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Signature motif-guided identification of receptors for
peptide hormones essential for root meristem growth
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Peptide-mediated cell-to-cell signaling has crucial roles in coordination and definition of cellular functions in
plants. Peptide-receptor matching is important for understanding the mechanisms underlying peptide-mediated sig-
naling. Here we report the structure-guided identification of root meristem growth factor (RGF) receptors important
for plant development. An assay based on a signature ligand recognition motif (Arg-x-Arg) conserved in a subfamily
of leucine-rich repeat receptor kinases (LRR-RK5s) identified the functionally uncharacterized LRR-RK At4g26540
as a receptor of RGF1 (RGFR1). We further solved the crystal structure of RGF1 in complex with the LRR domain
of RGFRI1 at a resolution of 2.6 A, which reveals that the Arg-x-Gly-Gly (RxGG) motif is responsible for specific rec-
ognition of the sulfate group of RGF1 by RGFRI1. Based on the RxGG motif, we identified additional four RGFRs.
Participation of the five RGFRs in RGF-induced signaling is supported by biochemical and genetic data. We also of-
fer evidence showing that SERKSs function as co-receptors for RGFs. Taken together, our study identifies RGF recep-
tors and co-receptors that can link RGF signals with their downstream components and provides a proof of principle
for structure-based matching of LRR-RKs with their peptide ligands.
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Introduction

Small signaling peptides (~1 000) encoded in the
Arabidopsis thaliana genome play essential roles in
various aspects of plant growth and development [1-3].
By coordinating and integrating cellular functions, small
plant peptides are important for cell-cell communication
[2, 3]. The membrane-localized receptor kinases (RKs),
the largest family of receptor-like molecules in plants
[3], have been identified as specific receptors of various
peptides, further underlining the importance of the small
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signaling peptides in plants. The largest subfamily of
RKSs contains an extracellular leucine-rich repeat (LRR)
domain [4]. Signaling mediated by LRR-RKSs, in many
cases, requires somatic embryogenesis receptor-like ki-
nases (SERKs) as co-receptors [5].

Root apical meristem, a region of the root tip consist-
ing of undifferentiated cells, gives rise to different types
of root cells, thus playing vital roles in regulating root
pattern formation and adaptation to environmental stim-
uli [6, 7]. A family of 9-member small peptides called
root meristem growth factors (RGFs) [8] or GOLVENSs
[9] or CLE-Ls [10] (hereafter called RGFs for simplic-
ity) are important for the maintenance of root stem cell
niche. RGFs are secreted peptides and matured through
proteolytic processing of their precursor proteins and ty-
rosylprotein sulfotransferase (TPST)-catalyzed posttrans-
lational tyrosine sulfation, which are required for the
biological activity of RGFs [8]. RGF signaling-regulated
expression and distribution of the transcription factors



PLETHORAs (PLTs) are important for stem cell niche
maintenance and root pattern formation [8, 11-13]. RGFs
also play critical roles in regulating plant gravitropism [9,
14], lateral root and root hair formation [10, 15, 16], and
sensitivity to phosphate deprivation [17].

Despite the important roles of RGFs in plant develop-
ment, their receptors remain unidentified probably due
to redundancy of the receptors, which renders genetic
screening difficult. Here we applied an in vitro bio-
chemical assay to identify the receptors of RGFs. Based
on a signature small peptide recognition motif (RxR)
conserved in a subfamily of LRR-RKs, we screened a
pool of small peptides for their abilities to interact with
the extracellular LRR domains of LRR-RKs from this
subfamily. By this assay, we identified the functionally
uncharacterized LRR-RK At4g26540 as a receptor of
RGF1 (RGFR1), which was supported by a combination
of biochemical, structural and genetic evidence. Addi-
tional four RGFRs were further identified based on a
second structural motif, RxGG, responsible for specific
recognition of the sulfate group of RGF1 as revealed by
the crystal structure of the RGF1-RGFR1 complex. Iden-
tification of the receptors of RGFs will facilitate further
dissection of RGF-induced signaling pathways. Further-
more, the screening strategy described here can be used
to match RGF-like peptide ligands with their receptors in
Arabidopsis and other plant species.

Results

Rationale for matching LRR-RLKs with their ligands
Many mature plant peptides including Peps from
Arabidopsis (AtPeps) [18] have histidine or asparagine
as the last residue [2]. Our previous study indicated that
the last residue of AtPepl is crucial for the recognition
of this peptide by its receptor PEPR1, a member of the
LRR XI subfamily [19]. This residue forms salt bridges
with two arginines in the LRR-RK (RxR, x stands for
any amino acid; hereafter called the RxR motif; Figure
1A). Intriguingly, the RxR motif is largely conserved in
this subfamily of LRR-RKs (Figure 1B). Furthermore,
several members of this LRR-RK subfamily have been
shown to recognize small peptides ending with histidine
or asparagine [20-25]. These findings prompted us to
hypothesize that members of the LRR XI subfamily may
act as receptors of small peptides with a free C-terminal
histidine or asparagine. To identify ligands for LRR-RKs
from this subfamily, we purified some extracellular LRR
domains of these LRR-RKs and mixed each of them with
a pool of chemically synthesized peptides featuring a free
C-terminal histidine or asparagine (Supplementary infor-
mation, Table S1). The mixture was then subjected to gel
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filtration (Supplementary information, Figure S1A). If a
peptide interacts with an LRR protein, they are expected
to co-migrate in gel filtration and the peptide will be sep-
arated from the others. The identity of the peptide was
then determined by mass spectrometry (MS; Figure 1C).
The previously reported HSL2-IDA [21] and PXY-TDIF
[24] pairs were successfully matched (Supplementary in-
formation, Figure S1B) using this method, validating the
reliability of the screening.

