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Chitinase 60 from the psychrophilic bacterium Moritella marina (MmChi60) is a four-domain protein
whose structure revealed flexible hinge regions between the domains, yielding conformations in solution
that range from fully extended to compact. The catalytic domain is a shallow-grooved TIM-barrel. Heat-
induced denaturation experiments of the wild-type and mutants resulting from the deletions of the two-
Ig-like domains and the chitin binding domain reveal calorimetric profiles that are consistent with non-
collaborative thermal unfolding of the individual domains, a property that must be associated to the
“hinge-regions”. The calorimetric measurements of the (β/α)8 catalytic domain reveal that the thermal
unfolding is a slow-relaxation transition exhibiting a stable, partially structured intermediate state.
Circular dichroism provides evidence that the intermediate exhibits features of a molten globule i.e., loss
of tertiary structure while maintaining the secondary structural elements of the native. GdnHCl-induced
denaturation studies of the TIM-barrel demonstrate an extraordinarily high resistance to the denaturant.
Slow-relaxation kinetics characterize the unfolding with equilibration times exceeding six days, a
property that is for the first time observed for a psychrophilic TIM barrel. On the other hand, the ther-
modynamic stability is ΔG¼6.7571.3 kcal/mol, considerably lower than for structural-insertions-con-
taining barrels. The mutant E153Q used for the crystallographic studies of MmChi60 complexes with NAG
ligands has a much lower stability than the wild-type.

& 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Chitinases (EC 3.2.1.14) hydrolyse chitin, the linear, insoluble β-
1,4-linked polymer of Ν-acetyl-β-D-glucosamine, which is abun-
dant in nature since it is an important element in the structure of
fungal cell walls, shells, arthropod, worm and molluscs exoskele-
tons, including crustaceans and insects [1]. Chitin, with approxi-
mately 1011 t produced annually in the aquatic biosphere [2], is
considered to be a valuable raw material for a multitude of agri-
cultural and biomedical applications [3]. Since the major part of
the marine biosphere is an environment of permanently low
temperatures, enzymes from cold-adapted psychrophilic bacteria
and microorganisms present particularly interesting systems and
mechanisms to explore. Chitinases produced by psychrophilic
bacteria have high catalytic activities at low-temperature condi-
tions while exhibiting high thermosensitivity, properties that
an open access article under the C
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render them excellent candidates for many applications [4]. Until
recently though only a handful of psychrophilic chitinases have
been isolated from bacteria [5–7] etc.

Based on primary structure comparisons, chitinases have been
classified in families 18 and 19 of the glycosyl hydrolase super-
family [8]. Several common properties are shared by the members
of a family such as the folding of the catalytic domain, the sub-
strate specificity, the stereochemistry of the reaction as well as the
catalytic mechanism [9] and [10]. Differences in amino-acid se-
quences and 3D structures [11] though between the two families
indicate evolution from different ancestors [12].

In general, bacterial chitinases are characterized by a multi-
domain architecture [13]. Their common feature is a catalytic do-
main with a (β/α), TIM-barrel fold. Many catalytic domains contain
an additional αþβ insertion domain or extended loops inserted in
the TIM-barrel, which participate in the structure of the substrate
binding groove by essentially making it deeper or even tunnel-like.
Chitinases often exhibit carbohydrate binding modules, which are
designed to bind chitin (carbohydrate-binding module-CBM) [14].
C BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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In addition, fibronectin type III (Fn3) or immunoglobin-like (Ig-
like) domains [15,16] can also be encountered, which are believed
to play the role of spacers, able to adjust the position of the CBM
relative to the catalytic domain.

The TIM-barrel fold which is among the most ancient, frequent
and versatile [17,18] has attracted considerable experimental and
theoretical interest [19]. Chemical unfolding/refolding studies
along with molecular simulations and modeling have consistently
revealed slow-relaxation kinetics and demonstrated the presence
of thermodynamically stable intermediate states possessing var-
ious degrees of structure compared to the native fold. Thus, a 6þ2
mechanism has been proposed for the folding of the β/α-barrel
[20] although a 4þ2þ2 mechanism has also been shown to be
feasible [21] by simulation studies. The recent study of an ex-
tremely thermostable β/α-barrel revealed a two state-unfolding
characterized by a high kinetic barrier protecting the molecule
from chemical denaturation. The unfolding kinetics were found to
be extraordinarily slow, taking over six weeks to attain equili-
brium at room temperature [22]. Few experiments have been
carried out to measure the thermodynamic stability based on the
heat-induced denaturation of TIM-barrels. Chitinase 40 from the
thermophilic Streptomyces thermoviolaceus exhibited reversible
non-two-state thermal unfolding, displaying once more slow re-
laxation kinetics [23]. The non-two state character was proposed
to be directly associated to the αþβ insertion of the β/α-barrel.
Analogously, calorimetric results for the mesophilic chitinase-A
from Serratia marcescens demonstrated the important contribution
of the αþβ insertion to the overall stability of the protein [24].

