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Abstract

Background: Chromobacterium violaceum is a free-living 3-proteobacterium found in tropical and subtropical
regions. The genomic sequencing of C. violaceum ATCC 12472 has revealed many genes that underpin its
adaptability to diverse ecosystems. Moreover, C. violaceum genes with potential applications in industry, medicine
and agriculture have also been identified, such as those encoding chitinases. However, none of the chitinase genes
of the ATCC 12472 strain have been subjected to experimental validation. Chitinases (EC 3.2.1.14) hydrolyze the
B-(1,4) linkages in chitin, an abundant biopolymer found in arthropods, mollusks and fungi. These enzymes are of
great biotechnological interest as potential biocontrol agents against pests and pathogens. This work aimed to
experimentally validate one of the chitinases from C. violaceum.

Results: The open reading frame (ORF) CV2935 of C. violaceum ATCC 12472 encodes a protein (439 residues) that is
composed of a signal peptide, a chitin-binding domain, a linker region, and a C-terminal catalytic domain
belonging to family 18 of the glycoside hydrolases. The ORF was amplified by PCR and cloned into the expression
vector pET303/CT-His. High levels of chitinolytic activity were detected in the cell-free culture supernatant of £. coli
BL21(DE3) cells harboring the recombinant plasmid and induced with IPTG. The secreted recombinant protein was
purified by affinity chromatography on a chitin matrix and showed an apparent molecular mass of 43.8 kDa, as estimated
by denaturing polyacrylamide gel electrophoresis. N-terminal sequencing confirmed the proper removal of the native
signal peptide during the secretion of the recombinant product. The enzyme was able to hydrolyze colloidal chitin and
the synthetic substrates p-nitrophenyl-3-D-N,N-diacetylchitobiose and p-nitrophenyl-3-D-N,N N'-triacetylchitotriose. The
optimum pH for its activity was 5.0, and the enzyme retained ~32% of its activity when heated to 60°C for 30 min.

Conclusions: A C. violaceum chitinase was expressed in E. coli and purified by affinity chromatography on a chitin matrix.
The secretion of the recombinant protein into the culture medium was directed by its native signal peptide. The mature
enzyme was able to hydrolyze colloidal chitin and synthetic substrates. This newly identified signal peptide is a promising
secretion factor that should be further investigated in future studies, aiming to demonstrate its usefulness as an
alternative tool for the extracellular production of recombinant proteins in E. coli.
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Background

Chitin is a linear homopolymer of $-(1,4)-linked N-
acetyl-D-glucosamine (GIcNAc) residues and is the sec-
ond most abundant organic compound in nature after
cellulose [1]. This polysaccharide is an important struc-
tural component of the cell wall of many fungi and certain
algae, the exoskeleton of insects and crustaceans, and the
shell of mollusks and nematode eggs. It is also found in
the peritrophic matrix, a chitin and glycoprotein layer that
lines the midgut of most invertebrates [2].

Chitinases (EC 3.2.1.14) hydrolyze the B-(1,4)-linkages
in chitin and chitodextrins, and they are present in or-
ganisms from all three domains of life. These enzymes
play roles in a variety of processes, such as nutrition,
parasitism, defense mechanisms and morphogenesis [3].
Based on the amino acid sequence similarities of their
catalytic domains, chitinases are classified into families
18 and 19 of the glycoside hydrolases (GHs) [4]. GH18
chitinases are widespread in nature, occurring in viruses,
archaea, bacteria, fungi, plants (classes III and V) and di-
verse groups of animals, such as insects and mammals
[5]. Conversely, GH19 chitinases have a more restricted
distribution, and to date, they have been found in higher
plants (classes I, II and IV), nematodes, viruses and
some groups of bacteria [6]. Furthermore, GH18 and
GH19 chitinases have different catalytic mechanisms.
GH18 members exert the retaining mechanism, in which
the products of hydrolysis are [(-anomers, whereas
GH19 members exhibit the inverting mechanism, which
produces a-anomers after catalysis [7-9]. Additionally,
the chitinases of the two families do not share simila-
rities in their amino acid sequences and display com-
pletely different three-dimensional structures, suggesting
that they diverged from distinct ancestors [10]. However,
both exo- and endochitinases are found in each family.
Exochitinases release N,N'-diacetylchitobiose [(GlcNACc),]
or N,N,N’-triacetylchitotriose [(GlcNAc);] from the redu-
cing or non-reducing end of the chitin chain in a
processive manner. In contrast, endochitinases cleave chi-
tin randomly at internal sites, producing low molecular
mass oligomers that contain 2 to 6 units of GIcNAc [11].

Chitinases have attracted the interest of biotechnolo-
gists because of the many potential applications of these
enzymes in medicine, agriculture and industry. For ex-
ample, the antifungal properties of some bacterial and
plant chitinases, which hydrolyze the cell walls of phyto-
pathogenic fungi, have been intensively investigated as
an alternative approach to protect crops against fungal
diseases [12]. Moreover, it has been shown that N-acetyl
chitooligosaccharides and GIcNAc, which can be pro-
duced from the hydrolysis of chitin by chitinases, possess
interesting pharmacological properties that may be relevant
for medical applications. N-acetyl chitooligosaccharides,
for example, display antibacterial activity [13], while

Page 2 of 15

GlcNACc has been evaluated in clinical trials as a candidate
to treat osteoarthritis and other joint disorders as well as
inflammatory bowel disease [14].

Chromobacterium violaceum is a Gram-negative, facul-
tative anaerobic [B-proteobacterium (family Neisseriaceae)
that is commonly found as a saprophyte in the water and
soil in tropical and subtropical regions [15]. The complete
genomic sequence of C. violaceum ATCC 12472 has been
determined, revealing important molecular clues that
underpin the versatility and adaptability of this free-living
microorganism [16]. In addition to shedding light on par-
ticular aspects of the biology of C. violaceum, the analysis
of its genome also has revealed many new genes with po-
tential biotechnological applications in medicine, industry,
environmental remediation and agriculture [16,17]. Of the
C. violaceum genes that encode carbohydrate-degrading
enzymes, several chitinase genes were identified in the
genome of the strain ATCC 12472.

Therefore, the multiple chitinases unveiled by the gen-
omic sequencing of C. violaceurn ATCC 12472 may rep-
resent a new source of biocontrol molecules against
phytopathogens and plant-parasitic nematodes. These
chitinases may also have novel enzymatic and biological
properties that would justify their future exploitation for
practical purposes. However, none of the chitinases
encoded by C. violaceurm ATCC 12472 has been sub-
jected to experimental validation to date.

The present work aimed to produce one of the
chitinolytic enzymes of C. violaceurm ATCC 12472 in E.
coli. The recombinant protein was efficiently secreted
into the culture medium via its native signal peptide and
was purified to homogeneity by exploiting its ability to
bind to insoluble chitin.

