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A number of hormones work together to control plant cell growth.
Rapid Alkalinization Factor 1 (RALF1), a plant-derived small regula-
tory peptide, inhibits cell elongation through suppression of rhizo-
sphere acidification in plants. Although a receptor-like kinase,
FERONIA (FER), has been shown to act as a receptor for RALF1, the
signaling mechanism remains unknown. In this study, we identified
a receptor-like cytoplasmic kinase (RPM1-induced protein kinase,
RIPK), a plasma membrane-associated member of the RLCK-VII
subfamily, that is recruited to the receptor complex through
interacting with FER in response to RALF1. RALF1 triggers the
phosphorylation of both FER and RIPK in a mutually dependent
manner. Genetic analysis of the fer-4 and ripk mutants reveals RIPK,
as well as FER, to be required for RALF1 response in roots. The
RALF1-FER-RIPK interactions may thus represent a mechanism for
peptide signaling in plants.

plant hormone | feronia | phosphorylation

he mechanism by which cells perceive and respond to external

signals to control cell growth remains an area of central interest
in cell biology. Receptor-like kinase (RLK) superfamily, with more
than 600 members encoded in Arabidopsis genome, is believed to
play a key role in coupling external signals to the regulation of plant
growth and development (1-6). However, the function of the large
majority of these RLKSs remains to be explored. Among the RLKs,
there is a 17-member subfamily referred to as Catharanthus roseus
RLK1 (CrRLK1)-like (CrRLKI1L). CrRLKIL proteins feature a
predicted intracellular Ser/Thr kinase domain highly conserved
among all RLKs, a transmembrane domain, and a variable extra-
cellular domain. Within the extracellular domain of CrRLKIL
proteins reside two malectin-like modules that bear limited ho-
mology to the endoplasmic reticulum (ER)-localized, carbohydrate-
binding malectin protein of Xenopus laevis, suggesting that the
ligands of CrRLK1L subfamily may be glycosylated or carbohydrate-
rich (7). Several CrRLK1L family members have been shown to play
a role in cell growth regulation. For example, THESEUS1 (THEL1),
located to the plasma membrane, detects perturbation of cellulose
synthesis and may function as a cell wall integrity sensor (8, 9).
ANXURI (ANX1) and ANXUR2 (ANX2), two redundant mem-
bers of the CrRLK1L subfamily, play a role in controlling cell wall
integrity during pollen tube (PT) growth (10-12). Loss of function of
the ANX1 and ANX?2 leads to precocious PT rupture shortly after
germination, resulting in male sterility (11, 12).

FERONIA (FER), also a CrRLK1L subfamily member, was
originally identified as a regulator for the communication between the
male and female gametophytes during fertilization (13). Arabidopsis
fer mutants have severe defects in fertility because PTs continue to
grow inside the mutant female gametophyte and fail to rupture and
release the sperm (13-15). Recent studies have revealed function of
FER in a variety of other processes in Arabidopsis, including cell
growth control in leaves (16), hormonal and stress responses (17, 18),
mechanical signaling (19), root-hair development (20), and seed size
control (21). A recent study further showed that FER serves as a
receptor for a peptide ligand (RALF1) that binds FER and triggers
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inhibition of rhizosphere acidification, thereby suppressing cell elon-
gation in roots (22). In addition to FER, RALF1 peptide also in-
teracts with LLG1, which forms a complex with FER by interacting
with the extracellular juxtamembrane region of FER, and the as-
sembly of RALFI-LLG1/FER complex triggers activation of the
GEF-ROP/ARAC pathway that mediates auxin-dependent root hair
development (23). Interestingly, FER also uses the GEF1/4/10-
ROP11 pathway to activate ABI2 phosphatases to inhibit ABA re-
sponse (17). Furthermore, ABA signals cross-talk with RALF1
signaling through ABI2, which interacts directly with FER to de-
phosphorylate and inactivate FER (24). To date, however, the
precise biochemical mechanism of perception and transduction of
the RALF1 signal downstream of FER receptor remains unclear.
Studies on other subfamilies of RLKs have identified receptor-like
cytoplasmic kinases (RLCKs) as downstream kinases that further
transduce RLK-ligand signals. For instance, BIK1, an RLCK-VII
subfamily protein kinase, works together with a leucine-rich repeat
RLK (LRR-RLK), FLS2, in plant innate immunity to control
NADPH oxidase activity and production of reactive oxygen species
(ROS) (25-28). RIPK (RPM1-induced protein kinase), like BIK1,
also belongs to the RLCK-VII subfamily and has been originally
identified as a crucial component in plant immunity (29, 30). In the
presence of Pseudomonas syringae effector AvrB, RIPK interacts
with and phosphorylates an RPMI-interacting protein (RIN4),
leading to activation of the NLR immune receptor RPM1 to initiate
host immunity (30). Plant immunity and plant cell growth are closely
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hair development are mimicked by ripk loss-of-function but par-
tially compensated by RIPK overexpression. These and other data
suggest that formation of the FER-RIPK complex serves as a
crucial step in the RALF1 signaling pathway.

Author contributions: C.D., S.L., and F.Y. designed research; C.D., X. Li, J.C., W.C,, B.L, C.L,,
L.W., J. Li, and F.Y. performed research; X. Li, X.Z., J. Lin, and X. Liu contributed new
reagents/analytic tools; C.D., S.L., and F.Y. analyzed data; and C.D., S.L., and F.Y. wrote
the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission. C.Z. is a Guest Editor invited by the Editorial
Board.

'C.D., X. Li, and J.C. contributed equally to this work.

2To whom correspondence may be addressed. Email: sluan@berkeley.edu, xml05@hnu.
edu.cn, or feng_yu@hnu.edu.cn.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1609626113/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1609626113


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1609626113&domain=pdf
mailto:sluan@berkeley.edu
mailto:xml05@hnu.edu.cn
mailto:xml05@hnu.edu.cn
mailto:feng_yu@hnu.edu.cn
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1609626113/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1609626113/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1609626113

L T

/

1\

=y

connected with each other. For example, BSK1, a member of the
RLCK-XII subfamily, is involved in both brassinosteroid (BR) sig-
naling and innate immunity in Arabidopsis. BSK1 can form a BRI1-
BAK1-BSK1 complex in BR signaling pathway to regulate cell
growth. Meanwhile, BSK1 also works as a downstream kinase with
FLS2 in plant innate immunity (31, 32).

