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The enzymatic properties of chitinase A from Vibrio carchariae have been
studied in detail by using combined HPLC and electrospray MS. This
approach allowed the separation of o and [ anomers and the simultaneous
monitoring of chitooligosaccharide products down to picomole levels. Chi-
tinase A primarily generated P-anomeric products, indicating that it cata-
lvzed hydrolysis through a retaining mechanism. The enzyme exhibited
endo characteristics, requiring a minimum of two glycosidic bouds for
hydrolysis. The kinetics of hydrolysis revealed that chitinase A had greater
affinity towards higher M, chitooligomers, in the order of (Gl-
NAc); > (GlcNAc), > (GleNAg);, and showed no activity towards (Gle-
NAc), and pNP-GilcNAc. This suggested that the binding site of chitinase
A was probably composed of an array of six binding subsites. Point
mutations were introduced into (wo active site residues — Glu315 and
Asp392 - by site-directed mutagenesis. The D392N mutant retained signifi-
cant chitinase activity in the gel activity assay and showed ~20% residual
activity towards chitooligosaccharides and colloidal chitin in HPLC-MS
measurements, The complete loss of substrate utilization with the E315M
and E315Q mutants suggested that Glu315 is an essential residue in enzyme
calalysis. The recombinant wild-type enzyme acted on chitooligosaccha-
rides, releasing higher quantities of small oligomers, while the D392N
mutant favored the formation of transient intermediates, Under standard
hydrolytic conditions, all chitinases also exhibited transglycosylation activity
towards chitooligosaccharides and pNP-glycosides, yielding picomole quan-
tities of synthesized chitooligomers. The D392N mutant displayed strikingly
greater efficiency in oligosaccharide synthesis than the wild-type enzyme.

Chitin is a homopolymer of B(l,4)-linked N-acetyl-D-
glucosamine (GlcNAc) residues and a major structural
component of bacteria, fungi, and insects. In the
ocean, chitin js produced in vast quantities by marine
invertebrates, fungi, and algae [1]. This highly insol-
uble compound is utilized rapidly, as the sole source

Abbreviations

of carbon and nitrogen, by marine bacteria such
as Vibrio spp. [2.3). Two types of enzymes are
required for the hydrolysis of chitin, The first, chitin-
ases, are the major enzymes, which degrade the chitin
polymer into chitooligosaccharides and subsequently
into the disaccharide, (GlcNAc),. (GlcNAc), is then

GlcNAg, N-acetyl-o-glucosaming; (GIcNAc),, B1-4 linked oligomers of GleNAc residues where n = 2-8; pNP, p-nitrophenal; pNP-(GIcNAc),,

pNP-B-glycosides; SIM, single jon monitoring.
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further hydrolyzed by the second type of enzymes —
B-glucosaminidases — to yield GlcNAc¢ as the final
product. Chitin catabolism through the carbohydrate
catabolic cascade has rather complex signal transduc-
tion pathways and has been studied extensively in
Vibrio furnissi [4-7).

Chitinases (EC 3.2.1.14) are classified into glycosyl
hydrolase families 18 and 19, depending on their aminc
acid sequences [8-11]. All the known bacterial chitinas-
es belong to the family 18 glycosidase. Structural data
[12,13] and stereochemical studies of chitin hydrolysis
[14-16] have revealed a substrate-assisted catalytic
mechanism that involves substrate distortion, leading to
glycosidic bond cleavage, to yield an oxazolinium inter-
mediate and to retention of anomeric configuration in
the products. Detailed characterization and kinetic
analyses of chitinases, using chitin as a substrate, have
been limited because enzyme-catalyzed reactions pro-
duce more than one species of oligosaccharide interme-
diate, Most kinetic studies of chitinases were obtained
by using chitooligomers [GlcNAc,, » = (2-6)] [16-20]
or short chitoeligomers coupled with p-nitrophenyl or
4-methylumbelliferyl groups [21-23].

We described, in a previous publication, the isolation
of chitinase A from a marine bacterium, V. carchariae
{24]. Chitinase A is highly expressed upon induction
with chitin and is active as a monomer of M, 62 700,
Analysis of chitin hydrolysis by using the viscosity
assay and HPL.C-ESI MS suggested that the newly iso-
lated chitinase acts as an endochitinase [25]. We also
reported isolation of the gene encoding chitinase A and
functional expression of the recombinant enzyme in an
Escherichia coli system. In the present study, the hydro-
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lytic activity of chitinase A resulting in the production
of a broad range of chitooligosaccharide products was
measured simultaneously by means of quantitative
HPLC-ESI MS. Site-directed mutagenesis was also
employed to elucidate the catalytic role of two active
site residues. The hydrolytic and transglycosylation
activities of the mutated enzymes were studied in com-
parison with the recombinant wild-type enzyme.

Results

Characterization of chitooligosaccharide products

Colloidal chitin was hydrolyzed by native chitinase A
at 20 °C. After different reaction times, the reaction
products were analyzed by using HPLC-ESI MS,
Figure I shows an HPLC-MS chromatogram of
chitooligosaccharide products after 2 h of reaction
time. The mono-deacetylated dimer {m/z 383), trimer
{(m/z 586) and tetramer (m/z 789) were detected.
Partial deacetylation typically occurred when chitin was
prepared by treatment with acids [26]. Note that the
mongo-deacetylated trimer appeared at three different
elution times. This corresponds to three different
isomers (e.g. GleNAc.GleNAc. GlcN, GlcNAc¢. GleN.
GleNAc, and GleN.GlcNAc.GIcNAc), in accordance
with the location of three acetyl moieties.

