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Abstract

A chitosanase (CvCsn46) from Chromobacterium violaceum ATCC 12472 was produced in
Escherichia coli, purified, and partially characterized. When subjected to denaturing
polyacrylamide gel electrophoresis, the enzyme migrated as two protein bands (38 and 36
kDa apparent molecular masses), which were both identified as CvCsn46 by mass
spectrometry. The enzyme hydrolyzed colloidal chitosan, with optimum catalytic activity at
50 °C, and two optimum pH values (at pH 6.0 and pH 11.0). The chitosanolytic activity of
CvCsn46 was enhanced by some ions (Ca®*, Co®*, Cu®*, Sr**, Mn-" and DTT, whereas Fe*",
SDS and B-mercaptoethanol completely inhibited its activi'y. “vCsn46 showed a non-
Michaelis-Menten kinetics, characterized by a sigmoidal \~locity curve (R* = 0.9927) and a
Hill coefficient of 3.95. ESI-MS analysis revealed th7t u.~ hydrolytic action of CvCsn46 on
colloidal chitosan generated a mixture of low m¢!=cular mass chitooligosaccharides,
containing from 2 to 7 hexose residues, ¢ : w1l as D-glucosamine. The chitosan oligomers
generated by CvCsn46 inhibited in vitre the mycelial growth of Lasiodiplodia theobromae,
significantly reducing mycelium evter <ion and inducing hyphal morphological alterations, as
observed by scanning electron :nicruscopy. CvCsn46 was characterized as a versatile
biocatalyst that produces wei. d-:fined chitooligosaccharides, which have potential to control

fungi that cause impuri.nt viop diseases.
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1. Introduction

Chitin [(1—4)-2-acetamido-2-deoxy-B-D-glucan] is a natural polysaccharide widely found in
terrestrial and aquatic ecosystems, consisting of linear chains of B-(1—4)-linked residues of
N-acetyl-B-D-glucosamine (2-acetamido-2-deoxy-B-D-glucopyranose; GIcCNAC) [1]. Chitin
plays a structural role in many groups of organisms, being for example an important
component of the cell wall of most fungi and a major constituent of the exoskeleton of
arthropods [2] and [3]. The worldwide production rate of chitin has been estimated as being
approximately 10'°-10* tons per year, which makes this polys2~cr.cride one the most
abundant renewable biopolymers in nature [4].

Due to its high degree of acetylation (DA), which is usiiai: >90%, chitin is insoluble in most
ordinary solvents such as water, organic solvents, anc’ n..'d acidic and basic solutions. This
physicochemical property is a major factor tha* I.: < l.mited the development of practical
applications of chitin, despite its abundar ~e, .ow cost, biodegradability and non-toxicity to
humans [5]. Chitosan, the main N-deac.*vlated derivative of chitin, is composed of randomly
distributed units of N-acetyl-p-D-g'ce <~mine and -D-glucosamine (2-amino-2-desoxi-f-D-
glucopyranose; GIcN). The cel! wans of some Zygomycota fungi characteristically contain,
alongside chitin and B-glucai.> <ignificant contents of chitosan, which is produced in vivo by
secreted chitin deacewyi.<es acting on nascent chitin chains [6].

Chitosan has a degree of deacetylation (DDA) greater than 60%, being usually obtained for
commercial purposes from chitin of crustaceans, which are subjected to chemical or
enzymatic deacetylation reactions. At acidic pH values (pH < 6.3), the NH; groups on the C-2
atoms of the GIcN residues of chitosan are protonated, and the polysaccharide is converted to
a water-soluble cationic polyelectrolyte [7]. The unique and versatile physicochemical
properties of chitosan have stimulated numerous researches, and a wide range of potential

applications have been proposed for this biopolymer in different areas, such as biomedicine,



agriculture as well as food and pharmaceutical industries. For example, depolymerization of
chitosan through chemical or enzymatic hydrolysis can be used to generate low molecular
mass chitooligosaccharides (COS), which have attracted the attention of biotechnologists due
to the biological effects these molecules can elicit, including anticancer, antimicrobial,
antiviral and antioxidant activities [8].

Chitosanases (EC 3.2.1.132; chitosan N-acetylglucosaminohydrolase) are glycoside
hydrolases (GHSs) that catalyze the endo-hydrolysis of B-(1—4)-glycosidic linkages that
connect the hexose residues in chitosan chains [9]. Based on simila.ities of their amino acid
sequences and three-dimensional structures, chitosanases 2.e 'assified in 7 GH families
(GH3, GH5, GH7, GH8, GH46, GH75 and GH80), acrnruing to the classification system of
the carbohydrate-active enzymes database (CAZy) [19]. Three of these families (GH46,
GH75 and GHB80) contain only chitosanases, vhe e2; the other 4 families (GH3, GH5, GH7
and GHB8) contain chitosanases as well ac en-.ymes with other substrate specificities, such as
cellulases and xylanases [11]. Chitosarc<es occur in viruses, bacteria, cyanobacteria, fungi
and plants, all of them sharing the =bi.'ty to cleave GIcN-GIcN bonds in partially acetylated
chitosan. Based on further chai cter.zation regarding substrate specificity, chitosanases have
been grouped into four classe: ('-1V). Therefore, class | chitosanases can additionally cleave
GIcNAc-GIcN bonds, wheicas class 11l members can also cleave GIcN-GIcNACc links. The
hydrolytic activity of class Il chitosanases is restricted to GIcN-GIcN bonds, whereas class 1V
enzymes are able to cleave all types of bonds except GIcNAc-GIcNAc linkages [12].
Chitosanases belonging to GH46 family, which are found almost exclusively in Bacteria, have
been characterized more extensively in comparison to chitosanases from other families [11].
GHA46 chitosanases are inverting enzymes which adopt a typical a-helical fold, as observed in
members of the lysozyme superfamily, which includes protein families GH19, GH22, GH23,

GH24 and GH46 [13] and [14]. The three-dimensional structure of GH46 chitosanases is



characterized by two globular lobes that are separated by a negatively charged substrate-
binding cleft. Site-directed mutagenesis and X-ray crystallography have shown that two
conserved acidic residues are involved in catalysis, one Glu that acts as the general proton
donor and an Asp that plays the role of the general base [15] and [16]. One major application
of GH46 chitosanases is their use as precise tools for depolymerization of chitosan and
production of chitosan oligomers with desired biological properties. Expression of the GH46
chitosanase Chol from Bacillus circulans MH-K1 in rice plants improved resistance to the
rice blast fungus Magnaporthe oryzae, suggesting that bacteria' ~h.:9sanases could be used to
protect crops against fungal diseases [17].