Recently the complex structure of a multidomain psychrophilic
chitinase 60 from the bacterium Moritella marina (MmChi60) has
been solved [15] in an unliganded form and for the E153Q mutant
in a complex form with NAG4 and NAG5 [25]. The cold-adapted
bacterium produces chitinase to utilize chitin as a source of car-
bon, nitrogen and energy [26]. The structure consists of four do-
mains: The catalytic TIM-barrel, bare of any loop or other domain
insertions and thus characterized by only a shallow groove at the
active center, two Ig-like domains and a chitin-binding domain
(ChB). Hinge regions connect the domains providing high-flex-
ibility to the molecule (Fig. 1) [15]. Indeed, SAXS experiments of
MmChi60 in solution revealed that it can exist in different con-
formations ranging from fully extended to compact [25].

In this paper we present our work on the thermodynamic
stability of MmChi60 in solution, the first of its kind for a psy-
chrophilic chitinase. We demonstrate the effects of the hinge re-
gions upon the calorimetric profile of the molecule. We system-
atically focus the study on to the unfolding properties of the TIM-
barrel by carrying out heat-induced- and chemical denaturation
experiments on mutants bearing deletions of the Ig-like and the
ChB domains. We show the impact on the protein stability of the
Fig. 1. Ribbon representation of the MmChi60 structure illustrating the four do-
mains of the protein (Ref. [15], PDB entry 4hmc).
point E153Q mutation, widely used for the liganded crystal-
lographic studies. For our studies we employed a variety of bio-
physical techniques including high-accuracy adiabatic DSC, cir-
cular dichroism and fluorescent spectroscopy.
2. Experimental methods

2.1. Plasmid and DNA manipulations

The chitinase gene named MmChi60 from Moritella marina was
cloned as described in [26]. T7 expression vectors, pET-11a bearing the
MmChi60 gene, were isolated using Plasmid Miniprep DNA Purifica-
tion Kit (EURx, Poland) and mutations were introduced into plasmids.
The active-site mutant was prepared by introducing an E153Q muta-
tion by site-directed mutagenesis as described in [15]. MmChi60 de-
letion mutants MmChi60Cat-(ΔT346-R550) and MmChi60Δ(Ig1)Δ
(Ig2)-(ΔM348-A504) were prepared using the PIPE method which
takes advantage of the observation that, contrary to the common as-
sumption, normal PCR amplification results is a mixture of products,
which are not fully double stranded. The 5′ ends of the reaction pro-
duct (which are exactly the same fragments as delivered by the syn-
thetic primers) can be left unpaired in the final round of PCR. There-
fore, simply by changing the primer sequence of those ends, mutation
can be promoted in a simple PCR reaction without additional steps
[27]. Both primers were designed to flank the deletion part of the
enzyme to amplify the plasmid except for the part to be deleted. The
PCR reactions were performed using the primers: MmChi60Cat: for-
ward primer: CAATTACCCCCAGTGTAAGGATCCGGCTGCTAACAAAGCC,
reverse primer: CAGCCGGATCCTTACACTGGGGGTAATTGATTATGAA-
TAAAGTTACC MmChi60Δ(Ig1)Δ(Ig2) forward primer: CCAGTGACA-
GATGTAAGTGATGATGATTGG CAAGTAGGCAG, reverse primer: CAAT-
CATCATCACTTACATCTGTCACTGGGGGTAA TTGATTATGAATAAAG. The
underlined fragment of the primers is complementary to the second
primer's binding fragment.

2.2. Overproduction and purification of the mutated enzyme

All mutants were overproduced and purified as it is described
in [15] for MmChi60_E153Q mutant. Briefly, the cell culture was
grown in Luria Bertani (LB) medium containing 100 μg/ml ampi-
cillin and 50 μg/ml kanamycin at 37 °C. Enzyme expression was
induced with 1 mM isopropyl-D-1-thiogalactopyranoside (IPTG) at
the mid-exponential growth phase and the culture was further
incubated at 18 °C overnight. Advantage was taken of the fact that
the protein of interest is localized in the periplasm. Cells were
broken by osmotic shock according to a previously published
procedure with some alternations [28]. E. coli cells were sus-
pended and mixed for 10 min in osmotic buffer consisting of 20%
(w/v) sucrose, 0.03 M Tris–HCl, 3 mM EDTA and centrifuged at
6000 r.p.m. in a JLA 10.500 rotor (Beckman). The cells were re-
suspended in ice-cold water and the periplasmic proteins were
released into the solution by mixing the cold solution for 10 min.
The cells were centrifuged at 10000 rpm in a JLA 10.500 rotor
(Beckman) and the clear supernatant was adjusted to 1 M am-
monium sulfate, 20 mM sodium phosphate buffer pH 8.0 and di-
rectly applied onto a 10 ml Phenyl-Sepharose 6 Fast Flow column,
previously equilibrated in the same buffer (GE Healthcare). The
column was washed with the same buffer and the bound proteins
were eluted by descending linear gradient of ammonium sulfate
from 1 M to 0 M. Fractions containing the MmChi60 mutant were
combined, concentrated and applied onto a Superde�200 gel-
filtration column (1.6 60 cm, Pharmacia) in 20 mM Tris buffer,
200 mM NaCl pH 8.0. The enzymes purity was assessed by 0.1%
SDS, 12.5% PAGE according to Laemmli, 1970 followed by Coo-
massie Brilliant Blue staining. The concentration of the various



