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bstract

�-Trypsin is a serine-protease with a polypeptide chain of 223 amino acid residues and six disulfide bridges. It is a globular protein with
redominance of antiparallel ß-sheet secondary structure and it has two domains with similar structures. In the present work, a stability study of
-trypsin in the acid pH range was performed and some physical-chemical denaturation parameters were measured by using differential scanning
alorimetry (DSC). The �-trypsin has a shelf-life (t95%) of about 10 months at pH 3.0 and 4 ◦C and its hydrolysis into the �-trypsin isoform is
egligible during 6 months. The observed ratio �Hcal/�HvH is close to unity, which suggests the occurrence of a two-state transition. At pH 3.0,

−1
-trypsin unfolded with Tm = 325.9 K and �H = 99.10 kcal mol , and the change in heat capacity between the native and unfolded forms of the
rotein was estimated to be 1.96 ± 0.18 kcal mol−1 K−1. The stability of �-trypsin calculated at 298 K was �GU = 6.10 kcal mol−1 at pH 3.0. These
alues are in the range expected for a small globular protein. These results show that the thermodynamic parameters of unfolding of �-trypsin do
ot change substantially after its conversion to �-trypsin.

2008 Elsevier B.V. All rights reserved.
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. Introduction

In many cases, the transition of small globular protein from
ative to denatured state is highly cooperative and such transition
ay be described as “two-state”, where no intermediate states

re significantly populated [1,2]. From accurate measurements
f the folding/unfolding equilibrium, a transition model can be
roposed and both the associated thermodynamic parameters as
he native structure stability can be estimated [3]. Successful
hermodynamic analyses are dependent upon the protein char-

cteristics such as size, tertiary structure, number of domains
nd media conditions, such as organic solvents and the presence
f chaotropic or kosmotropic agents [4]. Bovine �-trypsin is a

∗ Corresponding author at: Departamento de Bioquı́mica e Imunologia, Insti-
uto de Ciências Biológicas, Universidade Federal de Minas Gerais, Av. Antônio
arlos, 6627, Belo Horizonte, MG 31270-901, Brazil. Tel.: +55 31 34092657;
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E-mail address: alexandremcs@yahoo.com.br (A.M.C. Santos).

t
c
i
s
d
s
h
a
c

141-8130/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijbiomac.2007.12.002
owerful proteolytic enzyme [5] that fulfills requirements for a
hermodynamic investigation. It is an isoform of �-trypsin that is
erived from pancreatic trypsinogen, both molecules belonging
o the serine-protease family, which are typical globular proteins
223 amino acid residues and about 24 kDa). Some members
f the family have been well characterized in the solid state
6]. �-Trypsin, the most studied of the trypsin isoform derived
rom N-terminal cleavage of trypsinogen, is a single polypeptide
hain. After hydrolysis of the peptide bond between Lys-131
nd Ser-132 it gives rise to the �-trypsin isoform, which has
wo polypeptide chains linked by a disulfide bond [5]. Con-
erning the tertiary structure �-trypsin is similar to �-trypsin,
t is composed of two closely related domains, stabilized by
ix disulfide bonds, with antiparallel �-pleated sheets in each
omain [7]. A second isoform of �-trypsin, which is present in

maller amount (in commercial preparations) is originated from
ydrolysis of �-trypsin at the peptide bond between Lys-176
nd Asn-177 producing �-trypsin [5] that has three polypeptide
hains linked by disulfide bond. Both �- and �-trypsin show

mailto:alexandremcs@yahoo.com.br
dx.doi.org/10.1016/j.ijbiomac.2007.12.002
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ignificant amidasic activity (�-trypsin is about 50% more active
han �-trypsin under the conditions of hydrolytic assay of N�-
enzoyl-dl-arginine-4-nitroanilide [8]). However the �-trypsin
soform presents some differences such as a higher affinity
or positively charged ligands like N�-benzoyl-l-arginine ethyl
ster and benzamidine, and its poor amidasic activity [5]. The
soform �-trypsin can now be purified in large quantities [8] and
t undergoes reversible thermally-induced or denaturant-induced
ransitions in acidic media. The aim of our work was to elucidate
f there is thermodynamic significant differences between �- and
-trypsin isoforms at pH 3.0 [9] using direct measurements by
ifferential scanning calorimetry (DSC). Previous calorimetric
nvestigation of thermal denaturation of �-trypsin [9] has sug-
ested a two-state transition between the native and denatured
orms.

