
Thermochimica Acta 402 (2003) 123–134

Thermostability of cardosin A fromCynara cardunculusL.
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Abstract

The structural stability of cardosin A, a plant aspartic proteinase (AP) fromCynara cardunculusL., has been investigated by
high-sensitivity differential scanning calorimetry, intrinsic fluorescence and circular dichroism spectroscopy, and enzymatic
activity assays. Even though the thermal denaturation of cardosin A is partially irreversible, valid thermodynamic data can
be obtained within a wide pH region. Also, although cardosin A is a heterodimeric enzyme its thermal denaturation occurs
without simultaneous dissociation to unfolded monomers. Moreover, in the 3–7 pH region the excess heat capacity can be
deconvoluted into two components corresponding to two elementary two-state transitions, suggesting that the two polypeptide
chains of cardosin A unfold independently. Detailed thermodynamic and structural investigations of cardosin A at pH= 5.0,
at which value the enzyme demonstrates maximum stability and enzymatic activity, revealed that after thermal denaturation
the polypeptide chains of this protein retain most of their secondary structure motifs and are not completely hydrated.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Aspartic proteinases (AP) are a class of enzymes
(EC 3.4.23) widely distributed within the living world.
They are found in vertebrates, fungi, plants and retro-
viruses and have important roles in biological systems
such as precursor protein processing (retroviral pro-
teinases), digestion (pepsin, gastricsin and chymosin),
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intracellular protein degradation (cathepsin D), sporu-
lation (fungal proteinases) and blood-pressure regu-
lation (rennin). AP activity has also been correlated
with cancer invasiveness and breast and prostate can-
cer cell proliferation[1,2], the release of�-amyloid
peptides from the amyloid precursor in Alzheimer’s
disease[3], parasite development (including schisto-
somes,Plasmodium falciparumandCandida), growth
and reproduction in humans[4–6], and HIV virulence
[7] among many other examples.

Despite their distribution in retroviruses, bacteria,
yeast, fungi, vertebrates, and plants, all AP share sig-
nificant similarities in their sequences and structures
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as well as regards their general biochemical proper-
ties. The members of this class of proteinases display
two catalytic Asp–Thr/Ser–Gly motifs within their se-
quences and are inhibited by pepstatin, a hexapeptide
produced byStreptomyces. They also have an acid
optimum pH, and preferentially cleave peptide bonds
between hydrophobic residues.

Our research focused on a systematic study of
cardosin A, an AP present in the pistils of the car-
doon,Cynara cardunculusL. (family Asteraceae)[8].
The enzyme is produced as a single-chain zymogen,
procardosin A, from which the plant-specific insert
and the N-terminal propeptide segment are removed,
affording an active two-chain enzyme[9]. Although
AP have an acidic optimum pH, along with retroviral
proteinases cardosin A shows optimal activity un-
der mild acid conditions, suggesting its sub-cellular
localisation.

The refined crystallographic structure of cardosin
A displays two peptide chains of 31 and 15 kDa,
out of a total of 326 amino acids, giving rise a bilo-
bate molecule with two subunits separated by a large
cleft where the active site is located[10]. The crys-
tal structure also shows three solvent-exposed loop
regions at the end of the flap between residues 75
and 79, and the variable loops 46–47 and 159–160.
Three disulphide bridges have been found in the car-
dosin A mature protein: two within the first peptide
chain (Cys45/Cys50 and Cys206/Cys210) (pepsin
numbering), and the third within the second peptide
chain (Cys249/Cys282), at positions known to form
inter-cysteinyl bonds in the AP family[11]. These
three covalent bridges do not link the two peptide
chains, which must therefore be held together only by
hydrophobic interactions and hydrogen bonds arising
with the AP fold. In common with other AP, the active
site of cardosin A is located between the two lobes of
the molecule at the bottom of a large cleft that con-
tains the two catalytic aspartates Asp32 and Asp215.

