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A partial cDNA sequence from Anacardium occidentale CCP 76 was obtained, encoding a GH19 chitinase (AoChi)
belonging to class VI. AoChi exhibits distinct structural features in relation to previously characterized plant
GH19 chitinases from classes I, II, IV and VII. For example, a conserved Glu residue at the catalytic center of
typical GH19 chitinases, which acts as the proton donor during catalysis, is replaced by a Lys residue in AoChi.
To verify if AoChi is a genuine chitinase o1 is a chitinase-like protein that has lost its ability to degrade chitin and
Chitinase inhibit the growth of fungal pathogens, the recombinant protein was expressed in Pichia pastoris, purified and
AoChi biochemically characterized. Purified AoChi (45 kDa apparent molecular mass) was able to degrade colloidal
chitin, with optimum activity at pH 6.0 and at temperatures from 30 °C to 50 °C. AoChi activity was completely
lost when the protein was heated at 70 °C for 1 h or incubated at pH values of 2.0 or 10.0. Several cation ions
(A*', cd?', ca?', pb?', cu?', Fe®', Mn?', Rb', Zn?" and Hg?"), chelating (EDTA) and reducing agents (DTT,
p-mercaptoethanol) and the denaturant SDS, drastically reduced AoChi enzymatic activity. AoChi chitinase ac-
tivity fitted the classical Michaelis-Menten kinetics, although turnover number and catalytic efficiency were
much lower in comparison to typical GH19 plant chitinases. Moreover, AoChi inhibited in vitro the mycelial
growth of Lasiodiplodia theobromae, causing several alterations in hyphae morphology. Molecular docking of a
chito-oligosaccharide in the substrate-binding cleft of AoChi revealed that the Lys residue (theoretical pK, =
6.01) that replaces the catalytic Glu could act as the proton donor during catalysis.
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Biochemical characterization
Protein

1. Introduction Chitinases are widespread in nature, occurring in diverse organisms

belonging to Archaea, Bacteria and Eukaryota. Based on similarities in

Chitinases (EC 3.2.1.14) are glycoside hydrolases (GHs) that cleave
the B-(1 — 4)-glycosidic linkages of chitin [(1 — 4)-2-acetamido-2-
deoxy-B-D-glucan], a linear homopolysaccharide constituted by units of
N-acetyl-p-D-glucosamine [B-D-(acetylamino)-2-deoxy-glucopyranose;
GlcNAc]. Chitin is the second most abundant biopolymer on earth, the
first one being cellulose. This polysaccharide is found in a wide range of
organisms, including species of Fungi, Arthropoda, Mollusca and Nem-
atoda (Crini, 2019). Chitin is an important structural component of the
cell wall of most Fungi and the extracellular matrices of Arthropoda
exoskeletons (Gow et al., 2017; Liu et al., 2019).
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their primary and three-dimensional structures, most known chitinases
have been classified in the families GH18 and GH19, according to the
rules of the Carbohydrate-Active Enzymes (CAZy) database (Lombard
et al., 2014). GH18 and GH19 chitinases have different
three-dimensional structures and employ distinct catalytic mechanisms.
GH18 enzymes adopt a (f/a)g barrel fold and perform catalysis using a
double displacement retaining mechanism (Terwisscha van Scheltinga
et al., 1995). Conversely, GH19 proteins adopt a lysozyme-like fold,
catalyzing the cleavage of chitin using a single displacement inverting
mechanism (Brameld and Goddard, 1998; Hart et al., 1995).
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In plants, chitinases are encoded by large gene families, distributed
in different chromosomes and usually encoding both GH18 and GH19
enzymes (Mir et al., 2020). Plant chitinases are defense proteins that act
on chitin chains of fungal cell walls, restricting the growth and spread of
pathogenic fungi. Besides this direct suppressive effect on fungal path-
ogens, the hydrolysis of fungal chitin chains promoted by host chitinases
releases chito-oligosaccharides that are recognized by lysin-motif con-
taining plant receptors, triggering host immune responses (Volk et al.,
2019). Due to the association of several plant chitinases with resistance
reactions to pathogens, many of these molecules have been classified as
pathogenesis-related proteins (PR-proteins), constituting the families
PR-3, PR-4, PR-8 and PR-11 (van Loon et al., 2006).

