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Chitinase A (ChiA) from Serratia marcescens is a mesophilic enzyme with high catalytic activity and high
stability. The crystal structure of ChiA has revealed a TIM-barrel fold of the catalytic domain, an (ot+f3)
insertion between the B7 3-strand and A7 a-helix of the TIM-barrel, an Fnlll domain at the N-terminus of the
molecule and a hinge region that connects the latter to the catalytic domain. In this study, the role of the
(oe+f3) domain on the stability, catalytic activity and specificity of the enzyme was investigated by deleting
this domain and studying the enzymatic and structural properties of the resulting truncated enzyme. The
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from 6.5 to 5.0 and the substrate and product specificities were altered.
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1. Introduction

Chitin is a linear insoluble polysaccharide and one of the most
abundant in nature, second only to cellulose, which consists of N-
acetyl-p-p-glucosamine (NAG) residues connected via (3(1,4) linkages
[1]. Chitin is not only a major constituent of the fungal cell wall and of
the arthropod exoskeleton, but also an important nutrient source for
bacteria. In nature, chitin can be found in three structural forms. The
most common, o-chitin, is amorphous and characterized by an
antiparallel arrangement of adjacent chains, whereas P-chitin is
crystalline and characterized by a parallel arrangement of adjacent
chains. The third structural form, y-chitin, is a mixture of o and -
chitin. Chitin and its chemically modified derivatives exhibit anti-
microbial, antitumor and wound healing physiological activities,
among others. Chitin is a valuable biomaterial due to its excellent
biocompatibility and biodegradability [2]. Over 100 billion tons of raw
material of this biopolymer are being naturally recycled in our
biosphere, annually [3].

Chitinases [EC 3.2.1.14] are nature's most efficient countermeasure
to chitin accumulation. These enzymes comprise families 18 and 19 of
the glycosyl hydrolases superfamily, based on the similarity of their
primary structures [4,5]. Family 19 is generally highly conserved and
contains mainly plant chitinases and some of the characterized
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chitinolytic enzymes from the Gram-positive bacterium Streptomyces
sp [6,7]. On the other hand, family 18 includes a large number of
diversely evolved chitinases from plants, animals, bacteria and fungi
which have been identified either as endochitinases or as exochiti-
nases [8]. The first group randomly cleaves the chitin chain, whereas
the second group cleaves chitobiose, (NAG),, or chitotriose, (NAG)s,
from the reducing or the non-reducing end of the chitin chain,
processively [9-11].

Serratia marcescens is a Gram-negative soil bacterium, belonging to
the family Enterobacteriaceae [12], that mobilizes an effective
chitinolytic weaponry to utilize chitin as a nutrient source. It is an
intensively studied microorganism, mainly due to its potential
application in biological control [13,14]. In that respect, the bacterium
produces three different secreted chitinases with distinct activities,
ChiA, ChiB and ChiC, as well as a [-N-acetyl-pD-hexosaminidase
(chitobiase, Chb) [EC 3.2.1.52] and a chitin binding protein, CBP21
[15-18]. All three chitinases belong to family 18 and they possess a
TIM-barrel fold as their catalytic domain. The TIM-barrel fold is a
versatile structural scaffold for more than 40 different enzyme
specificities [19,20].

Family 18 chitinases can be divided into three subfamilies A, B, and
C, in terms of the primary structure similarity of their catalytic
domains [21]. The major structural difference, deduced from the
amino acid sequence comparison between subfamilies A and B,
reveals that ChiA and ChiB of subfamily A have an inserted domain
between the seventh and eighth 3-strands of the TIM-barrel catalytic
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domain, while this insertion is absent in ChiC, a member of subfamily
B chitinases. [15]. ChiA, in particular, has an insertion of 75 amino acid
residues, with an (o +3) fold, between strand B7 and helix A7 [22-24].
The function of the inserted (a+p) domain, with regard to the
biophysical and enzymatic properties of ChiA, is not yet known. The
results of current studies suggest that this insertion in subfamily A
chitinases may be partially responsible for the exochitinase activity
and processivity of these enzymes. [15,25-29]. Therefore, it is of
particular interest to elucidate the function of this structural domain.
In the present work, we focussed on some of the effects that the
removal of the (ae+(3) domain causes on the stability, specificity and
catalytic activity of the ChiA enzyme by employing genetic engineer-
ing, thermodynamics and biocomputing.

2. Materials and methods

Luria-Bertoni broth and antibiotics were purchased from Sigma.
Restriction enzymes and T4 ligase were from New England Biolabs.
Taq DNA polymerase (platinum-high fidelity) was from InVitrogen.
Fluorescent substrates, 4-Methyl-Umbeiliferyl-(N-acetyl-p-p-
glucosamine), (4MU(NAG),) and 4-Methyl-Umbeiliferyl-(N-acetyl-{>-
p-glucosamine); (4MU(NAG)3), as well as chitin and chitooligosac-
charides (from NAG to (NAG),),were purchased from Sigma. Bradford
reagent was from Biorad. ECL (electro-chemical luminance) substrate
for horseradish peroxidase was purchased from Amersham. All other
chemicals, salts and substances used, were of the highest analytical
grade (Sigma, Merck).