. Materials and methods

.1. Materials

Tris (hydroxymethyl) aminomethane, benzamidine-
ydrochloride, glycine, citric acid, sodium citrate and bovine
rypsin type III (T8253) LOT 125HO676-EC 3.4.21.4 and N�-
enzoyl-dl-arginine-4-nitroanilide (BApNA) were purchased
rom Sigma (St. Louis, MO, USA). Calcium chloride was
urchased from Merck (Darmstadt, Germany). Sodium chloride
as from Carlo Erba (Rodano, MI, Italy). Acetic acid and
ydrochloride acid were purchased from Synth (Diadema, SP,
razil). Formic acid was from Reagen (Rio de Janeiro, Brazil).
atrix cation exchanger SE-SEPHADEX-C50 (capacity:

.3 mequiv./g and particle size: 40.0–120.0 �m) was purchased
rom Pharmacia Fine Chemicals INC (Uppsala, Sweden).
ype I water was purified by Barnstead Nanopure DiamondTM

ltrapure water system (Barnstead International, Dubuque, IA,
SA). All chemicals used were of reagent grade.

.2. Protein purification and characterization

All steps of the purification of trypsin isoforms were con-
ucted according to the method of Santos et al. [8]. After protein
solation, only the fractions with purity close to 100% of �-
rypsin were used. Purity of the isoform was detected by mass
pectrometry (ESI–MS, Micromass Q-ToF).

.3. Shelf-life determination

Shelf-life determination was accomplished by storing several
liquots (1.0 mg) of freeze-dried �-trypsin at 4 ◦C with 50% of
elative humidity and the enzymatic activities were measured in
ntervals of 15 days during about 6 months. Enzymatic activity
10,11] of �-trypsin was quantified by measuring its ability to
leave the amide bond in a small molecular weight synthetic sub-

trate, N�-benzoyl-dl-arginine-4-nitroanilide [12]. The results
ere plotted and analyzed on Sigma Plot 8.0 software by using

he pharmacology tool. The data are expressed as the mean with
= 3.

2

r
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.4. Determination of transformation percentage of
-trypsin into �-trypsin as a function of storage time

To certify that the thermodynamic data collected is related to
unique isoform, it becomes necessary to monitor the transfor-
ation of lyophilized �-trypsin into the �-trypsin isoform (its

roteolytic product) as a function of storage time at 4 ◦C and 50%
f the relative humidity. For this proposal, once for month (dur-
ng 12 months) aliquots of �-trypsin were re-chromatographed
t a similar system, but at a smaller scale than that previously
escribed [8]. Resultant products were analyzed by UV absorp-
ion (280 nm) using the molar extinction coefficient value of
0,000 M−1 cm−1 and identified by mass spectrometry (Q-ToF,
icromass). Areas of individual peaks were calculated (areas

elow 1% were considered as being 1%) and plotted at Ori-
in ScientificTM 5.0 software. The data are expressed as the
ean ± S.D. (n = 3).

.5. Differential scanning calorimetry

DSC measurements were performed by using a Micro-
al (Northampton, MA, USA) model VP-DSC scanning
icrocalorimeter. Protein was dissolved in several buffer types

ontaining stabilizer or denaturing agents, and the protein
oncentration was verified spectrophotometrically by using
he trypsin molar extinction coefficient (ε = 40,000 M−1 cm−1

t 280 nm) [13]. The samples were degassed at low pres-
ure for 30 min, placed into the microcalorimeter cell and
canned relative to the reference buffer over the temperature
ange from 283 to 353 K at a scan rate in the range from

to 90 K h−1 and at a constant pressure of 20 psi. For each
olution composition studied three independent measurements
ere carried out, providing the mean and standard devia-

ion. Buffer versus buffer baseline scans were determined and
ubtracted from transition scans prior to normalization and
nalysis of protein denaturation [14]. Finally, the values of
he excess heat capacity were obtained after subtraction of
he baseline [15]. Raw data from the DSC runs were curve
tted using the Microcal OriginTM DSC (version 4.1) soft-
are.

