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Cell signaling pathways mediated by leucine-rich repeat receptor-like kinases (LRR-RLKs) are essential for plant growth,
development, and defense. The EMS1 (EXCESS MICROSPOROCYTES1) LRR-RLK and its small protein ligand TPD1 (TAPETUM
DETERMINANT1) play a fundamental role in somatic and reproductive cell differentiation during early anther development in
Arabidopsis (Arabidopsis thaliana). However, it is unclear whether other cell surface molecules serve as coregulators of EMS1. Here,
we show that SERK1 (SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE1) and SERK2 LRR-RLKs act redundantly as
coregulatory and physical partners of EMS1. The SERK1/2 genes function in the same genetic pathway as EMS1 in anther
development. Bimolecular fluorescence complementation, Förster resonance energy transfer, and coimmunoprecipitation approaches
revealed that SERK1 interacted biochemically with EMS1. Transphosphorylation of EMS1 by SERK1 enhances EMS1 kinase activity.
Among 12 in vitro autophosphorylation and transphosphorylation sites identified by tandem mass spectrometry, seven of them were
found to be critical for EMS1 autophosphorylation activity. Furthermore, complementation test results suggest that phosphorylation of
EMS1 is required for its function in anther development. Collectively, these data provide genetic and biochemical evidence of the
interaction and phosphorylation between SERK1/2 and EMS1 in anther development.

Plants and animals share similar mechanisms for cell-
cell and cell-environment communications. Signaling in
multicellular organisms relies predominantly on re-
ceptor kinases, and this is particularly true for plants. In
Arabidopsis (Arabidopsis thaliana), more than 600 genes
encode receptor-like kinases (RLKs), with 223 Leu-rich
repeat (LRR) RLKs forming the largest family of RLKs

(McCarty and Chory, 2000; Shiu et al., 2004; Torii, 2004;
Zhao, 2009). Extensive research has shown that LRR-
RLKs are involved in a wide range of plant growth,
developmental, and physiological processes as well as
defense responses, including the regulation of shoot and
root meristem sizes, cell fate determination and pat-
terning, steroid hormone signaling, vascular patterning,
organ size and shape regulation, organ abscission, pollen
tube reception, defense responses, plant transpiration,
nodulation, and nitrogen acquisition (Torii, 2004; Zhao,
2009; Gursanscky et al., 2016; Ma et al., 2016; Shinohara
et al., 2016; Takeuchi and Higashiyama, 2016; Wang
et al., 2016). So far, only a few coreceptors have been
identified for the many functionally characterized
LRR-RLKs.

In flowering plants, successful sexual reproduction
depends on the specification of distinct types of somatic
and reproductive cells that yield male and female
gametophytes. The anther, where male gametophytes
(pollen) are produced, typically has four lobes (micro-
sporangia; Goldberg et al., 1993; Scott et al., 2004; Zhao,
2009; Feng et al., 2013; Walbot and Egger, 2016). Within
each of these lobes in a mature anther, the central repro-
ductive microsporocytes (or pollen mother cells) are sur-
rounded by four concentrically organized somatic cell
layers: epidermis, endothecium, middle layer, and tape-
tum (Zhao et al., 2002; Zhao, 2009). Microsporocytes give
rise to pollen via meiosis, while somatic cells, particularly
the tapetum, are required for the normal development
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and release of pollen. Our previous studies demonstrate
that the EMS1 (EXCESS MICROSPOROCYTES1) LRR-
RLK-linked signal transduction pathway plays a funda-
mental role in somatic and reproductive cell differentiation
during early anther development. In Arabidopsis, an-
thers in the ems1 (also known as extra sporogenous cells)
mutant have no tapetal cells; instead, they produce ex-
cess microsporocytes (Canales et al., 2002; Zhao et al.,
2002). Furthermore, we found that TPD1 (TAPETUM
DETERMINANT1) is a small secreted Cys-rich protein
ligand of EMS1 (Yang et al., 2003; Jia et al., 2008; Huang
et al., 2016c). Our recent results show that TPD1 is se-
creted fromprecursors ofmicrosporocytes/microsporocytes
(Huang et al., 2016c). TPD1 interacts with EMS1 that is
localized at the plasma membrane of tapetal precursor
cells/tapetal cells. The activated TPD1-EMS1 signal-
ing initially promotes parietal cell division to form
tapetal precursor cells and then determines the fate of
functional tapetal cells. Disruption ofMSP1 (MULTIPLE
SPOROCYTE 1) and TDL1A (also known as MIL2
[MICROSPORELESS2]) genes in rice (Oryza sativa)
as well as the MAC1 (MULTIPLE ARCHESPORIAL
CELLS1) gene in maize (Zea mays) causes similar anther
phenotypes to that of ems1 and tpd1mutants (Nonomura
et al., 2003; Zhao et al., 2008; Hong et al., 2012; Wang
et al., 2012). MSP1 encodes an EMS1-like protein, while
MIL2/TDL1A and MAC1 genes encode a TPD1-like pro-
tein, suggesting that the function of TPD1-EMS1 signaling
is conserved in anther cell differentiation. However, it
is not known whether EMS1 functions together with a
coreceptor to determine somatic cell fate during anther
development.
In Arabidopsis, SERK (SOMATIC EMBRYOGENESIS

RECEPTOR-LIKE KINASE) LRR-RLKs are involved
in multiple signaling pathways by partnering with
other LRR-RLKs, such as BRI1 (BRASSINOSTEROID
INSENSITIVE1), ER/ERL (ERECTA/ERECTA-LIKE),
HAE/HSL2 (HAESA/HAESA-LIKE2), PSKR1
(PHYTOSULFOKINE [PSK] RECEPTOR1), FLS2
(FLAGELLIN-SENSING2), and EFR (ELONGATION
FACTOR-TU [EF-Tu] RECEPTOR; Ma et al., 2016).
SERK1 and SERK2might act redundantly as coreceptors
of EMS1, because the serk1 serk2 double mutant pheno-
copies ems1, although neither the serk1 nor serk2 single
mutant shows detectable anther defects (Zhao et al.,
2002; Albrecht et al., 2005; Colcombet et al., 2005). In this
study, we report that SERK1/2 serves as an EMS1
partner to control anther cell differentiation. We show
that SERK1/2 genetically interacted with EMS1 in
anther development. Additionally, bimolecular flu-
orescence complementation (BiFC), Förster resonance en-
ergy transfer (FRET), and coimmunoprecipitation (co-IP)
assays demonstrated that SERK1 biochemically interacted
with EMS1. Transphosphorylation of EMS1 by SERK1 is
essential for enhancing EMS1 kinase activity. Further-
more, tandem mass spectrometry analysis identified a
total of 12 in vitro autophosphorylation and transphos-
phorylation sites of EMS1, and seven of themwere found
to be important for EMS1 autophosphorylation activity.
Our results also suggest that phosphorylation of EMS1 is

required for its function in planta. Collectively, our data
support that SERK1/2 functions as partners of EMS1 to
control anther cell fate determination in Arabidopsis.