2.1. Construction and cloning of the chiA and the chiAA(c+[3) genes

The chiA gene, originally isolated from S. marcescens by Jones et al.
[30], was cloned into the pCR2.1 vector (InVitrogen) following the
current cloning procedures as described in Sambrook et al. [31]. The
expression of the chiA gene, from strain QMB1466, was also carried
out as described in previous publication [24].

The chiAA(a+pB) gene was constructed from the chiA gene by
applying pcr-fusion technology and was then cloned into the pCR2.1
vector. A typical pcr reaction of 50 pl final volume, contains the
following components at final concentrations: template DNA 20 ng/p,
N/C primers 1 pM each, dNTPs 200 pM each, Amplitag DNA
polymerase 0.025 U per pl, 10 mM Tris-HCl pH 8.3 (at 25 °C),
50 mM KCl, 0.01%(w/v) gelatine and 0.5-2.0 mM total MgCl,. The pcr-
fusion experiment comprises 2 pairs of primers in two separate
reactions, using the chiA gene cloned into the pCR2.1 vector as the
template. The first reaction involved the M13 reverse primer from
pCR2.1 as the N-primer and the 21-mer oligonucleotide
ATGGCCGCGGCGGCACCTTCG (oligo-A), as the C-primer. The oligo-A
has its first 11 bases identical to the chiA gene sequence from 1331 to
1341 bp and its last 7 bases identical to the chiA gene sequence from
1537 to 1543 bp. Between these two regions, a GGC codon was
inserted (underlined in oligo-A), which encodes for a glycine residue.
In the second reaction, the 21-mer oligonucleotide
CGAAGGTGCCGCCGCGGCCAT, which is antiparallel to oligo-A, was
used as the N-primer, while the C-primer was the M-13 forward
primer from pcr2.1. The pcr reactions were performed using a
Stratagene RoboCycler device for 30 cycles, with the following steps
per cycle: denaturation at 94 °C for 1 min, annealing at 50-60 °C for
1 min and polymerization at 72 °C for 2 min. Ten pl of the amplification
mixture was normally analyzed by 1% agarose in TBE buffer (89 mM
Tris base, 89 mM boric acid, 2 mM EDTA) at 80-100 V constant voltage
and stained with ethidium bromide. Both pcr products were then
purified using the QIAquick PCR purification kit (Qiagen). The purified
products were combined in equal molarities. To achieve the desired
fusion the mixture of the pcr products was melted at 94 °C and
annealed at 65 °C, several times. The annealed combined fragments
were used as templates for the amplification procedure, by using the

M13 reverse primer and the M13 forward primer as the N and C-
primers, respectively. Upon these conditions, we obtained the chiA-
A(a+ ) gene, which is the chiA deleted from 1342 to 1536 bp, with a
simultaneous insertion of the GGC codon at position 1342. The
amplified gene was introduced into the pCR2.1 vector and verified by
DNA sequencing according to the dideoxy chain termination method
[32].

In order to express the chiA and chiAA(a+f) genes, the pET-15b
expression vector (Novagen) was used. Both vector and inserts were
digested with Ncol-BamHI and ligated to create the pET-15b-chiA and
PET-15b-chiAA(ae+3) expression constructs, which were verified by
sequencing. The pET-15b-chiA expression vector was introduced into
the AD494(DE3)pLysS (Novagen), while the pET-15b-chiAA(a+3) was
introduced in the AD494(DE3) (Novagen) expression host cells for
ChiA and ChiAA(at+p) protein overproduction, respectively [33]. In
both constructs, the original signal peptide of ChiA, at the N-terminus
of the protein, was removed and replaced by a Tag of 6xHis, to
facilitate rapid purification.