The signal-to-noise ratio improved significantly
when the mass spectra were recorded in the single ion
monitoring (SIM) mode corresponding to selected
masses of reaction products [GIcNAc to (GlcNAc)].
The signal of ion clusters and deacetylated oligomers
were thus excluded from the analysis. Figure 2 shows
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Fig. 1. Chitinase A catalyzes chitin hydrolysis. Native chitinase A {6 pg) was added to 10 mgmL~F colloidal chitin and incubated at room tem-
perature (20 °C) for 2 h. Ten microlitres of the semale was added to a Hypercarb® coiumn and eluted at 260 pL-min~" with a linear gradient
of 5-40% (v/v) acetronitrile into an LCC ES! mass spectrometer. (A} An HPLC chromatogram representing chitin hydrolysis by chitinase A.
The chitooligosaccharide masses are indicated on the corresponding peaks. (B} The mass spectrum averaged over the time range of
the chromatogram in Fig, 1A is shown between 200 and 1800 mv/z. Alf peaks are singly charged, as deduced from their isotope pattern. All
clusters (two of three oligosaccharides with one protent map to the chromatographic pesks of the respective molecules.
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Fig. 2. Stereochemistry of chitin hydrolysis. Native chitihase A
(76 ng) was added to 400 pgmL™" colloidal chitin and incubated at
20 °C for b min (solid line) and 60 min (dotted line). Ten microlitres
of the sample was subjected to HPLC-MS. The signal was recor-
ded in the single ion mode set for the masses 222, 425, 628, 831,
1034 and 1237. The relative intensity of the base peaks is plotted
as a function of the elution time, Numbers indicate the amount of
2-amino-2-N-acetylamino-D-glucose (GIcNAc) units in an oligomer;
B and « indicate their isoform.

the elution profile of the selected reaction products
after 5 min (solid line) or 1 h (dotted line). Clearly, the
longer oligomers are formed only transiently within
the initial time of reaction, and then subsequently
degraded over a longer incubation time.

Stereochemistry of chitin hydrolysis

Hydrophobic stationary phases of HPLC have been
shown to bind preferentially to the & anomer, allowing
both isomers to be separated and identified. The clea-
vage pattern was assessed from a previously published
separation profile of chitooligosaccharides obtained by
using reverse-phase HPLC and 'H NMR [14,15]. The
eatlier peak represented the P anomer and the later
peak corresponded to the u anomer of the oligomeric
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products obtained at initial stage of reaction (Fig. 2,
solid line). In order to evaluate which anomer was ini-
tially produced by chitinase A, we determined the peak
ratio of oligomers immediately after hydrolysis of chi-
tin and at equilibrivm. The HPLC column was run at
10 °C and the sample was immediately loaded onto
the column after 10 min of hydrolysis at 20 °C to
minimize isomerization. Note that the peak ratio is
related to the concentration ratio by a factor C [i.e.
{B/®eoncenteations = C X (B ®pearsl, but this factor C
disappears when ratios of ratios are calculated. The
peak ratio Pr/o ‘immediately’ after hydrolysis divided
by the peak ratio /o at equilibrium was 6.9 for the
dimer, 4.3 for the trimer, and 5.4 for the tetramer.

Quantitative analysis of chitooligosaccharide
hydrolysis by native chitinase A

The hydrolysis of short chitooligosaccharides [(Gle-
NAc),, n =2, 3, 4 and 6] and colloidal chitin was
studied further. The reaction was quenched by the
addition of acetic acid, so that substrate decrease and
product formation could be monitored at various time-
points. Quantification of the reaction products shown
in Fig. 3 was obtained by means of separate calibra-
tion experiments using known concentrations of the
oligomers, as described in the ‘Experimental proce-
dures’. This was mandatory, even for these chemically
similar compounds, because MS ion counts were gen-
erally higher for longer oligomers than for shorter
ones.

When chitinase A was incubated with (GlcNAc),,
neither a decrease in (GlcNAc); nor an increase in
GlcNAc was observed upon incubation up to 57h
(Fig. 3A). In contrast, when {GIlcNAc); was the sub-
strate, a slow decrease in (GlcNAc); concentrations
was already detected within the first 15 min of reaction
(Fig. 3B). After 57 h, hydrolysis was complete, with
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Fig. 3. Quantitative analysis of chitooligosac-
charidle hydrolysis. Native chitinase A (76 ng}
was incubated at 20 °C with 2 mm of (A) (Glc-
NAC)z (B} (GleNAg)a, {C) (GlcNAc),, and (B)
(GleMNAc)g. The reaction was guenched by the
addition of acetic acid to 10% and then appli-
ed to HPLC-ESi MS. For calibration of the
HPLC peaks {« and f anorners} recorded at

nmol

C
125 125
- 100 10.0
g rs 7.5
s 2 5.0
25 25
0.0 0.0

10° 158" 57h
Reaction time

o 5 10" 15 &7h
Reaction time

o &

3378

different masses in the single ion mode,
mixtures of the same chitooligosaccharides
and the monomer were applied at known
concentrations, The calculated amounts of
GleNAc (O}, (GlcNAC): {00, (GleNAC); {A),
(GleNAc); (), and (GIcNAc)s (O are shown
as a function of reaction times.
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dimers and monomers being produced in equai
amounts as the final products. Figure 3C represents
the hydrolysis of (GlcNAc),. The enzyme hydrolyzed
the tetramer mainly in the middle, so that dimers were
formed. Trimers were also produced but in comparat-
ively lower quantities (< 20% of the dimers at 15 min
of reaction) and were degraded into dimers and mono-
mers towards the end of the reaction. No monomer
was detectable at the very early stages, but =20% of
monomers were obtained after the reaction was com-
plete. The hydrolysis of (GlcNAc)s yielded predomi-
nantly (GlcNAc), and (GlcNAc); (Fig. 3D). The
amount of transiently formed (GlcNAc); was more
than double that observed for tetramer hydrolysis,
Tetramers and trimers were further hydrolyzed, again
giving dimers and monomers as the end products.