RESULTS

SERK1/2 and EMS1 Function in the Same Genetic Pathway
for Anther Development

Neither the serk1-1 nor serk2-1 single mutant has a
detectable phenotype, but anthers in the serk1 serk2
double mutant show an identical phenotype to the
ems1 anther (Zhao et al., 2002; Albrecht et al., 2005;
Colcombet et al., 2005). Therefore, SERK1 and SERK2
might function redundantly as coreceptors of EMS1
during anther development. To investigate the genetic
interaction between SERK1/2 and EMS1 genes, we
identified a novel weak allele of EMS1 (SALK_051989)
with the T-DNA insertion located 497 bp upstream of
the ATG start codon (Supplemental Fig. S1A). We named
this new allele ems1-2, and the previously identified null
EMS1 mutant ems1 was renamed as ems1-1 (Zhao et al.,
2002). Reverse transcription-PCR andquantitative reverse
transcription-PCR results showed that the expression of
EMS1 was reduced in ems1-2 anthers compared with
those of the wild type (Supplemental Fig. S1, B and C).
Therewas no difference in growth betweenwild type and
ems1-2 plants; however, the fertility of the ems1-2 mutant
was reduced slightly, as indicated by the fact that a
few early siliques were completely or partially sterile
(Supplemental Fig. S2, A and E). Pollen staining exami-
nation revealed a small reduction of viable pollen grains
in ems1-2 partially sterile anthers comparedwith those of
the wild type (Supplemental Fig. S2, B and F).

We then performed genetic analysis between EMS1
and SERK1/2. Examination of silique growth and pollen
viability showed that serk1-1 (Supplemental Fig. S2, G
and H) and serk2-1 (Supplemental Fig. S2, I and J) single
null mutants had normal male fertility. Conversely,
similar to the ems1-1 strong mutant (Supplemental Fig.
S2, C and D) and the serk1-1 serk2-1 double mutant
(Supplemental Fig. S2, K andL), the ems1-2 serk1-1double
mutant was sterile and did not produce pollen grains in
the anther (Supplemental Fig. S2,M andN), although the
fertility reduction of ems1-2 serk2-1 was not as severe as
that of ems1-2 serk1-1 (Supplemental Fig. S2, O and P).
Moreover, the ems1-1 serk1-1 serk2-1 triple mutant was
completely sterile (Supplemental Fig. S2, Q and R).

To further examine anther cell differentiation defects
in those mutants, we conducted anther semithin sec-
tioning. In the wild-type anther, the reproductive mi-
crosporocytes are surrounded by a layer of somatic cells
called tapetum (Fig. 1A). In contrast, anthers from the
ems1-1 single mutant (Fig. 1B) and the serk1-1 serk2-1 dou-
ble mutant (Fig. 1C) completely lacked the tapetum but
produced excess microsporocytes, as reported previ-
ously (Zhao et al., 2002; Albrecht et al., 2005; Colcombet
et al., 2005). Similar to serk1-1 and serk2-1 single mutants
(Albrecht et al., 2005; Colcombet et al., 2005), the ems1-2
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anther formed normal tapetum and microsporocytes (Fig.
1D). Conversely, the ems1-2 serk1-1 anther (Fig. 1E) resem-
bled the phenotype of ems1-1 (Fig. 1B) and serk1-1 serk2-
1 (Fig. 1C), and so did the ems1-1 serk1-1 serk2-1 triple
mutant (Fig. 1F).

Ectopic expression of the EMS1 ligand TPD1 in anther
epidermis using the AtML1 promoter (AtML1:TPD1)
caused the formation of six somatic cell layers (Fig. 1G).
However, this phenotype was absent in the serk1 serk2
anther (Fig. 1H), suggesting that SERK1/2 is required for
the EMS1 signaling. Both SERK1:SERK1 and SERK2:
SERK2 were capable of rescuing the fertility of ems1-2
serk1-1 plants, whereas SERK1:SERK1 had a slightly
higher complementation efficiency than SERK2:SERK2
(Supplemental Fig. S3, A and B). Thus, our data agree
with previous findings that SERK1 and SERK2 function
redundantly in anther development (Albrecht et al.,
2005; Colcombet et al., 2005).

Taken together, our genetic results support that SERK1/
2 and EMS1 function in the same genetic pathway, sug-
gesting that SERK1andSERK2act redundantly as partners
of EMS1.

SERK1 Interacts with EMS1

Theprimary aminoacid sequences of SERK1andSERK2
share 90% identity (Albrecht et al., 2005) and are func-
tionally redundant. Therefore, we took three approaches
to examine a potential biochemical interaction between
SERK1 and EMS1.

First, we performed BiFC assays in Arabidopsis
protoplasts. Our results showed that the full-length
EMS1 interacted with the full-length SERK1 at the
plasmamembrane (Fig. 2, A and B). We further found
that SERK1-EMS1 interaction occurred in their LRR
(Fig. 2, A and C) and cytoplasmic kinase domain (CD;
Fig. 2, A and D), indicating that both the LRR extra-
cellular domain and the CD are responsible for the
SERK1-EMS1 interaction. Moreover, no EMS1-EMS1
interaction was detected (Fig. 2, A and E), while
SERK1 interacted with itself at the plasma membrane
(Fig. 2, A and F). In addition, our control results showed
that EMS1 did not interact with SERK3 (BAK1) (Fig. 2, A
andG), suggesting that SERK1 interacts specificallywith
EMS1.

Second, we carried out FRET spectrometry experi-
ments to quantify the SERK1-EMS1 interaction via a
two-photonmicrospectroscope (Raicu et al., 2009; Biener
et al., 2013). FRET efficiencies were calculated using
images generated by unmixing pixel-level spectra of
donors upon excitation at the 860-nm wavelength
(EMS1-cyan fluorescent protein [CFP]; Fig. 3A) and
acceptor (SERK1-yellow fluorescent protein [YFP])
upon excitation at the 860-nm (Fig. 3B) and 960-nm
(Fig. 3C) wavelengths. A FRET efficiency of 24% 6
5% was obtained from 48 regions of interest at the
plasma membrane from cells coexpressing EMS1-
CFP and SERK1-YFP (Supplemental Table S1). Our
FRET results indicated a strong interaction between
SERK1 and EMS1.