Independent of their involvement in defense mechanisms, GH19
chitinases from plants have been grouped in 5 different classes (I, 11, IV,
VI and VII), according to domain architecture and sequence identity.
Class I members have a primary structure similar to tobacco (Nicotiana
tabacum) chitinases CHN50 and CHN48, which have a hevein-like,
chitin-binding domain (ChBD) at the N-terminal region, a linker re-
gion rich in Thr, Pro and Gly residues, a GH19 catalytic domain and a C-
terminal extension (CTE) (Shinshi et al., 1990). Class II chitinases
contain a catalytic domain (CatD) that shares high sequence identity
with the CatD of class I members, but do not have the ChBD at the
N-terminal region (Shinshi et al., 1990). Class IV chitinases, as first
identified in common bean (Phaseolus vulgaris), are related to class I, but
are shorter due to one deletion in the ChBD and 3 deletions in the CatD,
corresponding to loops II, IV and V, according to the nomenclature of
Taira et al. (2011). Class IV members also do not have the CTE or
C-terminal loop (Collinge et al., 1993; Margis-Pinheiro et al., 1991).
Class VII chitinases are related to class IV, exhibiting the same 3 de-
letions in the CatD and the absence of a CTE, but the hevein-like,
N-terminal ChBD is missing (Gonzalez et al., 2015; Kolosova et al.,
2014; Neuhaus, 1999). Chitinases from class VI sensu Tyler et al. (2010)
have similar sizes when compared to class T chitinases (ca. 295-305
amino acid residues), but the N-terminal region in front of the CatD has
little similarity with the hevein-like domain, and they are grouped in a
distinct clade. The better studied members of this class are those enco-
ded by genes AtCTL1 and AtCTL2 from Arabidopsis thaliana (Hossain
et al., 2010; Zhong et al., 2002). In AtCTL1 and AtCTL2, as well as in
their homologous proteins from cotton (Gossypium hirsutum), GhCTL1
and GhCTL2 (Zhang et al., 2004), a conserved Glu residue, that acts as
the proton donor during catalysis by GH19 chitinases, is replaced by a
Lys residue. Due to this mutation, AtCTL1, AtCTL2 and related mole-
cules have been classified as chitinase-like proteins (CLPs), presumably
lacking hydrolytic activity towards chitin. Contrary to chitinases that
participate in defense mechanisms against pathogens, AtCTL1 and other
class VI CLPs seem to play important roles in normal plant growth and
development processes, like lignin deposition, cellulose synthesis, and
determination of root and shoot architectures (Kesari et al., 2015).

Cashew (Anacardium occidentale 1..) is an evergreen tree from the
family Anacardiaceae, which includes mango tree (Mangifera indica) and
pistachio (Pistacia vera), for example. The species A. occidentale is native
to the Caribbean Islands and Central and northern South America,
including the Northeast region of Brazil (Johnson, 1973). A heat-labile
chitinolytic activity has been reported in cashew gum exudates, and a
probable role for the uncharacterized chitinases responsible for this
enzymatic activity as a biochemical defense against pathogens or insect
pests was speculated (Rita Marques and Xavier-Filho, 1991). However,
to the best of our knowledge, further details about structural and
biochemical features of cashew chitinases have not been reported yet. In
this work, a class VI chitinase from cashew was expressed in Pichia
pastoris, purified and biochemically characterized. Despite its distinct
structural features, including the substitution of the catalytic Glu for a
Lys residue, the recombinant protein showed hydrolytic activity on
colloidal chitin and inhibited in vitro the mycelial growth of Lasiodiplodia
theobromae (Pat.) Griffon & Maubl., a plant pathogenic fungus with a
wide host range.
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2. Results and discussion

2.1. Structural and functional features of a GH19 chitinase encoded by a
partial cDNA from Anacardium occidentale CCP 76

A partial cDNA sequence encoding a GH19 chitinase was obtained
from the dwarf clone CCP 76 of Anacardium occidentale (Figs. S2 and S3).
This ¢cDNA sequence encodes a protein with 322 amino acid residues,
containing a signal peptide at the N-terminal region (residues 1-23;
Fig. S4) and a chitinase_GH19 domain (CDD domain model accession
number: ¢d00325; residues 64-306), which is a member of the
lysozyme-like superfamily (CDD accession number: ¢100222) (Fig. 1A).
The searches against the databases CDD and SMART showed that, be-
sides the catalytic domain, cashew GH19 chitinase does not have any
other recognizable accessory domain (Fig. S5), like the chitin-binding
type-1 domain (ChtBD1). ChtBD1, which is also known as hevein-like
domain, is found at the N-terminal region of plant chitinases from
classes I and IV. Plant GH19 chitinases that do not have a typical chitin-
binding domain are classified in classes 11, VI or VII, according to the
presence/absence of certain loop regions in the catalytic domain and the
level of sequence identity among them. Therefore, to determine with
confidence to which class the cashew chitinase (AoChi) belongs to, its
amino acid sequence was aligned to primary structures of representative
plant GH19 chitinases from classes I, II, IV, VI and VII. Inspection of the
multiple alignment clearly evidenced the closer relationship of cashew
chitinase with members of class VI sensu Tyler et al. (2010), such as
AtCTL1 and AtCTL2 (Fig. S6). Indeed, sequence identity between AoChi
and AtCTL1 and AtCTL2 was ca. 73% and 79%, respectively. On the
other hand, when AoChi was compared to representative chitinases from
classes I, I1, IV and VII, sequence identity percentages varied from 21.7%
to 33.4% (Table S1). To strength this assumption, the primary structure
of AoChi was aligned with diverse members of each class of GH19 plant
chitinases (Table S2 and Fig. S7) and a phylogenetic analysis was per-
formed. As depicted in Fig. 2, five supported clades were recovered, four
of them containing sequences belonging to a single chitinase class, I, IV,
VI and VII, whereas a fifth clade contained sequences from classes I and
II. These results agree with previous works, that have suggested that
chitinases from classes I and Il have originated from a common ancestral
protein (Gonzalez et al., 2015; Tyler et al., 2010). AoChi sequence was
recovered within one the five supported clades, which grouped all class
VI chitinases. Therefore, cashew chitinase was designated as a new
member of class VI chitinases.