The hydrolytic activity of chitinase A against colloi-
dal chitin was also studied at various incubation times.
All chitooligosaccharides, from monomers to hexa-
mers, were observed, but dimers dominated the popu-
lation of reaction intermediates. The monomer,
GleNAc, only appeared after a lag time of =30 min,
and the farger oligomers — (GlcNAc), and (GlcNAc)
— were only observed transiently within the first hour,
with the levels of (GleNAc)s being too low to be caleu-
lated. Tn contrast to these, the trimer (GlcNAc), pro-
duced was rather stable and only further hydrolyzed
after a few hours.

Steady-state kinetics of chitinase A with various
substrates

HPLC-MS is a relatively complex technique compared
to well-established colorimetric assays. In order to
relate our findings to this standard methodology,
hydrolysis of p-nitrophenol substrates was studied by
using both methods, As with (GlcNAc),, chitinase A
did not hydrolyze pNP-GlcNAgc, but hydrolyzed pNP-
(GleNAc); mainly into pNP+(GlcNAc); (> 99%).
For quantitative analysis, product concentrations were
calculated directly by means of a pNP calibration
curve in the case of the colorimetric assay, or by using
2 (GleNAc), calibration curve in the case of quantita-
tive HPLC-MS. If pNP is used for monitoring the
hydrolysis of pNP-(GlcNAc),, the other product will
be (GlecNAc),;, so that the results with both assays
should be identical. Using linear regression plots, the
K. and kg, values determined for the spectroscopic
assay were 1.04 + 0.10 mm and 5.78 £ (.38 s~ and
for the LC-MS assay were 105 % 0.03 mM and
573 & 0.16 s~' (Table 1). The correlation coefficient
between the two data sets was 0.997. The close similar-
ity between the K, and k., values obtained from the

FEBS Journal 272 {2005} 3376-3388 © 2006 FEBS
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Table 1. Kinetic pararneters of chitinase A with various substrates.
The hydrolysis of chitooligosaccharides and colloidal chitin at sub-
strate concentrations of -2 mmM was carried out with 76 ng of
native chitinase A in 0.1 M ammonium acetate buffer (pH 7.1) at
20 °C tor & min and quenched with 10% lv/v) acetic acid, The ter-
mihated reactions were then analyzed by using guantitative HPLC-
MS. Kinetic pararmeters (K, ez and kgae” K} were obtained from
Lineweaver—Burk plots, which were assessed by using a standard
lingar regression function. {GIcNAc),, B1-4 linked oligomers of Glc-
NAc residues where n = 2-8; (GlcNAc),-pNP, p-nitrophenol p-ghyco-
sides.

kcal/Km

Substrate K (M) kear 871 (571w
GleNAc-pNP No reactien - -
(GlcNACh-pNP?  1.04 £ 0.10 5784 058 520x10°
{GlcNAC)-pNP®  1.05 = 0.03 673 =016 584 x10°
(GlcNAC), No reaction - -
(GlcNAc” 10.54 = 1,40 971 £1.29  921x 102
(GIcNAC)S® 2,17 + 029 0.63 £ 0.08 289 x 107
(GlcNAC)s” 0.19 £ 0.01 581 +0.19 3.06x 10*
Chitin® 0.10 £ 0.02 mgmL™" Q.07 £ 0.0068 -~

2 Determined by colorimetric assay, © determined by HPLC-ESI MS.

two methods confirms that the ESI MS assay is a reli-
able method for using to determine the kinetic para-
meters of chitinase A.

Having established confidence in the validity of the
method, we systematically investigated, by using ESI
MS, the kinetic properties of chitinase A with pNP-
glycosides, chitooligosaccharides, and chitin. The ini-
tial velocity of the enzyme for concentrations of the
substrates ranging from 0 to 2.0 mM was determined
after 5 min of reaction, Given the fact that chitinase A
produced {GlcNAc); as the major end product, the ini-
tial velocity of all the substrates was calculated based
on the release of (GlcNAC),.

Kinetic parameters (K., kca, and &g /Ky were
obtained from linear regression plots, as shown in
Table 1. For chitooligomers, the K, values decreased
with increased length of oligomers [the K, values for
(GleNAg)a, (GlcNAc)y, and (GlecNAc)g were 10.54 &
140 mM, 2.17 +£ 029 mM, and 0.19 £ 001 mMm,
respectively], indicating that the enzyme had greater
affinity towards the higher M, substrates.