The LRR-RK At4226540 functions as a receptor of RGF's
in vitro

By using the method described above, we found that
one of the peptides tested, RGF1, was co-purified with
the extracellular LRR domain of the functionally unchar-
acterized LRR-RK At4g26540 (Supplementary informa-
tion, Figure S1C), suggesting that this LRR-RK (hereafter
called RGFR1) may function as a RGFRI1. To further
support this conclusion in vitro, we quantified the inter-
action between RGF1 and RGFR1"*® using microscale
thermophoresis (MST). MST revealed a high binding af-
finity between RGF1 and RGFR1"™™" with a dissociation
constant (Kd) of ~285 nM (Figure 1D). The interaction
was further confirmed by the isothermal titration calo-
rimetry (ITC) assay (Supplementary information, Figure
S2A). When a non-sulfated RGF1 (dRGF1) was used for
the MST assay, the interaction was significantly compro-
mised (Figure 1D), supporting an important role of sul-
fation in RGF1 recognition by RGFRI1. This is consistent
with previous studies [8-10] showing that sulfation is
required for the in vivo activity of RGF1 (Supplementary
information, Figure S2B). In addition to RGF1, other
eight RGFs also displayed interaction with RGFR1™,
but the RGFR1"™" binding affinities of RGFs 6, 7 and 9
were much lower than those of the other RGFs (Supple-
mentary information, Figure S2C). To further confirm the
RGF1-RGFRI interaction, we solved the crystal structure
of RGF1 in complex with RGFRI"™*® at a resolution of
2.6 A (Figures 1E, 2A and Supplementary information,
Table S2). Structural comparison reveals that RGF1 and
AtPepl interact with their respective receptors in a con-
served manner (Figure 1E). As hypothesized, the RxR
motif of RGFR1 interacts with the free carboxyl group of
the last residue RGF1*"" (Figure 1E). Similar to the in-
teraction between AtPepl and its receptor, the RxR motif
of RGFRI1 is also important for RGFR1 recognition of
RGF1, as the double mutation R458 A/R460A of the RxR
motif nearly abolished the RGF1-binding activity of RG-
FR1"** as indicated by MST (Figure 1D).

Recognition mechanism of RGFs by RGFRs
In the structure, RGF1 adopts a fully extended confor-
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mation and its charge closely matches the electrostatic
surface potential of RGFR1™® (Figure 2A and 2B). The
conserved N- and C-terminal portions of RGF1 inter-
act with two positive patches of the peptide-binding
groove of RGFR1™¥, whereas the less conserved central
region of RGF1 binds a negatively charged surface of
the groove (Figure 2B). In addition to the RxR motif,
RGFR1*""* and RGFR1""*** are also involved in recog-
nition of the last residue RGF1**""” by forming hydrogen
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Figure 1 RxR motif-based identification of the LRR-RK At4g26540 as a receptor of RGF1 in vitro. (A) The RxR motif is used
by the LRR-RK AtPEPR1 to recognize AtPep1. Left, overall structure of AtPep1-PEPR1"® complex. Right, detailed interac-
tions of the boxed region in the left panel. The side chains of the last residue from AtPep1 and the RxR motif from PEPR1 are
labeled. Color codes are indicated. (B) Sequence alignment of LRRs harboring the RxR motif among the LRR XI subfamily
of LRR-RKSs in Arabidopsis. (C) A schematic diagram showing RxR motif-based identification of the peptide-receptor pair. A
purified extracellular LRR domain of an XI LRR-RK is incubated with a pool of peptides (box I) and then subjected to gel fil-
tration (box Il). The peak fraction is collected for MS (box Ill). The peptide identified by MS is regarded as the potential ligand
for the LRR-RK (box V). (D) RGF1 interacts with the LRR domain of the LRR-RK At4g26540 (RGFR1) in vitro. Quantification
of the binding affinity between RGF1 and RGFR1-"% by MST. Data points indicate the differences in normalized fluorescence
(%) generated by RGF1 binding to RGFR1*® and curves indicate the calculated fits. Error bars represent standard error of
3 independent measurements. dRGF1: non-sulfated RGF1. (E) RGFR1 and AtPEPR1 share a conserved ligand recognition
mode. Left, structural superposition of the RGF1-RGFR1"*® and AtPep1-AtPEPR1*® complexes. Right, detailed interactions
of the last residues of RGF1 and AtPep1 with their respective receptors. The side chains of the last residue of RGF1 and the
RxR motif of RGFR1 are labeled.
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bonds and Van der waals contact with this peptide resi-
due, respectively (Figure 2C). Interaction of RGF1*""
with RGFR1"™™ is further strengthened by RGFR1™*"
that packs against the side chain of RGF1**"". The sulfate
group of RGF1™" binds to a positively charged pocket
of RGFRI1 (Figure 2D), further supporting our biochem-
ical data (Figure 1D). RGFR1"*®"”* appears important
for recognition of the sulfate group because three salt
bridges are formed between them. In addition, the sulfate
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Figure 2 Recognition mechanism of RGF1 by RGFR1. (A) Left, overall structure of the RGF1-RGFR1**® complex shown in
cartoon. RGFR1"*® and RGF1 are shown in lemon and pink, respectively. Right, finally refined electron density “2Fo-Fc” con-
toured at 1.20 o surrounding RGF1. HyP: hydroxylated proline; sY: sulfated tyrosine. (B) RGF1 binds to a charged surface
groove at the inner side of the RGFR1*® solenoid. RGFR"™" is shown in electrostatic surface and RGF1 is shown in cartoon.
Red, blue and white indicate negative, positive and neutral surfaces, respectively. (C) Recognition of the last residue of RGF1
by RGFR1*®, Red dashed lines indicate hydrogen bonds or salt bridges. (D) Recognition of the sulfated RGF1™? by RGFRA1.
The side chains of RGFR1"® and RGF1 are shown in green and pink, respectively. (E) Recognition of the central part of
RGF1 by RGFR1®%. The side chains of RGFR1""" and RGF1 are shown in cyan and pink, respectively. (F) Sequence align-
ment of the LRRs (the sixth LRR) containing the RxGG motif among the XI subfamily of LRR-RKs in Arabidopsis. The RxGG
motif is highlighted within the red square. Five genes containing the RxGG motif were identified as receptors of RGFs and
named RGFRs 1-5, and the subfamily of these five genes was named RGFR subfamily.