.6. The effect of scan rate on Tm and �Hcal
hermodynamics parameters

Both �-trypsin sample and a reference (cell that contain
nly 50.0 mmol L−1 glycine buffer, pH 3.0, with 20.0 mmol L−1

aCl2) were scanned from 283 to 353 K at seven different scan
ates (0.5, 3, 5, 15, 30, 60 and 90 K h−1) in triplicate. The calori-
etric experiments were performed under an extra pressure of

0 psi. The comparison among the Tm and �Hcal values obtained
t different scan rates defines if the process is thermodynamically
r kinetically driven.
.7. Determination of heat capacity change

For analyses in acidic media the �-trypsin samples were
esuspended in ß-alanine buffers at pH 2.00, 2.25, 2.50, 2.75,
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.00 and 3.25 (50.0 mmol L−1 ß-alanine and 20.0 mmol L−1

aCl2), or acetate buffer at pH 3.25, 4.00 and 4.20
50.0 mmol L−1 sodium acetate and 20.0 mmol L−1 CaCl2).
ther runs were performed with addition of denaturant or sta-
ilizing agents and were carried out by the method described
bove. Guanidinium hydrochloride was used as a denaturing
gent at 0.25, 0.50 and 0.75 mol L−1 in buffer (50.0 mmol L−1

-alanine, pH 3.0, with 20.0 mmol L−1 CaCl2) [16], and sor-
itol was used as a stabilizing agent at 0.5, 1.0, 1.5 and
.0 mol L−1 in buffer (50.0 mmol L−1 of ß-alanine, pH 3.0, with
0.0 mmol L−1 CaCl2). Protein concentration was determined
pectrophotometrically, by using a molar extinction coefficient
f 40,000 M−1 cm−1 at 280.0 nm [13] to be approximately
.0 mg mL−1. The runs were carried out from 283 to 353 K tem-
erature range at a scan rate of 60 K h−1 and at constant pressure
f 20 psi.

.8. Determination of thermodynamics parameters �H(Tm),
I (cooperative index), �S(Tm), �S(298 K), �H(298 K),
GU(T) × T, �GU(298 K), Tmax (temperature of maximum

tability) and Tm
′ (cold melting temperature) at pH 3.0

Ten microcalorimetric runs of �-trypsin at 1.0 mg mL−1

n 50.0 mmol L−1 ß-alanine buffer, pH 3.0, containing
0.0 mmol L−1 CaCl2 were conducted to determine the average
nd standard deviation of Tm and �HTm values in the specific
ondition (pH 3.0) with high accuracy.

. Results

.1. Shelf-life

The enzymatic activity data shown as open circles (Fig. 1)

as a linear regression line superimposed (R-value of about 0.98)
y the computational algorithm from the tool Pharmacology of
igma PlotTM 8.0. The lower 95% confidence line is also plotted

n solid triangles [17]. The accepted definition of the shelf-life

ig. 1. Shelf-life estimation of enzymatic activity of lyophilized �-trypsin stored
t 4 ◦C. The enzymatic activity data are shown as open circles (©) and has a
inear regression line superimposed shown as solid line (—). The lower 95%
onfidence line is also plotted as triangle up line (�,) and t95% line is shown as
ash line (- - -). The intercept of lines (shelf-life time) is indicate by an arrow.
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ig. 2. Evaluation of percentage of transformation of lyophilized �-trypsin into
-trypsin as a function of storage time at 4 ◦C.

ime by the Food and Drug Administration (www.fda.org) is the
-axis coordinate for the intersection of the lower 95% confi-
ence line with line of 90% or in the specific work 95% enzyme
r drug activity [18]. This exactly determined intersection is
hown on the graph by the dotted drop lines and the estimated
95% value is 292 ± 15 days or about 10 months.