Figure 1. SERK1/2 genetically interacts with EMS1 in anther development. Semithin sections show one anther lobe at stage 5. A,
A mature wild-type anther lobe showing epidermis (E), endothecium (En), middle layer (ML), tapetum (T), and microsporocytes
(M). B and C, Anther lobes from the ems1-1 strong mutant (B) and the serk1-1 serk2-1 double mutant (C) showing no tapetum but
excessmicrosporocytes. D, The ems1-2weakmutant anther lobe showing normal tapetum andmicrospocytes, which is similar to
the wild type (A). E and F, Anther lobes from ems1-2 serk1-1 double (E) and ems1-1 serk1-1 serk2-1 triple (F) mutants showing no
tapetum but excess microsporocytes, which resemble the ems1-1 single mutant (B) and the serk1-1 serk2-1 double mutant (C). G,
The AtML1:TPD1 anther lobe exhibiting six layers of anther wall cells (indicated by red asterisks), which is two layers more than
that of the wild type (A). H, TheAtML1:TPD1 serk1-1 serk2-1 anther lobe showing a similar structure to that of serk1-1 serk2-1 (C).
Bars = 10 mm.
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Third, we performed co-IP to investigate whether
SERK1 interacts with EMS1 in planta. We generated
EMS1:EMS1-4xcMyc SERK1:SERK1-YFP double trans-
genic plants that express the full-length EMS1 fused
with four cMyc tags (EMS1-4xcMyc) and the full-length
SERK1 fused with YFP (SERK1-YFP) using their native
promoters (Fig. 4A).Membrane proteins extracted from
young buds of double transgenic and control plants
(wild-type and single transgenic plants) were immuno-
precipitatedwith an anti-cMyc antibody. The precipitated
proteins were then analyzed by western blot with anti-
cMyc and anti-GFP antibodies. Our result showed that
the SERK1-YFP protein was coimmunoprecipitated by
EMS1-4xcMyc (Fig. 4B), suggesting that SERK1 interacts
with EMS1 in planta.

Collectively, our results suggest that SERK1 interacts
biochemically with EMS1.

Transphosphorylation of EMS1 by SERK1 Is Essential for
Enhancing EMS1 Kinase Activity

Previous studies have demonstrated that EMS1 and
SERK1/2 encode active protein kinases with autophos-
phorylation activity (Shah et al., 2001b; Zhao et al., 2002;
Karlova et al., 2009). Our results showed that autophos-
phorylation activities were detected in the EMS1-CD,
SERK1-CD, and SERK2-CD (Fig. 5A). Phosphorylation
levels of EMS1-CD, SERK1-CD, and SERK2-CD were
enhanced significantly when EMS1-CDwas incubated
with SERK1-CD or SERK2-CD (Fig. 5A), suggesting
that SERK1/2 and EMS1 strongly transphosphorylate
each other.

A previous study found that SERK1-CDK330E has no
kinase activity (Shah et al., 2001b). When the active
form of EMS1-CD was incubated with SERK1-CDK330E,
almost no phosphorylation was detected in either
EMS1-CD or SERK1-CDK330E (Fig. 5B). We further
generated a dead EMS1-CD version, EMS1-CDT930A

(details shown in Fig. 6). Interestingly, after coincuba-
tion, the phosphorylation levels were still enhanced in
both EMS1-CDT930A and SERK1-CD, while, as expected,
no phosphorylation was found in either EMS1-CDT930A

or SERK1-CDK330E when EMS1-CDT930A and SERK1-
CDK330E were coincubated (Fig. 5B). Thus, these results
suggest that the SERK1-EMS1 interaction leads to
transphosphorylation between SERK1/2 and EMS1.
SERK1 is essential for enhancing EMS1 kinase phos-
phorylation activity. The autophosphorylation activity
of EMS1 is not important for EMS1-SERK1 transphos-
phorylation in vitro.

EMS1 Is Transphosphorylated by SERK1 on Multiple Ser
and Thr Residues

To demonstrate how SERK1 transphosphorylates
EMS1, we identified in vitro autophosphorylation and
transphosphorylation sites in EMS1-CD by tandem
mass spectrometry. A total of four autophosphorylation

Figure 2. BiFC results showing that SERK1 interacts with EMS1 via LRR
and kinase domains. A, Schematic diagrams showing EMS1, SERK1,
and SERK3 (control) primary structures as well as truncated versions for
BiFC assays. SP, Signal peptide; LRRNT, LRR-containing N terminus;
GAP, non-LRR gap region between two LRRs; OJM, outer juxtamem-
brane domain; TM, transmembrane domain; IJM, inner juxtamembrane
domain. All constructs contain SP, OJM, TM, and IJM domains. Yellow
ovals represent the N-terminal EYFP (nEYFP), and yellow diamonds
represent the C-terminal EYFP (cEYFP). The size bar (aa = amino acids)
only indicates sizes of EMS1, SERK1, and SERK3 but not nEYFPor cEYFP.
B, Confocal image showing that the full-length EMS1 interacts with the
full-length SERK1 at the plasma membrane. C and D, Confocal images
showing that EMS1 interacts with SERK1 at the plasma membrane via
their LRR domains (C) and kinase domains (D). E, Confocal image
showing no EMS1-EMS1 interaction. F, Confocal image showing that
SERK1 interacts with itself at the plasma membrane. G, No interaction
between EMS1 and SERK3 (control). Bars = 10 mm.

Figure 3. Typical fluorescence images used to probe interaction be-
tween SERK1 and EMS1 using FRET in vivo. FRET assays show fluores-
cence images of the donor (EMS1-CFP) excited only at the 860-nm
wavelength (A) and the acceptor (SERK1-YFP) following excitation at
the 860-nm (B) and the 960-nm (C) wavelengths. Signals were obtained
from spectral unmixing of images in cells coexpressing EMS1-CFP and
SERK1-YFP. Bars = 10 mm.
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sites (Thr-854, Ser-883, Ser-892, and Ser-1069) were
identified from the autophosphorylated EMS1-CD (Fig.
5C; Supplemental Fig. S4; Supplemental Table S2). Be-
sides these four autophosphorylation sites, we also
identified eight transphosphorylated sites (Thr-914, Thr-
930, Thr-941, and Thr-1077 as well as Ser-869, Ser-918,
Ser-1073, and Ser-1076) from the SERK1-CD phosphor-
ylated EMS1-CD (Fig. 5C; Supplemental Fig. S4;
Supplemental Table S2). Among the 12 identified
in vitro phosphorylation sites, five of them (Thr-854,
Ser-869, Ser-883, Ser-892, and Thr-914) are located in
the EMS1 inner juxtamembrane domain (Fig. 5C). Seven
phosphorylation sites (Ser-918, Thr-930, Thr-941, Ser-1069,
Ser-1073, Ser-1076, and Thr-1077) were found in the kinase
domain, wherein Thr-930 and Thr-941 are in the ATP-
binding domain and Ser-1069, Ser-1073, Ser-1076, and
Thr-1077 are in the activation loop region (Fig. 5C).

