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ABSTRACT High-precision differential scan-
ning calorimetry (DSC) and circular dichroism (CD)
have been employed to study the thermal unfolding
of chitinase 40 (Chi40) from Streptomyces thermovi-
olaceus. Chi40 belongs to family 18 of glycosyl hydro-
lase superfamily bearing a catalytic domain with a
“TIM barrel”-like fold, which exhibits deviations
from the (�/�)8 fold. The thermal unfolding is revers-
ible at pH � 8.0 and 9.0. The denatured state is
characterized by extensive structural changes with
respect to the native. The process is characterized
by slow relaxation kinetics. Even slower refolding
rates are recorded upon cooling. It is shown that the
denaturation calorimetric data obtained at slow
heating rate (0.17 K/min) are in excellent agreement
with equilibrium data obtained by extrapolation of
the experimental results to zero scanning rate. Anal-
ysis of the DSC results reveals that the experimental
data can be successfully fitted using either a nontwo-
state sequential model involving one equilibrium
intermediate, or an independent transitions model
involving the unfolding of two Chi40 energetic do-
mains to intermediate states. The stability of the
native state with respect to the final denatured state
is estimated, �G � 24.0 kcal/mol at 25°C. The thermal
results are in agreement with previous findings
from chemical denaturation studies of a wide vari-
ety of (�/�)8 barrel proteins, that their unfolding is a
nontwo-state process, always involving at least one
unfolding intermediate. Proteins 2006;64:513–523.
© 2006 Wiley-Liss, Inc.
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INTRODUCTION

Chitinases (EC 3.2.1.14) are chitinolytic enzymes that
have been detected in a wide range of organisms such as
fungi, crustaceans, and insects. The natural polymer chitin
is abundant in nature as it is an important element in the
structure of fungal cell walls and arthropod exoskeletons.
It is the linear insoluble �-1,4-linked polymer of N-acetyl-
�-D-glucosamine. Chitinases cleave the �-1,4-glycosidic
bonds to generate eventually di-N-acetyl-chitobiose. Organ-
isms that do not contain chitin such as archaea, bacteria,
viruses, higher plants, animals, and humans have also

been found to express chitinases. According to the mode of
chitin hydrolysis, chitinases have been classified as ran-
dom, endo-, and exo- chitinases, while on the basis of
primary structure comparisons, they have been classified
in families 18 and 19 of the glycosyl hydrolase superfamily.
Chitobiases, which are also chitin hydrolases, have been
classified in family 20. Several common properties are
shared by the members of a family such as the folding of
the catalytic domain, the substrate specificity, and the
stereochemistry of the reaction, as well as the catalytic
mechanism.1,2

The structure and the mechanism of chitin degradation
has been well studied for the enzymes chitinase A and B
and chitobiase from the mesophilic soil bacterium Serratia
marcescens.3–8 The structure of chitinase A (pdb code
1EDQ9) comprises a catalytic TIM-barrel domain, which
exhibits several deviations (mainly insertions) from the
(�/�)8 fold. The most notable of these deviations is the
inclusion of the so-called “� � �” structural domain (pdb
code 1CTN, residues 444–5163), which, nevertheless, seems
to be functionally integrated to the catalytic domain of
chitinase A. Amino acid residues of the � � � domain
participate in critical binding of the substrate (NAG)8 by
the enzyme.8 So far, no structural or other biophysical
data have been accumulated for chitinases from thermo-
philic organisms. Christodoulou et al.10 have recently
shown a new procedure for the large-scale purification of
the recombinant thermostable chitinase (Chi40) from S.
thermoviolaceus expressed in Escherichia coli. The chitino-
lytic system of the thermostable bacterium Streptomyces
thermoviolaceus OPC-520 consists of four chitinase genes
(chi40, chi35, chi30, and chi25) and two N-acetyl-�-
glucosaminidase genes (nagA and nagB). Chi40 belongs to
family 18. Although the structure of the protein is not yet
known, based upon the structures of other chitinases of the
same family such as: chitinase A (1EDQ at 1.55 Å resolu-
tion),9 chitinase B (1E6Z),11 chitinase A1 (1LL4),12 and
chitotriosidase (1LG1),13 it can be expected that the cata-
lytic domain of Chi40 is most likely a type (�/�)8 barrel.
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Structural as well as stability studies of (�/�)8 barrel
proteins present substantial scientific interest for two
main reasons. First, they catalyze a wide range of reac-
tions and are thus attractive for biotechnological research.
Second, there exists a multitude of proteins with low
homology between them (over 10% of the enzymes with
known structures) that they all exhibit common �/� barrel
structures.14 The folding of eight-stranded (�/�)8 or TIM
barrels has thus attracted considerable experimental and
theoretical attention, and important research results have
sprung out from research efforts in this direction.15 Chemi-
cal unfolding/refolding studies along with numerical simu-
lations and modeling have in several cases demonstrated
slow relaxation kinetics as well as the existence of at least
one equilibrium intermediate unfolding state (a series of
intermediates for the refolding pathway). Two intermedi-
ates have been identified in the case of the � subunit of
tryptophan synthase (�TS). The first retains most of the
native’s secondary structure, while the second is structur-
ally very close to the unfolded state.16–18 Simulation
studies have indicated that a loose six-stranded ��-barrel
may well be a possible N-terminal folding intermediate,19