Results
Sequence analysis
The ORF CV2935 of C. violaceurn ATCC 12472 encodes
a putative GH18 chitinase [GenBank: AAQ60603] with
439 amino acid residues. The predicted pI and molecular
mass of the encoded polypeptide chain are 8.9 and
45.7 kDa, respectively. The protein has a modular struc-
ture (Figure 1) and is composed of a 23-residue signal
peptide at the N-terminus, a chitin-binding domain
(ChBD; residues 26 to 74), followed by a Pro/Thr/Gly-rich
linker region (residues 75 to 106), a catalytic domain
(CatD; residues 107 to 416) at the C-terminal region, and
a C-terminal extension (residues 417-439). The presence
of the signal peptide suggests that the protein is synthe-
sized as a pre-protein that is presumably targeted to the
general secretory (Sec) pathway of C. violaceum. The pro-
tein is herein referred to as CvChi45 (for chitinase precur-
sor of 45 kDa from C. violaceum).

The chitin-binding domain of CvChi45 (ChBD¢,cpiss)
is a member of the ChtBD type 3 (ChtBD3) superfamily
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Figure 1 Primary structure of the CvChi45 protein encoded by the CV2935 ORF of C. violaceum ATCC 12472. The amino acid sequence
of CvChi45 is shown, highlighting the N-terminal signal peptide (underlined with a continuous line), the ChBD (in red), the Pro/Thr-rich linker

(in gray), the CatD (in blue) and the C-terminal extension (in black). The central h-region of the signal peptide (SP) is indicated by a gray bar. The
symbols above the SP sequence refer to positively (+)-charged residues in the n-region (before the h-region), Gly residues (#) flanking the
h-region, and Ala residues (e) in the c-region (after the h-region). The boundaries between these regions were determined by the SignalP 3.0
program [66]. The N-terminal sequence that was experimentally determined for the recombinant protein, which was purified from the culture
medium of induced E. coli cells, is underlined with a dashed line. The actual SPase | cleavage site is indicated by an arrow. Positively (+)- and
negatively (-)-charged residues within the first twenty N-terminal residues of the mature protein are also indicated. Structural motifs in the CatD
that are involved in substrate binding and catalysis are boxed, and the crucial catalytic Glu residue is indicated by an asterisk (*). The numbers of
the residues relative to Met1 are shown on the right side of the sequence.

- + -

and belongs to carbohydrate-binding module family 12
(CBM12) according to its CAZy classification. BLAST
searches against the NCBI protein database detected
high identity of the ChBD¢,cpis to diverse ChBDs of
bacterial origin, such as those found in three chitinases
from Aeromonas sp. 10S-24 (59.0%, 61.3% and 63.6%
identities, respectively), the ChBD of a Janthinobac-
terium lividum chitinase (54.5% identity) and the ChBD
of a carbohydrate-binding protein from the Clostridium
botulinum Bl strain Okra (52.2% identity) (Figure 2A).
The ChtBD3 superfamily includes modules of ~40-60
residues that bind cellulose and/or chitin. One feature of
this ChBD is the presence of six conserved aromatic res-
idues (corresponding to Trp®®, Tyr®®, Tyr*?, Tyr*®, Trp®,
and Trp’' in the primary structure of CvChid5;
Figure 2A) as well as three residues with hydrophobic
side chains (Val*, Ala®’, and Leu” in the amino acid se-
quence of CvChi45) that are believed to be important in
determining the domain structure and chitin binding
ability (Figure 2A). For instance, the ChBD of Bacillus
circulans WL-12 chitinase A1 (ChBDcpia1) has a globu-
lar and compact structure with the topology of a twisted
[-sandwich and contains two antiparallel 3-sheets, which
are composed of three and two strands, respectively, and
a core region formed by the aromatic and hydrophobic
residues [18]. The five aromatic (Trp®®, Tyr662, Tyr67°,
Tyr675, and Trp696) and the three hydrophobic (Val®®8,
Cys®”?, and Leu®”) residues that contribute to the core
region of ChBDcpa; are conserved in the ChBDc,chiss,

except that Cys®”” is replaced with Ala®® in the CvChi4s5.
The sixth conserved aromatic residue in the ChBDcpiaa1,
Trp®® (corresponding to Trp®® in the CvChi45 primary
structure) is located on the surface of the protein where
it has a major role in ligand binding, which is most likely
mediated by hydrophobic stacking interactions with the
pyranose rings of the substrate, as suggested by binding
assays and mutagenesis data [19-21]. In ChiAl of B.
circulans WL-12 and in other bacterial chitinases, the
non-catalytic ChBD is important for the interaction of
the enzyme with insoluble chitin and is crucial for the
efficient hydrolysis of chitin fibers by the catalytic do-
main [22,23]. Therefore, it is likely that in CvChi45, the
N-terminal ChBD exerts a similar effect.

The ChBD¢,cpnys is connected to the CatD by a 31-
residue linker sequence that is rich in proline, threonine
and glycine (Figure 1). In modular bacterial GHs, such as
cellulases, xylanases, and chitinases, flexible disordered seg-
ments that are rich in proline and hydroxyamino acid resi-
dues (serine and threonine) as well as alanine and glycine,
which are called PT-rich linkers, are commonly found to
connect the non-catalytic substrate-binding domain to the
enzymatic domain [24]. Experimental evidence suggests
that these linkers form extended, flexible hinges, which de-
termine the relative orientation of the binding and catalytic
domains, thus optimizing the binding and catalytic effi-
ciency of the enzyme on insoluble substrates [25].

The catalytic domain (CatD) of CvChi45 (CatDcycpias)
comprises ca. 2/3 of the encoded protein, in which the
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Figure 2 Multiple sequence alignments of the ChBD and CatD of CvChi45. A) Multiple sequence alignment of the ChBD of CvChi45 and
related bacterial ChBDs. The sequences (retrieved from GenBank) are from Aeromonas sp. 10S-24 (accession numbers BAA09627, BAA09626, and
BAAQ9629), Janthinobacterium lividum (AAA83223), Clostridium botulinum B1 str. Okra (YP_001781522), and Bacillus circulans WL-12 (PDB code:
1ED7?). Conserved aromatic residues are indicated by red asterisks, and the Trp residue that plays a major role in ligand binding in the ChBD of
B. circulans WL-12 ChiA1 is indicated by an arrow. B) Multiple sequence alignment of the CatD of CvChi45 and the CatDs from other bacteria
(sequences were retrieved from GenBank): Xanthomonas sp. AK (BAA36460), Cellvibrio japonicus Ueda107 (YP_001983448), and B. cereus (3N11).
Structural motifs involved in substrate binding and catalysis are indicated by red bars. Key residues that play a role in substrate binding and
catalysis in the B. cereus chitinase are indicated by red triangles, whereas the crucial catalytic Glu residue is indicated by a blue asterisk.

