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Plants express chitinase and chitinase-like proteins (CLPs) belonging to the
glycosyl hydrolases of the GH18 and GH19 families, which exhibit varied
functions. CLPs in the GH18 family have been structurally and function-
ally characterized; however, there are no structures available for any mem-
ber of the GHI19 family. In this study, two CLPs of the GH19 family from
the rubber tree Hevea brasiliensis (HbCLP1 and HbCLP2) were cloned,
expressed and characterized. HbCLP1 was identical to the allergen Hev b
11.0101 previously described by others, while HbCLP2 was a novel isoform
exhibiting an unusual half chitin-binding domain before the catalytic
domain. Sequence alignments showed that in the two proteins the catalytic
residues Glull7 and Glul47 in HbCLP1 and HbCLP2, respectively, were
mutated to Ala, accounting for the lack of activity. Nonetheless, both
CLPs bound chitin and chitotriose (GIcNAc); with high affinities, as evalu-
ated with chitin-affinity chromatography and tryptophan fluorescence
experiments. The chitin-binding domains also bound chitotriose with even
higher affinities. The crystal structures of the HbCLPI-isolated domains
were determined at high resolution. The analysis of the crystallographic
models and docking experiments using (GIcNAc)s oligosaccharides pro-
vides evidence of the residues involved in sugar binding. Endochitinase
activity was restored in both proteins by mutating residues AI17E
(HbCLP1) and A147E (HbCLP2); the distance between the catalytic pro-
ton donor and the catalytic nucleophile in the in silico mutated residues
was 9.5 A, as occurs in inverting enzymes. HbCLP1 and HbCLP2 were
highly thermostable and exhibited antifungal activity against Alternaria
alternata, suggesting their participation in plant defense mechanisms.

Database

The atomic coordinates and structure factors have been deposited in the Protein Data Bank
with accession numbers 4MST for the catalytic domain (CatD1) and 4MPI for the chitin-
binding domain (CBD1). Nucleotide sequence data are available in the GenBank database
under the accession numbers KF648872 (chi-L1) and KF648873 (chi-L2).

Abbreviations

CatD1, catalytic domain of HbCLP1; CatD2, catalytic domain of HbCLP2; CatD, catalytic domain; CBD1, chitin-binding domain of HbCLP1;
CBD2, chitin-binding domain of HbCLP2; CBD, chitin-binding domain; CLP, chitinase-like protein; GH, glycoside hydrolase; GIcNAc, N-
acetylglucosamine; HbCLP, chitinase-like protein from Hevea brasiliensis; IPTG, isopropy! 1-thio-B-p-galactopyranoside; ITC, isothermal
titration calorimetry; MES, 2-(N-morpholino)ethanesulfonic acid; NMR, nuclear magnetic resonance; PRP, pathogenesis-related proteins.
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Introduction

Chitinases (EC 3.2.1.14) and chitinase-like proteins
(CLPs) are widely distributed among all kingdoms of
life, and they participate in several physiological pro-
cesses, including pathogenesis, nutrition, growth regu-
lation and immunity, among others [1-3]. Chitinases
catalyze the hydrolysis of pB-1,4-linkages between
N-acetylglucosamine (GIcNAc) residues in chitin, the
second most abundant polysaccharide in nature,
whereas CLPs lack enzymatic activity due to muta-
tions in one or more of their amino acids required for
catalysis but retain their potential to bind chitin oligo-
saccharides. Plants express chitinases and CLPs, which
belong to the glycosyl hydrolase GH18 and GHI19
families, constitutively in tissues vulnerable to patho-
gen attack and inducibly as pathogenesis-related pro-
teins (PRP) [4-6]. Based on sequence similarity, plant
chitinases are classified into seven classes (I-VII) [7-9].
Classes represented in the GH19 family are I, II, 1V,
VI and VII, while classes III and V are members of
the GH18 family. Class I endochitinases are character-
ized by the presence of an N-terminal, hevein-like,
chitin-binding domain (CBD) and a C-terminal cata-
lytic domain (CatD), which are connected by a short
linker that varies in length and amino acid composi-
tion [10]. Class II chitinases only have a CatD, homol-
ogous to that of class I chitinases, while class IV
chitinases share sequence homology with the members
of class I but are smaller due to four deleted
sequences. A heavily truncated CBD along with a pro-
line-rich spacer is dominant in class VI chitinases [11]
and class VII members lack the CBD but possess a
CatD, which is homologous to that present in class IV
chitinases [12]. Furthermore, chitinases are also classi-
fied as PRP families 3, 4, 8 and 11 [13].

Plant chitinases are able to degrade fungal cell walls
[14] and insect exoskeletons [15], but it is not clear
whether their increased expression in response to fun-
gal infection or the presence of insects is a pathogen-
specific process or if it only reflects a stress-induced
response. These enzymes also exhibit several physio-
logical functions that are not related to their hydro-
lytic activity. Furthermore, some studies have
demonstrated the importance of plant CLPs because
they are also involved in different regulatory activities;
for instance, in Arabidopsis thaliana and rice
(Oryza sativa), these proteins bind emerging cellulose
microfibrils affecting their crystallinity [16,17]. In addi-
tion, A. thaliana chitinase-like lectins (CLL) affect root
architecture [18], while in banana (Musa acuminate)
some CLPs may serve as storage proteins [19]. More
recently, two CLPs in oil palm (Elaeis guineensis) [20]
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and a CLL in tamarind (Tamarindus indica) have been
reported. The T. indica CLL presents sequence and
structural similarities to members of the GH18 family
but it has a binding site that differs from the ones
observed in members of this family [21], while the oil
palm CLPs are PRPs [22]. Plant CLPs also show anti-
fungal and insecticidal activity, probably from their
ability to inhibit fungal glycoside hydrolases such as
the xylanases or by other mechanisms [6,22].

A high prevalence of catalytically inactive enzyme
homologues has been reported in a myriad of genome
sequences during the past decade, and it has been
shown that these ‘dead’ enzymes give rise to proteins
with regulatory functions [23]. Given the great diver-
sity of proteins that hydrolyze or simply bind chitin or
its oligomers, it has been proposed that chitinases are
good examples of gene evolution, which could be
related to gene duplication preceding the acquisition of
a new function or to acquisition of minor side
activities before the gene duplication [24]. Such non-
enzymatic side activities have frequently been docu-
mented for plant and mammalian chitinases, where the
selective pressure to prevent mutations at the active
site of the enzyme could be absent.

Higher plants, such as the rubber tree (Hevea brasil-
iensis), express several chitinases, primarily in the
course of defense responses to pathogens [25]. Nota-
bly, some of these enzymes are allergens that are
responsible for the cross-reactivity in humans that
results in pollen-latex-fruit syndrome [26,27], and these
include two putative class I chitinase isoforms. These
two isoforms were cloned and expressed as fusion pro-
teins with the maltose-binding protein [28,29], and they
were classified as the allergens Hev b 11.0101 and Hev
b 11.0102 belonging to the pathogenesis-related pro-
tein-3 (PRP-3) family and to the class I chitinases of
the GH19 family. Nevertheless, in those works, the
complete fusion proteins were used for immunological
assays, and their activity was only evaluated by limited
experiments of fungal growth inhibition. Recently, the
draft genome of H. brasiliensis was published [25], and
it showed the existence of 11 class I chitinase genes
related to human allergic responses; however, no CLP
gene sequences were analyzed.

This is the first report of a structural and biochemi-
cal characterization of two recombinant CLPs of the
GHI19 family that are present in the rubber tree
H. brasiliensis. The crystal structures of the individual
CBD and the inactive CatD of one isoform, designated
HbCLPI1, were determined at high resolution. Analysis
of our crystallographic models and docking experi-
ments using the structures of the domains and GIcNAc
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oligosaccharides provide evidence of the residues
involved in sugar binding. Endochitinase activity was
restored in both proteins by mutating residues A117E
(HbCLP1) and A147E (HbCLP2). Interestingly, we
found a new isoform (HbCLP2), with a longer CBD
not previously described, which exhibits high affinity
for chitotriose. We also demonstrate that HbCLP1
and HbCLP2 exhibit antifungal activity against
Alternaria alternata.