providing thus evidence for a 6 � 2 folding mechanism.
Recent hydrogen exchange mass spectrometry studies
have shown that the (�/�)(1-3)�(4) module appears to
represent the minimum subcore of stability of the second
(the unstructured) intermediate pointing towards a pos-
sible 4 � 2 � 2 folding mechanism.20 Fragment complemen-
tation analysis of N-(5�-Phosphoribosyl)anthranilate
Isomerase (PRAI) from Saccharomyces cerevisiae point
towards the existence of an unfolding intermediate as
well.21 Guanidinium chloride-induced denaturation of
PRAI from Escherichia coli has revealed slow relaxation
kinetics, and even though circular dichroism spectroscopy
could only detect a two-state cooperative unfolding transi-
tion, kinetic studies demonstrated the existence of at least
one equilibrium intermediate. A nonsequential unfolding
model has been proposed to describe these results.22

Analogous is the case of rabbit muscle triosephosphate
isomerase where an intermediate characterized by low
stability has also been shown to exist only after using
kinetic techniques.23 So far, no thermal denaturation
studies of chitinases have been reported. This may be due
to the fact that extended hydrophobic areas become ex-
posed to the solvent upon denaturation leading to aggrega-
tion and irreversibility of the thermal transition. In the
present study, calorimetric and CD experiments of the
thermally induced reversible unfolding of Chi40 from
Streptomyces thermoviolaceus provide evidence for a non-
two-state denaturation process characterized by slow relax-
ation kinetics. To our knowledge, this is the first report for
the reversible heat denaturation of a chitinase containing
a TIM-like catalytic domain.

MATERIALS AND METHODS
Materials

The column chromatography media were purchased
from Pharmacia, and all the other chemicals were from
Sigma or Merck, in the highest analytical grade.

Cloning of Chi40 in E. coli

The gene for a thermostable Chi40 from Streptomyces
thermoviolaceus was cloned as described in ref. 10.

Overproduction and Purification of Chi40 Protein
Secreted in the Culture Medium

The plasmid pECHChi40-9 was introduced in
BL21trxB(DE3) cells that were grown in LB medium in the
presence of ampicillin and kanamycin (kan), each at 50
�g/mL. The cell culture was grown under strong agitation
at 37°C, overnight. The following day the bacteria were
collected by centrifugation and kept frozen thereafter,
while the supernatant medium was immediately adjusted
to 0.5 M ammonium sulphate in buffer A (20 mM Tris-HCl
pH 8.0, 1 mM EDTA, 0.1 mM PMSF). The solution was
loaded on a 20-mL Phenyl-Sepharose column previously
equilibrated in buffer B (20 mM Tris-HCl pH 8.0, 0.5 M
ammonium sulphate). After having completed the loading
of the sample, the column was washed with five volumes
buffer B. Bound proteins were eluted with a 200-mL 0.5–0
M ammonium sulphate descending gradient in buffer A
and finally with 50 mL buffer A. Chi40 containing frac-
tions were detected by activity assays using pNp-(NAG)2
and verified by 0.1% SDS-12.5% PAGE analysis. The
Chi40 fractions were pooled and applied on a 10-mL
Q-High Performance column, equilibrated in buffer B.
Bound Chi40 was eluted with a 200 mL 0–0.5 M NaCl
gradient in buffer B, and fractions containing highly pure
Chi40 protein were combined and kept at 4°C, for at least 1
year.

