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Abstract
A communication system between plant cells and their sur-
rounding cell wall is required to coordinate development, im-
munity, and the integration of environmental cues. This
communication network is facilitated by a large pool of mem-
brane- and cell-wall-anchored proteins that can potentially
interact with the matrix or its fragments, promoting cell wall
patterning or eliciting cellular responses that may lead to
changes in the architecture and chemistry of the wall. A
mechanistic understanding of how these receptors and cell
wall proteins recognize and interact with cell wall epitopes
would be key to a better understanding of all plant processes
that require cell wall remodeling such as expansion, morpho-
genesis, and defense responses. This review focuses on the
latest developments in structurally and biochemically charac-
terized receptors and protein complexes implicated in reading
and regulating cell wall integrity and immunity.
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Introduction
Over the past decades, significant progress has been
made in unveiling the molecular players involved in
plant ‘cell wall signaling’. The term encompasses a wide
range of processes implicating the direct sensing of the
cell wall or its products through the outer-inner cross-
talk via receptors or mechano-sensing channels at the
cell surface. As such, the complexities of cell-to-cell wall
crosstalk are increasing rapidly and present a very dy-
namic yet tightly controlled network [1e4]. Mechanical
www.sciencedirect.com
and chemical properties of the cell wall fluctuate during
cell expansion, morphogenesis, and when exposed to
biotic/abiotic stressors [3,5e7]. These changes in the
cell wall trigger a feedback mechanism that elicits a
response from the cell surface. A tight surveillance
system at the cell surface and the cell wall is required for
adjusting to the constantly changing surroundings.
Failure to adapt is often detrimental and ultimately

perturbs developmental, defense, and reproduc-
tive processes.

In this review, we describe the recent advancements in
the field of ‘cell wall signaling and assembly’ via the lens
of structural biology. Part of this review offers potential
functional or signaling scenarios based on the structural
analysis of proteins that are proposed to be involved in
cell wall sensing and architecture.
Signaling and structural proteins in
maintaining cell wall integrity
The term ‘cell wall integrity protein’ is mainly coined for
the two different protein families. The membrane-
spanning Catharanthus roseus receptor-like kinase 1
(RLK1)-like (CrRLK1L) receptor kinases and the cell-
wall-anchored leucine-rich repeat extensins (LRXs)
[8,9]. Genetic analysis of these two protein families
shows that they are not only required to maintain cell
wall integrity during cell expansion, but they are also
predicted to bind to cell wall components, namely
pectin, while serving as bona fide receptors, or binding
proteins, for the same group of signaling peptides: rapid

alkalinization factors (RALFs) [10��e24]. Structures of
the RALF4-LRX8 and LORELEI-LIKE GLYCO-
SYLPHOSPHATIDYLINOSITOL-ANCHORED
PROTEIN (LLG2)-RALF23-FER complexes revealed
two distinct peptide binding modes that facilitate
complex formations in a mutually exclusive manner
[10��,11��] (Figure 1aec). The processed RALFs
consist of a short N-terminal alpha-helix followed by a
long loop shaped by disulfide bonds [10]. The LLG-
RALF-FER ternary complex only requires the
conserved N-terminal alpha-helix (YISY motif) of the

peptide to nucleate the complex assembly [10��,11��]
(Figure 1a, 1c). Contrastingly, the LRX proteins recog-
nize the fully mature peptide, where two conserved
tyrosine residues in the long loop anchor the peptide to
the binding pocket, while the YISY motif is shown to be
Current Opinion in Plant Biology 2023, 76:102455
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Figure 1

Mechanistic insights into RALF binding to cell-wall receptor families. (a) LLG-RALF-FER complex formation is mediated by the RALF N-terminal
alpha helix. The conserved YISY motif in RALF (cyan cartoon) nucleates the LLG protein to recruit the FER ectodomain. (b) LRXs display a dimeric
conformation, with each monomer binding a RALF peptide to their LRR core, thus creating a hetero-tetradimer. (c) Alignment of clade I RALFs. LLG and
LRX conserved binding motifs are depicted in blue and red, respectively. (d) Amino acid conservation heatmap of 17 members of the CrRLK1L receptor
kinases. The “cleft” region is highlighted as a box. (e) LRX-extensin domain alignment from root hair and pollen tubes. LRX1 and LRX2 possess the YxY
motif, whereas the pollen tube LRXs only possess a single Tyr, which may indicate a divergent mode of network assembly at the cell wall. (f) Cartoon
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unnecessary in LRX binding [10��]. This mutually
exclusive mode of peptide binding confers RALFs dual
functionality in regulating cell wall integrity via two
different protein families.