Fig. 2. DSC profiles of heating scans of MmChi60 (bottom panel) in pH 8.0, 20 mM
sodium phosphate 1 mM EDTA buffer as well as of two mutants bearing the de-
letion of the two Ig-like domains MmChi60Δ(Ig1)Δ(Ig2) (middle panel) as well as
MmChi60Cat, bearing the deletion of the Ig-like and the ChB domains, i.e. with only
the TIM barrel catalytic domain remaining (top panel). For all the scans the heating
rate u¼1.5 K/min. The arrows indicate the heat capacity anomalies associated with
the thermal unfolding of the two Ig-like domains and the ChB domain.
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forms of chitinase was determined from the absorption at 280 nm
using an UV spectrophotometer. The extinction coefficient of the
protein was estimated on the basis of the amino acid sequence
using the Expasy's ProtParam tool [29].

2.3. High-accuracy adiabatic-DSC

The VP-DSC differential scanning calorimeter (MicroCal Inc.,
Northampton, MA, USA) was employed to explore the thermal
unfolding of MmChi60 and its mutants. High-accuracy measure-
ments of the heat capacity at constant pressure (〈ΔCp〉) vs. tem-
perature (T) are collected as T is raised continuously from room
temperature to above the denaturation temperature. Protein
concentrations were used in the range of 0.5–1.4 mg/mL. Seven
reference scans with only buffer-filled cells (volume of 0.523 mL)
preceded each data-acquisition run in order to eliminate device
thermal history effects and achieve maximum baseline repeat-
ability. Protein and buffer solutions were thoroughly degassed
under vacuum prior to loading to the calorimeter. The heating
scanning rate (u) was selected between 0.17 and 1.5 K/min. The
reversibility of the calorimetric data was tested by performing a
second consecutive heating scan and comparing the results for the
total enthalpy (ΔΗ). Whenever needed, the difference in the heat
capacity between the initial and the final state was modeled by a
sigmoidal chemical baseline [30]. The calorimetric data have been
analyzed via nonlinear least square fitting procedures of ORIGIN
9.0 software.

2.4. Circular dichroism

Circular dichroism (CD) spectra have been collected with a
JASCO J-715 spectropolarimeter (JASCO, Easton, MD), equipped
with a JASCO PTC 348 WI temperature controller, in the 190–
360 nm wavelength range, using properly sealed quartz cuvettes.
In the far-UV region (190–260 nm), protein samples with con-
centrations 0.14 and 0.1 mg/mL for the wild-type and the mutant
were loaded into a 0.1 cm path-length quartz cuvette (HELMA),
while in the near-UV region (260–360 nm), protein samples with
concentrations 0.6 and 0.3 mg/mL for the wild-type and the mu-
tant were loaded into a 1 cm path-length cuvette. Five to seven
spectra were accumulated and averaged for each experiment, with
a wavelength step 0.2 nm at a rate 50 nm min�1, a response time
of 2 s and a bandwidth of 1 or 2 nm. Buffer spectra, obtained at
identical conditions, have been subtracted from the sample ones.

2.5. Chemical denaturation

Chemical denaturation experiments have been carried out using a
QuantaMaster UV VIS spectrofluorometer (Photon Technology Inter-
national, Inc. Birmingham, UK) using Guanidine-Hydrochloride
(GndHCl) as denaturant. The experiments were carried out at 20 °C.
Protein solutions of 0.04–0.08 mg/mL were added in a 4 mL quartz
fluorometer cuvette and the intrinsic protein fluorescence was mea-
sured using the following parameters: excitation wavelength 295 nm,
excitation slit width 0.55 nm, emission slit width 0.7 nm, integration
time 20 s. The fluorescence spectra were collected in the range from
300 to 450 nm. Significant changes were continuously observed in
the emission spectra of protein samples, in the presence of various
amounts of GndHCl, for unusually long times. In order to design ac-
curate experiments, protein solutions containing chemical denaturant
concentrations from 0.5 to 3 M were prepared simultaneously and
were consequently stored in Eppendorf tubes in the dark for several
days, in order to achieve chemical equilibrium. The background signal
(fluorescent or scattered light) from the buffer was measured sepa-
rately and was subsequently subtracted from the raw data.
3. Results and discussion