2.2. Overproduction and purification of the ChiA and the
ChiAA(a+3) proteins

ChiA was overproduced and purified to homogeneity based on the
following procedure developed in our laboratory. Briefly, in a routine
protein preparation, a 6.0 litre 0.6-0.7 ODggp nm cell culture was
induced with 1 mM IPTG for 3 h at 25 °C. The bacteria were collected
by low speed centrifugation in a Sorval SLA-1500 rotor at 8000 rpm for
10 min and washed once with ice cold PBS buffer (10 mM Na,HPO,,
1.8 mM KH,PO4, 140 mM NaCl, 2.7 mM KCl). All further procedures
were carried out at 4 °C, unless otherwise specified. The bacterial
paste was resuspended in 10 ml/g buffer A (Buffer A: 20 mM Na-
phosphate pH 8.0, 10 mM imidazole, 0.1 mM PMSF, 100 mM Nacl, 0.1%
(w/v) Triton X-100). The cells were disrupted by sonication for 20 min
and the extract was clarified by centrifugation in a Sorvall SS-34 rotor
at 15,000 rpm for 30 min. The supernatant was applied on a 5 ml
HighTrap Chelating column (Pharmacia) charged with Ni**. Bound
proteins were eluted between 100 and 300 mM imidazole of a linear
ascending gradient of 50 ml total volume and 2 ml fractions were
collected. Fractions highly enriched in ChiA were combined, adjusted
to 0.5 M ammonium sulphate and applied on a 5 ml Butyl-TSK column
(Merck) equilibrated in Buffer B (20 mM Na-phosphate pH 8.0, 1 M
ammonium sulphate). Bound proteins were eluted between 500 and
0 mM ammonium sulphate, of a linear descending gradient of 100 ml
total volume and 2 ml fractions were collected. In both cases, the
collected fractions were analyzed by 0.1%SDS-12%PAGE, using the
Broad range prestained Protein Molecular Weight Marker (New
England Biolabs).

ChiAA(a+(3) was overproduced and purified to homogeneity
following a similar procedure, except that the induction temperature
was 18 °C and the Butyl-TSK column was omitted.

Prior to proceeding to further experimental analysis, both purified
enzymes were treated with thrombin (0.01 mg/mg of protein) for 1 h
at 37 °C and pH 7.6, to remove the Tag peptide of 6xHis from the N-
terminus of the proteins. The reaction mixture was then dialyzed
against Buffer A and reapplied to the Ni**-HighTrap Chelating column
to remove the free Tag of 6xHis.

2.3. Protein detection and verification

Protein analysis was carried out in 0.1%SDS-12%PAGE as described
by Laemmli [34]. Protein concentration was determined either by the
Bradford method [35], or from the molar extinction coefficient at
280 nm. The molar extinction coefficient of ChiA and ChiAA(a+[3)
was calculated, from their primary structure, to be 107,050 and
83,100 M~ ' cm™ !, respectively [36,37]. Western Blot analysis of both
ChiA and ChiAA(a+f) was performed, using rabbit polyclonal anti-
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ChiA as the first antibody and anti-rabbit horseradish peroxidase as
the second [31,38]. The results were visualized on photographic film
by applying electro chemical luminance (ECL).

2.4. Circular dichroism spectroscopy (CD)

CD measurements were conducted using a Jasco-715 spectro-
polarimeter equipped with a Peltier type cell holder (PTC-348WI), for
temperature control. Wavelength scans in the far (190 to 260 nm)
and near UV region (250 to 320 nm) were performed in Quartz
SUPRASIL (HELLMA) precision cells of 0.1 cm and 1 cm path length,
correspondingly. Each spectrum was obtained by averaging five to
ten successive accumulations with a wavelength step of 0.2 nm at a
rate of 50 nm/min, response time 2 s and band width 1 nm. Thermal
CD experiments were carried out from 15 °C to 75 °C, at 222 nm and
heating scan rate 1.5 K/min. In all cases, protein concentration within
the range of 0.5 and 1 mg/ml was used in 50 mM Tris-HCI pH 9.0
buffer.

2.5. High-precision differential scanning calorimetry (DSC)

Calorimetric measurements were performed on a VP-DSC micro-
calorimeter (MicroCal) at a heating rate of 1.5 K/min using protein
concentration within the range of 0.5 and 1 mg/ml. All samples were
degassed prior to use and 4 to 5 thermal scans, with buffer-filled cells
to ensure baseline reproducibility, preceded each sample run. The
samples were in 50 mM Tris-HCI pH 9.0 buffer and measured twice.

2.6. Enzyme assays

Chitinase activity measurements on fluorescent substrates
[26,39,40] were performed in 96-well, black Elisa plates, with 350 pl
capacity per well and flat-bedded bottom surface, from BMG Labtech,
to a final volume of 100 pl. The spectrofluorometer used for collecting
real time kinetic data in various temperatures (25-45 °C, with 5 °C
steps) was a BMG Fluostar Galaxy microplate reader. All the enzymatic
reaction components, except the enzyme, were preheated at each
temperature for 5 min, followed by addition of the enzyme. This
procedure was applied anew for every temperature step and data
were collected successively, every 15 s per well, for a maximum of 1 h.
Various concentrations of AMU(NAG), and 4MU(NAG)s, from 0.5 UM to
100 uM, were used as substrates for chitinases in a pH range from 4.0
to 9.0 (4.0-5.5 Na-acetate, 6.0-8.0 Na-phosphate, 8.5-9.0 Tris—HCl)
and at 50-100 mM NaCl. The excitation wavelength employed for the
4MU product was 355 nm and the emission wavelength selected was
450 nm. The instrument sensitivity was adjusted between gain 60 and
70, after detailed calibration. Temperature profile measurements were
carried out at the optimum pH of each enzyme, 6.5 for ChiA and 5.0 for
ChiAA(a+p3), whereas pH profile data were obtained at the optimum
temperature for each enzyme, 45 °C for ChiA and 35 °C for
ChiAA(a+p). The kinetics for both enzymes were calculated from
initial rate, real time data, to avoid extended pH and temperature
effects on the stability of the two proteins.