In search of downstream players of RALF1-FER signaling, we
show here that RIPK directly interacts with FER and is rapidly
phosphorylated after RALF1 peptide treatments. Compared with
wild-type plants, ripk mutants, like fer-4 mutant, display defects in
root hair development and RALF1 response. Together with cross-
phosphorylation of FER and RIPK in response to RALF]I, these
results suggest that RIPK, originally identified for its role in im-
munity, works together with FER to transduce RALF1 signal in
the control of cell growth in roots.

Results

RIPK Interacts with FER at the Plasma Membrane. In the RALF1-
FER signaling pathway, a critical question that remains to be an-
swered is whether FER receptor kinase requires other partner
proteins to control RALF1 response at the plasma membrane. To
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answer this question, we performed immunoprecipitation coupled
with mass spectrometry (IP-MS/MS) to identify potential partner
proteins for FER. FER-FLAG transgenic plants and Col.0 plants
were treated with or without RALF1 peptide following the method
described earlier (18). Protein extracts were subjected to IP pro-
cedure using anti-FLAG affinity gel, followed by 10% (mass/vol)
SDS/PAGE and MS analysis of isolated gel slices. The proteins
that were present only in the IP product from FER-FLAG trans-
genic plants but not in the IP product from Col.0 plants were
considered as FER-associated proteins. Further, we especially fo-
cused our attention on proteins present in RALF1-treated samples.
We identified several proteins in the IP product treated with RALF1
peptide (Fig. S1 A-C), including AHA2, the target H*-ATPase in
the plasma membrane, which was also identified previously as a
target that is regulated by RALF1 peptide (22). One of the RLCK-
VII subfamily members, RIPK, attracted our interest because it was
not only identified as FER interacting proteins through IP-MS/MS
after RALF1 peptide treatments of the FER-FLAG transgenic
plants, but a truncated RIPK protein (225462 aa) was also identi-
fied as a positive clone in our yeast two-hybrid (Y2H) screen using
FER kinase domain as a bait (Fig. S1D). It has been shown that

GST + —

GST-RIPK — +
His-FER-CD _+ + kDa

Anti-His

GST-RIPK>|

GST>|

Fig. 1. RIPK interacts with FER. (A) B-galactosidase assay in the Y2H system. AvrPphB susceptible protein 1 (PBS1) and HERKULES Receptor Kinase 2 (HERK2)
were used as negative controls. RIPK and PBS1 were cloned into the pGADT7 vector (AD-RIPK, AD-PBS1) and FER-CD and HERK2-CD into the pGBKT7 vector
(BD-FER, BD-HERK?2). Experiments were repeated three times with similar results. (B) GST pull-down assay. Input GST (27 kDa, 2 ug) or GST-RIPK (70 kDa, 2 pg)
protein was visualized by Coomassie Brilliant Blue staining (Lower). The eluted proteins were separated by a SDS/PAGE gel and probed with anti-His antibody
(1:5,000) (Upper). Experiments were performed three times with similar results. (C) BiFC assay of FER-RIPK interaction in Arabidopsis protoplasts. Before
imaging, the protoplasts were treated with FM4-64 (2 pM) for 5 min. GFP fluorescence was detected in protoplasts coexpressing RIPK-cCFP and FER-nVenus
(Upper) but not in the controls (RIPK-cCFP + HERK2-nVenus or PBS1-cCFP + FER-nVenus; Middle and Lower). (Scale bar, 20 pm.)
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FER is conserved among land plants (13). We performed phyloge-
netic analysis using Arabidopsis RIPK as a query and found that, like
FER, RIPK homologs are also widely distributed among plants (Fig.
S2 A and B). In addition, the expression pattern of RALFI, FER,
and RIPK overlapped in a number of plant tissues, making it possible
for them to function in similar processes (Fig. S2 C and D). We
decided to test the possibility that FER and RIPK are functionally
linked in the context of RALF1 response.

We further confirmed that RIPK interacts directly with FER by
several independent assays. When full-length coding regions of
RIPK in the pGADT?7 prey vector and FER cytoplasmic kinase
domain (FER-CD) sequence in the pGBKT?7 bait vector were
cotransformed into yeast cell AH109, they supported cell growth,
indicating an interaction between FER and RIPK (Fig. 14). We
next explored the specificity of the FER-RIPK interaction by in-
cluding some different members in the FER subfamily and RIPK
subfamily using the Y2H system. These results showed that the
FER-RIPK interaction is rather specific. Among the seven FER
family members, there was a strong interaction between RIPK
and FER, a weak interaction between RIPK and THE1, but no
detectable interaction between RIPK with HERK2, FERLI14
(AT5G39020), FERL15 (AT5G38990), ANX1, or ANX2 (Fig.
S3A). Also, among the five RIPK family members (RIPK, PBS1,
PBL1, PBL2, and PBL3) that we checked, only RIPK interacted
with FER (Fig. S3B).

Studies showed that KS65R mutation in the ATP-binding do-
main of FER-CD disrupts kinase activity (13). In addition, the
S251 and T252 amino acid sites in both the BIK1 and RIPK kinase
domain were highly conserved and probably required for kinase
activity (33). We used this information and tested whether FER
and RIPK mutants lacking kinase activity can interact with each
other. In the Y2H assays, the RIPK and FER mutant versions
containing kinase-dead mutations failed to interact (Fig. S3C). To
make sure that all proteins were expressed in the yeast cells,
we performed Western blots to monitor the accumulation of the
BD baits (fused with the Myc-tag) and AD preys (fused with the
HA-tag) in the Y2H system (Fig. S3D).

In the GST pull-down assay, GST-RIPK was shown to associate
with the cytoplasmic kinase domain of FER (His-FER-CD) (Fig.
1B). We further tested the FER-RIPK interaction using bimo-
lecular fluorescence complementation (BiFC) combined with
FM4-64 staining to label the plasma membrane in Arabidopsis
protoplast cells. When RIPK and FER coding regions were fused
with C-terminal CFP (cCFP) and N-terminal Venus (nVenus),
respectively, and cotransformed into Arabidopsis protoplasts, we
observed cell surface-localized fluorescence signal that overlapped
with the FM4-64 signal (Fig. 1C). No fluorescence signal was ob-
served in the negative controls (RIPK-cCFP + HERK2-nVenus or
PBS1-cCFP + FER-nVenus) performed with the same procedure.
We also confirmed the expression of all proteins in the proto-
plasts using Western blot (Fig. S3E). These data suggest that the
FER-RIPK interaction occurred at the plasma membrane.