The heat-induced unfolding of MmChi60 was studied by high-
accuracy DSC. A heating scan rate of 1.5 K/min was applied. Re-
versible calorimetric profiles i.e. excess heat capacity (〈ΔCp〉) vs.
temperature (T) plots, have been obtained at pH 8.0, 20 mM so-
dium phosphate 1 mM EDTA buffer, displaying three distinct
thermal anomalies: a prominent peak at T1¼55.8 °C and two weak
features at T2¼44.7 and T3¼35.1 °C, as shown in Fig. 2 (bottom
panel). The reversibility expressed as the ratio of the total enthalpy
change between two consecutive heating scans was higher than
90% for the main peak and �80% for the two smaller ones. The
consistency between the calorimetric profiles at various con-
centrations of MmChi60, confirms the monomeric state of the
molecule in the chosen buffer. The complex DSC profile can be
directly associated to the structural characteristics of the MmChi60
molecule, displaying enhanced flexibility, arising from the very
unique architecture of the hinge regions between the various
domains of the protein. An uncooperative unfolding of the four
domains may thus be anticipated resulting into the observed trio
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of thermal anomalies (where the two Ig-like domains are expected
to unfold cooperatively). In addition, the two low-temperature
peaks may also include enthalpic contributions arising from tem-
perature-dependent transformations between the different mole-
cular conformations, from compact to fully extended, as these
were revealed by recent SAXS experiments [25]. By calculating the
per-residue enthalpy changes (ΔΗ) for each of the three peaks the
following results are obtained: ΔΗ(T1) 0.6570.04 kcal/mol-re-
sidue, ΔΗ(T2)¼0.1170.01 kcal/mol-residue, ΔΗ(T3)¼0.287
0.03 kcal/mol-residue. The values for the peaks at T3 and especially
at T2 are considerably lower compared to what is expected for the
unfolding of small globular proteins [31]. In this sense, these two
minor peaks may be describing only the partial denaturation of
domains or even reflecting the fact that the unfolding of the
flexible “hinge” regions may only have a small contribution to the
measured enthalpy changes. Nevertheless, small enthalpy con-
tributions resulting from heat-induced conformational transitions
of the MmChi60 molecules from the more compact to the fully
extended, elongated structure cannot be excluded either.

In order to better understand the DSC results, two mutants of
MmChi60 have been overexpressed and purified, MmChi60Δ(Ig1)
Δ(Ig2) bearing a deletion of the two Ig-like domains, residues
348–504 and MmChi60Cat where the ChB domain is also removed
(ΔT346-R550) and the molecule comprises exclusively of the β/α-
barrel structural motif, residues 23–346. Indeed, as it can be seen
in Fig. 2, in the reversible DSC calorimetric profile of MmChi60Δ
(Ig1)Δ(Ig2) only two thermal anomalies can be detected. Once
again the calorimetric results were found to be independent of
protein concentration providing evidence for the monomeric state
of the mutant. The main feature at T1¼55.2 °C and a second peak
at a lower temperature T¼34.9 °C comparable to T3 in the
MmChi60 profile. In other words, it appears that following the
deletion of the two Ig-like domains, the second lowest in tem-
perature peak T2 has vanished from the DSC profile. Interestingly,
the two remaining peaks are characterized by comparable per-
residue enthalpy changes: ΔΗ(T1) 0.7370.04 kcal/mol-residue,
ΔΗ(T3)¼0.9770.10 kcal/mol-residue. Finally, in the case of the
MmChi60Cat mutant, only the main calorimetric peak at
T¼55.6 °C remains as the sole anomaly of the DSC profile, char-
acterized by ΔΗ(T1) 0.7070.04 kcal/mol-residue, describing thus
the heat-induced unfolding of the TIM barrel. All these results
provide substantial evidence that thermal unfolding of the do-
mains of MmChi60 molecule take place independently of each
other at a temperature range that is approximately twenty degrees
wide. By assigning the T2-peak to the unfolding of the two Ig-like
domains and consequently the T3 to the unfolding of the ChB it
becomes evident that the latter can only function below 36 °C,
which may in turn be significant of a very characteristic evolu-
tionary property of the psychrophilic organism Moritela marina. It
is worth noting at this point that in the case of chitinase-A from
Serratia marcenses the mutant bearing a deletion of the αþβ in-
sertion in the catalytic TIM barrel domain, also displays a heat-
induced unfolding, likely associated with the chitin binding
Table 1
Calorimetric parameters describing the peaks in the DSC profiles of MmChi60 and the
residue of the enthalpy of unfolding ΔΗ(Τx) the following numbers of residues have be
domains at Τ2, 151 residues and for the chitin-binding domain at T3, 24 residues. ΔΤ(
cooperativity in the thermal unfolding of each domain.