group also establishes polar interactions with the amide
nitrogen atoms of RGFR1%Y"” and RGFR1*"****. The Van
der waals contacts formed between the sulfate group and
RGFR19* further fortify the RGF1™-RGFR1 interac-
tions. RGFR1%""® packs tightly against the benzene ring
of RGF1""” from the underneath (Figure 2D). Therefore,
RGFR19""* and RGFR1""”7 appear to have an import-
ant role in specific recognition of the sulfated RGF1
through steric effect. In addition, RGFR1**'™ forms a
hydrogen bond and a salt bridge with the amide nitrogen
of RGF1™" and the free amine of RGF1**', respectively
(Figure 2D). In comparison with RGF1™7, the side chain
of RGF1*"" is completely solvent-exposed, consistent
with the observation that RGF4 with isoleucine at this
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position (different from the other 8 RGFs which all start
with Asp) still displayed interaction with RGFR1 (Sup-
plementary information, Figure S2C). A combination of
hydrogen bonding and hydrophobic packing mediates
RGFRI1 recognition of the central part of RGF1 (Figure
2E). Crystal structures of RGFR1 in complex with other
three RGF peptides (RGFs 2, 3 and 5) further confirm the
conserved recognition mechanism of RGFs by RGFR1
(Supplementary information, Figure S3).
Structure-based sequence alignment reveals that the
residues (RGFR1%®'”*, RGFR1°""” and RGFR1"",
hereafter called the RxGG motif) responsible for specif-
ic recognition of the sulfate group of RGF1 are unique
to these five LRR-RKs including RGFR1 (Figure 2F),
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which belong to the same cluster in the LRR XI subfam-
ily (Figure 1B). Furthermore, all the other RGF1-inter-
acting residues are also highly conserved among these
five LRR-RKs (Supplementary information, Figure S4).
These results suggest that, in addition to RGFR1, the oth-
er four LRR-RKs (named RGFR2, at5g56040; RGFR3,
at5g48940; RGFR4, at3g24240; RGFRS, at1g34110)
may also recognize RGFs. Although we were unable to
express the extracellular LRR domains of three of these
LRR-RKs (RGFRs 3-5), the purified LRR domain of
RGFR2 (called SKM2 in a previous study [26]) inter-
acted with RGF1 in both gel filtration and MST assays
(Supplementary information, Figure S5).

RGF receptors control root meristem development

To provide evidence for the conclusion that RGFRs
1-5 function as receptors of RGFs in plants, we generat-
ed five RGFR Promoter::GUS lines. Expression pattern
analysis revealed that all the five RGFRs were expressed
in roots (Figure 3). Transcription of RGFR1 was mainly
restricted to columella, transition zone and root stem
cell niche, whereas expression of RGFR2 was detected
in the transition, elongation and differentiation zones of
the roots (Figure 3 and Supplementary information, Fig-
ure S6). By contrast, whole roots were found to highly
express RGFRs 3-5 (Figure 3). In addition, expression
of RGFR2 was also detected in flowers and stipules, and
RGFRS expression was detected in hypocotyl (Supple-
mentary information, Figure S7). Thus, the expression
patterns of RGFRs are similar to those of RGFs in plants
(Supplementary information, Figure S7) [15], consistent
with their possible interaction in vivo.