Results and Discussion

Cloning, expression and purification of the
HbCLPs

In previous studies, two recombinant chitinase iso-
forms from the latex and leaves of H. brasiliensis were
reported [28,29], yet neither of these sequences was
found in the recently published draft genome of this
tree [25]. In the course of our experiments, fragments
of two sizes, designated chi-L1 and chi-L2 (888 and
978 bp, respectively; Fig. 1A), were isolated from total
RNA collected from the leaves and latex of two differ-
ent clones of H. brasiliensis (GV-42 and RIMM-600).
We found that these transcripts were present in differ-
ent proportions depending on the collection season
(Fig. 1B).

Rubber trees, which belong to one of the most eco-
nomically important members of the genus Hevea, suf-
fer stress when they are tapped and consequently
exposed to pathogens and insects. Therefore they
express several defense-related proteins that include
chitinases and CLPs, and other proteins that could
also be involved in different events such as cell division
or flower development [30]. In any case, multiple iso-
forms of either chitinases or CLPs with different func-
tions and characteristics can be expressed under these
conditions [1-3].

As shown in Fig. 1C, HbCLPl contains one
hevein-like CBD and one CatD, which are separated
by a linker of 10 residues rich in glycine, as has
already been reported for plant class I chitinases [31].
Interestingly, HbCLP2 also contains two domains;
however, the CBD is longer, as it exhibits the original
CBD (Glul—Val43), a first linker (Glu44-Gly53) plus a
peptide that corresponds to the second half of this
domain (Cys54-Val73) and a second linker of the same
size (Gly74-Gly83; Fig. 1C). To characterize these
proteins, in this work we overexpressed and purified
both HbCLPs and their respective domains (Fig. 2).

When we analyzed the amino acid sequence align-
ment of our recombinant proteins (HbCLPs) with the
two sequences previously reported [28,29], we found
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Fig. 1. Agarose gel electrophoresis of the PCR products of
HbCLPs using specific oligonucleotides. (A) chi-L1 (888 bp) and chi-
L2 (978 bp) from leaves and latex of H. brasiliensis trees (clones
GV-42 and RIMM®600). (B) Amplification of transcripts using total
latex RNA collected in different seasons of the year. (C) Diagrams
of the different domains present in HbCLP1 and HbCLP2: grey, the
chitin-binding domain; diagonal lines, the linkers; white, the
catalytic domain. Numbers of residues in each domain are marked.

that they are very similar (Fig. 3). HbCLPI1 showed an
identical sequence with one of the allergens previously
reported as Hev b 11.0101 [28] and displayed 97%
identity with Hev b 11.0102 [29]. If only the catalytic
domains of the HbCLPs are compared, there are three
residues that differ, two along the groove and a third
at the end of o-helix 10 (Fig. 3). Intriguingly, no
sequences identical to the HbCLP2 or to its longer
CBD were found in any database examined; we can
therefore say that this type of CBD has not been pre-
viously reported. Nevertheless, HbCLP2 exhibits 99%
identity with the allergen Hev b 11.0102 when residues
Cys54-Gly83 are removed from the analysis (Fig. 3).
HDbCLP?2 is the first protein reported to have one and
a half CBDs, a unique characteristic.

The recently published draft genome of H. brasilien-
sis only spans ~ 50% of the estimated 2.15 gigabase
haploid genome [25]. Furthermore, the authors focused
on the key genes associated with rubber biosynthesis,
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rubberwood formation, disease resistance and allergen-
icity. Among the genes reported for class I chitinases,
we only detected one sequence that was identical to
the HbCLP2 sequence, named HBM_contig1331506_
$434174c2 genel [25]. We therefore cloned the isoforms
HbCLP1 and HDbLCLP2 from genomic DNA and
verified that both genes exhibited the two characteristic
introns of plant class I chitinases, thus suggesting that
different genes encode each isoform in H. brasiliensis
(Fig. 4). The first intron is localized after the
consensus sequence SHATTG, whereas the second
intron occurs before the conserved NYNY motif
(Fig. 3), as described for class I chitinases from other
plants [32].

An interesting result in this work is the inclusion of
the N-terminal signal peptide, determined by means of
RACE assays (Fig. 4), which had not been previously
reported. Comparison of the cDNA-derived amino
acid sequence with the N-terminal sequence of the
mature CLPs demonstrated that the primary transla-
tion product has an amino acid signal peptide, which
is removed post-translationally. Furthermore, we
found evidence that these proteins are not vacuolar,
because the C-terminal sequence did not contain the
vacuolar signal peptide or vacuolar sorting determi-
nant characteristic of class I chitinases. This result was
confirmed by western blots using lutoids (vacuo-
lysosomal particles) isolated from H. brasiliensis latex
and specific polyclonal antiCLP-IgG antibodies that
gave negative results, in contradiction with previous
studies that indicated that one of these isoforms was
vacuolar [28].
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the fusion protein from the nickel affinity
column after cutting with enterokinase;
lane 6, pure proteins after anion exchange
chromatography. (C) Catalytic domains:
lane 1, fusion protein before cutting with
enterokinase; lane 2, CatD1; lane 3,
CatD2. (D) Chitin-binding domains after the
purification protocol described in Materials
and methods: lane 1, CBD1; lane 2, CBD2.

Overall structure of the HbCLP1 domains

Good quality crystals were obtained only when the
individual domains of HbCLP1 were cloned and
expressed separately. The complete proteins, alone or
in the presence of GIcNAc oligosaccharides, produced
crystalline precipitates and microcrystals, which were
either not suitable for diffraction experiments or dif-
fracted very poorly.

The overall structure of the CBDI1, determined at a
resolution of 1.6 A, comprises 45 amino acids (—1Ala,
—2Met, Glul-Gly43) that exhibit the characteristic
folding of hevein-like domains [33]. The crystal con-
tained two molecules in the asymmetric unit with a
Matthews coefficient (V) of 2.23 A’Da! and 45%
solvent content. The final model has Rpcior and Rpee
values of 17.86% and 21.78%, respectively (Table 1).
This structure includes a short antiparallel B sheet,
conformed by two B-strands of four residues each,
connected by a B turn (B hairpin), and two short seg-
ments of o-helix comprising residues Cys3-Gly8 and
Thr27-Gly32 (Fig. SA). The four disulfide bonds are
conserved (Cys3/Cysl8, Cysl2/Cys24, Cysl7/Cys31
and Cys35/Cys39). The residues involved in chitin
binding are also conserved and include Serl19 and the
three aromatic residues Tyr2l, Trp23 and Tyr30
(Fig. 5A), which are identical to those present in other
hevein-like domains such as hevein (Trp21, Trp23 and
Tyr30), pseudohevein (Tyr21, Trp23 and Tyr30) [34],
whose structure has not been reported, and chain B of
wheat germ agglutinin, which has three Tyr residues in
the binding site (Fig. 5B) [35]. It was interesting to
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find a 2-(N-morpholino)ethanesulfonic acid (MES)
molecule near Trp23 of chain A and the symmetry
related B chain in a position that mimics the GlcNAc
oligosaccharide interaction with the protein [36]. The
MES molecule, located in the carbohydrate-binding
site, interacts with the —1Met residue and Trp23. We
previously found a 2-methyl-2,4-pentanediol molecule
at the carbohydrate-binding site in the hevein struc-
ture, which indicates that this domain can bind other
molecules in addition to the GIcNAc oligosaccharides
[33].