The catalytic efficiency constant (ke./K) of pNP-
(GleNAC), (5.84 % 10% s7'm™!) was higher than that
of (GIcNACSH (921 x 102s7tM™) or (GleNAc)
(2.89 x 10> s71m"), but lower than that of (GleNAc)
(3.06 x 10* s7':M™"). K, and kg, values for chitin were
0.10 £ 0.02 mgmL™ and 0.07 = 0.006 s™'. These
values were similar to those measured for glycol-chitin
with the 65 kDa chitinase from Bombyx mori (K,
0.13 mgmL™5 ke, 0,08 571 [17].
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Protein expression and hydrolytic activity of the
wild-type chitinase A and mutants

We recently reported cloning and expression of the
recombinant wild-type chitinase A as a (His)s-tagged
fusion protein [25]. As judged by a colorimetric assay
using pNP-(GleNAc), as the substrate, the recombin-
ant enzyme exhibited 117% of the specific activity of
the native enzyme. The Quickchange Site-directed
Mutagenesis Kit was used to generate three active
site mutants using the clone carrying the recombi-
nant wild-type DNA as template. The three mutated
clones had changes of two amino acids, namely
Glu3dl5—-Met {mutant E315M), Glu315—Gln (mutant
E315Q), and Asp392Z—>Asn (mutant D392N). Using
the same expression and purification systems, the
mutated and the wild-type enzymes were expressed in
equivalent amounts, yielding =~ 70 mgL~" of purified
protein. SDS/PAGE analysis followed by staining
with Coomassie blue showed single bands for the
wild-type and mutants D392N and E315M, migrating
with an M, of =63 000 (Fig. 4A). In the case of the
E315Q mutant, an additional faint band was also
seen at an M, of =43 000. This band appeared as a
degradation product during freezing and thawing of
the protein that was stored at —~30 °C. As revealed by
immunoblotting, all the mutants, as well as the wild-
type, strongly reacted with polyclonal anti-(chitinase
A) Ig (Fig. 4B), cenfirming that the expressed pro-
teins were chitinase A. A gel activity assay using
glycol-chitin displayed chitinase activity only for the
wild-type and for the D392N mutant, with the
mutant having much less activity. The E315Q and

E315M mutants, by contrast, completely lacked

hydrolytic activity (Fig. 4C).
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Fig. 4. SDS/PAGE analysis of the recomblnant chitinase A and
mutants. Purified chitinases {2 pg) were electrophoresed through a
12% {w/v) SDS polyacrylamide gel. After electrophoresis, protein
bands were [A) staingd with Coomassie biue, (B) immunchlotted
and detected with polyclonal anti-(chitinase Aj, and {C} stained for
chitinase activity with glycol-chitin using fluorescent Calcoflour
white M2R. The tracks represent the following samples: 1, low-M,
standard proteins: 2, recombinant wildtype protein; 3, D392N
mutant; 4, E315Q mutant; and 5, E315M mutant.
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The products of chitooligosaccharide and colloidal
chitin hydrolysis generated by recombinant wild-type
and mutants were further analyzed as a function of
time. No detectable products were seen when the chitin
polymer was incubated with the mutants E315Q and
E315M, even after 60 min. On the other hand, the
D392N mutant was able to hydrolyze chitin with
#20% residual activity. As with the wild-type chi-
tinase A, the D392N mutant released multiple species
of hydrelytic products, varying from GleNAc to (Gle-
NAC)@

After adjusting the concentration of the enzymes to
vield similar activity, the hydrolytic activities of the
wild-type protein and of the D392ZN mutant were
assayed with (GlcNAc);_s. As expected, the enzymes
failed to hydrolyze (GlcNAc); and showed very low
activity towards (GlcNAc);. With (GlcNAc), as the
substrate, both enzymes recognized the middle glycosi-
dic bond of the tetrameric chain, releasing (GicNAch
as a major product (Fig. 3A). (GlcNAc), appeared in
small amounts only after (GlcNAc¢); had accumulated.
With (GlcNAc)s as the substrate, (GleNAc), and (Gle-
NAc), were formed as the primary products, with the
hydrolytic rate of the D392N mutant being much
slower than that of the wild type. (GlcNAc),, meas-
ured in trace amounts, was probably formed through
the reaction intermediates.

Both wild-type and D392N mutant cleaved (Gle-
NAc)e asymmetrically, mainly releasing (GlcNAc),
and (GlcNAc), in equal amounts, followed by (Gle-
NAc);, and {GlcNAc)s. At 60 min of reaction time,
the yields of the trimer and the pentamer com-
pared to the dimer were 34% and 30% for the wild-
type, but 66% and 47% for the D392N mutant
(Fig. 5B).

Oligosaccharide synthesis by chitinase A

Direct detection of molecular mass by HPLC-MS
instantly identified higher M, intermediates occurring
in the course of hydrolysis. This transglycosylation
was observed immediately with chitooligosaccharides,
as well as with pNP-glycosides, Figure 6 demonstrates
the quantitative analysis of polymerized (transglycosy-
lation) products of (GlcNAc); hydrolysis.