The alignment of the GH19 CatD of AoChi with known GH19
structures of plant chitinases revealed some important structural dif-
ferences in relation to genuine chitinases (Fig. 3). For example, GH19
chitinases are inverting enzymes, which catalyze the hydrolysis of chitin
B-(1 — 4)-linkages using a single displacement mechanism, with inver-
sion of the stereochemistry of the anomeric carbon (Iseli et al., 1996;
Fukamizo et al., 1995). The catalytic center of GH19 chitinases is
characterized by a conserved pattern of 3 residues, Glu-X,-
Glu-X,-Ser/Thr, in which the first Glu acts as the catalytic acid and the
second Glu is the general catalytic base. The catalytic mechanism of
inverting GHs involves a single step: the carboxylate group of the first
Glu donates a proton to the O atom of the scissile glycosidic bond, and
simultaneously, the carboxylate group of the second Glu, with the
contribution of the polar side chain of a Ser or Thr residue, assists the
nucleophilic attack of a water molecule on the anomeric carbon of the
leaving group, thus completing the hydrolysis of the glycosidic bond
(Mayes et al., 2016). Notably, in cashew chitinase, the residues puta-
tively involved in catalysis were identified as Lys'2®, Glu'*® and Tyr'®®
(Fig. 3). The same residues are also found in other class VI chitinases
(Fig. 1B, S6 and S7). Moreover, the GH19 domain of plant chitinases is
stabilized by 3 disulfide bonds (Landim et al., 2017), involving 6
conserved Cys residues (Cys’ to Cys®), as shown in the multiple sequence
alignment of representative plant chitinases from classes I, I, IV, VI and
VII (Figs. S6 and S7). However, in the primary structure of AoChi
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Fig. 1. Domain architecture of Anacardium occidentale chitinase (AoChi). (A) Graphical representation of AoChi domains (SP: signal peptide; GH19 CatD: GH19
catalytic domain). The catalytic residues of AoChi, Lys(K)'*®, Glu(E)**° and Tyr(Y)'®3, are highlighted. (B) Alignment of a stretch of 61 residues from the primary

structure of AoChi (from His*2* to Trp'®%),

which contains the 3 catalytic residues, with corresponding segments from homologous proteins belonging to plant species

from different families and orders (Table 55). Alignment columns are colored according to the ALSCRIPT Calcons convention, as implemented in ALINE (Bond and
Schiittelkopf, 2009), using a predefined color scheme, which reflects the conservation of amino acid properties in each column (dark red: identical residues; white:
dissimilar residues). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

(Fig. 3), Cys1 (located in loop I) is replaced by an Ala residue (Alaaz),

whereas a new Cys residue emerged at another site (Cys'°?), replacing a
Gly residue (located in loop II) that is conserved in chitinases from
classes I and II or absent in chitinases belonging to classes [V and VII
(Figs. S6 and S7). These two mutations involving conserved Cys and Gly
residues were also found in all class VI chitinases analyzed (Fig. S7).
Another structural feature of AoChi is the insertion of a 5-residues
peptide (***GREEA®®®) near the C-terminal end (labeled as loop VI in
Fig. 3), which was not found in chitinases from classes I, II, IV and VII,
but is conserved in members of class VI (Fig. S7).

To verify if the cashew GH19 protein is a true chitinase, able to
hydrolyze chitin and inhibit the growth of phytopathogenic fungi, or is a
chitinase-like protein (CLP), which has lost its enzymatic activity due to
these mutations in the catalytic center, the protein was produced in P.

pastoris, purified and partially characterized.

2.2. Biochemical characterization of the recombinant class VI chitinase
from A. occidentale

When cultivated in the presence of methanol, clones of P. pastoris
KM71H that were transformed with a recombinant expression cassette
containing the DNA sequence encoding the mature form of AoChi,
secreted into the culture medium a major protein band with an apparent
molecular mass of ca. 45 kDa (Fig. S10). The recombinant protein was
purified by affinity chromatography on a resin with immobilized Ni*
ions (Fig. S11), and when subjected to SDS-PAGE, the recombinant
product showed an acceptable degree of purity (Fig. 4A). The identity of
this band as the recombinant cashew chitinase was confirmed by tandem
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Fig. 2. Maximum likelihood (ML) tree showing the phylogenetic relationship of Anacardium occidentale chitinase with representative plant chitinases from classes I,
11, IV, VI and VII. The evolutionary history of the sequences was infeired by using the ML method and Whelan and Goldman + Freq. model (Whelan and Goldman,
2001). The tree with the highest log likelihood (—12837.58) is shown. A discrete Gamma distribution was used to model evolutionary rate differences among sites (5
categories (+G, parameter = 1.5328)). The rate variation model allowed for some sites to be evolutionarily invariable ([+I], 3.91% sites). The percentage of trees in
which the associated sequences clustered together, as determined by the bootstrap test (100 replicates), is shown next to the branches. This analysis involved 62
amino acid sequences, and the final dataset contained a total of 371 positions (Table 52 and Fig. S7). Evolutionary analyses were conducted in MEGA X (Kumar