2.7. Analysis of hydrolysis products of various chitinous polymers

Hydrolysis products arising from the ChiAA(a+p) action were
determined using colloidal chitin and synthetic substrates. Oligosac-
charides derived from chitin are 3-(1,4)-linked oligomers of NAG and
are designated: (NAG), for 3-(1,4)-N,N’-di(acetyl)-chitobiose; (NAG)s,
(NAG)4, (NAG)s, (NAG)es and (NAG), for the corresponding chitotriose,
chitotetraose, chitopentaose, chitohexaose and chitoheptaose. ChiA-
A(a+p) (350 pg/ml) was incubated with 1 mg/ml of synthetic
oligosaccharides in 20 mM Na-acetate (pH 5.0) at 25 °C, for up to
48 h. In the case of colloidal chitin, 350 pg/ml of ChiAA(at+(B) was
incubated with 1 mg/ml of substrate in 20 mM Na-acetate (pH 5.0) at

25 °C, for up to 48 h also. ChiA was also incubated, using a
concentration of 50 pg/ml, with a corresponding amount of colloidal
chitin, in 20 mM Na-phosphate (pH 6.5), at 37 °C, for 12 h. The
hydrolysis products were analyzed by high performance liquid
chromatography (HPLC) (reverse phase, aminopropyl-silica column,
w-Bondapak, 125A, Waters). The sugars were isocratically eluted with
75% acetonitrile in ddH,O at a rate of 1.5 ml/min and at room
temperature. The separated products were detected by refractive
index at 210 nm and compared to standard chitooligosaccharides.

2.8. Methods in silico

The theoretical pls of the two proteins were calculated using the
pI** program available online on the EMBL Computational Services
site (www.embl-heidelberg.de/cgi/pi-wrapper.pl). Bioinformatics
analysis of the two enzymes was carried out using the ClustalX
software for sequence alignment [41] and the MODELLER 9v2
software [42] for molecular modelling. The structure of ChiA was
superimposed with the C, atom on the structure of ChiB and a
structural alignment was obtained with the DALI software [43].
Potential hydrogen bonds and salt bridges were detected by using the
WHAT IF software package [44]. The electrostatic densities, located in
the region of the deletion, were designed by the GRASP2 software
[45]. Contributions to pKa values were predicted using the H+
software (available online at the URL http://biophysics.cs.vt.edu/H+)
and applying the Poisson-Boltzmann equation. The ChiA and
ChiAA(ac+3) structures were visualized and compared with the
PYMOL software (DeLano Scientific LLC, Palo Alto, USA).

3. Results

Based on detailed inspection of the ChiA structure, specifically
focussing on the area of the (a+p) domain, we decided to remove the
respective amino acid sequence (65 residues, 448-512 aa) and insert a
glycine residue, immediately after the amino acid G447 of ChiA. The
pcr-fusion approach successfully afforded the chiAA(«+p) gene,
which is the chiA deleted from 1342 to 1536 bp and an insertion of a
GGC codon (glycine) was simultaneously added at 1342 bp, as
described in the Materials and methods.

The recloning procedure into the pET-15b expression vector for
heterologous protein overproduction added a Tag of 6 histidines and
an incorporated thrombin cleavage site (underlined in the following
amino acid sequence: MGSSHgSSGLVPRGSH) to ChiA and ChiA-
A(au+p), attached to their N-termini. The addition of the 20 amino
acid residue long oligopeptide shifted the molecular weight of ChiA
(aa=540) and ChiAA(a+p) (aa=476) by 2.2 kDa to 63.2 and 55.8 kDa,
respectively. The purification scheme of both enzymes, as described in
the Materials and methods, resulted in an overall yield of 12 mg of
highly purified ChiA (Fig. 1, lane 1) and 15 mg of highly purified
ChiAA(ac+P) (Fig. 1, lane 2) protein from 6.0 1 of bacterial cultures.
Both purified proteins, ChiA and ChiAA(a+p), were verified by
Western Blot, using rabbit polyclonal antibody raised against ChiA
(Fig. 1, lanes 4 and 5). Concerning the solubility properties of the
recombinant proteins, ChiA is soluble, highly active and structurally
stable for several months at the pH range between 4.0 and 9.0 at 4 °C,
whereas ChiAA(at+[3) remains soluble, active and stable at the same
pH range, at 4 °C, but only for one week. Both enzymes were stored in
20 mM Na-phosphate pH 8.0, 100 mM Nacl at 4 °C.