Chi40 Activity Assays Using p-Nitrophenyl-�-D-
N,N�-Diacetylchitobiose (pNp-NAG2)

Activity assays were carried out in a reaction volume of 1
mL in a glass cuvette equilibrated to the appropriate
temperature. Activity was monitored by the release of the
p-nitrophenyl group from the substrate resulting in a
yellow color detected spectrophotometrically at 405 nm.
The activity units (1 �mol/min) were calculated using the
molar extinction coefficient for the p-nitrophenyl group
(E405nm � 18.5 mM�1 cm�1).

Differential Scanning Calorimetry (DSC)

For the high-sensitivity calorimetric measurements the
VP DSC calorimeter was employed (Microcal, Northamp-
ton, MA).24 Protein concentrations used in the DSC stud-
ies varied between 0.3 and 2.0 mg/mL. Protein samples
and buffer reference solutions were properly degassed and
carefully loaded into the cells to avoid bubble formation.
Four to five reference scans with buffer filled cells (sample
and reference cell volume is 0.523 mL) preceded each
sample run to achieve near perfect baseline repeatability.
A typical DSC experiment consisted of a heating scan at a
programmed heating rate followed by a second heating
scan, which probed the reversibility of the transitions
under study. Whenever needed, the difference in the heat
capacity between the initial and final states was modeled
by a sigmoidal chemical baseline.25 The calorimetric data
were corrected for the instruments response time26 and
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analyzed via nonlinear least squares fitting procedures of
the ORIGIN� 5.0 software.

Circular Dichroism Spectroscopy (CD)

CD measurements were conducted using a JASCO-715
spectropolarimeter with a Peltier-type cell holder, which
allows for temperature control. Wavelength scans in the
far (190 to 260 nm) and the near (260 to 360 nm) UV
regions were performed in Quartz SUPRASIL (HELLMA)
precision cells of 0.1- and 1-cm path length, respectively.
Each spectrum was obtained by averaging five to eight
successive accumulations with a wavelength step of 0.2 nm
at a rate of 20 nm min�1, response time 1 s, and band
width 1 nm. Buffer spectra were accumulated and sub-
tracted from the sample scans. The absorption spectra
were recorded selecting the UV (single) mode of the
instrument. CD experiments involving thermal scanning
have been carried out in the range from 20 to 90°C, at
213.5, 222, and 225 nm, and heating scan rates ranging
from 0.3 to 2.5 K/min.

Sequence Alignments

Sequence alignments were performed using the pro-
gram ClustalW27 via the ClustalW Web service at the
European Bioinformatics Institute (http://www.ebi.ac.uk/
clustalw). The ESPript utility28 was used for constructing
Figure 12. The sequence alignment produced by ClustalW
and the PDB entry: 1CTN3 corresponding to the crystal
structure of chitinase A was provided as the input.

RESULTS
DSC

The heat denaturation of Chi40 was studied by high-
sensitivity DSC. Reversible thermal unfolding was found
at pH � 8.0 and 9.0. After consecutive heating DSC scans
at heating scan rates u � 1.5 K/min, near-perfect reversibil-
ity (99%) of the thermal transition, was recorded at pH 9.0
(10 mM Tris-HCl) [Fig. 1(A)]. At pH 9.0 (50 mM Na-
Borate) the reversibility was �90% [Fig. 1(B)]. At pH 8.0
(20 mM Na-Phosphate) the reversibility of the calorimetric
data was �87%. At various other pH values the DSC
curves revealed irreversible thermal processes described
by heat capacity peaks whose shapes were visibly affected
by on-going aggregation in the denatured state. Profiles of
the excess heat capacity (	
Cp�) versus temperature (T)
have been obtained at pH 9.0 for various values of the total
protein concentration (Ct) and DSC scan rates. No depen-
dence was found between the values of Ct and the experi-
mentally obtained values of Tm (temperature for maxi-
mum 	
Cp� value), indicative that the peaks describe the
unfolding of a monomeric protein. On the other hand, a
pronounced dependence of Tm upon u was observed, which
in turn, is an indication that equilibrium relaxation during
the denaturation process is slow. The reversibility of the
thermal transition was tested against various DSC heat-
ing rates. The population of the molecules at 10 mM
Tris-HCl buffer refolding to the native state upon cooling
varied between 90 (for the smallest values of u) and 99%, of
the total population. This high degree of reversibility