.2. Time course of transformation of α-trypsin lyophilized
t 4 ◦C into �-trypsin

Results for �-trypsin transformation into �-trypsin showed
hree main intervals of transformation of isoforms as a function
f time (Fig. 2). The first one was from month 1 to 6, the second
ne from month 7 to 8 and the last one from 10 to 12 months.
ithin the first mentioned interval the �-trypsin concentration

oes not exceed 1% of the total protein amount, despite small
scillations. Overall, the �-trypsin percentage decreased by 4%
ver 1 year.

.3. The effect of scan rate on DSC thermograms

The �-trypsin (1.0 mg mL−1 in 50 mmol L−1 of �-alanine
uffer, pH 3.0, with 20 mmol L−1 CaCl2) thermal denat-
ration was monitored from 283 to 353 K temperature
ange, on seven different scanning rates 0.5, 3, 5, 15,
0, 60 and 90 K h−1. The seven analyses furnished similar
hermograms (data not shown). The corresponding calori-

etric enthalpies–�Hcal and the melting temperature–Tm
alues obtained from these thermograms are presented
n Table 1. No significant scan rate effect is observed.

.4. Thermal denaturation

The repeatability of the scans was excellent and the data for

riplicate scans performed for each sample fell within a differen-
ial power band of 2 �cal min−1 (±0.15 �W) at all temperatures.
he standard deviation for these experiments showed an aver-
ge of the only 0.35 �cal min−1 (0.025 �W). The reproducibility

http://www.fda.org/
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Table 1
Evaluation of Tm and �Hcal values dependence of scan rate for �-trypsin at
50 mmol L−1 �-alanine buffer pH 3.0, containing 20 mmol L−1 CaCl2

Scan rate (K h−1) Tm (K) �Hcal (kcal mol−1)

0.5 325.5 ± 0.2 100.3 ± 0.6
3 325.4 ± 0.2 101.2 ± 0.3
5 325.7 ± 0.1 98.4 ± 0.7

15 325.6 ± 0.2 99.3 ± 0.4
30 325.5 ± 0.1 96.5 ± 0.4
60 325.9 ± 0.1 97.5 ± 0.5
90 325.6 ± 0.1 98.2 ± 0.2

T

o
1
p
a
t
f
t
b
m
c

3

c
a
K
v

F
s
2
p
c
m
t
t

Fig. 4. Plot of �Hcal × Tm for �-trypsin. Experimental conditions: 50 mmol L−1

of a specific buffer (sodium acetate or �-alanine), 20 mmol L−1 CaCl2 plus: 1
(0.50 mol L−1 guanidine hydrochloride - Gdn–HCl, pH 3.0); 2 (0.40 mol L−1

Gdn–HCl, pH 3.0); 3 (pH 2.2); 4 (pH 2.8); 5 (pH 3.0); 6 (0.50 mol L−1 Sorbitol,
pH 3.0); 7 (pH 3.0 without CaCl2); 8 (pH 3.2); 9 (1.50 mol L−1 Sorbitol, pH 3.0);
1
a

3
�

�

s
3

he data are expressed as the mean ± S.D. (n = 3).

f the baseline at repeated filling of the cell is not worse than
.25 �cal K−1 (at scan rate of 60 K h−1) and the precision of tem-
erature recording was ± 0.1 K. The thermogram for �-trypsin
queous solutions showed a single symmetric endotermic transi-
ion peak, typical of a “two state” process. (Fig. 3) that is typical
or protein denaturation [19]. This figure is resultant from sub-
raction of the baseline and then of the heat capacity difference
etween the denatured and the native states followed by nor-
alization of protein concentration and fitting of the resultant

urve.

.5. Determination of heat capacity change

Only the experimental points that showed �Hcal/�HvH ratio
lose to unity were used for �Cp determination. The �Hcal
nd the respective Tm are shown in Fig. 4. In accordance to the

irchhoff’s relation [15] the slope of the plot provides the �Cp

alue (1.96 ± 0.18 kcal mol−1 K−1).

ig. 3. Differential scanning calorimetry curve of �-trypsin. The protein was
olubilized at 1.0 mg mL−1 in 50 mmol L−1 �-alanine buffer pH 3.0, containing
0 mmol L−1 CaCl2 at scan rate of 60 K h−1. The solid line (—) shows the
rocessed data after subtraction of the baseline and normalization of protein
oncentration. Open circle line (-©-) indicates the fitting of the data to the
athematical model of a two-state transition. Tm is the temperature midpoint of

ransition for the enthalpy change that occurs when the protein goes from native
o denatured form.
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0 (pH 2.5); 11 (pH 2.6); 12 (pH 2.7) and 13 (pH 2.8). The data are expressed
s the mean ± S.D. (n = 3).

