
doi:10.1006/jmbi.2001.4774 available online at http://www.idealibrary.com on J. Mol. Biol. (2001) 310, 291±297
COMMUNICATION

Modular Structure, Local Flexibility and Cold-activity
of a Novel Chitobiase from a Psychrophilic
Antarctic Bacterium

Thierry Lonhienne1,2, JeÂroÃ me Zoidakis1,2, Constantinos E. Vorgias3

Georges Feller1*, Charles Gerday1 and Vassilis Bouriotis2
1Laboratory of Biochemistry
Institute of Chemistry B6
University of Liege
B-4000 Liege, Belgium
2Enzyme Technology Division
Institute of Molecular Biology
and Biotechnology, P.O. Box
1515, 71110 Heraklion, Crete
Greece
3Department of Biochemistry
and Molecular Biology
University of Athens
Panepistimiopolis-Zographou
15784 Athens, Greece
E-mail address of the correspond
gfeller@ulg.ac.be

Abbreviations used: GlcNAc, N-a
GalNAc, N-acetylgalactosamine; Ar
Arthrobacter sp. TAD20; SmChb, chi
marcescens; MvSial, sialidase from M
viridifaciens; GBD, galactose-binding
immunoglobulin-like domain; DSC,
calorimetry.

0022-2836/01/020291±7 $35.00/0
The gene archb encoding for the cell-bound chitobiase from the Antarctic
Gram-positive bacterium Arthrobacter sp. TAD20 was cloned and
expressed in Escherichia coli in a soluble form. The mature chitobiase
ArChb possesses four functionally independent domains: a catalytic
domain stabilized by Ca2�, a galactose-binding domain and an immuno-
globulin-like domain followed by a cell-wall anchorage signal, typical of
cell-surface proteins from Gram-positive bacteria. Binding of saccharides
was analyzed by differential scanning calorimetry, allowing to dis-
tinguish unequivocally the catalytic domain from the galactose-binding
domain and to study binding speci®cities. The results suggest that ArChb
could play a role in bacterium attachment to natural hosts. Kinetic
parameters of ArChb demonstrate perfect adaptation to catalysis at low
temperatures, as shown by a low activation energy associated with unu-
sually low Km and high kcat values. Thermodependence of these par-
ameters indicates that discrete amino acid substitutions in the catalytic
center have optimized the thermodynamic properties of weak inter-
actions involved in substrate binding at low temperatures. Microcalori-
metry also reveals that heat-lability, a general trait of psychrophilic
enzymes, only affects the active site domain of ArChb.
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Chitin, one of the most abundant organic com-
pounds in nature, is a structural polysaccharide
composed of N-acetylglucosamine (GlcNAc) resi-
dues. The polysaccharide, sometime referred to as
``animal cellulose'', is a major component of the
crustacean exoskeleton corresponding to an annual
production of billions of tons, resulting in a con-
tinuous deposition of chitin on the ocean ¯oor.
However, marine sediments contain relatively little
chitin thanks to a wide distribution of marine bac-
ing author:

cetylglucosamine;
Chb, chitobiase from
tobiase from Serratia
icromonospora
domain; ILD,
differential scanning
teria that degrade and catabolize chitinous par-
ticles, allowing carbon and nitrogen to return to
the ecosystem.1,2 Complete chitin hydrolysis pro-
ceeds via two probable major pathways,3 the most
common one being a three-enzyme system: a
chitinase ®rst hydrolyzes chitin to chitobiose (N,N0-
diacetyl chitobiose), a chitobiase hydrolyzes chito-
biose to GlcNAc which is further converted to glu-
cosamine by a deacetylase. Chitobiases are found
in bacteria, fungi, and eukaryotes.4 These enzymes,
classi®ed under family 20 of glycosyl hydrolases,5

may have a broad substrate speci®city according
to their origin but share the ability to hydrolyze
chitobiose and its synthetic derivatives. Chitio-
biases that act on chitotriose (N,N0,N00-triacetyl chit-
otriose) or longer oligomers are termed b-N-
acetylglucosaminidases. Such enzymes from higher
organisms exhibit a broad speci®city and are
unable to distinguish between b-(1,4)-linked
N-acetylglucosaminyl and b-(1,4)-linked N-acetyl-
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galactosaminyl residues. They are therefore also
referred to as N-acetylhexosaminidases. Human N-
acetylhexosaminidases have a speci®c activity on
GM2 gangliosides and de®ciency in such enzymes
causes the Tay-Sachs and Sandhoff disease.6

