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EXTENSINS (EXTs) are an abundant and yet enigmatic class of cell wall proteins that are found across multi-
cellular plant lineages, from Bryophytes to Angiosperms. They have been shown to be integrated within the cell
wall matrix, and are proposed to play key roles in the dynamic regulation of cell-wall properties. Consistent with
this, EXTs are thought to be important for plant growth and development. However, like many other classes of
cell wall proteins, EXTs are biochemically complex, highly diverse, and are encoded by multiple genes, making

in-depth functional characterization a challenging undertaking. Here we will provide an overview of current
knowledge of the biochemistry and properties of EXTs, and of the tools that have been deployed to study their

biological functions in plants.

The name “EXTENSIN” was first coined by Lamport in 1963
(Lamport, 1963) who, as the name suggests, proposed that they might
play a key role in the dynamic regulation of cell-wall properties. Their
discovery was the first proof of the presence of proteins in plant cell
walls, which were previously thought to be composed solely of carbo-
hydrates. EXTs are a subclass of the even more diverse hydroxyproline-
rich glycoproteins (HRGPs), and are defined by a consensus amino-acid
domain (Marzol et al., 2018; Johnson, 2017). EXTs are further sub-
divided into 5 subfamilies, classical EXTs, short EXTs, Leucine-Rich-
Repeat EXTs (LRXs), Proline-rich EXT Receptor Kinases (PERKs) and
Formin-Homology EXTs (FH-EXTs) with different protein architectures
as shown in Fig. 1A. EXTs are strictly defined by the presence of at least
two repeats of the Ser-Pros s motif. The proline residues within this
motif can be hydroxylated. They subsequently undergo O-glycosylation
with short arabinose containing oligosaccharides (n = 4-5). This leads to
the formation of hydrophilic domains (Cannon, 2008; Ogawa-Ohnishi
et al., 2013; Velasquez et al., 2011).

In addition to Ser-Progs.s motif, some EXTs also contain hydrophobic
Tyr-containing motifs (Cannon, 2008; Held et al., 2004; Schnabelrauch
et al.,, 1996). EXTs containing these motifs are sometimes denoted
“classical” EXTs and have been shown, both in vitro and in vivo, to un-
dergo peroxidase-mediated covalent cross linking through Tyr residues
by forming pulcherosine or di-isodityrosine bonds (Fig. 1B) (Held et al.,
2004; Brady et al., 1996). Intriguingly, and despite their name, this class

of EXTs, although present in all Angiosperms appears to be largely ab-
sent from monocot, gymnosperm and non-vascular plant genomes, in
which genes encoding other types of EXT can more readily be found (Liu
et al., 2016). Tyr mediated crosslinking has been proposed to be critical
for some of the structural functions of classical EXTs in plant cell walls
(Marzol et al., 2018). Classical EXTs have been shown to self-assemble
into intricate dendritic networks in vitro (Cannon, 2008). This capac-
ity, is proposed to be a result their amphiphilic properties due to the
alternation of hydrophobic and hydrophilic domains (Lamport et al.,
2011), leading to a self-assembly phenomenon. Although their proline-
rich sequence is expected to yield disordered proteins, they harbor a rod-
like structure in vitro, which is proposed to be due to the extensive
arabinosylation along the peptidic backbone (Cannon, 2008). Addi-
tionally, EXTs have been proposed to serve as a scaffold for other cell
wall components such as pectins. This association has been demon-
strated in vitro (Valentin et al., 2010). In classical EXTs, basic residues
appear at regular intervals along the protein sequence, and it is thought
that these could mediate electrostatic interactions with negatively
charged pectins. Basic residues are less common and, where present, less
regularly spaced, in other classes of EXTs.

Because EXT backbones are genetically encoded, one might imagine
that the analysis of loss of function mutants would provide a simple
means of understanding their functions. However, to date, very few
mutants in genes encoding classical EXTs have generated striking
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phenotypes, possibly due to extensive functional redundancy, and to
potential compensatory effects (either involving other EXT encoding
genes, or wall-monitoring mechanisms, or both) (Zdanio et al., 2020)
(reviewed in (Mishler-Elmore, 2021; Doll et al., 2022)). Although some
atypical EXTs (such as LRXs and PERKs) have more clearly defined roles,
the functions of their EXT domains generally remain poorly understood,
although evidence suggests that the EXT domains of LRXs act as cell wall
anchors and are necessary for their function (Ringli, 2010). In the
absence of informative loss of function mutants, other approaches have
been used to infer EXT function.