To analyze the functions of RGFRs in root mer-
istem development, we generated seven homozy-
gous mutant lines of Arabidopsis, the single mutants

RGFR1p:GUS

RGFR2p::GUS

RGFR3p::GUS

rgfrl (Salk _053167), rgfr2 (Salk_057829), rgfr3
(Salk 038309), rgfr4 (Salk_040393), and rgfrs
(Salk 014726) (Supplementary information, Figure S8),
and the double mutants rgfirl rgfi2 and rgfr3 rgfi4. Phe-
nocopying the rgf1 rgf2 rgf3 triple mutants [8], the rgfr/,
rgfr2, rgfir3, rgfr4 and rgfr5 single mutant seedlings had
smaller meristem sizes and fewer meristematic cortex
cells compared with wild-type plants (Figure 4A), but a
more severe meristem defect was found in the rgfrr5 mu-
tant plants (Figure 4A). The rgfirl rgfr2 and rgfr3 rgfr4
double mutant plants exhibited more severe phenotypes
than each of their single mutants (Figure 4A), suggest-
ing redundant roles of these receptors in maintaining
the meristem size of Arabidopsis. These results were
also consistent with their overlapping but not identical
expression patterns (Figure 3). The mutant plants also
exhibited short root phenotypes (Figure 4B). Differenc-
es in meristematic cortex cell number and root length
among the single mutant plants suggest that RGFRs may
have varied roles in regulating meristem and root growth
(Figure 4A and 4B). As observed before [8, 10, 16],
wild-type plants responded to RGF1 in a dose-dependent
biphasic manner, with low doses stimulating growth and
high doses inhibiting growth (Supplementary informa-
tion, Figure S9). Treatment with 1.0 nM of RGF1 almost
restored the meristematic cortex cell numbers of the sin-
gle mutants rgfrrl, rgfr2 and rgfi3 to the levels of wild-
type plants (Supplementary information, Figure S10), but
root length appeared slightly less sensitive to RGF1 in
these mutants (Figure 4C). By contrast, the same concen-
tration of dRGF1 did not have a stimulating effect on the
numbers of meristematic cortex cells in rgfr/ and rgfi2
mutant plants (Figure 4D). These results indicate that
the root meristem defects in the RGFR mutant plants are
RGF-specific. Notably, the double mutants rgfrl rgfi2

RGFR4p::GUS RGFR5p::GUS

Figure 3 Expression patterns of RGFRs in root. The expression patterns of RGFR1p::GUS, RGFR2p::GUS, RGFR3p::GUS,
RGFR4p::GUS and RGFR5p::GUS, in green seedlings (top) and root tips (bottom).
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Figure 4 Loss-of-function rgfr mutants exhibit defects in root meristem and deceased sensitivity to RGF1. (A) Confocal im-
ages of the root meristem of Col-0 and mutants (5 DAG stage). The white arrowhead indicates the boundary of meristematic
zone and elongation zone. Scale bar, 50 um. (B) Root lengths of Col-0 and mutant seedlings (7 DAG stage). (C) Changes
of root lengths of Col-0 and rgfr mutants in response to RGF1. Quantification of root lengths of Col-0 and mutant seedlings
(7 DAG stage) grown in the medium supplied with 1 nM RGF1. (D) Quantification of root meristem cells of Col-0 and mutant
seedlings (5 DAG stage) grown in the medium supplied with 1 nM RGF1 or dRGF1. n = 25. *P < 0.05, **P < 0.01, ***P < 0.001
by Student’s t-test. NS indicates not significant.
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Figure 5 Identification of SERKs as co-receptors for RGF1. (A) RGF1 induces RGFR1""*-SERK1-™" interaction in vitro. Left,
superposition of the gel filtration chromatograms of the RGFR1-**+SERK1**® and RGFR1"**+RGF1+SERK1""® proteins. The
vertical and horizontal axes represent UV absorbance (280 nm) and elution volume (ml), respectively. Right, coomassie blue
staining of the peak fractions shown on the left following SDS-PAGE. M, molecular weight ladder (kDa). (B) RGF1 induces
RGFR2"?-SERK1-"® interaction in vitro. Left, superposition of the gel filtration chromatograms of the RGFR2"*"+SERK 1-*®
and RGFR2"®*+RGF 1+SERK1""® proteins. (C) RGF1 promotes RGFR1*®-SERK1**°/SERK2*®/BAK1*® interaction in Nico-
tiana Benthamiana. Agrobacteria harboring the indicated constructs were syringe infiltrated into tobacco leaves. Peptides (10
nM RGF1, 1 uM PSK as a negative control) were added 2 h before tobacco tissues were harvested for immunoprecipitation
with anti-GFP antibody. Immunoblot assays were performed to determine the levels of expressed proteins. Each assay was
repeated three times. (D) RGF1 promotes RGFR3*® -SERK1**®?, RGFR4*°-SERK1"® and RGFR5*°-SERK1**® interaction
in Nicotiana Benthamiana. (E) Confocal images of the root meristem of Col-0 and mutants (5 DAG stage). The white arrow-
heads indicate the boundary of meristematic zone and elongation zone. Scale bar, 50 pm. (F) Changes in meristematic cor-
tex cell numbers in Col-0 and serk mutants in response to RGF1. Quantification of meristematic cortex cell number of Col-0
and mutant seedlings (5 DAG stage) grown in the medium supplied with 1 nM RGF1. n = 25. (G) Root lengths of Col-0 and
serk mutant seedlings (7 DAG stage). (H) Changes in root lengths of Col-0 and serk mutants in response to RGF1. Quanti-
fication of root lengths of Col-0 and mutant seedlings (7 DAG stage) grown in the medium supplied with 1 nM RGF1. n = 25.
*P <0.05, **P < 0.01, ***P < 0.001 by Student’s t-test. NS indicates not significant.

and rgfr3 rgfr4 were much less sensitive to the same
concentration of RGF1 than single mutant plants in meri-
stem growth (Figure 4C and Supplementary information,
Figure S10), further supporting a redundant role of these
four RGFRs in regulating meristem development. Inter-
estingly, the single mutant rgfi'5 was also less sensitive to
the same concentration of RGF1 than the other four sin-
gle mutants (Figure 4C and Supplementary information,

Figure S10), suggesting that it might play a more import-
ant role in meristem development.