RIPK-Null Mutant Mimics fer-4 Mutant Phenotypes. To test if
FER-RIPK association is functionally relevant, we obtained a
T-DNA insertional mutant of the RIPK gene in the Ler back-
ground (ripk-Ler) as reported previously (30) and also a ripk-Col.0
mutant derived from back-crossing ripk-Ler mutant with wild-type
Col.0 for several generations to get the homozygous mutant in Col.0
background (30). As FER acts in a number of processes that are
related to vegetative growth (16, 20) and hormonal responses
(17, 18), we examined the ripk mutant together with the fer-4 mu-
tant in several assays side by side. First, we analyzed the root hair
phenotype that has been shown to be closely related to FER
function in auxin response (20). The ripk-Col.0 mutant, like the fer-4
mutant, exhibited shorter root hairs compared with the wild-type
control (Fig. 24). The ripk-Ler mutant also showed the same phe-
notype (Fig. S44). In addition, the ripk-Ler mutant phenotype was
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complemented by a genomic fragment fused in frame to a FLAG
tag (pRIPK:RIPK-FLAG, abbreviated as ripk/RIPK; Fig. S44),
confirming that the short-root-hair phenotype in the ripk mutants
resulted from loss of function of RIPK. The fer-4/ripk double mu-
tant showed the same root hair phenotype as the fer-4 single mutant
(Fig. 24), suggesting that FER and RIPK may function in the same
pathway. To further examine if RIPK functions downstream of
FER, we produced transgenic lines overexpressing RIPK in the fer-4
background (fer-4/RIPK) by introducing the 358::RIPK-FLAG
construct into the fer-4 mutant. We chose two independent lines
(fer-4/RIPK-3 and fer-4/RIPK-7) to examine root hair development
and found that RIPK overexpression could partially rescue root hair
defects in fer-4 mutant (Fig. 24). We then used the fer-4/RIPK-3
line in more assays described below.

Previous studies showed that the fer-4 mutant promotes root
elongation under blue light and increases uptake of cations into the
cytoplasm, which will lead to hypersensitivity to LiCl (22). When
grown under continuous blue light, the ripk-Col.0 mutant, like the
fer-4 mutant, showed longer main roots than the wild-type (Fig.
S4B). The ripk-Col.0 mutant seedlings were also hypersensitive to
LiCl, similar to the fer-4 mutant than the wild-type (Fig. S4C).
Because both blue light and LiCl assays reflect rhizosphere acidi-
fication ability (22), we further examined the rhizosphere acidifi-
cation rate in the ripk mutants using a quantitative assay described
by Haruta (22) and Gujas (34) and found that the ripk-Col.0 mu-
tant, like the fer-4 mutant and the fer-4/ripk double mutant, had
a higher rhizosphere acidification rate than the wild-type Col.0
plants (Fig. 2B), suggesting that disruption of the RALF1 signaling
pathway leads to less inhibition of extracellular acidification. In
contrast, overexpression of RIPK in the fer-4 mutant (fer-4/RIPK-3)
had a slightly lower rhizosphere acidification rate than the fer-4
mutant (Fig. 2B).

Apart from a role in root-hair development, both fer-4 and ripk
mutants have smaller leaves compared with their respective wild-
type controls, as previously described (20, 30). In this study, we
found that leaf epidermal (pavement) cells of both ripk-Col.0 and
fer-4 were smaller than the wild-type Col.0. In addition, the com-
plementary lobes and indents of neighboring pavement cells were
less obvious than those in the wild-type Col.0, again indicating that
fer-4 and ripk mutants showed similar phenotypes. In addition, the
defects of the fer-4 mutant in pavement cell morphology were also
partially suppressed by RIPK overexpression (Fig. 2 C and D).

In addition to the cell growth defects, the ripk mutant also dis-
plays similar hormone-regulated phenotypes as the fer-4 mutant.
For example, the ripk-Col.0 mutant was less sensitive to auxin but
more sensitive to ABA (Fig. 2 E and F), as reported for the fer-4
mutant (17, 20, 23). In addition, overexpressing RIPK in the fer-4
mutant background partially restored fer-4 mutant phenotypes.
However, the ripk mutant phenotypes appeared weaker than those
of fer-4 in most cases. Moreover, ripk, unlike fer-4, did not seem to
show defects in PT reception (Fig. S4D) nor in seed size control
(Fig. S4E). 1t is likely that FER works together with multiple
RLCK partner proteins (such as MARIS) to control its multiple
downstream responses (35). As a result, mutation of one of these
partners (such as in the sipk mutant) disrupts only part of these
responses, leading to weaker phenotypes compared with those in
fer-4. Taken together, these results indicate that FER and RIPK
may work together in several processes that control cell growth and
hormone responses.

RALF1 Enhances Phosphorylation of FER and RIPK in a Mutually
Dependent Manner. To investigate how RIPK and FER, both
protein kinases, interact biochemically and function together, we
examined their phosphorylation status in the context of their in-
teraction. First, we raised an antibody that appeared to specifically
react with the RIPK protein. The RIPK antibody detected two
bands between 70 kDa and 55 kDa in the Col.0 but not in the ripk-
Col.0 mutant (Fig. S54), suggesting that RIPK is the major form of
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Fig. 2. RIPK loss-of-function mutants mimic fer-4 mutants in genetic phenotypes. (A) Root-hair phenotype in Col.0, ripk-Col.0, fer-4/ripk, fer-4, and fer-4/RIPK
plants. Photo shows 7-d-old Arabidopsis seedlings vertically grown on 1/2 MS plate. (Scale bar, 1 mm.) (B) Quantitative assay of the rhizosphere acidification
rate in Col.0, ripk-Col.0, fer-4/ripk, fer-4, and fer-4/RIPK plants using a pH indicator, fluorescein-Dextran conjugate. Values represent the means + SD obtained
from three biological replicates (n = 7 seedlings). (C) Average polarity score (APS) of epidermal pavement cells from 7-d-old seedlings was determined. Values
represent averages + SD (n = 15 cells). (D) Area of epidermal pavement cells in Col.0, ripk-Col.0, fer-4/ripk, fer-4, and fer-4/RIPK leaves. Values represent
averages + SD (n = 15 cells). (E) Root length comparison of Col.0, ripk-Col.0, fer-4/ripk, fer-4, and fer-4/RIPK plants under different NAA concentrations (0, 100,
and 200 nM) and treatments. Values represent the means + SD obtained from three biological replicates. (F) Root length comparison of Col.0, ripk-Col.0, fer-
4fripk, fer-4, and fer-4/RIPK plants under different ABA concentrations (0, 3 pM) and treatments. Values represent the means + SD obtained from three
biological replicates. In C-F, asterisks indicate significant difference from the control as determined by one-way ANOVA (**P < 0.01 and *P < 0.05).