T1 (°C) ΔH(T1) (kcal/mol-
residue)

ΔT(T1) (°C) T2 (°C) ΔH(T
residu

MmChi60 55.81 0.6570.04 4.82 44.73 0.117
MmChi60Δ(Ig1)Δ
(Ig2)

55.24 0.7370.04 5.88 � �

MmChi60Cat 55.64 0.7070.04 5.41 � �
domain at �35 °C [24].
Interestingly, as it can be observed for all three thermograms

displayed in Fig. 1, the main heat capacity anomalies display a
remarkable consistency in the Tm values and only small differences
in ΔΗ and the full width at half maximum of the peaks, which is
often associated with the cooperativity of the thermal transition. A
direct comparison of the characteristics of these peaks provides
evidence that the thermal unfolding of MmChi60Cat, i.e. of the
TIM-barrel, is characterized by higher per residue enthalpy
(0.70 kcal/mol-residue) compared to native MmChi60 and also
lower cooperativity even though the melting temperature Tm re-
mains relatively unaffected (Table 1). These findings are not sur-
prising given the fact that the initial and final states for the un-
folding transition of each of the three molecules may indeed be
different. We have thus proceeded in a systematic study of the
thermodynamic stability of the MmChi60Cat mutant since it re-
presents the first stable, chitinase TIM-barrel catalytic domain that
is free of (αþβ)-domain albeit having a small β–hairpin insertion
(residues 218–235).

Heat denaturation experiments of the β/α-barrel have been
carried out in pH 8.0, 20 mM sodium phosphate 1 mM EDTA buffer
at various protein concentrations Ct ranging from 0.5 to 1.0 mg/ml.
While the heat capacity anomalies and especially Tm (temperature
for maximum ΔCp value) are independent of Ct, as expected for a
monomeric protein, a pronounced dependence on the heating
scan rate has been recorded. The (〈ΔCp〉) vs. (T) calorimetric curves
at four different DSC heating scan rates (u) and Ct¼0.8 mg/ml are
displayed in Fig. 3. For the four profiles, the population of dena-
tured molecules, refolding to the native state upon very fast
cooling, as this can be established by a consecutive second heating
run through the denaturation transition, varied as follows: for
u¼1.5 K/min, 92% of the molecules have refolded upon cooling to
room temperature, 95% for u¼1.0 K/min, 89% for u¼0.5 K/min and
70% for u¼0.33 K/min. The recorded irreversibility trend appears
to be dependent upon the total time the sample remains at high
temperatures, in the unfolded state. This directly points to kine-
tically-driven, slow aggregation processes taking place at the un-
folded state, not inherent to the transition itself. On the other hand
the strong dependence of the thermal anomalies upon the heating
scan rate can be straightforwardly considered a manifestation of
the fact that equilibrium relaxation during the thermal unfolding
is indeed slower than the applied heating rates.

A kinetic analysis of the calorimetric data has been attempted
based upon a two-state reversible model

N D
k

k

r

d
⇆

The rate of change of the population of molecules (α) in the
denatured state at is given by

da
dt

k a k a1 1d r= ( − ) − ( )

The temperature dependence of α is given by
two mutants: MmChi60Δ(Ig1)Δ(Ig2) and MmChi60Cat. For obtaining the per-mol-
en considered: For the TIM-barrel domain at Τ1, 319 residues, for the two Ιg-like
Τx) is the full width at half maximum of each DSC peak, reflecting the degree of

2) (kcal/mol-
e)

ΔT(T2) (°C) T3 (°C) ΔH(T3) (kcal/mol-
residue)

ΔT(T3) (°C)

0.01 7.39 35.12 0.2870.03 5.91
� 34.86 0.9770.10 8.29

� � � 1



Fig. 3. Reversibility and slow relaxation of the thermal unfolding of the TIM-barrel
domain of MmChi60: First (solid lines) and second consecutive DSC scans (dash-
dotted lines) at various heating rates u¼1.5 K/min (black), 1.0 K/min (red), 0.5 K/
min (green) and 0.17 K/min (blue) (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Slow relaxation kinetics for the thermal unfolding of the (β/α)8 barrel of
MmChi60: Lower panel, linear fits of the quantity [u*〈ΔCp〉/ΔΗcal] vs. the fraction of
unfolded molecules (α), providing estimates of the kd(T)þkr(T) rates (see Eq. (4) in
main text): hexagons correspond to 49, rhombs to 50, down triangles to 51, up
triangles to 52, circles to 53 and squares to 54 °C; Upper panel, Eyring plots of the
ln(kd(T)/T) vs. 1/T, leading to an estimate of the activation energy Ea¼92.570.7.
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The results for kd and kr from linear fits of the calorimetric data
for the four scan rates u, obtained at six different temperatures
T¼49, 50, 51, 52, 53 and 54 °C, to Eq. (4) are listed in Table 2. The
linear fits are presented in Fig. 4. As it can be straightforwardly
observed the values for kr are virtually zero at any given tem-
perature. This signifies that denatured protein molecules fail to
refold within the available experimental times, or in other words
that chemical equilibrium is severely compromised regardless of
the high degree of reversibility of the calorimetric data. It is thus
Table 2
Estimates for the denaturation (kd) and refolding (kr) rates as obtained from linear
fittings of Eq. (4) for the four different scan rates u, at six different temperatures
T¼49, 50, 51, 52, 53 and 54 °C. The data are displayed in Fig. 3 (lower panel).