CrRLK1L membrane receptors and cell wall
monitoring
The member of the family THESEUS1 (THE1) was
first identified as a cell-wall sensor for its ability to
detect cell wall changes during cellulose synthesis in-
hibition [21]. THE1, like other CrRLK1Ls, has two

tandem malectin-like ectodomains (MAL) that sand-
wich together, creating a “cleft” between the domains
[11��,25�,26] (Figure 1d). As the CrRLK1L ectodo-
main was named after a Xenopus malectin that binds to
N-glycans, it was hypothesized that it would interact
with an unknown cell wall component and facilitate
signaling inside the cell[27]. Recent evidence has
pointed to pectin as the potential ligand of FERONIA,
ANXUR1, and Buddha’s Paper Seal 1 (FER, ANX1,
BUPS1) [12,16,28,29��]. Genetic evidence suggests
that these receptors perceive the de-esterified form of

pectin and activate the intracellular secretion machinery
to secrete modified cell-wall polymers [30]. In
supporting this, direct and indirect associations have
been shown for several CrRLK1L members with ex-
periments like protein localization post-plasmolysis,
dot-blot assays, pectin shift-assays, and pull-downs
[12,28]. Furthermore, the N-terminal half of the
malectin-like domain (MalA) has been proposed by the
authors to be the main contributor to pectin binding
[28]. However, further evidence is required to prove
that the two single malectin-like domains fold properly

when produced independently, since analysis of the
determined structures on ANX1/2 and FER would
indicate otherwise [11��,25�,26]. Interestingly, struc-
tural and biochemical analysis on ANX1 revealed no
conserved carbohydrate binding site or direct high af-
finity interaction with the number of sugars that had
been previously described as potential ligands, including
pectin, suggesting a different carbohydrate recognition
mechanism. Their potential weaker interaction with the
wall matches their recent proposed role as mechano-
sensors upon cell wall stress [12,29��].

The “cleft” region of the CrRLK1Ls is speculated to be
the platform for protein or cell wall polymer binding
[25�,26]. The structure of ANX1 displayed the “cleft”
region to be 30 Å in length, offering w1200 Å of
accessible surface area [25�]. The family presents a
nonconserved loop composition forming the cleft,
containing numerous polar and aromatic amino acids
that could serve to recognize a cell wall component or
representation of potential RALF-LRX hetero-tetradimer network assemblies v
bound to LRX. Solvent-accessible surface electrostatic potential has been ca
(PyMOL) at pH 5. The potential is given with the negative (red) and positive (bl
(h) Surface representation of RALF Clade I colored according to the members
exposed surface when bound to LRX proteins.
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protein (Figure 1d). This variability may reflect the
diversification of the CrRLK1Ls “cleft” region,
providing a specific interaction platform for tissue-
specific cell-wall epitopes or proteins.

Structural leucine-rich repeat extensin (LRX) proteins
and the cell wall architecture
Structures of reproductive LRX8 and vegetative LRX2
in complex with RALF4 have been elucidated [10��].
RALF4 tightly binds to LRX8 with a low w2.5-nM af-
finity. When bound to LRX8, RALF4 adopts a newly

defined conformation with the long loop packed against
the leucine-rich repeat (LRR) core [10��]. Interest-
ingly, the heterologous expression of the LRX8-RALF4
complex forms a stable hetero-tetradimer with a central
disulfide bridge reinforcing the dimer interface
(Figure 1b, f). This creates a protein module where the
LRR backbones of the two LRX monomers are facing
back-to-back, exposing both peptide ligands to the sol-
vent (Figure 1d). In vivo bioactivity validation of the
hetero-tetradimer revealed that the protein complex is
only active as a dimer and in the presence of the peptide