demonstrates that irreversible unfolding is probably di-
rectly related to the amount of time the protein sample is
kept at high temperatures in the denatured state. Irrevers-
ible processes are thus slow (most likely due to aggregation
phenomena) and do not contribute to the apparent kinetics
of the denaturation. The calorimetric curves for five differ-
ent DSC heating rates (u � 0.17, 0.33, 0.5, 1.0, and 1.5
K/min) are presented in Figure 2, while the corresponding
parameters, corrected for the instrument’s response time,26

are listed in Table I. As can be readily seen in Table I, the
experimental calorimetric results obtained at pH 9.0 for
the two different buffers (10 mM Tris-HCl and 50 mM
Na-borate) are in very good agreement. Specifically, the
values of the total enthalpy change (
Hcal) and the heat
capacity change (
Cp) coincide within the experimental
error. This is indicative that in the case of samples in
dilute Tris-HCl, buffer ionization effects have minimal
contribution to the calorimetric values of 
Hcal. Due to the
consistency of the calorimetric results for the various
buffer conditions we present the analysis of only the
experimental data obtained for the Chi40 samples at 10
mM Tris-HCl buffer, which exhibited optimal reversibility
of the thermal unfolding process.

Fig. 1. DSC profiles for consecutive heating scans of Chi40 at pH 9.0
and u � 1.5 K/min (A) 10 mM Tris-HCl and (B) 50 mM Na-borate. The
solid lines represent the first heating scan and the dotted lines the second.
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Because the kinetic dependence of the calorimetric
parameters can be exclusively attributed to slow relax-
ation for attaining thermodynamic equilibrium during the
denaturation process, we have attempted to extrapolate
the experimental results at zero DSC heating rate. It has
been shown that:26,29,30

	
Cp�T�eq � 	
Cp�u,T�exp � u � �C�T �
d	
Cp�u,T�exp

dT (1)

	
H�T�eq � 	
H�u,T�exp � u � �H�T � 	
Cp�u,T�exp (2)

Here, 	
Cp(T)�eq and 	
H(T)�eq are the equilibrium
values of the heat capacity and the enthalpy change,
respectively, at temperature T, while 	
Cp(T)�exp and
	
H(T)�exp are the corresponding experimental results.
�C(T) and �H(T) are the corresponding relaxation times for
Cp and 
H. It must be noted that Equations (1) and (2) are
only valid for linear responses, that is, for small deviations
from equilibrium.26,31 Linear fitting attempts of the
	
H(T)�exp versus [u � 	
Cp(T)�exp] data in the temperature
range from 5% to 95% completeness of the denaturation
process, for the five different experimental values of u,
yield successful fits characterized by correlation coeffi-
cients ranging between 0.96 and 0.99 (Fig. 3). The fitting
procedure leads to estimates of 	
H(T)�eq and �H(T), and
thus by direct differentiation with respect to T, the curve of
	
Cp(T)�eq can be obtained. This result is illustrated in
Figure 4, along with the curve of 	
Cp(T)�eq, which can be
directly estimated from Equation (1) in a similar fashion.
The experimental DSC profile at u � 0.17 K/min is also
shown to facilitate direct comparisons. It can be deduced
that, within the experimental error, the DSC curve for the

slowest heating rate coincides nicely with the equilibrium
peak obtained from the extrapolation of the experimental
results to u � 0. More specifically, the value of Tm � 59.0 �
0.5°C is obtained from the curve of 	
Cp(T)�eq [Eq. (1)].
Accordingly, from [d(	
H(T)�eq]/dT [Eq. (2)] the value of Tm

� 58.5 � 0.5°C is estimated. Finally, from the experimen-
tal results for u � 0.17 K/min the value Tm � 59.0 � 0.5°C
is measured. All these results are in good accord.