SERK family members as co-receptors with RGF’s

RGF1 binding induced no RGFR1 homodimerization
(Supplementary information, Figure S11), suggesting
that a co-receptor is required for RGF1-induced signaling
based on the dimerization model [5]. The C-termini of
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Figure 6 Model of RGF signaling initiation. Cartoon illustration showing RGF-induced RGFR activation. The N- (blue) and
C-terminal (red) sides of an RGF interact with the RGF-specific motif RxGG and the peptide-determining motif RxR of an
RGFR, respectively. The surface formed by the conserved RxR motif of the RGFR and the last residue of the RGF could re-

cruit a SERK member as a co-receptor.

AtPepl and TDIF mediate interaction of a SERK mem-
ber with AtPEPR1 [19] and PXY [27], respectively. Giv-
en the conserved C-termini of AtPepl, TDIF and RGF1,
and the conserved RxR motif of AtPEPR1 and RGFRs,
RGFRs might also use SERK members as co-receptors.
This hypothesis is consistent with the observation that
SERK members play critical but brassinosteroid-inde-
pendent roles in root meristem activities [28]. Gel-filtra-
tion results showed that RGF1 induced the interaction be-
tween RGFR1™ or RGFR2™ and SERK1/2/BAK1"*
(Figure 5A, 5B and Supplementary information, Figure
S12), further strengthening our conclusion that RGFRs 1
and 2 function as receptors of RGF1. In contrast, dRGF1
or the RGFR1"®® mutant proteins with much lower
RGF1-binding activity failed to do so under the same
conditions (Supplementary information, Figure S12). Be-
sides RGF1, several other RGFs but not RGFs 6, 7 and 9
also induced RGFR1"*® interaction with SERK1"** (Sup-
plementary information, Figure S13). RGF1-induced
RGFR1-SERK interaction was also detected in Nicotiana
Benthamiana expressing the kinase domain (KD)-trun-
cated RGFR1*“”-GFP and SERK 1/SERK2/BAK1**"-HA
(Figure 5C). Similarly, RGFR3*", RGFR4"**" and RG-
FR5* also interacted with SERK1**" in the presence of
RGF1 stimulation (Figure 5D), which further confirmed
that these three LRR-RKSs act as receptors of RGFs.

To investigate whether SERKs are important for
RGF-induced signaling in plants, we generated four
mutant plants, serkl serk2, serk2 bakl, serkl/+ serk2
bakl and serkl serk2 bakl. In consistence with our bio-
chemical data, all these mutants exhibited smaller mer-
istems and shorter roots (Figure SE and 5G) than wild-
type plants, which were also observed in the rgfi (Figure
4A and 4B) and rgf1,2,3 [8] mutants. More importantly,
these serk mutants except for serk2 bakl almost lost their
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responsiveness to RGF1 (Figure 5F and 5H), indicating
that SERKs are important for RGF1-induced signaling.
This result also suggests that serk/ may have a more
important role in meristem growth. Together with our
biochemical results, these genetic data show that SERKs
act as co-receptors for RGFRs in RGF-induced signaling
to regulate root meristem development.

Discussion

Matching ligand-receptor pair is crucial to understand
LRR-RK-mediated signaling pathways. Unfortunately,
only a small number of ligand-receptor pairs have been
characterized thus far and progress in this respect via ge-
netic approaches has been hampered by the redundancy
of both receptors and ligands. Here we set up a signature
motif-based biochemical assay to match a subfamily of
LRR-RKs with their ligands. By this assay, we identified
RGFRs 1-5 from this LRR-RK subfamily as receptors
of RGFs. This conclusion is supported by a combination
of biochemical, structural and genetic evidence. While
the assay remains to be further optimized, finding of the
signature small peptide recognition motif RxR conserved
in a subfamily of LRR-RKs would facilitate the identi-
fication of their ligands in Arabidopsis. Given that this
structural motif is highly conserved across plant species
(Supplementary information, Figure S14), a similar assay
is in principle applicable to match LRR-RKs with their
ligands in species other than Arabidopsis.