.6. Determination of thermodynamics parameters: Tm,
HTm, CI (cooperative index), �STm, �S298 K, �H298 K,
GU(T) × T, �GU(298 K), Tmax (temperature of maximum

tability) and Tm
′ (temperature of cold denaturation) at pH

.0

The average results for ten independent calorimetric runs
f �-trypsin solution (1.0 mg mL−1 in 50.0 mmol L−1 of �-
lanine buffer, pH 3.0, with 20.0 mmol L−1 CaCl2) yielded the
arameters shown in Table 2. The reproducibility of indepen-
ent experiments (triplicate) for a given sample under the same
onditions was of ± 0.1 K for Tm, and about ±3% for �Hcal
alues.

The �STm , �HT and �ST were calculated accordingly to
tandard thermodynamic equations [15] and the parameters are
hown in Table 2. The calculation of the parameter of the coop-
rative index was done accordingly to Relkin [20].

Once �HTm , Tm and �Cp are known, the curve of protein
tability, �GU as a function of (T), at the temperature range
nvestigated can be calculated according to the following equa-
ion [21]:

G(T ) = �H(Tm)

(
1 − T

Tm

)

−�Cp

[
(Tm − T ) + T ln

(
T

Tm

)]
(1)
From 200 to 353 K the comparative �GU × T plots for �-
nd �-trypsin [9] are shown in Fig. 5.

The thermodynamic parameters obtained from Fig. 5 and the
omparison with those obtained for �-trypsin [9] are presented
n Table 3.
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Table 2
Comparative thermodynamic parameters between � and �-trypsins obtained at pH 3.0

Tm
a (K) �H(Tm)

b (kcal mol−1) �H(298 K)
c (kcal mol−1) �S(Tm)

d (kcal mol−1 K−1) �S(298 K)
e (kcal mol−1 K−1) CIf (K)

�-trypsin 325.9 ± 0.1 99.10 ± 0.83 44.41 0.30 ± 0.01 0.12 10.0 ± 0.2
�-trypsin [9] 327.0 ± 0.1 101.8 ± 0.58 29.30 0.31 ± 0.01 0.08 8.0 ± 0.1

a Melting point at denaturation transition when 50% molecules remain folded.
b Calorimetric enthalpy of transition.
c Total enthalpy of the system at 298 K.
d Denaturation entropy at Tm.
e Total entropy of system at 298 K.
f Cooperative index.

Fig. 5. Comparative stability curves for � and �-trypsin: �GU as a function
of temperature (K), at pH 3.0, where T is the midpoint denaturation tempera-
t
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ure, Tm is the theoretical midpoint cold denaturation temperature and Tmax is
he temperature of maximum stability for the protein under these experimental
onditions.

. Discussion

The shelf-life results (Fig. 1) and the percentage of trans-
ormation of �-trypsin into �-trypsin were important data for
ecision about the quality control for the selection of samples
o be studied by DSC. Such parameters are necessary to certify
hat the samples assayed (molecules population) comprise only
he �-trypsin isoform with highly preserved enzymatic activ-
ty (≥95%). Hence, all the experiments were performed with
-trypsin stored up to 5 months based on the results of Fig. 2.
hus all experiments accomplished had at least 99% of the �-
rypsin isoform or minus than 1% of the isoform �-trypsin as a
ontaminant.