As seen in the above section, the post-translational modification of
EXTs is a critical factor in their biochemistry. Levels of O-hydroxylation
(and subsequent glycosylation) and the presence and degree of Tyr-
mediated crosslinking are thought to influence both intra and inter-
molecular interactions between EXTENSINS, their interactions with
other cell wall components, and by extension, their functions. Because
the enzymes involved in the post-translational modification of EXTs
(particularly glycosylation) are generally encoded by smaller gene
families than EXTs themselves, manipulations of the levels of these en-
zymes has been widely used to help infer EXT function (reviewed in
(Marzol et al., 2018)). Three main enzymatic classes have been targeted.

Prolyl 4-hydroxylases (P4H): These enzymes are necessary for the O-
hydroxylation of Proline (Fig. 1C), and are encoded by 13 genes in
Arabidopsis. Inhibitors of P4H activity are also available (DP (a,a-
dipyridyl) and EDHB (ethyl-3,4-dihydroxybenzoate)), and their appli-
cation has been shown to inhibit root hair elongation. Consistent with
this, three P4H enzymes, potentially acting in complex have also been
shown to be important for root hair growth, one of which has been
shown, in vitro, to preferentially hydroxylate the contiguous prolines
characteristic of EXTs (Velasquez et al., 2011). However, specificity of
P4H enzymes for EXTs has not been conclusively demonstrated. Proline
hydroxylation of other HRGPs, (including those involved in signaling,
such as other AGPs or indeed of unrelated peptides/receptors), may also
be altered when P4H activities are modified (Sede et al., 2022). Care is
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thus required in interpreting the results of these analyses as a demon-
stration of EXT function.

Glycosyl Transferases: The presence of consecutive hydroxyprolines
in EXTs is thought to be a factor in determining the pattern of their
subsequent substitution (O-glycosylation) with characteristic short
chains of r-arabinofuranose. This process occurs in the secretory system
and is mediated by the sequential action of the Hyp-O Arabinosyl-
Transferase (HPAT) (encoded by 3 genes in Arabidopsis), Reduced Re-
sidual Arabinose (RRA) (encoded by 3 genes in Arabidopsis), XEG113
and ExAD glycosyltransferases (Fig. 1C). HPATs have been shown to
play roles in both EXTENSIN glycosylation and in the glycosylation of
signalling peptides such as CLE peptides. Loss of HPAT function affects
pollen tube viability. However, because of the difficulty of defining
specific substrates it is entirely possible that this could, for example, be
due to loss of function of specific protein families, such as LRXs (Sede
etal., 2022). The juxtaposition of hydroxyproline and serine, as found in
(but not exclusive to EXTs) has also been shown to be necessary for the
activity of a unique serine-glycosyl transferase (ATSERGT1). It is
intriguing that tip growing cells (for example root hairs and pollen tubes
in Arabidopsis) are particularly susceptible to alterations in the activity
of the above classes of enzymes. However it should also be noted that
opposite phenotypes have been observed in other cell types (for example
increased expansion in hypocotyls and root), underlining the impor-
tance of cellular contexts for potential EXT functions (Velasquez et al.,
2011; Zdanio et al., 2020).

Class III Peroxidases: After their secretion to the cell wall, classical
EXTENSINS can be extensively covalently crosslinked via tyrosine resi-
dues (Held et al., 2004; Brady et al., 1996) (Fig. 1B). Whether this is the
case for other EXTs remains unclear (Ringli, 2010). Crosslinking of
classical EXTs is proposed to lead to wall rigidification, although clear
demonstrations for this are limited. Crosslinking is thought to depend on
the production of apoplastic Reactive Oxygen Species (ROS), combined
with the activity of type III cell wall-localized peroxidases (Schna-
belrauch et al., 1996), which are again encoded by a large multigene