Q) Alignment of a segment of the CatDe,chias and the corresponding region of the CatDs from the B. cereus (3N11) and Serratia marcescens
(1EDQ) chitinases, respectively. The structural alignment between 3N11 and 1EDQ was obtained from the Dali database [70]. The 37 strand
(blue arrow) and a7 helix (red rectangle) of the (B/a)g barrel are indicated above the alignment, and the sequence of the chitin insertion
domain (CID) in the ChiA of S. marcescens is underlined. Alignments were generated using ClustalW [69] and shaded as follows: positions
with conserved residues are shaded in black, whereas those containing conservative substitutions are shaded in grey. In all alignments, the
numbers of the residues relative to the Met1 of each protein are shown on the left and right sides of each sequence.

signature pattern of the active site of GH18 chitinases
(consensus sequence: [LIVMFY]-[DN]-G-[LIVMEF]-[DN]-
[LIVMF]-[DN]-x-E; PROSITE accession number PS01095)
corresponds to the segment ***FDGIDLDLE**, The three
consensus motifs that are conserved in the catalytic do-
mains of GH18 chitinases are found in the CatDc,chiss
(Figure 2B). These structural motifs are involved in sub-
strate binding (18°5xGG®3) and catalysis (**DxxDxDxE>?*°
and **QXYN?%; numbers refer to the CvChi45 amino
acid sequence), respectively [9,10,26]. The catalytic domain
of GHI18 chitinases typically adopts a (B/a)g triose-
phosphate isomerase (TIM) barrel fold and uses a general
acid/base, substrate-assisted double-displacement hydro-
lysis mechanism, leading to the retention of the confi-
guration of the anomeric carbon [8,9]. The segment

DxxDxDxE forms the 4 strand of the (B/a)g-barrel and
constitutes the core of the catalytic center, in which the
glutamic acid residue (Glu**® in the primary structure of
CvChi45) is the crucial proton donor for catalysis [9,27].
The two aspartic acid residues (Asp®*® and Asp?'® in the
CvChi45 sequence) that precede the catalytic Glu also play
key roles in substrate hydrolysis. The aspartate nearest the
catalytic Glu is referred to as the stabilizer, and its side-
chain is believed to (i) orient the N-acetyl group of the
GlcNAc residue bound to the -1 subsite, favoring the nu-
cleophilic attack of the carbonyl oxygen on its anomeric
center; (ii) stabilize the oxazolinium ion intermediate, and
(iii) lower the pK, of the acid/base glutamate. The second
aspartate (defined as the stabilizer assistant) is suggested
to raise the pK, of the stabilizer residue [9,28-30]. The
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CvChi45 catalytic domain showed higher sequence identity
to the GH18 domains of chitinases from Xanthomonas sp.
AK (71.8% identity), Cellvibrio japonicus Uedal07 (62.5%
identity) and Chitiniphilus shinanonensis (71.8% identity)
(Figure 2B). Significant similarity (41.2% sequence identity)
was also found between the CatD of CvChi45 and that of
the B. cereus NCTU2 chitinase (ChiNCTU2), which con-
tains a single catalytic domain without accessory domains
and whose three dimensional structure has recently been
resolved [31]. The 3D structures of wild-type and mutant
ChiNCTU2 complexes with N-acetyl chitooligosaccharides
have allowed for the identification of the key active site
residues. The ChiNCTU?2 residues that play crucial roles
in substrate binding and catalysis are also conserved in the
CatDe,chias sequence (Asn''S, GIn'®*, Asp*®, Glu**,
GI®, GIn®?, Tyr®, Asn®®, Ala®*, Trp®”, and Trp™ )
(Figure 2B). These sequence analyses suggest that the
CV2935 ORF of C. violaceum ATCC 12472 likely encodes
a functional GH18 chitinase that contains an accessory do-
main that is able to bind to chitin.

Furthermore, GH18 chitinases also differ in the pres-
ence or absence of a small (a+ f)-fold domain (the
chitin insertion domain, CID) within their CatDs. This
domain is ~70-90 residues long and is inserted between
the B7 strand and a7 helix of the (B/a)s TIM-barrel
structure of the CatD. The (« + B)-fold insertion domain
is located at the top of the (B/a)s TIM-barrel, creating a
deep, tunnel-like substrate-binding cleft. In contrast,
chitinases that do not contain this insertion domain have
a shallow substrate-binding groove. This difference in
the architecture of the substrate-binding groove has
been correlated with the exo-type activity of CID-
containing chitinases and the endo-type activity of
chitinases without the CID [32]. Because the CatD cychias
does not have this insertion domain (Figure 2C), it is
likely that this enzyme is an endochitinase. To validate
these predictions, the protein encoded by the CV2935
ORF was produced using an E. coli expression system.

Recombinant protein expression

An expression vector (pET-CV2935) containing the en-
tire coding sequence of CvChi45 (including its native
signal peptide) was obtained, and E. coli BL21(DE3) cells
were transformed with this vector. The expression of the
recombinant protein (rCvChi45) was achieved by adding
IPTG to the culture medium. The levels of chitinolytic
activity in the E. coli cells transformed with the recom-
binant plasmid were determined in a time-course experi-
ment. The total chitinase activity against colloidal chitin,
which was detected in soluble intracellular extracts from
the transformed cells, was very low (86 U on average)
even after 24 h of induction. Comparable background
levels were also observed in intracellular extracts from
control cells (i.e., E. coli harboring the expression vector
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pET303/CT-His without an insert) cultivated under the
same conditions. However, high levels of chitinolytic ac-
tivity (approximately 1,378.9 U after 24 h of induction)
were detected in the cell-free culture supernatant of E.
coli cells transformed with pET-CV2935 after IPTG in-
duction. The chitinolytic activity in the extracellular
fraction of the recombinant E. coli cells was detected as
early as 2 h after induction and increased thereafter until
24 h. In contrast, chitinase activity was almost absent
(approximately 3.5 U) in the cell-free culture super-
natant of E. coli cells transformed with the empty vector
and cultivated under the same experimental conditions
(Additional file 1: Figure S1). These results suggest that
the secretion of rCvChid5 by the E. coli cells was direc-
ted by its native signal peptide.

To determine the ability of the E. coli cells to secrete
the recombinant chitinase, fractions from culture
medium and cells were harvested at 24 h after induction,
and analyzed by SDS-PAGE and Western blotting.
Coomassie brilliant blue staining revealed a protein band
with an apparent molecular mass of approximately
43.8 kDa that was evident only in the cell-free culture
supernatant of E. coli cells transformed with pET-
CV2935 and induced with IPTG (Figure 3A). This
43.8 kDa protein band reacted specifically with an anti-
His6 tag antibody, and this reaction was not observed in
the soluble intracellular extract and the periplasm frac-
tion of E. coli cells containing pET-CV2935 (Figure 3B).
The total chitinolytic activity was also measured in these
fractions at 24 h after induction. The highest proportion
(83.7%) of the hydrolytic activity was found in the
growth medium, with minor amounts in the periplasmic
fraction (9.4%) and the soluble cell lysate (6.9%). There-
fore, approximately 93% of the soluble recombinant
chitinase produced by the E. coli was exported, and the
majority of the exported fraction present in the periplas-
mic space was secreted into the culture medium.