Among four autophosphorylation sites, quantitative
mass spectrometry analysis revealed that relative phos-
phorylation rates of Ser-892 and Ser-1069 were increased
by SERK1-CD transphosphorylation, while phosphoryl-
ation rates of Thr-854 and Ser-883 remained unchanged
(Fig. 5D). Together, our results suggest that transphos-
phorylation and the enhancement of autophosphorylated
sites by SERK1 cause the increase of EMS1 phosphoryla-
tion level and possibly EMS1 kinase activity.

Mutations of Identified Phosphorylation Sites Affect EMS1
Kinase Activity

To test whether the identified Ser and Thr phospho-
rylation sites affect EMS1 kinase activity, we performed

site-directed mutagenesis of these Ser or Thr residues to
Ala and then assessed their autophosphorylation changes
in vitro. Our results showed that EMS1-CDT914A and
EMS1-CDT930A lost kinase activity, whereas kinase activ-
ities of EMS1-CDT854A, EMS1-CDS883A, EMS1-CDS1069A,
EMS1-CDS1076A, and EMS1-CDT1077A were decreased sig-
nificantly (Fig. 6). EMS1-CDT854A-S883A and EMS1-
CDS1069A-S1076A, which carry double mutations, had further
decreased kinase activities compared with their corre-
sponding single mutants (Fig. 6).

Both Thr-854 and Ser-883 sites are located in the inner
juxtamembrane domain, suggesting that phosphoryla-
tion of these two residues in the inner juxtamembrane

Figure 4. co-IP results showing that SERK1 interacts with EMS1 in
planta. A, Schematic diagrams showing construct structures of EMS1:
EMS1-4xcMyc and SERK1:SERK1-YFP. B, SERK1 interacts with EMS1 in
planta in a co-IPassay. Comparedwith wild-type, EMS1:EMS1-4xcMyc,
and SERK1:SERK1-YFP single transgenic plants, both EMS1-4xcMyc
and SERK1-YFPwere detected using proteins from young buds of EMS1:
EMS1-4xcMyc SERK1:SERK1-YFP double transgenic plants when
immunoprecipitated (IP) by the anti-cMyc antibody.

Figure 5. In vitro transphosphorylation activities between EMS1 and
SERK1/2. A and B, In vitro kinase assays were performed using EMS1-
CD, SERK1-CD, and SERK2-CD in the presence of [g-32P]ATP. Top gels,
Input proteins stained with Coomassie Brilliant Blue. Bottom gels, Phos-
phorylation changes analyzed by autoradiography. EMS1-CDT930A and
SERK1-CDK330E are inactive forms of EMS1 and SERK1 kinases, re-
spectively. Consistent results were obtained from three independent
repeats. C, Identified in vitro autophosphorylation (in black) and
transphosphorylation (in blue) sites in the EMS1-CD via mass spec-
trometry. S, Ser; T, Thr. D, Relative phosphorylation level changes of
specific residues in autophosphorylated and transphosphorylated
EMS1-CD. Relative phosphorylation was calculated based on the
ratio of spectral counts for total versus phosphorylated peptides
identified by mass spectrometry analysis.
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domain is important for maintaining kinase activity
in vitro. In addition, substitutions of Ser-1069, Ser-1076,
or Thr-1077 with Ala in the activation loop domain
resulted in a great decrease in autophosphorylation
level compared with the wild type. Moreover, S1069A
and S1076A double mutations nearly abolished EMS1
kinase activity, providing further evidence to support
that autophosphorylation in the activation loop is re-
quired for general kinase activity.

Phosphorylation Is Required for EMS1 Biological Function

Phosphorylation of specific Ser and Thr residues in
LRR-RLK is essential for kinase activation and the rec-
ognition of downstream signaling components. To as-
sess the functional significance of identified in vitro
phosphorylation sites in EMS1, we representatively chose
four phosphorylation residues (T854A, in the inner
juxtamembrane domain; T930A, in the ATP-binding
domain; and S1069A and S1076A, in the activation
loop region) and then tested the ability of five versions
of EMS1 mutations to rescue the ems1-1 fertility (Fig.
7A). In each complementation assay, 40 independent
transgenic lines were analyzed (Supplemental Fig. S6).
The complementation experiments resulted in three
kinds of phenotypes in T2 plants: wild-type-like plants
with fully recovered fertility (Fig. 7B), partially fertile
plants with some short siliques (Fig. 7C), and com-
pletely sterile plants indicated by the production of all
short siliques (Fig. 7D). Examination of the pollen vi-
ability showed viable pollen grains in anthers from
wild-type-like plants (Fig. 7E). Reduced pollen grains
were found in anthers from partially sterile plants (Fig.
7F), while no pollen was observed in anther from sterile
plants (Fig. 7G). Our results showed that EMS1:
EMS1T854A and EMS1:EMS1S1069A, which harbor a single

mutation in the juxtamembrane region and the activa-
tion loop, respectively, almost completely rescued the
ems1-1 phenotype (Fig. 7H). Although EMS1:EMS1T930A

and EMS1:EMS1S1076A partially complemented the ems1-1
phenotype, the complementation rate of EMS1:EMS1T930A

was lower than that of EMS1:EMS1S1076A. Thr-930 is in
the ATP-binding domain and Ser-1076 is in the acti-
vation loop (Fig. 5C). The T930A mutation abolished,
while the S1076A mutation decreased, EMS1 kinase
in vitro autophosphorylation activity, which might
explain the functional difference between Thr-930 and
Ser-1076. Moreover, EMS1:EMS1S1069A- S1076A failed to
rescue the ems1-1 phenotype, further supporting that
the normal phosphorylation of EMS1 is critical for its
biological function in anther development.

DISCUSSION

In this study, we provide several lines of evidence to
support that SERK1/2 serves as a partner of EMS1 for
anther development. In Arabidopsis, SERKs with five
members in the LRR-RLK II subfamily play vital
roles in growth, development, and defense via acting as
coreceptors/partners of other LRR-RLKs (Shiu et al., 2004;
Ma et al., 2016). The BRI1 receptor and its redundant
coreceptors SERK1, SEKR3 (BAK1), and SERK4 control
brassinosteroid signaling (Li et al., 2002; Nam and Li,
2002; Hothorn et al., 2011; She et al., 2011; Gou et al., 2012;
Santiago et al., 2013). Both ER/ERLs and SERK1/SERK2/
SERK3/SERK4 are required for stomatal patterning
(Shpak et al., 2005; Meng et al., 2015). EPF (EPIDERMAL
PATTERNING FACTOR) small proteins trigger the
interaction of ER/ERL with SERK1 to SERK4, while
the TOO MANY MOUTHS-SERK association is inde-
pendent on EPFs (Lee et al., 2015; Meng et al., 2015).