The transglycosylation reaction took place as early
as 2 min after initiation, vielding picomole quantities
of the elongated oligomers. The maximum yields of
(GIcNAc); and (GIeNAc),, synthesized relatively to
the hydrolytic product, (GlcNAc),, were 3% and 9%
for the wild-type enzyme and 11% and 12% for the
D392N mautant. The synthesis of (GlcNAc)y was also
detected, but with lower yields (< 1%). All synthe-

FEBS Journal 272 (2005) 3376-3386 © 2005 FEBS
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Fig. 5. Hydrolytic activity of the wild-type chitihase A and D392N
mutant. The purified recombinant chitinase A {100 ng) or D392N
mutant (500 ng) was added to a reaction mixture containing i mm
[GleNAG), in 50 mm ammaonium acetate buffer, pH 7.1. The reaction
was quenched after the indicated reaction times at 20 °C by the
addition of acetic acid 10 10% and applied tc calibrated HPLC-MS.
For each substrate, the calculated concentrations of the products
formed by the wild-type (solid lfne) and D392N mutant (broken line)
are shown. {A) Hydrolysis of (GlcNAc), and (B} hydrolysis of {Gle-
NAcl. O, (GleNAchk: A, {GieNAc)s; %, (GleMNAc),: V, (GleNAc); and
0, {GlcNAcle. The inset schematically shows the chitooligomers
with the proposed cleavage sites (¥} The GleNAc units at the
reducing end are represented with filled circles (@),

sized oligomers were present only as reaction inter-
mediates, which were utilized further within 30 min;
(GlcNAc);, obtained with the D392N mutant, was the
only exception — its concentration remained relatively
steady up to 60 min. Similar patterns were also seen
with other substrates. For instance, the tetramers, pen-
tamers, and hexamers were formed during (GleNAc),
hydrolysis, while hexamers, heptamers, and octamers
were formed during (GlcNAc)s hydrolysis. Transglyco-
sylation activity of chitinase A was also observed with
pINP-glycosides, where (GlcNAc); and (GleNAc), were
detected during pNP-{(GlcNAc), hydrolysis and (Glc-

FEBS Journal 272 (2005) 3376-3356 © 2006 FEBS
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Fig. 6. Transgiycosylation activity of the wild-type chitinase A and
of the D392N mutant, The recombinant wild-type {100 ng) or the
D392N mutant (500 ng} was added to a reaction mixture containing
1 mm (GleNAc), substrate in 50 mmM armmonium acetate buffer,
pH 7.1, The reaction was quenched after the indicated reaction
times at 20 °C by the addition of acetic acid to a final concentration
of 10% and the glycosylation products were analyzed by using the
calibrated HPLC-MS. The chitooligomers formed by the wild-type
enzyme are shown by solid lines and those formed by the D392N
mutant in broken lines. O, {GlcNAc):; %, {GlcNAck; ¥, (GicNAC):
and O, (GlcNAc)s.

NAc)y, (GlcNAc)s, and (GleNAc), were found during
pNP-(GlcNAc); hydrolysis.

Discussion

We have demonstrated the power of quantitative
HPLC-MS when an enzymatic reaction with a large
variety of products is investigated, such as the enzy-
matic reaction with chitinase A from V. carchariae. A
combination of HPLC and ESI MS allowed the separ-
ation of « and B anomers and all chitooligosaccharide
products to be monitored simuitaneously. At the initial
stage of reaction and low temperature, the enzyme
yielded predominantly  anomers. The anomeric con-
figurations gradually reached mutarotation equilib-
rium, where the ratio of B/o anomer peaks was similar
among the different oligosaccharides. This clearly
indicates that chitinase A has a stereo-selectivity for B
anomers over o anomers. Chitinase A cleaved B-gly-
cosidic linkages, retaining the anomeric form of the
resulting products, which supports the substrate-assis-
ted mechanism as described for family 18 chitinases
[12].

Chitinase A had greater affinity towards higher M,
chitooligomers, The increase in affinity with chain
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length of chitooligomers implies that the binding site
must be composed of an array of subsites, probably
six GlcNAc subsites, This corresponds to the structural
data obtained for Serratia marcescens ChiA and the
hevamine chitinase [12,15], in which a substrate-bind-
ing site extends over six GlcNAc subsites designated
from —4 to +2.

Quantitative analysis showed that (GlecNAc), was
the main product of the hydrolytic reactions. The
smallest substrates for chitinase A were trimers [(Gle-
NAc): and pNP-(GlcNAc),], suggesting that the clea-
vage site is located asymmetrically in the substrate
recognition sites, two of which form the product site.
Hydrolysis of pNP-(GlcNAc), with the chromophore
attached at the reducing end of the sugar chain
vielded > 99% (GIcNAg),, indicating that chitinase
A cleaves the second bond from the nonreducing
end, When (GlcNAc); was produced as a reaction
intermediate, it was relatively stable because its low
affinity prevented rapid hydrolysis, Apparently, ali
monomers found as end products arose from these
intermediate trimers. Indeed, the bond cleavage in
the middle of (GleNAc)s, which produced two mole-
cules of (GleNAc); in significant amounts, suggested
that the catalytic cleft of the VFibric enzyme has an
open structure at both ends, giving long sugars
access in a flexible manner, Such a feature can be
expected from an enzyme with endo characteristics.
The endo property of chitinase A is further verified
by the formation of reaction intermediates of varying
length (Fig. 2).