ligand [10��]. The LRXs have a C-terminal extensin
domain that is proposed to self-assemble via cross-
linking with Tyr residues, as seen with extensin pro-
teins in vitro [31,32] (Figure 1e,f). The dimeric nature of
the protein complex lays the foundation of an inter-
esting concept: a potential interconnected web-like
LRX network that could be modulated to bind specific
cell wall epitopes or proteins upon peptide activation,
potentially changing cell wall properties. The proposed
dendritic-like assembly of extensins via alternating hy-
drophobic and hydrophilic domains can likely mediate

interactions with cell wall polymers such as pectin,
which may indicate the mode of cell wall anchorage of
LRXs to the cell wall [23,24]. Furthermore, the
cysteine-rich tail located between the LRR and the
extensin domain folds back onto the LRR domain via
five cysteine-mediated disulfide bridges [10��]. This
conformation stabilizes the LRR-extensin interface and
reduces flexibility, which may add another modulatory
layer to the cell-wall structural network formation of
LRXs. Interestingly, the YxY motif required for forming
a prerequisite isodityrosine for self-assembly is missing

in pollen tube expressed LRX extensin domains that
only contain one Y but present in root hair expressed
LRXs [33] (Figure 1e). Single tyrosine residues can
accept cross-linkers from other extensin proteins,
suggesting that pollen LRXs may use other extensin
scaffolds to form networks. This reflects divergent
modes of LRX assembly required for two plant cell
types, correlating with cell-specific pools of cell
wall polymers.
ia their extensin domain. (g) Electrostatic surface representation of RALF4-
lculated using the adaptive Poisson-Boltzmann solver (APBS) plugin
ue) contour levels in the range from −5.0 to +5.0 kBT. Modified from [10��].
sequence conservation. The plot shows that RALFs have a highly variable
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RALF4 binding to LRX8 is required to maintain cell
wall integrity. Disruption of peptide binding to the LRR
domain of LRX proteins, either by mutating the peptide
or the LRX binding pocket, results in impaired fertility
and disrupted pollen tube growth via bursting [10��].
Interestingly, RALF4 when bound to LRX8 adopts a
defined conformation stabilized by the two cysteine
disulfide bonds as opposed to the flexible free peptide,

exposing a polycationic interaction surface [10��]
(Figure 1g). This surface is speculated to potentially
mediate a targeted interaction with other cell wall pro-
teins or charged cell-wall polymers [10��]. Interestingly,
this surface is highly variable within the RALF clade I
members [10��], likely representing specific binding
partners/cell wall components in different plant tissue
types (Figure 1h).
Outstanding questions for CrRLK1Ls and LRXs in cell
wall assembly and signaling
A tremendous amount of progress has been made in
understanding the nature of how cell wall integrity is
maintained. Yet there are some key questions that need
to be addressed to understand how these two protein
families read and shape the cell wall matrix to orches-
trate core developmental processes in plants.

Are LRXs cell-wall structural proteins part of the cell-
wall integrity system, or are they an integral part of
the membrane signaling complex? The direct associa-
tion of these two protein families and the formation of a
big signaling complex are sources of debate [14,34,35].
On the one hand, LRX-FER has been shown to form a
complex in various pull-down assays, while the pollen
tubes LRX-ANX1 or BUPS1 have failed to display any
direct physical interaction [10��,14,34]. Furthermore, a
constitutively active MARIS kinase, a downstream

component of the CrRLK1L pathway, has either failed
to complement the pollen tube lrx knock-outs
[10��,36] or only partially in root hair [14]. In addi-
tion, the role of LLGs in this potential LRX-FER
complex has not been defined. These results indicate
cell type variability in diverging protein functions and
the potential existence of an intermediate protein
partner or cell wall component that could facilitate the
LRX-FER interaction.

How do CrRLK1Ls or LRXs interact with the matrix?

Can they read and integrate mechanical cell wall signals?
How do they integrate with canonical mechanosensors
such as membrane channels? CrRLK1Ls have been
described as mechanosensors and shown to associate
with pectin [12,29��], yet the exact molecular mecha-
nism and precise polysaccharide species are currently
unknown. Identification of specific pectin epitopes
followed by structural determination of the different
CrRLK1L-RALF-LLG-pectin complexes will help to
understand receptor activation, cell wall perception, and
Current Opinion in Plant Biology 2023, 76:102455
signal transduction. Similarly, the mechanism of LRX-
RALFs binding to the cell wall needs to be elucidated.
Interestingly, LRX proteins present a modulatory ar-
chitecture, with a RALF-binding LRR domain and
a cell-wall-connecting extensin domain [10��,23]. The
binding of different RALFs would provide LRXs with
distinct chemical surfaces capable of mediating specific
interactions with different cell wall proteins or cell

wall components.