The marine psychrophile Arthrobacter sp. TAD20
is a chitinolytic Gram-positive bacterium collected
along the Antarctic ice-shell.7,8 Its cell-bound chito-
biase ArChb is involved in chitin hydrolysis at
sub-zero temperatures. The common property of
enzymes from cold-evolving organisms is their
high speci®c activity, which compensates for the
slow chemical reaction rates at low
temperatures.9 ± 11 The structural properties of
ArChb provide new insights into the mechanisms
of cold-adaptation of enzymes.

Modular structure of chitobiase ArChb

The structural gene of ArChb was cloned from a
genomic library of the psychrophile Arthrobacter
sp. TAD20. In order to circumvent thermal
denaturation of the cloned products, E. coli trans-
formants were grown at 18 �C. Amongst 2000
transformants screened by 4-methylumbelliferyl
N-acetyl-b-D-glucosaminide spray, one clone carry-
ing a 16 kb insert was detected by the appearance
of a ¯uorescent halo when exposed to UV light.
After subcloning, a plasmid containing a 6.1 kb
fragment and conferring chitobiase activity to
transformed E. coli cells was isolated and
sequenced on both strands. These sequence data
have been submitted to the DDBJ/EMBL/GenBank
databases under accession number AJ250587. The
nucleotide sequence revealed an open reading
frame of 4494 bp designated archb, corresponding
to a protein of 1498 amino acid residues. The deter-
mined NH2-terminal amino acid sequence of the
puri®ed recombinant ArChb (see below) allowed
us to locate the signal peptidase cleavage site,
releasing a leader peptide of 26 amino acid resi-
dues. Therefore, the primary structure of the
mature recombinant ArChb is composed of 1472
amino acid residues with a calculated Mr � 153,954
in good agreement with electrophoretic estimation.
Sequence analysis12,}13 of ArChb primary structure
revealed four distinct functional regions. From
NH2 to COOH termini:

(1) Near the N terminus is a region (residues
346-900) containing the catalytic domain homolo-
gous to that of chitobiases. The ArChb catalytic
domain shows 36 % and 32 % residue identity with
chitobiase from Streptomyces plicatus14 and domain
III of the crystallized chitobiase from Serratia
marcescens6 (SmChb), respectively. Amino acid resi-
dues Asp676 and Glu677 of ArChb are the con-
served catalytic residues.6,15 The residue Arg498 in
a conserved region is possibly involved in sub-
strate binding. The two disul®de linkages Cys400-
Cys408 and Cys505-Cys578 in SmChb are, how-
ever, lacking in ArChb. No signi®cant similarity
was found in the ®rst 345 residues of ArChb.
(2) The second region (residues 1020-1243) con-
tains a galactose-binding domain (GBD) showing
35 % identity with that of the crystallized Micromo-
nospora viridifaciens sialidase16 (MvSial). His1137,
Trp1140 and Arg1169 of ArChb are three con-
served residues amongst the ®ve responsible for
galactose-binding.16 Ser575 and Glu578 of MvSial
also involved in galactose binding are missing
in ArChb. In addition, the two sequential glycine
residues Gly402-403 in MvSial correspond to
Gly1041-1042 or to Gly1068-1069 in ArChb.

(3) Near the C terminus, a region (residues 1358-
1430) containing an immunoglobulin-like domain
(ILD) shows 34 % identity with domain D from the
crystallized Bacillus circulans cyclodextrinase which
adopts an immunoglobulin folding pattern.17 Anal-
ysis of the sequence also reveals a Pro/Thr-rich
region of 105 residues between the GBD and the
ILD. This sequence contains three consecutive
repeats (DPTTDPTTDPTVTASPSVEPTATT) that
show homology with the motif found in the Pro/
Thr-rich region of some endoglucanases.18

(4) Hydrophilicity analysis also revealed a
sequence motif at the carboxyl terminus showing
typical features of transmembrane regions respon-
sible for anchorage of cell-surface proteins in
Gram-positive bacteria,19 such as a partially con-
served LPXTGX motif followed by a stretch of 18
hydrophobic residues and a short charged tail.

