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Abstract

Wall-associated kinase 1 - WAKI1 is a transmembrane protein containing a cytoplasmic Ser/Thr kinase domain and an extracellular
domain in contact with the pectin fraction of the plant cell wall in Arabidopsis thaliana (L.) HEYNH. In a previous paper [Decreux, A.,
Messiaen, J., 2005. Wall-associated kinase WAK interacts with cell wall pectins in a calcium-induced conformation. Plant Cell Physiol.
46, 268-278], we showed that a recombinant peptide expressed in yeast corresponding to amino acids 67-254 of the extracellular domain
of WAKI specifically interacts with commercial non-methylesterified homogalacturonic acid, purified homogalacturonans from Arabid-
opsis and oligogalacturonides in a calcium-induced conformation. In this report, we used a receptor binding domain sequence-based pre-
diction method to identify four putative binding sites in the extracellular domain of WAKI, in which cationic amino acids were selected
for substitution by site-directed mutagenesis. Interaction studies between mutated forms of WAK1 and homogalacturonans allowed us
to identify and confirm at least five specific amino acids involved in the interaction with homogalacturonan dimers and multimers. The
presence of this homogalacturonan-binding domain within the extracellular domain of WAK1 is discussed in terms of cell wall architec-
ture and signal transduction.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction constitute one sub-class on their own, all share two juxta-
membrane degenerate epidermal growth factor (EGF)-like

Wall-associated kinases (WAK) belong to the huge fam- domains in their extracellular domain and a well conserved

ily of 610 receptor-like kinases (RLKs) identified in the
Arabidopsis thaliana (L.) HEYNH. genome, corresponding
to 2.5% of the total number of protein coding sequences
(Shiu and Bleecker, 2001). Most RLKs have in common
an extracellular putative sensing domain, a transmembrane
domain and an intra-cellular putative signalling domain.
They can be grouped in 21 structural sub-classes based
mainly on the sub-domain organization of their extracellu-
lar domain (Shiu and Bleecker, 2001). WAKSs, which
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intracellular Ser/Thr kinase domain. The original WAK
gene family was recently extended with 22 genes coding
for WAK-like proteins (WAKLs), some of them truncated
and coding only for the extracellular domain (Verica and
He, 2002). WAK and WAKL proteins are considered to
be involved either in morphogenesis and/or in host-patho-
gen interactions (He et al., 1998; Lally et al., 2001; Wagner
and Kohorn, 2001; Verica et al., 2003).

The best characterized WAK is WAK1, a 78.8-kDa pro-
tein of 713 amino acids found in almost all green tissues of
A. thaliana (He et al., 1999). The extracellular domain of
WAKI1 interacts at least with two components of the
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extracellular matrix: a glycine-rich protein (AtGRP-3)
and pectin. AtGRP-3 interacts, through its cysteine-rich
C-terminus, with the EGF-like containing peptide corre-
sponding to amino acids 178-334 of the extracellular
domain of WAKI1. The WAKI1-AtGRP-3 duo is part of a
membrane-associated 500-kDa complex containing the
KAPP phosphatase (Park et al., 2001), a type 2C protein
phosphatase also involved in the negative regulation of
the CLAVATA/WUSCHEL signalling loop within the A.
thaliana meristem (Trotochaud et al., 1999).

The interaction of WAK 1 with cell wall pectins was first
reported by Wagner and Kohorn (2001). The use of harsh
extraction conditions or heavy pectinase treatments to
release WAKI from the cell walls led to the conclusion that
WAKI1 was covalently bound to pectin (He et al., 1996;
Wagner and Kohorn, 2001). More recently, Decreux and
Messiaen (2005) proposed that WAKT1 could be ionically
bound to calcium-associated homogalacturonans, forming
a tuneable complex during cell wall turn-over or plant-
microbe interactions. It was indeed shown that WAKI
binds to Arabidopsis native non-methylesterified homogal-
acturonans in conditions that are compatible with the
formation of calcium-induced intermolecular bridges
between individual homogalacturonic chains. All condi-
tions that impaired the formation of these calcium bridges,
i.e., depolymerization, the presence of side chains (rhamno-
galacturonan I), the use of calcium chelators and the methy-
lesterification of the galacturonic acid residues (Liners et al.,
1989), also impaired the interaction between WAK1 and
homogalacturonans (Decreux and Messiaen, 2005).
WAKI also binds to oligogalacturonides with a degree of
polymerization >9 in a calcium-induced conformation, oli-
gosaccharides known to act as elicitor of defence and mor-
phogenetic responses in higher plants (Messiaen et al., 1993;
Messiaen and Van Cutsem, 1993, 1994; Bellincampi et al.,
2000; Mauro et al., 2002).

The signalling role, if any, of the WAKI1-AtGRP-3—pec-
tin complex is still largely unknown. It has been shown that
upon in vivo pectinase treatment, phosphorylated WAKI1
is released from the cell wall, but no signalling role has
been connected so far to that phosphorylation event
(Anderson et al., 2001). Independently, two-dimensional
gel electrophoresis of AtGRP-3-treated A4. thaliana protop-
lasts and two-hybrid experiments revealed that the kinase
domain of WAKI1 binds and phosphorylates the oxygen-
evolving enhancer protein 2 (Yang et al., 2003).

In order to further characterize the interaction of
WAKI1 with homogalacturonans, we present in this report
an in silico analysis of the extracellular domain of
WAKI, combined to in vitro WAKI1-homogalacturonan
interaction studies, that could help to better understand
the signalling role of this polysaccharide at the cell wall-
plasmalemma interface in A4. thaliana. We used a receptor
binding domain analysis (Gallet et al., 2000) combined to
hydrophobic cluster analysis (Gaboriaud et al., 1987) and
network secondary structure consensus analysis (Combet
et al., 2000) of the extracellular domain of WAKI to locate

putative sub-domains involved in the interaction with
homogalacturonans. Combining site-directed mutagenesis
of specific amino acids and interaction studies, we could
identify and confirm the amino acids involved in the
recruitment of homogalacturonans on the extracellular
domain of WAKI.