Chromobacterium violaceum (B-Proteobacteria, Chromauconteriaceae) is a free-living, Gram-
negative species that inhabits soil and water environmer.:~ of tropical and subtropical regions
[18]. Most C. violaceum strains form purple cclc. e, due to the production of violacein, a
secondary metabolite derived from tryptc ah?.1, which has been extensively investigated by its
biological activities with potential bion.~dical applications, such as the ability to kill Gram-
positive bacteria [19]. A secreted ~H- & chitosanase has been detected in the exoproteome of
C. violaceum ATCC 12472, bu: the viochemical properties of this enzyme are still unknown
[20]. In the present work, ain.*ny to verify the biotechnological potential of the C. violaceum
GHA46 chitosanase, tlie vnzyine from the type strain ATCC 12472 (herein referred to as
CvCsn46) was expressed in Escherichia coli and secreted into the culture medium using its
native signal peptide. The secreted recombinant product was then purified, its functionality
was experimentally validated, and the potential of CvCsn46 as well as the
chitooligosaccharides generated from its hydrolytic action on chitosan, to act as antifungal

agents, was evaluated.

2. Materials and methods



2.1. Bacterial cells, fungus, plasmid vectors, culture media and other reagents

Cells of Escherichia coli strains DH50. and BL21(DE3) and the plasmid pET303/CT-His were
purchased from Invitrogen (Carlsbad, CA, USA). Lasiodiplodia theobromae (Pat.) Griffon &
Maubl. strain CCJ-184 was isolated by Dr. C.F.B. Silva (Embrapa Agroindustria Tropical,
Brazil) from infected plants of Anacardium occidentale L. CCP76, and preserved using the
Castellani method [21]. Chromobacterium violaceum ATCC 12472 was a gift from Dr. T.B.
Creczynski-Pasa (Federal University of Santa Catarina, Brazil). Chitosan powder (degree of
deacetylation, DDA = 85%) was purchased from Polymar (Fort~le.~, CE, Brazil). All other

reagents were of high purity, analytical grade.

2.2. Homology modeling and molecular docking c7lcu'ations

Comparative structural modeling was performna *«si*ig MODELLER [22] through the MPI
Bioinformatics Toolkit (https://toolkit.tu: nin yen.mpg.de) web service [23]. Suitable
homologous sequences with known thr.»-dimensional structures to be used as templates were
selected using HHPred (https://toc'kit t’2bingen.mpg.de/tools/hhpred). The chitin-binding
domain (ChBD) from chitinase 50 o Moritella marina (PDB ID: 4MB4; percentages of
sequence identity and similai ;*v with the ChBD of CvCsn46 = 28.2% and 48.7%,
respectively; estimatea roudbility of the template to be homologous to the query sequence =
96.08%) [24] and the catalytic domain (CatD) from a GH46 chitosanase of Bacillus circulans
MH-K1 (PDB ID: 5HWA, percentages of sequence identity and similarity with the CatD of
CvCsn46 = 70.5% and 81.1%, respectively; estimated probability of the template to be
homologous to the query sequence = 100.0%) [25] were used as template structures. The
stereo-chemical quality of modeled structures (Tables S4 and S5) was evaluated using
PROSESS [26]. Molecular docking calculations were performed using AutoDock Tools v.

1.5.6 [27] and AutoDock Vinav. 1.1.2 [28], as described in detail by Maranhdo et al. [29].



Three-dimensional molecular models were visualized using the program PyMOL Molecular

Graphics System, version 2.0 Schrédinger, LLC.

2.3. Phylogenetic analysis

Bayesian phylogenetic analysis was performed using MrBayes version 3.2.7a [30], with
LG+I+G4+F as the best-fit amino acid substitution model. Best-fit substitution model was
selected using the Akaike information criterion (AIC) strategy, as implemented by
ModelTest-NG version 0.1.5 [31]. Two independent analyses =i * 0,300,000 generations were
run to estimate parameters related to sequence evolution ard h.-elihood probabilities using a
Metropolis-coupled Markov Chain Monte Carlo (MC™:7) inethod. In addition, eight
simultaneous chains were initiated with random tree. samyling frequency of 500, and a
diagnostic frequency of 50,000. After a 25% hurn- i fraction, a 50% majority rule consensus
tree was calculated including posterior pioh~.oilities (PP) as branch support estimates.
Phylogenetic analysis was implementea on the CIPRES Science Gateway version 3.3
(www.phylo.org) [32]. The Bayes.." 1..4jority-rule consensus tree was visualized and edited

using iTOL v. 5.5 (https://itol ei~hl.de) [33].

2.4. Construction of the 2xpression vectors

To express CvCsn46 in E. coli, the full coding sequence (excluding the stop codon) of the
gene Cv3931, corresponding to a DNA fragment with 1,080 bp, which spans the chromosome
of C. violaceum ATCC 12472 from position 4,252,283 to 4,253,365 (GenBank accession
number: AE016825), was amplified by PCR using a high-fidelity DNA polymerase and a pair
of specific oligonucleotide primers (Fig. S1). This fragment encoded the native CvCsn46,
with a type | signal peptide at the N-terminal region (Fig.S2). The amplified fragment was

cloned into the pET303/CT-His expression plasmid, using the sites for Xbal and Xhol, which



generated the vector pET303-CvCsn46. This recombinant vector was used for the secretory
expression of CvCsn46 with a polyhistidine (6xHis) tag at the C-terminal end. The expression
plasmid was introduced in chemically competent cells of E. coli BL21(DE3), using the heat
shock method, as previously described [34]. Primary transformants were selected on LB agar

supplemented with 200 pg/mL carbenicillin.

2.5. Expression and purification of the recombinant product

Cells of E. coli BL21(DE3) harboring the recombinant plasmic nE7303-CvCsn46 were
inoculated in LB broth, containing the appropriate antibiot’c, .na the culture was incubated at
37 °C under vigorous orbital shaking (180 rpm) until the untical density at 600 nm (ODggo)
reached 0.5-0.6. Isopropyl-B-D-thiogalactopyranoside (1.'TG) was then added (0.4 mM final
concentration) to the culture and the cells were ii. ‘ubated at 37 °C, 180 rpm, for 24 h.
Extracellular proteins, which were secret :d i*ito the culture medium by E. coli cells
expressing CvCsn46, were recovered b, ammonium sulfate precipitation, as described by
Lobo et al. [35]. Next, the recombinar.* r,roduct was purified by immobilized metal ion
affinity chromatography (IMAX"), using the resin Ni Sepharose 6 Fast Flow (GE Healthcare

Bio-Sciences, Piscataway. No. | SA).