To evaluate if the level of recombinant chitinase se-
creted by the E. coli could be increased with the use of
Terrific broth (TB), a growth medium that is richer than
Lysogeny broth (LB) and that supports higher cell dens-
ities, a comparative time-course induction experiment
was carried out. Higher levels of total soluble protein
(approximately 1.4-fold) were secreted by the E. coli cells
transformed with pET-CV2935 and cultivated in TB
compared to transformed cells grown in LB medium
and incubated under the same conditions. However, the
activity of the chitinase secreted by the transformed cells
cultivated in TB was lower (approximately 3-fold less at
24 h after induction) than that in the extracellular frac-
tion of cells grown in LB (Additional file 2: Figure S2).
In both conditions, the highest protein concentration
and chitinolytic activity in the cell-free medium were ob-
served 24 h after induction, and these levels decreased
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Figure 3 Detection of CvChi45 in protein fractions of E. coli by SDS-PAGE (A) and Western blotting (B). Protein fractions (soluble
intracellular extract, |; periplasm extract, P; and cell-free medium supernatant, S) from E. coli cells transformed with pET303/CT-His or pET-CV2935
and induced under the same conditions were prepared as described in the Methods section. Proteins (100 pg per lane) were resolved by SDS-
PAGE and stained with Coomassie Brilliant Blue (A) or transferred to a nitrocellulose membrane and submitted to immunodetection using an

20.1 -

-

molecular weight markers.

anti-His tag antibody (B), as described in the Methods section. The protein band corresponding to rCvChi45 is indicated by an arrow. M:

thereafter. We next aimed to purify the recombinant
protein secreted into the culture medium using induced
E. coli cells grown in LB for 24 h.

Purification and characterization

To purify the C. violaceum chitinase produced in E. coli,
the secreted recombinant protein was recovered from
the cell-free culture supernatant by ammonium sulfate
precipitation and further purified by single-step affinity

chromatography on a chitin matrix. After washing out
the unbound proteins (Peak 1 - P1) with equilibration
buffer (Figure 4A), pure recombinant chitinase was
eluted (Peak 2 - P2) by washing the column with 0.1 M
acetic acid, as shown by SDS-PAGE (Figure 4B). A small
amount of chitinolytic activity was detected in the
pooled fractions of P1, but this value was approximately
1% of the total activity in the pooled fractions of P2,
showing that the binding of rCvChi45 to the chitin
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Figure 4 Affinity chromatography on a chitin matrix (A) and SDS-PAGE analysis (B). (A) Purification of recombinant CvChi45 secreted into
the E. coli culture medium. The secreted proteins were concentrated as described in the Methods section and loaded onto a chitin column that
was equilibrated with NaAc buffer (pH 5.2) containing 1 M NaCl. After washing off the unbound proteins (P1), the recombinant protein was
eluted with 0.1 M acetic acid (P2). (B) SDS-PAGE analysis of purified recombinant CvChi45 (lane 1). M: molecular weight markers.
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matrix was effective. A purification factor of 14.9-fold
was obtained, and ca. 60% of the total chitinolytic activ-
ity which was present in the cell-free culture supernatant
was recovered. The yield of purified recombinant protein
was ca. 4 mg per liter of induced culture, which repre-
sents approximately 7% of the total protein content in
the concentrated cell-free culture medium. When sub-
mitted to electrophoresis under denaturing conditions
(SDS-PAGE), the purified protein migrated as a single
band with an apparent molecular mass of approximately
43.8 kDa, instead of 45.7 kDa, the expected size of the
439-residue precursor encoded by the DNA sequence
cloned into the expression vector. However, taking
into account the extra residues at the C-terminus
(LEHHHHHH; molecular mass =1,082.49 Da) corre-
sponding to the His-tag sequence added to the recom-
binant protein, this value (43.8 kDa) is in good
agreement with the predicted molecular mass (ca.
44.2 kDa) calculated for the expressed His-tagged fusion
protein without its native signal peptide. The N-terminal
sequence of the purified recombinant chitinase secreted
into the culture medium was determined to be:
ACPGEWAEGTAYKVGDVVSYNNANY TALVAHTAYV
GANWN. This sequence corresponds to a 40-residue
segment of the pre-protein, from Ala* to Asn®, excluding
the first 24 residues, as highlighted in Figure 1. The
presence of a signal peptide at the N-terminal region of
the protein sequence encoded by ORF CV2935 was pre-
dicted by the SignalP software (probability = 1.0, calcu-
lated using the hidden Markov model of SignalP).
Furthermore, three most likely cleavage sites for type I
signal peptidase (SPase I) were predicted within the first
70 residues in the precursor sequence of CvChi45.
These sites were located between Ala*'-Trp** (cleavage
site score = 0.288; neural network model of the SignalP
algorithm), Ala?-Ala®* (C-score =0.546) and Ala**-Ala®
(C-score =0.360). As shown by the experimentally
determined amino terminal sequence, the native signal
peptide was cleaved between Ala®*-Ala®®>, which was the
second most likely SPase I cleavage site as predicted by
the neural network model of the SignalP algorithm. Thus,
the native signal peptide in the precursor sequence of
CvChid5 was recognized by the general secretory appar-
atus of the E. coli and directed the secretion of the
expressed protein into the culture medium. Moreover, the
signal peptide of CvChi45 was correctly processed to
produce a mature extracellular enzyme with chitinolytic
and chitin-binding activities.

To further characterize the recombinant chitinase, the
effects of temperature, pH, and metal ions on its hydro-
lytic activity were evaluated. The purified enzyme was
relatively thermostable, retaining approximately 32% of
its activity after being heated to 60°C for 30 min. Enzym-
atic activity was completely lost when the incubation
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was carried out at 70°C or higher for 30 min (Figure 5A).
The chitinolytic activity of the purified CvChi45 was
detected over a wide pH range (3.0 to 9.0), but there was
no activity detected at pH 2.0 and 10.0; the maximum
relative activity was recorded at pH 5.0, with significant
hydrolysis of colloidal chitin also detected at pH 6.0
(61.1%) and 7.0 (33.6%) (Figure 5B). Most of the tested
metal ions (Ba**, Ca®*, Cu®*, K*, Mg**, Ni** and Zn**)
as well as the monovalent cation NH} did not affect the
hydrolytic activity of CvChi45 against pNP-(GIcNAc),
and pNP-(GIcNAc); at a concentration of 5 mM. How-
ever, Mn>* and Fe®* were effective in reducing the
hydrolytic activity against both pNP-(GlcNAc), (30.3
and 74.6% inhibition, respectively) and pNP-(GIcNAc);3
(26.6 and 67.2% inhibition, respectively) (Additional file 3:
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Figure 5 Temperature stability (A) and pH activity (B) profiles
of CvChi45. (A) The recombinant protein (150 ng/ulL) was
incubated for 30 min at varying temperatures and then centrifuged
(10,000 g, 10 min, 4°C), and the residual chitinolytic activity was
determined in the supernatant as described in the methods section,
using colloidal chitin as a substrate. (B) Samples of recombinant
CvChi45 (150 ng/pL) were dialyzed for 1 h against buffers with
different pH values, and the hydrolytic activity was determined
under standard assay conditions using colloidal chitin as a substrate.
The relative activity was expressed as a percentage of the highest
activity recorded at a certain temperature or pH, respectively.
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Figure S3). There was no inhibitory effect of 5 mM
EDTA or 5% B-mercaptoethanol on the enzymatic activ-
ity of CvChi45 against the two chromogenic N-acetyl-
chitooligosaccharide analogues. In contrast, 0.5% SDS
completely abolished the ability of the enzyme to
hydrolyze pNP-(GlcNAc), and pNP-(GIcNAc)s.