In comparison, the X-ray structure of SmChb
(98,548 Da) displays four compact domains.6

Domain I (residues 28-181) is similar to the cellu-
lose binding domain of cellulases, domain II (resi-
dues 214-335) has no identi®ed function, domain
III (residues 336-818) is a (b/a)8-barrel containing
the active site and domain IV (residues 819-885)
adopts an immunoglobulin b-sandwich fold.

Expression and purification of the recombinant
chitobiases ArChb and SmChb

E. coli BL21 (DE3) harboring the recombinant
plasmid pArChbT (derived from pET22b) was
grown in ®ve litres of medium containing 10 g/l
bactotryptone, 5 g/l yeast extract, 0.5 g/l NaCl
(pH 7.3), supplemented with 100 mg ampicillin/ml.
The culture broth was equally distributed in ten
hermetically sealed glass bottles of one litre
capacity. The bottles were incubated at 15 �C for
®ve days and shaken at 150 rpm. Such unusual
culture conditions improved 800-folds the basal
production. Cells were harvested by centrifugation
and the periplasmic fraction was obtained by the
osmotic shock procedure.20 This fraction (0.5 liter)
was loaded on a Biogel HTP hydroxyapatite col-
umn (2.5 cm � 20 cm) equilibrated with 1 mM
sodium phosphate buffer (pH 6.8) and eluted with
a phosphate linear gradient (1 mM-50 mM, 100-
100 ml). Fractions containing chitobiase activity
were applied on a QFF-Sepharose column
(2.5 cm � 15 cm) equilibrated with 20 mM Tris
(pH 7.5) and eluted with a NaCl linear gradient
(1 mM-300 mM, 150-150 ml). The active fractions



Figure 1. Differential scanning calorimetry of ArChb.
The thermogram of the native form ArChb is presented
in all panels (continuous line), showing two main tran-
sitions (1 and 2). (a) Thermogram of the ILD-deleted
mutant (short dashed). (b) Thermogram of ArChb in
10 mM EDTA (short dashed). (c) Thermogram of ArChb
in 100 mM glucose (long dashed) or in 100 mM GlcNAc
(short dashed). (d) Thermogram of ArChb in 100 mM
galactose (long dashed) or in 100 mM GalNAc (short
dashed). All buffers contained 20 mM Bis-Tris (pH 6.3)
and 1 mM CaCl2 (except with EDTA). DSC data have
been baseline subtracted and normalized for protein
concentration. DSC measurements were performed
using a MicroCal MCS-DSC instrument at a scan rate of
60 K hÿ1 and under a nitrogen pressure of 2 atm.
Samples were dialyzed overnight against the appropri-
ate buffer, the latter being used in the reference cell and
for base line determination. Protein concentration after
dialysis was �4 mg/ml. Calcium removal was carried
out by dialysis against 20 mM Bis-Tris, 10 mM EDTA
(pH 6.3). Thermograms were analyzed using the Micro-
Cal Origin software (version 2.9).
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corresponding to pure chitobiase (�16 mg) were
concentrated to 5 mg/ml and conditioned in
50 mM Bis-Tris, 1 mM CaCl2, 50 % (v/v) glycerol
(pH 6.3) and kept at ÿ20 �C. For further compara-
tive studies, the mesophilic chitobiase SmChb was
obtained as described.21