2. Results
2.1. Purification of recombinant proteins

Recombinant tagged proteins were purified on a nickel-
chelating resin according to the manufacturer. The absence
of protein aggregates was verified by SDS-PAGE-Coomas-
sie staining and western blotting using the anti-Xpress pri-
mary antibody. Fig. 1 presents typical SDS-PAGE and
western blot profiles of wild-type and mutant forms of
some recombinant proteins used in the following interac-
tion studies. The binding behaviour of each dialysed and
purified peptide to homogalacturonan was checked to be
always identical to that of the corresponding native non-
purified recombinant peptide. Protein samples failing to
fulfill that condition were discarded.

2.2. Homogalacturonans bind to a specific sub-domain of the
extracellular domain of WAKI

In a previous study, we showed that a specific region of
the extracellular domain of WAKI, corresponding
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Fig. 1. (A) SDS-PAGE profile (Coomassie staining) of purified recombi-
nant Wlld-type WAK677254(1), WAK(,7,254 R166Q (2) and WAK677254
K101T/K102T/R166Q (3) (5 pgprotein well™!). (B) Western blot
(anti-Xpress primary antibody) of purified recombinant wild-type
WAKg7 254 before (1) and after (2) centrifugation showing the absence
of protein aggregates, and of mutants WAKg7_»s54 R166Q (3), WAKg7_2s4
RIIQ/R166Q (4) and WAKg7 254 KI101T/K102T/R166Q (5) (250 ng
protein well ).
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to amino acids 67-254 (called WAKg7 »54), binds calcium-
induced homogalacturonan dimers and multimers (Dec-
reux and Messiaen, 2005). In order to locate more accu-
rately peptide segments involved in the interaction of
WAKI1 with homogalacturonans, the coding sequence of
the extracellular domain of WAK1 (NCBI Accession No.
AJ009696) was subdivided arbitrarily into three segments
encoding, respectively, amino acids 2-111, 112-221 and
222-332. The 222-332 segment contains the two EGF-like
domains found in all five WAKs (He et al., 1999).
These three sequences, called, respectively, WAK, 111,
WAK 15221, and WAK,,, 33, were cloned and over-
expressed in yeast. The binding of the purified recombinant
proteins to homogalacturonan was measured in an in vitro
binding assay as previously described (Decreux and Messi-
aen, 2005) and compared to the binding of WAK¢7 »54. We
used therefore a modified ELISA binding assay in which
PGA (a commercial source of homogalacturonan) was
coated into the wells of a microplate as a polysaccharide
trapper. PGA was prepared in ionic conditions (0.5 mM
Ca®"/150 mM Na® Tris buffer, pH 8.2) promoting the
formation of calcium-induced PGA dimers as described
by Liners et al. (1989). After a blocking step, the purified
recombinant proteins were added to the wells (250 ng
well™!) and incubated for 2h at room temperature.
Recombinant proteins interacting with PGA were detected
with an anti-Xpress primary antibody. Optimum binding to
PGA was always observed in the presence of WAKg7 254
(Fig. 2). Among the three ‘“‘truncated” recombinant
proteins, WAK,_;;; interacted most strongly with PGA
(almost 70% of the binding activity of WAKg7 554 to
PGA). The binding activity of WAK 15 21 to PGA was
reduced to 10% of that of WAKg7;254 to PGA, and
WAK,», 33, did not bind PGA. Within the technical limits
of the ELISA method used and the solubility of homogal-
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Fig. 2. ELISA test comparing the interaction of the three purified
recombinant sub-domains WAK, ;;;, WAK; 1527 and WAK555 33,
(250 ng well™') with PGA prepared in 1 mN Ca®>*/150 mN Na® Tris
buffer (20 ug PGA well™!). Results are expressed as a percentage of the
response obtained in the presence of WAKg7_5s4 (100%). Heat denatured
recombinant WAKg7 »54 (WAKdg7 254) and recombinant B-galactosidase
(LacZ) from E. coli was used as negative control. Insert. Effect of pH on
the interaction between WAKg7 554 and homogalacturonans. Error bars
indicate SE (n = 3).

acturonans, the interaction between WAKg7 554 and homo-
galacturonans was detected between pH 5 and pH 8
(Fig. 2). Extreme non physiological pHs were not
considered.

2.3. Receptor binding domain and hydrophobic cluster
analysis

Since the extracellular domain of WAKI1 shares little
sequence homology with other plant receptors, in silico
modelling starting from a known crystalline structure to
locate putative binding domains for homogalacturonans
was impossible. In order to identify putative amino acids
of WAKI1 involved in homogalacturonan binding, the
amino acid sequence of the extracellular domain of
WAKI was submitted to receptor binding domain analysis,
a sequence-based prediction method of interacting domains
in proteins, and combined to hydrophobic cluster analysis
and network secondary structure analysis.

Hydrophobic cluster analysis (HCA) is a high-perfor-
mance sequence analysis method used to identify similar
folding zones in sequences which otherwise have little in
common (Gaboriaud et al., 1987; Lemesle-Varloot et al.,
1990). It allows also the detection of amphipathic sites
and secondary structure types (Woodcock et al., 1992).
This method is based on a unique 2-D representation of
a protein sequence as an alpha helix around an imaginary
cylinder with 3.6 amino acids per rotation, or 100° between
each. This cylinder is cut lengthwise then unrolled and flat-
tened out. The resulting diagram is duplicated in order to
realign the amino acids with the neighbours they had in
the intact cylinder and the contiguous hydrophobic resi-
dues are outlined and shaded. HCA of the extracellular
domain of WAKI1 predicted the presence of many vertical
amino acid clusters corresponding probably to [B-sheets
(Fig. 3A). Since some hydrophobic clusters were difficult
to interpret, the amino acid sequence of the extracellular
domain of WAK1 was submitted to network secondary
structure consensus analysis platform (NPS@) using eight
different interconnected prediction softwares developed
by Combet et al. (2000). The predicted consensus second-
ary structure of the extracellular domain of WAK1 showed
that at least 21% of the amino acid residues are involved in
extended B-strands, whereas 8% of the amino acids were
predicted to be involved in three a-helices (the N-terminal
signal peptide inclusive) (Fig. 3A).

