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There are more than 600 receptor-like kinases (RLKs) in Ara-
bidopsis, but due to challenges associated with the characteriza-
tion of membrane proteins, only a few have known biological
functions. The plant RLK FERONIA is a peptide receptor and
has been implicated in plant growth regulation, but little is
known about its molecular mechanism of action. To investigate
the properties of this enzyme, we used a cell-free wheat germ-
based expression system in which mRNA encoding FERONIA
was co-expressed with mRNA encoding the membrane scaffold
protein variant MSP1D1. With the addition of the lipid cardio-
lipin, assembly of these proteins into nanodiscs was initiated.
FERONIA protein kinase activity in nanodiscs was higher than
that of soluble protein and comparable with other heterologously
expressed protein kinases. Truncation experiments revealed that
the cytoplasmic juxtamembrane domain is necessary for maximal
FERONIA activity, whereas the transmembrane domain is inhibi-
tory. An ATP analogue that reacts with lysine residues inhibited
catalytic activity and labeled four lysines; mutagenesis demon-
strated that two of these, Lys-565 and Lys-663, coordinate ATP in
the active site. Mass spectrometric phosphoproteomic measure-
ments further identified phosphorylation sites that were examined
using phosphomimetic mutagenesis. The results of these experi-
ments are consistent with a model in which kinase-mediated phos-
phorylation within the C-terminal region is inhibitory and regu-
lates catalytic activity. These data represent a step further toward
understanding the molecular basis for the protein kinase catalytic
activity of FERONIA and show promise for future characteriza-
tion of eukaryotic membrane proteins.

The Arabidopsis receptor-like kinase (RLK)? family currently
contains more than 600 members and makes up 2.5% of the
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protein-coding Arabidopsis genes (1). Despite their large prev-
alence in the genome, only a few have known biological func-
tions, and even fewer have been biochemically characterized.
The vast majority of RLKs are single transmembrane helix-con-
taining proteins, with a relatively conserved cytosolic Ser/Thr
kinase domain, a more diverse extracellular (ecto) ligand-bind-
ing domain, and a juxtamembrane domain separating the
kinase domain and the transmembrane helix. The RLKs can be
subdivided into families classified by the sequence of their
respective ecto domains. The largest subfamily of RLKs con-
tains over 200 members, whose ecto domains display varying
numbers of leucine-rich repeat (LRR) sequences (2). The sec-
ond largest subfamily contains domains with a low degree of
sequence homology to lectins, classically known sugar binding
motifs, in their extracellular region (3, 4). Few RLKs have exper-
imentally verified function; those with a known function play
roles, generally, in regulating plant development, growth, or
pathogen defense (5). For example, BRI1, a well characterized
LRR-containing RLK, is a brassinolide receptor, which, along-
side the co-receptor BAK1, regulates, among other phenotypes,
plant growth (6-9). Much work has been done with the goal
of determining the function of the many remaining “orphan”
RLKs (i.e. those that lack known ligands). Although some pro-
gress has been made with model genetic plants, such as Arabi-
dopsis, as with other plant proteins encoded by large gene fam-
ilies, the redundant functionality of RLKs arising from gene
duplications and homology has complicated their functional
characterization using genetic techniques (1, 10).

The family of plant RLKS known as lectin RLKs (due to the
presence of an extracellular lectin-binding domain) are gen-
erally associated with stress and hormone response and
development (4). The lectin RLK FERONIA has been identi-
fied as being critical for pollen tube-ovule interaction (11—
13) and was thus named for the Etruscan goddess of fertility.
FERONIA also controls plant growth and is involved in hor-
monal signaling, mechanosensing, and pathogen response
(14). Recently, FERONIA was reported to be a receptor for
the plant peptide hormone rapid alkalinization factor (RALF)
(15).

In this study, using a quantitative mass spectrometric screen,
rapid RALF-dependent changes in phosphorylation were iden-

rapid alkalinization factor; MSP, membrane scaffold protein; EGFR, EGF
receptor; RIKP, RPM1-induced protein kinase.
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tified in planta, on Ser residues within the FERONIA C termi-
nus. It was further demonstrated that feromnia mutants are
uniquely insensitive to RALF-dependent inhibition of root
growth, cytoplasmic calcium increases, and gene induction as
compared with wild-type Arabidopsis. By testing mutant plants
containing knock-out mutations in genes encoding dozens of
other RLK protein knockouts, it was revealed that resistance to
the root growth-inhibiting effect of RALF is specific to this pep-
tide and only found in plants containing lesions in the gene
encoding FERONIA, and whereas radioactively labeled RALF
bound to plasma membrane in a saturable fashion, the biolog-
ically inactive (A2—8)RALF did not. Additional in vitro binding
studies showed that the FERONIA ecto domain, produced in
Escherichia coli, is capable of specifically binding to RALF,
although the affinity is lower than that observed in vivo with
the full-length protein (15). Given the importance of this
newly described RALF receptor in plant growth and the pau-
city of data describing the plant RLK family, we sought to study
FERONIA in vitro using an established wheat germ embryo-
based cell-free protein production system.

