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Root hair sweet growth
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R:)ot hairs are single cells special-

ized in the absorption of water and
nutrients from the soil. Growing root
hairs require intensive cell-wall changes
to accommodate cell expansion at the
apical end by a process known as tip
or polarized growth. We have recently
shown that cell wall glycoproteins such
as extensins (EXTs) are essential com-
ponents of the cell wall during polar-
ized growth. Proline hydroxylation, an
early posttranslational modification of
cell wall EXTs that is catalyzed by prolyl
4-hydroxylases (P4Hs), defines the sub-
sequent O-glycosylation sites in EXTs.
Biochemical inhibition or genetic dis-
ruption of specific P4Hs resulted in the
blockage of polarized growth in root
demonstrate that
correct hydroxylation and also further

hairs. Our results
O-glycosylation on EXTs are essential
for cell-wall self-assembly and, hence,
root hair elongation. The changes that
O-glycosylated cell-wall proteins like
EXTs undergo during cell growth repre-
sent a starting point to unravel the entire
biochemical pathway involved in plant
development.

P4Hs Defines the Potential
O-Glycosylation Sites on HRGPs
Targeted to Plant Cell Walls

Structural O-glycoproteins of plant cell
walls grouped as HRGPs are defined
modifi-

cations that include the hydroxylation

by posttranslational covalent
of proline residues into 4-hydroxypro-
line (Hyp) by prolyl 4-hydroxyproline
(P4Hs). The conversion of Pro to Hyp
in the secretory pathway affects pro-
tein conformation and provides reactive
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hydroxyl groups for further modifica-
tion such as O-glycosylation. The sugars
involved, short arabino-oligosaccharides
in the case of extensins (EXTs) and
larger arabinogalactan polysaccharides
on arabinogalactan-proteins (AGPs),' are
incorporated by specific glycosyltransfer-
ases.”* The enzyme that generates peptidyl
4-hydroxyproline from proline residues is
usually called prolyl 4-hydroxylase (P4H),
although it is actually an oxygenase that
introduces oxygen between the hydro-
gen and carbon atoms of peptidyl pro-
line. This enzyme belongs to a family of
2-oxoglutarate-dependent  dioxygenases
that require 2-oxoglutarate and O, as co-
substrates, Fe?* as a cofactor and ascor-
bate to prevent the rapid inactivation by
self-oxidation.’ In our work we were able
to inhibit plant proline hydroxylation of
HRGPs by exposing roots to two different
small molecule inhibitors (a,a-dipyridyl
and ethyl-3,4-dihydroxybenzoate?).
Remarkably, root hair elongation was also
inhibited after this treatment, suggesting
the existence of a link between proline
hydroxylation and root hair growth. In
addition, we identified T-DNA insertional
mutants for each of three P4Hs (P4H2,
P4H5 and P4H13), out of 13 P4Hs pres-
ent in the Arabidopsis thaliana genome,
with a clear short root hair phenotype
(Fig. 1A and B) that corroborated the in
planta biochemical inhibition.? In all these
mutants, root Hyp levels were drastically
reduced, in agreement with the enzymatic
blockage of P4Hs. Notably, overexpres-
sion of these hydroxylases displayed the
opposite phenotype: extra-large root hairs
(Fig. 1C). Based on that, it became clear
that proline hydroxylation of HRGPs are
absolutely required for cell expansion in
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Figure 1. Root hair phenotypes in Arabidopsis thaliana. Root hairs in Wt Col-0 plants (A) and in the
mutant p4h5 (B). Extra long root hairs in the 35S::P4H5-GFP overexpressing line in a Wt Col-0 back-
ground (C). Root hair phenotype in the putative P4H5-target ext6 mutant (D). Scale bar = 800 um.

root hairs. However, it remains unknown
if inhibiting proline hydroxylation in
other cell types or tissues would also affect
cell expansion as it happened in root hairs.