et al., 2018).
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Fig. 3. Alignment of the amino acid sequence of the CatD of AoChi with known three-dimensional structures of GH19 chitinases from plants. The CatD sequence of
AoChi was aligned to GH19 structures from: Carica papaya (PDB ID: 3CQL), Vigna unguiculata subsp. sesquipedalis (PDB ID: 4TX7), Secale cereale (PDB ID: 4DWX),
Hordeum vulgare (PDB ID: 2BAA), Oryza sativa subsp. japonica (PDB ID: 2DKV), Canavalia ensiformis (PDB ID: 1DXJ), Brassica juncea (PDB ID: 2Z37), Cryptomeria
Jjaponica (PDB ID: 5H7T) and Picea abies (PDB ID: 3HBD). Sites containing residues involved in catalysis (triangles) and substrate-binding (hash marks) are indicated.
Disulfide bonds, as observed in the three-dimensional model of AoChi (Fig. 7), are indicated by orange lines. Loop regions (I-V), as assigned by Taira et al. (Taira
etal., 2011), are boxed. Loop VI (this work), which is present only in AoChi and other class VI chitinases, is also boxed. Alignment columns are colored according to
the ALSCRIPT Calcons convention, as implemented in ALINE (Bond and Schiittelkopf, 2009), using a predefined color scheme, which reflects the conservation of
amino acid properties in each column (dark blue: identical residues; white: dissimilar residues). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

mass spectrometry analysis of tryptic peptides from in gel-digestions
(Fig. 4B). Eleven peptides, matching specific segments of the primary
structure of the recombinant protein (47% coverage), were identified
(Figs. §12-515). One of these peptides confirmed the occurrence of

Lys'?® in the primary structure of the recombinant protein (Table S13).
The theoretical molecular mass of the recombinant polypeptide was
calculated as 36,428.3 Da (i.e., —36 kDa), showing that the recombinant
protein had an anomalous electrophoretic migration. Both N- and O-
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assay, showing the ability of the recombinant cashew chitinase to degrade colloidal chitin. (D) Plot of initial reaction velocities vs substrate concentration. The
enzymatic assays (panels C and D) were performed at pH 6.0 and 40 °C, and using colloidal chitin as substrate, as described in the Methods section.

glycosylation sites were predicted in the amino acid sequence of cashew
chitinase (Fig. $15), which could explain such discrepant values. Sup-
porting this assumption, staining with thymol-sulfuric acid confirmed
that AoChi produced in P. pastoris is glycosylated (Fig. 516). Indeed,
hyper N- and O-glycosylation of recombinant proteins expressed in P.
pastoris have been described and characterized, leading in some cases to
large differences between theoretical and observed molecular masses of
recombinant products (Dionisio et al., 2012; Letourneur et al., 2001).
Far-UV CD spectra of the purified 45 kDa protein produced in P.
pastoris were characteristic of a folded, a-helical protein (Fig. S17), with
two negative bands at 209 nm and 222 nm, separated by a clear and
distinct indentation at 215 nm (Holzwarth and Doty, 1965). The purified
recombinant cashew protein showed chitinolytic activity, as evidenced
by a colorimetric assay using colloidal chitin as substrate (Fig. 4C).
Highest hydrolytic activity (>95% relative activity) was observed at
temperatures from 30 °C to 50 °C and at pH 6.0 (Fig. 5A and B). The
recombinant enzyme was stable over a broad range of pH values, being
able to regain its full enzymatic activity when incubated at pH values
from 2 to 10 and next incubated at its optimum pH (pH 6.0) for hy-
drolytic activity (Fig. 5B). Moreover, AoChi retained most of its hydro-
lytic activity when heated at 60 °C for 1 h. However, the recombinant
enzyme exhibited negligible or no detectable chitinolytic activity when
incubated for 1 h at temperatures equal or above 70 °C (Fig. 5A and B).
Several metal ions (AI**, Cd®*, ca®*, Pb%*, cu®*, Fe**, Mn?", Rb* and
Zn?") significantly (P < 0.05) reduced AoChi activity, whereas Hg>"
completely abolished the enzyme ability to degrade colloidal chitin
(Fig. 5C). Metal ions bind to residues at the catalytic sites of chitinases,
effectively inhibiting their hydrolytic activity. It has been speculated
that the interaction of metal ions with side chain carboxylate groups of
critical catalytic residues fix their conformation, restricting their hy-
drolytic capabilities (Hsieh et al., 2010). Conversely, some cation ions

(Ba?*, cs™, Lit, Ni2* and Ag™) promoted an increase of AoChi activity,
but these effects were not significantly different (P > 0.05) when
compared to the enzymatic activity recorded in the absence of these
ions. Increasing concentrations of EDTA, DTT and SDS also caused sig-
nificant (P < 0.05) reductions in AoChi activity (Fig. 5D). When exposed
to p-mercaptoethanol, no chitinolytic activity was detected under stan-
dard assay conditions (Fig. 5D). These results suggest that AoChi is
probably a metalloenzyme, which relies on the presence of cation ions
for full activity, and their disulfide bonds play an essential role in
maintaining the protein properly folded and hence enzymatically active.