Wheat germ embryo extract has emerged as an efficient way
to synthesize proteins in vitro with greater protein yield than
that obtained using other cell-free systems (16). An improved
system of wheat germ-based cell-free production was first
described in the early 2000s (17), which is particularly robust
and capable of remaining active for more than 48 h because
translation inactivation factors are removed, the machinery is
eukaryotic and thus more amenable to eukaryotic protein pro-
duction, and translation can occur over a wide range of temper-
atures (18). Additionally, cell-free translation is an open pro-
duction system and thus allows co-translational addition of
co-factors, binding partners, and lipids, all of which can facili-
tate production of a properly folded and active protein. All of
these factors make wheat germ-based cell-free expression a
possible platform for providing a large-scale source of the 100-
kDa single-pass membrane plant receptor-like protein kinase,
FERONIA.

Cell-free translation has been used to produce soluble mem-
brane proteins by co-expressing amphiphilic helical proteins
called membrane scaffold proteins (MSPs) alongside trans-
membrane proteins in the presence of exogenously added lipids
(19, 20). In the absence of MSPs, membrane proteins are typi-
cally insoluble and cannot be purified; this co-expression tech-
nique has been shown to result in the spontaneous assembly of
nanodiscs, which can then be used to biochemically character-
ize a membrane protein of interest within a lipid bilayer. Nano-
discs are lipid bilayers constrained by amphipathic MSPs, the
majority of which in use are modifications of the human apoA1l
protein (21). When combined iz vitro with lipids in an appro-
priate ratio of lipid to MSP, MSPs can spontaneously form discs
containing lipid bilayers, nanodiscs, confined by two copies of
MSP, into which transmembrane domains of lipophilic pro-
teins can insert (22). For example, the highly studied human
EGEFR, chemically similar to FERONIA in that it contains an
ecto domain, a single-pass transmembrane domain, and a cyto-
plasmically oriented kinase domain, has been reconstituted
into nanodiscs in vitro with significantly stabilized kinase activ-
ity (23). Lipids supplied during production determine their lipid
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content, and the diameter of the disc is controlled by the choice
of MSP. For example, the MSP used in the experiments
described below, MSP1D1, produces nanodiscs of about 9.7 nm
in diameter, whereas longer variants, containing extra helices
and linker regions, produce nanodiscs up to 17 nm in diameter
(21). Cell-free translation of MSP1D1 in the presence of the
lipid cardiolipin, followed by further translation of full-length,
untagged FERONIA mRNA added into the mixture, produced
highly kinase-active FERONIA in nanodiscs, the first report of a
plant RLK being so produced using a cell-free system. Herein
we describe the in vitro biochemical, structure/function, and
regulatory characterization of the plant RLK FERONIA pro-
duced using this cell-free system.

Results

Co-expression of FERONIA with membrane scaffold protein
and lipid produces monomeric FERONIA with high protein
kinase activity in nanodiscs

The first attempt to produce FERONIA was made using a
previously described dialysis cup cell-free translation technique
(24). Wheat germ-based cell-free expression produced soluble,
quantifiable amounts of FERONIA, but we observed the calcu-
lated specific activity and stability over time to be variable and
generally low.

To test whether the low specific activity reflected a possible
requirement for FERONIA to be embedded within a lipid
bilayer, we explored the use of nanodisc technology in combi-
nation with cell-free expression (19, 25). FERONIA was co-ex-
pressed with the membrane scaffold protein MSP1D1 modified
with a StreplI tag for StrepTactin purification and lipid content
of 0.6 mm cardiolipin, optimized for MSP1D1 production
and purification (supplemental Fig. S1). We found that non-
affinity-tagged FERONIA co-expressed with Strepll-tagged
MSP1D1 has significantly less background following Strep-
Tactin purification than C-terminally His-tagged FERONIA
subjected to immobilized nickel affinity purification (Fig.
1A). This observation is possibly a reflection of the lower salt
StrepTactin purification conditions, which discourage non-
specific co-purification of hydrophobic wheat germ proteins
and lipids. Furthermore, MSP1D1 co-expressed FERONIA
exhibits significantly higher specific activity than soluble
FERONIA produced without MSPs (Fig. 1B). Using FERONIA co-
translated with MSPD1 and cardiolipins, respectively, K, and
V hax Values of ~12 um and ~19 nmol/min for MBP phosphor-
ylation were observed (Fig. 1C).

Size exclusion chromatography was performed with affinity-
purified FERONIA in nanodiscs, and SDS-PAGE analysis of gel
filtration fractions was performed (Fig. 2). The vast majority of
FERONIA in nanodiscs elutes from the sizing column slightly
after the 158-kDa standard. This observation is consistent with
FERONIA (100 kDa) associating with or inserting into nano-
discs (two 23-kDa MSP1D1 molecules per disc plus an indeter-
minate but presumably minor mass of cardiolipin) at a stoichi-
ometry of 1:1, although at this point, other interpretations
cannot be ruled out.