The sugars are localised on the molecular surface,
distributed between two glycosylation sites—Asn67
(in the 31 kDa chain) and Asn257 (in the 15 kDa
chain)—away from the conserved active site, and
show a new glycan of the plant complex type. A hy-
drogen bond between Gln126 and Man�4 renders the
monosaccharide oxygen O2− sterically inaccessible
to accept a xylosyl residue, thereby explaining the
new type of the plant glycan identified. In view of

their localisation away from the active site[12], the
glycans are probably important for the stability and/or
correct processing rather than for activity.

The aim of this work was to gain insight into the
process of the thermal denaturation of cardosin A. Ow-
ing to the potential attractiveness of the use of this
enzyme, study of the molecular events taking place
in cardosin A upon heating under different solution
conditions should be of great academic and practical
interest.

2. Experimental

HiLoad Superdex 75 prep grade, Q-Sepharose and
HiPrep 26/10 desalting columns were from Amersham
Pharmacia Biotech (Uppsala, Sweden). Sodium citrate
was from Probus, and HCl and NaCl were from Pan-
reac (Barcelona, Spain). Tris, MES, HEPES and TAPS
were purchased from Sigma (St. Louis, MO, USA).
Reagents for electrophoresis were from Bio-Rad Lab-
oratories (Richmond, CA, USA). The Micro BCATM

protein assay was purchased from Pierce (Cheshire,
UK). All reagents were of the highest purity available.
Double-distilled water was used throughout.

Cardosin A was purified by a two-step procedure,
as previously described[13] with slight modifica-
tions. Stigmas from fresh flowers were homogenised
with 100 mM sodium citrate, pH= 3.5, and cen-
trifuged at 14 000 rpm for 10 min. The supernatant
was filtered through a 0.2�m filter and applied to
a Hiload Superdex 75 prep grade equilibrated and
eluted with 25 mM Tris/HCl, pH= 7.6, at a flow rate
of 3 ml/min. The active fraction was further purified
on a Q-Sepharose column, equilibrated with the same
buffer. The protein was eluted with an optimised gra-
dient of NaCl (0.2–1 M) at a flow rate of 3 ml/min.
All solvents were previously degassed and chromato-
graphic assays were performed at room temperature.
Protein peaks were collected and their purity assessed
by SDS-PAGE. The enzyme was desalted using a
HiPrep 26/10 desalting column and then concentrated
by means of lyophilization after freezing with liquid
nitrogen on a Dura-DryTM apparatus at a condensator
temperature of−50◦C and a pressure lower than
100 mTorr.

Sample purity was checked by SDS/PAGE and by
isoelectrofocusing. Electrophoresis was performed
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as described by Fairbanks et al.[14] on a Bio-Rad
minigel apparatus using a flat block with a polyacry-
lamide gradient of 5–25%. Gels were prefixed and
stained using the method of Merril et al.[15]. Analyt-
ical isoelectrofocusing performed using Ampholine
PAGE plates (Amersham-Pharmacia), with a pH range
3–10. Electrophoretic conditions and silver staining
were carried out as recommended by the manufac-
turer. The standards used were the broad pI calibration
kit (pH = 3–10) from Amersham-Pharmacia.

Protein concentration was determined spectropho-
tometrically at 280 nm, using an extinction coefficient
of 43.8×103 M−1 cm−1 based on a 46 kDa molecular
weight for the cardosine A dimer[16].

The calorimetric experiments were performed
on a MicroCal MC-2D differential scanning mi-
crocalorimeter (MicroCal Inc., Northampton, MA)
with cell volumes of 1.22 ml, as described previously
[17]. The calorimetric unit was interfaced with an
IBM-compatible computer for automatic data col-
lection and analysis. The sample and the reference
solutions were properly degassed in an evacuated
chamber at room temperature and carefully loaded
into the calorimeter to eliminate bubbling effects. An
overpressure of 2 atm of dry nitrogen was kept over
the liquids in the cells to prevent any degassing dur-
ing heating. A scanning rate of 60 K/h was employed
throughout, since no significant scan rate effect was
observable. The baseline was obtained with buffer
in both reference and sample cells. To test for the
ability of the protein to become denatured, the sam-
ple was cooled at the end of the first scan, allowed
to re-equilibrate to the starting temperature, and then
scanned again. The percentage of denaturation is ex-
pressed as the calorimetric enthalpy change (�Hcal)
of the second scan divided by that of the first one.
The excess heat capacity function was analysed after
normalisation and baseline subtraction using ORIGIN
software package supplied by MicroCal.