General belief about the interpretation of differential scan-
ing calorimetry results for protein states is that the denaturation

d
a
t
e

able 3
hermodynamic parameters for � and �-trypsin at pH 3.0 obtained from the stability

�GD(298 K)
a (kcal mol−1) �GD(

-trypsin 6.1 ± 0.5 7.3 ±
-trypsin [9] 5.7 ± 0.2 6.5 ±
a Change in Gibbs energy between folded and unfolded 298 K at pH 3.0.
b Maximum Change in Gibbs energy between folded and unfolded at pH 3.0.
c Maximum stability temperature at pH 3.0.
d Cold denaturation temperature at pH 3.0.
alorimetric parameters are independent of the heating rate.
ence, they can be considered as a process under thermody-
amic equilibrium [19,22]. When equilibrium is approached on
longer time scale than the scan rate, kinetics effects must be

aken into account in interpreting the results of an experiment.
evertheless, such condition validity was checked thoroughly
nly in a few cases [2,23,24]. This test is, however, of prime
mportance to adopt a correct interpretation method for the
alorimetric results. The process can be considered under ther-
odynamic equilibrium or under kinetic control depending on

he heating rate effects on the transition parameters (Tm and
Hcal). The values collected in Table 1 show that the whole

enaturation process is not scan-rate-dependent, because the
m and �Hcal variations are very small when the scan rate

s changed and the values found are small and they do not
xceed the experimental errors. A noticeable effect of scan
ate is on transition cooperativity, because smaller scan rates
roaden the thermal transition of the protein. However the
m did not change significantly for the �-trypsin transition.
hese results indicate that denaturation of �-trypsin, taken as
whole, occurs as a thermodynamically controlled process

2,25].
The analysis of experimental DSC thermograms allowed the

valuation of two types of enthalpy change. The calorimetric
nthalpy (�Hcal) represents the area under the denaturation
urve, minus the contribution of the variation of heat capacity
�Cp) between the native and denatured forms of the protein.
his parameter is independent of the chosen model and the units
re kcal mol−1 of protein (monomer), but can also be expressed
s kcal mol−1 of dimer, if necessary. Other important parameter
s the van’t Hoff enthalpy (�HvH), which reflects the shape of the

enaturation curve and describes the equilibrium constant (KD)
s a function of the temperature. Such parameter is dependent of
he transition model (e.g. presence of intermediate states) and is
xpressed as kcal mol−1 of cooperative units, responsible for the

curves

max)
b (kcal mol−1) Tmax

c (K) Tm
′d (K)

0.6 281 236
0.3 290 249
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and �Gmax for the two isoforms showed that the values are not
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bserved conformational transitions [9]. If the protein denatures
ia a “two-state” mechanism, calorimetric to van’t Hoff enthalpy
atio should be close to unity [19]. Scanning microcalorimetry
ests for �-trypsin, provided an �Hcal/�HvH ratio near to unity,
ndicating that the thermal denaturation is well represented by
he “two-state” model and that the unfolding of this globular
rotein is a highly cooperative transition, proceeding without
oticeable intermediates under these experimental conditions.

A second heating of the sample solution, which should
how a similar transition peak to the one observed in the first
eating curve, generally checks the reversibility of the denatu-
ation process. The �-trypsin thermal denaturation reversibility
as estimated to be about 95% or higher. Thus the �-trypsin
enaturation is considerably reversible (under non-reducing
onditions), probably due to the presence of six disulfides bonds
hat guides its renaturation.

The heat capacity of �-trypsin denaturation (1.96 ±
.18 kcal mol−1 K−1) was smaller than the value observed for
he �-trypsin isoform, which was 2.50 ± 0.07 kcal mol−1 K−1

9]. The heat capacity effect is a very important parameter
ecause it is mainly determined by the change in protein hydra-
ion. Since the hydration effects are proportional to the exposed
urface areas of nonpolar groups, the heat capacity change yields
nformation on the extent of polarity of isoforms [26]. Taking
his into account, it can be suggested that the �-trypsin exposes
ess non-polar area under denaturation as compared to �-trypsin,
hich in turn suggests that �-trypsin is a less compact structure

han �-trypsin (the number of contacts between nonpolar groups
n native �-trypsin after its conversion was probably decreased).