T (°C) Kd (h�1) Kr (h�1)

49 2.1470.13 ∼ 0
50 3.1770.10 ∼ 0
51 5.1570.02 ∼ 0
52 8.0470.11 ∼ 0
53 12.4370.29 ∼ 0
54 18.8570.63 ∼ 0
imperative that solely a kinetic analysis based on an irreversible
two-state model can be performed. Indeed by fitting the present
kd results to an Eyring equation [32], the activation energy
Ea¼92.570.7 kcal/mol can be estimated. This is relatively high
compared to other literature reports [33].

The situation of calorimetric but not thermodynamic reversi-
bility is relatively unusual in the literature ([34] and [35]). It has
been demonstrated, among others, for the thermal unfolding of
the thermophilic PCP-0SH protein where a second-heating DSC
peak can only by obtained after allowing the protein solution to
remain for 36 h at low-temperatures. A moderate kinetic depen-
dence of the DSC results has also been recorded for the thermal
unfolding of the thermophilic Chitinase 40 (Chi40) [23]. In this
case though the apparent Tms at various heating rates converge, so
that at the lowest, device-dependent heating rate u¼0.17 kcal/
mol, the experimental results coincide with the theoretical pro-
jection limit of zero heating rate. In the case of the psychrophilic
MmChi60 such convergence has not been found even though good
reversibility is exhibited for the lowest heating rate. This is likely
significant of an endogenous characteristic of the specific TIM-
barrel.

The heat-induced denaturation of the Chi40 revealed that the
calorimetric data could only be fitted using either a non-two-state
sequential model involving one equilibrium intermediate or an
independent-transitions model involving the unfolding of two
energetic domains to intermediate states [23]. In either case, the
unfolding of the αþβ insertion domain has been pointed out as
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being possibly related to the non-two-state calorimetric findings.
In the case of the present (β/α)8 catalytic domain of MmChi60, any
attempt to fit the DSC results, at any heating rate, by a two-state
model has produced statistically poor results. Moreover the ca-
lorimetric to the van′t Hoff enthalpy ratio was found to vary from
1.5 at the heating rate u¼1.5 K/min, to 2.0 at the rate of u¼0.33 K/
min. These findings provide evidence for a substantial deviation
from two-state models [36]. It is thus becoming apparent that the
thermal denaturation of the TIM-barrel of MmChi60 may also in-
volve an unfolding intermediate. This is a particularly interesting
finding since the specific domain, in contrast to Chi40, does not
contain the (αþβ)-domain insertion.

CD spectropolarimetry has also been employed in order to in-
vestigate the thermal denaturation of the TIM-barrel of MmChi60
by recording spectroscopic changes at various temperatures
through the unfolding transition. In the far-UV, at 25 °C, the
spectra for MmChi60 and MmChi60Cat analyzed via CDNN reveal
differences in the α-helical content but a remarkable convergence
as far as the β-sheets. Of course all the CD results can only be
compared to the crystallographic findings which only exist for the
wild-type MmChi60. It must thus be deduced that the mutant
maintains the structural characteristics of the wild-type barrel, i.e.
before the deletion of the other domains takes place. While it is
difficult to conceive that the deletion of the side domains can in-
duce structural changes upon the TIM-barrel, changes in the
overall geometry of the β-sheets cannot by excluded, leading to a
possible widening of the CD zones [37]. The temperature-depen-
dent CD measurements for MmChi60Cat are displayed in Fig. 5 in
the far- (left panel) and near-UV (middle panel). For the far-UV
measurements the protein solution was used at a concentration of
0.1 mg/ml while for near-UV at 0.3 mg/ml. Of particular interest
are the results presented in the right panel of Fig. 5. They illustrate
the temperature dependence of the ellipticity at 200 and 272 nm.
A remarkable thermal hysteresis of about three degrees exists for
the thermal transition recorded at these two wavelengths. Based
on the near-UV data the melting temperature is estimated at
49.970.4 °C while from the far-UV measurements the value of
52.970.1 °C is obtained. The ellipticity changes at 200 nm are of
course associated to changes in the secondary structure of the
molecule while at 272 nm with the tertiary structure. It is thus
evident that upon heating the TIM-barrel of MmChi60 from room
temperature, the molecule losses first it's tertiary structure and at
Fig. 5. Far-UV (left panel) and near-UV (middle panel) spectra for the TIM-barrel domain
temperatures above and below the thermal transition: 30 °C black, 35 °C red, 40 °C gre
purple. Right panel: normalized ellipticity results at wavelengths 200 nm (down triang
between conformational changes in the secondary and tertiary structures. Solid lines are
the reader is referred to the web version of this article.)
a three-degree-higher temperature it loses its secondary structure.
This result is indicative of a thermodynamically stable inter-
mediate state, in the temperature range of these three degrees,
that bears the characteristics of a molten globule state [38,39]. This
is the first evidence that a molten globule may be a folding/un-
folding intermediate for a TIM-barrel structural motif. Further in-
vestigations are required in order to fully confirm it. Interestingly,
the Burst-Phase Intermediate state recorded in kinetically con-
trolled refolding experiments of HisF, a β/α-barrel protein, is also
characterized by substantial secondary and no tertiary, structure
based on CD measurements [22].