3.1. DSC thermal denaturation studies

The thermal denaturation of ChiA and ChiAA(a+B) was studied by
high-precision differential calorimetry at pH 4.0, 7.0 and 9.0, at a
buffer concentration of 50 mM, as described in the Materials and
methods. The thermal denaturation for both proteins was irreversible
at a pH range between 4.0 and 9.0. At pH 4.0 and 7.0, ChiA and
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Fig. 1. 0.1%SDS-12%PAGE and Western Blot analysis of purified ChiA and ChiAA(a+p).
ChiA (lane 1), ChiAA(a+PR) (lane 2), molecular weight marker (lane 3), with MWs
175-83-62-47.5-32.5-25 kDa from top to bottom, respectively. Western Blot analysis of
ChiA (lane 4) and ChiAA(o+f3) (lane 5) on ECL film.

ChiAA(ac+3) were severely affected by aggregation, while at pH 9.0
they were not. The DSC thermal denaturation data for both proteins,
presented in Fig. 2 (upper panel), were obtained at scanning rate
u=1.5°/min in 50 mM Tris-HCl pH 9.0, using protein concentration
within the 0.5 and 1 mg/ml range.

The heat denaturation profile of ChiA, i.e. heat capacity at constant
pressure vs. temperature (<AC,> vs. T), (Fig. 2, upper panel), exhibits
an endothermic irreversible transition at an apparent T, of 60.7 °C
(temperature at maximum <ACy>). Irreversibility affects the sharp-
ness of the heat capacity peak, thereby hindering a thermodynamic
analysis and dissection of the melting profile into possible contribu-
tions (van't Hoff ratio). However, the experimental DSC profile can be
well described by the two-state irreversible denaturation model N— D
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Fig. 2. Thermal stability studies of ChiA and ChiAA(a+[3), employing DSC and CD at pH
9.0. Upper panel: DSC profiles for the heat-induced denaturation of ChiA (black line)
and ChiAA(a+[3) (grey line) (experimental details in the Materials and methods). Lower
panel: The heat-induced denaturation of ChiA (black line) and ChiAA(a+3) (grey line)
as recorded by the changes in ellipticity, 6, at A=222 nm, via CD spectroscopy
(experimental details in the Materials and methods).

10 . : ; T . . . r . r

o

0x 10'3(deg cm’ dmol'l)
&

N
o
T
1

200 210 220 230 240 250 260
A (nm)

Fig. 3. Far-UV CD analysis of ChiA and ChiAA(a+p) at the native state (T=25 °C) and the
denatured state (T=65 °C) at pH 9.0. Native ChiA (solid line), native ChiAA(a+p)
(dashed line), denatured ChiA (dotted line) and denatured ChiAA(ou+p3) (dot-dashed
line) (experimental details in the Materials and methods).

[Sanchez-Ruiz] [46,47]. In the case of ChiAA(a+), thermal unfolding
is also irreversible but more revealing and is characterized by two
partially overlapping transitions, centered at about 38 °C and 52 °C
(Fig. 2, upper panel). These data indicate that the thermal denatura-
tion of ChiAA(a+3) proceeds via the unfolding of at least two distinct
domains.

3.2. CD thermal denaturation studies

CD spectroscopy was employed to investigate and compare
structural changes upon thermal unfolding of ChiA and ChiAA(a+pR)
proteins. CD experiments were carried out at pH 4.0, 7.0 and 9.0.
However, pH 9.0 was ultimately used, for the same reason mentioned
in the DSC section above. Deletion of the (ot +[3) domain from the ChiA
protein bears no detectable effect on the far-UV CD spectrum of ChiA
(Fig. 3). The near-UV spectrum is appreciably affected, since 3
tryptophan, 5 tyrosine and 3 phenylalanine residues were removed
upon deletion of the (a+B) domain (from an overall of 14
tryptophans, 20 tyrosines and 25 phenylalanines), in addition to the
fact that the packing density of the molecule may have also been
affected (Fig. 4). Thus, impaired rigidity and compactness of the
molecule, contributing to this difference in the near UV spectra,
cannot be excluded.
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Fig. 4. Near-UV CD analysis of ChiA and ChiAA(a+(3) at the native state (T=25 °C) and
the denatured state (T=65 °C) at pH 9.0. Native ChiA (solid line), native ChiAA(ct+(3)
(dashed line), denatured ChiA (dotted line) and denatured ChiAA(ou+p) (dot-dashed
line) (experimental details in the Materials and methods).
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Thermal CD scans of ChiA at 222 nm exhibit a sharp transition
centered at about 58 °C (Fig. 2, lower panel), a result that is in
agreement to the DSC data (Fig. 2, upper panel). The corresponding
melting profile of ChiAA(a+p) is not that steep and extends up to
~30 °C interval (from 30 °C to 60 °C), with a transition temperature
Tm~42 °C, indicating a much lower degree of cooperativity. This is also
exhibited by the calorimetric results shown in Fig. 2 (upper panel). The
removal of the (ac+3) domain caused the melting point of the enzyme
to drop by nearly 20 °C and the energy content to be reduced by nearly
a factor of 3. Both differences provide evidence that the native enzyme
is well-packed and thermally stable and demonstrates increased
intradomain cooperativity, compared to the mutant, indicating that
the (a+P) domain is crucial for the structural rigidity and thermal
stability of the intact protein.