RLCKs recognized by the antibody in the samples prepared in our
experiment. Adding a generic phosphatase calf intestinal alkaline
phosphatase (CIP) to the protein extract reduced the intensity of
the upper band, indicating that the upper band represents a
phosphorylated form of RIPK: We named the phosphorylated
form (the upper band) P-RIPK and the other nonphosphorylated
form (the lower band) RIPK (Fig. S5B). To further confirm anti-
body specificity, we extracted proteins from the complementation
lines that express RIPK-FLAG fusion in the ripk mutant back-
ground (7ipk/RIPK-FLAG) and ran Western blots. The RIPK
antibody detected two bands (P-RIPK-FLAG, RIPK-FLAG) that
matched the bands detected by the FLAG antibody (Fig. S5C).
To test if RIPK phosphorylation depends on FER, we measured
RIPK phosphorylation status in the Col.0 and fer-4 mutant using
anti-RIPK antibody and found that the RIPK phosphorylation
level was reduced in the fer-4 mutant compared with the wild-type
Col.0 plants (Fig. 34). Using a similar procedure, we raised an-
other antibody that specifically reacted with FER protein. Two
bands between 130 kDa and 110 kDa were detected in the wild-
type Col.0 plants (but not in the fer-4 mutant): a phosphorylated
FER (the upper band; P-FER) and the nonphosphorylated FER
(the lower band; FER) (Fig. S5 D and E). To confirm FER antibody
specificity, we extracted total protein from the complementation
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lines expressing FER-FLAG fusion protein in the fer-4 mutant
background (fer/FER-FLAG) and performed Western blots. As
in the case of RIPK, the FER antibody also detected two bands
(P-FER-FLAG and FER-FLAG) that matched the bands detected
by the FLAG antibody (Fig. S5F). We next examined FER phos-
phorylation status in the Col.0 and ripk mutant using anti-FER an-
tibody. The phosphorylated band was reduced in the ripk mutant
compared with that in the Col.0 (Fig. 3B). These results, together
with those showing their physical interaction, suggested that RIPK
and FER may form a protein kinase complex and phosphorylate
each other in a mutually dependent manner in vivo. We further
confirmed the FER-RIPK transphosphorylation in vitro using a ki-
nase-dead version of FER (His-FERm-CD, about 55 kDa) or RIPK
(TF-His-RIPKm, a fusion protein about 100 kDa) as a substrate. As
shown in Fig. 3, RIPK phosphorylated kinase dead FER-CD (His-
FERm-CD) (Fig. 3D), and the His-FER-CD also phosphorylated
the kinase-dead version of RIPK (TF-His-RIPKm) (Fig. 3E).

As RALF1 is a peptide ligand that activates FER phosphorylation
(22), we examined if the phosphorylation of RIPK is also regulated
by the RALF1 ligand. First, we analyzed the phosphorylation level
of RIPK in the RALFI-RNAi (ralfl) plant in which RALFI ex-
pression level was reduced (36) and found that the level of RIPK
phosphorylation in ralf plants was lower than that in Col.0 (Fig. 3C).
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Phosphorylations of RIPK and FER are interdependent in response to RALF1 peptide. (A) Phosphorylation status of RIPK in 7-d-old Col.0 and fer-4

and B-actin was shown as a loading control in A-C, f, and G. (B) Phosphorylation

status of FER in 45-d-old Col.0 and ripk-Col.0 plants. (C) Phosphorylation status of RIPK in 7-d-old Col.0 and RALF1-RNAI (ralf1) seedlings. (D and E) In vitro
kinase activity assays showing cross-phosphorylation of FER and RIPK kinase domains. These assays were started by adding ATP and analyzed by Western blot
using His antibody (1:5,000). Input proteins were visualized by Coomassie Brilliant Blue staining (Lower). Data shown are representative of at least three
independent experiments with similar results. (F) Time courses (0, 0.5, 1, 3, and 5 min) of RIPK phosphorylation in response to RALF1 peptide (1 uM) using

7-d-old Col.0 Arabidopsis seedlings. (G) RIPK phosphorylation in 7-d-old Col
(0, 0.5, 1, and 2 pM) for 3 min.

We further analyzed the phosphorylation status of RIPK in shoot or
root separately using 1-wk-old Arabidopsis seedlings treated by
RALF1 peptide for 3 min. Results showed that RALF1 treatment
rapidly increased the phosphorylation of RIPK in roots and to a
lesser extent in shoots (Fig. S6). We further analyzed the time course
and dosage dependence of RIPK phosphorylation under RALF1
treatments and found that RIPK phosphorylation was elevated
within 30 s after application of 1 pM RALF1 peptide (Fig. 3F), and
the RIPK phosphorylation level was up-regulated in a RALF1
dosage-dependent fashion (Fig. 3G). These results strongly suggest
that RIPK phosphorylation is an early event of RALF1 signaling,
and FER-RIPK may form a protein kinase complex to perceive
RALF1 signal through phosphorylating each other.

If the RALF1 signal induces formation of the FER/RIPK ki-
nase complex, it is possible that RALF1 addition would enhance
the phosphorylation of both kinases. We thus examined RIPK
phosphorylation status in Col.0 and fer-4 mutant plants with or
without RALF1 treatment. We found that RIPK phosphorylation
was reduced in fer-4 mutant regardless of the addition of RALF1
(Fig. 44). Likewise, we also observed a decrease in FER phos-
phorylation level in the ripk-Col.0 mutant compared with that in
Col.0 (Fig. 4B).
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.0 Arabidopsis seedlings after being exposed to different RALF1 concentrations

RIPK, Like FER, Positively Regulates RALF1 Response in Roots. We further
directly tested whether RIPK is required for RALF1 response in
plants using primary root growth inhibition assay and found that the
ripk-Ler mutant exhibited reduced sensitivity to RALF1 compared
with Ler, whereas the ripk/RIPK complementation lines showed the
similar response as Ler (Fig. 4C). The ripk-Col.0 mutant also
exhibited reduced sensitivity to RALF1 as in fer-4 mutant (Fig. S74).
We further analyzed RIPK overexpression lines in Col.0 background
and found that they had shorter roots than the Col.0 (Fig. S7A4).
When treated with the RALF1 peptide, the RIPK overexpression
lines were more sensitive to RALF1 than the Col.0 (Fig. S74). In
addition, overexpression of RIPK into the fer-4 background partially
complemented the RALF1 response defect in the fer-4 mutant (Fig.
4D). We confirmed the idea that RALF1, FER, and RIPK act as a
signaling module in the same pathway by examining ralf] plants in
their root hair development and rhizosphere acidification rate and
found that the ralfI plants, just like fer-4 and ripk mutant plants, had
shorter root hairs and a faster rhizosphere acidification rate than
those in Col.0 (Fig. S7 B and C).

