLRR–SERK2LRR complex, the purified DcPSKRLRR, SERK2LRR and the
PSK peptide (synthesized by Scilight Biotechnology, China) were mixed and incu-
bated at 4 uC for 20 min. The mixture was subsequently subjected to gel filtration
(Hiload200, GE Healthcare) in buffer containing 10 mM Bis-Tris pH 6.0, 100 mM
NaCl. The purified complex was concentrated to about 7.0 mg ml21 for crystal-
lization. Similar procedures were used for purification of the PSK–PSKR1LRR–
SERK1LRR complex.
Crystallization, data collection, structure determination and refinement.
Crystallization experiments were performed with hanging-drop vapour-diffusion
methods by mixing equal volumes (1.0 ml) of protein and reservoir solution at
18 uC. Good quality crystals of DcPSKRLRR were obtained in buffer containing
0.1 M Tris pH 8.5, 2.0 M (NH4)2SO4. For crystallization of PSK–DcPSKRLRR or
PSK–PSKR1LRR complex, a mixture of DcPSKRLRR or PSKR1LRR and PSK peptide
with a molar ratio of 1:5 was used for crystallization. Diffraction quality crystals
of PSK–DcPSKRLRR were obtained in buffer containing 0.3 M KH2PO4, 20%
PEG(2,000) within 3 days, and for PSK–PSKR1LRR, good quality crystals appeared
in buffer containing 0.1 M Bis-Tris pH 5.5, 2.0 M (NH4)2SO4 within 6 months.
Diffraction quality crystals of the PSK–DcPSKRLRR–SERK2LRR complex were
obtained in buffer containing 0.1 M sodium citrate pH 5.5, 0.4 M KCl, 30% v/v
pentaerythritol propoxylate (5/4 PO/OH) within one week, and for PSK–
PSKR1LRR–SERK1LRR, high quality crystals emerged in buffer containing 0.1 M
sodium acetate pH 4.5, 2.0 M (NH4)2SO4 over 6 months. All the diffraction data
were collected at the Shanghai Synchrotron Radiation Facility (SSRF) on beam line
BL17U1 using a CCD detector. The data were processed using HKL2000 (ref. 31).
The crystal structure of PSK–DcPSKRLRR was determined by molecular replace-
ment (MR) with PHASER32 using the structure of FLS2 (PDB code: 4MN8) as the
initial searching model. The model from MR was built with the program COOT33

and subsequently subjected to refinement by the program Phenix34. The other
crystal structures were determined by MR using the structure of DcPSKRLRR as the
initial searching model. All the five crystal structures were refined by the program
Phenix34 with excellent stereochemistry (Extended Data Table 1). All the figures
representing structures were prepared using PYMOL35.
Microscale thermophoresis assay. The microscale thermophoresis (MST) assay
was performed as previously described36. The affinity of the purified DcPSKRLRR

(or its mutants) with PSK (or dPSK) was measured using the Monolith NT.115
from Nanotemper Technologies. Proteins were fluorescently labelled according to
the manufacturer’s protocol and the labelled protein used for each assay was about
200 nM. A solution of unlabelled peptide was diluted for appropriate serial con-
centration gradient. The samples were loaded into silica capillaries (Polymicro
Technologies) after incubation at room temperature for 30 min. Measurements
were performed at 20 uC in buffer containing 20 mM citric acid pH 5.0, 50 mM
NaCl, and 0.05% Tween 20, by using 12% LED power and 40% MST power. The
assays were repeated three times for each affinity measurement. Data analyses
were performed using Nanotemper Analysis software and OriginPro 8.0 software
provided by the manufacturer.
Gel filtration assay. The PSKR1LRR and SERK1LRR proteins purified as described
above were subjected to gel filtration analysis (Hiload200, GE Healthcare) in the
presence or absence of PSK. The PSKR1LRR, SERK1LRR proteins and PSK with a
molar ratio of about 1:2:3 was mixed and incubated in 4 uC for 20 min before the
gel filtration analysis in buffer containing 10 mM Bis-Tris pH 6.0, 100 mM NaCl.
Samples from relevant fractions were applied to SDS–PAGE and visualized by
Coomassie blue staining. Similar procedures were used for other interaction ana-
lysis of PSKRLRR–SERKLRR. The DcPSKRLRR and SERK2LRR mutants designed

to disrupt their interaction were also verified with the gel filtration assay
described above.
Sedimentation-velocity analytical ultracentrifugation. Sedimentation velocity
was performed with an XL-I analytical ultracentrifuge (Beckman Coulter)
equipped with a four-cell An-60 Ti rotor for interaction analysis of PSKR1LRR