3.3. Computational analysis

In order to compare the amino acid sequences of ChiA, ChiB, ChiC
and ChiAA(a+3), we attempted to align the amino acid sequences of
their entire catalytic domains, available from the protein data banks.
The alignment obtained by ClustalX was optimized by considering the
structural alignment of ChiA and ChiB, as described in the Materials
and methods, resulting in a satisfying outcome (Fig. 5). Of particular
interest is the region corresponding to the sequence between the
seventh and eighth B-strands. This sequence (marked by black letters
in Fig. 5) corresponds to the deleted (ac+p) domain, which, as it is
clearly depicted, is also absent in ChiC. The respective region of
ChiB (295-376 aa) is co-aligned with the (oc+3) domain of ChiA. The

inserted glycine residue, inside the sequence of ChiAA(a+p), is
marked by the black, small letter “g” in Fig. 5. The gap of the deleted
(oe+R) domain along the sequence of ChiAA(a+pR) is aligned with a
corresponding gap in the sequence of ChiC.

Molecular modelling, with the use of the “WHATIF" software,
revealed that the deletion of the (o+[3) domain should have influenced
the number of intramolecular side chain interactions, particularly
around the region of the catalytic site. It has been calculated that the
truncated protein could form 115 fewer potential hydrogen bonds and
20 fewer potential salt bridges, compared to the intact enzyme. These
data strongly support our DSC and CD findings, suggesting that
ChiAA(ae+() must be less rigid and compact than ChiA.

3.4. Enzyme characterization

Enzyme assays were performed by real time measurements of
enzymatic degradation of 4MU(NAG), and 4MU(NAG)s, as described
in the Materials and methods. In spite of their well known
disadvantages [48], fluorogenic substrates are indispensable, thanks
to their high sensitivity and they were initially used due to the
intrinsic difficulties in detecting the enzymatic activity of ChiA-
A(a+R). After detailed calibration, the concentration of ChiA was
determined at 8x 1073 uM, whereas the concentration of ChiAA(x+[3)
at 450x 107> pM, in an effort to avoid precipitation of the truncated
enzyme. The concentration of both 4MU(NAG), and 4MU(NAG); was
5 uM in every case. Under these conditions, pH and temperature
profiles of both enzymes on 4MU(NAG)s were obtained. ChiAA(a+f3)
was found to be efficiently active over a much narrower pH range,
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Fig. 5. Amino acid sequence alignment of the catalytic domains of ChiA, ChiB, ChiAA(a+P) and ChiC from S. marcescens. The overall conserved amino acid residues are boxed in black.
The signature of family 18 chitinases is presented by the sequence DXXDXDXE. Asp391, in both ChiA and ChiAA(a+[3), and co-aligned Asp215 in ChiB are marked by black letters in
grey boxes. Arg446, in both ChiA and ChiAA(a+{3), and co-aligned Arg294 in ChiB are pinpointed by using white letters in grey boxes.
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Fig. 6. Enzymatic parameters of ChiA and ChiAA(a+{3). Dependencies of the enzymatic
activity of ChiA (@) and ChiAA(a+(3) (M) on pH (a) and temperature (b) upon
degradation of 4MU(NAG)s. Due to technical limitations, data for temperatures above
45 °C could not be obtained (experimental details in the Materials and methods).

around 5.0, and temperature range, with an optimum of 35 °C, while
the native enzyme performs efficiently in a broader pH range (5.5-7.5,
with an optimum at 6.5) and a temperature optimum of about 45 °C
(Fig. 6a and b). This is in accordance with our DSC and CD results,
which indicate predominant alterations of the tertiary structure of
ChiAA(a+[3) at 38 °C (Fig. 2, upper and lower panels). ChiA presented
the same pH and temperature profiles upon degradation of both, 4AMU
(NAG); and 4MU(NAG),.

In contrast, ChiAA(a+3) showed no detectable activity towards
4MU(NAG), under any combination of pH and temperature condi-

tions. Nonetheless, the truncated protein degraded 4MU(NAG)s,
displaying both qualitative and quantitative differences compared to
the wild type (Fig. 6a and b). Comparison of the specific activities of
ChiA and ChiAA(a+p) towards 4MU(NAG); clearly revealed a great
reduction (about 1.5x 10> fold) on the catalytic activity of the latter.
Moreover, preliminary enzyme kinetics, measuring both catalytic and
chitin binding activity, suggest that, although ChiAA(oc+() retains a
significant potential of chemical affinity towards small chitooligosac-
charides, it sustains a great loss in catalytic activity towards these
same chitin derivatives.