Steady-state fluorescence measurements were car-
ried out on a F-4010 Hitachi spectrofluorimeter. The
intrinsic fluorescence of the proteins arises from the
aromatic amino acid residues. Here we used the flu-
orescence of tryptophan residues available in the en-
zyme. A fluorescence excitation wavelength of 295 nm
was used to avoid the contribution of the emission
of residues other than tryptophan. The monochroma-
tor slit width was kept at 5 nm in the excitation and

emission channels. Fluorescence was measured in the
range 300–400 nm. The fluorescence measurements of
the enzyme were carried out on protein solutions with
an optical density of less than 0.2 at 295 nm to avoid
the inner filter effect. The emission spectra were cor-
rected for instrumental spectral sensitivity. The posi-
tion of the middle of a chord drawn at the 80% level
of maximum intensity (λmax) was taken as the posi-
tion of the spectrum. The temperature-dependence of
the emission fluorescence spectra was investigated us-
ing thermostatically controlled water circulating in a
hollow brass cell-holder. The temperature of the sam-
ple was monitored with a thermocouple immersed in
the cell under observation. The heating rate was be-
tween 0.6 and 1.2 K/min, and spectra were collected
at the desired temperatures over the entire tempera-
ture range. In titration experiments, pH values were
adjusted by means of a polyethylene rod moistened
with either 0.1 M HCl or 0.1 M NaOH. The fluores-
cence spectra were analysed on the basis of the model
of discrete states of tryptophan in proteins[18–20].

The far-UV CD spectra (195–250 nm) of car-
dosin A were recorded on a Jasco-715 spectropo-
larimeter, using a spectral band-pass of 2 nm and
a cell path-length of 1 mm. Protein concentrations
of 0.1–0.2 mg/ml were used in these measurements.
Four spectra were scanned for each sample at a scan
rate of 50 nm/min and were then averaged. All spectra
were background-corrected, smoothed and converted
to mean residue ellipticity [Θ] = 10MresΘobsl

−1p−1,
whereMres is the mean residue molar mass (protein
molecular mass divided by the number of amino acid
residues),Θobs the ellipticity (◦) measured at wave-
length λ, l the optical path-length of the cell (dm)
and p the protein concentration (mg/ml). Secondary
structure analysis of CD spectra was performed using
the SELCON3 software package[21]. To study the
dependence of ellipticity on temperature, the sam-
ples were heated from 283 to 363 K at a constant
heating rate (ca. 1 K/min) using a NESLab RT-11
programmable water bath.

The proteolytic activity of cardosin A was as-
sayed using the chromogenic synthetic peptide Lys–
Pro–Ala–Glu–Phe–Phe(NO2)–Ala–Leu (courtesy of
Dr. Arthur J.G. Moir) as substrate. Enzyme prepa-
rations were incubated at desired temperature with
0.242 mM substrate in 50 mM sodium acetate with
0.2 M NaCl and 4% (Me)2SO, pH = 4.7. The rate
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of hydrolysis of Phe–Phe(NO2) was monitored by
RP-HPLC[16].

3. Results and discussion

The thermal stability of cardosin A was studied
using high-sensitivity differential scanning calorime-
try. Fig. 1 shows the temperature-dependence of the
partial molar heat capacity of cardosin A at a con-
centration of 30�M in 20 mM HEPES, pH= 7.0.
Under the conditions of this experiment, the ther-
mal denaturation transition of cardosin A occurs at
332.9 K and is characterised by an enthalpy change
of 728 kJ/mol and a change in heat capacity (�Cp) of
17.2 kJ K−1 mol−1. At 25◦C, the heat capacity of the
native state is 49.8 kJ K−1 mol−1 or 1.42 J K−1 g−1,
comparable to the values reported for other proteins
[22,23]. Fig. 1 also shows that the heat capacity of
native cardosin A observed here is in good agreement
with the values calculated using a structure-based
parameterisation[23]. Also, the heat capacity of the
denatured state is lower than that expected for an
unstructured polypeptide of the same amino acid
composition, suggesting that even in this state the
polypeptide chain retains a residual structure and is
not completely hydrated after thermal denaturation.