Another central question would be to determine the
molecular mechanisms by which cell wall polymers
assemble to maintain cell wall integrity to sustain cell
expansion, providing the right physico-chemical prop-
erties, and whether any of these two protein families
may have a role in patterning the cell wall [6,7,37].
Immunity activation mechanisms by cell
wall enzymes and cell-wall-derived DAMPs
The plant cell wall acts as the first physical barrier to
defend against pathogens, and it is also involved in
sensing external stresses and transferring that informa-
tion inside the cell to activate defense responses [3,38].
To penetrate the cell wall, plant pathogens secrete cell-

wall degrading enzymes (CWDEs) to disrupt the main
cell wall components (cellulose, hemicelluloses, and
pectins) [39,40]. Plant cells have evolved a complex
cell-surface surveillance system to detect pathogen- or
host-derived danger signals to trigger an immunity
response [41e44].

Binding of the xyloglucanase XEG1 and activation of
the RLP-LRR receptor RXEG1
Leucine-rich repeat receptor like proteins (LRR-RLPs)
constitute a subgroup of plasma-membrane-localized
pattern recognition receptors (PRRs) and have been re-
ported to play a key role in plant immunity [42,43,45].
This group of receptors lacks an intracellular kinase

domain, and in the majority of cases, their extracellular
LRR domain contains a loop-out region named the island
domain (ID), located between the fourth and fifth LRR
from the C-terminus [46]. To transduce the signal, LRR-
RLPs constitutively interact with the LRR-RK suppres-
sor of BRASSINOSTEROID INSENSITIVE 1-associ-
ated receptor kinase 1 (BAK1)-interacting receptor-like
kinase (SOBIR) to form bi-partite heterodimers and re-
cruit the LRR-RK somatic embryogenesis (SERKs) co-
receptors upon ligand recognition [47�e52]. Cell-wall
degrading enzymes have been described as microbe-

associated molecular patterns recognized by LRR-PRRs
[47�,51,53e57] to activate the immune signaling
pathway. Recently, the crystal structure of the LRR-RLP
receptor of xyloglucan-specific endo-beta-1,4-glucanase 1
(RXEG1) in complex with its ligand the xyloglucanase
XEG1 (a glycoside hydrolase 12 protein) and the co-
receptor SERK3/BAK1 has been determined, decoding
a novel dual receptor activation and defense mechanism
www.sciencedirect.com
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[47�,58��]. Binding of the XEG1 to the RXEG1 triggers
cell death as a plant defense response [47�]. The crystal
structure of the RXEG1-XEG1-BAK1 complex uncovers
a novel ligand recognition and receptor activation
mechanism. The RXEG1 receptor uses two loop-out re-
gions, an N-terminal loop-out and the C-terminal island
domain, to recognize and anchor the enzyme-ligand to
the inner surface of the super-helical ectodomain of the

receptor (Figure 2a). Elegantly, these two out-loops
happen to serve a dual function: on the one hand, they
dock the enzyme to the receptor-binding site, and on the
other hand, they inhibit the xyloglucanase catalytic
Figure 2

LRR-RLPs ligand recognition and activation mechanisms. (a) The recept
glucanase activity by inserting both out-loops (the N-loop and the ID) into the
resentation) in complex with XEG1 (surface representation) (PDB: 7DRB). (b
ligands through their out-loop conformation. (b) Superposition of the FI-CMCa
pink) in complex with RXEG1. The FI-CMCase enzyme gold loop closing the a
preventing docking into the binding site. (c) Structural superimposition of RXEG
~0.95 Å comparing 891 pairs of corresponding Ca atoms. Both receptors pre
mode. (d– f) Activation mechanism of the RLP RXEG1 upon XGE1 binding. I
conformational changes in the receptor to recruit the co-receptor BAK1. (d) Ov
(light pink surface) and the co-receptor BAK1 (light brown) (PDB: 7DR). The b
to RXEG1 induces flexibility of the last four receptor LRRs, which become we
RXEG1-XEG1 (yellow) and RXEG1-XEG1-BAK1 (green) complexes. (f) Struc
XEG1-bound (orange), and XEG1-BAK1 complex (blue). The box highlights th
recruit the co-receptor BAK1.