The enzymatic activity of ChiAA(o+[3) towards chitin and NAGs of
various degrees of polymerization was also investigated. The reactions
were carried out as described in the Materials and methods at pH 5.0
and after 48 h the products were analysed by HPLC. While ChiA
effectively converts colloidal chitin to (NAG), as the primary product
and to NAG and (NAG)s as by-products, ChiAA(a+{3) poorly digests
colloidal chitin to (NAG);, (NAG)s and (NAG)s (Fig. 7). Chitooligosac-
charides smaller than (NAG)s were not detected. Interestingly, when
synthetic (NAG); (NAG)s, (NAG)s, (NAG), and (NAG); were used, we
could only detect degradation products for (NAG); and (NAG)s. (NAG),
was digested to (NAG)s and NAG and also to (NAG)s and (NAG),, while
(NAG)s was digested to (NAG), and (NAG),. Due to the low specific
activity of the truncated enzyme and its instability over long periods
of time at its optimum catalytic conditions, quantitative measure-
ments for chitin or chitin oligopolymers degradation are unattainable
by the most common methodologies, i.e. TLC analysis [49,50],
detection of the reducing saccharides [51] and even via HPLC analysis.

4. Discussion

ChiA from S. marcescens is the first bacterial chitinolytic enzyme to
be thoroughly studied [13,14]. ChiA is a chitinolytic enzyme of high
catalytic activity and specificity and able to degrade insoluble chitin
and its soluble derivatives, up to disaccharides, over both wide pH
(4.5-8.0) and temperature ranges (25-55 °C). The X-ray structure of
ChiA has been determined at high resolution [22-24]; however the
function of its individual structural domains, in terms of their
contribution to the structural and enzymatic properties of the
molecule, remains to be elucidated. According to the crystal structure
of ChiA [24], an (a+[3) domain is inserted into the main catalytic TIM-
barrel domain, between strand B7 and helix A7. This inserted domain,
which structurally resembles an almost spherical element, much like a
bump, is located directly above the one side of the deep catalytic cleft
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Fig. 7. HPLC analysis of chitin hydrolysis products. ChiA (middle section) and ChiAA(ou+p) (upper section) were incubated with colloidal chitin, under conditions described in the
Materials and methods. The respective hydrolysis products were determined by comparison to standard chitooligosaccharides (lower section).



A.C. Zees et al. / Biochimica et Biophysica Acta 1794 (2009) 23-31 29

Fig. 8. Space filling models of ChiA and ChiAA(a+(3). The crystallographic data of ChiA
were used in building its model (a) and subsequently the ChiAA(a+[3) model (b), by
homologous modelling, as described in the Materials and methods. Both images
illustrate the local electrostatic charges of the two molecules, from those most negative
(intense red regions), to those most positive (intense blue regions). Asp391 and Arg446
are partly depicted by yellow and green balls and sticks, respectively.

of the enzyme, contributing to the formation of a tunnel-like active site
(Fig. 8a). Structural and enzymatic studies on the mode of action of
ChiA and ChiB clearly suggest that the tunnel-like shape of the catalytic
cleft facilitates the processive N,N’-di(acetyl)-glycosaminidase (ChiA,
ChiB) and the non-processive N,N’,N”-tri(acetyl)-glycosaminidase
(ChiB) activity and restrains the non-processive endochitinase activ-
ity [4,15,27,29]. In the case of ChiA, the functional contribution of
the (a+p)-inserted domain is not clear. Structural elements that
are inserted in TIM-barrels have been reported several times, but
none has been extensively studied, up to date, possibly due to intrinsic
difficulties [11,24,52-54].

In this study we investigated the role of the (oc+3) domain on the
catalytic activity, specificity and structural stability of ChiA. ChiA is a
suitable protein for these studies, since adequate biochemical and
structural information is currently available.

By employing genetic engineering technology, we were able to
delete the (a+p) domain from the catalytic TIM-barrel domain of
ChiA. A targeted insertion of a glycine residue, connecting the two
sides of the deletion area, was designed to slightly increase the local
structural flexibility of the molecule and prevent possible structural
constrains. The recombinant ChiAA(o+3) was overproduced in E. coli

and showed higher solubility when induced at a lower temperature
(18 °C). The purified ChiAA(a+p) is correctly folded, as indicated
when compared to ChiA via CD spectroscopy. However, the thermal
stability of the truncated protein was substantially reduced. Micro-
calorimetric studies of ChiA and ChiAA(a+(), in combination with CD
spectroscopy, are in agreement and clearly show that the removal of
the (oc+B) domain from ChiA causes a reduction of the apparent Ty, by
nearly 20 °C. The fact that the thermal unfolding of both ChiA and
ChiAA(ac+) is irreversible, does not allow us to precisely calculate the
thermodynamic parameters for these molecules. Our current data
clearly indicate that the (at+[3) domain stabilizes the catalytic TIM-
barrel domain of ChiA.