2.6. Enzymatic assay

Chitosanase activity was determined using colloidal chitosan (10 g/L) as substrate, which was
prepared according to a protocol previously described [36]. Protein samples (250 L) were
mixed with colloidal chitosan (250 pL), the mixture was incubated in a water bath for 30 min
at the specified pH and temperature, and the amounts of reducing sugars were measured using
the 3,5-dinitrosalicylic acid (DNS) method [37], with D-glucosamine hydrochloride as the

standard. One unit (U) of chitosanase activity was defined as the amount of enzyme that



produced 1 umol reducing sugar per minute. Visualization of chitosanase activity was
performed using a plate assay, based on the procedure described by Teather and Wood [38].
Samples were loaded onto the wells of a 1% (w/v) agar plate containing 0.1% (w/v) chitosan,
dissolved in 50 mM sodium acetate buffer (pH 5.2). Plates were incubated at 37 °C for 24 h,
the medium was overlaid with 0.1% Congo red, incubated at room temperature for 5 min

under orbital shaking, washed with distilled water and photographed.

2.7. Determination of soluble protein content

Concentration of soluble proteins was determined using th~. o.aarord method [39]. To
determine the concentration of CvCsn46 in solutions crnw.ining the purified protein, the Beer-
Lambert law was employed, using the protein molar #xu.ction coefficient, calculated from its
amino acid composition through the ExPASy’s F:atf aram tool (https://

web.expasy.org/protparam/).

2.8. Electrophoresis of proteins ~nd ‘?antification of peptides by tandem mass
spectrometry

Electrophoresis of proteins u.:d¢r denaturing conditions (sodium dodecyl sulfate-
polyacrylamide gel eiec:ropioresis, SDS-PAGE) was performed as described by Laemmli
[40], using 15% polyacrylamide slab gels. Preparation of samples prior to electrophoresis was
done as described by Lobo et al. [35]. Protein bands were stained with colloidal Coomassie
Brilliant Blue G-250, which was prepared as described by Candiano et al. [41]. Trypsin in-gel
digestion of protein bands resolved by SDS-PAGE and identification of tryptic peptides by

tandem mass spectrometry (LC-ESI-MS/MS) were performed as previously described [42].

2.9. Biochemical characterization of the purified chitosanase



The following biochemical parameters were determined for the purified recombinant enzyme,
as described in detail by Lobo et al. [35]: optimal values of pH and temperature for hydrolytic
activity, protein stability to distinct values of pH and temperature, and the effects of cationic
ions, chelating and reducing agents and protein denaturant on enzymatic activity. The effect
of different pH values on enzyme stability and catalytic activity was determined using the
following buffer systems (each one in 50 mM concentration): Glycine-HCI (pH 2.0 and 3.0),
acetic acid-sodium acetate (pH 4.0, 5.0 and 6.0), Tris-HCI (pH 7.0 and 8.0), Glycine-NaOH
(pH 9.0, 10.0 and 11.0) and potassium chloride-NaOH (pH 12 "\ £ 'l the assays were
performed using 250 pg/mL CvCsn46, which was incubatea v.1tn 1% colloidal chitosan for 30
min, under the specified conditions, and the amounts of reucing ends were determined by the
DNS method. Steady-state kinetic parameters of CvCsn-= were determined using colloidal
chitosan as substrate, at concentrations varyin¢ 1, 'm 2.5 to 15 mg/mL. The assays were
performed at pH 6.0 (protein dissolved £t m'/ sodium acetate buffer) for 15 min at 50 °C,
using the standard assay procedure. Plo:~ of initial reaction velocity (Vo) vs substrate
concentration [S], were obtained v<ing CraphPad Prism software v.6.01. Far-UV circular
dichroism (CD) spectra of CvCn4b were acquired using a Jasco J-815 spectropolarimeter

(Jasco International Co., Tok,» Japan), as previously described [43].

2.10. Production of chitooligosaccharides from chitosan

Chitosan powder was dissolved in 50 mM acetic acid to obtain a 1% (w/v) solution. Next, the
purified recombinant chitosanase was added (5 pg per mL of chitosan solution) and the
mixture was incubated at 50 °C for 24 h under constant agitation. To inactivate the enzyme,
the mixture was heated at boiling water for 10 min, cooled at room temperature and subjected
to centrifugal ultrafiltration, using a 3 kDa molecular weight cutoff concentrator (GE

Healthcare). The volume of the flow-through fraction was then reduced to 1/10th of its initial

10



value by lyophilization and stored at 4 °C until used. Oligosaccharides concentration was

determined using the DNS method.

2.11. Mass spectrometry analysis of chitooligosaccharides

Average molecular mass of chitosan oligomers was determined using ESI-MS. Samples were
dissolved in 50% acetonitrile containing 0.2% (v/v) formic acid. A 100 uL (0.3 pg/uL) aliquot
was centrifuged at 8,000 g for 5 min and loaded directly onto a nanoelectrospray ion source
(nanoES) coupled to a Synapt HDMS ESI-Q-ToF mass spectromewr (Waters Corp., Milford,
MA, USA). The instrument was calibrated with phosphorir, a.'a clusters. Mass spectra were
acquired by scanning at m/z range from 100 to 1,500, ~t a rate of 1 scan per second. The mass
spectrometer was operated in positive mode, using a <ou.~e temperature of 363 K and
capillary voltage at 2.5 kV. Data collection anc p.~c.ssing were controlled by Mass Lynx 4.1

software (Waters).

2.12. In vitro antifungal activity =sse/

Purified CvCsn46 (3 mg/mL, c:ssolved in distilled water, pH 6.0) as well as
chitooligosaccharides obtain. f:om the hydrolytic action of CvCsn46 on colloidal chitosan
(22 mg/mL, dissolved 1. msulled water, pH 6.0), were evaluated regarding their ability to
inhibit in vitro the growth of L. theobromae CCJ-184. Protein (dose = 300 pg) or
oligosaccharides samples (doses = 2000, 1000, 500 and 250 ug) were spread on the surface of
PDA (potato dextrose agar medium, pH 5.6; HiMedia Laboratories, Mumbai, India) plates (3
replicates per dose) using a Drigalski spatula and incubated at room temperature for 10 min.
Next, a small disc (~ 10 mm diameter) containing 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. Mycelium diameter of each colony was measured with a pachymeter and
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photographed at every 24 h. Mycelium discs inoculated on plates in which water or 5 ug
Carbendazim (Derosal 500 SC, Bayer) were spread over the medium were used as controls.
Samples of mycelium from colonies exposed to distilled, chitooligosaccharides (dose = 2 mg)
or Carbendazim for 96 h were subjected to scanning electron microscopy (SEM). Preparation

of samples and acquisition of images were performed as previously described [44].