Using the 5, 7 or 9-residue analysis window, stretches
of the extracellular domain of the WAKI1 sequence exhib-
iting low mean hydrophobicity ({H} < 0.5) and variable
mean hydrophobic moments (0.3 < {uy} <0.8) were
predicted as interacting domains by the RBD method.
The analysis of the extracellular domain of WAK1 with
the 5-residue analysis window revealed several putative
RBDs (Fig. 3B). All predicted RBDs appeared to be
located outside the p-strand hydrophobic clusters as
depicted by the HCA and NPS@ plots. Some of the RBDs
showed up to be more relevant either because their size



A. Decreux et al. | Phytochemistry 67 (2006) 1068—1079 1071

A. RBD, HCA and NPS@ analysis of the extracellular domain of WAK1 (amino acids 1-332)
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Fig. 3. (A) Receptor binding domain (RBD) analysis, hydrophobic cluster analysis (HCA) and NPS@ secondary structure consensus of the extracellular
domain of WAKI (amino acids 1-332). RBD plot: Accessible residues and residues predicted to be located in interacting domains of the protein are,
respectively, depicted in green and yellow; residues located outside the predicted interacting domains are represented in blue. HCA plot: Contiguous
hydrophobic residues are outlined and shaded; vertical and horizontal clusters correspond, respectively, to B-sheets and o helices. NPS@ plot: B-sheets and
o helices are depicted as red and blue vertical bars, respectively. Amino acid positions are numbered. (B) RBD analysis and HCA plot of the
extracellular domain (amino acids 1-332) of WAKI1 using the 5-, 7- and 9-residue analysis window, and showing the WAK,_;;;, WAK |15 222, WAK53 33>
and WAKg7 254 peptide segments. The colour legend is the same as in A. C. RBD analysis and HCA plot of wild-type WAKg7 254 and effect of several
mutations on the RBD status of the K101/K102 residues (shown in bold in the HCA plot) shown on amino acid segment 74-122. RBD results are
presented for the 5-, 7- and 9 residue analysis window. All shown mutations do not alter the predicted protein structure as depicted by the HCA plot. The
K101T/K102T mutation was the only one to change the RBD status of the K101/K102 residues. The colour legend is the same as in A.
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increased or because their RBD status was unchanged
when the analysis window was increased to 7 or 9 residues.
Four RBDs were clearly predicted within WAKg7_5s4:
amino acid segments 65-70, 90-95, 100-105 and 160-170.
As shown by the 9-residue analysis window data, segments
90-95 and 100-105 probably belong to one single interac-
tion domain since they fused to form a more extended
RBD (90-105). Segment 65-70, however, was not longer
predicted to be a RBD with the same analysis window.
Therefore and because of its location at the N-terminal
extreme border of WAKg7_ 554, domain 65-70 was not ana-
lyzed any further in a first approach. The other RBDs pre-
dicted outside the WAK47_»54 segment were not analyzed in
this study. Segment 30-34 was excluded because of its
proximity with the recognition site of the cleavable signal
peptide, and segment 299-304 because of its location
within the EGF-domain shown to be involved in the bind-
ing of AtGRP-3 (Park et al., 2001).

In the following experiments, we focused on domains
90-105 and 160-170 in which we located cationic amino
acids that were already shown to be involved in the interac-
tion of homogalacturonans with isoperoxidases from zuc-
chini and Arabidopsis (Carpin et al., 2001; Shah et al.,
2004). Two arginines (Rg; and Rj¢6) and two neighbouring
lysines (K;o; and K;g,) were selected within or just near the
RBDs as good candidate cationic residues for site-directed
mutagenesis.

2.4. Choice of mutations and production of WAKs;_554
mutants

In order to suppress these positive charges and verify
their implication in homogalacturonan binding, the arginine
(Rg; and R¢6) and lysine (K;o; and K;qg,) residues were,
respectively, mutated to glutamine (Q) and to threonine
(T) using site-directed mutagenesis. These specific amino
acid substitutions were selected in order to fulfill two specific
criteria: (1) these mutations must not alter the predicted sec-
ondary structure of the extracellular domain of WAK1; and
(2) the resulting mutated peptide stretches containing the
R91Q, R166Q, K101T and K102T mutations must no
longer be recognized as putative RBDs (Gallet et al., 2000;
De Loof et al., 1986; Eisenberg et al., 1982, 1984). For each
candidate residue, several substitutions were tested and their
effect visualized on RBD plots. Fig. 3C shows the effect of
four mutations on the RBD status of K101/K102:
K101Q/K102Q, KI01E/KI102E, KI0IT/K102T and
K102T. All shown mutations preserved the predicted sec-
ondary structure (see HCA plot), but the double K101T/
K102T mutation was the only mutation to change the
RBD status of the K101/K102 residues. The effect of the
K101T/K102T and R166Q mutations on the mean hydro-
phobicity and mean hydrophobic moment of each residue
of peptides Egg—E o5 and G;¢;—A;7; are shown in Fig. 4
and compared to the wild-type peptide. Both series of muta-
tions resulted in a shift of the peptide properties out of the
RBD area of the Eisenberg’s graph. Similar substitutions

and predictions were performed for the Ry; mutations
(not shown). Seven mutants (R91Q, KI101T/K102T,
R166Q, R91Q/R166Q, R166Q/K101T/K102T, R91Q/
K101T/K102T and R91Q/R166Q/K101T/K102T) were
obtained by site-directed mutagenesis and sequenced.
Recombinant mutant proteins were over-expressed in yeast,
purified as already described (Fig. 1) and tested for their
ability to interact with homogalacturonans.