The crystal structure of the 242-residue CatD1
(Ser4-Gly295) was determined at 1.93 A resolution.
Two monomers were found in the asymmetric unit
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with a Vy of 2.29 A’Da”!, which corresponds to a
solvent content of 46.2%. At this point it is important
to mention that the interface of the two monomers in
both asymmetric units (CBD1 and CatD1) scored 0.0
in complexation significance score in pisA [37], indicat-
ing that the interface for dimer formation is not signif-
icant in any case (a score of 1 suggests a stable
interface and a score of 0 suggests a nonstable inter-
face, i.e. crystal packing). The CatDl model was
refined to final Ry cior and Ry values of 16.77% and
20.69%, respectively. The refinement and final model
statistics are summarized in Table 1. The overall
CatD1 structure comprises 10 o-helices connected by
five main loops (I, II, III, IV and V), which are the
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acataaatttattattataataaaaaaa----- gttgaattaattacttgcaaatgtaatttaatccatgtctgatataa

240
tttttttttgtaatattatatatattataaatgatgcaggNYNYGQCGQALGLDLLNNPDLVATDRVISF
tttttttttgtaatattatatatattataaatgatgcaggNYNYGQCGQALGLDLLNNPDLVATDRVISF

260 280 300
KAAIWFWMTPQFPKPSCHDVITGQWSPTGHDISAGRAPGYGVITNIINGGLECGRGWDAR
KAAIWFWMTPQFPKPSCHDVITGQWSPTGHDISAGRAPGYGVITNIINGGLECGRGWDAR
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Fig. 4. Sequence alignment of the two
HbCLPs. The amino acid sequences
(exons) are represented in capital letters,
bold letters indicate the nucleotides

320 340
HbCLP2 VEDRIGFYKRYCDMFGVGYGSNLDCYNQTPFGLG
HbCLPl VEDRIGFYKRYCDMFAVGYGSNLDCYNQTPFGLG

most prominent features of the class I and II GHI19
family of chitinases (Fig. 5C). The numbering refers to
the complete polypeptide chain, including the CBDI
and the linker at the N-terminal region; therefore the
first residue in this domain is numbered Ser54 (Fig. 3).
This monomer also exhibits three conserved disulfide
bridges: Cys73/Cys135, Cysl147/Cys155 and Cys254/
Cys286 (Fig. 5C). Finally, the structure shows the
characteristic groove responsible for chitin binding
that includes loops II, III and IV and helices 3, 4, 6, 9
and 10 [38]. A Ca superposition of the two monomers
in the asymmetric unit indicates an rmsd of 0.6 A,
with loop III being the one that shows the largest
difference.

The Ca structural alignments of the different class I
and II (GH19) catalytic domains in plant chitinases
with the CatD (chain A) of HbCLP1 revealed that
these proteins share a relatively high degree of
similarity (Fig. 5D). The closest structural models are
from barley class II chitinase (PDB ID 1CNS) with an
rmsd of 0.9 1&, rice class I chitinase (PDB ID 2DKV,
rmsd 1.0 A), mustard (Brassica juncea) class I chitinase
(PDB ID 2738, rmsd 1.0 A), papaya class II chitin-
ase (PDB ID 3CQL, rmsd 1.0 A) and rye class II
chitinase (PDB ID 4DWX, rmsd 1.2 A; PDB ID
4DYG, rmsd 1.2 A; and PDB ID 4J0L, rmsd 0.9 A),
which was crystallized alone and in complex with one
and two molecules of N-acetyltetraose (GIcNAC),,
respectively [39,40].

In all the structures, loops I and III are stabilized by
disulfide bonds. The most significant differences were
observed in the longest loop (III), which comprises 53
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corresponding to the introns and the signal
peptides are marked in rectangles.

residues (Thr118-Trpl171, HbCLP1 numbering) and is
located between a-helices 3 and 4 (Fig. 5C). This loop
adopts various conformations, as has been observed
among the different plant chitinases. In addition, it
contains one of the catalytic amino acids (Glu89 in
barley chitinase and Glul39 in the CatD1; Figs 3 and
5C), which suggests the direct participation of this
region in the binding and catalysis of the substrate.
Loop IIT is generally conserved in chitinases of the
GHI19 family, while loops I, II, IV and V may be
absent in bacterial and plant class IV chitinases
[41-43]. Based on structural studies of mustard class I
chitinase and rye class II chitinase, it has been pro-
posed that the differences in conformation of some of
the loops bordering the active-site groove indicate an
opening and closing of the enzyme during the catalytic
cycle [40]. Structural alignment of loop III, including
20 residues in each end, demonstrated that even
though CatD1 was crystallized in the absence of
ligands the loop III is in a closer conformation to the
one present in the rye structure with bound ligands in
the groove [40] (Fig. 5D) (rmsd 0.69 10\), while the
rmsd is 1.0 A when compared with the structure of the
rye chitinase without ligand [39]. Loops IV and V
showed similar displacements (Fig. 5D) revealing con-
formational plasticity in the binding region.

Chitinase activity

Even though HbCLPI was originally classified as a
class I chitinase [28], neither of the two proteins
studied in this work showed catalytic activity using
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Table 1. Data collection and refinement statistics. Data in
parentheses refer to the highest-resolution shell.

CatD CBD

Data collection
Space group 1121 P&,

Cell dimensions (A) 111.11, 40.41, 38.51, 38.51,
111.85 100.93
p© 96.73
Wavelength 1.0 0.979
Resolution (A) 41.71-1.93 33.64-1.60
(2.03-1.93) (1.68-1.60)
No. unique reflections 37 433 (5195) 11 080 (1055)
Completeness (%) 99.30 (95.60) 99.47 (96.26)
Redundancy 4.7 (4.0) 3.5 (2.7)
a(h 14.9 (4.4) 21.1 (4.9)
Rrmerge” (%) 8.8 (51.9) 3.7 (21.6)
Refinement statistics
Resolution range (A) 41.66-1.93 33.35-1.60
(2.0-1.93) (1.66-1.60)
Reactor’/ Rires® (%) 16.77/20.69 17.86/21.78
No. atoms
Protein 3749 621
Water 316 86
Ligand molecules 2
Metal ions (CI7) 2
rmsd bond length (A) 0.011 0.016
rmsd bond angles (°) 1.1 1.78
Mean B-factor (A%)
Protein 22.6 18.9
Ligand/ion 25.7 30.7
Water 28.5 28.9
Ramachandran 98/0.4 94/0
favoured/outliers (%)
PDB code 4MST 4MPI

aRmerge=2hk/ Z/”/(hk/) - [/(hk/)”/thIZ/ I{hkl), where [/(hk)] and
I{hkl) are the mean and the ith measurement of intensity respec-
tively for reflection hkl. ®Ruonc = Shkr | 1Fonsl — Featcl | 7 ks 1Fopsl-
°Riee is the corresponding A-factor value for a randomly chosen
5% of the reflections excluded from the refinement.

substrates such as chitin azure, chitin beads, glycol chi-
tin and shrimp chitin. As previously described for sev-
eral inverting chitinases belonging to the GH19 family,
the catalytic residues are located in a relatively wide
groove. This groove contains two conserved residues
that are directly responsible for chitin hydrolysis: a
proton donor Glu67 and a nucleophile base Glu89
(barley chitinase). These correspond to Alall7 and
Glul39 in HbCLP1 and Alal47 and Glul69 in
HbCLP2 (Fig. 6A), indicating that one of the catalytic
residues is missing in both HbCLPs. Chitinases
belonging to the GHI19 family exhibit the highly con-
served QTSHETTGGW motif (Fig. 3); however, it has
been reported that a substitution of the Glu residue
with an alanine or glutamine, for example, results in
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the loss of catalytic activity [44—46]. This lack of activ-
ity has been observed in CLPs from plants in which
different functions have been detected such as cellulose
synthesis [47] or receptor-like kinase activity [48],
among others.