Data of initial reaction rates catalyzed by AoChi vs colloidal chitin
concentration fitted a hyperbolic curve (R? = 0.9578), showing the
classical Michaelis-Menten kinetics (Fig. 4D). Kinetic parameters were
Kpn = 1.71 mg/mlL, Vg = 3.20 nmol/min/mg, ke = 1.15 min~}, and
keat/Km (catalytic efficiency) = 0.67 mL mg’1 min . Values of Ky
determined using colloidal chitin for OsChialb (K, = 0.9 mg/mL), a rice
(Oryza sativa) class I chitinase, and for OsChia2b (K, = 1.9 mg/mlL), a
rice class II chitinase (Truong et al., 2003), are in the same order of
magnitude when compared to the value determined for AoChi (K, =
1.71 mg/mL). However, Vyax values of OsChialb (2.1 pmol/min/mg)
and OsChia2b (2.3 pmol/min/mg) are ca. 650 to 700-fold higher when
compared to the value measured for AoChi (V¢ = 3.2 nmol/min/mg).
Kinetic parameters reported for a class IV chitinase from yam (Dioscorea
oppositifolia), that have been determined using colloidal chitin, were K,
=0.518 mg/mlL, key; = 0.645 s and kea/Kp = 1.25 mL/mg/s (Arakane
et al., 2000). Therefore, although the affinities for the substrate of AoChi
and yam chitinase are in the same order of magnitude, turnover number
and catalytic efficiency of AoChi (0.020 s~ and 0.012 mL mg s 1) are
significantly much lower than those values determined for a class IV
chitinase. These distinct kinetic properties of AoChi are likely to be due
to the mutations in some residues involved in catalysis, mainly the
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replacement of the catalytic Glu for a Lys residue (Lys'2%). (Ascomycota) of the family Botryosphaeriaceae, that has a wide range of
host plants in tropical and subtropical regions. It can cause different

diseases such as dieback, root rot, blights and gummosis (Muniz et al.,
2.3. Antifungal activity of the recombinant cashew chitinase 2011). To test if AoChi could inhibit the growth of this important
phytopathogen, in vitro assays were performed using an isolate of

Lasiodiplodia theobromae is a phytopathogenic, filamentous fungus

10 um
I

Fig. 6. Morphological alterations induced in Lasiodiplodia theobromae hyphae by Anacardium occidentale chitinase. SEM images of untreated mycelium(A-B),
mycelium treated with 500 pg AoChi (C-I) and mycelium treated with 5 pg Carbendazim (J-M) are shown. The assays to evaluate the morphological alterations
in L. theobromae grown in vitro in the presence of AoChi and acquisition of SEM images were performed as described in the Methods section. SEM images from fungus
grown in the presence of water (A-B) or Carbendazim (J-M) were included for comparison.
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L. theobromae infecting banana fruits (Fig. S18). When the fungus was
exposed to a dose of 500 pg of AoChi, a delay in mycelium growth was
clearly observed (Fig. S19). The inhibitory effect of AoChi on the
mycelial growth of L. theobromae was observed until 72 h after the
beginning of the assay (Fig. S20), representing an inhibition index of
53.3%. SEM images of fungus mycelium treated with AoChi revealed
that the recombinant protein induced several and notable morpholog-
ical alterations (Fig. 6). Hyphae of untreated mycelium had a normal
appearance, characterized by a dense network of long, interwoven,
tubular structures, displaying a smooth, uniform surface (Fig. 6A and B).
On the other hand, mycelia that were exposed to AoChi exhibited a
disorganized array of shorter and thinner hyphae, showing several
morphological alterations (Fig. 6C-I) Most frequent morphological al-
terations induced by AoChi included: i) hyphae with moniliform
appearance, characterized by adjacent swollen segments; ii) flat,
ribbon-shaped hyphae, some of them appearing as empty, squashed,
translucent tubes; iii) and wrinkled, collapsed hyphae exhibiting a rough
surface. In some images, it could be observed that the outer layer of the
cell wall from hyphae of L. theobromae exposed to AoChi was peeling off
(Fig. 6H). Moreover, alterations in hyphal tips were also observed,
which usually appeared swollen, forming sometimes large bulges
(Fig. 6C and D). Some hyphae were found broken, appearing like a
round end tube whose border was perpendicularly chopped with a sharp
blade, producing a regular, flat edge (Fig. 61). These results showed that
AoChi was able to inhibit the growth of a phytopathogenic fungus,
inducing several morphological alterations in hyphae and hyphal tips, as
revealed by SEM analysis. Therefore, although AoChi possesses distinct
structural features in comparison to classical GH19 plant chitinases, it
exhibits the ability to inhibit in vitre fungal growth, causing hyphae
morphological alterations, similarly to what has been found for the
antifungal chitinases RSC-a (rye seed chitinase-a) from class I, RSC-¢
(rye seed chitinase-c) from class 11 and yam chitinase from class IV
(Karasuda et al., 2003; Taira et al., 2002). The morphological alterations
induced by AoChi in both hyphal tips and lateral mature walls of L.
lasiodiplodia agree with previous findings reported by Taira et al. (2002),
who showed that when Trichoderma sp. was incubated with FITC-labeled
RSC-a, the fluorescent protein was found located in hyphal tips, lateral
walls and septa. Probably, the antifungal action of AoChi is due to hy-
drolysis of nascent chitin chains in the tips of growing hyphal branches
as well as to degradation of mature chitin fibers in lateral cell walls.