Figure 6. Effects of mutations in identified Ser and
Thr residues on EMS1 autophosphorylation activi-
ties. A, Top gels, Coomassie Brilliant Blue staining
showing equal amounts of the examined proteins.
Bottom gels, Autoradiography showing EMS1
autophosphorylation activities. Consistent results
were obtained from three independent repeats. B,
Level changes of mutated EMS1 autophosphor-
ylation activities. Relative phosphorylation activ-
ity for each mutated EMS1-CD was quantified
based on comparison with the native form of
EMS1-CD, set as 100%.
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Loss-of-function mutants of SERK1 to SERK4 genes
exhibit the same phenotype in floral organ abscission
as that of hae hsl2 and ida (inflorescence deficient in ab-
scission) mutants (Butenko et al., 2003; Cho et al., 2008;
Meng et al., 2016). IDA is perceived by the HAE
ectodomain, which may trigger the heterodimeriza-
tion between HAE and SERKs (Meng et al., 2016;

Santiago et al., 2016). PSK binding prompts the het-
erodimerization between PSKR1 and SERK1/SERK2/
SERK3 (Wang et al., 2015). In the innate immune re-
sponse, SERKs also play a role as coreceptors of LRR-
RLKs involved in pattern recognition receptor signaling.
For example, the 22-residue bacterial flagellin oligo-
peptide (flg22) elicits assembly of the active FLS2-BAK1
(receptor-coreceptor) signaling complex tomediate plant
defense (Chinchilla et al., 2007; Heese et al., 2007; Roux
et al., 2011; Sun et al., 2013). In addition, EF-Tu (elf18)
elicits the formation of EFR-BAK1 heterodimer (Roux
et al., 2011). Our results suggest that SERK1 and SERK2
may function redundantly as coreceptors of EMS1 dur-
ing anther development in Arabidopsis.

Studies on crystal structures have revealed the mo-
lecular mechanisms underlying the assembly of LRR-
RLK receptor-coreceptor complexes in the presence of
their ligands. The binding of brassinolide (the most
active brassinosteroid) to the BRI1 island domain in-
duces BRI1-SERK1 interface formation, which enables a
tight BRI1-SERK1 interaction and, consequently, acti-
vation of the BRI1-SERK1 complex (Hothorn et al.,
2011; She et al., 2011; Santiago et al., 2013). The heter-
odimerization between FLS2 and BAK1 is triggered by
flg22 (Sun et al., 2013). flg22 binds to the concave sur-
face of the FLS2 LRR domain across 14 LRRs (LRR3–
LRR16) via both C- and N-terminal segments of flg22.
Two interfaces are formed between FLS2 and BAK1 LRRs.
The direct interface may explain the flg22-independent
formation of the FLS2-BAK1 complex, while the indirect
interface that is inducedbyflg22 bindingmay contribute to
the full activation of the FLS2-BAK1 complex.

Both EMS1 and BRI1 are in the same subfamily of
LRR, Xb (Shiu et al., 2004). Using the RaptorX program
(http://raptorx.uchicago.edu/; Källberg et al., 2014),
we simulated the EMS1 LRR three-dimensional struc-
ture based on the BRI1 crystal structure. The EMS1 LRR
structure exhibits a twisted right-handed superhelix,
where LRR2 creates the small loop and LRR23 to LRR25
generate the large loop (Supplemental Fig. S5). Our
previous studies show that TPD1 is a small Cys-rich
protein ligand of EMS1 (Jia et al., 2008; Huang et al.,
2016b, 2016c). We identified two TPD1-binding sites in
the EMS1 LRR ectodomain. TPD1 binds to the first three
EMS1 LRRs (Huang et al., 2016c). The K(104)N muta-
tion in LRR2 impairs the biological function of EMS1
(Canales et al., 2002) and the TPD1-EMS1 interaction.
Moreover, TPD1may interact with EMS1 in the vicinity
of the large loop (Huang et al., 2016c). Our BiFC results
demonstrate that EMS1 can interact with SERK1 at the
plasma membrane in the absence of TPD1, suggesting
that the TPD1 ligand is not required for the pre-
assembly of the EMS1-SERK1 heterodimer. Formation
of the FLS2-BAK1 complex is flg22 independent (Sun
et al., 2013), whereas the association of BRI1 and BAK1
requires brassinolide (Hothorn et al., 2011; She et al.,
2011; Santiago et al., 2013). No EMS1-EMS1 interaction
was detected in this study (Fig. 2, A and E); however,
previous studies (Shah et al., 2001a; Russinova et al.,
2004; Hink et al., 2008) and our results (Fig. 2, A and F)

Figure 7. Functional analysis of EMS1 in vitro phosphorylation sites in
planta. A, Schematic diagram showing the EMS1 gene structure and lo-
cations of mutated in vitro phosphorylation residues. TM, Transmembrane
domain; AB, ATP-binding domain; AL, activation loop. B to D, Repre-
sentative phenotypes found in T2 transgenic plants in the ems1-1 mutant
background: fully fertilewild-type-like plants (B), partially sterile plants (C),
and completely sterile plants (D). E to G, Pollen staining results showing
viable pollen grains from wild-type-like plants (E), reduced viable pollen
grains frompartially sterile plants (F), and no pollen from completely sterile
plants (G). H, Complementation effects of five mutated EMS1 versions in
the ems1-1mutant background. Values are means of 40 independent lines
grown under the same condition.
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show that SERK1 forms a homodimer at the plasma
membrane. Therefore, we hypothesize that, without
TPD1, EMS1 and SERK1 remain as a relaxed EMS1-
SERK1 heterodimer and a SERK1-SERK1 homodimer
at the plasma membrane, respectively (Fig. 8). In the
presence of TPD1, consecutive binding of two TPD1
molecules induces the assembly of an active and stable
SERK1-EMS1 heterodimer. More specifically, TPD1
first binds to the EMS1 LRR2-constituted domain, which
causes the conformational rearrangement of the interface
between EMS1 and SERK1. EMS1 then becomes more
competent for an additional binding of TPD1, which
reinforces/activates the EMS1-SERK1 complex. The
EMS1 kinase activity was greatly enhanced by SERK1
via transphosphorylation. Transphosphorylation
still occurs between SERK1-CD and EMS1-CDT930A,
which has no detectable autophosphorylation. In con-
trast, SERK1-CDK330E, whose autophosphorylation ac-
tivity is abolished (Karlova et al., 2009), was unable to
transphosphorylate EMS1-CD, indicating that the trans-
phosphorylation of EMS1 by its partner SERK1 plays a
vital role in activating the EMS1-SERK1 signaling complex.
Studies on BRI1 and SERK3 (BAK1) LRR-RLKs showed