Mutating residues A117E and A147E, respectively,
restored the enzymatic activity of HbCLP1 and
HbCLP2. Using chitin azure as a substrate, the specific
activity of HbCLP1-A117E was 17.9 + 2.3 U-mg™ ' at
pH 4.0, while for HbCLP2-A147E it was 12.9 £ 1.0
U-mg~! at pH 5.0 (Table 2). The specific activity of
HbCLPI1-A117E at pH 8.0 was approximately three
times lower than that at pH 4.0, whereas for HbCLP2-
A147E we found no significant differences in the spe-
cific activity at the three different pH values examined
(Table 2). Residues Asp70 and Tyrl36 in HbCLPI-
A117E and Asnl00 and Hisl66 in HbCLP2-A147E
occupy the same positions along the groove in their
respective CatDs, if we consider that CatD2 has the
same structure as CatDI1. Then by using ProPKA [49],
which predicts the pK, value for the ionizable residues
and the in silico mutation Tyr136 by Hisl66 in our
CatD1 structure, we found that the pK, value for
His166 is ~ 6.8. This means that this residue is very
probably protonated at pH values 4 and 5, where we
found differences in specific activities, and neutral at
pH 8.0, where the activities were similar. In contrast,
the Tyr residue that substitutes His in the HbCLPI1-
A117E does not vary its protonation state with pH.
Moreover, when the Hisl66 is present there is an
extensive positive charge along the binding groove,
probably provoking repulsion between its boundaries,
which could explain the differences in activity with
HbCLP2-A147E.

Recently, the crystal structure of a class IV chitinase
from corn (Zea mays) that lacks the CBD provided
evidence of the participation of residues GIn62,
Argl77 and Glul65 in chitin hydrolysis and of Ser103
and Tyrl06 in substrate binding; however, class IV
chitinases have evolved to accommodate shorter sub-
strates [42]. Compared with the chitinases of classes I,
IT and 1V [39,41-43], our CatDs exhibit all of the resi-
dues that have been implicated in catalysis, thereby
allowing our mutants HbCLP1-A117E and HbCLP2-
A147E to recover their chitinolytic activity.

Carbohydrate-binding sites of the catalytic
domain

Despite the absence of catalytic activity, the volume of
the groove present in the CatD1 (1101.2 A3) is similar
to that present in the active barley chitinase
(1100.7 10\3; PDB ID 1CNS), which indicates an
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appropriate space for the arrangement of a ligand in
our protein (Fig. 6B). To provide insight on the ability
of the CLPs of H. brasiliensis to recognize oligosac-
charides, we performed docking simulations to investi-
gate the possible binding interactions of (GIcNAc)e
with the CatDI1. The first five solutions of lower
energy were selected and analyzed considering the pre-
viously reported experiments on the amino acids
involved in interactions with the substrates or products
of active chitinases belonging to the GH19 family, as
there are no reported structures of CLPs in this family
[38,40]. Figure 6C illustrates the network of interac-
tions of the CatDI1 with (GlcNAc)s when the ligand
was positioned throughout the groove in subsites —4
to +2 [40].

Interestingly, one feature observed in our docking
model, as well as in other crystallographic reports of
chitinases [38,40], is a wide distribution of aromatic
residues along the carbohydrate-binding groove that
are able to recognize the ligand through different types
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Fig. 5. Overall structures of HbCLP1
domains. (A) Stereo view of the ribbon
representation of the CBD1 monomer that
shows the conserved residues involved in
chitin binding as sticks and disulfide
bridges in yellow. (B) Ca superposition of
CBD1 (green) with hevein (PDB ID 1Q9B)
colored in dark blue and wheat germ
agglutinin monomer B (orange); also
protein residues involved in sugar
recognition are represented as sticks. (C)
Stereo view of the ribbon diagram
showing the CatD1 structure that consists
of 10 o-helices, five main loops (I-V) and
three conserved disulfide bridges; there
are also several B-turns, five of which are
located in loop Ill. The green sticks
represent the position of the putative
catalytic amino acids and cyan sticks the
amino acids that are different between
two HbCLPs. (D) Ca superposition of CatD
(cyan) with active plant chitinases: rye
chitinase (red) (PDB ID 4DWX), rye
chitinase with two molecules of (GIcNAc),
(yellow) (PDB ID 4J0L) and barley
chitinase (blue) (PDB ID 1CNS). Major
conformational differences are localized in
loops IlI, IV and V, which are indicated
with arrows.

of interactions. An interesting one is Trpl171, which is
located in loop III and interacts with residues —3 and
—2 of (GlcNAc)g, while in other class I and II plant
chitinases this residue is replaced by a His or Phe
[40,50]. In the CatD1 structure this Trpl71 falls out-
side of the allowed regions of the Ramachandran plot,
suggesting its participation in the interaction with the
ligand (Fig. 6D) [51].

Another residue that appears to be important for
ligand binding is Tyr173 (Fig. 7), whose OH group
interacts with the amide group of both the —3 and -2
GIcNAc residues of the hexamer. Other residues
involved in carbohydrate recognition are Hisll16,
Tyr146 and Phe207, which are strictly conserved and
have been described as important for chitin specificity
[45,50]. This is not the case for Trpl171, which is only
present in ~ 12% of the available sequences. One
insight that emerges from our docking analysis is that
interactions between the CatD1 and (GlcNAc)g, pri-
marily at subsites —4 to —2, involve residues located
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Fig. 6. Surface representation of the
CatD1 showing the binding groove. (A)
The position of the putative catalytic
residues is depicted in green (HbCLP1);
the proton donor that should be a Glu
residue is an Ala117. In the square is
shown a detailed view of the catalytic
residues in barley chitinase (yellow)
superimposed with the CatD1 structure
(green). The distance between the two
catalytic residues in active chitinases is 9.5
A (Ca). (B) Docking of (GIcNAc)g (blue
sticks) in the CatD1 groove. (C) Close-up
view of the CatD1 residues involved in the
interaction with (GIcNAc)g. (D) Stereo view
of the interactions of the —4 to —2
moieties of (GIcNAc)g in the CatD1 binding
site. The figure was generated from the
docking model. Protein residues making
interaction with the ligand are shown as
sticks with carbon atoms in grey; the
ligand is also depicted as sticks with
carbon atoms in cyan, oxygen and
nitrogen atoms in red and blue,
respectively, for protein and ligand.
Interactions are shown as dashed black
lines and distances are depicted in A

Table 2. Specific activities of HbCLP mutants over chitin azure.
Results are the mean value £ SD from three independent
experiments.

pH 4.0 pH 5.0 pH 8.0

(Umg™ (Umg™ (Umg™)
HbCLP1 0.3+0.2 0.2 +£ 0.1 0.3 + 0.1
HbCLP1-A117E 179 +£ 23 146 £ 1.4 6.7 £ 0.4
HbCLP2 04 +02 0.2 £ 0.1 0.3 +0.2
HbCLP2-A147E 10.6 +£ 1.3 129 +£1.0 8.0+ 0.6

in loop III: Tyrl146, GInl168, Ser170, Trpl71, Tyrl73
and Asnl74, the last two being highly conserved in
GH19 family members. These residues are conserved
between catalytically active chitinases [40,50] and the
HbCLPs; nonetheless, there are differences between
them, such as the absence of interactions between sub-
sites —1 to +2 with some of the amino acids near
Alall7 (Hisl16, Thr119, Glyl120 and Trpl122) and the
polar and apolar interactions of the aromatic residues
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(Trpl71, Tyrl73 and Phe207) present at subsites —4 to
—2 (Fig. 6D). Conversely, catalytically active chitinas-
es exhibit weaker interactions in this region or interac-
tions mediated by water molecules [38,43]. Some of the
waters in the groove observed in our crystallographic
CatD1 structure were included to compare with those
present in other chitinase—carbohydrate complexes,
and two of them appear to be important, W438 and
W511 (Fig. 7). While W438 is conserved in the differ-
ent chitinases and located in a proper position for the
hydrolysis step, W511 occupies a plausible position for
the carboxyl group of one of the catalytic Glu resi-
dues, which in this case is Alall7, participating in the
interaction of Arg265 with position —1 of the carbohy-
drate. In the (GIcNAc)s-CatD1 model, GIcNAc moie-
ties in subsites —4 to +1 interact with the protein
through multiple polar and non-polar contacts
(Fig. 6C). In addition, seven polar contacts mediated
by eight different water molecules were observed, as
shown in a rigpLoT+ figure (Fig. 7).
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Fig. 7. In silico docking results of CatD1 residues interacting with (GIcNAc)g. The atoms involved in hydrogen bonds (dashed lines) or
hydrophobic contacts are depicted. In yellow the two putative catalytic residues are shown, for CLPs the mutated Glu117Ala occupying
the position of the Glu proton donor and Glu139, which is the nucleophile base. Arrows show important water molecules that could be
involved in the catalytic mechanism (W438 and W511). GInNAc upper position corresponds to +2. The diagram was generated with the

program LIGPLOT+.