Electron microscopy confirmed nanodisc production and
aggregation observed with HPLC (supplemental Fig. S2). Due
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Figure 1. A, co-translation and purification of untagged FERONIA with nanodiscs. g, elution from streptactin-Sepharose purification; b, flow-through from
streptactin-Sepharose purification of reaction; ¢, soluble fraction from cell-free reaction; d, insoluble fraction from cell-free reaction. Top arrow, FERONIA band;
bottom arrow, MSP band. B, FERONIA co-translated with nanodiscs exhibits high specific activity with MBP as a substrate; error bars, S.D., n = 3/bar, p = 0.00004.
G, kinetic parameter determination for MBP. Curve fitting reveals the K,,, and V,, ., for MBP to be 13.7 um and 20.2 nmol/min/mg, respectively. Error bars, S.D.;

n = 3/experimental data point.

to limitations in resolution obtained in the microscope and
camera used for imaging, it cannot be determined which parti-
cles within the image contain FERONIA. Rough calculations on
the percentage occupancy of FERONIA:nanodisc versus empty
nanodiscs by colorimetrically measuring the intensity of Coo-
massie-stained bands across the SDS-PAGE gel in Fig. 2, indi-
cate that roughly 28% of discs are occupied by FERONIA.

The juxtamembrane domain is required for full kinase activity
when FERONIA is translated without MSP1D1 and cardiolipin

To determine which domains are required for kinase activity,
three FERONIA mutants were made containing different
sequence truncations: 1) KD, containing only the kinase
domain plus C terminus; 2) JM, containing the C-terminal
domain plus kinase domain plus the juxtamembrane domain;
and 3) TM, containing the C-terminal domain, the kinase
domain, the juxtamembrane domain, and the transmembrane
domain (Fig. 34). To provide a consistent comparison without
the complicating factor of membrane insertion, these mutants
were produced as C-terminally His-tagged proteins without
nanodisc co-expression, because the KD and JM truncations
lack transmembrane helices and would presumably not associ-
ate with lipids and thus be unable to insert into nanodiscs.
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We observed that the J]M domain is necessary for full kinase
activity in vitro when translated in the absence of MSPs and
cardiolipin (Fig. 3C), a result consistent with data reported for
other receptor protein kinases (26). In contrast, full-length
FERONIA and the truncations TM and KD had significantly
reduced activity compared with the JM truncation (Fig. 3C).
Although these results indicate important roles for the TM
and ecto domains in regulating the kinase catalytic activity,
we cannot rule out other more trivial interpretations, such as
TM-mediated aggregation that may be occurring in the
absence of cardiolipin and causing steric inhibition of kinase
activity.

ATP analogue DB-acyl-ATP inhibits kinase activity and labels
lysines involved in ATP coordination

DB-acyl-ATP binds covalently and efficiently to lysine resi-
dues within kinase active sites, a property that has been used to
enrich proteome samples for kinases and increase kinase sam-
pling in mass spectrometry experiments (27). We tested
the ability of DB-acyl-ATP to inhibit the kinase activity of
FERONIA when FERONIA was made with MSP1D1 and car-
diolipin. DB-acyl-ATP inhibited kinase activity in wild-type
FERONIA (Fig. 44). Using tandem mass spectrometry, DB-
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Figure 2. A, size exclusion chromatographic curve for standard protein mix-
ture with labels. AU, absorbance units at 214 nm. B, size exclusion chromato-
graphic curve for 30 ul of injection FERONIA in nanodiscs. C, SDS-PAGE of
fractions labeled on the curve in B. Bands for FERONIA (FER) and MSP are
labeled. Identity of the unlabeled bands is unknown.

acyl-ATP labeling was identified on Lys-565, Lys-663, Lys-
684, and Lys-699, all within the kinase domain, (Fig. 4B).
These results were promising and consistent with important
literature, which has shown that FERONIA K565R cannot
autophosphorylate (13).

We next singly mutated each of these Lys residues to Arg and
translated these variants in the presence of MSP1D1 and cardi-
olipin to experimentally evaluate whether any of these residues
were required for FERONIA protein kinase activity (Table 1
and Fig. 4C). All of the Lys-mutated FERONIA variant genes
produced 100-kDa proteins except for K684R, which generated
a truncated, 60-kDa protein (supplemental Fig. S3). When the
in vitro kinase activity of K565R, K663R, K684R, and K699R was
tested (Fig. 4C), both K565R and K663R exhibited significantly
reduced kinase activity, suggesting that these two Lys residues
are important for ATP coordination, as the DB-acyl-ATP
experiment had suggested. K684R also had significantly re-
duced kinase activity, but whether this is a result of trunca-
tion or Lys — Arg mutagenesis has yet to be determined.
Conversely, K699R appears to be more active than wild-type
FERONIA by 2-fold, suggesting that, unlike the other Lys resi-
dues, Lys-699 may destabilize ATP turnover or binding, such
that Lys-699 mutation yields a more active kinase. Taken
together, the DB-acyl-ATP labeling and activity evaluation of
FERONIA Lys mutants implicate residues Lys-663 and Lys-565
in ATP coordination.
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Phosphomimetic mutation suggests that C-terminal phosphor-
ylation is regulatory

FERONIA amino acids that were identified in phosphopro-
teomic data sets were chosen for Ser/Thr — Ala/Asp mutagen-
esis (Table 1) (28, 29). A single Tyr residue within the M
domain was also chosen for mutagenic analysis, because M
domain phosphorylation is involved in regulation of other plant
RLKs (30). Because a common regulatory mechanism for recep-
tor kinases is phosphorylation on the C terminus (31), and pre-
vious in vivo experiments involving RALF-dependent changes
in FERONIA implicated this domain as a potential regulatory
domain (15), we chose Ser-871 and Ser-877 within the C termi-
nus as well as Thr-696 and Ser-701 within the kinase domain for
analysis (Table 1 and supplemental Fig. S3).