and SERK2LRR in the presence or absence of PSK at 20 uC. For PSKR1LRR and
SERK1LRR or BAK1LRR, an eight-cell An-50 Ti rotor was used. The molar ratio of
PSKR1LRR, SERKsLRR proteins and PSK is about 1:2:3, and the total OD280 is about
1.0. Buffer containing 10 mM Bis-Tris pH 6.0, 100 mM NaCl was used as the
reference solution. All samples were applied at a speed of 45,000 rpm. Absorbance
scans were taken at 280 nm at the intervals of 0.003 cm size in a radical direction.
The different sedimentation coefficients, c(s), and molecular weight were calcu-
lated by SEDFIT V14.4f software.
Plant materials and growth conditions. Arabidopsis thaliana wild type Col-0
and pskr1-3 (SALK_008585) were obtained from Arabidopsis Biological Resource
Center and reported to be a null mutant8. serk1-8, serk2-1, bak1-4 and serk1-82/1
serk2-12/2bak1-42/2 triple mutant were generously provided by J. Li and each
single mutant has been identified to be null37. Seeds were surface sterilized for 5
min in 20% NaClO3 followed by 5 times of wash using sterile H2O and dispersed
on 1/2 Murashige & Skoog (MS) media containing 1% agar and 10 g l21 sucrose,
pH 5.8, in Petri dish. For PSK treatment of the seedlings, PSK was added in the MS
media to different final concentrations. The sterilized seeds were vernalized for 3
days at 4 uC and grown for 10 days in normal condition (16 h of light/8 h of dark,
22–23 uC).
Generation of constructs and plant transformation. For stable transgenic
plants, we generated the constructs of PSKR1 coding sequences with different site
mutations by subcloning the sequences into the pDONOR207 (Invitrogen) vector
to the destination vector pWA43 or pWA53 by gateway recombination strategy
(for PSKR1, DcPSKR, F506A, R300A, W448A, T398L and D445A, the final target
vector is pWA43; for F596D, S598Y, T619Y, S623Y and DcPSKRECD–PSKR1KD,
the target vector is pWA53). pWA43 (hygromycin resistant in plants) and
pWA53 (kanamycin resistant in plant) contained a CaMV 35S promoter driven
C-terminal GFP coding sequence with the recombination sites in between and
terminated by a 35S terminator. For the constructs used for transient protoplast
transformation, the truncated PSKR1 coding sequence (PSKR1(DKD)) with the
kinase domain deleted was fused with a C-terminal 33 Flag affinity tag and
inserted into the backbone of pBSK-35S: 35STerminator after digestion with
SmaI. For SERK1, SERK2, BAK1 and BAK1(T58Y) transient expression, the
full-length coding sequences were inserted to pUC-SPYCE38 which contains a
C-terminal haemagglutinin affinity tag after digestion with SmaI. For co-expression
in planta, SERK1, SERK2 and BAK1 inserted to PSPYCE-35S (kanamycin resistant
in plant), which contains the same framework with pUC-SPYCE, were transformed
to the T1 generation of pWA43-PSKR1 plants in the pskr1-3 background. The
transgenic plants were isolated by double selection on MS media containing kana-
mycin and hygromycin. Arabidopsis was transformed with these constructs by
Agrobacterium tumefaciens (GV3101) by the floral dip method39.
Root length measurement and statistical analysis. For each construct, ten trans-
genic overexpression lines in the pskr1-3 mutant background were analysed and
three lines representative for all lines were selected to present. 10-days seedlings
grown in the greenhouse from the lines with PSKR1 transcripts detected were
subjected to primary root length measurement from photographs using Image J
(National Institutes of Health, http://rsb.info.nih.gov/ij). To keep consistent seed
fitness, only newly collected seeds at the same time were used for the assay. For
each genotype, three independent experiments were performed. Student’s t-test
was performed to test statistical significance of means.
PSK treatment and co-immunoprecipitation assay. Protoplast transformation
was performed according to the reported method40 and cultured for 12 h at 22 uC.
For each transformation, the culture of the transformed protoplasts was divided
equally into two 50 ml centrifuge tubes. PSK peptide (diluted in H2O) was added to
the final concentration of 1.0 mM in one tube and the same volume of H2O was
added as mock treatment in the other tube. After 15 min of the treatment, the cells
were harvested and lysed for 2 min in the lysis buffer (50 mM HEPES-KOH pH
7.5, 0.15 M KCl, 0.001 M EDTA, 0.1% Triton-X 100, 0.001 M DTT with freshly
added proteinase inhibitor cocktail, (Roche)). The lysate was centrifuged at
10,000g for 10 min and the supernatant was subjected to coimmunoprecipitation
(Co-IP) with agarose-conjugated anti-Flag antibody (Sigma-Aldrich, Cat. A220)
for 3 h at 4 uC. The agarose beads were washed with the lysis buffer for 6 times,
diluted in 13 sample loading buffer and boiled for 5 min before SDS–PAGE. The
following immunoblot was performed according to the standard procedure with
anti-Flag (Sigma-Aldrich, Cat. F1804) and anti-HA antibody (Santa Cruz, Cat. sc-
7392). For the Co-IP in planta, equal amounts of 14 days seedlings from the same
transgenic lines (overexpressing PSKR1–GFP and SERK1/2/3–HA or PSKR1–
GFP alone as a negative control) were treated on the MS media supplemented
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with 1.0 mM PSK and the MS media without PSK for 12 h. Then 5 g of the treated
and untreated seedlings were collected and lysed for the following Co-IP experi-
ments. GFP-trap agarose beads (ChromoTek, Cat. gta-200) were used for the
affinity binding of the PSKR1–GFP fusion protein and anti-GFP-HRP (Miltenyi
Biotec, Cat. 130-091-833) was used to detect the GFP epitope and anti-HA anti-
body for HA epitope. Each Co-IP experiment was repeated at least three times.
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Extended Data Figure 1 | Recognition mechanism of PSK by PSKRsLRR is
highly conserved. a, Overall structure of PSK–DcPSKRLRR complex. The
sulfated tyrosines of PSK are shown in stick. Colour codes are indicated. ID,
island domain; N, N terminus; C, C terminus. b, Detailed interactions between
PSK (purple) and the island domain (salmon) of DcPSKRLRR. Dashed lines
indicate polar interactions. c, Detailed interactions between PSK and the inner