2.5. Binding of homogalacturonan to wild type WAKs; 554 in
the presence of different Ca’*/Na*ratios

Since ionic conditions strongly affect the binding of
WAKI1 to homogalacturonans (Decreux and Messiaen,
2005), we developed an ELISA binding test in which the
binding activity of each purified mutated peptide (250 ng)
was measured in different Ca®*/Na™ ratios to better evalu-
ate their binding activity on different homogalacturonan
conformations in solution, in comparison to the wild-type
WAKGg7-254 peptide. Practically, PGA (20 pg wellfl) was
prepared in different Ca®*/Na™ ratios in order to control
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Fig. 4. Plots of mean hydrophobicity versus mean hydrophobic moment
of peptide segments Eog-Ejos (A) and Gie1-Aj7; (B) in the wild-type
WAK677254 and the KlOlT/KlOZT WAK677254 (A) and R166Q WAK677254
(B) mutants using the 7 amino acid residue analysis window. Globular (G),
surface (S), membrane (M) and transmembrane (T) areas were defined
according to Eisenberg et al. (1982); the receptor binding domain (RBD)
area was defined according to Gallet et al. (2000).
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the conformation of the immobilized polysaccharide
chains. A Ca®* (mN)/Na™ (mN) ratio of 1/150 was shown
to be optimum for the formation of PGA dimers. Higher
ratio results in the formation of multimers, whereas a lower
ratio prevents calcium-induced intermolecular bridges
(Morris et al., 1982; Liners et al., 1989). The binding of
WAKGg7.554 to PGA was detected as previously described
(Decreux and Messiaen, 2005) and further compared to
the recognition of PGA by the 2F4 monoclonal antibody
that specifically recognises calcium-associated homogalac-
turonan dimers (Liners et al., 1989). The binding of
WAKg7 254 to PGA was maximum for a Ca®>"/Na* ratio
equal to 0.5 mM CaCl,/150 mM NaCl (Fig. 5) which cor-
responds to the optimum ratio for PGA to adopt a dimeric
calcium-induced conformation (Morris et al., 1982; Liners
et al., 1989) as depicted by the 2F4 response (Liners et al.,
1989). The binding of WAKg7 554 to PGA was still impor-
tant in the presence of higher Ca>"/Na™ ratios indicating
that WAK¢7_»54, unlike the 2F4 monoclonal antibody, also
interacts with calcium-induced PGA multimers (Morris
et al., 1982; Powell et al., 1982; Liners et al., 1992). At
lower Ca’"/Na™ ratios, the binding of WAKg; 554 was
impaired, indicating either that WAKg7 554 did not bind
monomeric PGA chains or that WAKg7 554 did undergo
some unfolding in the presence of high salt concentrations.

2.6. Binding of homogalacturonan to mutant WAKs7 »54 in
the presence of different Ca’*INa" ratios

The effect of the above mentioned mutations on homoga-
lacturonan recruitment was compared to the behaviour of
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Fig. 5. ELISA test comparing the interaction of PGA (20 pg PGA well™!)
with recombinant WAKg7 554 (250 ng well™!) or the 2F4 monoclonal
antibody directed against calcium-associated homogalacturonan dimers.
PGA was prepared in different Ca>" (mN)/Na® (mN) ratios in order to
control its single chain, dimeric or multimeric conformation. Results are
expressed as a percentage of the response obtained in the presence of
WAK g7 554, o 2F4, tested in 1 mN Ca>"/150 mN Na™ Tris buffer ( 100%).
Error bars indicate SE (n = 3).

WAKGg7 554 which exhibited the strongest binding activity
to PGA (Fig. 2). In order to avoid any small difference in
protein concentration between protein samples, interaction
profiles were normalized. Practically, interaction between
PGA and each recombinant protein was expressed as a per-
centage of a maximum of interaction corresponding to the
“1/30 ratio” interaction value arbitrarily set to 100%.

Two single mutations, R91Q and R166Q, did not impair
the binding of WAKg7_,54 to PGA whatever the PGA con-
formation (Fig. 6A). Interestingly, the simultaneous double
mutations R91Q/R166Q or K101T/K102T decreased the
binding of WAKg7.554 to dimeric PGA by almost 50%
compared to the wild-type WAK¢7_54 (Fig. 6B). The bind-
ing of the R91Q/R166Q or the K101T/K102T mutant to
multimeric PGA (Ca®>"/Na™ ratio 1/50) was however unaf-
fected. In the R91Q/K101T/K102T mutant, the binding to
PGA dimers was curiously improved compared to the
K101T/K102T mutant, but still reduced (30%) compared
to the binding of the wild-type WAKg7_5s54. The binding
of the KI101T/K102T/R166Q or the R91Q/K101T/
K102T/R166Q mutant to dimeric PGA was however
almost abolished in the presence of the 1/150 buffer. Here
again, the binding of these mutant proteins to multimeric
PGA (Ca®"/Na™ ratio 1/50) was less affected. These data
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Fig. 6. ELISA binding test comparing the interaction of PGA
(20 ug PGA well™") with recombinant wild-type and mutant WAKg7_»s4
(250 ng well™!). PGA was prepared in different Ca>" (mN)/Nat (mN)
ratios in order to control its single chain, dimeric or multimeric
conformation. (A) Mutations without effect on PGA binding:
WAKg7.254 R91Q and WAKg7 254 R166Q. (B) Mutations affecting
PGA binding: WAKg7 254 RI1Q/R166Q, WAKe7 554 KI101T/K102T,
WAK57,254R9IQ/KIOIT/KIOZT, WAK677254 KlOlT/K102T/Rl66Q and
WAKg7 254 R91Q/K101T/K102T/R166Q. Interaction profiles were nor-
malized by expressing the results as a percentage of a maximum of
interaction corresponding to the “1/30 ratio” interaction value arbitrarily
set to 100%.
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indicate that, at least, K;o;, Kj9» and R4¢ when mutated
together impair the binding of WAKg7 554 to PGA dimers
and, to a lesser extent, to PGA multimers. The successive
loss of three positive charges is thus sufficient to induce a
progressive disruption of the WAK1-PGA dimer complex
in our test. The role of residue Rg; in PGA binding is more
difficult to ascertain. Compared to the KI101T/K102T/
R166Q mutant, the loss of a fourth positive charge had
apparently no impact on the binding of the R91Q/K101T/
K102T/R166Q mutant to PGA dimers, but resulted in a sig-
nificant loss of binding activity (20-30%) to PGA multimers
(Ca*"/Na™ ratio 1/50) (Fig. 6B). This complex binding
behaviour suggests that the cumulative loss of positive
charges is probably not sufficient to explain all aspects of
the interaction between WAK|1 and homogalacturonans.