2.4. A molecular mechanism for the chitinolytic and antifungal properties
of A. occidentale class VI chitinase

To investigate a probable mechanism for the chitinolytic and anti-
fungal properties of cashew class VI chitinase, a three-dimensional
molecular model of its GH19 domain was generated by homology
modeling (Fig. S21), the model was validated (Fig. 522 and Table S3)
and molecular docking calculations were performed, in which a
(GlcNAc), oligosaccharide was docked in the substrate-binding cleft of
AoChi (Fig. 7). The three-dimensional model of AoChi showed the
typical features of GH19 structures, with 11 o-helixes, several loop re-
gions connecting the helical segments and 3 disulfide bonds (Fig. 7A).
The replacement of a conserved Cys residue by Ala (Ala®?) was
compensated by the emergence of a new Cys residue (Cys*>!), and this
new Cys residue was predicted to establish a disulfide bond with Cys!*®,
thus maintaining the conserved number of 3 disulfide linkages, a typical
structural feature of plant GH19 chitinases (Fig. 7A).

Once the overall characteristics of the AoChi three-dimensional
model were analyzed as well as the quality of its local and global
stereo-chemical parameters were assessed, a chito-oligosaccharide with
4 units of GlcNAc was docked in the substrate-binding cleft of the vali-
dated model. The complex protein-carbohydrate was predicted to be
stabilized by a network of hydrogen bonds, involving O and N atoms of
the side chains of certain AoChi residues and O atoms of hydroxyl and
carbonyl groups of the sugar units as well as the O atoms of the
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glycosidic bonds, linking the GleNAc units of the oligosaccharide
(Fig. 7B). The side chain of Lys!?%, which replaces the conserved Glu that
acts as the proton donor in classical chitinases, was directed towards the
ligand. The side chain of Glu'™°, the putative general base, was on the
opposite side of the substrate-binding cleft. The distances between the
N{ atom of Lys'?® and the atoms Oel and Oe2 of Glu™® were 8.0 A and
7.9 A. The relative positions of the side chains of Lys*%® and Glu'®® as
well as the average distance between their N{ and Oe atoms agree to
what is usually observed for the positions and average distances between
the catalytic carboxyl groups in several structures of inverting GHs
(Mhlongo et al., 2014). Furthermore, the distance between the N{ atom
of Lys'2® and the most probable scissile O-glycosidic bond in the oligo-
saccharide docked in the substrate-binding groove of AoChi (approxi-
mately 4 A), suggests that Lys'?® could act as the proton donor during
catalysis. Supporting this assumption, the theoretical pK, value of the
¢NHZ group of Lys'?®, as predicted using the software PROPKA3, was
6.01, whereas the pK, for the SCOOH group of the general base Glu'>°
was calculated as 4.48 (Table S4). These numbers corroborate the
enzymatic activity profile of AoChi as a function of pH values (Fig. 5B).
A rapid, exponential-like increase in AoChi activity was observed from
pH 3.0 to pH 5.0. This could be due to the continuous increase in the
deprotonated form of the carboxyl group of Glu*®?, acting as a base, and
the concomitant deprotonation of the (NHZ group of Lys'%®, acting as
the proton donor. On the other hand, AoChi activity rapidly decreased
beyond pH 6.0, reaching negligible values at pH 8.0. At pH 8.0, most
(—99%) {NHF groups of Lys*2® residues would be in a deprotonated
form, and thus could no longer act as proton donors to sustain catalysis.

The CatD of AoChi has, besides Lyslzs, another 11 Lys residues, all of
them with theoretical pK, values of their {NH3 groups ranging from
10.18 (Lys’®) t0 10.75 (Lys''!). The average experimental pK, values for
Lys residues, measured in 157 proteins, have been determined to be
10.68 (Pahari et al., 2019), which is close to the intrinsic pK, of the
{NH3F group of Lys in bulk water, which is 10.4 (Nozaki and Tanford,
1967). However, Lys and other ionizable residues buried in the hydro-
phobic environments of certain proteins might have anomalous pK,
values, with large deviations from the intrinsic pK, values in water.
Indeed, buried Lys residues with experimental pK, values as low as 6.2
have been experimentally determined (Kougentakis et al., 2018).
Therefore, this analysis supports the assumption that Lys'2® of AoChi
can act as the proton donor during catalysis, explaining the ability of A.
occidentale class VI chitinase to degrade colloidal chitin and to cause
damages in the cell walls of pathogenic fungi.