side (cyan) of DcPSKRLRR. d, PSKRs are conserved in PSK perception and
interaction with SERKs. Sequence alignment of the ectodomains of carrot
DcPSKR and Arabidopsis PSKR1/2. Conserved and similar residues are boxed
with red ground and red font, respectively. Residues involved in recognition
of PSK and interaction with a SERK member are indicated with blue solid
circles and squares at the bottom, respectively.
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Extended Data Figure 2 | Mutagenesis analysis of PSKR recognition of PSK
and PSKR–SERK interaction. a, Sulfation enhances PSK interaction with
DcPSKRLRR. Quantification of binding affinity between DcPSKRLRR and PSK
or the desulfated peptide (dPSK) by MST (MicroScale Thermophoresis). Data
points indicate the difference in normalized fluorescence (%) generated by
PSK or dPSK binding DcPSKRLRR protein, and curves indicate the calculated
fits. Error bars represent standard error of 3 independent measurements.
b, Mutagenesis analysis of DcPSKRLRR by MST. Quantification of binding

affinity between WT DcPSKRLRR or various mutants as indicated and PSK by
MST. Error bars represent standard error of 3 independent measurements.
c, pskr1-3 plants transformed with mutated PSKR1 which compromised PSK or
SERKs binding are less responsive to PSK than wild type or pskr1-3
transformed with PSKR1. The line was the same as that used in Fig. 1e and 4d.
Average (6s.e.m.) primary root lengths of seedlings were determined in
three independent experiments with 30 seedlings analysed per genotype in the
presence or absence of 1.0 mM PSK.
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Extended Data Figure 3 | PSK binding induces no oligomerization of
PSKRLRR. Shown on the top is superposition of the gel filtration
chromatograms of the PSKR1LRR (left) or DcPSKRLRR (right) protein in the
absence (grey) and presence (red) of PSK. The vertical and horizontal axes

represent ultraviolet absorbance (l 5 280 nm) and elution volume (ml),
respectively. Bottom, Coomassie blue staining of the peak fractions shown on
the top following SDS–PAGE. M, molecular weight ladder (kDa).
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Extended Data Figure 4 | PSK induces PSKR1LRR or DcPSKRLRR

interaction with SERK members in gel filtration. a, PSK induces PSKR1LRR–
SERK2LRR heterodimerization. Right, Coomassie blue staining of the peak
fractions shown on the left following SDS–PAGE. M, molecular weight ladder
(kDa). b, PSK induces PSKR1LRR heterodimerization with BAK1LRR. The assay
was performed as described in a. c, PSK induces DcPSKRLRR