Indeed, the phosphomimetic mutations S871D and S877D
on the C terminus inhibited in vitro kinase activity, whereas the
S871A and S877A mutation increased activity by 3-fold when
compared with wild-type FERONIA (Fig. 5), supporting the
hypothesis that phosphorylation in the C-terminal domain may
inhibit kinase activity in vivo as part of FERONIA regulation. In
contrast, mutation of two phosphate acceptor sites within the
kinase domain, Thr-696 and Ser-701, to either Asp or Ala, sig-
nificantly decreased the kinase activity of FERONIA (Fig. 5),
suggesting that these residues are either important for main-
taining an active kinase conformation or have some necessary
role in catalysis. The Y495F mutation, located within the M
domain, resulted in a minor increase in kinase activity (Fig. 5).

Altogether, these observations suggest that C-terminal
FERONIA phosphorylation may be involved in regulation of
the kinase via inhibition in vivo, whereas Ser and Thr residues
within the kinase domain may be important for structural sta-
bility of the protein. Tyr-495 phosphorylation may also have
some role in inhibition, although indirect structural changes
resulting from Tyr to Phe mutation cannot be ruled out.

Discussion

Co-expression of FERONIA in the presence of MSP1D1 and
cardiolipin greatly increased in vitro FERONIA specific activity
compared with expression without added lipid and MSP
mRNA (Fig. 1). Nanodiscs are particularly suited for biochem-
ical characterization of membrane protein kinases such as
FERONIA because, unlike for a liposome, there is no direction-
ality of FERONIA insertion into the lipid bilayer and thus no
potential problems due to substrate accessibility on the two
sides of the bilayer (i.e. there is no inside and outside to a nano-
disc). It has been demonstrated in previous studies that nano-
discs are a suitable environment for such proteins. For example,
a 2008 study with purified epidermal growth factor receptor
(EGFR) demonstrated that reconstitution into nanodiscs
greatly increased the length of time the kinase was active when
stored at 4 °C compared with EGFR embedded in dodecyl
maltoside detergent micelles (23). Additionally, the cell-free
translation system utilized in our studies has several unique
advantages over the more widely used nanodisc assembly pro-
tocols that utilize detergent-solubilized membrane proteins
and lipids (21, 23). First, co-expression of FERONIA and
MSP1D1 circumvents the need to produce and purify MSP and
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Figure 3. A, truncation mutant design. Numbers, specific amino acid delineations between domains. B, c-His truncation mutants are soluble and can be
expressed and purified with nickel-Sepharose resin. C, specific activity of truncation mutants. Error bars, S.D.; n = 2/bar. *, statistical significance (p = 0.005).

FERONIA separately before nanodisc assembly. Second, pro-
ducing and purifying FERONIA-containing nanodiscs using
Strepll-tagged MSP1D1 yields FERONIA lacking an affinity
tag. Affinity tags on either the N or C terminus interrupt the
native sequence of a protein and thus may interfere with kinase
activity involving C-terminal regulation and/or overall protein
conformation. Finally, this system allows for solubilization and
membrane-directed folding of FERONIA in the absence of
detergents that may perturb enzyme stability, folding, or func-
tionality. We found that FERONIA co-expressed with nano-
discs exhibits high specific activity, similar to previously pub-
lished observations with EGFR-containing nanodiscs after
activation with EGF (23).

Size exclusion chromatography and electron microscopy
revealed that cell-free synthesis and StrepTactin affinity purifi-
cation resulted in a heterogeneous mixture of both empty
nanodiscs and nanodiscs containing FERONIA (Fig. 2 and sup-
plemental Fig. S2). Most of the FERONIA in nanodiscs eluted
slightly later than a standard 158-kDa protein, leading to the
simplest interpretation that most of the FERONIA produced is
associated with discs at a ratio of 1:1, as monomeric FERONIA.
The mass ratio of MSP1D1/FERONIA in this size exclusion
fraction was calculated to be 1.25:1, which is consistent with a
mixture of monomeric and dimeric FERONIA within each
nanodisc, because two molecules of MSP1D1 are needed to
form each nanodisc. In the calculation of molecular weight by
size exclusion chromatography, it is assumed that the Stokes
radius is proportional to mass of protein, and thus the simplest
explanation from the data is that FERONIA exists mainly as a
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monomer in nanodiscs. However, it is possible that the Stokes
radius of the dimeric and monomeric FERONIA nanodiscs
may be very similar. Computational analysis revealed that
FERONIA, along with other members of its subfamily, contains
the transmembrane motif (A/G)XXX(A/G) (32), suggesting
that the kinase may indeed dimerize under certain conditions
(supplemental Table S1). Further experimentation is needed to
conclusively determine the number of FERONIA molecules in
each disc.