3. Results and discussion

3.1. Structural and functional features of CvCsn46, a GH4€ ~hiinsanase from C.
violaceum

The gene Cv3931 of C. violaceum ATCC 12472 encodes .. nrotein with 360 amino acid
residues, containing a 29-residues type | signal peptic'2 (CP) at the N-terminal end, followed
by a chitin-binding type 3 domain (ChtBD3; resi«1e; 50-89) and a GH46 CatD (residues 121-
347) at the C-terminal region (Fig. 1A). ™ he ‘nonoisotopic molecular mass predicted for the
encoded protein was calculated as 38,4-:1.94 Da (~ 38 kDa), with a theoretical pl = 8.99.
Predicted values of molecular mase ar.1 ‘heoretical pl for the mature protein (i.e., excluding
the residues corresponding to t:-< siynal peptide) were 35,656.37 Da (~ 36 kDa) and 8.54,
respectively. The ChBD of C C1n46 is closely related to the ChBD of Streptomyces griseus
chitinase C (ChiC) (Fiy. ?~). The ChBD of ChiC is a compact structure, containing [3-strand
segments and two Trp residues exposed on the surface, which are both necessary for binding
activity to chitin, as suggested by molecular dynamics simulations and site-directed
mutagenesis [45] and [46]. In the ChBD of CvCsn46, the homologous aromatic residues that
are likely to be involved in substrate binding are Phe’* and Trp” (Figs. 2A and 2B). Other
conserved aromatic residues in the ChBD of CvCsn46 and related sequences are Trp°, Tyr*’,
Tyr™® and Trp®’ (Fig. 2A). These conserved residues form a hydrophobic core that contribute

to determine the compact structure of the substrate-binding domain [47]. The catalytic domain
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of CvCsn46 belongs to the superfamily chitosanase of CATH structural domains (CATH
superfamily 3.30.386.10), whose representative structures are the chitosanases from Bacillus
circulans MH-K1 [25] and Streptomyces sp. N174 [16]. In these enzymes, a Glu acts as the
general acid and an Asp plays the role of the general base during catalysis. The Asp residue,
with the assistance of a Thr, activates a water molecule for the nucleophilic attack on the
glycosidic bond, with inversion of the stereochemistry at the anomeric carbon produced from
the B(1—4)-linkage hydrolysis (Fukamizo et al., 1995). Based on the alignment of the amino
acid sequence of CvCsn46 with representative three-dimensior~! s.ictures of bacterial
chitosanases, the putative catalytic residues were identifiec as 1u*%, Asp**® and Thr'®! (Fig.
3). The probable involvement of these 3 residues of Cv(s,:46 in chitosan hydrolysis was
further supported by homology modeling and molecuv'ar docking calculations (Fig. 4). When a
trisaccharide [(GIcN)2(GIcNAc):] was docked in “ae substrate-binding cleft of CvCsn46,
sugar units occupied the subsites —2 to + (F'g. 4B). In this protein-sugar complex model, the
relative orientations, calculated distance~ and polar contacts of the side chains of Glu'*®,
Asp™®® and Thr'®* towards the bourd < tFstrate are compatible with the proposed catalytic role
for these residues (Fig. 4C).

To verify the phylogenetic oc~trrence of proteins structurally related to CvCsn46 in other
strains of C. violaceum o< well as in other species of Chromobacterium and related genera,
BLAST searches were performed, using a local database comprising 102 proteomes from
different strains and species belonging to the family Chromobacteriaceae (B-Proteobacteria;
Neisseriales). This analysis revealed that, proteins sharing the same domain architecture and
significant sequence identity percentage to CvCsn46 (ranging from 67.9 to 100%), occur in all
sampled proteomes of C. violaceum strains and in the proteomes of some strains of
Chromobacterium sp., C. haemolyticum, C. rhizoryzae, C. subtsugae, C. sphagni and C.

vaccinii (Fig. 1B). Among all other proteomes of Chromobacteriaceae, only the proteome of
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Pseudogulbenkiania ferrooxidans EGD-HP2 possesses a protein related to CvCsn46 (Table
S3). In all these proteins, the dipeptide of the ChBD involved in substrate binding is either
Phe-Trp, like found in CvCsn46 (Phe’® and Trp™), or Tyr-Trp, in which the aromatic Phe was
substituted by a chemically similar Tyr residue. Furthermore, the 3 residues of the CatD,
which are involved in catalysis (Glu™*®, Asp™® and Thr'®* in CvCsn46), are conserved in this
group of Chromobacteriaceae chitosanases (Fig. S12). Noteworthy, BLAST searches against
bacterial proteomes, as available in the NCBI databases, showed that, within the order
Neisseriales, which contains the families Chromobacteriaceae »na ; 'eisseriaceae, the presence
of proteins related to CvCsn46 is restricted to some species or “~nromobacterium and
Pseudogulbenkiania. Outside Neisseriales, the closest stru-tural neighbors to CvCsn46 (with
sequence identity percentages ranging from 54.2 to 67.5.4) are found in species of
Collimonas (Burkholderiales; Oxalobacteraceez), Ri.rkholderia, Paraburkholderia and
Pandoraea (Burkholderiales; Burkholde: ‘acFae). Moreover, the topology of the protein tree,
showing the phylogenetic relationships >mong CvCsn46 and its structural neighbors (Fig.
S13), is not congruent with the phiog=r.etic tree of Chromobacterium species, as inferred
from 19 housekeeping proteins ‘Fig. 1B). Possibly, events of gene loss and lateral gene
transfer have played a role in, *hr, evolutionary history of this group of GH46 chitosanases
related to CvCsn46.

To experimentally validate the hypothesis that CvCsn46 is a functional chitosanase, able to
convert chitosan chains into chitooligosaccharides of low molecular mass, the protein was

produced in E. coli, purified, and partially characterized.