heterodimerization with SERK1LRR. The assays were performed as described in
a. The red and black arrows indicate the elution position of PSK–DcPSKRLRR–
SERK1LRR and the retention volumes of molecular weight markers,
respectively. d, PSK induces DcPSKRLRR heterodimerization with SERK2LRR.
The assay was performed as described in a.
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Extended Data Figure 5 | PSK induces PSKR1LRR interaction with SERK
members in sedimentation-velocity analytical ultracentrifugation. PSK
induces PSKR1LRR–SERK2LRR (left panel) or PSKR1LRR–BAK1LRR (right
panel) interaction in sedimentation-velocity analytical ultracentrifugation
assays. The assays were performed as described in Fig. 2b. The glycoprotein

nature of PSKR1LRR may confer to the slight difference of calculated molecular
weights. PSK induced the formation of a monomeric PSK–PSKR1LRR–
SERK2LRR or PSK–PSKR1LRR–BAK1LRR complex, leading to the shift of
PSKR1LRR to a higher S.
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Extended Data Figure 6 | SERK members function redundantly in PSK-
induced plant growth. a–c, Average (6s.e.m.) primary root lengths of
seedlings were determined for the wild-type or SERK knockout Arabidopsis
plants grown for 10 days on plates with (red) or without (blue) 1.0 mM PSK.
Three independent experiments per genotype with 30 seedlings were
performed. The statistics are shown in a, b and c. All the genotypes are
compared in the absence of PSK in a and in the presence of PSK in b. The single

or double SERK knockout plants only showed slightly shortened roots
compared to the triple mutants. Asterisks within the bars indicate significant
difference between the wild type and SERK knockout mutants and those above
the bars indicate significant difference between different SERK knockout
mutants. Each genotype in the presence and absence of PSK is compared in
c. Student’s t-test, *P , 0.05, **P , 0.01, ***P , 0.001. NS, non-significant
(P . 0.05).
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Extended Data Figure 7 | Different mechanism of PSK induced PSKR–
SERK interaction compared to BRI1– BAK1 or FLS2–BAK1 complex.
a, Overall structure of PSK–DcPSKRLRR–SERK2LRR complex. b, Structural
comparison of PSK–PSKR1LRR–SERK1LRR and brassinosteroid–BRI1LRR–
BAK1LRR. The structure of PSKR1LRR (residues 77–634) was used as the
template for alignment with that of BRI1 (residues 174–766; PDB code 4M7E)
with a r.m.s.d. of 2.43 Å. c, Structural comparison of PSK–PSKR1LRR–
SERK1LRR and flg22–FLS2LRR–BAK1LRR. The structure of PSKR1LRR (residues
82–554) was used as the template for alignment with that of FLS2 (residues 79–
509; PDB code 4MN8) with a r.m.s.d. of 4.4 Å. SERK1LRR bound by PSKR1LRR

rotates about 30 degrees and shifts about 20 Å relative to the BAK1LRR-bound

FLS2LRR. d, Electron density around the island domain of DcPSKRLRR and
PSK-bound DcPSKRLRR in the finally refined structures. Top panel, electron
density 2Fo 2 Fc (left) and Fo 2 Fc (right) contoured at 1.30 sigma and 2.7
sigma, respectively, for the finally refined free DcPSKRLRR structure. Bottom
panel: electron density 2Fo 2 Fc (left) and Fo 2 Fc (right) omitted around the
island domain in the structure of PSK-bound DcPSKRLRR. The island domain
(residues 511–535) and the b–sheet (residues 474–480, 450–456, 427–432,
402–408, 376–381 and 352–357) interacting with the ID were not included in
refinement and electron density calculation. All the deleted residues are shown
in pink. The marker residue proline 536 is shown in red.
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Extended Data Figure 8 | Mutagenesis analysis of DcPSKRLRR–SERK2LRR

interaction. a, Superposition of the gel filtration chromatograms of the mutant
DcPSKRLRR and SERK2LRR proteins in the presence of PSK. The assays
were performed as described in Extended Data Fig. 4a. b, Coomassie blue
staining of the peak fractions shown on the left chromatograms following
SDS–PAGE. M, molecular weight ladder (kDa). c, The amino acids of SERKs

involved in PSKRs interaction are conserved. Sequence alignment of the
ectodomains of SERK family proteins. Conserved and similar residues are
boxed with red ground and red font, respectively. Residues involved in
interaction with PSKR are indicated with blue solid squares at the bottom.
The sequence of SERK3 is 100% identical to BAK1.
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Extended Data Table 1 | Data collection and refinement statistics

RF, reflection. Rsym ¼
P

h
P

i Ih;i � Ih
�� �� P

h
P

i Ih;i
�

, where Ih is the mean intensity of the i obervations of symmetry related reflections of h. R ¼
P

Fobs � Fcalcj j=
P

Fobs , where Fobs 5 FP, and Fcalc is the calculated protein
structure factor from the atomic model. R.m.s.d. in bond lengths and angles are the deviations from ideal values.
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