The rele of two catalytic amino acid residues
(Glu315 and Asp392) in the enzyme catalysis was also
investigated, Of three newly generated chitinase A vari-
ants, the hydrolytic activity of E315M and E315Q
mutants was entirely abolished. Apparently, structural
modification of the carboxylate side-chain of Glu3]5
led to a loss of the hydrolytic activity, providing
evidence that Glu3l5 is essential for catalysis. The
catalytic role of the equivalent glutamic acid has been
well demonstrated by the 3D structures of ChiA from
5. marcescens (12,271 and of CiX|1 from the pathogenic
fungus Ceccidioides immitis [28]. The D392N mutant
retained significant hydrolytic activity with the tested
substrates, implying that Asp392 does not have a
direct catalytic function,

When the hydrolytic activity of the wild-type enzyme
and the D392 mutant was investigated at various
substrate concentrations, almost identical X, values,
but greatly decreased Vi, values, were obtained for the
D392N mutant. This may reflect influences of the muta-
tion on the catalytic process, but not on the substrate-
binding process. Site-directed mutagenesis and the 3D
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structures of other chitinases showed that the equivalent
Asp392 residues take part in the catalytic process by
stabilizing the transition states flanking the oxazolinium
intermediate and subsequently assisting the correct
orientation of the Z-acetamido group in catalysis
[13,26-31}.

Chitooligosaccharide hydrolysis, as a function of
time, revealed some differences between the nonmu-
tated and mutated enzymes. As with native chitinase
A, (GlcNAc), did not act as a substrate and (Gle-
NAc); was a poor substrate for both enzymes, These
small M, sugars are more likely to be generated as
reaction products than to act as substrates. As judged
by the patterns of the product formation, the release
of dimers, trimers and tetramers from the hexamer was
considered to result from direct action of the enzymes.
On the other hand, the pentamer appeared to be
formed by the condensation of smaller intermediates.
Note that the wild-type enzyme prefers to degrade
chitooligosaccharides, yielding direct formation of the
primary products, while the mutant enzyme acted
more efficiently on the transiently formed secondary
products (Fig. 5).

The HPLC-MS method was sensitive enough to
detect the low levels of oligosaccharides synthesized
from chitinase A. Under specific conditions (low tem-
perature, short reaction time and low substrate concen-
trations), oligosaccharide synthesis was likely to take
place through transglycosylation reactions. The higher
M, oligomers, including pentamers, hexamers and
octamers, were obtained from the hydrelysis of
{GlcNAc),, These oligomers presumably arose from
the condensation of two reaction intermediates, namely
the pentamer from (GlcNAc), +{GlcNAc);, the hex-
amer from (GleNAc), +(GlcNAc); or (GleNAc); +
{GIcNAc);, and the octamer from (GlcNAc), + (Gle-
NAc)s or (GleNAc); +(GlcNAc);. The rates of forma-
tion were in the order of (GleNAg) >
(GIcNAc); > (GIcNAc)g for both enzymes, The ratios
of the maximal vields of the synthesized products
obtained by the mutant over the wild-type were 285 : 1
for {(GlcNAc);, 374 : 1 for (GlcNAc)s and 3.7 : 1 for
(GlcNAc);, From these ratios, it was concluded that
the D392 mutant was a more efficient enyzme in chi-
tooligosaccharide synthesis.

In conclusion, we report, for the first time, the enzy-
matic properties of chitinase A as determined by using
a suitably calibrated HPLC-ESI MS. This sensitive
analytical method allowed a broad range of intermedi-
ate reaction products to be monitored simultaneously
down to picomole levels and was therelfore suitable for
detailed characterization of chitinases, which is difficult
to perform by using other methods.
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Experimental procedures

Materials

The marine bacterium V. carchariae (LMGT8907) was a gift
from Dr Peter Robertson (Department of Biological
Sciences, Heriot Watt University, Edinburgh, UK). All
chemicals and reagents were of analytical grade and pur-
chased from the following sources: reagents for bacterial
media were from Scharlau Chemie S.A. (Barcelona, Spain);
flake chitin (crab skell), chitooligosaccharide subsirates and
pNP-glycosides were from Sigma-Aldrich Pte., Ltd (Citilink
Warehouse Complex, Singapore); SDS/PAGE chemicals
from Amersham Pharmacia Biotech Asia Pacific Ltd
{Bangkok, Thailand) and from Sigma-Aldrich Pte., Ltd,
Sephacryl S300® HR resin was from Amersham Biosciences
(Piscataway, NJ, USA); chemicals for buffers and reagents
for protein preparation were from Sigma-Aldrich Pte,, Ltd
and from Carlo Erba Reagenti (Milan, Italy); and acetonit-
rile (HPLC grade) was from LGC Promochem GmbH
{(Wesel, Germany). All other reagents for LC-MS measure-
ments were from Sigma-Aldrich (Munich, Germany).

Instrumentation

HPLC was operated on a 150 x 2.| mm 5 pum Hypercarb®
column (ThermoQuest, Thermo Electron Corporation,
San Joge, CA, USA) connected to an Agilent Technologies
1100 series HPLC system (Agilent Technelogies, Waldbronn,
Germany) under the control of a Thermo Finnigan LCQ
DECA electrospray mass spectrometer. The proprictary
program XcCALIBUR (Thermo Finnigan, Thermo Electron
Corporation, San Jose, CA, USA) was used to control and
calibrate HPLC-MS data.