2.7. Binding of homogalacturonan to wild-type and mutant
WAK> 335 in the presence of different Ca’*INa" ratios

Since RBD analysis data also predicted a putative
RBD between residues 65-70 (Fig. 3A), we decided to
measure the effect of the addition of the R67Q mutation
on the binding to PGA of the full-length extracellular
domain of WAKI1 (called WAK, 33,). The R67Q muta-
tion was combined to the K101T/K102T mutations which
reduced the binding of WAKg¢7 554 to PGA dimers by 50%
(Fig. 6B). The same criteria as mentioned above were
used to justify the choice to switch R4; to Q (Fig. 7A).
The corresponding DNA sequence encoding amino acids
2-332 was PCR amplified, cloned and over-expressed in
yeast. WAK2,332 K101T/K102T and WAK2,332 R67Q/
KI101T/K102T mutants were obtained by site-directed
mutagenesis of the pYESNTC-WAK,_ 33, and the follow-
ing complementary primers: 5-ACCTGTAAGGAAGA-
TCA(aglGCCACA TGTCTTAAGC-3’ for the R67Q
mutation and 5-CTACGACGAGCAAGGAAC(a)AA-
C(a) AACTGAGGAGGACAG-3’ for the K101T-K102T
double mutation. Recombinant mutant proteins were
over-expressed in yeast, purified and tested for their abil-
ity to bind to PGA. The binding of WAK, 33, to PGA
was first compared to that of WAKg; 554 (Fig. 7B), and
further to that of the WAK, 33, K101T/K102T and
WAK, 33, R67Q/K101T/K102T mutants (Fig. 7C).

The binding profile of WAK, 33, to PGA was slightly
different from that of WAKg7_»s4 (Fig. 7B). First, the bind-
ing of WAK, 33, to PGA was improved compared to
WAKg7_,54 whatever the conformation of PGA. Second,
the binding of WAK, 33, to PGA multimers seemed to
be more variable as depicted by the high standard deviation
between the 1/50 and 1/150 Ca®*/Na™ ratios (results from
3 independent experiments). This reflects probably the
complexity of the interaction of the full-length extracellular
domain within a Ca*"/Na™ ratio range coinciding with a
conformational transition between PGA dimers (Ca®'/
Na* ratio 1/150) and multimers (Ca®>"/Na™ ratio 1/50),
the two binding substrates of WAK1. The K101T/K102T
mutations had a different effect on the binding of
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Fig. 7. (A) Plots of mean hydrophobicity versus mean hydrophobic
moment of peptide segments Is;—Vy, in the wild-type and the R67Q/
K101T/K102T WAK, 33, mutant. Globular (G), surface (S), membrane
(M) and transmembrane (T) areas were defined according to Eisenberg
et al. (1982); the receptor binding domain (RBD) area was defined
according to Gallet et al. (2000). (B) ELISA binding test comparing the
interaction of PGA (20 ug PGA well’l) with WAKg7 554 or WAK, 33
(250 ng well™'). PGA was prepared in different Ca®" (mN)/Na™ (mN)
ratios in order to control its single chain, dimeric or multimeric
conformation. (C) ELISA test comparing the interaction of PGA
(20 ug PGA well™") with wild-type, KI101T/K102T WAK, 33, and
R67Q/KI101T/K102T WAK, 33, mutants (250 ng well™!). Interaction
profiles were normalized by expressing the results as a percentage of a
maximum of interaction corresponding to the “1/30 ratio” interaction
value arbitrarily set to 100% (B and C). Error bars indicate SE (n = 3).
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WAK, 33, to pectin than on that of WAKg7 »54. The
K101T/K102T mutations had almost no effect on the bind-
ing of WAK, 33, to PGA dimers and multimers, indicating
that the loss of two positive charges is not sufficient to inhi-
bit the binding of the full-length extracellular domain of
WAKI to PGA (Fig. 7C). The addition of the R67Q muta-
tion to the K101T/K102T mutations reduced the binding
of WAK, 33, to PGA dimers by 40%, without affecting
its binding to PGA multimers (Ca’"/Na™’ ratio 1/50).
These data suggest that residue Rg; of the extracellular
domain of WAKI1 is also involved in the binding to homo-
galacturonans adopting a calcium-induced conformation.