RALF1 Enhances Formation of the FER/RIPK Kinase Complex. Studies
have shown that the interaction between RLK and RLCK is regulated
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Fig. 4. RALF1 enhances interaction and phosphorylation of FER and RIPK. (A) Phosphorylation status of RIPK in 7-d-old Col.0 and fer-4 Arabidopsis seedlings in
the absence or presence of RALF1 peptide (1 pM) for 3 min. The ratio of p-RIPK/RIPK was shown below the gel. The data shown are representative of at least three
independent experiments with similar results. (B) Phosphorylation status of FER in 45-d-old Col.0 and ripk-Col.0 Arabidopsis plants in the absence or presence of
RALF1 peptide (1 pM) for 3 min. The ratio of p-FER/FER was shown below the gel. The data shown are representative of at least three independent experiments
with similar results. (C) RALF1 inhibition of root growth in Ler, ripk-Ler, and the complementation line (ripk/RIPK). (D) RALF1 inhibition of root growth in Col.0,
fer-4, fer-4/RIPK-3, and fer-4/RIPK-7 plants. (E) Interaction between FER and RIPK in Col.0 protoplasts was enhanced by RALF1 peptide (1 pM). In C-E, values
represent the means + SD obtained from three biological replicates. NS, no significant difference (P > 0.05). Asterisks indicate significant difference from the
control as determined by one-way ANOVA (*P < 0.05; **P < 0.01). (F) Co-IP experiments showing RALF1-dependent FER-RIPK complex formation in Arabidopsis
cells. Ten-day-old wild-type (Col.0) and RALF1-RNAi (ralf1) plants were treated with RALF1 (1 uM) for 10 min. Total protein extracts (Input) or proteins eluted from
anti-FER IP were probed by FER antibody (1:4,000) or RIPK antibody (1:3,000). Preimmune serum (Preim) was used for negative controls.

by the ligands (25-27). To explore whether the formation of the FER/  found that the association of RIPK and FER is reduced in the ralf]

RIPK kinase complex is regulated by the RALF1 peptide, we tested
the FER-RIPK interaction in the BiFC system with or without ad-
dition of RALF1 peptide using Col.0 protoplasts. Interestingly, when
RALF1 peptide was added, we observed a higher percentage of cells
showing fluorescence signal than the control (Fig. 4F). This result
indicated that RALF1 enhanced the interaction of the two kinases,
thus assembling more functional fluorescence molecules. Further-
more, co-IP assay was performed using anti-FER antibody to test
whether the association of endogenous RIPK and FER is affected in
the RALFI-RNAi (ralfl) mutant and whether this defect can be
complemented by treatment with the synthetic RALF1 peptide. We
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mutant and this defect can be complemented by addition of the
RALF1 peptide. Consistent with the results of BiFC assays, RALF1
enhanced the interaction between RIPK and FER in co-IP assays as
well, and we found that FER preferably copurified with P-RIPK
during co-IP (Fig. 4F). Taken together, the interaction between FER
and RIPK is enhanced by RALF1 peptide, indicating that RALF1
ligand binding to FER recruits RIPK into the FER-based complex.

Discussion

Recent studies highlight the importance of RLCKs in controlling
plant immunity. For example, RLCK-VII subfamily member BIK1
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has been found to play an essential role in PAMP-triggered im-
munity (PTI) through its interaction with and phosphorylation by
FLS2 receptor kinase (25-28). Another RLCK-VII subfamily
member, PBS1, is targeted by the RPS5 NB-LRR immune receptor
(37). RIPK, like BIK1 and PBSI, also belongs to the RLCK-VII
subfamily and is shown to play a role in plant immune response (29,
30). In this study, we provide evidence that RIPK associates with the
FER RLK and functions in RALF1-mediated cell growth regula-
tion, establishing another RLK-RLCK partnership that regulates a
number of cellular processes including RALF1-mediated cell growth
inhibition in roots. However, the disruption of RIPK function did
not phenocopy all of the defects in fer-4 mutants, such as notably PT
reception and seed size control. This suggests that one specific RLK
may partner with different downstream RLCKs to fulfill distinct
functions. Likewise, each RLCK may partner with more than one
RLK to regulate distinct responses. In support of this notion, a
RLCK-VIII subfamily member, MARIS, was recently reported to
participate in the ANX1 pathway in PT growth and in the FER
pathway for root hair tip growth (35). It is yet to be determined
whether MARIS, like RIPK, can directly interact with FER or
ANXI. It will be interesting to find out whether one RLK can in-
teract with multiple RLCKs to regulate the same or different
downstream responses. In fact, recent work showed that BRI1 in-
teracts with and phosphorylates multiple members of the BSK
subfamily and even distantly related RLCK subfamily members (38).
This could be a general mechanism that integrates distinct processes
and mediates cross-talks among signaling pathways in plants.

Both FER and RIPK are active kinases and can transphosphorylate
each other. As FER regulates growth in many different cell types and
in response to various environment stress conditions, we speculate
that FER may be phosphorylated at distinct sites in response to dif-
ferent factors. Such differential phosphorylation may be further di-
versified by interacting with different downstream partners such as
RLCKs. Indeed, previous work and our study here showed that
RALF1 triggers FER phosphorylation, and we further showed that
both FER and RIPK phosphorylation levels are up-regulated quickly
by RALF1. More importantly, phosphorylation of FER or RIPK is
mutually dependent, indicating that not only the upstream kinase
FER phosphorylates downstream RIPK but the reverse is true,
supporting the emerging hypothesis that the phosphorylation
pattern of the RLKs can depend on partner RLCKs. In this
context, another finding is relevant: FER****® mutation removes
autophosphorylation activity, but it can still complement fer-4 PT
reception defect (39), suggesting the possibility that there exists a
RLCK that transphosphorylates FER****® mutant and initiates
downstream events during fertilization. The detailed functional
analysis of different phosphorylation sites on FER and RIPK will
shed light on the early events in the RALF1-FER/RIPK pathway.