Preparation of chitinase A

Native chitinase A secreted by V. carchariae culture was
purified by chitin-affinity binding and gel filtration chroma-
tography following the protocol described previously [24].
Recombinant wild-type chitinase A was obtained by
cloning the chitinase A gene, lacking the C-terminal proteo-
Iytic fragment, into the pQE60 expression vector and
expressing the protein in E. coli M15 cells [25]. For prepar-
ation of the recombinant enzyme, the bacterial cells were
grown: at 37 °C in 250 mL of Luria~Bertant (LB} medium,
supplemented with 100 pgmL™ ampicillin, to an attenua-
nee (D), at 600 nm, of ~0.6, then isopropy!l thio-f-D-gal-
actoside (IPTG) was added to a final concentration of
0.5 mM, Incubation was continued at 25 °C overnight, with
shaking, before the cells were harvested by centrifugation
at 2500 g for 20 min, The cell pellet was resuspended in
15ml. of 20 mM Tris/sHCl buffer, pH 8.0. containing
150 mM NaCl, 1 mM phenylmethanesulfonyl fluoride, and
| mgmL™ lysozyme, The suspended cells were maintained
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on ice and broken by using an ultrasonicator (30 s, six to
eight times). Unbroken cells and cell debris were removed
by centrifugation. The snupernatant containing scluble chi-
tinase A was purified by using Ni- nitrilotriacetic acid
agarose chromatography, according to Qiagen’s protocol
{Qiagen, Valencia, CA, USA). Fractions efuted with
250 mm imidazole, which contained soluble chitinase A,
were peoled, concentrated by using Vivaspin (Vivascience
AG, Hannover, Germany) membrane concentrators (10 000
M, cut-off), and further purified by gel filtration chroma-
tography using an AKTA purifier system (Amersham
Biosciences, Sweden) on a Superdex §-200 HR [0/30 col-
umn (1.0 x 30 cm). The running buffer was 20 mm
Tris/HCI, pH 8.0, containing 150 mM NaCl. A flow rate of
250 pL-min~"' was applied and fractions of 500 pL were col-
lected. Chitinase-containing fractions were combined and
stored at -30 °C until use. Protein concentrations were
determined by Bradford’s method [32] and quantified using
a standard calibration curve produced from BSA. Purity of
the resuitant protein was verified by SDS/PAGE operated
under a Laemmii buffer system [33]. Unless otherwise sta-
ted, experiments were carried out at 4 °C throughout the
purification steps.

Site-directed mutagenesis

Point mutations were introduced to the wild-type chitinase
A DNA via pPCR-based mutagenesis using Pfu Turbo
DNA polymerase (QuickChange Site-Directed Mutagenesis
kit; Stratagene, La Jolla, CA, USA). Three chitinase A
mutants were generated by using three sets of mutagenic
oligonucleotides (Proligo Singapore Pte Ltd, Science Park
IT, Singapore). The forward oligonucleotide sequences
designed for D392N, E3I15M, and E315Q mutants
(sequences underlined) were 5-CTTTGCGATGACTTAC
AACTTCTACGGCGG-Y, ¥-GTAGATATTGACTGGAT
GTTCCCTGGTGGCGGCG-3" and $-GATATTGACTG
GCAATTCCCTGGTGGCGGC-3, and the reverse oligo-
nucleotide sequences were 5-CAGCCGCCGTAGAAGTT
GTAAGTCATCGCAAAG-Y, 5-CGCCGCCACCAGGG
AACATCCAGTCAATATCTAC-3, and 3-GCCGCCAC
CAGGGAATTGCCAGTCAATATCTAC-3", respectively.
Confirmation of the mutated nucleotides by automated
sequencing was carried out by the Bio Service Unit (BSU,
Bangkok, Thailand). The oligonucleotide used for deter-
mining the nucleotide sequences of the three mutants was
F-TTCTACGACTTCGTTGATAAGAAG-3. The mutated
proteins were expressed and purified under the same condi-
tions as described for the wild-type enzyme.

Hydrolytic action of chitinase A on chitooligo-
saccharides and chitin

Hydrolysis of chitooligosaccharides by native chitinase A
was carried out in 50 mM ammonium acetate buffer,
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pH 7.1. Reactions containing 2.0 mM chitooligosaccharides, -

including (GleNAc), (GleNAc);, (GleNAc)y, and (Gle-
NAc)g, were incubated in the presence of 75 ng of purified
enzyme at 20 °C with shaking. One-hundred microliter
aliquots were taken at 5 min, 10 min, 15 min and 57 h and
quenched with 10% (v/v) acetic acid. These terminated
reaction mixtures (60 puL) were injected into a Hypercarb
HPLC column, operated at 40 °C unless otherwise stated.
A linear gradient of 0-40% (v/v) acetonitrile, containing
0.1% (v/v) acetic acid, was applied, and oligosaccharides
separated from the column were immediately detected by
ESI MS connected to the LC interface. ESI MS was con-
ducted in positive SIM mode. The mass-to-charge ratio
(m/z) of expected oligosaccharides were selected as follows:
GleNAe, 221.9; (GleNAG)z, 425.5; (GleNAg),, 627.6; (Gle-
NAc),, 830.8; (GIcNAc);, 1034.0; (GIcNAc),, 1237.2; (Gle-
NAc);, 1440.0; pNP-GleNAe, 342.3; pNP-(GlcNAg),,
545.5; and pNP-(GlcNAc)s, 748.7. With chitin hydrolysis,
reactions were carried out the same way as described
for the hydrolysis of chitoligosaccharides, but with

200 pg'mL™" colloidal chitin. The peak areas of chitinase A -

hydrolytic products obtained from MS measurements were
quantified using the program XCALIBUR applying an MS
Avalon algorithm for peak detection. A mixture of oligo-
saccharide containing {(GlcNAc),, n = 1-6 was prepared by
dilution in two ranges: 0-500 pmol and 50 pmol to 2 nmel.
The calibration curves of each GlcNAc moicty were con-
structed separately and used to convert peak areas into
molar quantities.