that the phosphorylation sites identified by in vitro anal-
yses have an excellent correlation to the in vivo phos-
phorylation sites (Wang et al., 2005, 2008). Furthermore,
among 24 in vitro-identified phosphorylation sites in
SERK1, only three sites are due to bacterial transphos-
phorylation (Karlova et al., 2009). A recent study reported
the identification of in vitro autophosphorylation sites in
73 LRR-RLKs, including SERK1but not EMS1 (Mitra et al.,
2015). In this study, we identified five in vitro Ser and Thr
phosphorylation sites in the EMS1 inner juxtamembrane
domain and six in vitro Ser and Thr phosphorylation sites
in the EMS1 ATP-binding domain and activation loop.
Phosphorylation occurs in both conserved and non-
conserved residues in LRR-RLKs (Mitra et al., 2015).
Similarly, alignment of the EMS1-CD with its most
related LRR-RLKs (BRI1, BRL1, BRL2, and BRL3)
shows that only the Ser-892, Thr-914, and Ser-1076
phosphorylation sites are conserved, but nine other
phosphorylation sites are diverse (Supplemental Fig.
S7; Wang et al., 2005, 2008; Mitra et al., 2015). Our

studies showed that the S1076Amutation reduced 65%of
EMS1 autophosphorylation activity. Although EMS1S1076A

was capable of partially rescuing the ems1-1 fertil-
ity, EMS1S1069A- S1076A, which carriesmutations of two
phosphorylation residues in the activation loop, almost
failed to complement the ems1-1 phenotype. The mu-
tations of BRI1 S858A, T880A, and S1042A, which are
equivalent to EMS1 S892A, T914A, and S1076A, do
not affect BRI1 autophosphorylation activity, but
their abilities to phosphorylate the peptide substrate
weredecreased.BRI1S858AandBRI1T880Aareable torescue the
bri1-5 mutant phenotype. Consistent with our find-
ings, BRI1S1042A just partially complements the bri1-5 mu-
tant phenotype, which might be due to the S1042A
mutation having a strong effect on substrate phos-
phorylation. In addition, the mutation S1044/5A in
the BRI1 activation loop results in loss of function in
BRI1 (Wang et al., 2005), as does the mutation T455A
in the BAK1 (SERK3) activation loop (Wang et al.,
2008). Furthermore, HAES856A (in the activation loop),
which has an abolished autophosphorylation activity,
is capable of partially rescuing the hae hsl2 abscission-
deficient mutant (Taylor et al., 2016). Although the
phosphorylation mimic HAES856D-S861D maintains some
autophosphorylation activity, it fails to complement the
hae hsl2 phenotype. HAES856D-S861D has an enhanced Tyr
autophosphorylation activity, which might affect the
HAE biological function. BRI1 Thr-1049 in the activation
loop is required for BRI1 autophosphorylation and
transphosphorylation activities as well as its in planta
function (Wang et al., 2005). Thr-1049 is conserved;
however, we did not find that the EMS1 equivalent
residue Thr-1082 could be phosphorylated. It would
be interesting to characterize the effect of the T1082A
mutation on EMS1 kinase activity and in vivo func-
tion. Although Thr-705 in the rice XA21 LRR-RLK
juxtamembrane domain is required for XA21 auto-
phosphorylation and XA21-mediated innate immunity,
mutation of its equivalent residue Thr-880 in BRI1 has
no effect on BRI1 autophosphorylation and function
(Wang et al., 2005; Chen et al., 2010). Collectively, our
results support previous findings that conserved
phosphorylation residues in the juxtamembrane do-
main and activation loop are important for kinase ac-
tivity and function.

The nonconserved phosphorylation residues also
are essential for kinase activity and function. The sin-
gle mutations T854A, S869A, and S883A in the EMS1
juxtamembrane domain decreased significantly, while
the T854A-S883A double mutation further reduced
EMS1 kinase activity. Conversely, The T872A muta-
tion in the BRI1 juxtamembrane domain increases
BRI1 kinase activity (Wang et al., 2005). BRI1S981A (in
the ATP-binding domain), which has a normal kinase
activity, functions as the wild-type BRI1 (Wang et al.,
2005; Oh et al., 2012). However, the phosphorylation-
mimic mutation in Ser-891 deactivates BRI1 phospho-
rylation and impairs BRI1 biological function (Oh et al.,
2012). The S938A mutation in FLS2 abolishes immune
responses (Cao et al., 2013). The phosphorylation-mimic

Figure 8. Hypothetical model for the assembly of the active EMS1-
SERK1/2 complex at the plasma membrane. Without the ligand TPD1,
EMS1 and SERK1 remain as relaxed EMS1-SERK1 heterodimers and
SERK1-SERK1 homodimers at the plasma membrane. Two TPD1 mol-
ecules consecutively bind to EMS1, inducing the assembly of an active
SERK1-EMS1 heterodimer.
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mutation S938D or S938E has no effect on the immune
responses, but it does not lead to constitutive activation
of FLS2 signaling without the flg22 ligand either. Func-
tional studies showed that EMS1T930A partially lost its
function in complementing the ems1-1 mutant pheno-
type. This is consistent with our in vitro data that, al-
though EMS1-CDT930A completely lost its in vitro
autophosphorylation activity, it still could be trans-
phosphorylated by SERK1. Thus, our results further
suggest that the transphosphorylation of EMS1 by
SERK1/2 is critical for transmitting downstream sig-
naling. Collectively, we identified EMS1 conserved and
diverse in vitro autophosphorylation and transphos-
phorylation sites, which paves the way for studying the
functions of individual phosphorylation residues in ac-
tivating the EMS1-SERK1 signaling complex and in
establishing the substrate specificity in the future.

Cell signaling has been studied extensively in the con-
text of many physiological and developmental processes,
but little is known about how signal transduction path-
ways regulate somatic and reproductive cell differentia-
tion in plants (Zhao et al., 2002; Jia et al., 2008; Zhao, 2009;
Feng et al., 2013; Huang et al., 2016c; Walbot and Egger,
2016). So far, most identified ligands for functionally
studied LRR-RLKs are smallmolecules and oligopeptides
(Fletcher et al., 1999; Wang et al., 2001; Matsubayashi
et al., 2002; Tang et al., 2002; Caño-Delgado et al., 2004;
Kinoshita et al., 2005; Ito et al., 2006; Kondo et al., 2006;
Stenvik et al., 2008; Shimada et al., 2011; Lee et al.,
2012; Torii, 2012; Butenko et al., 2014; Huang et al.,
2014; Matsubayashi, 2014). Although using similar
coreceptors/partners, BRI1-SERK1, FLS2-BAK1, and
EMS1-SERK1 are activated by different types of ligands.
Future studies on the EMS1-TPD1-SERK1 structure will
not only provide insight into the molecular mechanisms
underlying the assembly and activation of LRR-RLK
signaling complexes induced by a small protein ligand
but also will fundamentally advance our understanding
of somatic and reproductive cell fate determination
during plant sexual reproduction.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

All Arabidopsis (Arabidopsis thaliana) plants were grown at 22°C under a pho-
toperiod of 16 h of light/8 h of dark. The wild-type plants used are Arabidopsis
ecotypes Columbia and Landsberg erecta. All T-DNA insertion lines, including
SALK_044330 (serk1-1), SALK_058020 (serk2-1), and SALK_051989 (ems1-2), were
obtained from the Arabidopsis Biological Resource Center and genotyped by PCR.
The previously identified strong ems1mutant was renamed as ems1-1 (Zhao et al.,
2002). Primers for genotyping are listed in Supplemental Table S3.