At pH 3.0, �-trypsin denaturation presented a Tm value of
25.9 ± 0.1 K and a �Hcal value of 99.10 ± 0.83 kcal mol−1.
m was slightly smaller than that for �-trypsin isoform whose
alue is 327 ± 0.1 K [9], but �Hcal for both isoforms matches
ith data generally observed for small globular proteins (about
00 kcal mol−1). Thus, compared to �-trypsin, the �-trypsin iso-
orm is slightly more stable at pH 3.0, probably because it has
more compact hydrophobic core than �-trypsin. The coopera-

ive index of �-trypsin (CI = 10.0 ± 0.2 K) is larger than that for
-trypsin (CI = 8.0 ± 0.1 K). Thus �-trypsin is less cooperative
uring thermal transition than its isoform at pH 3.0, reinforcing
he interpretation given above.

Thermodynamic parameter such as �S298 K and �H298 K
howed significant differences between the two isoforms
Table 2), because individual heat capacities differ significantly
etween them at pH 3.0. �HTm and �STm (parameters obtained
rom denaturation transition curve) do not present noteworthy
ifferences for these isoforms, showing that during thermal tran-
ition both isoforms have similar behaviors at pH 3.0. As �- and
-trypsin are supposedly similar in tertiary structure and in other
hysical-chemical parameters, �Hcal and �STm values do not
how significant differences (Table 2).

It is easy to observe the high melting temperature (Tm) and
he maxima stability temperature (Tmax) for globular proteins

rom the stability curves, but special conditions and efforts are
equired to predict the low melting temperature (Tm

′), because
t is often found below the water freezing point [27,28]. This
arameter can be calculated by an extrapolation using plot

s
d
u
l
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f �GU as a function of T (Fig. 5). Tm
′ is then obtained

hen �GU = 0 and the temperature is below 273 K. This is
n important parameter because if cold denaturation occurs,
he spontaneous refolding of freeze-dried protein upon thawing
e.g. upon reconstitution with buffers) could not be completely
eversible. Such events can turn a protein into an irreversible
egradation pathway [29]. Our results (Fig. 5 and Table 2) show
hat �-trypsin have a Tm

′ with value 236 K, which is smaller
han that found for �-trypsin (249 K) [9]. These differences are
nfluenced by the �Cp values that are statistically different for
he two isoforms.

The �GU (T) plot supplies the main thermodynamic parame-
er �GU at the calculated temperature range. The �GU value at
98 K is the most important parameter of stability of a molecule
Fig. 5 and Table 3), because it provides the quantitative sta-
ility at ambient temperature. For �-trypsin the value found
as 6.1 ± 0.5 kcal mol−1 that is statistically equivalent [30] to

hat found for the �-trypsin isoform (5.7 ± 0.2 kcal mol−1 Bit-
ar et al. [9]) under the same experimental conditions (pH 3.0).
rom standard thermodynamic equations [15] one can also see

hat �Cp plays a key role in proteins stability, since both the
nthalpy and entropy changes for denaturation depend on �Cp.
hus, after �-trypsin is hydrolyzed to �-trypsin, a decrease of
Cp and an increase in the width of stability curve take place
hen the protein denatures (Fig. 5). The �G × T plot also sup-
lies the �GD(max) and Tmax values, which for �-trypsin are not
ignificantly different [30] from the values found for �-trypsin
soform (Table 3). This small difference found for both isoforms
ould be due to the small tertiary structural change that occurs
hen the single-chain �-trypsin is converted to �-trypsin with

wo polypeptide chains. On the other hand, the lower amidasic
ctivity of �-trypsin, when compared to �-trypsin, could be due
o the looser hydrophobic core of the former one. The authors
xpect to find more significant thermodynamic changes for the
-trypsin isoform [5] that does not present amidasic activity but
as still an esterase.

. Conclusions

For �-trypsin the best fittings of DSC experimental results
re found with the two-state transition model. The DSC studies
or the thermal denaturation process of �-trypsin and its com-
arison with the �-trypsin isoform [9] show small differences
etween their unfolding characteristics. In the case of �-trypsin
he denaturation proceeds with smaller transition temperatures
nd with lower �Cp. Also, the native-to-unfolded transition
s less cooperative than that observed for �-trypsin. On the
ther hand, their enthalpies of denaturation are similar. The
eat capacity versus temperature profiles show some features
no scan-rate-dependence) that are characteristic of a thermody-
amically controlled processes. The comparative data of �GU
ignificantly different. These results imply that most thermo-
ynamic parameters of unfolding do not change substantially
pon the conversion of �-trypsin to �-trypsin, despite a possible
oosening of the hydrophobic core.