Differential scanning calorimetry

The denaturation curve, or thermogram, of
ArChb in the presence of 1 mM CaCl2 shows a
multistep pattern characterized by two calorimetric
transitions termed 1 and 2 (Figure 1(a)). Deconvo-
lution of the thermogram according to a non-two-
state denaturation process for the two separate
domains gives a melting temperature tm value of
45.1 �C and of 60 �C for transitions 1 and 2, respect-
ively. A ratio �Hcal/�Heff around 4 for transition 1
indicates that denaturation of several calorimetric
units contributes to this transition.22 The effect of
ligands on tm was used to evaluate the binding
capacities of ArChb.23 The thermogram of ArChb
in the presence of 10 mM EDTA demonstrated the
stabilizing effect of Ca2�. Indeed, Ca2� removal
strongly destabilizes ArChb by shifting both tm

and �Hcal (area of the transition) to lower values
(Figure 1(b)), whereas the enzyme remained fully
active. Thermograms of ArChb in the presence of
100 mM GlcNAc or 100 mM galactose display
opposite results. GlcNAc, the product of chitobiose
hydrolysis, is an usual inhibitor of chitobiases and
its binding to ArChb clearly stabilizes transition 1
(tm � 6 �C) while it has no effect on transition 2
(Figure 1(c)). By contrast, as shown in Figure 1(d),
galactose stabilizes transition 2 (tm � 4.5 �C) but
has only a weak effect on transition 1 (tm � 0.6 �C).
This allows to unequivocally assign transition 1 to
the catalytic domain and transition 2 to the GBD.
Transition 1 of ArChb is moderately stabilized by
glucose (tm � 2.2 �C; Figure 1(c)) and N-acetylgalac-
tosamine (GalNAc, tm � 2.4 �C), whereas the latter
also stabilizes transition 2 (tm � 2.3 �C; Figure 1(d)).
Strong aggregation of the mesophilic SmChb pre-
cluded similar reliable analysis. Nevertheless, ther-
mograms of SmChb displayed a single transition
with an apparent tm value around 60 �C, followed
by a sharp decrease of Cp due to exothermic aggre-
gation. In order to evaluate the function of the
C-terminal region of ArChb, the ILD domain and
the Pro/Thr-rich region of the archb gene were
deleted by PCR, leaving an open reading frame of
3768 bp (130,081 Da). The characterization of the
puri®ed mutant enzyme showed identical kinetic
and thermodynamic parameters compared to
ArChb (data not shown). The DSC thermograms of
this ILD-deleted mutant showed that transitions 1
and 2 were nearly unaffected when compared to
that of ArChb (Figure 1(a)) but that aggregation
occurred at 65 �C.

In conclusion, the four domains of ArChb are
functionally and structurally independent. Indeed,
the deletion of the immunoglobulin-like domain
(ILD) and of the cell-wall anchorage signal did not



Figure 2. Temperature dependence of the kinetic par-
ameters for ArChb (*) and SmChb (*) using pNP-
GlcNAc as substrate. Data for the catalytic rate constant
kcat (a), Km ((b), note the different scales used) and the
relative catalytic ef®ciency kcat/Km (ArChb/SmChb) (c).
Optimal buffers for activity were 50 mM NaH2PO4,
100 mM NaCl (pH 7.3) and 50 mM Tris, 100 mM KCl
(pH 9) for ArChb and SmChb, respectively. Activities
were recorded in a thermostated Uvicon 860 Spectro-
photometer (Kontron) and calculated on the basis of
extinction coef®cients at 405 nm for p-nitrophenol of
14,700 and 16,200 Mÿ1 cmÿ1 at pH 7.3 and pH 9,
respectively. Kinetic parameters Km and kcat were deter-
mined from initial reaction rates at substrate concen-
trations ranging from 0.1 to 10 Km and by non-linear
regression on the Michaelis-Menten equation. Protein
concentrations were measured using the bicinchoninic
acid protein assay reagent (Pierce) and checked using
the calculated extinction coef®cient34 for ArChb
e280 nm � 150,600 Mÿ1 cmÿ1.
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affect the catalytic properties, con®rming their
speci®c roles. The structural independence of ILD
is supported by the occurrence of a Pro/Thr-rich
region between the galactose-binding domain
(GBD) and ILD that typically acts as a ¯exible
hinge that joins discrete domains in some endoglu-
canases and xylanases.18 The GBD is separated
from the catalytic domain by two glycine doublets
that probably play a role of pivot, ensuring relative
movements between the two connected domains,
as observed in MvSial.16 The DSC thermograms of
ArChb in the presence of GlcNAc and galactose
con®rm the structural independence of these
domains, since GlcNAc only stabilizes the catalytic
domain while galactose only stabilizes the GBD
(Figure 1). One should note that the epicuticle of
decapod crustaceans is composed of chitinous
micro®bers associated to a proteic matrix rich in
glycans ending with neuraminic acid, galactose
and GalNAc. Since the GBD of ArChb speci®cally
binds to galactose and GalNAc, one can propose
that this domain is involved in the cell-host attach-
ment process. Accordingly, the ILD domain of
ArChb could also bind to speci®c sugar or protein
motifs of the exoskeleton. Such a multiple binding
potential has been observed in bacterial cell-surface
proteins involved in the infection mechanisms of
human diseases.24