Fig. 1. Partial molar heat capacity of cardosin A as a function of
temperature at pH= 7.0 (20 mM HEPES buffer). The experiment
was performed at a scan rate of 60 K/h and the protein concentra-
tion was 30�M. The dashed lines represent the heat capacities of
the native,CpN, and unfolded,CpU, states, respectively, calculated
using a structure-based parameterisation[23].

It should be noted here that the specific enthalpy
change of 16.15 J/g is also indicative of the lack of
complete unfolding of cardosin A upon heat denatu-
ration because this value is significantly lower than
the value observed for most globular proteins at the
same temperature[22].

It is well known that a correct thermodynamic
description of protein stability is possible only if
its experimentally measured unfolding transition is
reversible. The extent of reversibility, measured by
relative area recovery, seen on the second scan of
cardosin A depended on the temperature at which the
first scan was terminated before cooling the samples
in preparation for the second scan. When the first
scan was allowed to proceed up to a temperature
at which the transition was 50% complete, then the
repeated scans showed approximately 85% reversibil-
ity. However, heating up to temperatures at which
the transition was 90% complete reduced reversibility
by up to 30%. When the first scan progressed up to
higher temperatures, the transition became completely
irreversible. We found, however, that the DSC scans
measured for cardosin A were practically independent
of the scan rate. Experiments performed at scanning
rates of 28, 60 and 89 K/h gave similar denaturation
profiles that differed in the transition temperatures
(Tm) by less than 0.3 K, indicating the absence of
kinetic effects under our experimental conditions.
We therefore concluded that the data could still be
analysed semi-quantitatively using thermodynamic
models[24–26].

According to equilibrium thermodynamics, any
change in the oligomerization state of proteins dur-
ing their thermal denaturation should produce a
concentration-dependence ofTm [27]. The absence
of such dependence may therefore be taken as evi-
dence that the denatured protein remains in the same
oligomerization state as the native protein[28]. Since
cardosin A is a hetero-dimeric protein, we investigated
the dependence of its thermal transition temperature on
the protein concentration. It turned out that the thermal
transition temperature of cardosin A does not depend
on the protein concentration (differed by less than
0.4 K) within the 6.5–105�M (ca. 0.3–4.8 mg/ml)
range, i.e. thermal denaturation of cardosin A is not ac-
companied by simultaneous dissociation of the folded
dimer to the unfolded monomers. This unusual situa-
tion for multimeric proteins can be explained in terms
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of the idea that the thermal denaturation of cardosin
A would occur without its complete unfolding and, in
particular, that some structural elements responsible
for the interaction between the two different cardosin
A chains would remain. This suggestion finds exper-
imental support in that the value of the specific en-
thalpy change for cardosin A is almost twofold lower
than the value observed for most globular proteins at
the same denaturation temperature (see above), and
also, as may be seen from the data offered below, that
a considerable portion of the secondary and tertiary
structure elements in the denatured state of cardosin
A persists.

Fig. 2shows a set of the excess heat capacity func-
tions for cardosin A (solid lines) at different pH values
obtained after correction of the experimental traces for
the instrumental baseline and the chemical baseline in
accordance with[29]. It is important to note here that
none of the DSC curves shown in this figure displayed
the typical asymmetry that would be expected if de-
naturation were to take the form Nm → mU, where N
and U represent the native and denatured protein, re-
spectively, the protein remaining oligomeric up to the
denaturation temperature and then undergoing simul-
taneous denaturation and dissociation tom molecules
of the unfolded protein[30]. Moreover, for the calori-
metric profiles obtained the ratio of the van’t Hoff en-
thalpy [defined using the familiar formula�HVH =
4RT2