2 f Bio

R

[

[
[

[
[

[

[

[

[

[
[
[

[

[
[

[

[
[

84 A.M.C. Santos et al. / International Journal o

eferences

[1] W.M. Jackson, J.F. Brandts, Biochemistry 26 (1970) 2294–2301.
[2] P.L. Privalov, N.N. Khechinashvili, J. Mol. Biol. 86 (1974) 665–684.
[3] P.L. Privalov, S.A. Potekhin, Methods Enzymol. 131 (1986) 4–51.
[4] P.L. Privalov, Annu. Rev. Biophys. Biophys. Chem. 18 (1989) 47–69.
[5] R.L. Smith, E. Shaw, J. Biol. Chem. 244 (1969) 4704–4712.
[6] H.D. Bartunik, L.J. Summers, H.H. Bartsch, J. Mol. Biol. 210 (1989)

813–828.
[7] J.S. Richardson, Adv. Protein Chem. 34 (1981) 167–339.
[8] A.M.C. Santos, J.S. Oliveira, E.R. Bittar, A.L. Silva, M.L. Mares-Guia,

M.M. Santoro, Braz. Arch. Biol. Tech. 51 (2008).
[9] E.R. Bittar, F.R. Caldeira, A.M.C. Santos, A.R. Günther, E. Rogana, M.M.

Santoro, Braz. J. Med. Biol. Res. 36 (2003) 1621–1627.
10] P. Ascenzi, E. Menegatti, F. Bortolotti, M. Guarneri, E. Antonini, Biochim.

Biophys. Acta 658 (1981) 158–164.
11] R. Arnon, Methods Enzymol. 19 (1970) 226–244.
12] B.F. Erlanger, N. Kokowsky, W. Cohen, Arch. Biochem. Biophys. 95 (1961)

271–278.
13] K.A. Walsh, P.E. Wilcox, Methods Enzymol. 19 (1971) 31–41.
14] A. Cooper, C.M. Johnson, in: C.J.B. Mulloy, A.H. Thomas (Eds.), Meth-
ods in Molecular Biology, vol. 22: Microscopy Optical Spectroscopy and
Macroscopic Techniques, Human Press, Totowa, NJ, 1994, pp. 125–136
(Chapter 10).

15] A. Cooper, M.A. Nutley, A. Wadood, in: S.E. Harding, B.Z.
Chowdhry (Eds.), Protein-Ligand Interactions: Hydrodynamics and

[

[

[

logical Macromolecules 42 (2008) 278–284

Calorimetry, Oxford University Press INC, New York, 2001, pp.
287–319.

16] S.N. Timasheff, in: G.N. Somero, C.B. Osmond, C.L. Bolis (Eds.), Water
in Life, Springer-Verlag, New York, 1992, pp. 70–87.

17] N. Bhardwaj, A. Bhatnagar, A.K. Singh, World J. Nucl. Med. 4 (2005)
244–251.

18] A. Shaw, Food and Drug Administration, DHHS, Fishers Lane, Rockville,
MD, 1987.

19] P.L. Privalov, Adv. Protein Chem. 33 (1979) 167–241.
20] P. Relkin, Thermochim. Acta 246 (1994) 371–386.
21] G. Ramsay, D. Montgomery, D. Berger, E. Freire, Biochemistry 28 (1989)

529–533.
22] W. Pfeil, P.L. Privalov, in: M.M. Jones (Ed.), Biochemical Thermodynam-

ics, Mir, Moscow, 1982, pp. 5–139.
23] E. Moses, H.J. Hinz, J. Mol. Biol. 170 (1983) 765–776.
24] R.O. Calderon, N.J. Stolowich, J.A. Gerlt, J.M. Sturtevant, Biochemistry

24 (1985) 6044–6049.
25] V.Y. Grinberg, T.V. Burova, T. Haertlé, V.B. Tolstoguzov, J. Biotechnol. 79
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