It is also noteworthy that a cis peptide occurs
between Phe213 and Pro214 in loop IV. Cis peptides
have been associated with structural or functional
features, suggesting that Phe213 is also involved in
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binding of the substrate (Fig. 7). It has been found
that unusual geometry in well-defined regions of
electron density most likely signifies an interesting hot
spot in the structure (with unusual high-energy

FEBS Journal 281 (2014) 45635-45564 © 2014 FEBS
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conformations) that could be involved in binding of
the substrate [52].

Binding experiments between the HbCLPs and N-
acetyl-chitotriose [(GIcNAc);]

The binding affinities of HbCLP1, HbCLP2 and their
respective individual domains (CatDs and CBDs) for
(GlcNAc); were determined by fluorescence spectros-
copy experiments. Both HbCLPs have one tryptophan

A

GH19 chitinase-like proteins from Hevea brasiliensis

residue (Trp23) located in the CBD and two trypto-
phan residues in the substrate-binding groove of the
CatD, which are Trpl22 and Trpl71 in HbCLPI
(Fig. 6C) and Trp152 and Trp201 in HbCLP2. For the
full-length HbCLPs the ligand produces similar
changes after binding, as observed in saturation curves
which exhibit an enhanced fluorescence intensity at the
Amax Of each protein (337.1 nm for HbCLPI and
335.8 nm for HbCLP2) (Fig. 8A). The same experi-
ments were performed with both CatDs observing that

HbCLP1 (GIcNAG), pm CatD1 (GIcNAG), pm CBD1 (GIcNAG), pm
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— 0.8 —0.8 — 0.08
80 - 1.6 1.6 200- — 046
mc — 24 mQ —24 mo 0.24
- 3.2 —3.2 — 0.32
= 60 —w % —s0 % 1501 s
] — 4.8 —_ —4.8 o — 0.40
< < <
5.6 5.6 - 0.48
2 40; 6.4 a 6.4 2 100 0.56
=] 7.2 B 72 = 0.64
| 8.0 8.0 50- 0.72
20 ~—— 16.0 —16.0 1.52
— 240 24.0 232
0 . . . , — 320 0 . . . , —320 0 T T T . 240
300 325 350 375 400 300 325 350 375 400 300 325 350 375 400
A (nm) A (nm) A (nm)
HbCLP2 (GIcNACc), pm CatD2 (GIcNACc)_ pm CcBD2 (GIcNACc), pm
100 ; 40 - s 250 5
— 0.0 — 0.0 — 0.0
— 0.8 — 0.8 — 0.8
80 1.6 1.6 200 1.6
mc — 24 B’)Q —24 rﬁo — 24
— 32 — 32 —32
= 60 — 40 = Te0 % 1504 — 40
— — 48 — — 48 _— — 438
< 5.6 = 5.6 = 5.6
2 404 64 2 64 £ 1004 136
= 72 =) 72 et 216
J 8.0 8.0 50 29.6
20 16.0 — 160 N — 376
— 240 — 45.6
0 . ; ; , — 320 . : : : 0 ; i i o0
300 325 350 375 400 300 325 350 375 400 300 325 30 375 400
A (nm) A (nm) A (um)
B o
3 150
o~ o o s 120 s
Q 150 2 100+ Q 150 £
> > 1% j
é‘ 1204 'é‘ 80 'é‘ 120 g :
~ 901 - 604 i ~ 9 L o0 oz o4 os 08
5 5 15 [NAG3] (uw)
< 60+ < 401 < 60
S a0 S 20 S =
£ o ——————— £ o —— s
0 5 0 15 20 25 0 3 6 9 12 15 0 4 8 12 16 20
[NAG3] (pum) [NAG3] (pum) [NAG3] (pm)
HbCLPs CatDs CBDs

Fig. 8. Chitotriose-binding analysis of the HbCLPs and their respective domains by intrinsic fluorescence. (A) Fluorescence quenching
experiments in the titration with (GIcNAc)z. The concentration used in each experiment (uv) is indicated at the right side of each spectrum.
(B) Nonlinear regression analysis of the relative fluorescence intensity changes of the HbCLPs and their domains in the presence of various
concentrations of (GIcNAc)z: HbCLP1 (e) and HbCLP2 (o); CatD1 (A) and CatD2 (¢); CBD1 (¥) and CBD2 (A); the inset corresponds to the

CBD1.
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the binding of (GIcNAc); produced an increase in the
fluorescence intensity in both cases and a slight blue
shift in 4., (Fig. 8A). Plots of maximum fluorescence
intensity change against the (GIcNAc); concentration
are shown in Fig. 8B. The apparent dissociation con-
stants were estimated by a nonlinear regression func-
tion analysis of the data using Eqn (1) or (2) (see
Materials and methods). The apparent Ky values of
HbCLP1 and HDbLCLP2 for (GIcNAc); were 3.0 +
0.13 pm and 3.1 £ 0.33 pm, respectively, whereas those
for CatDI1 and CatD2 were 2.4 + 0.41 um and 2.1 £
0.24 pm, respectively. Furthermore, we also determined
the apparent Ky values for the CBDs that have two
extra residues at the N-terminus (—2Ala and —1Met),
which were 0.48 + 0.14 pm and 1.49 + 0.14 um for
CBDI1 and CBD2, respectively. Notably, CBD1 exhib-
ited higher affinity than the complete proteins or their
catalytic domains, even higher than the previously
reported value for hevein using ITC (71 pm) [53], fluo-
rescence methods (63 pum obtained in this work, results
not shown) and NMR (86 um) [54] or with pseudohe-
vein that has the same residues in the binding region
(Tyr21, Trp23 Tyr 30), which has a K4 of 142 pum as
determined with NMR [54]. As mentioned above,
when we analyzed the CBDI crystal structure we
found that the methionine residue at the N-terminus,
which is only present in our molecular biology con-
struction, makes contact with the MES molecule that
we found in the carbohydrate-binding site, suggesting
that this residue could be involved in protein—carbohy-
drate interaction increasing the CBD affinities. A
docking model of the CBD1 with chitotriose is shown
in Fig. 9, which reveals that —1Met establishes several
interactions with the GlcNAc moiety at position +1. It
is interesting to note that the CBD2 shows a slightly
larger Ky suggesting that the 30 additional unfolded
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residues could affect the interaction of the oligosaccha-
ride with the hevein-like folded domain. In general, all
these results are difficult to interpret, due to presence
of two domains that bind (GlcNAc); in each HbCLP.
It appears that these proteins and their domains pos-
sess high affinity for this oligosaccharide, but the pres-
ence of the CBDs, which exhibit the highest value, did
not increase the affinity of the complete proteins. This
suggests that the two domains do not present a syner-
gistic effect in the binding of this oligosaccharide.

Very recently, the crystal structure of a moss GH19
chitinase was determined in complex with (GIcNAc),,
and it shows that sugar residues at subsites —2, —1, +1
and +2 interact with several amino acids in the cata-
lytic groove through a number of hydrogen bonds
[43]. However, there are no direct interactions with
aromatic residues in this structure. This enzyme, which
lacks the CBD, has a K4 of 230 4+ 20 pm with (Glc-
NAc); [55], which is two orders of magnitude larger
than the Ky values reported here of the complete
H. brasiliensis proteins or their CatDs. The moss
chitinase lacks loop IV, suggesting this loop is also
important in the interaction with the carbohydrate.