3.2. Purification and biochemical characterization of the recombinant chitosanase

CvCsn46 produced in E. coli
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Targeting of recombinant proteins expressed in E. coli to the periplasmic space or culture
medium has proven a suitable strategy to produce correctly folded enzymes, with
simplification of downstream purification schemes [49]. Therefore, to produce CvCsn46 in E.
coli, an expression vector (pET303-CvCsn46) containing a C. violaceum DNA fragment
encoding the full sequence of CvCsn46 was obtained and transformed into BL21(DE3) cells.
The recombinant chitosanase CvCsn46 was then purified from the cell-free culture medium of
E. coli BL21(DE3) cells expressing preCvCsn46 using ammonium sulfate precipitation and
IMAC (Fig. S3). When the purified protein was reduced and si*hiec*ed to SDS-PAGE, two
closely migrating protein bands with apparent molecular mras.~s of 38 and 36 kDa were
observed (Fig. 5A). These values are in agreement with t1.> monoisotopic molecular mass
calculated for the recombinant protein (36,720.85 Da*, considering the cleavage of the signal
peptide and the presence of 8 extra residues (L= "4 iHHH) at the C-terminal end of the
recombinant product, which was secretec int-, the culture medium by E. coli cells. The
identity of the 38 and 36 kDa protein b.ds observed on SDS-PAGE as CvCsn46 was
confirmed by de novo sequencing ~f t.\tic peptides by tandem MS analysis (Figs. S4-S9 and
Table S1). Peptides identified T*om wese bands covered ~ 64.5% (38 kDa band) and 41.3%
(36 kDa band) of the primary structure of CvCsn46. The behavior of CvCsn46 as a doublet on
SDS-PAGE can be due :1 partial re-oxidation of the Cys residues involved in the single
intramolecular disulfide bond that was predicted to occur in the CatD (Fig. 4), producing two
distinct conformational states of the same molecule, a phenomenon that has been observed in
other proteins [50].

The average yield of the purified CvCsn46 produced in E. coli was ca. 19 mg of recombinant
protein per liter of induced culture. Far-UV CD spectra of the recombinant CvCsn46 were
characteristic of a folded, a-helical protein (Fig. S10), with two negative bands at 209 nm and

222 nm, separated by an indentation at 215 nm, and a positive band at 193 nm [51]. The
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recombinant chitosanase was able to degrade colloidal chitosan (Fig. 5B), with a specific
activity of 10,000 U/mg of protein. As a typical chitosanase, the enzyme did not show any
detectable hydrolytic activity on colloidal chitin.

The hydrolytic activity of purified CvCsn46 was detected over a broad pH range, with dual
optimum pH values for catalysis, one at pH 6.0 and another at pH 11.0 (Fig. 6A). Moreover,
CvCsn46 was stable over a wide pH range (Fig. 6A), recovering a significant proportion (>
85%) of its full catalytic activity when incubated at pH values from 2 to 12 and next subjected
to enzymatic assay at its optimum acidic pH (pH 6.0). Compar=hle 9 this amphiprotic
behavior of CvCsn46, a GH8 chitosanase from B. mycoider, e..ipited optimum activity at pH
values 6.0 and 10.0 [52]. Significant hydrolytic activitv o “vCsn46 (> 90% relative activity),
measured at pH 6.0, was observed when the enzymat’c a>say was performed at temperatures
from 40 °C to 60 °C, the highest catalytic activit, he.ng recorded at 50 °C (Fig. 6B).
However, the recombinant enzyme exhik ted negligible or no detectable hydrolytic activity
when incubated for 1 h at temperatures aual or above 50 °C and then subjected to enzymatic
assay at pH 6.0 (Fig. 6B). The midnoi.t .emperature of the unfolding transition (Tn,) was
determined as 54.6 °C (Fig. S1:'D). Therefore, binding of polymeric chitosan to CvCsn46
leads to enhanced thermal steil.ty of the recombinant product, and a similar effect of
substrate binding on ¢he ~orirormational stability of a protein has been reported for other
enzymes [53]. Some metal ions (Pb**, Fe**, La**, Hg?*, Ni**, Ag* and Rb") significantly (P <
0.05) reduced CvCsn46 activity, with Fe** completely abolishing the enzyme ability to
degrade colloidal chitosan (Fig. 6C). Metal ions bind to residues at the catalytic sites of many
glycoside hydrolases, effectively inhibiting their enzymatic activity. It has been speculated
that the interaction of metal ions with side chain carboxylate groups of critical catalytic
residues fix their conformation, thus restricting their hydrolytic capabilities [54]. In the case

of CvCsn46, treatment with 5 mM Fe®* caused a drastic alteration in the protein conformation,
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as revealed by CD spectroscopy (Fig. S10B). Conversely, another group of cationic ions
(Ca?*, Co®*, Cu?*, Sr** and Mn?") significantly (P < 0.05) increased the hydrolytic activity of
CvCsn46, notably Cu®* (ca. 2.6-fold increase) and Mn** (approximately 3.8-fold increment).
All tested concentrations of SDS (0.5, 1.0 and 2.0%) and treatment with 5 mM f-
mercaptoethanol completely abolished the enzymatic activity of CvCsn46 (Fig. 6D). When
treated with ethylenediaminetetraacetic acid (EDTA), CvCsn46 activity was either diminished
(83-90% relative activity) or had a slight increase (108% relative activity). Contrary to the
inhibiting effect of B-mercaptoethanol, the enzymatic activity of Cv=sn46 significantly
increased (P < 0.05) when exposed to dithiothreitol (DTT) at concentrations of 50 mM (123%
relative activity) and 100 mM (170% relative activity) Ti.> stimulatory effect of DTT on the
catalytic activity of other enzymes has been reported. bu: the mechanism involved is still
poorly understood [55] and [56]. Altogether, tre. -« results suggest that, probably, CvCsn46 is
not a metalloenzyme, but relies on the pr serce of cation ions (Mn?*, for example) and the
reducing agent DTT, to express its max.mal catalytic activity. Furthermore, the single
disulfide bond in the CatD of CvCen4: s predicted to link the side chains thiol groups of
Cys™* and Cys®® (Figs. 3 and ). lirely plays an essential role in maintaining the protein
properly folded and hence en:yraatically active. This assumption is supported by the
inhibitory effect of B-nicrcaptoethanol, which probably inhibits CvCsn46 activity by reducing
this disulfide bridge. Therefore, the enhancement of CvCsn46 activity caused by DTT is
unlikely to be related to thiol-disulfide exchange reaction, supporting previous observations
that DTT can affect protein function by a mechanism distinct from its ability to protect thiol
groups [57].

Plots of initial velocity of chitosan degradation catalyzed by CvCsn46 fitted a sigmoid curve
(R? = 0.9927), revealing a non-Michaelis-Menten kinetics (Fig. 5C). Kinetics parameters were

Vmax = 10,818.0 umol/min/mg, Ky, = 3.06 mg/mL, ke (turnover number) = 4,008.19 min_l,
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and kea/Knm (catalytic efficiency) = 1,309.86 mL mg " min™". The Hill coefficient was 3.95,
indicating positively cooperative binding between CvCsn46 and the substrate chitosan, which
is probably linked to protein conformational changes induced by the substrate. A chitosanase
from Bacillus sp. MN has also shown a sigmoidal kinetics, with a positive Hill coefficient of
1.54, determined in enzymatic assays using polymeric chitosan with DA = 10% [58]. GH46
chitosanases exhibit an a-helical fold, characterized by two globular lobes separated by the
substrate-binding groove [16] and [25], as depicted in Fig. 4. Moreover, Lyu et al. have
demonstrated that, in chitosanase OU01 from Pseudomonas sp. A-c*, notable conformational
changes are induced by substrate binding to the catalytic ¢t including a rotation of lobes A
and B relative to each other [59]. Therefore, considerira u.» close structural relationship
between CvCsn46 and OU01 (RMSD = 1.361 A; Fig S.?), binding of polymeric chitosan to
CvCsn46 could also induce similar conformatin. ! ranges.