The substrate specificity of CvChi45 was investigated by
colorimetric assays using colloidal chitin and synthetic ana-
logues (pNP-derivatives) of N-acetyl-chitooligosaccharides
as substrates (Table 1). In the enzymatic assay using col-
loidal chitin as a substrate, free GIcNAc monomers were
detected only when Helix pomatia B-glucuronidase was
added to the reaction mixture, after the initial incubation of
the enzyme sample with the substrate. Thus, the hydrolytic
activity of CvChi45 on chitin chains liberated water-soluble
chitin oligomers, which were converted to free GIcNAc
by the B-glucuronidase. This result also reveals the lack of
[B-N-acetylglucosaminidase (GlcNAcase) activity (EC
3.2.1.52). GlcNAcases remove f-linked GlcNAc from the
non-reducing end of different substrates including oligo-
saccharides, for example. These enzymes are classified
into families GH3, GH20 and GH84, and although some
of them are involved in the degradation of chitin, they are
not chitinases [33]. The substrate specificity of rCvChi45
was further examined using chromogenic analogues of di-
(pNP-GIcNAc), tri- [pNP-(GlcNAc),] and tetra-oligomers
[pNP-(GlcNAc);] of GlcNAc as substrates. There was no
detectable activity against pNP-GIcNAc, indicating an ab-
sence of GlcNAcase activity, which is consistent with the
result found in the assay using colloidal chitin as a sub-
strate. On the other hand, high specific activities were
found against pNP-(GlcNAc), and pNP-(GIcNAc)s, re-
spectively. The recombinant enzyme exhibited almost the
same specific activity against both of these substrates. The
results suggest that CvChi45 cleaves internal O-glycosidic
linkages, thus removing the N,N’-diacetylchitobiose and
N,N'-,N’-triacetychitotriose moieties from the
reducing end of N-acetyl chitooligomers and chitin.

non-

Discussion
Large amounts of chitin are produced in nature by living
organisms, especially by fungi and invertebrates, such as
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insects, crustaceans and mollusks. It has been estimated
that more than 10'" metric tons of this polysaccharide
are generated annually only in the aquatic biosphere
[34]. Chitinolytic bacteria play a crucial role in recycling
the chitinous structures that are continuously produced
in various ecosystems [35]. To degrade chitin, bacteria
secrete chitinases that hydrolyze the polysaccharide to
soluble oligosaccharides, mostly N,N’-diacetylchito-
biose. These oligosaccharides are then metabolized by
GlcNAcases to yield the monosaccharide GIcNAc.
Chromobacterium violaceum is a saprophyte bacterium
found in the soil and water and is able to use chitin as
the sole source of carbon and nitrogen [36]. C.
violaceum produces multiple extracellular chitinases that
are involved in this physiological process [37].

In this work, a GH18 chitinase (CvChi45) encoded in
the genome of C. violaceum ATCC 12472 was produced
and efficiently secreted into the culture medium of E.
coli BL21(DE3) cells. The C. violaceum chitinase was di-
rected to the extracellular medium by its native signal
peptide (SPc,chias), which was properly removed during
the secretion of the pre-protein. Translocation across
the inner cell membrane of E. coli has been reported for
chitinases from diverse bacteria such as Aeromonas
caviae [38], A. hydrophila [39], Alteromonas sp. strain
O-7 [40], B. cereus [41], B. circulans [42], Enterobacter
agglomerans [43], Janthinobacterium lividum [44], S.
marcescens [45], Streptomyces plicatus [46], and Vibrio
parahaemolyticus [47]. In all these studies, the transloca-
tion of the enzymes across the inner cell membrane of
E. coli was mediated by the native signal peptides. Once
exported by E. coli, some of these chitinases remained in
the periplasm [40,42,44,46] but others were secreted into
the culture medium [39,41,43,45,47].

One can speculate that in strain ATCC 12472, the C.
violaceum chitinase encoded by ORF CV2935 is most
likely involved in the first hydrolytic reactions that lead
to the depolymerization of chitin. Another plausible hy-
pothesis is that once secreted, this C. violaceum
chitinase might also have an antagonistic activity on
fungi and nematode eggs, as reported for some soil
strains of Chromobacterium [48,49].

Table 1 Specific activity (U/mg) against colloidal chitin and synthetic substrates of CvChi45

Substrate CvChi45s S. griseus chitinase
Colloidal chitin* 22,260.5 20,368.0
p-nitrophenyl-N-acetyl-3-D-glucosamine (pNP-GICNAc)** ND ND
p-nitrophenyl-3-D-N,N'-diacetylchitobiose [pNP-(GICNAC),]** 32,3200 10,370.0
p-nitrophenyl-3-D-N,N',N"-triacetylchitotriose [pNP-(GICNAC)s]** 31,560.0 9,120.0

The specific activity (U/mg) of the purified chitinase was measured using colloidal chitin and synthetic substrates as described in the Methods section. A chitinase

from Streptomyces griseus (Sigma) was included for comparison.

* For assays using colloidal chitin as the substrate (0.5% final concentration), one unit was defined as the amount of enzyme that released 1 nmol of GIcNAc/mg/h at 37°C.
** For assays using synthetic substrates, one unit was defined as the amount of enzyme that released 1 nmol of 4-nitrophenol/mg/h at 37°C; the substrates were
assayed at final concentrations of 2.9 mM (pNP-GIcNAC), 1.8 mM [pNP-(GIcNAc),], and 1.3 mM [pNP-(GIcNAc)s]; ND: not detected.
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The recombinant product CvChi45 was purified to
homogeneity by a single-step procedure that employed
affinity chromatography on a chitin matrix. The inter-
action between the recombinant chitinase and the
matrix of insoluble chitin was likely mediated by the
ChBD present in CvChi45. The purified recombinant
protein displayed highest chitinolytic activity at pH 5.0,
and this characteristic may have physiological signifi-
cance because C. violaceum and other Chromobacterium
species are known to thrive in aquatic and terrestrial
sites with acidic pH [50]. The acidic pH-optimum of
GH18 chitinases like CvChi45, hevamine [51] and Ech30
(from Trichoderma atroviride) [52] is probably due to a
conserved Asn residue (Asn®*® in the amino acid se-
quence of CvChi45, as highlighted in Figure 2B) near the
catalytic Glu. ChiB from S. marcescens, which contains
an Asp at this position (Asp>'®), has a broad pH-activity
profile and shows highest activity at neutral pH. Substi-
tution of Asp215 for Asn yielded an acidic ChiB mutant,
with very low activity at pH 7, but significant (wild-type
like) activity at pH 4.5 [9].

The enzymatic activity of CvChi45 was not inhibited
by the metal ion-chelating compound EDTA or the re-
ducing agent B-mercaptoethanol, suggesting that metal
ions and disulfide bonds may not be important in the
stability and/or activity of CvChi45. On the other hand,
the divalent metal ions Mn>* and Fe** caused significant
reductions in the hydrolytic activity of CvChi45. This in-
hibitory effect probably involves the interaction of these
divalent cations with the negatively-charged carboxylate
residues in the chitinase active center. This assumption
is based on previous observations that divalent metal
ions are able to form stable complexes with carboxylic
groups at the active sites of enzymes, as investigated
in hen egg-white lysozyme [53]. Altogether, these re-
sults confirm the functional predictions that are based
on sequence comparisons between the primary struc-
tures of CvChi45 and previously characterized bacter-
ial chitinases.