Several RLCKSs have been identified as interacting proteins of
receptor kinases to transduce intracellular signaling. This RLK—
RLCK complex may have become a general theme in RLK-
facilitated signaling processes. For instance, BIK1, an RLCK-VII
subfamily protein kinase, can work together with FLS2 RLK and
coreceptor BAK1 to transduce flg22 signal in plant innate im-
munity (25-28). In parallel to the FLS2/BAK1/BIK1 receptor ki-
nase complex, it will be crucial to identify the partner RLK that
interacts with FER to function as the coreceptor of the RALF1
peptide. We noticed an interesting difference between the FLS2-
BAKI1-BIK1 and FER-RIPK pathway: BIK1 is associated with
the FLS2 receptor kinase in the absence of ligand flg22 (25). Upon
ligand binding, BIK1 is phosphorylated and then disassociated
from the receptor complex to activate downstream signaling. In
contrast, RIPK is largely disassociated from FER receptor in the
absence of ligand RALF1. Upon ligand binding, RIPK is recruited
into the receptor complex and then transphosphorylated by FER.
Such a difference could implicate mechanistic diversity among
RLK-RLCK interactions, although more work in various RLK~
RLCK pathways is required to confirm such diversity.
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Considering signaling events downstream of the receptor com-
plex, it is interesting to note that RALF1 signaling also results in
production of ROS (20) and calcium spikes (15, 19, 21, 22),
reminiscent of the events triggered by the FLS2/BAK1/BIK1
pathway. Following the paradigm of BIK1 action (27, 28), further
work should explore whether RIPK can regulate RBOHD or other
enzymes leading to ROS production and whether RIPK controls
calcium spikes in response to RALF1. It is also important to ex-
amine whether the FER/RIPK kinase complex can directly interact
with and regulate the activity of H"-ATPase (such as AHA2) by
phosphorylation. A thorough investigation on the RALF1-FER/
RIPK pathway will help in understanding how plants respond to
peptide signal and other hormones and how FER functions in the
cross-talk of these signals that regulate plant cell growth.

Materials and Methods

Plant Materials and Growth Conditions. Arabidopsis thaliana seeds were surface-
sterilized and, unless stated otherwise, stratified at 4 °C for 2-3 d before
growing on 1/2 MS with 0.8% sucrose and 1% Phytagel (Sigma-Aldrich) for
subsequent analysis. Wild-type (Col.0, Ler), ripk mutants (30), fer-4 (20), fer-4/
ripk, fer-4RIPK, FER-FLAG, RIPK-FLAG, and pRIPK::RIPK-FLAG (ripk/RIPK) (30)
Arabidopsis plants were all grown at 23 °C with a photoperiod of 16-h light/8-h
dark. The fer-4/ripk double mutant was obtained by crossing fer-4 and ripk-
Col.0 and confirmed by PCR analysis. T3 generation homozygous seeds were
used for phenotypic analysis. For overexpression assays, full-length FER coding
sequence fused with a C-terminal FLAG tag driven by Ubi promoter was cloned
into pCAMBIA1301. Similarly, full-length RIPK coding sequence fused with
a C-terminal FLAG tag driven by the 355 promoter was cloned into the
pBI121. FER-FLAG, RIPK-FLAG, and fer-4/RIPK lines were generated using
Agrobacterium-mediated floral dip method.

Y2H Assays. The cytoplasmic kinase domain of FER and its kinase dead muta-
tion (K565R) was amplified and constructed into pGBKT7 to make an in-frame
fusion with GAL4-BD as “bait.” The kinase domain of RIPK and its kinase-dead
mutations (S251R) and (T252R) were amplified and constructed into pGADT7
to make an in-frame fusion with GAL4-AD as “prey.” Some RLCK-VII subfamily
members (e.g., PBS1, PBL1, PBL2, PBL3) were cloned into pGADT7 and some
CrRLK1L subfamily members [e.g., THE1, HERK2, FERL14 (FER Like, At5g39020),
FERL15 (At5938990), ANX1, ANX2] were cloned into pGBKT7 as controls. Se-
quences of some primers are listed in Table S1.

For the FER-RIPK interaction analysis, different plasmid pairs [pGBKT7-FER
vs. pPGADT7-RIPK; pGBKT7-FER vs. RIPK (S251R); pGBKT7-FER vs. RIPK (T252R);
PGBKT7-FER (K565R) vs. pGADT7-RIPK] were cotransformed into yeast cell
AH109, respectively. A dilution series of transformants were plated onto syn-
thetic dropout medium lacking tryptophan and leucine (SD/~Trp-Leu) or
dropout medium lacking tryptophan, leucine, and histidine (SD/~Trp-Leu-His)
supplemented with 10 mM 3-AT (3-Amino-1, 2, 4-triazole) for 3-4 d to monitor
cell growth. The p-galactosidase assay was carried out according to the
method described by Miller (40).

BiFC Assay. For the BiFC assay, the FER-nVenus and RIPK-cCFP were cloned into
the vectors pE3308 and pE3449 (17), respectively, using primers listed in Table S1.
Meanwhile, HERK2-nVenus was cloned into the vector pE3308 and PBST-cCFP
was cloned into pE3449 as the negative controls. Protoplasts were isolated
from well-expanded rosette leaves of 4-wk-old Arabidopsis plants, and then
protoplasts were cotransfected with different construct pairs [FER-nVenus vs.
RIPK-cCFP; HERK2-nVenus vs. RIPK-cCFP; FER-nVenus vs. PBS1-cCFP] using the
polyethylene glycol (PEG) transformation method as described (17). The
cotransfected protoplasts were incubated in the dark at 23 °C to allow ex-
pression of the BiFC proteins. Fluorescence was monitored 16-18 h after
transformation with a confocal microscope at an excitation wavelength of
488 nm. Before imaging, the protoplasts were treated with FM4-64 (2 uM) for
5 min. To test the effect of RALF1 peptide on the FER-RIPK interaction,
FER-nVenus and RIPK-cCFP constructs were transformed into wild-type Col.0
protoplasts and incubated following the same procedure described above. The
cotransfected protoplasts were divided into two aliquots: One was treated
with 1 pM RALF1 and the other treated with control buffer for 30 min before
fluorescence was examined. The percentage of GFP-positive protoplasts in
each aliquot was counted.