www.sciencedirect.com
activity by inserting into the enzyme active-site groove
(Figure 2a), suppressing Phytophthora infection [58��].
Similar to LRR-RKs [59], RLP-ligand specificity
relies on both the receptor binding site (mainly
comprising the two out loops) and the structure of the
enzyme. A structurally similar endo-1,4-b-d-glucanase
(FI-CMCase) [60] with a longer loop at the entrance of
its active site collides with the receptor island domain

(Figure 2b), presumably preventing the receptor activa-
tion [58��]. Similarly, RXEG1-interacting loops are
highly variable in the RXEG1 homolog, RXEGL1
(Figure 2c), explaining why RXEGL1 fails to recognize
or RXEG1 docks the enzyme in the biding pocket and inhibits its xylo-
enzyme’s active site. Structure of the receptor RXEG1 (in cartoon rep-

–c) RXEG1 receptor homologs discriminate between different enzyme
se in complex with cellotetraose (PDB: 5GM4) (dark pink) and XEG1 (light
ctive site is longer than the XEG1-loop, clashing with the receptor’s ID and
1 (green) (PDB: 7W3X) and RXEGL1 (pink) (AlphaFold model). R.m.s.d of
sent different loop configuration, suggesting a distinct ligand recognition
nteraction of the xyloglucanase XEG1 with RXEG1 promotes a series of
erall structure of RXEG1 (in cartoon representation) in complex with XEG1
oxes indicate the BAK1 anchoring points to the receptor. (e) XEG1 binding
ll defined upon BAK1 binding. Superposition of the receptors from the
tural comparison of the RXEG1 island domains (ID) in the apo (green),
e conformational change in the C-terminal of the ID upon XEG1 binding to
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the XEG1 enzyme to trigger immunity [47�] and
supporting a ligand-specificity mechanism.

Binding of the enzyme to the receptor induces allosteric
changes inRXEG1, allowing for the recruitment of the co-
receptor BAK1 and the activation of the signaling complex
(Figure 2def). Structural comparison of the RXEG1 with
the XEG1- and XEG1-BAK1 complexes reveals that the

receptor undergoes substantial conformational changes in
itsN-loop-out region, the island domain (ID), and the last
four LRRs (Figure 2eef), creating a de novo binding site
for the co-receptor BAK1. Binding of XEG1 to the
receptor promotes the stabilization of the N-loop-out and
generates striking conformational changes in the re-
ceptor’s ID. The N-terminal antiparallel b -sheet of the
ID rotates outwards w25�, and a structural remodeling
happens in the C-terminal, converting the a-helix in the
apo-RXEG1(ID) into an antiparallel b-sheet in the
Figure 3

Model structures of cell-wall-derived DAMP receptors. (a) Electrostatic su
surface electrostatic potential has been calculated using the APBS plugin (Py
(blue) contour levels in the range from −5.0 to +5.0 kBT. (b) AlphaFold model
IGP1.

Current Opinion in Plant Biology 2023, 76:102455
XEG1-BAK1 ternary complex (Figure 2f). This new b-
sheet structure makes direct contact with the N-terminal
of the shape-complementary BAK1 protein. Moreover,
the last four conserved LRRs, disordered in the XEG1-
RXEG1 binary complex, become well defined upon
binding of the co-receptor (Figure 2e), indicating ligand-
induced conformational flexibility of the receptor C-ter-
minal to recruit BAK1 and trigger receptor activation. The

last piece of the puzzle would be to uncover how the
SOBIR completes the RXEG1-RLPsignalingmodule and
how this module integrates with downstream
signaling components.

Architecture of cell-wall-derived DAMPs receptors
Cell-wall-derived polysaccharides have been shown to
act as damage-associated molecular patterns (DAMPs)
[61]. Pectin fragments (OGs = oligogalacturonides),
mixed-linked b-1,3/1,4-glucans (MLGs), and cellulose-
rface representation of the WAK1 AlphaFold model. Solvent-accessible
MOL) at pH 5. The potential is given with the negative (red) and positive
representation of the two domains of the LRR-Malectin receptor, CORK1/

www.sciencedirect.com
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derived oligosaccharides are host-derived DAMPs that
trigger different immunity-related responses such as
calcium influx, reactive oxygen species (ROS) produc-
tion, mitogen-activated protein kinase (MAPK) activa-
tion, and defense-related gene expression, leading to
enhanced pathogen resistance [62]. To date, not many
receptors have been identified to sense cell-wall-
derived DAMPs.