From the calorimetric parameters presented in Table I,
it can be observed that the value of the ratio 
Hcal/
HvH

approaches the value of 2 as u approaches the slowest
rates. Here, 
Hcal is the experimental calorimetric en-
thalpy change and 
HvH is the van’t Hoff enthalpy
change.32 This result provides strong evidence that the
thermal unfolding of Chi40 is not a two-state process.33–35

For accuracy, we have used the double deconvolution
method for the analysis of our data,35 which provided
evidence that the thermal denaturation process has one
intermediate state. We have thus attempted to analyze our
results by employing a model for the thermal unfolding
involving one intermediate state between the native and
the denatured states.

N^I^U (3)

Here, N is the native, I is the intermediate, and U is the
final denatured state. To deconvolute the calorimetric
	
Cp� peak to its constituents, we have employed the
following equation36–38 to fit the data at u � 0.17 K/min:

	
Cp� � �
i

�
0
i CpPi �

1
RT2 �

i

�
0
i H2Fi

�
1

RT2 � �
i


0
i HFi� 2

(4)

Here, the index i may take the values {0, 1, 2}, correspond-
ing to the states N, I, and U, respectively. 
i

0H and 
i
0Cp

represent the change in enthalpy and heat capacity,
respectively, of state i with respect to the native state,
while Fi represents the population of each thermodynamic
state i.

Fi � Ki�� 1 � �
j�1

n

Kj� (5)

Ki � exp� �

0

i H
RT �1 �

T
Ti
� �


0
i Cp

RT �T � Ti � T ln
T
Ti
�� (6)

Ti is the characteristic temperature for state i for which
Ki is 1. The fitting attempts of the experimental DSC
profile for u � 0.17 K/min as well as of the 	
Cp(T)�eq curve
(obtained at u � 0) with Equation (4) was successful (Fig.
5). The values for all the fitted parameters are presented in
Table II. The agreement between the fitted parameters for
the experimental data set and those for the simulated
curve at u � 0 is excellent, reaffirming that the u � 0.17
K/min DSC profile is close to the equilibrium behavior.
Based on the results presented in Table II, the population

Fig. 2. DSC profiles for the thermally induced reversible denaturation
of Chi40 at pH 9.0, 10 mM Tris-HCl at five different heating scan rates u:
0.17 K/min (solid line), 0.33 K/min (dashed line), 0.5 K/min (dotted line),
1.0 K/min (dot-dashed line) and 1.5 K/min (dot-dot-dashed line).
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of protein molecules at each state can be estimated as a
function of T. These results are illustrated in Figure 6(A).

The calorimetric data have also been analyzed using an
independent transitions model, assuming that two energeti-
cally independent domains of Chi40 unfold into two dis-
tinct partially unfolded intermediates.39,40

AUBN

F D
ANBN AUBU

D F
ANBU

(7)

Here, A and B are the two energetically independent
domains of Chi40, the subscript N stands for native and U
for unfolded states. The fits were as successful as for the
sequential model. The fitting parameters are listed in
Table II. It is thus becoming apparent that the DSC data
alone cannot provide a distinction between the two mod-

Fig. 3. Linear fits of the experimental data 	
H(T)�exp versus u.
	
Cp(T)�exp based on Equation (2), for five different values of the
temperature: 56.8, 57.8, 58.8, 59.8, and 60.8°C.

Fig. 4. The experimental DSC peak for u � 0.17 K/min (solid line).
Also displayed is the profile 	
Cp(T)�eq as derived by differentiation of
Equation (2) [(�) symbol with the corresponding error bars] and also as
derived directly from Equation (1) (F). In the latter case, only a few
representative points are drawn for reasons of clarity.

Fig. 5. Nonlinear least squares fit of the 	
Cp� versus T profiles with
Equation (4), involving two consecutive thermal transitions N3 I and I3
D. Upper panel: the data 	
Cp(T)�eq versus T obtained by extrapolating
the experimental results to u 3 0 [(�) symbol] are fitted by Equation (4)
(dashed line represents the best fit). The two consecutive thermal
transitions are depicted by the dotted lines. Lower panel: the experimental
data 	
Cp(T)�exp obtained at u � 0.17 K/min (solid line) are fitted by
Equation (4) (dashed line). The dotted lines represent once again the
individual consecutive thermal transitions.