3. Discussion

Using truncated versions of the full-length extracellular
domain of WAK1, we found that most of the homogalactu-
ronan-binding activity of WAKI1 is located near the N-ter-
minal end of the extracellular domain of WAK1, between
amino acid residues 2-111 (70% of the binding activity of
WAKg7.554). Using that approach, no significant homoga-
lacturonan-binding activity was detected neither in segment
112-221 nor in segment 222-332 when tested separately.
RBD analysis of the extracellular domain of WAKg7_5s4
allowed us to identify four interacting domains. Within
those domains, five basic amino acids (Rg7, Roi, Kio1,
K02 and R46) that could be involved in the interaction with
negatively charged homogalacturonans were selected for
substitution by site-directed mutagenesis. The binding of
mutated versions of WAKg; 554 to calcium-associated
homogalacturonan correlated well with the homogalacturo-
nan-binding activity of sub-domains WAK, i,
WAK112,221 and WAK2227332 (Flg 2) Four out of five
amino acid residues (Rg7, Rg1, Ko7 and K5) that impaired
the binding of homogalacturonan dimers to WAKg7 554
once mutated are indeed located within sub-domain
WAK,_ ;1. Although WAK > »»; contained residue Rgq
that was shown to be involved in homogalacturonan bind-
ing using the site-directed mutagenesis approach, the bind-
ing of WAK > 5> to homogalacturonans was reduced to
less than 20% of that of WAKg7 554 (Fig. 2). This suggests
that residue Ry46 belongs to a RBD which alone is not suf-
ficient to bind homogalacturonans significantly, a conclu-
sion supported by the absence of impact of the single
R166Q mutation on the binding of WAK¢7_54 to homoga-
lacturonan dimmers (Fig. 6A). However, the importance of
residue R ;46 in homogalacturonan binding was clearly high-
lighted when mutation R166Q was combined with the
K101T/K102T mutations (Fig. 6B). The absence of interac-
tion of this triple mutant with homogalacturonan dimers
suggests an additive and probably cooperative effect of each
residue in the binding of WAKg; 554. This probably
explains why peptide WAKg7 54, Which contains five posi-
tively charged residues involved in homogalacturonan bind-
ing, always binds better to PGA than peptide WAK,_;
which contains only four of those residues (Fig. 2).

How those specific basic amino acids interact with neg-
atively charged carboxylic groups within homogalacturo-
nan dimers and multimers is not known. However, our
binding data obtained in the presence of mutated versions
of WAKI clearly indicate that even a small reduction of the
number of positive charges located within the RBD
domains of WAKI1 results in a weaker interaction. Since
this reduction of interaction is more drastic in the presence
of homogalacturonan dimers than with multimers, it is not
excluded that additional interaction sites could be involved
during the interaction with multimers. In terms of cell wall
architecture, as already suggested in our previous study
(Decreux and Messiaen, 2005), changes of the degree of
methylesterification of native pectin (i.e., the number of
negative charges unavailable on the homogalacturonic
ligand to interact with WAKI1) could therefore drastically
affect the strength of the WAKI-pectin interaction along
plant development. Since the average degree of methyleste-
rification of newly synthesized pectin is generally high (Lin-
ers and Van Cutsem, 1992; Ridley et al., 2001) and is
modified during time by the block-wise action of pectin
methylesterases (Liners et al., 1992; Willats et al., 2001),
one could suspect the WAK1-homogalacturonan interac-
tion to be become stronger during cell differentiation.
The presence of homogalacturonan stretches long enough
to adopt a calcium-induced conformation, and to poten-
tially interact with WAKI1, have been recently detected in
Arabidopsis stem cell walls (Manfield et al., 2005). More-
over, if we assume that the calcium to monovalent cation
ratio within non-challenged cell walls is probably high,
the progressively de-esterified homogalacturonans are
more likely to adopt a multimeric conformation and
become a potential strong binding substrate for WAKI,
if accessible or present. On the contrary, during infection
by pectolytic pathogens, ion leakage from damaged cells,
or induced ion fluxes, decrease the calcium to monovalent
cation ratio allowing pathogen released homogalacturonan
oligomers to adopt the calcium-induced dimer conforma-
tion also known to bind WAK1 (Decreux and Messiaen,
2005) and to elicit several defense responses in plants (Mes-
siaen and Van Cutsem, 1994).

Although RBD domains were predicted in sub-domain
WAK»» 33, (Fig. 3) that partially covers the AtGRP-3
binding-peptide (amino acid residues 178-334; Park et al.,
2001), WAK 555 33, did not bind to calcium-bound homo-
galacturonans (Fig. 2). We can however not rule out any
indirect role of the two EGF-like domains on WAKI1-
homogalacturonan interaction because the binding of the
full-length extracellular domain (WAK, 33,) to homogalac-
turonans was always stronger than that of WAKg7 554
alone.

The homogalacturonan-binding domain of WAKg7_5s4
also contains, besides the basic amino acid residues involved
in homogalacturonan binding, 11 conserved cysteine resi-
dues that might be relevant for WAK1-homogalacturonan
interaction. Even if we have no evidence of their implication
in homogalacturonan binding by WAK1, it has been shown
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that a basic cysteine-rich protein, known as the stigma/sty-
lar cysteine-rich adhesin (SCA), binds pectin and controls
the adhesion of pollen cells to the surface of the stylar trans-
mitting tract epidermis in lily (Mollet et al., 2000). The bind-
ing of SCA itself to pectin did not involve the cysteine
residues directly, but was mediated by ionic interactions
(like the pectin~-WAKI1 interaction; Decreux and Messiaen,
2005) and was clearly pH dependent. Moreover, both SCA
and WAKI1 were shown to interact with alginates, an other
polyanionic polysaccharide known to adopt a similar
calcium-induced conformation (Mollet et al., 2000; Decreux
and Messiaen, 2005). The cysteine-rich domain of SCA was
proposed to form a carbohydrate-reception pocket also
found in some plant lectins (Peumans et al., 2003), or in
some receptors such as the mannose receptor of hepatic
endothelial cells involved in the binding of oligosaccharides
ending with 4-sulphated N-acetylglucosamine (GalNAc-4-
SO,) (Fiete et al., 1998). The conserved cysteines of the
homogalacturonan-binding domain of WAKI1 could simi-
larly be involved in the consolidation of a 3D structure
exposing the arginine and lysine residues in order to interact
with a calcium-induced conformation adopted by homogal-
acturonic regions within pectin.