Pollen Staining and Anther Semithin Sectioning

Alexander pollen staining and anther semithin sectioningwere conducted as
described in our previous studies (Huang et al., 2016a, 2016c).

BiFC Assay

The EMS1-nEYFP construct was generated by inserting the N-terminal en-
hanced YFP (nEYFP) after the full-length EMS1 cDNA without the stop codon

in pSAT1-nEYFP-C1-B (Tzfira et al., 2005; Huang et al., 2016c). The SERK1-
cEYFP construct was made by introducing the C-terminal EYFP (cEYFP) after
the full-length SERK1 cDNA without the stop codon in pSAT1-cEYFP-C1-B.
Constructs EMS1-cEYFP, SERK1-nEYFP, SERK3-cEYFP, EMS1-CD-nEYFP, and
SERK1-CD-cEYFP were created similarly. To generate EMS1-LRR-nEYFP
and SERK1-LRR-cEYFP constructs, nEYFP and cEYFP were inserted after
EMS1 and SERK1 signal peptides followed by their LRR, outer juxtamembrane,
transmembrane, and inner juxtamembrane domains. All the constructs contain
signal peptide, outer juxtamembrane, transmembrane, and inner juxtamem-
brane domains. Primers for generating all constructs and more details about
constructs are included in Supplemental Tables S3 and S4.

For high-quality plasmid preparation, the PureYield Plasmid Midiprep
System (Promega) was used to isolate plasmids. A pair of tested constructs was
used to cotransfectArabidopsis protoplasts thatwere prepared from4-week-old
leaves (Yoo et al., 2007). Constructs with half EYFP and SERK3 were used as
negative controls. Samples were observed after 16 h with a Leica TCS SP2 laser
scanning confocal microscope using a 633/1.4 water-immersion objective lens.

FRET Assay

To generate EMS1-CFP and SERK1-YFP constructs, full-length EMS1 and
SERK1 cDNAswithout stop codonswere fused with CFP and YFP, respectively
(Supplemental Tables S3 and S4). The resulting EMS1-CFP and SERK1-YFP
plasmids were cotransfected into Arabidopsis mesophyll protoplasts. Proto-
plasts transfected by single plasmids were used as controls. Acquisition of
spectrally resolved fluorescence images, spectral unmixing of donor, acceptor,
and autofluorescence signals, as well as determination of FRET efficiency were
performed as described previously (Raicu and Singh, 2013; King et al., 2016).
Briefly, cells coexpressing EMS1-CFP and SERK1-YFP (controls: cells express-
ing only EMS1-CFP or SERK1-YFP) were imaged using an optical microspec-
troscope (OptiMiS) with the line-scan excitation powered by a femtosecond
laser emitting near-infrared light pulses with tunable emission wavelength
between 780 and 1,040 nm (Raicu et al., 2009; Biener et al., 2013). The spectrally
resolved images were then unmixed to generate two-dimensional fluorescence
maps of donor and acceptor (Raicu and Singh, 2013). The elementary donor
(CFP) and acceptor (YFP) spectra as well as the autofluorescence spectra were
obtained from measurements of cells that expressed only EMS1-CFP, only
SERK1-YFP, and that were devoid of any fluorescent protein, respectively. The
unmixing protocol has been optimized for cells presenting substantial auto-
fluorescence emission with the final goal to determine donor and acceptor
emission images free from any autofluorescence (Mannan et al., 2013). Since the
laser wavelength of 860 nm (selected as optimal for donor excitation) also
caused slight excitation of the acceptor, we did not attempt to compute the
FRET efficiency for every image pixel from the donor and acceptor fluorescence
maps (Raicu and Singh, 2013), or else the FRET efficiencymapwould have been
contaminated by such spurious excitation. Instead, we used a method intro-
duced recently, which employed two excitation wavelengths (860 and 960 nm)
to account for the direct excitation of the acceptor and compute the average
FRET efficiency for regions of interest (at the plasma membrane; Stoneman
et al., 2016). In order to reduce noise and avoid singularities at pixels with zero
intensity values, a signal-to-noise threshold of 1.5 SD was applied to FRET ef-
ficiency calculations.

co-IP Assay

To generate EMS1:EMS1-4xcMyc SERK1:SERK1-YFP double transgenic
plants, plants harboringEMS1:EMS1-4xcMycwere crossedwith SERK1:SERK1-
YFP plants. SERK1:SERK1-YFP and EMS1:EMS1-4xcMyc complement the
serk1-1 serk2-1 and ems1-1 mutant phenotypes, respectively (Albrecht et al.,
2005; Jia et al., 2008). Young inflorescences were harvested from wild-type,
single transgenic, and double transgenic plants. Membrane protein prepara-
tion and co-IP were performed as described in our previous study (Jia et al.,
2008). Briefly, about 0.5 g of young buds was ground in liquid nitrogen and
extracted with extracting buffer (50 mM Tris, pH 8.8, 10 mM EDTA, 150 mM

NaCl, 10% glycerol [v/v], 20 mM NaF, 1 mM Na2MoO4, 0.1 mM Na3VO4, 1 mM

phenylmethylsulfonyl fluoride, and protease inhibitor cocktail [Roche]). Crude
proteins were centrifuged two times at 5,000g for 5 min at 4°C. Then, the su-
pernatants were centrifuged at 90,000 rpm for 40 min at 4°C. The pellets were
suspended in membrane solubilization buffer (100 mM Tris-HCl, pH 7.3,
150 mM NaCl, 1 mM EDTA, 10% glycerol, 20 mM NaF, 1% Triton X-100, 1 mM

phenylmethylsulfonyl fluoride, and protease inhibitor cocktail) with sonica-
tion. After further centrifugation at 90,000 rpm for 20 min at 4°C, the protein
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extracts in supernatant were then incubated with 30 mL of Myc-Trap beads
(ChromoTek) at 4°C for 2 h. Finally, after washing five times with membrane
solubilization buffer, membrane proteins were eluted with 23 SDS-PAGE
loading buffer and analyzed by western blotting using anti-GFP (GeneScript)
and anti-cMyc (Roche) antibodies.