The electron microscopy data (supplemental Fig. S2) dem-
onstrated that FERONIA co-expressed with nanodiscs may
be a good candidate for further microscopy and, possibly, for
high-resolution cryo-electron microscopy experiments aimed
at determining three-dimensional structure with single ami-
no acid resolution. Currently, the technology for visualizing
nanodisc-embedded protein via cryo-EM is still in its in-
fancy, although prospects for ultimate success are promising
(33, 34).

FERONIA truncations demonstrated the necessity of the JM
domain for kinase activity when translated without MSP1D1
and cardiolipin. Although the KD construct alone appears min-
imally active, the KD in addition to the JM domain is the most
active version of the protein (Fig. 3). Truncations that also con-
tained the TM-produced protein were much less active than
the JM construct, as was full-length protein. The lack of
MSP1D1 and added cardiolipin may cause aggregation within
the samples containing a TM domain, perhaps inhibiting kinase
activity. The JM domain of EGFR has been studied and shown
to be necessary for both the dimerization and activation of
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Figure 4. A, inhibition of specific activity with DB-acyl-ATP treatment. Error bars, S.D., n = 2, p = 0.13. B, sequence diagram of FERONIA. Red type, areas
sequenced in MS experiment; black type, unidentified. Black boxes, lysines modified with DB-acyl-ATP. C, specific activity of FERONIA Lys — Arg mutants
co-translated with nanodiscs. Specific activity displayed is normalized to percentage of wild-type activity. Error bars, S.D.; n = 2/bar. Asterisks, statistical

significance (¥, p = 0.05; **, p = 0.01).

Table 1

List of FERONIA mutants described herein, their domain, and justifica-
tion for their choice

Residue ~ Mutation Domain Reasoning
Tyr-495  Phe Juxtamembrane  Phosphoproteomic screen
Lys-565 Arg Kinase DB-acyl-ATP screen
Lys-663 Arg Kinase DB-acyl-ATP screen
Lys-684 Arg Kinase DB-acyl-ATP screen
Thr-696  Ala/Asp Kinase Phosphoproteomic screen
Lys-699 Arg Kinase DB-acyl-ATP screen
Ser-701 Ala/Asp Kinase Phosphoproteomic screen
Ser-871 Ala/Asp C terminus Phosphoproteomic screen
Ser-877 Ala/Asp C terminus Phosphoproteomic screen

EGER (26). Similarly, the plant brassinosteroid receptor kinase
BRI1 requires its juxtamembrane domain for kinase domain
activation (35). Consistent with these previously published
reports, our data suggest that the JM domain of FERONIA may
be necessary for kinase activity as well. Whether the J]M domain
plays a role in dimerization, membrane interaction, or struc-
tural integrity is unknown. Interestingly, it has also been
reported that EGFR dimerization and activation occurs via the
transmembrane helices as well, although the EGF-induced
rotational orientation of the JM domain and, by extension, the
TM domain is important for stabilization of EGFR dimers
(36). Thus, the lack of an MSP1D1-constrained lipid bilayer for
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Figure 5. Specific activity of FERONIA mutant variants co-translated with
nanodiscs. Specific activity displayed is normalized to percentage of wild-
type activity. Error bars, S.D.; n = 2/bar. Asterisks, statistical significance (*, p =
0.05; **, p = 0.01).

the TM domain to insert into may cause the inhibition in activ-
ity that we observed.

DB-acyl-ATP labeling identified Lys residues involved in
ATP coordination in the hypothesized active site of FERONIA
(Fig. 4). Both K565R and K663R mutations effectively produced
kinase-inactive FERONIA, suggesting that these two Lys resi-
dues are essential for ATP coordination and are located within
the active site, given that they were also labeled with DB-acyl-
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ATP. K565R FERONIA, produced in E. coli, has been shown to
lose the ability to autophosphorylate (37), and sequence align-
ments have shown that Lys-565 is conserved among most of the
plant RLK family (37, 38); however, there are no data suggesting
conservation of the other Lys residues that were labeled in this
study with DB-acyl-ATP. In vivo, K565R is only able to partially
complement the loss of mechanosensing induced by feronia
mutation (39) and can complement the unfertilized ovule phe-
notype observed in feronia mutants (38), consistent with the
hypothesis that FERONIA has many roles within a plant, some
of which may be independent of protein kinase functionality.
Interestingly, it has recently been shown that RIPK, a recep-
tor-like cytoplasmic kinase, interacts with FERONIA and
can phosphorylate K565R in vitro (40), suggesting that
FERONIA phosphorylation observed in vivo may not be limited
to autophosphorylation.