In other known homogalacturonan-binding proteins for
which structural data is available, such as for pectolytic
enzymes (Scavetta et al., 1999; Niture et al., 2001; Johans-
son et al., 2002) and some isoperoxidases (Carpin et al.,
2001; Shah et al., 2004), arginine and/or lysine residues
were also predicted to play a critical role during their inter-
action with homogalacturonans. Since pectolytic enzymes
and isoperoxidases are structurally not related, it seems
plausible that homogalacturonan-binding domains can
have different topologies, while sharing cationic amino acid
residues such as arginines and lysines in a critical position
or configuration. In absence of crystal structure for the
extracellular domain of WAKI, the presence of 3D confor-
mations similar to those found in other homogalacturo-
nan-binding proteins remains thus speculative. If we
consider now the other members of the WAK family, we
found that the extracellular domain of WAK2 (but not
other WAKSs) has a RBD signature very similar to that
of WAKI1. The RBD domains are indeed found in con-
served positions and they contain arginine and lysine resi-
dues in similar positions (Decreux, 2006), suggesting that
WAK2 could be a good candidate to test for its interaction
with homogalacturonans.

In conclusion, we successfully used receptor domain
binding analysis and ELISA interaction studies to locate
and confirm critical residues in the extracellular domain of
WAKI1 involved in the binding of homogalacturonans
under a calcium-induced conformation. Since the disruption
of the expression of WAKS using anti-sense constructs or
negative dominant alleles was shown to drastically affect cell
expansion and the ability of Arabidopsis plants to respond to
invading pathogens (He et al., 1998; Wagner and Kohorn,
2001), our data could be relevant to design specific, and less
severe, mutant forms of WAKI1 exhibiting differential bind-

ing to homogalacturonans and test their effects on cell elon-
gation and defence responses in transgenic plants.

4. Experimental
4.1. Plant growth conditions

A. thaliana seedlings (Col-0, N1092) were grown in a
controlled growth chamber with a day/night temperature
of 23°C/21°C and a 16-h/8-h light/dark regime
(150 pmol m 2 s~ in axenic liquid cultures in Murashige
and Skoog medium (including vitamins) supplemented
with 30 g 17! sucrose (pH 5.8).

4.2. Cloning and transformation of Saccharomyces cerevisiae

Total RNA was isolated from two-week-old A4. thaliana
seedlings (Col-0, N1092) by using Tripure (Roche Applied
Science, Belgium) according to the supplier’s instructions.
First-strand ¢cDNA was synthesized by using the First-
Strand Synthesis Kit (Amersham Biosciences, Belgium)
according to the supplier’s instructions. DNA sequences
encoding sub-domains of the extracellular domain of
WAKI1 (NCBI Accession No. AJ009696) were amplified
from first-strand cDNA by PCR using Taq polymerase
(Roche Applied Science, Belgium) and the following
primers (Eurogentec, Belgium): 5-CCCGCGGCCGC-
AGGTGCAGGAGGGTT-3’ and 5-CCCCTCGAG-
CAGTGTAAA AGAACTGTCCTCC-3' for WAK, 111;
5'-CCCCTCGAGATTTCGCAGATTCAGAAGAT-3' and
5’-CCCGCGGCCGCAAAATTTATCTCTTTCCGC-3'
for WAK15 251; 5-CCCCTCGAGGAGACAAGTGCT-
GTTCCCA-3' and 5-CCCGGATCCAGGCCA CAT-
GTCTTAAGCGAC-3' for WAKg7 254 5'-CCCGCGGCC-
GCTCATGAGGTTCCCT GTGTTA-3" and 5'-CCCCTC
GAGAAACTCTTTACGCTTGCAGCTC-3 for WAK222.332;
and 5-CCCGCGGCCGCAGGTGCAGGAGGGTT-3’
and 5-CCCCTCGAGAAACTC TTTACGCTTGCAG-
CTC-3’ for WAK, 33,. These PCR products were ligated
into the multiple cloning site of the yeast expression vector
pYES2/NTC (Invitrogen, Belgium) designed to express a
recombinant protein in fusion with N- and C-terminal
poly-His tags for purification and with a N-terminal Xpress
epitope for immunodetection. S. cerevisiae host cells (strain
INVScl, Invitrogen, Belgium) were transformed with the
resulting plasmid using the lithium acetate transformation
method according to the supplier’s instructions. Recombi-
nant yeast cells were maintained on SC-U medium (SC
minimal medium lacking uracil, Invitrogen, Belgium)
containing 2% (w/v) raffinose.

4.3. Sequence analysis and site-directed mutagenesis

Hydrophobic cluster analysis (HCA) was performed
according to Gaboriaud et al. (1987). Network protein
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sequence analysis (NPS@) using eight different intercon-
nected prediction softwares was performed as described
by Combet et al. (2000) and available at the following
website: http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?
page=/NPSA/npsa_seccons.html.  Receptor  binding
domain (RBD) analysis was performed as described by
Gallet et al. (2000). This method uses a simple algorithm
for predicting residues involved in interaction sites by
analysing hydrophobicity distribution within a protein
sequence. This method has been tested successfully (1) to
compare experimental and computed predictions of inter-
action sites of known interacting partners including pro-
tein—protein and protein—-DNA interactions, (2) to predict
point mutations that disrupt the interaction between two
partners without altering their structure or conformation
(Gallet et al., 2000). Site-directed mutagenesis of the
pYES2/NTC—WAK67 254 and pYESZ/NTC—WAK2 332
plasmids was performed using the QuikChange Site-Direc-
ted kit following the manufacturer’s protocol (Stratagene,
Belgium) and the following complementary primers: 5'-
CTACGACGAGCAAGGAAC(a)AAC(a)AACT GAG-
GAGGACAG-3' for the K101T-K102T double mutation,
5-CAAGTTCTGCTTAATCA(g)ATCCTCTACTTGCT-
ACG-3' for the R91Q mutation and 5'-GGAGAATG-
TAATGGTCA(ag) AGGTTGCTGCAGAGTC-3' for the
R166Q mutation. Mutated sequences were validated by
sequencing on a capillary sequencer (CEQ™8000 genetic
analysis system, Beckman Coulter, Belgium) using the
CEQ Dye terminator Cycle sequencing Quick Start Kit
(Beckman Coulter, Belgium). Mutated plasmids were used
to transform S. cerevisiae host cells (strain INVScl, In-
vitrogen, Belgium) as described above.