In Vitro Kinase Assay

Toexpress proteins for invitrokinase assay, the cytoplasmicdomainofEMS1
(amino acids 849–1,192) was amplified by PCR and inserted in frame with a
glutathione S-transferase (GST) tag into pGEX-4T-2 (Promega). Site-direct
mutated versions of EMS1 and SERK1 were generated via overlapping PCR.
The cytoplasmic domains of SERK1 (amino acids 270–625) and SERK2 (amino
acids 281–628) were PCR amplified and inserted in framewith a His tag into the
vector pET-28a (GE Healthcare). Primers for generating all constructs andmore
details about constructs are included in Supplemental Tables S3 and S4.

The resulting vectors were transformed into Escherichia coli BL21 Star (DE3)
cells (Invitrogen). Recombinant proteins were induced with 1 mM Isopropyl-
b-D-thiogalactopyranoside for GST fusions and 0.5 mM Isopropyl-b-D-
thiogalactopyranoside for His fusions at 16°C for 16 h. GST fusion proteins
were purified by Glutathione Sepharose 4B (GE Healthcare), while re-
combinant His-tagged fusion proteins were purified by His Mag Sepharose
Ni (GE Healthcare).

In vitro kinase assays were performed as described in our previous studies
with slight modifications (Zhao et al., 2002). Briefly, 1 mg of purified proteins
was incubated at 25°C for 30 min in the kinase buffer that contained 50 mM

HEPES (pH 7.5), 10 mM MgCl2, 10 mM MnCl2, 1 mM dithiothreitol, 100 mM ATP,
and 0.5mL of [g-32P]ATP (Perkin-Elmer Life Sciences) in a total volume of 20mL.
Reactionswere terminated by adding 23 SDS-PAGE loading buffer and boiling for
10min at 95°C. For transphosphorylation assay,MnCl2 was reduced to 2mM in the
kinase buffer. Autophosphorylation and transphosphorylation reactions were
separated on a 12% SDS-PAGE gel, and the gel was stained with Coomassie Bril-
liant Blue. The gelwasfinally scannedon theAmershamStorm860 imaging system
(Amersham Biosciences) for filmless autoradiography imaging capture. The rela-
tive phosphorylation level was calculated by ImageJ (https://imagej.nih.gov/ij/).

Identification of in Vitro Phosphorylation Sites in
EMS1-CD by Mass Spectrometry

For tandem mass spectrometer analysis, the purified recombinant EMS1-CD
proteinwasautophosphorylatedor transphosphorylatedbySERK1-CDinvitro in
the presence of ATP. After SDS-PAGE, protein bands were excised from PAGE
gels. In-gel digestion was then performed using trypsin. As described in our
previous studies (Ahsan et al., 2013), samples were analyzed in data-dependent
tandem mass spectrometry mode on an Easy-nanoLC-1000 device coupled with
OrbitrapElite andLTQOrbitrapXLETDmass spectrometers (Thermo Scientific).

Complementation Analysis

Tostudy the functional redundancyofSERK1andSEKR2, 2-kbpromoters and
full-length cDNAs of SERK1 and SERK2 were PCR amplified (Supplemental
Tables S3 and S4) and cloned into the pENTR-TOPO vector, respectively (Invi-
trogen). The resulting constructs SERK1:SERK1 and SERK2:SERK2 were subcl-
oned into the pEarleyGate-301 vector via recombination reaction (Invitrogen).
After confirmation by restriction digestion and sequencing, two plasmids
were introduced into the Agrobacterium tumefaciens strain GV3101. Strains
harboring SERK1:SERK1 and SERK2:SERK2 were used to transform ems1-2
serk1-1+/2 plants using the floral dip method (Clough and Bent, 1998). The
transformants were screened with 1% Basta (PlantMedia).

To test the functional significance of identified phosphorylation sites in
EMS1, site mutations (T854A, T930A, S1069A, S1076A, and S1069A-S1076A)
were generated by a series of overlapping PCR amplifications (Supplemental
Tables S3 and S4) in the EMS1 gene that contains its 1,740-bp promoter and full-
length coding region. After sequencing verification, all constructs (EMS1:
EMS1T854A, EMS1:EMS1T930A, EMS1:EMS1S1069A, EMS1:EMS S1076A, and EMS1:
EMS1S1069-1076A) and the control construct EMS1:EMS1 were subcloned into the
binary vector pGWB1, and the resulting plasmids were introduced into the A.
tumefaciens strain GV3101. The ems1-1+/2 plants were transformed using the
floral dip method (Clough and Bent, 1998).

T1 seedlings were screened on one-half-strength Murashige and Skoog
medium with 50 mg mL21 kanamycin and 50 mg mL21 hygromycin. In the T1

generation, transgenic plants in the wild-type background were removed and
transgenic plants in the ems1-1+/2 background were kept after PCR genotyping
(Zhao et al., 2002; Supplemental Fig. S6; Supplemental Table S3). In the T2
generation, the first PCR was performed to detect theDs insertion with primers
OMCP489 and OMC500, the second PCR was carried out with primers
OMCP499 and OMC500 to test whether plants were in the ems1-12/2 back-
ground (homozygous for Ds transposable element), and the third PCR was
performed with primers ZP1034, ZP1040, and ZP1606 to further verify whether
plants contain the transgene. Only transgenic plants in the ems1-1 mutant
background were chosen for fertility and anther staining analysis.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Identification of the ems1-2 weak allele.

Supplemental Figure S2. Fertilities of wild-type, ems1-1, ems1-2, serk1-1,
serk2-1, serk1-1 serk2-1, ems1-2 serk1-1, ems1-2 serk2-1, and ems1-1 serk1-
1 serk2-1 plants.

Supplemental Figure S3. Functional redundancy of SERK1 and SERK2 in
rescuing the ems1-2 serk1-1 male-sterile phenotype.

Supplemental Figure S4. Representative tandem mass spectrometry spec-
tra for identifying in vitro autophosphorylation and transphosphorylation
sites in the EMS1 kinase domain.

Supplemental Figure S5. Simulated structure of the EMS1 LRR domain.

Supplemental Figure S6. Genotyping of EMS1:EMS1 transgenic plants in
the ems1-1 mutant background.

Supplemental Figure S7. Alignment of the EMS1 cytoplasmic domain
with its four most closely related LRR-RLKs (BRI1, BRL1, BRL2, and
BRL3) as well as FLS2 and HAE.

Supplemental Table S1. Calculation of FRET efficiency between SERK1
and EMS1 using a two-excitation-wavelength scheme.

Supplemental Table S2. Summary of in vitro autophosphorylation and
transphosphorylation sites in the EMS1 kinase domain identified by
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