Expression and Purification of GST-RIPK Fusion Protein. The coding sequence of

RIPK (21-462 aa) was PCR-amplified with BamH| and Sall sites at the 5'- and
3’-ends. The amplified PCR products were then digested by BamHI and Sall and
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ligated into the pGEX-4T-1 vector. The resulting construct pGEX-4T-1-RIPK was
transferred into the Escherichia coli BL21 (DE3), and expression of the fusion
protein (GST-RIPK) was induced by isopropylthio-p-b-1-galactopyranoside
(IPTG, 0.5 mM) after the culture reached an ODggo of 0.6 at 37 °C. The culture
continued at 28 °C for 6 h with continuous shaking (230 rpm) before cells were
collected by centrifugation for protein purification.

The protein purification follows these steps: First, six volumes of lysis buffer
[25 mM Tris-HCI (pH 7.5), 100 mM Nadcl, 10 mM MgCl,, 1 mM DTT, and 10%
(volivol) glycerol] were added to one volume of the collected cells and sus-
pended for sonication. After sonication on ice and centrifugation at 10,621 x g
for 15 min at 4 °C, the soluble fraction containing GST-RIPK was loaded to the
GST agarose resin (Thermo Fisher Scientific, 20211) and incubated for 3 h at 4 °C.
The agarose beads were washed with six volumes of buffer [25 mM Tris-HCl
(pH 7.5), 300 mM Nacl, 10 mM MgCl,, 1 mM DTT, 10% (vol/vol) glycerol, and 1%
Triton X-100] for 1 h at 4 °C, and the fusion protein was eluted with one volume
of elution buffer [25 mM Tris-HCl (pH 7.5), 100 mM Nacl, 10 mM MgdCl,, 1 mM
DTT, 10% (vol/vol) glycerol, and 15 mM glutathione] for 2 h at 4 °C. Recombinant
protein purity was assessed by SDS/PAGE.

GST Pull-Down Assay. GST agarose resin (Thermo Fisher Scientific, 20211) was
prewashed three times using 1 mL binding buffer [25 mM Tris-HCl (pH 7.5),
100 mM Nadl, and 1 mM DTT]. GST-RIPK vs. His-FER-CD (2 pg each) and GST vs.
His-FER-CD (negative control) were then incubated with prewashed GST beads
(10 pL) in the same binding buffer with agitation for 4 h. The sample was then
centrifuged at 10,621 x g for 5 min under 4 °C, and the resin was washed five
times with 500 uL of washing buffer [25 mM Tris-HCl (pH 7.5), 300 mM Nacl,
10 mM MgCl,, 1 mM DTT, 10% (vol/vol) glycerol, and 0.1% Triton X-100] to
remove nonspecific proteins. Proteins were eluted from the beads with 30 pL
elute buffer [25 mM TrissHCl (pH 7.5), 20 mM glutathione, 100 mM Nadl,
10 mM MgCl,, 1 mM DTT, and 10% (vol/vol) glycerol] and analyzed by SDS/PAGE
and immunoblot with anti-His (1:5,000). The secondary goat anti-mouse IgG-HRP
conjugates (1:8,000) were used for detection via enhanced chemiluminescence
(Thermo Fisher Scientific, 34075).

Co-IP and Liquid Chromatography-MS/MS Assay. To identify potential partner
proteins for FER, co-IP assay was performed using protein extracts from
FER-FLAG transgenic plants and wild-type Col.0 plants with or without RALF1
peptide as described (18) with some modifications. Anti-FLAG affinity gel
(Sigma, A2220) was used to immunoprecipitate FER-RIPK protein complexes.
Briefly, 1 g fresh samples were thoroughly ground in 0.3 mL NEB buffer
[20 mM Hepes (pH 7.5), 40 mM KCl, 1 mM EDTA] + 0.3 mL NEB-T (NEB buffer
containing 1% Triton X-100) buffer containing 1 mM PMSF and 1% protease
inhibitor mixture (Thermo Fisher Scientific, 78420) at 4 °C. After incubation at
4 °C for 30 min with continuous shaking, the homogenized sample was
centrifuged twice at 17,949 x g for 15 min each under 4 °C. We saved 50 pL of
supernatant for SDS/PAGE loading control (Input). To the rest of protein ex-
tracts, 20 pL prewashed anti-FLAG affinity gel was added and the mixture was
rotated at 4 °C for 3-4 h. Then the beads were centrifuged at 239 x g for 3 min
and washed three times at 4 °C by washing buffer [20 mM Hepes (pH 7.5),
40 mM KCl, 0.1% Triton X-100] to remove nonspecific proteins. Finally, the
bound proteins were eluted by adding 3x FLAG peptide (Sigma, F4799) to a
final concentration of 0.5 mg/mL, rotated at 4 °C for 1 h. The eluate was boiled
in 1x SDS loading buffer for 5 min, separated on a 10% (mass/vol) SDS/PAGE
gel, and probed with anti-FLAG antibody (Abmart, M20008) and anti-RIPK
antibody, respectively.

FER-FLAG IP samples were analyzed, with two technical repetitions each, using
an EASY-nano liquid chromatography (LC) system (Proxeon Biosystems) coupled
with an LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher Scientific). Peptides
were loaded to a PepMap C18 trap column (75 pm, 15 cm; Dionex Corp) and
eluted using a gradient from 100% solvent A (0.1% formic acid) to 35% (vol/vol)
solvent B (0.1% formic acid, 100% acetonitrile) for 38 min, 35-90% (vol/vol) sol-
vent B for 15 min, and 100% solvent B for 5 min (a total of 65 min at 200 nL/min).
After each run, the column was washed with 90% (volivol) solvent B and re-
equilibrated with solvent A. Mass spectra were acquired in positive ion mode
applying data-dependent automatic survey MS scan and tandem mass spectra
(MS/MS) acquisition modes. Each MS scan in the Orbitrap analyzer (mass range,
m/z 350-1,800; resolution, 100,000) was followed by MS/MS of the seven most
intense ions in the LTQ. Fragmentation in the LTQ was performed by high-energy
collision-activated dissociation, and selected sequenced ions were dynamically
excluded for 30 s. Raw data were viewed in Xcalibur v.2.1 (Thermo Fisher Sci-
entific), and data processing was performed using Proteome Discoverer v.1.3 beta
(Thermo Fisher Scientific). The raw files were submitted to a database search
using Proteome Discoverer with an in-house sequence algorithm against the
Arabidopsis database, downloaded (in early 2014.10.1) using the Database found
in UniProt/Swiss-Prot and UniProt/TrEMBL. The searches were performed with the
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following parameters: MS accuracy, 10 ppm; MS/MS accuracy, 0.05 Da; two missed
cleavage sites allowed; carbamidomethylation of cysteine as a fixed modification;
and oxidation of methionine, as variable modifications. The numbers of proteins,
protein groups, and peptides were filtered for false discovery rates less than 1%
and only peptides with rank 1. The identification lists from technical repetitions
were merged, and repeated protein groups were removed.