The sequence of the signal peptide of CvChi45 is 24
residues long, and the N-, H- and C-regions are 6, 10,
and 7 residues in length, respectively. Three Arg resi-
dues are found in the N-region of SPc,chias, giving it a
net positive charge of +3. In the Sec-dependent type I
SPs of E. coli (SPIg,), these positively charged residues
maintain electrostatic interactions with the negatively
charged phospholipids of the inner membrane [54,55].
The basic residues in the N-region of SPIg, also promote
the association of the preprotein-secB complex with
SecA [56-58]. In the H-region of SPc,chiss, Ala (4 resi-
dues) and Leu (3 residues) occur almost in the same
proportion and are the most frequent residues, a profile
that is similar to that found in SPIg. The stretch of
hydrophobic residues in the H-region of SPI. binds to a
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hydrophobic peptide-binding groove in the SecA struc-
ture and adopts an a-helical conformation in the inner
membrane [59,60]. Two o-helix-breaking Gly residues
(at positions -7 and -19, respectively) flank the H-region
of SPcychias, one residue on each side of the central
hydrophobic core. The Gly residue at the -7 position
defines the border between the H- and C-regions. A
similar profile is observed in the boundary between the
H-region and the C-region of SPIr., where an a-helix
-destabilizing residue (Pro or Gly) often occurs at or
around the -6 position [61]. The C-region of SPc,cpiss
has a predominance of Ala residues and the -1 and -3
positions (relative to the SPase I cleavage site) are occu-
pied by Ala and Trp residues, respectively. In compari-
son, these positions in the C-region of SPlg are
occupied by residues with small aliphatic or polar side-
chains. Because alanine is most often found at the -1
and -3 positions, the SPase I cleavage site specificity is
usually referred to as the Ala-X-Ala rule [61]. Moreover,
the first 18 residues of the mature protein CvChi45 have
a negative net charge (Figure 1), a feature that has been
shown to be important for protein secretion in E. coli and
other Gram-negative bacteria [62]. Thus, SPc,chs is a
type I SP that directs the export or secretion of proteins
through the Sec pathway and is removed by signal peptid-
ase L. Because SPc,cphias possesses the major features of a
prototypical E. coli type I SP, one can suggest that this
concurrence of physico-chemical properties underlies the
efficient secretion of the C. violaceum chitinase by E. coli.
Once it has been folded in the E. coli periplasm, the
recombinant protein most likely reaches the culture
medium by nonspecific periplasmic leakage or through
the second step of a type II secretion system [63].

High expression levels of foreign proteins in E. coli
often lead to their accumulation in intracellular inclu-
sion bodies. As a consequence, in vitro refolding of these
insoluble proteins is necessary to restore their biological
activity. One strategy to overcome this problem is the
secretion of the heterologous protein into the culture
medium. Some advantages of this approach include:
more simple purification schemes, enhanced biological
activity, higher stability and solubility of the expressed
protein, and N-terminal authenticity of the recombinant
product [63]. Among the signal sequences that have
been used to secrete recombinant proteins in E. coli, we
can cite, for example, those from the proteins OmpaA,
PhoA, SpA (protein A from Staphylococcus aureus), and
pelB (pectate lyase B from Erwinia carotovora) [64].
However, the discovery of new signal peptides that are
functional in E. coli is still a relevant matter. First, the ef-
ficiency of a signal sequence to direct the secretion of a
target protein cannot be anticipated from the analysis of
the properties of its sequence alone. Second, there is no
guarantee that a signal sequence that is suitable for the
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secretion of a given protein will have the same efficiency
to direct the secretion of a different one. Therefore, se-
veral signal peptides must be evaluated through a trial-
and-error approach.

Conclusions

In the present study, the functionality of a GHI18
chitinase (CvChi45) that is encoded in the genome of C.
violaceum ATCC 12472 was experimentally demon-
strated using heterologous expression in E. coli BL21
(DE3) cells. The native signal peptide allowed for the se-
cretion of the recombinant product into the culture
medium to a level of 4 mg/L in shake flask cultures. The
signal sequence was correctly removed during secretion,
and the mature protein in the extracellular medium was
soluble, bound insoluble chitin and hydrolyzed colloidal
chitin and synthetic analogues of N-acetyl chitooligo-
saccharides. The chitinase was purified to electrophor-
etic homogeneity and showed an apparent molecular
mass of 43.8 kDa. The protein CvChi45 possesses prom-
ising functional domains that should be further studied,
aiming for their exploitation as molecular tools for the
heterologous expression in E. coli of foreign proteins
with biotechnological applications.

Methods

Plasmid, bacterial strain and culture media

The plasmid pET303/CT-His and the Escherichia coli
strain BL21(DE3) were purchased from Invitrogen
(Carlsbad, CA, USA). The bacterial cells were cultivated
in LB medium (10 g/L peptone, 5 g/L yeast extract,
5 g/L NaCl, pH 7.0). The effect of Terrific broth (TB;
12 g/L tryptone, 24 g/L yeast extract, 4 mL/L glycerol,
2.31 g/L. KH,PO, and 12.54 g/L K,HPO,) on the level of
recombinant protein expression was also verified.

Sequence analysis

Searches for homologous proteins on public sequence
databases were performed using BLASTp [65]. Signal
peptide and signal peptidase cleavage sites were pre-
dicted using SignalP version 3.0 [66]. The theoretical
isoelectric point (pI) and molecular weight (Mw) were
predicted using Compute pI/Mw on the ExPASy Proteo-
mics Server [67]. The presence and delimitation of pro-
tein domains was accomplished using the Conserved
Domain Database (CDD) [68]. Multiple amino acid se-
quence alignments were generated using ClustalW [69].
The identity between a pair of aligned sequences was
calculated as the number of identical residues divided by
the number of aligned positions, excluding the sites with
gaps, and expressed as a percentage. Structural align-
ments based on comparisons of 3D structures deposited
in the Protein Data Bank (PDB) were obtained from the
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Dali database [70]. The functional domains were named
following the nomenclature adopted by the Carbohydrate-
Active enZymes (CAZy) database [71].