Hydrolysis of chitooligosaccharides by the recombinant
wild-type and mutated chitinases A was carried out in 50 mM
ammonium acetate buffer, pH 7.1. Reactions containing
1.0 mM chitooligosaccharide substrates, including (Gle-
NAcg);, (GlcNAc),, (GleNAc), (GleNAc)s and (GlcNAc),
were ingubated with 50 nguL™' enzyme at 20 °C with
shaking. Aliquots of a 100 pL reaction mixture were taken at
0, 2.5, 5, 10, 30, 45 and 60 min, and quenched with 10%
(v/v) acetic acid. The hydrolytic products were analyzed
by HPLC-ESI MS as described for the native enzyme.

Kinetic measurements

Kinetic studies of native chitinase A using a colorimetric
assay were performed in a microtiter plate reader (LabSys-
tem, Helsinki, Finland). Reaction mixtures (100 pl) com-
prised 0-2 mM pNP-(GlcNAc), pNP-(GIcNAc); and pNP-
{GlcNAg); dissolved in dH»O, chitinase A (75 ng), and
50 mM ammeonium acetate buffer, pH 7.1. Release of pNP
was monitored at an absorbance (4} of 405 nm every 15 s
for 30 min at 25 °C, using a calibration curve of pNP in
the same reaction buffer. Kinetic studies of chitinase A with
chitocligosaccharide by LC-MS were carried out as des-
cribed for the hydrolysis of chitooligosaccharides at sub-
strate concentrations of 0.065-2 mM. This concentration
range provided data points with sufficient quality, allowing
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Ky and k., values to be calculated with reasonable confid-
ence by using linear regression plots.

Kinetic parameters with pNP-(GlcNAc),, (GleNAc),
(GleNAc)y, (GleNAc)s, and chitin substrates were also
determined, based on the formation of (GleNAc); and the
initial velocity of the enzyme, at 5 min of reaction at 20 °C.
Kinetic values for the recombinant wild-type and D392N
mutant were obtained at chitooligosaccharide substrate
concentrations of 0-1 mM, as described for the native
enzyme. The enzyme concentrations used in the reaction
mixture were 100 ng for the purified wild-type and 500 ng
for the D392N mutant.

Siereochemistry of product anomers

As the rate of mutarotation is temperature dependent,
hydrolysis of chitin suspension (100 pgmL™") by native chi-
tinase A (75 ng) was carried out at low temperature (20 °C)
in 50 mM ammonium acetate buffer, pH 7.1, with shaking.
Products were monitored as quickly as possible and the
reactions were quenched with 10% (v/v) acetic acid. After
centrifugation at 5 °C, the supernatant containing chi-
tooligosaccharide products formed after § min of incuba-
tion was immediately injected into a Hypercarb HPLC. The
HPLC was operated at a particularly low temperature
{10 °Cj and detected by ESI MS in SIM mode with selected
masses from monomer to hexamer. Identification of f and
o anomers was assessed from previous experiments with
equivalent reverse-phase HPLC system and ‘'H NMR [14].

Transglycosylation of chitinase A

Reaction mixtures ({00 puL) containing 1 mM (GlcNAc),,
100 ng of the wild-type enzyme or 500 ng of the D392N
mutant, and 30 mM ammonium acetate, pH 7.1, were incu-
bated at 20 °C. Transglycosylation activities of both
enzymes were observed at 20 °C at time intervals of 0, 5,
10, 15, 30, 45 and 60 min. At the required time-points,
aliquots (10 pL) were mixed with 90 L of 20% (v/v} acetic
acid, and 20 pl. of the reaction mixture was then analyzed
by HPL.C-EST MS. Quantification of the tranglycosylation
products was conducted as described for chitinase A-cata-
lyzed hydrolysis. Melecular ions of the products were mon-
itored either in the scan mode (m/z 200-2000) or in the
SIM mede with selected anticipated masses.

Immunodetection

Antisera against chitinase A were prepared with the purified
chitinase A isolated from V. carchariae, as described previ-
ously [24]. The purified wild-type and mutated chitinase A
(2 pg) were electrophoresed on a 12% (w/v) SDS/PAGE
gel, then transferred onto nitrocellulose membrane using
a Trans-Blot® Semi-Dry Cell (BioRad, Hercules, CA,
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USA). Immunodetection was carried out using enhanced
chemiluminescence (ECL; Amersham Biosciences) accord-
ing to the manufacturer’s instructions. The primary anti-
body was polyclonal anti-(chitinase A) (1 : 2000 dilution)
and the secondary antibody was horseradish peroxidase-
conjugated anti-rabbit 1gG (1 : 5000 dilution).

SDS/PAGE following the chitinase activity assay

The purified recombinant chitinase A (2 pg of each) were
treated with gel loading buffer without 2-mercaptoethanol
and electrophoresed through a 12% (w/v) polyacrylamide
gel containing 0.1% (w/v) glycol chitin. After electrophot-
esis, the gel was washed at 37 °C for | h with 250 mL of
150 mM sodium acetate, pH 5.0, containing 1% (v/v) Tri-
ton X-100 and 1% (w/v) skimmed milk, followed by the
same buffer without 1% (w/v) skimmed milk for a further
I h to remove SDS and to allow the proteins to refold. The
gel was stained with 0.01% (w/v) Caleoflour white M2R
(Sigma, USA) in 500 mm Tris/HC!, pH 8.5, and visualized
under UV [34].
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