The K699R mutation, in contrast to K565R and K663R, pro-
duced FERONIA that was more active than wild type, suggest-
ing that it is not involved in ATP coordination but may be
involved in maintaining structural integrity via salt bridge for-
mation. Thus, by replacing a Lys with Arg (which is predicted to
allow salt bridge formation) this mutation could produce a
more active conformational state. K684R mutation leads to a
truncated protein product in the cell-free system (supplemen-
tal Fig. S3), and this product demonstrated significantly
reduced kinase activity; however, the possibility that this reduc-
tion in activity is a result of a lack of functionality caused by the
truncation rather than the K684R mutation has not been tested.
Taken together, these results suggest that Lys-565 and Lys-663
are located within the active site and play a role in ATP coordi-
nation, whereas Lys-699 does not share this function.

Mutants S871A and S877A were much more active than
wild-type FERONIA, whereas phosphomimetic S871D and
S$877D mutants were much less active than wild-type FERO-
NIA (Fig. 5), suggesting that these sites are both important for
FERONIA phosphoregulation at the C terminus. Such regula-
tion may be similar to EGFR, in which autophosphorylation of
the C-terminal region ultimately inhibits kinase activity (31).
However, EGFR autophosphorylates mainly on Tyr residues
within the C terminus as a means of regulation (41); full kinase
activity of EGFR is dependent upon EGF stimulation (42); there
are only 2 Tyr residues within the FERONIA C terminus; there
is not strong evidence for C-terminal Tyr phosphorylation; and
EGEFR is an animal Tyr kinase rather than a Ser/Thr protein
kinase, like FERONIA. Thus, a more direct comparison may be
BRI1, the plant brassinosteroid receptor. Interestingly, BRI1
autophosphorylationoccurssequentially, with Serand Thrphos-
phorylation preceding Tyr autophosphorylation (43). Similar
to what we observed with FERONIA, C-terminal phosphoryla-
tion is inhibitory to BRI1 kinase activity (35).

Both Thr-696 and Ser-701 Ala and Asp mutants caused sig-
nificant loss of kinase activity compared with the wild-type
enzyme, suggesting that the native residues in these positions
are important for conformational stability and/or activity. Sim-
ilar results have been observed for both BRI1 and BAKI, the
RLK co-receptor of BRI1 (30). In vitro kinase activity was sig-
nificantly decreased when Ser residues in their kinase domains
were mutated to either Ala, Glu, or Asp. Although BRI1 has
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been shown to exhibit inhibitory autophosphorylation within
its kinase domain, it is possible that the FERONIA phosphory-
lation identified in planta may not serve this purpose, because
in vitro mutagenesis showed that both Ala and Asp substitution
significantly decreased activity. It should be noted, however,
that whereas the phosphorylation of some residues may be
inhibitory, some may be activating, and there may be an effect
of cumulative phosphorylation on residues over time that
results in more controlled adjustment of FERONIA activity.
Phosphorylation in vivo with some of these mutations has been
tested. Ser-695, Thr-696, and Ser-701 were mutated singly and
cumulatively to Ala and Asp residues and tested for the ability
to complement lack of ovule fertilization in the feronia back-
ground, demonstrating that single, double, and triple A muta-
tions could fully complement the phenotype, whereas triple D
could not (38). Taken together with the complementation data
for K565R, this suggests that FERONIA kinase functionality is
not necessary for ovule formation, although it may play a role
in mechanosensing or other pathways in which FERONIA is
involved.

JM domain phosphorylation has been shown to be important
for plantreceptor kinase signaling. For example, transphosphor-
ylation of BRI1 within the JM domain by co-receptor RLK
BAK1 is necessary for full in vitro kinase activity, and loss of
these phosphorylation events reduces brassinosteroid signaling
capacity in vivo (30). The Y495F mutation within the FERONIA
juxtamembrane domain resulted in a slight increase in kinase
activity. There are several possible interpretations of this result.
Phosphorylation at Tyr-495 may be inhibitory; removal of the
hydroxyl group from the benzene ring of Tyr-495 may modify
the kinase’s conformation; or altered charge distribution near
the kinase domain may be altering activity, resulting in a slightly
more active form. Nevertheless, Tyr-495 phosphorylation is
not necessary for maximal kinase activity of FERONIA pro-
duced in vitro with this cell-free translation system.

Taken together, these data suggest a model in which
FERONIA kinase activity is dependent on the JM domain and
can be inhibited at least in part by C-terminal phosphorylation
(Fig. 6). The active site contains Lys-565 and Lys-663, whereas
Lys-699 may be in close proximity to the active site but may not
be directly involved in ATP coordination. Although in vivo
models invoke dimerization as a means of activation (35, 36),
the data obtained, taken at their simplest, suggest that the
majority of FERONIA in nanodiscs produced here is mono-
meric, although other interpretations cannot be ruled out.