Binding to chitin beads and antifungal activities

Even though HbCLP1 and HbCLP2 do not exhibit
hydrolytic activity, they bound strongly to chitin, as
neither of them eluted from the chitin-bead columns
using 1 M NaCl or 1 m acetic acid. This result con-
trasts with data for other class I chitinases, where this
type of column is often used for their purification [56].
In this work, we could only disrupt the strong interac-
tion of the HbCLPs with the chitin beads when they
were subjected to SDS/PAGE in the presence of
2-mercaptoethanol (Fig. 10A), indicating that the

Fig. 9. Stereo view of the CBD1 binding interaction with chitotriose. Protein residues interacting with the ligand are shown as sticks with
carbon atoms in black; the ligand is also depicted as stick with carbon atoms in magenta, oxygen and nitrogen atoms in red and blue,
respectively, for protein and ligand. Ala-2 and Glu1l are shown as sticks. Apolar interactions are shown as dashed red lines and polar
interactions are shown as dashed dark blue lines. (GIcNAc)3 residues occupy positions +1, +2 and +3.
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Fig. 10. Chitin-binding and antifungal activities of HbCLPs. (A) SDS/PAGE gel showing the protein bands that were separated from the
chitin beads when they were applied to gel after the binding experiments. (B), (C) Plates showing fungal growth inhibition when HbCLP1
and HbCLP2 were used. In both Petri dishes well 1 corresponds to the control (Tris/HCI 50 mwm); wells 2, 3 and 4 contained 25, 50 and
75 ng of each of the HbCLPs, respectively. Double arrows show the fungal growth inhibition.

interaction is broken only after denaturation of the
proteins. Additionally, antifungal activity towards
A. alternata was observed for both of the HbCLP iso-
forms at different concentrations, suggesting that these
HbCLPs are involved in defense through a mechanism
that only involves carbohydrate binding. This activity
on mycelial growth is observed as crescents of inhibi-
tion at the rim of the disks containing the complete
proteins (Fig. 10B,C). Plant antifungal proteins can be
classified into different groups comprising chitinases
and CLPs, chitin-binding proteins, lectins etc. The
antifungal action of chitinases is due to the hydrolysis
of chitin, a major component of fungal cell wall, which
results in an impaired cell wall and subsequently brings
about cell lysis [57]. Interestingly, the antifungal activ-
ity of a tobacco class I chitinase was substantially aug-
mented in the presence of a CBD [58]. These results
indicated that a large proportion of the antifungal
activity of chitinases was due to chitin binding and not
to chitinase activity. The inhibitory effect of chitin-
binding proteins on fungal growth is ascribed to their
ability to bind to chitin. Since the nascent chitin of the
hyphal apex is easy accessible, chitin-binding proteins
bind along fungal cell walls and accumulate at septa
and hyphal tips [59]. This binding produces changes in
morphology including abnormal branching, hyphal
swelling and shorter hyphae [60].

Thermal stability of the HbCLPs

Plant chitinases are generally stable at relatively high
temperatures (> 60 °C) and also have a wide range of
optimum pH values [56]. Therefore, to better under-
stand the effect of the longer CBD on the stability of
the HbCLP2, the unfolding curves of both complete
proteins and their individual CatDs and CBDs were
obtained by monitoring the CD signal at two different
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minima: 222 nm for the complete proteins and their
CatDs and 196 nm for the CBDs (Fig. 11A,B). For
both HbCLPs and CatDs the unfolding transitions
were irreversible. The melting temperature (7,,) for
HbCLP1 was 71.4 + 0.3 °C (Fig. 11C), whereas for
HbCLP2 two transitions were observed with T, values
of 65.7 £ 1.08 °C and 73.6 + 0.22 °C (Fig. 11D).
Similar results were observed for the CatDs with a T},
of 68 + 0.14 °C for CatD1 and also two transitions
for CatD2 with T, values of 60.4 £ 0.7 °C and
73.2 £ 0.2 °C (Fig. 11C,D). For the CBDs of both
isoforms, which exhibit a high sequence identity to he-
vein (68%), no transitions were detected at the temper-
atures used in the experiment (2090 °C). Hevein is an
allergen (Hev b 6.02) that is extremely resistant to
denaturation, exhibiting a T}, value of 90.1 °C at a pH
of 3.6 [61]; it is therefore possible that the unfolding
transition of the CBDs was not observed under the
conditions used in the experiment. Finally, we also
determined the T, values of the mutants HbCLP1-
Al117E and HbCLP2-A147E, which were 78.3 +
0.12 °C and 75.6 £ 0.15 °C, respectively (Fig. 11C,D).
These values are larger than those for the HbCLPs,
thus suggesting that shifting the activity of the CLP to
a hydrolase increased the 7T, by several degrees. Based
on our crystallographic model, Glull7 and Glul47
may be establishing ionic interactions with Arg265 and
Arg295, respectively, increasing their T, values by
7 °C and 2 °C (Fig. 12). The results suggest that the
CBDs do not affect the T, values of the complete pro-
teins; nonetheless, the detection of more than two
states in the thermal denaturation experiments is com-
plicated to interpret. To address this we considered
that both CatDs have the same structure, since there
are only three different residues in CatD2 compared
with CatD1 (Fig. 3). Then analyzing the CatD2-
AI147E in silico model we found evidence that Glul47

4547



GH19 chitinase-like proteins from Hevea brasiliensis

S. Martinez-Caballero et al.

5 204 A 5
£ 1 £
k4 f °
o~ ’l o
.g 1017 & g
2 ! 3
z oL ‘l =
? K ' ?
o o
x 10— : . x5l . . .
Q, 200 220 240 260 @, 200 220 240 260
Wavelength (nm) Wavelength (nm) Fig. 11. Thermal denaturation profiles of
c D the HbCLPs, their active mutants and their

1.0 1.0 respective CatDs. CD spectra in the far-UV
S o8l i S o0s region for (A) HbCLP1-CatD (@), HbCLP1
E S (), HbCLP2 (m); (B) HbCLP1-CBD (e),
= 061 = 06 HbCLP2-CBD (m). The transitions were
S 041 { S 04 followed using the CD signal at 222 nm.
Ke) L Solid lines indicate the theoretical curves
E 0.2 £ 02 . _ ) iy
=) ) o obtained using a two-state transition

0.0 ; ; ; ; - 0.0 — ; ; - model. (C) CatD1 (M), HoCLP1 (@) and

40 50 60 70 80 90 40 50 60 70 80 90

Temperature °C

Fig. 12. lonic interaction between Glu147 and Arg295 present in
CatD2-A147E.

that is found at the C-terminus of o-helix 3 may
establish an ionic interaction with R295, which is
located at the N-terminus of the o-helix 10, therefore
stabilizing the domain. In the native HbCLP2 this
strong interaction could not exist, suggesting that less
stability in the groove and perhaps more conforma-
tional states could exist (Fig. 12). Then one possibility
for the existence of a three-state transition profile (two
Ty values) is the pre-existence of multiple protein con-
formations with different stabilities and the other pos-
sibility is the appearance of an intermediate during
thermal denaturation.

In summary, chitinases and CLPs have been
considered to play important roles in plant defense
responses [1]; nonetheless based on the literature it is
far from clear to what extent they participate in these
mechanisms. Chitinases and inactive chitinases, such
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as CLPs, are produced by a wide variety of plants and
are also involved in various physiological processes
[24]. Due to their sessile nature, perennial plants such
as H. brasiliensis are constantly exposed to a multitude
of environmental stresses, in addition to the stress pro-
duced by the extraction of the latex. Therefore, pro-
teins with diverse functions and evolutionary flexibility
are likely to have adaptive value and enable plants to
respond to diverse environmental challenges. Adaptive
mutations such as those present in chitin-binding pro-
teins can generate beneficial shifts in ligand recognition
and/or affinity. For example, in a molecular phyloge-
netic study of mammalian chitinase-like members of
the GH18 family, it was suggested that active chitinas-
es with different specificities resulted from an early
duplication event. Then a second duplication event
followed by mutations that led to a loss of enzyme
activity allowed the evolution of the CLP [24]. Similar
adaptive mutations are very likely to occur in plant
CLPs, such as those reported for the GH18 family that
has been more widely studied [62].