Our data suggest a model of RGF-induced RGFR
activation (Figure 6). In addition to interaction with the
RxR motif of an RGFR, the C-terminus of an RGF may
also be involved in recruitment of a SERK member as a
co-receptor. The conserved RxGG motif is important for
RGFRs to distinguish RGFs from other similar peptides.
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It is conceivable that other members of the LRR XI sub-
family of LRR-RKs may also possess unique motifs, in
addition to the conserved RxR motif, to specifically rec-
ognize their ligands. In contrast to the N- and C-terminal
ends, the central region of RGFs is much less conserved.
Several RGFs were shown to bind RGFR1 but with dif-
ferent affinities. These results suggest that the non-con-
served region of RGFs is an affinity-determining epitope
for their receptors. It would be interesting to investigate
whether other subfamilies of LRR-RKs or even other
types of RKs have similar sequences to the RxR and
RxGG motifs in RGFRs, which can be utilized for ligand
recognition. We wish to mention that the in vitro inter-
action of RGF1 with RGFRs is much weaker compared
with the potency of RGF1 in plant-based assays. The
precise reason for this discrepancy is unclear; however,
this type of discrepancy is common in studies of single
transmembrane receptors such as PSKR [29]. One possi-
ble explanation is that the plant-based assays contained
all the RGF signaling components including their full-
length receptors and co-receptors, whereas our in vitro
binding assays (MST and ITC) used the purified protein
of the extracellular domain of RGFR1. Probably the in-
tracellular environment is favorable for RGF interaction
with its receptors.

Five receptors (RGFRs 1-5) are involved in RGF sig-
naling and their overlapping but not identical expression
patterns (Figure 3 and Supplementary information, Fig-
ure S7) suggest that they may have both redundant and
distinct roles in regulation of plant development. This is
reminiscent of CLE signaling that has multiple peptide
signals and receptors to control cell proliferation and dif-
ferentiation [3]. Although future studies on further match-
ing of RGFs with RGFRs in plants are needed, our data
suggest the diversity of the RGF signaling, which likely
involves specific recognition of different sets of RGFs
by different RGFRs, thus regulating distinct downstream
targets (e.g., PLT and PIN) in plant development. Despite
different receptor preferences, many of the nine RGFs
strongly interacted with RGFR1 in vitro, but their distinct
expression patterns may dictate selective activation of
specific receptors. Future studies aiming to identify other
components in the RGF signaling are expected to reveal
how the RGF signaling specificity is achieved in vivo.

During the preparation of the manuscript, three LRR-
RLKs, corresponding to RGFRs 1, 3 and 4 identified in
the current study, were reported to be involved in RGF
perception [30]. In addition, an accompanying study [31]
identified the same five LRR-RLKSs as receptors for RGFs
by using a completely different approach from ours, fur-
ther supporting the validity of our biochemical assay for
matching of receptors and their ligands. In conclusion,

our study not only identifies RGF receptors and reveals
SERKs as co-receptors with RGFRs, but also opens the
possibility of matching other XI LRR-RK members with
their ligands using the conserved R-x-R motif.

Materials and Methods

Protein expression and purification

Sequences encoding the LRR domains of the RKs RGFRI,
RGFR2, PXY, HSL2, GSO1, SERK1, SERK2 and BAKI from
Arabidopsis with C-terminal 6x His tag were generated by stan-
dard PCR-based cloning strategy and their identities were con-
firmed by sequencing. All the LRR proteins were expressed in
High Five cells at 22 °C using the vector pFastBac (Invitrogen).
One liter of cells (2 x 10° cells/ml cultured in the medium from
Expression Systems) was infected with 30 ml baculovirus of a spe-
cific protein and the media was harvested after 60 h of infection.
All the proteins were first purified using Ni-NTA (Novagen). The
bound proteins were eluted and further purified by size-exclusion
chromatography (Hiload 200, GE Healthcare) in buffer containing
10 mM Bis-Tris pH 6.0, 100 mM NaCl.

Peptide synthesis

The peptides (Supplementary information, Tables S1) were
chemically synthesized by the Scilight-Peptide Company (Beijing,
China). Peptides were dissolved in double distilled water to a final
stock concentration of 20.0 mg/ml for biochemical and genetic as-
says.

Gel filtration and MS assays

Approximately 0.5 mg of purified different LRR domain pro-
teins (in 1.0 ml buffer containing 10 mM Bis-Tris pH 6.0, 100 mM
NaCl) were individually incubated with a peptide mixture (0.1
mg for each; Supplementary information, Table S1) on ice for 1 h.
Then each of the mixtures was analyzed by gel filtration (Superdex
200, GE Healthcare), the peak fraction was collected and 2 pl was
used for MALDI TOF-MS. To test RGF-induced interaction be-
tween the RGFR1"*® (wild type or mutants) and the SERK1""%, the
two purified proteins as described above were mixed with a molar
ratio of ~1:2 (RGFR1"™™:SERK1™) in buffer containing 10 mM
Bis-Tris pH 6.0, 100 mM NaCl. The mixture was incubated on ice
for 1 h and then subjected to gel filtration analysis (Hiload 200, GE
Healthcare) in the presence (molar ratio of RGFR1™:SERK 1%
RGF ~1:2:5) or absence of an RGF. Samples from relevant frac-
tions were applied to SDS-PAGE and visualized by Coomassie
blue staining. Similar protocols were used to assay RGF-induced
RGFR1/2"* interaction with SERK2"*" or BAK 1",