Cold adaptation: kinetic and thermodynamic
activation parameters

The activity of ArChb is markedly less thermo-
stable than that of its mesophilic counterpart. In
optimal conditions (50 mM Bis-Tris, 1 mM CaCl2
(pH 6.3) and 50 mM Tris, 100 mM KCl (pH 7.8) for
ArChb and SmChb, respectively) the half-life of
activity for ArChb at 40 �C is about 15 minutes,
whereas SmChb remains stable for hours at this
temperature. The psychrophilic ArChb is also more
urea-sensitive than SmChb. For instance, addition
of 1 M urea in the reaction medium induces 83 %
and 23 % decrease of the activity of ArChb and
SmChb, respectively. However, the psychrophilic
enzyme ArChb displays an exceptional adaptation
to catalysis at low temperatures. The speci®c
activity of ArChb towards p-nitrophenyl N-acetyl-
b-D-glucosaminide (pNP-GlcNAc) is higher at all
temperatures tested (Figure 2(a)) and is about nine-
fold that of SmChb at 3 �C (40 sÿ1 versus 4.5 sÿ1). It
should be noted that SmChb was previously con-
sidered as one of the most active microbial chit-
obiase.6 The Km values of ArChb and SmChb have
been plotted as a function of temperature
(Figure 2(b)). Two aspects are worth mentioning:
the Km value of both enzymes tends to minimum
values at their respective environmental tempera-
tures and sharply increases outside this range, giv-
ing rise to a cross-shaped plot. Moreover, the Km

value of ArChb (23 mM at 7 �C, 33 mM at 20 �C) is
ten times lower than that of SmChb at 20 �C and is
also the lowest value for chitobiase found in the lit-
erature..21,25-30 As a result, the catalytic ef®ciency or
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speci®city constant kcat/Km for the psychrophilic
enzyme exceed that of the mesohilic chitobiase.
The ratio of this constant for both enzymes is
plotted versus the reaction temperature in
Figure 2(c), showing that the cold-adapted ArChb
is nearly 200 times more ef®cient for substrate
hydrolysis at 7 �C. The thermodependence curves
of kcat for ArChb and SmChb (Figure 2(a)) were
used to construct Arrhenius plots and to calculate
the thermodynamic activation parameters of the
enzymatic reactions (Table 1). The lower free
energy of activation (�G#) of ArChb when com-
pared to SmChb correlates with its higher speci®c
activity. However, the contribution of the enthalpy
term (�H#) and of the entropy term (T�S#) to �G#

differs markedly in both enzymes. The lower acti-
vation enthalpy �H# indicates that the reaction
rate is less affected by a decrease of the tempera-
ture, whereas the larger variation of the entropy
term T�S# has been tentatively related to a broader
distribution of conformational states for the
enzyme-substrate complex in cold-active enzymes
as a result of their improved ¯exibility.31,32

Comparison of the protein sequences indicates
that all amino acid residues involved in substrate
binding in SmChb are conserved in ArChb, except
Trp616 and Trp639 which perform hydrophobic
interactions with the planar N-acetyl group of the
inner non-reducing GlcNAc residue of chitobiose
or with the synthetic derivative pNP-GlcNAc.6 As
no other aromatic residue in the ArChb sequence
could replace these two tryptophane residues, it
may be suggested that hydrophobic interactions
with the N-acetyl group have been replaced by
polar interactions. This hypothesis is supported by
the DSC thermograms of ArChb obtained in the
presence of glucose and GlcNAc (Figure 1(c)).
Indeed, the catalytic domain (transition 1) is
stabilized by glucose (tm � 47.3 �C) and GlcNAc
(tm � 51.5 �C), both binding to the catalytic pocket.
The large difference between the apparent melting
temperatures indicates that the N-acetyl group of
GlcNAc undergoes strong electrostatic interactions
with the catalytic domain. Thermograms obtained
Table 1. Kinetic and thermodynamic activation
parameters at 15 �C for ArChb from the Antarctic
strain Arthrobacter sp. TAD20 and for SmChb from the
mesophile Serratia marcescens