mCmax
p /�H(Tm)] and the calorimetric enthalpy

[�HVH/�H(Tm)] averaged 0.45± 0.04 for pH values
of 3, 4, 5, 6, 7 and 8 and 1.08 ± 0.05 for pH value
of 9. The value of 0.45 is close to 0.5, which would
be found for two-state transition of a dimeric protein
[31], while the value of 1.08 is close to 1, which would
be found for two-state transition of monomeric protein
[32]. The results of the deconvolution of the DSC pro-
files obtained by means of the Microcal software un-
der the assumption of an independent two-state model
of unfolding (dashed lines) are shown inFig. 2 and
Table 1. It is clearly seen that the model offers a good
description of cardosin A thermal unfolding at differ-
ent pH values.

The two-chain structure of cardosin A strongly im-
plies that this scheme reflects the independent unfold-
ing of its two chains. Since the chains are of differ-
ent size but similarly folded[10], they are expected to
have different unfolding enthalpies, which really is the
case. We assigned the minor and major peaks to the

Fig. 2. Temperature-dependence of the excess molar heat capacity
of cardosin A at the different pH indicated in the figure after cor-
rection of the experimental traces for the chemical baseline in ac-
cordance with[29]. Dashed lines represent the results of non-linear
least-squares fittings of experimental curves to the two-state in-
dependent model as implemented in the Origin software package.
Protein concentration was 30�M.

unfolding of the shorter and longer chain, respectively,
and designated their enthalpies as�HS, �HL and the
transition temperatures asTmS, TmL, where the sub-
scripts S and L stand for the shorter and longer chains.
As follows from an analysis of the DSC scans, theTm
for both chains of cardosin A remains essentially the
same within the pH region from 4.0 to 6.0, whereas
it decreases substantially at pH values below 3.0 and
above 7.0. In the pH region where the protein is rela-
tively reversible, the change in calorimetric enthalpy is
linearly related toTm (Fig. 3). The linear relationship
between�Hcal andTm (r = 0.99) in the pH region
from 3.0 to 9.0 provides a unique way to estimate�Cp

values for both cardosin A chains separately, since the
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Table 1
Thermodynamic parameters for the individual transitions of cardosin A obtained by differential scanning calorimetry at different pH valuesa

pH First transition Second transition

Tm (K) �H (Tm)
(kJ/mol)

�Cp

(kJ/K mol)
�G◦ (298 K)
(kJ/mol)

Ts (K) �G◦ (Ts)
(kJ/mol)

Tm (K) �H (Tm)
(kJ/mol)

�Cp

(kJ/K mol)
�G◦ (298 K)
(kJ/mol)

Ts (K) �G◦ (Ts)
(kJ/mol)

3.0 329.8 334.7 10.0 16.4 298.1 16.4 336.4 431.0 8.8 29.1 290.8 30.0
4.0 335.6 370.3 19.5 300.7 19.6 340.7 477.0 35.2 290.5 36.1
5.0 338.8 413.8 24.1 300.0 24.2 342.9 485.3 36.5 291.9 37.1
6.0 335.9 380.3 20.6 300.1 20.7 340.8 447.7 31.6 293.5 31.8
7.0 328.8 318.4 14.9 298.4 14.9 333.9 403.8 25.8 291.0 26.6
8.0 319.2 212.1 6.9 298.7 6.9 328.0 350.6 19.5 290.4 20.5
9.0 – – – – – 315.1 235.6 8.8 289.4 9.8

a Tm is defined as the temperature at the midpoint of the unfolding transition (the standard deviation is±0.2 K); �H(Tm) is the calorimetric enthalpy of the unfolding
transition with a standard deviation of±5%; �Cp is the difference between the heat capacities of the intact and denatured states obtained from the slope of the graph
of the temperature-dependence of�H(Tm) by pH variation of Tm (the standard deviations are±0.4 kJ/K mol); the free energy changes,�G◦, were calculated with the
Gibbs–Helmholtz equation (2); temperature of maximum stability,Ts, was calculated withEq. (3).
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Fig. 3. Linear least-squares determination of the apparent relative
heat capacity of the denatured states of cardosin A subunits,�Cp .
TheTm and�H values for the long (solid circles) and short (open
circles) chains of cardosin A were obtained by fitting the DSC
traces measured at seven pH values to an independent two-state
model.