Crystallization, data collection and structure determination

To crystallize RGFR1™" in complex with RGF1, the purified
RGFRI1"™ protein was concentrated to about 10.0 mg/ml and
mixed with chemically synthesized RGF1 at a molar ratio of
~1:10, and the mixture was incubated on ice for 3 h. Crystals of
the complex were generated by the hanging-drop vapor-diffusion
method. The drops were set up with 1 ul RGFR1"™*® plus 1 pl
reservoir solution at 18 °C. Diffraction quality crystals of the RG-
FR1"™®-RGF1 complex were obtained in buffer containing 0.1 M
MES monohydrate pH 6.0, 22% (v/v) polyethylene glycol (PEG)
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400. Similar conditions were used for crystallization of RGFR 1™

in complex with RGF2, RGF3 or RGF5. The diffraction data sets
were collected at the Shanghai Synchrotron Radiation Facility
(SSRF) on beam line BL17U1 using a CCD detector. All the data
were processed using HKL2000 [32]. The crystal structure of RG-
FR1"™™-RGF1 was determined by molecular replacement (MR)
with PHASER [33] using the structure of FLS2"™® (PDB code:
4MNBR) as the initial searching model. The model from MR was
built with the program COOT [34] and subsequently subjected to
refinement by the program Phenix [35]. All the remaining struc-
tures were solved by using the refined structure of the RGFR1™"-
RGF1 as the initial model for MR and refined with Phenix. All the
figures representing structures were prepared using PYMOL [36].

MST assay

The MST assay was used to measure the affinity of the purified
RGFRI1™® RGFR2™" or RGFR1"™™® mutant proteins with RGFs
by the Monolith NT.115 from Nanotemper Technologies [37].
All the proteins were fluorescently labeled according to the man-
ufacturer’s protocol and the labeled protein used for each assay
was about 200 nM. A solution of unlabeled RGFs (Supplementary
information, Table S1) was diluted to an appropriate serial con-
centration gradient. After incubation at room temperature for 30
min, a labeled protein and the diluted peptide were loaded into
silica capillaries (Polymicro Technologies). Measurements were
performed at 20 °C in buffer containing 10 mM citric acid pH 6.0,
100 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.

ITC

To further verify the interaction between the RGFR1™" protein
and RGF1, ITC200 was used to quantify their binding affinity. All
of the samples for ITC were prepared in a buffer containing 10
mM HEPES, pH 6.0, 100 mM NacCl and titrations were executed
at 25 °C. 0.1 mM RGFR1"*® was titrated against | mM RGF1. All
the ITC data were analyzed using MicroCal Origin 7.0.

LRR

Plant materials

The ecotype Columbia (Col-0) was the parent strain for all
mutants and transgenic lines used in this study. The rgfil, rgfi2,
rgfir3, rgfir4 and rgfr5 mutants were brought from ABRC (https://
abrc.osu.edu/). The double mutants rgfir! rgfir2 and rgfr3 rgfr4
were generated by genetic cross. The serkl serk2, serk2 bakl
and serkl/+ serk2 bakl mutants were generously provided by Dr
Weicai Yang (Institute of Genetics and Developmental Biology,
Chinese Academy of Sciences), and serkl serk2 bakl mutant was
generated by genetic cross. Transgenic seedlings were obtained
through Agrobacterium-mediated transformation of Arabidop-
sis thaliana using the floral dip method [38] in wild-type Col-
0. Transgenic plants were screened with 50 ng/ml kanamycin on
Murashige and Skoog (MS) medium. Homozygous lines were
identified by calculating offspring segregation ratio by GUS or flu-
orescence observation. At least three independent transgenic lines
were used in each experiment.

Growth condition and drug treatment
Arabidopsis seeds were plated on MS medium after sur-
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face-sterilization in 70% ethanol and 0.1% Triton X-100. The
plates were stored at 4 °C for 3 days, and then kept in an incubator
with a 16/8 h light/dark cycle at 22 °C in 70% humidity to grow
until the seedlings were transferred into soil.

For root length measurement and histochemistry analysis, seeds
were plated on 1/2 MS medium in petri dishes with or without dif-
ferent concentration of RGFs. The dishes were vertically placed in
incubator with usual conditions.

Root length measurement

For quantitative root length measurements, images of 7 DAG
seedlings were captured using digital camera. Roots of more than
20 seedlings were measured using ImagelJ software (NIH). Values
shown are average lengths (means + 2 SEM) of roots. Three inde-
pendent experiments were performed.

Microscopy and histochemistry analysis

For confocal microscopic analysis, 5 DAG green seedlings
were stained with 10 pM propidium iodide for 5 min, washed
gently in double distilled water, and mounted on glass slides to
visualize at 600-640 nm for propidium iodide or 500-560 nm for
GFP under a confocal microscope (Zeiss LSM710). The numbers
of root meristematic cells were obtained by counting the cortex
cell from the cell proximal to the QC to rapid elongated cell.
For detailed tissue observation of GUS staining, tissues were
mounted on glass slides and observed using Olympus CX31
optical microscope system.

Construction of plasmids

About 2-kb DNA sequence upstream of start codon (ATG) of
RGFRs 1-5 were amplified by PCR as their respective promoter
sequences. Primers are listed in (Supplementary information, Table
S3). pBI101 vector was used to construct promoter::GUS plasmid.

Full-length coding region of RGFRs 1-5 were amplified from
Arabidopsis cDNA, which was reverse transcribed from Col-0
RNA. GFP sequence was amplified from plasmid pEGAD-GFP,
and then engineered at 3'-end of RGFR1/2 with a linker (GGAG-
GA). RGFR1-GFP fusion sequence was inserted into BamHI and
Kpnl sites, followed by insertion of RGFR1 promoter into HindIIl
and BamHI sites. RGFR2-GFP fusion sequence was inserted into
Kpnl and Sall sites, followed by insertion of RGFR2 promoter into
HindlIll and Kpnl sites.