3. Conclusions

Despite the replacement of a critical catalytic Glu for a Lys residue, a
class VI chitinase from Anacardium occidentale has preserved the ability
to degrade chitin, although showing lower turnover number and cata-
lytic efficiency in comparison to typical GH19 enzymes. Cashew class VI
chitinase has also showed the capacity to inhibit the growth of a path-
ogenic fungus (Lasiodiplodia theobromae), inducing extensive alterations
in hyphae morphology. The results of the present work suggest that class
VI chitinases have accumulated adaptive mutations that are likely
important for the role these proteins have in fundamental biological
processes related to plant growth and development. Even so, they have
preserved their chitinolytic and antifungal properties, and probably act
as bifunctional enzymes in plant biology.

4. Experimental
4.1. Plant material

Nuts from CCP 76, a dwarf clone of Anacardium occidentale L.
(Fig. S1A), were provided by Embrapa (Brazilian Agricultural Research

Corporation) Tropical Agroindustry, Fortaleza, Ceard, Brazil. Seeds were
sown in sandy soil, in 400 mL plastic pots, which were kept under
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Fig. 7. Three-dimensional molecular model of AoChi and its interaction with a chitin oligomer. (A) Cartoon representation of the three-dimensional molecular model
of AoChi, which was generated by homology modeling. Side chains of putative catalytic residues are shown as sticks. Disulfide bonds are colored orange. (B) Detailed
view of a chito-oligosaccharide (yellow) docked in the substrate-binding cleft of AoChi. Side chains of AoChi residues that probably interact with the docked ligand
through hydrogen bonds (represented as yellow dotted lines) are shown as sticks (cyan). N and O atoms are colored blue and red, respectively. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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greenhouse conditions and irrigated daily with tap water. Leaves of 60-
day old plants (Fig. S1B) were harvested, immediately frozen in liquid
nitrogen and used for nucleic acids purification.

4.2. Cells, plasmids, culture media and chemical reagents

Bacterial (Escherichia coli DH5«) and yeast (P. pastoris KM71H) cells
as well as the plasmid pPICZaA were purchased from Invitrogen
(Carlsbad, CA, USA). The plasmid pGEM-T Easy was purchased from
Promega (Madison, WI, USA). Bacterial cells were cultivated in LB broth
and low salt LB, whereas yeast cells were cultivated in YPD, YPDS,
BMGY and BMMY. Culture media were prepared as previously described
(Landim et al., 2017). All other reagents were of analytical, high purity
grade.

4.3. Purification of nucleic acids

Genomic DNA and total RNA were purified using the CTAB-based
protocols described by Warner (1996) and Chang et al. (1993), respec-
tively. Integrity of nucleic acid samples was evaluated by agarose gel
electrophoresis, and their concentrations were determined by measuring
the absorbance at 260 nm, as previously described (Sambrook et al.,
1989).

4.4. ¢DNA synthesis, amplification, cloning and sequencing

Total RNA (1 pg) was treated with RNase-free DNase I and subjected
to first-strand ¢cDNA synthesis using an oligo(dT)y primer and the
ImProm-II reverse transcriptase (Promega), according to the protocol
supplied by the enzyme's manufacturer. Next, a c¢cDNA fragment
encoding the mature form of a GH19 cashew chitinase was amplified by
PCR using specific oligonucleotide primers, which were designed based
on a cDNA sequence obtained from cashew mRNA (GenBank accession
number: MN623695; Fig. S$2). The primer sequences were: 5'-
GAATTCGATGGAGAAATGCCATCC-3' (forward) and 5-TCTAGAACA-
GAAGATGACGAGGAAGAAG-3' (reverse). Sites for the restriction en-
donucleases EcoRI and Xbal were included in the 5’ ends of the forward
and reverser primers, respectively, to allow the manipulation of the
amplicon. Amplification reactions (25 pL final volume) contained: DNA
template, 200 pM each dNTP, 0.2 uM each primer, 1.5 mM MgCl,, 1 x
reaction buffer, and 1 U Taq DNA polymerase (GE Healthcare Life Sci-
ences, Uppsala, Sweden). The following cycling parameters were used:
an initial denaturation step (95 °C for 4 min) followed by 35 cycles of
denaturation (95 °C for 45 s), annealing (63 °C for 1 min) and extension
(72 °C for 2 min). After the last cycle, reactions were incubated at 72 °C
for 8 min, cooled to 4 °C and subjected to agarose gel electrophoresis
(Fig. S3). Cloning of amplified cDNA fragments into the pGEM-T Easy
vector, selection of E. coli DH5« cells harboring the recombinant plasmid
and DNA sequencing and assembly of the inserts from random selected
clones were performed essentially as described by Landim et al. (2017).