Since the heat-induced denaturation of the (β/α)8 catalytic
domain of MmChi60 was kinetically controlled, thus preventing
the measurement of the molecule's thermodynamic stability,
GdnHCl-induced chemical denaturation has also been attempted.
Chemical denaturants can inhibit the aggregation of denatured
molecules establishing thus that chemical denaturation is a ther-
modynamically controlled process [40]. The bottom panel of Fig. 6
displays raw data, which are fluorescence emission spectra at
300–450 nm, after tryptophan residues have been activated at an
excitation wavelength of 295 nm, as a function of increasing con-
centration of the denaturant GdnHCl. As it can straightforwardly
be seen the spectra display a red shift that is relevant of an in-
creasing population of denatured protein molecules where tryp-
tophan residues are exposed to the solvent. The statistically-
weighted average wavelength F F/i i iλ λ= ∑ ∑ where Fi is the
fluorescence intensity has been used as the most adequate para-
meter to express the changes in the population of the denatured
molecules as the concentration of GdnHCl was increased [41]. For
each concentration C of GdnHCl, λ was calculated at various time
intervals until equilibration. The data were fitted using a simple
single-exponential form

e 5k t
eq eq 0 app( )λ λ λ λ= − − ⋅ ( )− ⋅

here 0λ and eqλ are the wavelengths at initial and equili-
bration time and k k kapp d r= + the sum of folding and refolding
rates. The fitting results to Eq. (5) are shown in Table 3 and the fits
themselves are illustrated in Fig. 6, top panel. Interestingly at the
more dilute concentration regime, below 2 M, aggregation phe-
nomena involving the chemically denatured molecules are also
recorded at characteristic times that are longer than 150 h (data
not shown). The reversibility of the chemical denaturation profile
of MmChi60Cat in 20 mM sodium phosphate 1 mM EDTA pH 8.0 buffer at various
en, 45 °C blue, 50 °C cyan, 55 °C magenta, 60 °C dark yellow, 63 °C navy and 65 °C
les) and 272 nm (up triangles) vs. temperature, demonstrating thermal hysteresis
guides to the eye. (For interpretation of the references to color in this figure legend,



Fig. 6. Bottom panel: Chemical denaturation of the TIM-barrel domain of MmChi60
in 20 mM sodium phosphate 1 mM EDTA pH 8.0 buffer: Raw tryptophan-fluor-
escent spectroscopy data, emission spectra, equilibrated after considerably long
times, normalized to the initial protein solution concentration of 0.08 mg/ml de-
monstrate a red wavelength shift as the concentration of GdnHCl is increased. Top
panel: Single-exponential equilibration fits of the statistically-weighted average
wavelength λ as a function of time, for the concentrations of GdnHCl added at
time t¼0 to the protein solution, during the chemical denaturation of the (β/α)8
barrel of MmChi60. The characteristic half-lives for the exponential equilibration
are as long as four days, indicative of an extraordinarily high resistance to the
chemical denaturant. (For interpretation of the references to color in this figure
legend the reader is referred to the web version of theis article.)

Table 3
Equilibration values of eqλ and the corresponding characteristic half-lives (t1/2) at
various GdnHCl concentrations.