In our study, two recombinant HbCLPs were cloned
and expressed using the RNA from H. brasiliensis
leaves and latex as starting materials. Both proteins are
constitutively expressed in varying amounts depending
on the season of tissue collection. Interestingly, a point
mutation from Glu (GAA) to Ala (GCA) changed
their functions from chitinases to CLPs. These
HbCLPs are the first examples of naturally occurring
plant CLPs belonging to the GH19 family that exhibit
strong chitin and chitotriose-binding abilities. HbCLP2
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has not been detected before in H. brasiliensis and,
interestingly, its CBD is longer and exhibits one and a
half hevein-like domains plus two linkers. Besides,
CBDI1 and CBD2 bind chitotriose with higher affinity
than hevein or pseudohevein (which has the same
residues at the binding site), indicating that the CBD2’s
N-terminal hevein-like domain is properly folded.
Furthermore, the crystal structure of the CBDI1 evi-
denced that —1Met interacts with the MES molecule at
the carbohydrate-binding site suggesting that the pres-
ence of this residue increases its affinity for chitotriose
significantly. Our study further showed that CatD1 has
a flexible loop III, which is likely to tolerate moderate
structural modifications. On the basis of this observa-
tion it was reasoned that adaptive functional diversifi-
cation of the enzyme or enzyme-like protein families is
achieved more often through modifications in the
flexible regions than in the rigid structural elements.
Modifications in the flexible regions allow for the
acquisition of new functions without disrupting the
native folded structures. Moreover, HbCLP1 and
HbCLP2 are highly thermostable suggesting that dur-
ing evolution from catalytically active proteins to CLPs
they sacrificed activity for stability. Therefore, plants
seem to constantly adjust their defensive status to the
dynamically changing environment. Although the func-
tions of CLPs in H. brasiliensis are still unknown, our
studies suggest they are involved in defense mecha-
nisms through their antifungal activity and their high
affinity for oligosaccharides; nonetheless, we do not
rule out the possibility that they could also be involved
in other processes.

Materials and methods

Cloning, expression and purification of HbCLP1,
HbCLP2 and their domains

Total RNA was isolated from the latex and young leaves
of rubber trees (H. brasiliensis) as previously described [63].
Briefly, cDNA was synthesized, and the coding sequences
of the chi-L1 (GenBank accession number KF648872) and
chi-L2 (GenBank accession number KF648873) genes were
amplified by PCR using the oligonucleotides CHI-a and
CHI-b (all oligonucleotide sequences are detailed in Table
S1). Additionally, the coding sequences for the individual
CBD and CatD of both proteins (HbCLP1 and HbCLP2)
were amplified using the oligonucleotide pairs CBD-a,
CBD-b and CatD-a, CatD-b. To improve the cleavage effi-
ciency of the enterokinase EkMax (Invitrogen Corporation,
Carlsbad, CA, USA), two residues (Ala and Met) were
added at the N-terminus of CBDs. Each of the reaction
products were cloned into the pET32a vector (Novagen,
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EMD Biosciences, Madison, WI, USA) and sequenced
(Laragen, Culver City, CA, USA). Escherichia coli Rosetta-
gami (DE3) pLysS was transformed with each of these con-
structs to express the full proteins and their respective indi-
vidual domains. The cells were grown in Luria—Bertani
medium and incubated at 37 °C until an Agyy of 0.4 was
reached, when isopropyl 1-thio-B-p-galactopyranoside
(IPTG) was added to a final concentration of 0.25 mm and
the incubation temperature was lowered to 18 °C. The cells
were harvested by centrifugation at 15 300 g 12 h after the
addition of IPTG and resuspended in lysis buffer (50 mm
Tris/HCL, pH 7.5; 300 mm NaCl; 0.5 mm dithiothreitol).
The cell pellet was lysed by sonication and clarified by cen-
trifugation at 26 000 g for 45 min.

All purification steps were the same for the complete pro-
teins and the individual domains unless otherwise noted.
The supernatants were loaded onto HisTrap columns (GE
Healthcare, Piscataway, NJ, USA), and the fusion proteins
were eluted with gradients of increasing imidazole concen-
tration. The purified fusion proteins were subjected to
enterokinase cleavage, and the HbCLPs and their domains
were then purified with the HisTrap column. The complete
proteins that did not bind to this column were loaded onto
a Mono-Q ion exchange column (GE Healthcare) equili-
brated with 50 mm Tris/HCI (pH 7.5), and the bound pro-
teins were eluted with an increasing gradient of 1 m NaCl.
SDS/PAGE and Coomassie blue staining were used to
assess all purification steps. The CBDs and CatDs were pure
after the second affinity step using the HisTrap column. In
all cases, the protein concentration was determined using
the theoretical molar extinction coefficients at 280 nm.

For production of the HbCLP1-A117E and HbCLP2-
A147E mutants, site-directed mutagenesis was performed
by overlap-extension PCR [64]. The oligonucleotides used
to introduce the mutations were CHI/A117E-a and
CHI/A117E. The mutants were successfully produced and
purified using the same methodology as described for the
wild-type proteins.

Genomic DNA extraction and amplification and 5’
and 3’ RACE

The DNA from the leaves was extracted as described by
Kotchoni and Gachomo [65] and used as a PCR template.
The CHI-a and CHI-b primers were used to amplify the
chi-L1 and chi-L2 DNA sequences, and the PCR products
were cloned into a pET32a vector for sequencing. The
extracted RNA was subjected to 5’ and 3’ RACE using the
SMART RACE cDNA Amplification Kit (Clontech Labo-
ratories, Mountain View, CA, USA) as described in the
manufacturer’s instructions. For 5 and 3’ RACE, two sets
of primers (chi-5’-P1, chi-3’-P1 and chi-5'-P2, chi-3'-P2)
were used. The RACE products were cloned into the
pGEM-T Easy vector (Promega Corporation, Madison,
WI, USA) and subsequently sequenced.
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Chitinase and chitin-binding assays

Chitinase activity measurements were performed with the
3,5-dinitrosalicylic acid method [66] using shrimp chitin
(Sigma-Aldrich, St Louis, MO, USA), chitin beads (New
England BioLabs, Ontario, Canada) and colloidal chitin
prepared as described by Khan et al. [67] as the substrates.
Protein (100 pg) was added to a 250-pL suspension of
chitin azure (2 mg-mL™') in acetate-citrate buffer at two
acidic pH values, pH 4.0 and pH 5.0, and in Tris/HCI buf-
fer at pH 8.0. The reaction mixtures were incubated at
37 °C for 72 h with gentle shaking, followed by centrifuga-
tion at 14 000 g for 5 min; the blue color that developed
was measured at 575 nm. One enzyme unit was defined as
a change in the optical density at 570 nm (AAs70) of 1.0 in
72 h at pH 5.0 [68].

All measurements were run in triplicate, with negative
controls comprising samples without the enzymes. The chi-
tin-binding abilities of both HbCLPs were examined using
chitin-bead columns (1 mL). Each protein (50 pg in buffer
A; 50 mm Tris/HCI, pH 7.5) was loaded onto the chitin-
bead columns previously equilibrated with buffer A. After
thoroughly washing with the buffer, successive elution
buffers were used: 1 m NaCl in buffer A, 0.1 m acetic acid
and 1 M acetic acid solution.