The wall-associated kinase 1 (WAK1) has been reported
to sense oligogalacturonides (OGs) [63,64], but no
structural details on the ligand-binding recognition and
receptor activation mechanisms have been elucidated.
The extracellular domain contains two epidermal
growth factor-like (EGF-like) repeats and a N-terminal
domain named the “polygalacturonic acid-binding”
region [65] (Figure 3a). Electrostatic analysis on the
predicted model from AlphaFold [66], shows that at
apoplastic acidic pH, the N-terminal of the receptor is

mainly negatively charged (Figure 3b). That contradicts
the suggested electrostatic binding with polyanionic de-
esterified pectins through the N-terminal domain of the
receptor. However, the epidermal growth factor (EGF)-
like domains uncover a basic patch enriched in Lys and
Arg residues exposed to the solvent (Figure 3b) with an
unknown function.

Recently, two parallel studies have identified an LRR-
malectin receptor kinase named cello -oligomer receptor
kinase 1(CORK1)/impaired in glycan perception1

(IGP1) to directly perceive cellotriose (CEL3) and
cellopentaose (CEL5) in isothermal titration assays and
to trigger immune responses upon the CEL-derived
oligosaccharide binding [67�,68��]. These receptor
families are composed of a N-terminal LRR domain with
12 LRRs, followed by a malectin domain (Figure 3c),
and they have been involved in plant immunity and the
control of plant reproduction [69,70]. Previous
biochemical and structural studies [27] favor the male-
ctin domain to be the carbohydrate sensor; however, a
potential binding pocket comprising the two domains
could also be possible, inducing a receptor conforma-

tional change and activation.
Perspectives
In this review, we describe and analyze the latest mech-
anistic advances in cell wall architecture and communi-

cation. A mechanistic understanding of cell wall assembly
and signaling is an exciting new frontier thatwill opennew
avenues to uncover how cells expand, differentiate, and
react to different stimuli. The compelling physiological,
biochemical, and structural evidence on the CrRLK1Ls
membrane receptors andLRXproteins suggests that they
function as cell-wall sensors and structural proteins,
respectively [12,14,15��,21,29��]. However, a detailed
www.sciencedirect.com
mechanistic understanding of how these proteins
perceive cell-wall changes, shape the cell wall, and inte-
grate with potential mechano-sensing would be the next
question to address. A promising step to better elucidate
their functional role would be to combine structural and
biochemical approaches with single-molecule super-res-
olution imaging to reveal their in vivo distribution and
arrangement at the wall in relation to the cell wall com-

ponents [6]. Moreover, the latest structure of the LRR-
RLP receptor RXEG1 in complex with the xylogluca-
nase XEG1 and BAK1 reveals a novel ligand-perception
and receptor-activation mechanism where the enzyme-
ligand does not act as a molecular glue but induces a
series of allosteric changes to recruit the co-receptor.
Future cryogenic electron microscopy (cryo-EM) struc-
tures with the full-length proteins, including SOBIR, will
uncover how thatmultimeric complex is assembled at the
membrane and transfers the signal to cytoplasmic
signaling components. Key mechanistic outstanding

questions in plant membrane signaling, common to most
described pathways, are how big sensosome complexes
are assembled and regulated at the membrane and how
specific signals at the cell surface are translated to distinct
outputs using common downstream components, such as
mitogen-activated protein kinases (MAPKs). The iden-
tification of novel cell wall-derived ligands represents a
technical challenge. Therefore, novel biochemical and
screening strategies will play a key role in identifying new
cell-surface receptors that can sense cell-wall-derived
carbohydrates. Mechanistic and physiological character-

ization of these new polysaccharide receptors and
signaling pathways will help to uncover how the cell wall
communicates with the cell and to understand how the
cell differentiates between developmental [71] and
pathogen-induced DAMPS, integrating the information
to reshape the wall during growth and other develop-
mental processes and to adapt to specific biotic and
abiotic cues.
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