TABLE I. DSC Results

u (K/min)

Hcal

(kcal/mol)
T1/2
(°C)

	
Cp(T1/2)�
(kcal/K mol)


Cp
(kcal/K mol)


HvH
(kcal/mol) 
Hcal/
HvH

0.17a 333.0 � 16.7 58.7 � 0.5 63.74 5.6 � 0.1 167.6 1.99
0.33a 348.3 � 16.9 59.1 � 0.5 65.92 5.5 � 0.1 166.0 2.10
0.5a 332.7 � 18.3 59.3 � 0.5 63.45 5.6 � 0.1 167.6 1.99
1.0a 342.9 � 18.6 60.0 � 0.5 58.69 5.7 � 0.1 151.0 2.27
1.5a 350.6 � 22.7 60.8 � 0.6 58.42 5.6 � 0.1 147.7 2.37
1.5b 355.7 � 23.6 56.7 � 0.5 58.90 5.4 � 0.1 143.2 2.48
1.5c 349.8 � 24.5 59.9 � 0.6 64.32 5.5 � 0.1 162.1 2.16

Experimental calorimetric results for the thermal unfolding of Chi40 at various buffers and heating scan rates. 
HvH, is the van’t Hoff enthalpy
change.32 The ratio 
Hcal/
HvH is also listed.
apH 9.0, 10 mM Tris-HCl.
bpH 9.0, 50 mM Na-borate.
cpH 8.0, 20 mM Na-phosphate.

PROTEINS: Structure, Function, and Bioinformatics DOI 10.1002/prot

HEAT DENATURATION OF CHI40 517



els.40 The population of protein molecules at the various
states of the independent-transitions model are illustrated
as a function of temperature in Figure 6(B).

The per-residue values of the thermodynamic parame-
ters are 
Cp � 14.8 cal/K mol residue and 
H � 0.89
kcal/mol residue. These values agree well with what has
been reported in the literature (
Cp � 14.7 � 2.2 cal/K mol
residue and 
H � 0.77 � 0.09 kcal/mol residue) for
extended thermal unfolding of protein molecules compa-
rable in size to Chi40.39,41,42 We have estimated the values
for 
H and 
S at 110°C, the temperature at which the
corresponding parameters for extended thermal unfolding
of spherines are expected to converge, considering a con-
stant and thus temperature-independent 
Cp.43 For Chi40,
we find 
H (110°C) � 6.6 � 0.3 kJ/mol residue and 
S
(110°C) � 19.3 � 0.8 kJ/K mol residue, which compare well
with what was predicted by Privalov:43 
H (110°C) � 6.3 �
0.2 kJ/mol residue and 
S (110°C) � 17.6 � 0.6 kJ/K mol
residue.

Based on the experimental results for u � 0.17 K/min
presented in Table I, the stability curve for Chi40 can be
constructed (Fig. 7).44 The stability of the native state N
with respect to the final denatured state U calculated at
25°C is 
G � 24.0 � 2.9 kcal/mol. Depending on the
thermodynamic model employed, based on the fitting
results presented in Table II, the stability at 25°C for the
unfolding transition to the intermediate states can be
obtained: 
G1 � 13.3 kcal/mol in the case of the sequential
model, and 
GA � 9.0 kcal/mol and 
GB � 15.0 kcal/mol in
the case of the two-independent transitions model.

CD Spectroscopy

CD spectroscopy has been employed to investigate struc-
tural changes during the thermal unfolding of Chi40.
Figure 8 displays the far-UV CD spectra in the native (at
T � 25°C) and the denatured (at T � 70°C) states. It is
evident that the spectrum for the denatured molecule
carries a lot of resemblance to the corresponding far-UV
spectra obtained for other proteins undergoing extended
thermal denaturation.42 They are characterized by a largely
broadened and attenuated negative peak around 220 nm
and a sharply intense minimum in the neighborhood of
200 nm (characteristic of random coil spectra). The aver-

age values obtained using SELCON,45 CONTIN,46 K2D,47

and CDNN48,49 algorithms for estimating the percentage
of the secondary structure elements in the native and the
denatured state, reveal a loss in �-helical structure of more
than 15%.