Protein crystallization

Diffraction quality crystals of the individual domains of the
HbCLPI1 isoform were grown using the sitting-drop vapor-
diffusion method at 18 °C. For the CBDI1 (11 mg-mL™")
crystals grew with 0.1 m MES at pH 7.0, 1.6 M (NH4),SO,4
and 4% 1,4-dioxane; for the CatDI(7 mg-mL™') crystals
grew using 0.1 m Tris/HCIl at pH 8.3, 0.2 M MgCl, and
30% PEG 4000. CBD1 crystals diffracted to 1.6 A resolu-
tion and belonged to space group P61, while CatD1 crys-
tals diffracted to 1.95 A resolution and belonged to the
monoclinic space group 7121, as confirmed by POINTLESS
[69]. Several attempts were made to obtain suitable crystals
of the complete proteins in complex with chitin oligosac-
charides, without success. Thus, to analyze the interactions
between the CatDI1 residues and (GIcNAc)s, docking
experiments were performed as described below.

Data collection, structure determination and
structure refinement

Diffraction data for the CatD1 crystal were collected on a
Pilatus 6M detector at beamline PXO06SA of the Swiss
Light Source in Villigen, Switzerland. The CBD1 data were
collected on a Pilatus 2M detector at beamline ID 29 of the
European Synchrotron Radiation Facility in Grenoble,
France. This CBD1 crystal was cryoprotected using a satu-
rated Li,SO, solution, whereas the CatD1 crystal required
no extra cryoprotectant. All data sets were processed and
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scaled using xps [70] and scALE, respectively, of the ccr4
suite v.6.1.2 [71]. The CBDI1 hexagonal crystals had unit-
cell dimensions of a = 38.51, b = 38.51, ¢ = 100.93 A, while
the CatD1 monoclinic crystals had unit-cell parameters of
a=111.11, b=4041, ¢=111.85 A with a f angle of
96.73°. The statistics for both data sets are summarized in
Table 1.

Both structures were solved by the molecular replace-
ment method with PHASER in the ccp4 suite [71]. For the
CBDI, the template was the structure of hevein (PDB ID
1Q9B) [33], which has 68% sequence identity with the
domain of interest. In this case, the solution gave a Z-score
of 21.2 and a log-likelihood gain of 1334. For the CatDl,
the structure of the papaya chitinase (PDB ID 3CQL) [38],
which has an 84% sequence identity, served as the search
model. The first solution gave a Z-score of 22.8 and a log-
likelihood gain of 5410. In both cases, map inspection and
subsequent model building were performed with coot [72],
and the resulting models were refined with PHENIX-REFINE
[73].

Structural comparisons were performed with the DALI
algorithm [74]. The figures were produced using the pro-
gram PYMOL [75]. The coordinates of the CatD1 and CBD1
have been deposited in the Protein Data Bank under acces-
sion codes 4MST and 4MPI, respectively.

Docking simulation

We performed in silico molecular-docking experiments of
the (GIcNAc)s oligosaccharide with our X-ray structure of
the CatDI1, which were generated with sMiLES and mini-
mized in CHIMERA using the web-based SwISSDOCK server
[76]. The docking was performed using the default parame-
ters without defining a binding region. We selected the best
model based on the energy scores. Compatible crystallo-
graphic water molecules in the binding groove of the
CatD1 were then included in the final model. The mono-
saccharides in (GIcNAc)s were named —4, —3, —2, —1 and
+1, +2, beginning from the non-reducing end. We then
identified and analyzed the residues potentially involved in
ligand binding using the LiGrLOT+ software [77].

For the CBD, the initial complex was obtained using an
alignment of the CBDI1 coordinates with hevein-(GlcNAc);
(PDB ID ITOW) and subsequently the CBDI1-(GIcNAc);
model was obtained after exhaustive energy minimization
cycles  (step-descent/conjugate-gradient) using USFC
cHIMERA  (https://www.cgl.ucsf.edu/chimera/) and the
AM1-BCC force field.

Fluorescence assays

The binding affinities for (GIcNAc); of both HbCLPs and
each of their domains were measured by monitoring the
intrinsic tryptophan fluorescence change from 300 nm to
400 nm after addition of the ligand using an Olis® DM45
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spectrofluorometer (Olis Inc., Bogart, GA, USA). The excita-
tion wavelength was set to 290 nm with a slit width of 5 nm,
and the temperature was maintained at 25 °C using a Peltier
system. Different amounts of the oligosaccharide were added
to the protein solution (10 pg-uL~") in 100 mm phosphate
buffer (pH 7.4) with 1 mm EDTA. Fluorescence was mea-
sured 2 min after mixing the solution with the ligand to allow
for equilibration. The changes in fluorescence intensities were
used to calculate the dissociation constants for the ligands by
plotting the change in fluorescence intensity at the wavelength
of maximum emission (Anax ~ 330 nm) against the ligand
concentration. The resulting isotherm was fitted with Eqn (1)
or (2) as appropriate:

AFmax|ligand]
AF=———F7——= 1
K4 + [ligand] (M)

-~ AFmax|ligand]"

2
K" + [ligand]" @

In the equations, AF is the difference in fluorescence
intensity of the protein with and without the oligosaccha-
ride, AF. is this difference when all of the binding sites
of the protein are saturated with the ligand, Ky is the
dissociation constant of the ligand from the protein-ligand
complexes and 4 is the Hill coefficient. The data represent
two or three independent measurements.

Fungal growth inhibition assay

Bioassays to test the antifungal activity of HbCLPI1 and
HbCLP2 were conducted using a disk diffusion test. Three
different concentrations (25, 50 and 75 pg) of protein in
7 uL of sterile buffer (50 mm Tris/HCI, pH 7.5) were
applied to 5-mm sterile paper disks. These disks were
placed on potato dextrose agar in a 9-cm diameter Petri
dish with a solid inoculum (5 mm?® agar plug) containing
the mycelium of a 4-day-old culture of A. alternata at the
center of the plate. The disks were placed on the agar at a
distance of 20 mm from the growing front of the hyphae,
and the plates were incubated for 72 h at room tempera-
ture and photographed.

Thermal stability measurements using circular
dichroism

CD measurements were performed at 20 °C using a
Jasco-J700 spectropolarimeter (Jasco Inc., Easton, MD,
USA) equipped with a Peltier temperature control system.
HbCLP and CatD solutions were dialyzed in 20 mm phos-
phate buffer at pH 7.5 and filtered. Far-UV spectra were
collected for each sample from 190 to 260 nm in a 1-cm
path-length cell. Three scans were averaged to obtain the final
spectra of the different proteins at a concentration of
20 pg-pL~!. The thermal denaturation profiles were obtained
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over a range of 20-90 °C with a temperature rate change of
50 °C-h~! by monitoring the ellipticity changes at 222 nm for
the complete proteins and the CatDs and at 196 nm for the
CBDs. Finally, the samples were cooled to the initial tempera-
ture and another far-UV spectrum was obtained for each sam-
ple. All the spectra were scaled to molar ellipticities @
(deg-cm>dmoL™"). The fraction of unfolded protein at each
temperature was calculated from the CD value by linearly
extrapolating the pre- and post-transition baselines into the
transition zone and plotting against the temperature. The
midpoint temperatures of the unfolding transition (7y,) were
obtained from the transition curves between the folded and
unfolded protein.
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Table 18. Oligonucleotides used in this study

Oligonucleotide

Sequence

CHI-a

5'-ggccatggagcaatgtggaaggcaagct-3’

CHI-b 5’-aagcggccgctcaccctaatccgaatggegt-37

CBD-a 5’-ggccatggagcaatgggaaggcaagct-3’

CBD-b 5’-cagcggccgctcaaactccaccatcacattggectttggcage-37

CatD-a 5’-ggccatggacgacgacaagagtatcatctcaagatcaacgtttgaggag-3’
CatD-b 5’-aagcggccgctcaccctaatccgaatggegt-37

CHI/A117E-a

5 "-cagacatctcatgaaactacaggaggg-3

CHI/A117E-b

5”-ccctecctgtagtttcatgagatgtctg-3~

Chi-5’-P1 5"-tgttaagcatctcctcaaacgttga-3~
Chi-5’-P2 5 -cactgccacaatattcaggtgtgttg-3~
Chi-3’-P1 5”°-tcttccagctgaaatatcgtggccgg-3~
Chi-3’-P2 5"-tcttataaaacccaatacgatcttca-3~
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