4.4. Expression of recombinant protein

Recombinant yeast cells were pre-cultured in 50 ml
liquid SC-U medium containing 2% (w/v) raffinose at
30 °C with shaking. After 24 h, cells were diluted with the
induction medium (SC-U medium containing 2% (w/v)
galactose and 1% raffinose (w/v)) to obtain an ODggy of
0.4. After an additional 17 h culture at 30 °C with shaking,
induced cells were pelleted at 1500g for 5 min at 4 °C. The
cells were then washed with sterile water and centrifuged at
1500g for 5 min at 4 °C. Yeast pellets were directly used for
recombinant protein extraction or were frozen in liquid
nitrogen and stored at —80 °C until use.

4.5. Purification of recombinant proteins

Total proteins were extracted by grinding yeast cells in
liquid nitrogen in the presence of 7 ml denaturing guanidi-
nium lysis buffer (6 M guanidine-HCI, 20 mM sodium
phosphate buffer (pH 7.8), 500 mM NaCl, 1 mM phenyl-
methylsulphonylfluoride, 1 pugml™' aprotinin, 1 pgml™’
chymostatin, 1 uM pepstatin A, 100 uM leupeptin). The
resulting lysate was incubated for 10 min at room temper-
ature under mild agitation and then centrifuged at 3000g

for 15 min at 4 °C. The recombinant fusion protein was
purified from the supernatant on a nickel-chelating resin
according to the supplier’s instructions (Probond resin,
Invitrogen, Belgium). The recombinant proteins were rena-
tured by sequential dialysis as described by Ferguson and
Goodrich (2001). The final dialysis was performed in the
appropriate buffer used in the ELISA binding tests and
stored at —80 °C in the presence of Triton X-100 1% (w/
v) and glycerol 15% (w/v) before use. The absence of pro-
tein aggregates was verified by SDS-PAGE-Coomassie
staining and western blotting using the anti-Xpress primary
antibody (Invitrogen, Belgium). The binding behaviour of
each dialysed and purified peptide to PGA was checked
to be always identical to that of the corresponding native
non-purified recombinant peptide (positive renaturation
control). Protein samples failing to fulfill these two criteria
were discarded. Protein concentration was determined with
the NanoOrange protein quantification kit (Molecular
Probes, USA).

4.6. Homogalacturonan-WAKI ELISA binding assay

All ELISA binding tests were performed in the presence
of a commercial source of homogalacturonans known as
polygalacturonic acid (PGA, Sigma, USA). The sugar con-
tent of this homogalacturonan preparation is 92.3% galact-
uronic acid (<5% methylesterification), 3.22% arabinose,
2.58% galactose, 0.90% rhamnose, 0.59% xylose and
0.41% glucose. The average degree of polymerization of
PGA was estimated to 50 by viscosimetry analysis (Cabrera
G., personal communication).

Maxisorp microplates (VWR, Belgium) were pretreated
with polylysine-HBr (50 pgml™' in H,O, 50 pl well™',
Sigma, USA) during 1 h at room temperature. The wells
were washed once with 250 pul well™' of 0.5mM Ca’"/
150 mM Na™ Tris buffer (20 mM Tris—HCI, 150 mM NaCl,
0.5 mM CaCl,, pH 8.2) and coated overnight at 4 °C with
PGA at the appropriate concentration in 0.5 mM Ca*'/
150 mM Na™ Tris buffer (50 pl well ') as described by Lin-
ers et al. (1989). Non-specific binding sites were blocked for
2 h at room temperature with 3% (w/v) of low fat dried
milk dissolved in the 0.5 mM Ca?"/150 mM Na™ Tris buf-
fer. After removal of excess blocking solution, the recombi-
nant proteins (250 ng well ') were added and incubated for
2h at room temperature. The wells were washed with
5x%250 ul of 0.5mM Ca?"/150 mM Na™ Tris buffer and
further incubated during 1h at room temperature with
1 ugml™" of anti-Xpress primary antibody (Invitrogen,
Belgium) in the 0.5mM Ca®*/150 mM Na™ Tris buffer
containing 1% (w/v) low fat dried milk (50 ul well™"). After
washing with 7 x 250 pl of 0.5 mM Ca*"/150 mM Na™ Tris
buffer, 50 ul of a 1/1000 dilution of HRP-SAM secondary
antibody (Amersham Biosciences, Belgium) prepared in
0.5mM Ca’?"/150 mM Na™ Tris buffer containing 1% (w/
v) low fat dried milk were added and incubated for 1 h at
room temperature. After washing with 7x250 ul of
0.5mM Ca’t/150 mM Na™ Tris buffer, the binding of
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the recombinant protein with the coated polysaccharide
was visualized in the presence of the 3,3',5,5'-tetramethyl-
benzidine (TMB) substrate (Enhanced K Blue TMB sub-
strate, Neogen, USA). Absorbance was measured after
20 min in the dark at 650 nm with a microplate reader
(El x 800, Bio-TEK instruments, USA). Binding assays
were done in triplicate for, at least, three protein extracts.
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