Although some of the molecular details and requirements for
FERONIA kinase functionality have been revealed, many ques-
tions remain. Models of receptor kinase functionality suggest
that in vivo, co-receptors may be required for full signaling
capacity (44). Thus, a model invoking a FERONIA co-receptor
would open many avenues of study. In this context, it is worth
noting a few putative co-receptors. The previously published
phosphoproteomic data set indeed shows a second RLK in the
same subfamily as FERONIA, coined ERULUS, whose phos-
phorylation was decreased in response to RALF, in contrast to
FERONIA (15). Additionally, a recent report presents strong
genetic evidence that LLG1, a glycosylphosphatidylinositol-an-
chored membrane protein, is required for in vivo RALF-depen-
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Figure 6. Current model for regulatory mechanism of FERONIA. FERONIA
can phosphorylate substrates, the juxtamembrane domain (pink) is necessary
for kinase activity, and Ser-871 and Ser-877 may be phosphorylated to inhibit
kinase activity.

dent phenotypes and demonstrates that /[g/ knockouts are
phenotypically similar to feronia knockouts (45). Another
glycosylphosphatidylinositol-anchored membrane protein,
LORELEIL LLGI, or both may be required for full localization
and thus signaling capacity for FERONIA, in planta (45).
Finally, the aforementioned RIPK cytoplasmic phosphorylates
FERONIA, potentially more strongly with RALF treatment
(40). Given all of these putative co-receptors, and that the plant
RLK BRI1 also functions in planta via a co-receptor, BAK1 (7),
a future model of FERONIA phosphosignaling may include a
co-receptor, although the mechanistic details of such have yet
to be determined.

Further experiments will explore in greater detail how RALF
binding at the ecto domain alters kinase conformation and
activity. In the in vitro expression system utilized herein, we
were unable to observe RALF-dependent changes in kinase
activity. Although cell-free wheat germ co-expression with
MSP1D1 and cardiolipin proved successful at producing highly
kinase-active FERONIA, this in vitro system nevertheless lacks
glycosylating enzymes or other components that may be
responsible for post-translational FERONIA ecto domain mod-
ification as observed in our laboratory (data not shown) and/or
a necessary RALF co-receptor, possibly LLG1, LORELAI or
RIPK, for FERONIA to attain the proper conformation to
correctly perceive RALF. Thus, the lack of RALF-dependent
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changes in kinase activity may reflect the fact that the ecto
domain is not conformationally active, although whether this is
due to the lack of a co-receptor, a lack of coupling of RALF
binding to an ultimate change in in vitro kinase activity, or some
combination of the two is unknown.

First used in 2008 to incorporate bacteriorhodopsin into
nanodiscs without the need for detergents (19), MSP co-ex-
pression of membrane proteins is also promising for in vitro
experiments with plant membrane proteins (46). Our results with
the plant RLK FERONIA, produced using cell-free translation
coupled with nanodisc production, demonstrate that this system
provides sufficient quantities of the protein for biochemical and
structural studies as well as a facile means of testing structure-
function predictions using molecular genetic tools.

Experimental procedures
FERONIA and MSP1D1 constructs

FERONIA:His, was cloned from previously described plas-
mids into the pEU omega cell-free wheat germ expression vec-
tor containing ampicillin resistance using Gibson assembly (47)
and transformed/maintained into One Shot TOP10 cells using
the manufacturer’s protocol (Invitrogen). Primers are listed in
supplemental Table S2. The MSP1D1 variant used was cloned
using Gibson assembly with a C-terminal StreplI tag added.
FERONIA without any tag and truncations of FERONIA:His,
were cloned from the aforementioned FERONIA pEU vector
using Gibson assembly. All sequences were verified using Big-
Dye Sanger sequencing. FERONIA mutagenesis and trunca-
tions were performed using QuikChange II or QuikChange
Lightning kits according to the manufacturer’s protocol (Agi-
lent Technologies).

Cell-free production of full-length and truncated FERONIA
constructs

Cell-free expression plasmids were isolated from E. coli using
spin miniprep kits (Qiagen) according to the manufacturer’s
protocol. Final elution was made into 40 ul of 18-megaohm
H,O. Cell-free dialysis cup translation was performed following
the published protocol (24), up to the “affinity purification”
section. No detergent was used. Translations were fractionated
by centrifugation for 5 min at room temperature and 17,000 X
g. Soluble fractions were subjected to immobilized metal affin-
ity chromatography using nickel-Sepharose HP resin (GE
Healthcare) and eluted with 500 mm imidazole in the absence of
reducing agents. Elutions were split into 10-ul aliquots and
flash-frozen and then stored at —80 °C for future use.

Nanodisc production/co-expression

Translations were performed as described above using a
reaction buffer supplemented with 0.6 mm cardiolipin (Avanti
Polar Lipids) in place of listed detergents or added liposomes.
This was the only exogenous lipid supplied to the translation
mix. Before the addition of FERONIA, MSP1D1 RNA was ini-
tially added and translated at room temperature for 24 h, fol-
lowed by the addition of FERONIA RNA to the translation
reaction and replenishment of the dialysis buffer with amino
acids. The reaction was allowed to translate for an additional
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24 h at room temperature. Protein purification was performed
using the same protocol as above but using StrepTactin Sephar-
ose high-performance resin (GE Healthcare) to bind the StreplI
tag on the MSP rather than nickel Sepharose. 2.5 mm desthio-
biotin was used for elution in the absence of reducing agents.