marked overlapping of the transitions in cardosin A
precludes even rough estimates of�Cp for each chain
from the total calorimetric scan. The changes in heat
capacity upon unfolding determined from the slopes
of the straight lines are�CpS = 10.0 ± 0.4 kJ/K mol
and�CpL = 8.8 ± 0.4 kJ/K mol for the shorter and
longer chains, respectively.

Fig. 4. Variation with pH of the fluorescence spectrum position (open circles), ellipticity at 205 nm (closed circles), and enzymatic activity
(closed squares) for cardosin A at 298 K.

The pH-dependent behaviour of cardosin A was
examined not only by DSC but also by circular
dichroism and intrinsic fluorescence spectroscopy
and enzymatic assays. Cardosin A is active at pH
from 2.5 to 7.5, maximum activity being seen at
around pH= 5.0 (Fig. 4). The same figure depicts
the pH-dependence of the position of the tryptophan
fluorescence spectrum position and the ellipticity at
205 nm of cardosin A measured at 293 K. In the pH
range from 2 to 7, both the spectral position and
ellipticity at 205 nm remain constant. The red shift
of the fluorescence spectrum and the increase in the
negative value of ellipticity at 205 nm at pH below
2.0 seem to be caused by protonation of some of
the carboxyl groups of the enzyme. At pH above 8
we observed a two-step red shift in the fluorescence
spectrum and changes in ellipticity at 205 nm that
could be due to alkaline denaturation of the cardosin
A chains triggered by deprotonation of Cys249 or/and
Cys282 (pK about 8.5) for the short chain and some
Tyr or/and Lys residues (pK about 10) for the long
chain. The fact that the short chain of cardosin A is
denatured at pH values above 8 was confirmed by the
calorimetric results. The molar heat capacity curve
for cardosin A at pH= 9.0 can only be approximated
by a single elementary contour under the assumption
of a two-state model of unfolding and the parameters
of this transition correspond to the linear relationship
between�Hcal andTm only for the long cardosin A
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Fig. 5. Fitting of the experimental fluorescence spectra of intact
(a) and thermally denatured at 358 K (b) cardosin A (symbols) to
the theoretical model of discrete states of tryptophan residues in
proteins[18–20] (solid lines), which are the sums of the spectral
components Tyr, S, I, II and III (dashed lines).

chain. Taking into account the results of pH titration
of cardosin A, all further studies on thermal stability
of the protein were carried out at pH= 5.0, the value
at which the enzyme shows maximum activity.

Changes in the environment of aromatic amino acid
side chains resulting from conformational changes in
the tertiary structure of proteins can be measured by
intrinsic fluorescence spectroscopy.Fig. 5 (symbols)
shows the emission spectra of intact (a) and thermally
denatured at 358 K (b) cardosin A at pH= 5.0, ex-
cited at 295 nm. It is clearly seen from the figure that
thermal denaturation of the protein results in a red shift
of the tryptophan fluorescence spectrum maximum by
more than 20 nm, from 323 to 347 nm (which is close
to the spectrum position of free tryptophan in water),
which means that polar tryptophan environment be-
comes more mobile upon thermal unfolding. This usu-
ally occurs when tryptophan residues move from the
hydrophobic interior to the protein surface in contact
with free water molecules. The most interesting fea-
ture of the spectrum of intact cardosin A (Fig. 5a) is the

occurrence of elements with a fine vibrational struc-
ture: a maximum at 319 nm and a shoulder at 330 nm.
This shows that part of the tryptophan residues in this
protein is located in a mostly non-polar, rigid environ-
ment. Analysis of the spectrum in terms of the model
of discrete states of tryptophan residues in proteins
[18–20] shows that the tryptophan residues of the S
and I forms (internal tryptophan residues forming two
different types of exiplexes with polar groups) provide
the main contributions to the emission. Thermal de-
naturation of the protein results in a pronounced red
shift of the tryptophan fluorescence spectrum (Fig. 5b).
Tryptophan residues of the form III (external trypto-
phan residues in contact with free water molecules)
provide the main contribution to the emission in this
state. Nevertheless, even in this state part of the tryp-
tophan residues is located inside the protein structure
(forms S and I).