Molecular modelling of ChiAA(a+R), based on the crystal
structure of ChiA, reveals the structural alterations around the
catalytic site, caused by the removal of the (oc+(B) domain. As
demonstrated in Fig. 8a, in ChiA the presence of the (a+) domain
extends the height of the one side of the catalytic groove walls, thus
contributing to the formation of a tunnel-shaped catalytic structure.
The structure of the active site of ChiA enhances not only the exo-N,N’-
di(acetyl)-glycosaminidase activity, but especially promotes the
processivity during the degradation of the chitopolymeric chains
[29,55-57]. The calculated model of ChiAA(x+[3) reveals a catalytic
domain with a shallow groove, in comparison to the respective groove
of ChiA, as illustrated in Fig. 8b, very similar to the suggested structure
of ChiC [10,15]. Images of both ChiA and ChiAA(a+p3) (Fig. 8a and b)
show the end of the catalytic cleft, from where the hydrolysis products
exit, viewed from exactly the same angle.

ChiC acts almost exclusively as a non-processive endochitinase and
its primary structure reveals no additional insertion within its
catalytic domain [58]. Sequence alignment data of ChiC imply that
due to the absence of an insertion localized near its catalytic site, a
similar open and shallow groove is formed [10]. On the other hand,
ChiB from S. marcescens, previously identified as a processive
exochitinase, is characterized by a tunnel-shaped catalytic cleft, very
similar to that of ChiA [11,26,28,56,59]. Considering all the observa-
tions mentioned above, it can be proposed that the catalytic area of
ChiAA(oc+3) resembles the catalytic domain of ChiC [10,15].

This structural alteration is clearly reflected on the substrate
specificity of ChiAA(at+P). The chitin degradation pattern deriving
from the ChiAA(au+PB) activity is a mixture of approximately equal
amounts of NAGs with respective polymerization sizes 5, 6 and 7, as
resolved by our HPLC analysis. Therefore, the truncated enzyme
appears to act randomly and non-processively on chitin fibers. These
findings are also supported by data obtained by digesting various
synthetic NAGs with ChiAA(a+p), since the products had various
lengths of approximately equal amounts. The degradation of only the
longer NAG oligopolymers, (NAG)s and (NAG); also supports the
suggestion that ChiAA(a+P) is characterized by an endochitinase
activity and a preference towards longer chitinous substrates.

Furthermore, our kinetic studies, by use of fluorogenic synthetic
substrates, revealed distinct differences in enzyme activity and substrate
interactions between the native protein and the truncated one. Upon the
deletion of the (a+[3) domain, the pH and temperature profiles of ChiA
were affected. In addition, the specific activity of ChiAA(oc+[3), compared
to that of ChiA, was reduced by nearly 3 orders of magnitude towards
4MU(NAG)3 and was totally lost towards 4MU(NAG)s.

From the primary structures of ChiA and ChiAA(« +[3), we were able
to calculate, in silico, their theoretical isoelectric points, i.e. 5.73 and 6.36
respectively. These calculations reveal that the (ot +[3) domain is strongly
acidic and therefore reduces the overall theoretical pI of the enzyme by
0.63 pH units. It is profound that the existence of this domain, in
proximity to the active site, provides a more acidic microenvironment
around E315, which is the proton donor to the saccharide intermediate
during the hydrolysis reaction, thereby aiding in maintaining this amino
acid residue in its protonated-active state. This is also supported by the
pKa predictions, calculated for both proteins by the H+ suite [60]. As a
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result, a global change was predicted on the pKa values and the overall
charge of the amino acid residues involved in substrate recognition and
the composition of the active site (Fig 8a and b). These findings support
not only the low specific activity of the truncated enzyme, but also the
nature of its enzymatic products.

As reported in previous publications [11,58,61], Arg294 in ChiB is a
major determinant for the pH profile of family 18 chitinases. Arg294 is
pinpointed as the amino acid mainly responsible for the shifting and
subsequent stabilization of the Asp215 pKa value to a more acidic one.
Arg294 and Asp215 in ChiB are the counterparts of Arg446 and Asp391
in ChiA, respectively (Fig. 5). Therefore, it can be assumed that Arg446
affects the pKa of Asp391 in ChiA in a similar manner. Arg 446 in
ChiA is adjacent to the area from which the (a+{3) domain is removed
(Fig. 8a and b). This structural change could influence the conforma-
tion of the side chain of Arg446 and therefore, by affecting Asp391, to
change the pH profile of ChiAA(at+B) compared to that of ChiA.
According to our alignment, ChiC lacks both the respective Asp and
Arg residues (Fig. 5) and this fact could explain the similarity of the
ChiAA(a+) and ChiC pH profiles [15].

In conclusion, our data strongly support the significant involve-
ment of the (+p) domain in the thermal stability, specificity and
enzymatic activity of ChiA. Deletion of this domain renders the
resulted enzyme more similar to ChiC, with respect to the optimum
pH, the lack of processivity and the catalytic preference towards
longer chitopolymers. In order to further investigate the structural and
biochemical properties of ChiAA(ac+3), detailed enzyme kinetics and
X-ray structural analysis, in the presence of various chitooligosacchar-
ides, are required.
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