SDS-polyacrylamide gel quantification of cell-free products

1 wl from the insoluble and soluble fractions and 4 ul from
the flow-through and elution fractions were sampled for SDS-
PAGE analysis. To enable quantification of bands specifically
for FERONIA, a standard mixture containing BSA was prepared
in 18-megaohm water and electrophoresed to create a standard
curve, including 0.05-, 0.1-, 0.25-, and 0.5-ug loads. The intensity
of the BSA bands was determined from the gel image using Image],
plotted as a standard curve in Excel, and used to quantify the
FERONIA concentration based on band intensity.

Size exclusion chromatography

Sizing chromatography was performed on StrepTactin-puri-
fied FERONIA/MSP1D1-SII/cardiolipin co-translations and a
standard mixture of proteins (Bio-Rad, catalogue no. 151-1901)
using a Yarra 3u SEC-4000 column with dimensions 300 X 7.8
mm (Phenomenex) in 15 mm NaCl, 5 mm Na,HPO,, and 5 mm
NaH,PO, with a flow rate of 0.5 ml/min. Fractions were col-
lected every 2 min and dried with vacuum centrifugation. Dried
samples were resolubilized in 20 ul of 1% SDS, mixed 1:1 with
Laemmli sample buffer, and analyzed using SDS-PAGE.

[32PJATP kinase reactions

Kinase assay conditions and calculations were adapted from
two publications (48, 49). Kinase used was always 1 ul of the
affinity-purified translation mix. Total reaction volume was 17
wl, reactions were performed in duplicate or triplicate as noted
in the figure legends, and each experiment was repeated.
Myelin basic protein (Sigma-Aldrich) was dissolved in kinase
assay buffer (50 mm HEPES, pH 7.5, 150 mMm NaCl, 100 um
EGTA, 10 mm MgCl,, 1.0% glycerol) and supplied at 500 um
final concentration. For the reactions performed for K, /V,..
measurements, the concentrations of substrate used are noted
in Fig. 2,and ~120 uMm non-radioactive ATP and 1 wCi of radio-
active ATP (y-phosphate, 3*P, PerkinElmer Life Sciences) were
added to each reaction. To stop the reaction and remove excess
ATP, 15 pl of 17 ul was spotted onto a single 1.5 X 1.5-cm
square of P81-phosphocellulose paper (Millipore) and immedi-
ately immersed into 0.4% phosphoric acid. Squares were
washed twice more for 5 min in 0.4% phosphoric acid and once
in acetone and then allowed to air-dry. Squares were put into
liquid scintillation vials, and counts of ambient ionizing (Ceren-
kov) radiation were measured for 1 min. Additionally, two 1-ul
aliquots of ATP mix were measured to determine specific activ-
ity for 1 nmol of ATP. The calculation for specific activity is as
follows: (((raw cpm measurement — blank value)/specific activ-
ity/nmol of ATP) X spotting factor X dilution factor/reaction
time)/concentration in mg/ml, where the spotting factor is, in
this case, 1.15, to normalize for 15/17 ul of reaction spotted to
P81 square, and the dilution factor extrapolates kinase activity
to 1 ml, followed by conversion to mg of FERONIA. This yields
specific activity units of nmol/mg/min and is normalized to
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the quantified amount of FERONIA and reaction time. Thus,
FERONIA mutants that may have differing expression levels
are normalized across all experiments. Reaction 7 values are
listed in the figure legends, and all T-testing was performed in
Microsoft Excel using two-tailed, homoscedastic testing.

DB-acyl-ATP labeling and MS analysis

FERONIA was mixed with DB-acyl-ATP at 10 um and
allowed to sit at room temperature for 20 min. A kinase assay
was then performed to verify inhibition of kinase activity. A
second aliquot of FERONIA was used for MS analysis. Protein
was precipitated with 6% cold saturated TCA on ice for 30 min,
washed with acetone, and solubilized in 8 M urea. Samples were
reduced for 45 min with 5 mm DTT at 42 °C and then alkylated
for 45 min with 15 mMm iodoacetimide at room temperature in
the dark. Samples were diluted to 1 M urea with 25 mm ammo-
nium bicarbonate, and 0.5 pg of trypsin (Promega) and 0.5 ug
of LysC (Wako) were added. Samples were incubated overnight
at 37 °C. Following digestion, samples were desalted and con-
centrated using OMIX 100-ul C18 tips (Agilent Technologies)
according to the manufacturer’s protocol, dried to completion
with a vacuum centrifuge, and resolubilized in LC/MS grade
0.1% formic acid (Fisher). 1 ul of resolubilized samples was
injected onto an LTQ Orbitrap Elite (Thermo Fisher). Condi-
tions were as described previously (15), using an 80-min chro-
matographic gradient. Data were processed using the Mascot
search algorithm, with the following parameters: trypsin prote-
ase digestion with two missed cleavages allowed, a precursor
ion tolerance of 20 ppm, and a fragment ion tolerance of 0.6 Da.
Cysteine carbamidomethylation was set as a fixed modification,
and methionine oxidation and asparagine/glutamine deamida-
tion were set as variable modifications. The DB-acyl-ATP vari-
able modification was added to the Mascot list of modifications
and defined as +68 atomic mass units on lysines. Raw data have
been uploaded to and are available via the Chorus project.
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