The KD-truncated SERK1, SERK2 and BAK1 were amplified
from Arabidopsis cDNA. An HA tag (TATCCTTACGACGTG-
CCTGACTACGCC) was fused at the 3’-end of the sequence. The
PCR product was inserted into Sacl and Kpnl sites of the binary
vector pCAMBIA1307 (a derivative of pPCAMBIA1300 by in-
serting CaMV 35S promoter sequence prior to multiple cloning
site) to generate construct of pCAMBIA1307-SERK1/SERK2/
BAKI1AKD-HA.

GUS staining

About 2 kb promoter sequence of RGFR1-5 were amplified by
PCR, and cloned into pBI101 vector to generate the constructs.
The constructs were transformed into Arabidopsis wild-type Col-
0 to generate stable transgenic lines. At least three independent
transgenic lines of each gene were analyzed for GUS staining at 5
DAG, 8 DAG, 20 DAG and mature stage.

The seedlings or tissues were collected, washed with staining
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buffer without X-Gluc, stained with GUS staining buffer (50 mM
sodium phosphate buffer, pH 7.0, 10 mM Na,EDTA, 0.5 mM
K,[Fe(CN)y]-3H,0, 0.5 mM K;[Fe(CN),], 0.1% Triton X-100, and
1 mg/ml X-Gluc), incubated at 37 °C for 2 h, and then ethanol (70%)
was used to terminate the staining reaction. Some tissues were
cleared in chloral hydrate solution (chloral hydrate:water:glycerol
= 8:3:1; w/v/v) for 5 min for detailed observation.

Transient expression in Nicotiana benthamiana

Transient expression in N. benthamiana was performed as de-
scribed previously [39]. Agrobacterium strains (GV3101) harbor-
ing above-described constructs were cultured in liquid Luria-Ber-
tani medium overnight. The dense cultures were inoculated into
fresh medium by 1:100 dilution and incubated for 6-8 h. The
bacteria were pelleted and resuspended in infiltration buffer (5 g/
L glucose, 10 mM MgCl,, 10 mM MES-KOH, pH 5.7; adding 150
UM acetosyringone right before use) to an ODy, of 0.4. The resus-
pended agrobacteria was infiltrated into tobacco leaves using 1 ml
syringes without needles. For coexpression, resuspended bacteria
containing different constructs were mixed with equal ODg, of 0.4.
After 46 h, 10 nM RGF1 or 1 uM PSK [30] was infiltrated into to-
bacco leaves, while double-distilled water was infiltrated as mock.
All leaves were harvested after 2 h of infiltration.

Co-immunoprecipitation and immunoblot assays

The expression of proteins of interest was tested by immuno-
blot assays at first. The tobacco leaves were rapidly frozen in lig-
uid nitrogen after harvest, and grinded into fine powder. A fraction
of powder was added with an equal volume of 2x SDS sample
buffer (4% SDS, 100 mM Bis-Tris pH 6.8, 10% glycerol, 2%
B-mercaptoethanol), and incubated in ice for 15 min, following by
boiling at 65 °C for 10 min. After centrifugation at 13 000x g for
5 min, the protein extracts were fractionated by 10% SDS-PAGE,
blotted onto a PVDF membrane. Immunoblot assay was then per-
formed using anti-GFP antibody (Beijing TDY) and anti-HA anti-
body (Santa Cruz).

For co-immunoprecipitation, 500 pl well-expressed sample was
distributed in each tube and homogenized in 1.5 ml ice cold IP
buffer (50 mM Bis-Tris pH 7.5, 150 mM NaCl, 1 mM DTT, 1 mM
EDTA, 0.1% NP-40, 1x protease cocktail inhibitor (Sigma)) for
15 min. Lysates were centrifuged twice at 13 000x g at 4 °C for 10
min. For input sample, 80 pl supernatant was transferred to a new
tube and 20 pl of 5x SDS sample buffer (10% SDS, 250 mM Bis-
Tris pH 6.8, 50% glycerol, 5% B-mercaptoethanol, and 0.05% bro-
mophenol blue) was added. In all, 1.2 ml supernatant was trans-
ferred to a new tube to incubate with 10 pul GFP-trap agarose beads
(Chromo Tec, Cat# Gta-200) for 2 h in 4 °C under gentle agitation.
Next, the beads were washed six times with IP buffer, and centri-
fuged at 2 000% g at 4 °C for 2 min each time. A total of 60 pl 5%
SDS sample buffer was added after the last wash. Subsequently,
all the samples were boiled at 65 °C for 10 min. Proteins were sep-
arated by SDS-PAGE and analyzed by immunoblot assays using
anti-HA antibody and anti-GFP antibody. Images were captured by
Kodak MXP-102 or Tanon 5200 Multi chemiluminescent imaging
system (Tanon, Shanghai, China).

Accession codes
The atomic coordinates and structure factors have been deposit-
ed in the Protein Data Bank (PDB). The PDB codes of RGF1-RG-

FR1™ RGF2-RGFR1™™®, RGF3-RGFR1"** and RGF5-RGFR1"*®
are SHY X, SHZ0, SHZ1 and SHZ3, respectively.
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