Near-UV CD spectra before and after the thermal
unfolding are presented in Figure 9. These spectra demon-
strate the almost complete loss of tertiary structure for
Chi40. Far- and near-UV measurements have been carried
out for several temperatures within the range of the
thermal transition. It is of particular interest to note that
the far-UV CD spectra exhibit an isodichroic point at � �
213.6 nm (Fig. 10). Usually, the occurrence of an isodich-
roic point provides evidence, but not necessarily proof, that
the thermal transition under investigation is a two-state
process. In the case of Chi40, as demonstrated by the DSC
results, this is clearly not the case, because the existence of
an intermediate unfolding state was shown. It is thus
through calorimetry and/or a combination of spectroscopic
techniques that the presence of intermediate folding states
can be accurately determined.

The thermal unfolding and refolding of Chi40 was also
recorded in CD experiments by measuring the elipticity at
constant wavelength while scanning the temperature, for
consecutive heating and cooling runs at various heating/
cooling rates. Characteristic results at two different heat-
ing and cooling rates u � 1.5 K/min and u � 0.17 K/min are
displayed in Figure 11. It can be straightforwardly ob-
served that the experimental curves and particularly the
observed unfolding/refolding hystereses are strongly depen-
dent upon the scanning rates. For u � 1.5 K/min the
unfolding is fully reversible, while for u � 0.17 the
reversibility is estimated to �90%, which is in agreement
with the DSC results. The small percentage of irreversibil-
ity may be directly associated to the time that the sample
is kept at high temperatures in the denatured state.

DISCUSSION

Most often, the experimental DSC profiles, exhibit strong
dependence upon the temperature scanning rates, when
the thermal unfolding is irreversible.50,51 In the case of
Chi40, it is shown that a reversible DSC transition may
also exhibit a dependence upon the heating rate implying

TABLE II. Results from the Fitting of the DSC Profiles

u (K/min) i
Ti

(°C)

0

i H
(kcal/mol)


0
i S

(kcal/K mol)

0

i Cp
(kcal/K mol)

Sequential model 0 1 57.1 147.1 0.5
(extrapolation) 2 58.2 337.6 1.0

0.17 1 57.3 141.5 0.4 1.8
(experimental) 2 58.5 334.3 1.0 5.5

Independent transitions model 0 A 57.0 131.0 0.4
(extrapolation) B 58.9 211.9 0.6

0.17 A 57.2 125.0 0.4 2.0
(experimental) B 59.1 212.0 0.6 3.5

Thermodynamic parameters for the thermal unfolding of Chi40 resulting from fitting the experimental data for u � 0.17 K/min as well as the set
of data obtained by extrapolation to u � 0 with the model predicting one intermediate unfolding state [Eq. (4)]. As pointed out in the text, i � 1
denotes unfolding transition to the intermediate state and i � 2, the transition from the native to the denatured state (sequential model), A and B
correspond to the two energetically independent domains (independent transitions model).
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slow relaxation kinetics. Analogous behavior has also been
observed for other proteins.52–54 It is thus imperative that
the scanning rate dependence of the experimental (	
Cp�
vs. T) DSC profiles must always be checked even in the
case of full reversibility of the thermal unfolding. It is
possible that the molecule’s equilibrium relaxation rate
may always be comparable to the experimental heating
scan rate u.

Slow relaxation to equilibrium is usually attributed to
the structural heterogeneity of the unfolding state, mainly

due to the cis–trans isomerization of proline residues.55

The cis–trans isomerization reaction of prolines is a slow
process characterized by time constants between 10 and
100 s at 25°C and a high activation energy Ea �20
kcal/mol.55 Approximately 7% of all the proline residues in
the native state of proteins of known structure are in the
cis conformation.56 It may thus be expected that the
unfolding rate of large polypeptide chains may be exponen-
tially reduced as a function of the proline residues in the

Fig. 6. (A) Temperature profiles of the fractional populations of protein
molecules in the various states: native state N (solid line), unfolded state
U (dashed line), and intermediate unfolding state I (dotted line). The
profiles are obtained by Equation (5) using the results presented in Table
II from the fitting of the experimental DSC data. (B) Temperature profiles
of the fractional populations obtained from the fitting results of the
two-independent transitions model: N (solid line), U (dashed line), first
intermediate unfolding state I1 (dotted line), and second intermediate
unfolding state I2 (dash-dotted line). The intermediate states correspond
to the ANBU and AUBN states included in the model [Eq. (7)].