Amplification and cloning

Genomic DNA from C. violaceum ATCC 12472 was iso-
lated using a CTAB-based protocol as described previ-
ously [72]. The complete DNA sequence of the CV2935
ORF was amplified by PCR using the bacterial genomic
DNA as a template. The design of the PCR primers was
based on the coding sequence of the corresponding
ORE, which spans the C. violaceurm chromosome from
position 3,211,716 to 3,213,035 [GenBank accession
number: NC_005085]. The primer sequences were
5-CCGTCTAGAATGCGCAGAACGACAGGCAGG-3
(forward) and 5-CCGCTCGAGCCAGGCCGTCCGCGT
CGCGCG-3 (reverse). Restriction endonuclease sites
(underlined) were incorporated in the forward (Xbal) and
reverse (Xhol) primers, respectively, to allow for further
manipulation of the PCR products. Amplifications were
carried out in a final volume of 20 pL containing 50 ng gen-
omic DNA, 1X Buffer Phusion GC (Finnzymes, Vantaa,
Finland), 1.5 mM MgCl,, 200 uM of each ANTP, 0.5 uM of
each primer, and 0.4 U Phusion Hot Start High-Fidelity
DNA Polymerase (Finnzymes). Amplification reactions
were performed in a Mastercycler Gradient Thermo Cycler
(Eppendorf, Hamburg, Germany) using the following cyc-
ling parameters: an initial denaturation step (3 min at 98°C)
followed by 35 cycles of 10 s at 98°C, 30 s at 65°C, and
2.5 min at 72°C. After the last cycle, the reactions were fur-
ther incubated for 5 min at 72°C. The amplified product
was verified by analyzing a 5-pL aliquot of the PCR reac-
tions by 1.0% agarose gel electrophoresis [73]. PCR prod-
ucts were purified from the remaining solution using the
illustra GFX PCR DNA and Gel Band Purification Kit (GE
Healthcare, Buckinghamshire, UK), digested with Xbal and
Xhol (Fermentas Life Sciences, Ontario, Canada) and puri-
fied again using the same kit. The PCR products were
then ligated into the pET303/CT-His vector, which
was previously digested with the same restriction en-
zymes, using T4 DNA Ligase (Promega, Madison,
WI, USA). The ligation products were introduced
into E. coli BL21(DE3) cells by electroporation, and
the transformants were selected on LB agar
containing 100 pg/mL carbenicillin. Plasmid DNA
was isolated from antibiotic-resistant colonies using
the alkaline lysis method [73], and the presence of
the insert was confirmed by PCR and restriction di-
gestion with the appropriate endonucleases. In the
recombinant plasmid, designated pET-CV2935, the
chitinase coding sequence was cloned in frame with
a C-terminal polyhistidine (6xHis) tag and its expres-
sion was under the control of the T7/ac promoter.
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Protein expression and purification

A single isolated colony of E. coli BL21(DE3) cells har-
boring the recombinant plasmid pET-CV2935, which
were grown on LB agar supplemented with 100 pug/mL
carbenicillin, was selected and inoculated in 5 mL LB
containing the same antibiotic. The culture was incu-
bated with vigorous shaking (180 rpm) at 37°C for 16 h.
An aliquot (500 pL) of this culture was then inoculated
into 50 mL LB (in a 500 mL Erlenmeyer flask)
supplemented with 100 pg/mL carbenicillin and further
incubated as before until the ODgy, reached 0.4-0.5.
Isopropyl-p-D-thiogalactopyranoside (IPTG) was added
to a final concentration of 0.5 mM to induce the expres-
sion of the recombinant protein. After 24 h at 37°C, the
culture was centrifuged (6,000g, 10 min, 4°C), the cell
pellet was saved for further analysis and the supernatant
(i.e., the medium free of cells) was dialyzed against dis-
tilled water. To the dialyzed supernatant, solid ammo-
nium sulfate was added to 95% saturation, and the
mixture was incubated at room temperature for approxi-
mately 20 h. The precipitated proteins (F0/95) were col-
lected by centrifugation (15,000g, 20 min, 4°C) and
resuspended in 50 mM sodium acetate (NaAc) buffer
(pH 5.2) containing 1 M NaCl. The mixture was incu-
bated for 3 h at 4°C, and the insoluble materials were
then removed by centrifugation (15,000 ¢, 20 min, 4°C).
The clear supernatant was loaded onto a chitin column
(1.5 x 16 cm), which was prepared from practical grade
chitin from crab shells (Sigma-Aldrich, St. Louis, MO,
USA). The chitin was equilibrated with 50 mM NaAc
buffer (pH 5.2) containing 1 M NaCl, and the protein
sample was loaded onto the matrix and incubated for
16 h at 4°C. Unbound proteins were eluted by washing
the column with the equilibration buffer, and the
adsorbed proteins were recovered by elution with 0.1 M
acetic acid. Fractions with an A,gg greater than 0.050
were pooled and dialyzed against distilled water. The di-
alyzed material was centrifuged (12,000¢, 10 min, 4°C)
and concentrated by ultrafiltration using a 30-kDa cut-
off membrane (Vivaspin 20, GE Healthcare).

Osmotic shock and cell lysis

Periplasmic proteins expressed in E. coli cells harboring
the plasmid pET-CV2935 were obtained by the osmotic
shock (OS) protocol described by Koshland and Botstein
[74], with minor modifications. Briefly, the cells were
resuspended in OS solution 1 [20 mM Tris-HCI
(pH 8.0), 2.5 mM EDTA, 20% (w/v) sucrose] to an
ODs35 = 5.0, and the mixture was incubated on ice for
10 min and centrifuged (6,000 g, 10 min, 4°C). The buf-
fer was decanted, and the cells were resuspended in OS
solution 2 [20 mM Tris-HCl (pH 8.0), 2.5 mM EDTA]
using the same volume as before. The cell suspension
was again incubated on ice for 10 min and centrifuged
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(6,000 g, 10 min, 4°C), and the supernatant (shock
fluid fraction) was transferred to a clean tube and
stored at -20°C. The remaining cells were lysed by
resuspending them in lysis buffer (50 mM Tris-HC],
pH 80, 2 mM EDTA, 0.15 M NaCl) containing
100 pg/mL lysozyme and 0.1% Triton X-100 (v/v). The
suspension was incubated at 30°C for 30 min in a
water bath, and the bacterial genomic DNA was then
digested at 30°C for 30 min using DNase I (Promega)
in the presence of 8 mM MgCl, and 10 mM CaCls,.
The lysate was centrifuged (12,000 g for 30 min at 4°C)
and the supernatant, which was saved as the soluble
intracellular extract, was kept at —20°C until use.

Chitinolytic activity assays

Chitinolytic activity was determined by the colorimetric
method described by Boller [75] using colloidal chitin as
a substrate. Colloidal chitin was prepared according to
Molano et al. [76] using non-radioactive acetic anhyd-
ride. In this assay, the hydrolytic activity of the chitinase
releases water-soluble oligomers from colloidal chitin,
and in a second reaction, these oligosaccharides are
cleaved to GlcNAc by a B-glucuronidase [77]. The pro-
tein sample [250 pL, diluted in 50 mM NaAc buffer
(pH 5.2)] was added to 250 pL of 10 g/L colloidal chitin,
and the mixture was incubated at 37°C for 1 h. The reac-
tion was quenched by boiling for 5 min in a water bath
and then centrifuged (10,000g, 25°C, 15 min), and
300 pL of the supernatant was transferred to a clean
microcentrifuge tube containing 10 pL assay buffer
[50 mM NaAc buffer (pH 5.2)] or 10 pL of 10 U/mL B-
glucuronidase (EC 3.2.1.31) type HP-2 (Sigma-Aldrich).
Reactions were further incubated at 37°C for 1 h, boiled
for 5 min and cooled on ice. Assay buffer (190 pL)
and 100 pL 0.6 M potassium tetraborate were added,
and the reaction mixture boiled again for 5 min and
cooled on ice for 3 min. Next, 1.0 mL of 5% (w/v)
p-dimethylaminobenzaldehyde (DMAB, Sigma-Aldrich)
prepared in 0.7 M HCI (diluted in 100% acetic acid) was
added, and the absorbance at 585 nm was determined.
The amount of GIcNAc released was estimated from a
standard curve prepared with varying concentrations
(100-600 uM) of GlcNAc [78]. Chitinase activity was
expressed in units (U), and 1 U was defined as the amount
of enzyme that released 1 nmol of GIcNAc/mL/h at 37°C.
Substrate specificity was also investigated using chro-
mogenic analogues of N-acetyl chitooligossacharides as
substrates. The following synthetic p-nitrophenyl-labeled
oligomers of GIcNAc were used: p-nitrophenyl-N-acetyl-
B-D-glucosamine (pNP-GlcNAc), p-nitrophenyl-B-D-N,
N'-diacetylchitobiose [pNP-(GlcNAc),] and p-nitrophenyl-
B-D-N,N-,N’-triacetylchitotriose [pNP-(GIcNAc);] (Sigma-
Aldrich). Hydrolytic activity was determined by measuring
the release of pNP from the substrates [79] according to
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the procedure supplied by the compounds’ manufacturer.
The purified chitinase (10 uL; 150 ng protein/uL distilled
water) was mixed with 90 pL of 1 mg/mL substrate solu-
tion, and the mixture was incubated at 37°C for 30 min.
The reaction was quenched by adding 200 pL of 0.4 M
sodium carbonate, and the Aygs of the p-nitrophenylate
ion was measured. One unit of hydrolytic activity was
defined as the amount of enzyme releasing 1 nmol of
p-nitrophenol/mL/h at 37°C.