EXTs as Targets of P4Hs are Key
Components for Cell Wall Network
Self-Assembly in Root Hairs

To address the target specificity of P4Hs,
we used a yeast two-hybrid approach using
P4H5 as bait. Several polyproline type II
repeat containing proteins such as LRX3
were identified as the main targets of
P4HS5 suggesting that EXTs might be one
of its major targets.* This result was also
validated by homology modeling of P4H5
and related P4Hs (P4H2 and P4H13) on
the minimal polyproline type-II peptide.?
All together, these results suggested that
P4H5 and possibly P4H2/P4H13 prefer-
entially hydroxylate proteins that contain
polyproline repeats such as in Extensins
and Proline-Rich Proteins (PRP). We
cannot exclude from our analysis that
these P4Hs also hydroxylate AGPs and
other signaling and regulatory molecules
that contain non-contiguous and contigu-
ous proline repeats such as Argonaute 2,°
CLV3 and CLE2 glycopeptides’ and
Hyp-systemins.®
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To identify the putative P4Hs tar-
gets in root hairs, we took advantage
of a co-expression analysis of the entire
Arabidopsis network database (Aranet;
aranet.mpimp-golm.mpg.de/aranet),
which allowed us to recognize a subset
of root hair extensins previously unchar-
acterized in this cell type. As queries, we
chose cell wall genes known to be impor-
tant for root hair growth, like expansins
EXP7 and EXP18,’ proline-rich proteins
PRP1 and PRP3," leucine-rich extensin
protein  LRX1'™"? and the bLHL-type
transcription factor RSL4, a master regu-
lator of the expression of several root hair
cell wall genes.” In addition, we employed
microarrays for functional genomics
focused on root hair mutants,'*"' yielding
the same group of EXTs.* Based on these
two approaches, we were able to identify
several EXTs that seem to be impor-
tant for root hair growth. This was later
confirmed when T-DNA mutant lines
for each of these EXTs exhibited drasti-
cally shorter root hairs (exz6 in Fig. 1D*).
Regarding biochemical function of the
O-glycosylated substrates, it has been pre-
viously shown that EXTs have the ability
to form a tridimensional self-assembled
network in the plant cell wall.”'® In this
context, the results obtained in our study
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teach us that there is almost no genetic
redundancy for the root hair EXTs that
build the network, as each of these EXTs
seem to be crucial for the correct self-
assembly of the wall. Analogously, when
disrupting a single extensin gene (EXT3),
a strong embryo lethal phenotype named
root-, shoot-, hypocotyl-defective seedling
(rsh), had been observed,"” consistent with
the notion that EXTs are critical com-
ponents of the EXTs-pectin network for
further cell wall deposition. It is highly
probable that such a network is also rel-
evant to cell expansion in other plant cell

types.

Impact of Proline Hydroxylation
and O-Glycosylation on EXT
Network Self-Assembly

To understand the biological meaning of
the lack of hydroxylation/O-glycosylation
on EXTs, we analyzed possible confor-
mational changes induced by proline
hydroxylation and O-arabynosylation
of the small EXT repeat Ser(Pro), by
performing molecular dynamics (MD)
simulation. The modeling revealed that
O-glycosylation the helical
conformation of the EXT short pep-

stabilizes

tide whereas incomplete O-glycosylation
increases its flexible conformation. Hence,
we theorize that EXTs with incomplete
hydroxylation/ O-glycosylation have an
enormous impact on the interaction of
EXTs with the surrounding environment,
including interaction with other EXTs
in the network or with other modifying
enzymes like EXT-specific peroxidases. It
is important to take into account that a
few peroxidases (such as PER13a, PER73,
etc.) are highly co-expressed with several
of the root hair EXTs. Thus, there is a
good chance that at least some of them are
responsible for the crosslinking of EXTs.*
It remains to be tested if crosslinking levels
are abnormal and/or the EXT network is
impaired in root hairs of the p4h mutants.

From an evolutionary perspective, it is
interesting that proline hydroxylation was
inhibited by RNAI in one P4H (Cr-P4H1)
out of the 10 P4Hs present in the uni-

cellular green algae  Chlamydomonas
reinhardtii, whose cell walls became
drastically disrupted.” This observa-

tion highlights a conserved function of
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proline hydroxylation/O-glycosylation of
structural cell wall proteins throughout
the evolution from ancient green algae
to vascular plants.*"” Furthermore, both
studies suggest that there is a low level of
genetic redundancy in P4Hs’ functional-
ity, although more studies are necessary to
really understand their biological specific-
ity and roles in plant cells.

We hypothesize that dynamic changes
in the crosslinked EXT network in cell
walls is sensed (directly or indirectly) by
a putative receptor-like kinase (RLK) such
as FERONIA (FER), recently shown to
be involved in the RHO GTPases (RAC/
ROP2) signaling pathway that controls
ROS-Ca**-mediated root hair develop-
ment.” Further experiments are needed to
test whether FER (or other RLK)-RAC/
ROP2-ROS-Ca*? is actually the signaling
pathway that links the root hair EXT net-
work on the cell wall to the onset/stopping
of root hair growth.
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