Fig. 1. EXTENSINs belong to a diverse family of post-
translationally modified proteins. A. Overview of different
classes of EXT-domain containing proteins in a cellular context.
Long classical EXT can form intermolecular bonds (in black)
and associate into a network. Short EXTs sometime harbor YXY
motifs, potentially allowing crosslinking with other EXTs.
Leucine-rich repeat EXTs (LRXs) harbor a N-terminal LRR
domain fused to an EXT region and are embedded in the cell
wall matrix. Proline-rich Extensin Receptor Kinases (PERKSs)
are receptors with an intracellular kinase domain, a trans-
membrane domain, and an ectodomain containing EXT motifs.
Formin-homologue EXTs (FH) are composed of an EXT domain
extracellular region, a transmembrane domain, and a Formin-
like region which is predicted to interact with actin fila-
ments. SPPPP motifs are represented in green and YXY motifs
in purple showing the respective alternance of hydrophilic and
hydrophobic residues. B. Intermolecular bonds bridging
EXTENSINs. YXY motifs can form intramolecular isodityrosine
bonds that can then interact in an intermolecular fashion with
either a single tyrosine, forming a pulcherosine bond, or with
another isodityrosine, leading to the formation of a di-
isodityrosine. Formation of pulcherosine and di-isodityosine
linkages requires the action of class III peroxidases (PRXs) in
the presence of reactive oxygen species (ROS). C. Post-
translational modifications of the proline-rich EXT motif. Pro-
line residues are hydroxylated to hydroxyproline (Hyp) by
Prolyl-4-hydroxylases (P4H). Hyp residues are then sequen-
tially glycosylated with 4-5 arabinoses (Ara). Ara residues are
added by different glycosyl-transferases. The first Ara is linked
by HPATSs, the second by RRAs, the third by XEG113 and the
final one by ExAD. Galactose is added to the serine before the
proline stretch by SerGT1. (For interpretation of the references
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family. Although proteins from this class can undoubtedly crosslink
EXTs in vitro (Held et al., 2004); their substrate specificity is far from
clear, and members of the same family have also been implicated in the
crosslinking of other aromatic moieties, including phenylpropanoids
(for example to form lignin-related polymers) (Rojas-Murcia et al.,
2020), and proposed to play a role in cell wall weakening through the
production of hydroxyl radicles (Dauphin et al., 2022). Consistent with
their potentially diverse roles, several peroxidase mutants have been
shown to have developmental phenotypes, but due to the factors high-
lighted above, these phenotypes cannot be conclusively attributed to
altered EXT function.

As can be seen above, the potentially non-EXT-specific activities of
enzymes involved in EXT modification and cell wall integration makes
them potentially misleading tools for the inference of EXT function. A
lack of defined functions for EXTs, and particularly classical EXTs, is
compounded by the difficulty of interpreting the outputs of the limited
resources available for extraction and analysis/detection of EXTs,
particularly when they are covalently integrated into the cell wall ma-
trix. One of the most widely-used techniques for detecting EXTs depends
on their antigenicity to a handful of monoclonal antibodies (http:
//www.wallmabdb.net) (Smallwood et al., 1995, 1994). However,
again, the exact EXT-specificity of these antibodies, their reactivity to
different classes of EXTs, and their sensitivity to differential glycosyla-
tion and/or association/crosslinking with themselves or other cell wall
components remains unclear.

In summary: Despite years of research, EXTs remain poorly under-
stood due to technical hurdles in their in vivo detection and manipula-
tion, the promiscuity of modifying enzymes and genetic redundancy.
Although in vitro data strongly support the idea that EXTs could play key
roles in cell-wall architecture, conclusive mechanistic evidence for this
in vivo remains sparse and largely correlative, particularly for classical
EXTs. Future research may benefit from the new wave of efficient
genome-editing tools that are currently emerging, to allow the stable or
transient generation of higher order mutants both within, and between,
EXT families. Uncovering strong loss of function phenotypes will be
critical for advancing understanding of EXT functions in planta both at
the physiological and biochemical level. Given the proposed role of EXTs
in the modification of the biophysical properties of cell walls, and their
ROS-dependent crosslinking, it will also be interesting to assess in more
detail to what extent EXTs, and their cell wall integration, are implicated
in sensing and responding to biotic and abiotic stresses, as well as me-
chanical cues in growing plant tissues.
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