When the low molecular mass products  *lersed from colloidal chitosan incubated with
CvCsn46 were analyzed by ESI-MS, an ~rray of positive ion clusters with a degree of
polymerization (DP) ranging from 1 t £ was observed (Fig. 7 and Fig. S11). These ion
clusters corresponded to GIcN, ‘Glci),, (GIcN)z, (GIcN)1(GIcNAC),, (GIcN),(GIcNAC);,
(GIcN)4, (GIcN)s, and (GIeN,. A time course analysis revealed that this ion clusters profile
remained almost uncnai.>eu from 4 h to 24 h of digestion, except for the presence of an ion
cluster corresponding to the heptasaccharide (GIcN)7, which was transiently found at time
point 16 h (Fig. S11 and Table S2). The pattern of chitosan degradation by CvCsn46, showing
a continuum of oligomeric products with DP values ranging from 2 to 6, is diagnostic of a
non-processive endo-acting enzyme. On the other hand, the concomitant release of GIcN from
polymeric chitosan indicates that CvCsn46 also behaves as an exo-acting enzyme, with -exo-
glucosaminidase activity. Moreover, the presence of chitosan oligomers with DP = 2-6 over a

24 h time reaction shows that the endo-type activity of CvCsn46 outweighs its exo-mode
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cleavage activity. This mode of hydrolytic action of CvCsn46 is distinct from that exhibited
by most chitosanolytic enzymes characterized to date, which hydrolyze polymeric chitosan
and chitosan oligomers using exclusively an endo-type catalytic mode [11]. Conversely, a few
chitosanases degrade chitosan chains employing an exo-type cleavage pattern [60]. Similarly
to the dual cleavage pattern of CvCsn46, Zhang et al. have described the characterization of a
GH18 chitinase from Chitinolyticbacter meiyuanensis SYBC-H1 (CmChil) that behaves
differently in comparison to typical chitinases, displaying both endo- and exo-type activities
towards N-acetyl chitooligosaccharides and colloidal chitin. Bi* o *erent from CvCsn46, the

exo-type activity of CmChil outweighs its endo-type cleavay. oattern [61].

3.3. Antifungal activity of chitooligosaccharides proa.ced by the hydrolytic action of
CvCsn46 on chitosan

Chitosan is characteristically present as ¢ str.ctural component in the cell wall of some
Zygomycota fungi, such as those of the ~enera Absidia, Mucor, and Rhizopus [62]. However,
there are some non-Zygomycota sraci~< that also contain substantial amounts of chitosan in
their cell walls, such as Fusari.m oxysporum, a filamentous Ascomycota species with many
plant pathogenic strains [631. ~r.nsequently, the mycelial growth of these chitosan-containing
fungi is usually supprescea in vitro by chitosanases [64].

Lasiodiplodia theobromae is a phytopathogenic, filamentous Ascomycota of the family
Botryosphaeriaceae. It can infect a wide range of host plants in tropical and subtropical
regions, causing different diseases, such as dieback, root rot, blights and gummosis, with
significant economic losses in many countries [65]. On rare occasions, this cosmopolitan
species can also infect humans, causing subcutaneous phaeohyphomycosis [66] and keratitis
[67]. To evaluate whether CvCsn46 could reduce or suppress the growth of this

phytopathogenic fungi, a colony of L. theobromae CCJ-184 was exposed in vitro to a dose of
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300 pg of the purified enzyme. Under these experimental conditions, no suppression or
reduction in mycelial growth was observed. Contrarily, L. theobromae mycelium exposed to
the recombinant protein grew up faster when compared to colonies of control plates (Fig.
S17). However, a mixture of chitosan fragments derived from the hydrolytic action of
CvCsn46 on polymeric chitosan, as characterized by ESI-MS analysis (Fig. 7), strongly
inhibited the growth of L. theobromae CCJ-184 colonies (Fig. S17). The inhibitory effect
lasted until 96 h after the beginning of the bioassay, when the inhibition indexes varied from ~
59.4% (dose = 0.25 mg) to 83.8% (dose = 2 mg). Indeed, mear dia,meters of fungus colonies
grown in the presence of different doses of chitooligosacctarides were significantly (P <
0.0001) lower in comparison to the mean diameter of conual colonies, measured at time
points of 48 h, 72 h and 96 h (Fig. 8). These data sho'vec that L. theobromae CCJ-184 is
sensitive to low molecular mass chitooligosacche 'dzs. To verify possible morphological
alterations in fungal mycelium exposed t * C/JS produced from chitosan by the hydrolytic
action of CvCsn46, samples of treated 1,~vcelium were observed by SEM (Fig. 8). Hyphae of
untreated mycelium had a normal 2np.2'ance, characterized by a dense network of long,
interwoven, tubular structures, “'ispiaying a smooth, uniform surface (Figs. 8A-C). On the
other hand, mycelia that werc ev.posed to COS exhibited a disorganized array of much shorter
and thinner hyphae, shc *1y several morphological alterations (Figs. 8D-G). Some of these
morphological alterations induced by COS included hyphae with a moniliform appearance,
characterized by adjacent swollen segments, as shown in Fig. 8G. Furthermore, alterations in
hyphal tips were also observed. Some hyphal tips appeared swollen, forming sometimes large
bulges, whereas in other hyphae, the tips were completely absent (Fig. 8G). When the COS
mixture generated by CvCsn46 was tested on two isolates of the Fusarium fujikuroi species
complex (FFSC), no in vitro inhibition of colony growth was observed (Fig. S18), indicating

that these isolates are resistant to chitosan oligomers. Differences in the composition of the
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plasma membrane and cell wall among fungi species have been suggested as key
determinants for their sensitivity or resistance to chitosan [68] and [69]. Therefore, COS
released from colloidal chitosan treated with CvCsn46 was able to effectively inhibit the
growth of an isolate of the phytopathogenic fungus L. theobromae, inducing morphological
alterations in hyphae and hyphal tips, as revealed by SEM analysis.