Fig. 6a depicts the temperature-dependence of
normalised fluorescence intensity (solid symbols)
recorded at a heating rate of ca. 0.5 K/min and the
first-order temperature derivatives of these data (open
symbols) at pH= 5.0. Taking into account the com-
plicated denaturation mechanism obtained following
analysis of the DSC data, we analysed the first-order
temperature derivative of the fluorescence experimen-
tal data (open symbols inFig. 6a), assuming a su-
perposition of two independent transitions, from each
of which a two-state reversible equilibrium process
between native and denatured states follows. The best
global fit of these data (solid line) was achieved ac-
cepting that the parameters of these assumed contours
satisfy the equation:

�H(Tm) = 4RT2
m

�T
(1)

(�T is the width at the half-height of the contour
[32]) with �T values taken from the analysis of calori-
metric profiles (Fig. 2). The means of the enthalpy
of the denaturation and transition temperatures for
the short and long chains of cardosin A are�HS =
377.4 ± 17.2 kJ/mol, �HL = 496.2 ± 25.1 kJ/mol,
TmS = 339.3±2.1 K andTmL = 342.7±1.5 K, in suf-
ficiently good agreement with the calorimetric results.

It is important to note here that the process of
fluorescence intensity change with temperature is
accompanied by an increase in the aggregation (not
dissociation) of cardosin molecules at temperatures
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Fig. 6. Thermal denaturation profiles (closed symbols) of cardosin A at pH= 5.0, monitored by measuring the normalised area under the
fluorescence spectrum (a) and followed by the ratio between ellipticity at 215 nm at the indicated temperature and ellipticity at 298 K (c).
The open symbols in these figures are first-order temperature derivatives of the corresponding experimental data and the solid lines are
the results of fitting the data assuming a two-state unfolding model. The relative intensity of scattered light at 365 nm is shown in (b).

above 343 K as reflected in the increase in scattered
light intensity (Fig. 6b).

The CD spectra of intact and thermally denatured
cardosin A at pH= 5.0 are shown inFig. 7. The
spectrum of intact cardosin A (solid line) at pH= 5.0
displays a broad minimum at 217 nm, which is charac-
teristic of �-structure-rich proteins. The spectrum of
intact enzyme was not sensitive to protein concentra-
tions ranging from 0.05 to 1 mg/ml. Profound changes
in the CD spectra take place after the thermal denat-
uration of cardosin A, clearly indicating a change in

structure: the broad band centred at 217 nm decreases
in intensity and changes in shape while the positive
band at 197 nm is transformed into a negative band
at 200 nm.

The content of secondary structure elements ob-
tained by analysis of intact and thermally denatured
cardosin A CD spectra following the SELCON3 self-
consistent method[21] is given inTable 2. The con-
tents in �-helix (7%), �-strand (43%) and�-turn
(20%) are in reasonably good agreement with the ato-
mic structure of cardosin A, which shows the presence
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Fig. 7. Far ultraviolet CD of intact cardosin A at 298 K (solid line) and thermally denatured at 358 K (dashed line) at pH= 5.0.

of 10% of �-helices, 35% of�-strands and 30% of
�-turns [10]. The number of�-helical and�-strand
segments and their average length estimated from the
analysis of the CD spectra for intact cardosin A (see
Table 2) also agree fairly well with the crystal struc-
ture data, which show the availability of six�-helical
segments, with an average length of 5.5 residues, and
of 24 �-strand segments, with an average length of
five residues. Analysis of the CD spectrum of dena-
tured cardosin A reveals that many of the secondary
structure elements of this enzyme persist even in this
state (seeTable 2). The thermal denaturation leads to
the almost complete disappearance of�-turns and an
increase in unordered structure, while the contents in
�-helical and�-strand structures remain unchanged.
The number of�-helical segments and their average
lengths also remain the same as in intact cardosin A,
while the number of�-strand segments is reduced by
six segments, with an increase in the average length