C MGdnHCl ( ) eqλ nm( ) t h1/2 ( )

0 347.5 �
0.5 348.0 �
1 348.0 �
1.25 348.370.1 40.8
1.5 349.370.4 57.8
1.75 351.670.1 86.6
2 352.870.3 69.3
2.25 353.670.3 46.2
2.5 353.970.2 27.7
2.75 354.270.1 17.3
3 354.170.2 18.7

Fig. 7. Chemical denaturation of the TIM-barrel domain of MmChi60 in 20 mM
sodium phosphate 1 mM EDTA pH 8.0 buffer. The isothermal sigmoidal plot, eqλ
vs. the concentration of GdnHCl and the corresponding non-linear-least squares fit
to a two-state model yielding a measurement for the thermodynamic stability
ΔG¼6.7571.3 kcal/mol kcal/mol. (For interpretation of the references to color in
this figure the reader is referred to the web version of this article.).
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allows for the extraction of meaningful thermodynamic stability
measurements. A two-state model has been used successfully to
analyze the chemical unfolding data eqλ vs. CGdnHCl [42–44]
presented in Fig. 7 yielding a value for the thermodynamic stabi-
lity ΔG¼6.7571.3 kcal/mol. The result from the non-linear least
squares fit is also illustrated in Fig. 7 (solid red line). This value is
lower from what was measured for the mesophilic Chi40 [23] and
the hyperthermophilic HisF [22]. As in the case of HisF, the equi-
librium unfolding of the TIM-barrel of MmChi60 conforms very
well with two-state model [22]. This is significant of the fact that
possible on-pathway intermediate states detected in the folding
experiments of HisF are most likely sparsely populated in equili-
brium unfolding. On the other hand, the kinetically driven thermal
unfolding processes are prompt to reveal intermediate states.
Notably the unfolding kinetics observed for MmChi60 are in line to
analogous, extremely slowly processes encountered for thermo-
stable proteins [22], [45–48]. These findings support the notion
that protection mechanisms against thermal denaturation involve
a high-kinetic barrier to unfolding. Apparently this is true for the
psychrophilic TIM-barrels of MmChi60.

The MmChi60 E153Q is a low-activity mutant that has been
successfully used to obtain the crystallographic structure of the
full-length shallow binding groove of the (β/α)8 catalytic domain,
unliganded as well as in complex with NAG4 and NAG5 [25]. The
replacement of the carbonyl group by a neutral amide group



Fig. 8. Detail of the crystal structure of MmChi60 (PDB entry 4hmc) depicting the
E153Q mutant superimposed on the wild type. The substitution of the charged
glutamic acid by a glutamine flips the residue towards the Asp151 residue at the
active center drastically reducing the enzymatic activity, (Ref. [25], PDB entry
4mb3).

Fig. 9. Normalized far- (middle panel) and near-UV (top panel) CD spectra for the
denaturation of the MmChi60_E153Q mutant (red solid line) in 20 mM sodium
phosphate 1 mM EDTA pH 8.0 buffer (black dashed line) at room temperature.
Bottom panel, DSC profiles comparing the thermal denaturation of the E153Q
mutant and the wild type. It is evident that the mutated active site residue has a
substantial impact upon the main calorimetric peak, which is associated to the
unfolding of the TIM-barrel (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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induces structural rearrangement at the active center by abolish-
ing the flipping of the active-site residue upon ligand binding
(Fig. 8). We have used CD and high-accuracy adiabatic DSC to
explore the impact of this point mutation upon the overall
structure as well as the stability of the molecule. The results are
summarized in Fig. 9. It is evident from the far- and near-UV CD
data that the mutant maintains the overall structure of the wild
type. Minimal changes are recoded in the CD spectra at room
temperatures. The reversible DSC profiles though (Fig. 9, bottom
panel) paint a very different picture. While T1 for the E153Q mu-
tant remains relatively constant at 56.4 °C, as compared to the wild
type and is also independent of the protein concentration in-
dicating a monomeric state, the calorimetric enthalpy is reduced
to 90.878.8 kcal/mol, which is indicative of a substantial decrease
in the thermodynamic stability of the molecule. Not surprisingly,
the lower temperature peaks are preserved (data for the lowest-T
peak not shown in Fig. 9) while the mutant's main peak is broader
and more asymmetric than the wild type, evidence for a less co-
operative thermal transition, likely affected by more severe kinetic
processes.

The systematic thermodynamic studies of the psychrophilic
MmChi60 and its mutants have led to interesting findings. Hinge
structural regions not only provide for the mechanical flexibility of
the molecule in solution but they also guarantee a thermodynamic
“individuality” of the domains that they connect. Each of these
domains, in the case of MmChi60, the CBM, the two Ig-like and the
TIM-barrel appear to be able to unfold in a fully uncooperative
fashion, not in the least affected by the thermal transitions of the
others. The shallow-binding-groove β/α- barrel, bare of any of the
(αþβ) insertions encountered in other chitinases appears to have
some extraordinary properties. While the thermodynamic stability
is not particularly high, the structural motif is very highly resistant
to chemical-induced denaturation. The thermal unfolding is
characterized by a molten-globule-like stable intermediate state
that may well assist in the understanding of the folding properties
of the TIM-barrel, with important implications in protein-en-
gineering applications.
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