GH46 chitosanases from B. circulans MH-K1 and Amycolatopsis sp. CsO-2 have been shown
to inhibit the growth of Zygomycota species that contain chitosan as a cell wall component,
and in both cases, the ability of each enzyme to cleave chitosar ‘wa. essential for their
antifungal activities [70] and [71]. Details on the biochemi.a: ~omposition and structural
organization of the cell wall of L. theobromae have not he>n described. Therefore, we can
hypothesize that the absence of mycelial growth inhikitich of L. theobromae, when exposed
in vitro to CvCsn46, is likely due to the chemira, “oraposition of the cell wall of this
phytopathogen, which probably has relat vel, low amounts of chitosan.

Despite the lack of antifungal activity against L. theobromae, CvCsn46 generated a mixture of
chitosan chitooligosaccharides with a ~ll-defined DP range (DP = 2-6), that significantly
inhibited in vitro the mycelium 1rowth of this important phytopathogen, causing notable
morphological alterations. as - ealed by SEM images. Previously, Yuan et al. [72] showed
that polymeric chitosan {DUA = 95% and average molecular weight = 230 kDa) caused in
vitro growth inhibition of 3 Lasiodiplodia species (L. rubropurpurea, L. crassispora, and L.
theobromae). At the highest concentration tested (400 mg/L), inhibitory indexes were,
approximately, 34.6% (L. crassispora), 36.9% (L. theobromae) and 37.8% (L.
rubropurpurea). Higher inhibitory indexes (70.2-76.7%) were achieved when a surfactin-f-

cyclodextrin-chitosan conjugate was tested (at 400 mg/L) against the 3 Lasiodiplodia species.
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The results of the present work show that a mixture of water-soluble, low molecular mass
chitosan oligomers, which can be produced using a simple and low-cost protocol, is as
effective as a complex chitosan nanosystem in inhibiting the growth of L. theobromae.

In the in vitro bioassays that evaluated the antifungal potential of the chitosan oligomers
generated by CvCsn46, the oligomers were dissolved in water with an acidic pH (pH = 6.0),
and the oligomers sample as well as the mycelial inoculum were placed on PDA agar medium
with pH = 5.6. Moreover, it is known that the amino groups on the C-2 atoms of the GIcN
residues in chitosan chains have a pK; = 6.3 [7]. Therefore, unfar \;>=se experimental
conditions, the chitosan oligomers are positively charged, riuc *o the cations (NH3") attached
to the C-2 atoms of individual GIcN residues. This chemic~l feature suggests a mechanism of
antifungal activity that could involve binding of these puritively charged
chitooligosaccharides to negatively charged pros,hriipid molecules of fungal cell membrane,
leading to disruption of cell membrane p -rm-.ability and leakage of intracellular components,
such as potassium ions, as indicated by > previous work on the antifungal effects of chitosan
against Ceratocystis fimbriata, a phvtonuthogenic fungus that attacks sweet potato [73]. Cells
of filamentous fungi grow at tt.~ hypnal tips through continuous synthesis of new cell
membrane and cell wall mate-i2! [74]. The morphological alterations in hyphal tips of L.
theobromae cells, as ouo=rved in the present work, suggest that chitosan oligomers probably
interfere with the synthesis of new plasma membrane, affecting hyphal apex morphology and
impairing its elongation. Furthermore, chitooligosaccharides could penetrate the cell
membrane and enter the cell cytoplasm and reach the nucleus, binding fungus DNA and
affecting mRNA expression and protein synthesis, thus promoting fungal growth inhibition

[75] and [76].

4. Conclusions
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In the present work, a GH46 chitosanase from C. violaceum ATCC 12472 (CvCsn46) was
successfully expressed in E. coli. The native signal peptide of CvCsn46 was used to direct the
secretion of the recombinant product into the culture medium, a strategy that was appropriate
to obtain reasonable amounts of properly folded enzyme. CvCsn46 was experimentally
validated as a functional chitosanolytic enzyme that can degrade polymeric chitosan,
producing a mixture of low molecular mass chitooligosaccharides, with a well-defined degree
of polymerization (DP = 2-6). These chitooligosaccharides were able to inhibit in vitro the
growth of L. theobromae, a phytopathogen that causes importa~t ec"nomic losses in many
crops worldwide. CvCsn46 exhibited some distinct biocher.uu21 reatures in comparison to
most GH46 chitosanases currently known, such as high relstive catalytic activity at both
acidic and alkaline pH values, sigmoidal kinetics witk pcritively cooperative binding, and the
ability to degrade polymeric chitosan through nuc« £ndo- and exo-type hydrolytic activities.
This is the first report on the biochemica’ chr.racterization of a GH46 chitosanase from C.
violaceum. The biochemical features or “vCsn46 revealed that this enzyme is a useful
biocatalyst that can be employed a< a . lecular tool to produce well-defined, low molecular
mass chitosan oligomers, whic:> are promising molecules that can lead to new antifungal

products to protect importany ~r,ps.
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Figure captions

Fig. 1. Domain architecture of CvCsn46 (A) and the occurrence of structurally related
proteins in the genomes of Chromobacterium species (B). (A) Graphical representation of
CvCsn46 regions and domains. (B) Bayesian majority rule consensus tree of the genus
Chromobacterium. The phylogenetic analysis was performed using the concatenated
alignments of amino acid sequences from 19 housekeeping proteins (argRS, dnaK, EF-G,
gyrA, gyrB, ileRS, recA, ribosomal proteins S2, S3, S9, L2, and L5, rpoB, rpoC, secY, thrRS,
trpRS1, trpRS2 and uvrD), obtained from Chromobacterium protecmes (Table S3). The
selection of these proteins was based on the previous work vy Adaeolu and Gupta [77]. Red
branches correspond to taxa that contain proteins structir.!tv related to CvCsn46 from C.
violaceum ATCC 12472. Numbers next to branch norles ~re Bayesian posterior probabilities.
Proteins from lodobacter fluviatilis (Chromob~c. riz.ceae) strains were set as outgroups.