Fig. 7. Temperature profile of the free energy change 
G(T) from the
native N to the final denatured state U.

Fig. 8. Normalized far-UV CD spectra for native Chi40 at pH 9.0, 10
mM Tris-HCl at 25°C (solid line) and for thermally denatured state at 70°C
(dashed line).
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protein sequence,57 or, in turn, that the large number of
proline residues will seriously slow down the refolding rate
of a protein molecule.58 The molecule of Chi40 contains 17
prolines, which correspond to 4.4% of the total number of
amino acid residues. In fact, a cis-prolyl bond isomeriza-

tion has been shown to dominate the folding of aTP, which
is also a TIM barrel protein.59 In addition to prolines, it
has also been shown that other amino acid residues
assume cis conformation. The trans–cis isomerization
reaction of these residues may also be characterized by
slow refolding rates.60 Several proteins of known struc-
tures have amino acid sequences highly homologous to
that of Chi40: Chitinase A from S. marcescens (1CTN),3

Chitinase B S. marcescens (1E6Z), Chitinase A1 (1ITX),61

Chitinase 1 (1LL4), and Chitotriosidase (1LG1). All these
molecules contain a high percentage of proline and other
residues in the cis conformation. Slow unfolding/refolding
rates in large protein molecules may also be due (in
addition to the cis–trans isomerization of the peptide bond)
to the relative conformation of different structural regions
during the unfolding process.58

The amino acid sequence of Chi40 shares high similarity
with other members of family 18. Especially with chitinase
A, the sequence identity is 27.9%, whereas the similarity is
as high as 45.5%. As it is shown in Figure 12, the homology
of Chi40 with chitinase A is extended to both the TIM
barrel and the � � � insertion domains. The N-terminal
chitin-binding domain (residues 24–130) of chitinase A,
however, has no equivalent in the Chi40 sequence. From
the sequence conservation, it turns out that it is quite
possible that the structure of Chi40 comprises the analo-
gous structural motifs, that is, the TIM barrel and the � �
� insertion.

To our knowledge, these are the first reversible heat
denaturation results on a chitinase, and indeed, one of the

Fig. 9. Near-UV CD spectra for native Chi40 at pH 9.0, 10 mM
Tris-HCl at 25°C (solid line) and for the thermally denatured state at 70°C
(dashed line) depicting the complete loss of tertiary structure upon
thermal unfolding.

Fig. 10. Normalized far-UV CD spectra at various temperatures within
the temperature range of the thermal unfolding of Chi40: 25°C (solid line);
57°C (dashed line); 60°C (dot-dot-dashed line), and 65°C (dotted line).
The spectra exhibit an isodichroic point at � � 213.6 nm. As pointed out in
the text the existence of the isodichroic point is no evidence for a two-state
thermal transition.

Fig. 11. Normalized temperature profiles of the elipticity at � � 222 nm
depicting the different kinetics between the thermal unfolding and the
refolding (upon cooling) processes of Chi40, as well as between the
various scanning rates. The solid line represents a heating scan at u �
0.17 K/min and the dashed line heating at u � 1.5 K/min. The dot-dashed
profile corresponds to a cooling scan at u � 0.17 K/min and the dotted line
to a cooling scan at u � 1.5 K/min.
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very few thermal denaturation results on a type-(�/�)
barrel protein. Based on the calorimetric results, it has
been shown that Chi40 is not a thermodynamically unified
domain. The existence of at least one unfolding intermedi-
ate fold is required for the thermodynamic description of
the thermal transition. This is in accordance to a series of
findings concerning the folding mechanism of TIM barrel
proteins. Whether the folding intermediate is related
solely to the � � � insertion domain is yet to proved.
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