Parameter ArChb SmChb

kcat (sÿ1) 98 � 2 18 � 1
Ea (kJ molÿ1)a 47.1 � 1.3 73.9 � 1.2
�G# (kJ molÿ1) 59.5 � 0.1 63.5 � 0.2
�H# (kJ molÿ1) 44.7 � 1.3 71.5 � 1.2
T�S# (kJ molÿ1) ÿ14.8 � 1.4 8.0 � 1.4

The activation energy was calculated from the slope (ÿEa/R)
of Arrhenius plots and the thermodynamic activation para-
meters of the chitobiase reaction were calculated as previously
described.32

a Experimental energy of activation below 15 �C.
with galactose (tm � 45.7 �C) and GalNAc
(tm � 48.5 �C) also demonstrates the stabilizing
effect of the N-acetyl group. Hydrophobic inter-
actions form endothermically and are weakened by
a decrease in temperature. By contrast, electrostatic
interactions form exothermically and are therefore
stabilized at low temperatures.10 It follows that
the replacement of hydrophobic interactions by
electrostatic interactions in the substrate binding
site of ArChb may explain the cross-shaped plot of
Km (Figure 2(b)), revealing a new adaptation strat-
egy that takes advantage of the thermodynamic
properties of the bonds involved.

According to the current hypothesis, optimiz-
ation of the kcat parameter probably involves the
highly ¯exible structure of psychrophilic
enzymes, providing enhanced abilities to under-
go conformational changes during catalysis at
low temperatures. Such adaptation can be
achieved through various structural changes,
each enzyme adopting its own strategy, but
invariably leading to a weak stability.9 ± 11 The
heat-lability of ArChb activity, its sensitivity to
urea and the DSC thermograms also demonstrate
the low stability of the cold-active chitobiase.
Some structural features of ArChb can account
for its lability. Arginine can perform as many as
®ve electrostatic interactions with surrounding
groups and is abundant in thermophilic proteins.
Comparison of the catalytic domain of ArChb
(arginine content � 16) and SmChb (arginine con-
tent � 30) suggests that Arg-avoidance can
improve the protein ¯exibility. The lack of any
disul®de linkage in the catalytic domain of
ArChb, whereas SmChb possesses two bridges, is
another factor that can generate more confor-
mational plasticity. Three glycine doublets
(Gly674-675, Gly713-714 and Gly718-Gly719) near
the active site of ArChb, instead of one in
SmChb, can also provide an increased degree of
freedom to the polypeptide backbone bearing the
catalytic residues.11 The isoelectric point of
ArChb and of SmChb was found at pH 4.6 and
pH 7.1, respectively. Such differences in pI
values, frequently observed for cold-adapted
enzymes, have been tentatively correlated with
improved interactions with the solvent therefore
reducing the compactness of the molecular
surface.11

The DSC thermograms of ArChb (Figure 1) dis-
play a heat-labile domain (tm � 45.1 �C) and a heat-
stable domain (tm � 60 �C) corresponding to the
catalytic domain and to the GBD domain, respect-
ively, as demonstrated by saccharide binding
experiments. By contrast, the mesophilic SmChb
only displays one heat-stable calorimetric domain
(tm � 60 �C) as also indicated by circular
dichroism.21 It has been shown that a cold-active a-
amylase has evolved towards the lowest possible
stability of the native state.33 Thermograms of
ArChb clearly demonstrate that heat-lability only
affects the calorimetric domain containing
the active site while leaving stability of the non-
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catalytic GBD unchanged. It follows that heat-labi-
lity is not simply the result of the lack of selective
pressure for stable protein in a cold environment
(as demonstrated by the stable GBD) but seems to
be the consequence of the improved plasticity
required around the active site for ef®cient activity
at low temperatures.
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