Fig. 2. Structural features of the chitin-bi 'dir,g domain of CvCsn46. (A) Alignment of the
ChBD of CvCsn46 with related sequenc.~s from other proteins: Streptomyces griseus chitinase
C (SgChiC; PDB ID: 2D49), Pseudna.te;omonas piscicida chitinase A (PpChiA; GenBank
accession number: P32823), B.iwibecillus laterosporus GI-9 chitodextrinase (BIChidex;
GenBank accession number: TCF12514), Vibrio furnissii chitodextrinase Endol (VfChidex;
GenBank accession 1iui,her. P96156), Bacillus cellulosilyticus DSM 2522 endoglucanase A
(BCcEngA,; GenBank accession number: P06566) and Pseudoalteromonas piratica S8 family
serine peptidase (PpSerPep; GenBank accession number: WP_040136598). Sites containing
residues that are involved in the interaction of the ChBD of SgChiC with chitin are indicated
by hash marks (B) Cartoon representation of a three-dimensional molecular model of the
ChBD of CvCsn46 (green B-strands). The generated model was validated by stereochemical
quality analysis (Table S4 and Fig. S14) and aligned to the three-dimensional structure of the

ChBD from SgChiC (cyan B-strands; PDB ID: 2D49). Percentages of sequence identity and
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similarity between the primary structures of the ChBDs of CvCsn46 and SgChiC are 42.5%
and 57.5%, respectively. Side chains of aromatic residues involved in substrate-binding are
shown as green (CvCsn46) and cyan (SgChiC) sticks.

Fig. 3. Alignment of the CatD of CvCsn46 with representative structures of the superfamily
chitosanase. The CatD primary structure of CvCsn46 was aligned with GH46 chitosanase
structures from Bacillus circulans (BcCsn46; PDB ID: 1QGl), Streptomyces sp. SirexAA-E
(StrepCsn46; PDB ID: 41LY) and Pseudomonas sp. LL2 (2010) (PseudoCsn46; PDB ID:
40LT). Sites of residues involved in catalysis and substrate-birding are indicated by triangles
and hash marks, respectively. The disulfide bridge betweer. C,s=-* and Cys*®, as predicted by
homology modeling of the three-dimensional structure m the CatD of CvCsn46, is indicated
by connecting orange line.

Fig. 4. Three-dimensional molecular model of th: CatD of CvCsn46 (A) and binding mode of
a chitosan fragment in the substrate-bind ng _left (B and C). (A) Cartoon representation of the
modeled structure, which was validateu hy stereochemical quality analysis (Table S5 and Fig.
S15). The side chains of the 3 res des involved in catalysis are shown as sticks. (B)
Transparent molecular surfacc rep.esentation. A chitooligosaccharide [(GIcN)2(GIcNAC)1]
molecule (yellow) docked in the substrate-binding groove is shown as a stick model (N and O
atoms are colored blue onu red, respectively). Sugar units occupying the subsites —2, —1 and
+1 are indicated. (C) Detailed view of the (GIcN)2(GIcNAc); molecule bound in the catalytic
cleft of CvCsn46. Hydrogen bonds are shown as red dotted lines and the side chains of
interacting residues are depicted as sticks. Water molecules are represented as gray spheres.
Fig. 5. Electrophoretic profile and enzymatic activity of the purified chitosanase CvCsn46
expressed in Escherichia coli. (A) The purified protein (25 pg, lane 1) was treated with 5% [3-
mercaptoethanol and subjected to SDS-PAGE (15% polyacrylamide), as described in the

methods section. Lane M: molecular weight markers. The identity of the protein bands as
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CvCsn46 was performed using LC-ESI-MS/MS analysis of tryptic peptides. Representative
fragmentation spectra are shown on the right side of the gel image. (B) Degradation of
polymeric chitosan by CvCsn46, as revealed by an agar plate assay (1, distilled water; 2, 15
ug secreted proteins of E. coli cells expressing CvCsn46; 3, 15 ug purified CvCsn46) (C) Plot
of initial reaction velocities vs substrate concentration.

Fig. 6. Enzymatic characterization of the recombinant chitosanase CvCsn46. (A) Effect of pH
on the hydrolytic activity of CvCsn46 measured at 50 °C for 30 min (black line), and effect of
different pH values on the stability of CvCsn46 (red line; residi =l o tivity was measured at
pH 6.0 and 50 °C for 30 min after incubation of the recomb.n. 1t product with different
buffers for 24 h at 25 °C). (B) Effect of temperature on thc catalytic activity of CvCsn46
assayed at pH 6.0 (black line), and thermostability of Cv"sn46 (red line; residual activity was
determined at pH 6.0 and 50 °C after incubaticn ¢  t'ie recombinant enzyme at different
temperatures for 1 h). (C, D) Effects of ¢ ‘tio’, ions (C) and chemical reagents (D) on the
chitosanolytic activity of CvCsn46. Res:dual activity was determined at pH 6.0 and 50 °C
after incubation of CvCsn46 with the \'if/erent cations and chemical reagents for 1 h at 30 °C.
All enzymatic assays (panels £., B, C and D) were performed in triplicate (data are means +
standard deviations), as desci:hed in the methods section. In panels C and D, means that are
significantly differenc (" < u.05; Bonferroni's multiple comparisons test) when compared to
control are indicated by asterisks.

Fig. 7. ESI-MS analysis (positive ion mode) of enzymatic products released from colloidal
chitosan incubated with CvCsn46. Bottom image: mass spectrum of products released from
1% colloidal chitosan incubated with 5 pg/mL CvCsn46 for 24 h at pH 6.0 and 50 °C. Top
image: MS/MS spectrum of product at m/z 502.1. The schematic fragmentation of (GICN);

(calculated mass = 501.48 Da), and resulting product ions, are shown next to m/z 502.1.
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Fig. 8. In vitro antifungal activity of chitooligosaccharides (COS) obtained from the
hydrolytic action of CvCsn46 on polymeric chitosan. Top image: Curves of mycelium growth
of L. theobromae CCJ-184 cultivated on PDA plates containing water, COS (doses = 0.25,
0.5, 1.0 and 2 mg) or Carbendazim (5 pg). Each point represents the mean + standard
deviation of the diameter of each fungus colony, as shown in Fig. S17. When compared to
colonies grown in the presence of water, the mean diameters of colonies that grew in the
presence of different doses of COS were significantly lower (*) at time points of 24 h, 48 h,
72 h and 96 h (P < 0.0001; Bonferroni's multiple comparisrns (~st). Bottom image: SEM
images of untreated mycelium (A-C), mycelium treated v iu, COS (dose = 2 mg) (D-G) and
mycelium treated with 5 pug Carbendazim (H-I). The ascays to evaluate the morphological
alterations in L. theobromae CCJ-184 grown in vitre 11, the presence of COS and acquisition

of SEM images were performed as described i v @ raethods section.
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Highlights
A GH46 chitosanase from Chromobacterium violaceum was produced in Escherichia
coli.

The recombinant protein (CvCsn46) was purified and partially characterized.

CvCsn46 had an amphiprotic behavior, with highest activity at pH values 6.0 and 11.0.

The enzyme degraded chitosan through dual, endo- and exo-type hydrolytic activities.
Low molecular mass chitosan oligomers produced by CvCsn46 showed antifungal

activity.
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