Table 2
Secondary structure elements predicted from analysis of CD spectra for intact and thermally denatured cardosin A at pH= 5.0a

Protein Secondary structure fractions (%) �-Helical segments �-Strand segments

�-Helices �-Strands �-Turns Unordered N� L� N� L�

Regular Distorted Total Regular Distorted Total

Intact 1.9 5.1 7.0 28.2 14.7 42.9 20.2 29.9 4 5.1 25 5.8
Denatured 1.2 5.6 6.8 31.6 12.6 44.2 1.0 48.0 4 4.8 19 7.6

a The number (N) and average length (L) of �-helix (�) and �-strand (�) are given.

of these segments of ca. 2 residues. Once again, these
data confirm the notion that cardosin A does not
undergo complete unfolding upon heat denaturation.

The process of thermal denaturation of cardosin A
at pH = 5.0 was monitored by changes in molar el-
lipticity at 215 nm, since at this wavelength both the
pre-transitional and post-transitional baselines show
only a weak temperature-dependence.Fig. 6c (closed
symbols) shows the normalised thermal denaturation
curve of cardosin A at pH= 5.0 upon heating from
303 to 358 K as measured by CD. The reversibility of
the thermal denaturation of this enzyme was verified
by superimposing the transition curves recorded at dif-
ferent heating rates from 0.6 to 2 K/min, and by restor-
ing the CD spectra upon heating to 333 K, followed by
re-equilibration at 298 K. The result of this verification
was similar to the results obtained in the calorimet-
ric investigations, demonstrating approximately 80%
reversibility.
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The first-order temperature derivative of the un-
folding curve (open symbols inFig. 6c) was analysed
assuming that it consists of two components (solid
line), in the same way as in the case of the analysis
of the fluorescence data. The means for the enthalpy
of the denaturation and transition temperatures for
the short and long chains of cardosin A obtained
from the best global fit (see above) of this curve
(solid line)—�HS = 391.2 ± 15.9 kJ/mol, �HL =
493.7±16.7 kJ/mol,TmS = 339.8±1.4 K andTmL =
344.3 ± 1.3 K—are in good agreement with both the
calorimetric and intrinsic fluorescence results.

The experimental parameters characterising the de-
naturation of cardosin A can be used to calculate the
free energy change for denaturation at any tempera-
ture, �G◦(T), using the modified Gibbs–Helmholtz
equation

�G◦(T ) = �H(Tm)

(
1 − T

Tm

)

+�Cp

[
(T − Tm) − T ln

(
T

Tm

)]
(2)

and the temperature where�G◦(T) reaches a maxi-
mum,Ts, using

Ts = Tm exp

[
−�H(Tm)

Tm�Cp

]
(3)

Fig. 8. Temperature-dependence of the Gibbs energy for the short
chain (solid line) and the long chain (dashed line) of cardosin A
at pH= 5.0 plotted according toEq. (2).

[33]. The protein stability curves for both cardosin A
chains calculated with these equations and the experi-
mental parameters obtained in this work are shown in
Fig. 8. The values ofTs, �G◦ at Ts and at 298 K are
given in Table 1. The calculated values ofTs testify
to the relative hydrophobity of cardosin A, assuming
that this enzyme can, in principle, be cold-denatured
[34]. The stability of cardosin A chains at 298 K is
21–38 kJ/mol. This seems to be reasonable because
it is known that in biological processes energy is ex-
changed, as rule, by portions of 17–34 kJ/mol[22].
Thus, to make protein degradation feasible or to pro-
vide an elevated degree of protein flexibility, which is
essential for its function, the upper limit of the protein
conformational stability should have the same value.
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