4.5. Construction of the expression vector and selection of transformed P.
pastoris cells

A cDNA fragment encoding cashew chitinase (Figs. S8 and S9) was
subcloned from pGEM-T Easy into the pPICZaA vector using the sites for
EcoRI and Xbal, and the recombinant plasmid was propagated in E. coli
DHb5aq, linearized with Sacl and introduced in P. pastoris KM71H cells by
electroporation, according to the protocols described in the EasySelect™
Pichia Expression Kit user manual (http://tools.invitrogen.com/c
ontent/sfs/manuals/easyselect man.pdf). The identification of P. pas-
toris transformants containing the expression cassette (Pyoxi-pre-
proaMF-AoChi-6 x His-myc epitope-TT40x;-Sh ble) integrated at the
AOX1 locus was performed as previously described (Landim et al.,
2017).
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4.6. Expression and purification of the recombinant cashew chitinase

Transformed cells of P. pastoris KM71H were cultivated in BMMY
containing 100 pg/mL zeocin and 0.5% (v/v) methanol for 144 h, as
described by Landim et al. (2017). Induced cultures were centrifuged
(3000 g at 4 °C for 5 min) and the cell-free supernatant was dialyzed
against distilled water and subjected to fractionation with solid ammo-
nium sulfate. Proteins fractionated between 35 and 95% saturation
(F35/95) were dialyzed against distilled water and the recombinant
protein was purified by immobilized metal affinity chromatography
(IMAC), as previously described (Sousa et al., 2019).

4.7. Protein analysis

Soluble protein content was determined using the Bradford method
(Bradford, 1976). The electrophoretic profile of protein samples was
determined by polyacrylamide gel electrophoresis under denaturing
conditions (SDS-PAGE), as described by Laemmli (1970), using 15%
polyacrylamide slab gels (Lobo et al., 2013). Protein bands were visu-
alized using colloidal Coomassie Brilliant Blue G-250 staining (Dyballa
and Metzger, 2009). Detection of glycoproteins resolved by SDS-PAGE
was performed using the thymol-sulfuric acid method, as described by
Racusen (1979). Identification of tryptic peptides from protein bands
resolved by SDS-PAGE was performed using tandem mass spectrometry
(LC-ESI-MS/MS), as described in detail by Rocha et al. (2018).

4.8. Colorimetric enzymatic assay

Chitinase activity was determined using colloidal chitin as substrate,
which was prepared using the method described by Molano et al.
(1977). The enzymatic assay was performed as previously described
(Lobo et al., 2013). One unit (U) of chitinolytic activity was defined as
the amount of enzyme that released 1 nmol of GleNAc/mL/h, under
specified assay conditions.

4.9. Biochemical characterization of the recombinant chitinase

Optimal values of temperature and pH for chitinase activity, stability
to different values of temperature and pH, and the effects of metal ions
and chemical reagents on enzymatic activity were determined as
described by Lobo et al. (2013). Steady-state kinetic parameters of
AoChi were determined using colloidal chitin as substrate, at concen-
trations varying from 0.5 to 5 mg/mL. The assays were performed at pH
6.0 (protein dissolved 50 mM sodium acetate buffer) and 40 °C.
Michaelis-Menten constant (Kp,), maximal reaction velocity (V) and
the turnover number (k.,;) were calculated from plots of initial rates vs
substrate concentration, using GraphPad Prism software v.6.01. Far-UV
circular dichroism (CD) spectra of AoChi were acquired using a Jasco
J-815 spectropolarimeter (Jasco International Co., Tokyo, Japan), as
described by Carneiro et al. (2017).

4.10. Evaluation of the antifungal activity of cashew chitinase

The effect of the purified chitinase (3.7 mg/mL, dissolved in water)
on the growth of an isolate of Lasiodiplodia theobromae infecting banana
fruits (Fig. S18) was evaluated in vitro. Protein samples (dose = 500 pg)
were spread on the surface of PDA (potato dextrose agar medium) plates
(3 replicates per dose) using a Drigalski spatula and incubated at room
temperature for 10 min. Next, a small disc (—~10 mm diameter) con-
taining fungus mycelium was placed on the center of each plate and the
plates were incubated at 28 °C & 2 °C and photoperiod of 12 h light/12 h
darkness. Mycelial growth was monitored and photographed at every
24 h. Mycelium discs inoculated on plates in which water or Carben-
dazim (Derosal 500 SC, Bayer) were spread over the medium were used
as controls. To investigate possible morphological alterations of fungal
hyphae exposed to AoChi, samples of treated mycelia were subjected to
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scanning electron microscopy (SEM). Samples preparation and images
acquisition were performed as described elsewhere (Holanda et al.,
2019).

4.11. Homology modeling and molecular docking

Homology modeling was performed using the Phyre2 web portal
(Kelley et al., 2015). The stereo-chemical quality of the molecular model
of AoChi was evaluated using PROSESS (Berjanskii et al., 2010). Mo-
lecular docking calculations were performed using AutoDock Tools v.
1.5.6 (Morris et al., 2009) and AutoDock Vina v. 1.1.2 (Trott and Olson,
2010), as previously described (Maranhao et al., 2017).
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