Soluble protein content

The concentration of soluble protein in the bacterial cul-
ture samples and the fractions obtained during protein
purification was determined using the Bradford method
[80] with bovine serum albumin as a standard.

SDS-polyacrylamide gel electrophoresis and Western
blotting

Polyacrylamide gel electrophoresis in the presence of so-
dium dodecyl sulfate (SDS) and [-mercaptoethanol
(SDS-PAGE) was performed as described by Laemmli
[81] using 15% slab gels. Samples were prepared in
0.0625 M Tris-HCl (pH 6.8) containing 2% (w/v) SDS,
5% (v/v) p-mercaptoethanol, 10% (v/v) glycerol and
0.001% (w/v) bromophenol blue. Protein bands were
stained with 0.2% (w/v) Coomassie Brilliant Blue R250
in 50% methanol/10% acetic acid for 16 h. Destaining
was carried out with 12.5% isopropanol/10% acetic acid.
Alternatively, staining of the protein bands was
performed using Simply Blue Safe Stain (Invitrogen) fol-
lowing the supplied protocol. Western blotting was
performed according to the method of Towbin et al.
[82]. Proteins were resolved by SDS-PAGE, transferred
to a nitrocellulose membrane (Hybond-C Extra, GE
Healthcare) and submitted to immunodetection using
mouse IgG anti-His6 (Roche Applied Science, Germany)
and goat anti-mouse IgG conjugated with horseradish
peroxidase (Santa Cruz Biotechnolgy, Dallas, USA).

N-terminal amino acid sequencing

N-terminal amino acid sequencing was carried out on a
Shimadzu PPSQ-10 Automated Protein Sequencer
(Kyoto, Japan). Protein samples were blotted onto a
polyvinylidene fluoride (PVDF) membrane after SDS-
PAGE and submitted to Edman degradation [83]. The
phenylthiohydantoin (PTH) amino acids were detected
at 269 nm after separation on a reversed phase C18 col-
umn (4.6 mm x 2.5 mm) under isocratic conditions,
according to the manufacturer’s instructions.

Effects of pH, temperature and metal ions on enzyme
activity

To determine the effect of pH on enzyme stability, a
solution of chitinase (150 ng/uL distilled water) was
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dialyzed for 1 h with continuous stirring against five buf-
fer systems (each at 50 mM): glycine-HCI (pH 2.0 and
3.0), sodium acetate (pH 4.0 and 5.0), sodium phosphate
(pH 6.0 and 7.0), Tris-HCI (pH 8.0) and glycine-NaOH
(pH 9.0 and 10.0). The dialyzed samples were diluted
1:20 (v/v) with the respective buffers, and the residual
chitinase activity was determined under standard assay
conditions. The effect of temperature on enzyme stabil-
ity was assessed by incubating the protein (150 ng/uL
distilled water) at different temperatures (30, 40, 50, 60,
70, 80, 90 and 100°C) for 30 min in a water bath. After
the heat treatment, the samples were stored at —20°C
until the remaining chitinase activity was measured
using standard assay conditions. For both factors, the
relative activity was expressed as a percentage of the
highest activity recorded at a certain pH or temperature,
respectively. The effect of ions [Ba** (BaCly), Ca**
(CaCly), Cu®* (CuSO,), Fe** (FeSO,), K* (KCl), Mg**
(MgCl,), Mn** (MnCl,), NH} (NH,CI), Ni** (NiCl) and
Zn** (ZnSO4)], enzyme inhibitors (EDTA and f-
mercaptoethanol) and a protein denaturant (SDS) on the
enzymatic activity was investigated using pNP-(GlcNAc),
and pNP-(GIcNAc); as substrates. The assay was carried
out under standard conditions, including the ion (5 mM),
or the inhibitor [EDTA (5 mM) or [B-mercaptoethanol
(5% v/v) or SDS (0.5, 1.0 and 2.0% w/v)] to be
tested in the reaction mixture. The residual hydro-
Iytic activity was determined and expressed as a per-
centage of the activity recorded in the absence of ions
or enzyme inhibitors.

Additional files

Additional file 1: Figure S1. Production of CvChi45 in E. coli. Total
chitinolytic activity was determined in the soluble cell lysates (A) and the
cell-free medium (B) of induced E. coli BL21(DE3) cells harboring either
the empty expression vector pET303/CT-His (e) or the recombinant
vector pET-CV2935 (m) and cultivated in LB. Time O refers to the point
(ODggo = 0.4-0.5) at which IPTG was added (0.5 mM final concentration) to
the cultures. Chitinolytic activity was measured as described in the
Methods section, using colloidal chitin as a substrate.

Additional file 2: Figure S2. Effect of cultivation medium on the
soluble protein concentration and the chitinolytic activity of the protein
secreted into the culture medium. Total chitinolytic activity (m) and
soluble protein concentration (e) were determined in the cell-free culture
medium of induced E. coli BL21(DE3) cells carrying the recombinant
vector pET-CV2935 and cultivated in either LB (A) or TB (B). Time O refers
to the point (ODgyo = 04-0.5) at which IPTG was added (0.5 mM final
concentration) to the cultures. Protein concentration was determined
using the Bradford method [80], and chitinolytic activity was measured as
described in the Methods section, using colloidal chitin as a substrate.

Additional file 3: Figure S3. Effect of ions on the hydrolytic activity of
CvChi4s. The hydrolytic activity of the recombinant chitinase was measured
against the synthetic substrates p-nitrophenyl-3-D-N,N-diacetylchitobiose
[PNP-(GIcNAC),] and p-nitrophenyl-3-D-N,N-N'"-triacetylchitotriose [pNP-
(GIcNAQ);] in the presence of different ions (5 mM), as described in the
Methods section. In each treatment, the relative amount of enzymatic
activity was expressed as a percentage of the hydrolytic activity recorded in

the absence of ions (control).
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