To investigate whether the formation of FER/RIPK kinase complex was
enhanced by RALF1, co-IP assay was performed using RALF1-RNAJ (ralf1)
and Col.0 plants with or without RALF1 treatment as described above.
Protein A/G agrose (Biotool, B23201) was used to immunoprecipitate FER-
RIPK protein complexes. The IP samples were separated by SDS/PAGE
and probed with anti-FER antibody (1:4,000) and anti-RIPK antibody
(1:3,000), respectively.

Plant Phenotype Analysis. Root hairs from the primary root tip of 7-d-old
seedlings were examined.

Quantitative assays of rhizosphere acidification rate were performed
following the method described by Haruta (22) and Guijas (34).

For LiCl hypersensitivity assay, 4-d-old vertically grown Arabidopsis seedlings
were first placed under constant white light (25 umol-m?s’) for 3 d before
transferring to medium supplemented with 12 mM LiCl for 4 d, followed by
root length measurements for statistical analysis.

To measure blue light response, surface-sterilized seeds were placed onto
1/2 MS agar medium and stratified at 4 °C for 2 d. Seedlings were then
vertically grown under blue light (2.0 pmol-m?s’) for 7 d. After treatment,
the root length was measured for statistical analysis.

For auxin treatments, 1-naphthaleneacetic acid (NAA) was added at con-
centrations indicated in the figures.

For ABA treatments, assays were performed as described (17).

Epidermal cell analysis was carried out as described (41, 42).

RALF1 Treatment Assay. RALF1 treatment assays were performed following
the method described by Haruta (22).

Polyclonal Antibody Preparation. For RIPK polyclonal antibody preparation,
GST-RIPK (21-462 aa) was expressed and purified as described above and used
for the immunization of three 6-wk-old healthy mice. The mice were immu-
nized once with 1 mg of purified GST-RIPK protein suspended in complete
Freund'’s adjuvant (CFA, Sigma, F5881). The mice were reimmunized twice, 14
and 21 d after the first immunization, with 0.5 mg protein each mixed with
incomplete Freund's adjuvant (iCFA, Sigma, F5506). At 28 d following the first
immunization, mice were killed and serum was collected by centrifugation of
total blood at 10,621 x g for 10 min under 4 °C and then stored at -80 °C.

For FER polyclonal antibody preparation, FER ectodomain (1-446 aa) was
expressed as a GST fusion protein and purified as described above and used as
an antigen for the immunization of healthy rabbits. The rabbits were immu-
nized once by multipoint s.c. injection with 1 mg of purified GST-FER protein
suspended in CFA (Sigma, F5881). The rabbits were boosted twice, 14 and 21 d
after the first immunization, with 0.5 mg protein each mixed with iCFA (Sigma,
F5506). At 28 d following the first immunization, blood was taken from the
aortic, and serum was collected by centrifugation of total blood at 10,621 x g
for 10 min under 4 °C and then aliquoted and stored at -80 °C.

Phosphorylation Assays. Total protein extracts were prepared from Arabidopsis
plants using NEB + T buffer [50 mM Tris:HCl (pH 8.0), 10 mM MgCl,, 100 mM
NacCl, 1 mM DTT, 1% Triton X-100] containing 1 mM PMSF and 1% protease
inhibitor mixture (Thermo Fisher Scientific, 78420). To distinguish the phos-
phorylated and dephosphorylated forms of FER or RIPK, we improved the
protein gel quality by (i) adding 28% (vol/ivol) glycerol into the separation gel
and (ii) running longer time to allow the 35-kDa marker protein to run off the
gel, maximizing the separation of high molecular weight proteins.

For FER phosphorylation assay in Arabidopsis plants, FER immunoblotting was
performed with rabbit polyclonal anti-FER antibody at a 1:4,000 dilution. Sec-
ondary goat anti-rabbit IgG-HRP conjugate was used at a concentration of 1:5,000
for detection via enhanced chemiluminescence (Thermo Fisher Scientific, 34075).

For RIPK phosphorylation assay in Arabidopsis plants, RIPK immunoblotting
was performed with mice polyclonal anti-RIPK antibody at a concentration
of 1:3,000. Secondary goat anti-mouse IgG-HRP conjugate was used at a
concentration of 1:8,000 for detection via enhanced chemilluminescence
(Thermo Fisher Scientific, 34075).

CIP Assays. Total protein extracts were prepared from 10-d-old Arabidopsis
plants using CIP buffer [100 mM NaCl, 50 mM Tris-HCI (pH 8.0), 10 mM MgCl,,
1 mM DTT, and 0.5% Triton X-100] and divided into two aliquots and preheated
at 65 °C for 15 min to inactivate endogenous enzymes. Alkaline phosphatase
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(New England Biolabs, M0290S) was added to one of the two aliquots, and both
were incubated at 30 °C for 10 min. The reaction was terminated by the addi-
tion of 1x protein loading buffer and subsequent incubation at 95 °C for 6 min.
The samples were then separated on SDS/PAGE gel and examined by immu-
noblot analysis as described earlier.

In Vitro Kinase Activity Assays. RIPK (21-462 aa) and RIPKm (K122R) were cloned
into pCold-TF-His expression vector for producing His-tagged recombinant protein
TF-His-RIPK/RIPKm in E. coli. FER-CD (440-807 aa) and FERm-CD (K565R) were
cloned into pET28a expression vector for producing His-tagged recombinant pro-
tein His-FER-CD/FERm-CD in E. coli. Protein purity was assessed by SDS/PAGE. Kinase
activity assays were performed using the reaction buffer [25 mM Tris-HCl (pH 7.5),
10 mM MgCl,, 1 mM Cacl,, 1 mM ATP, 1 mM DTT], 1 pg recombinant protein
(TF-His-RIPK/RIPKm and/or His-FER-CD/FERmM-CD) as substrates, in a total volume of
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50 pL. The assay was initiated by adding 1 mM ATP and incubated for 30 min at
30 °C. The reaction was terminated by the addition of 1x protein loading buffer
and subsequent incubation at 95 °C for 5 min. The proteins were then separated on
a 10% (massivol) SDS/PAGE gel and analyzed by Western blot using anti-His
antibody (1:5,000).
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