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The influence of both sex and sexual maturation stage of specimens on the thermal behavior of
muscle proteins was investigated. Differential scanning calorimetry (DSC) thermograms of whole
muscle of female squids showed four endothermic transitions [peak temperature maximum (Tmax),
45.9, 56.8, 67.2, and 79.2 °C]. The DSC thermograms of whole muscle of male squids showed three
transitions (Tmax, 47.9, 56.8, and 79.2 °C). The Tmax of 67.2 °C, present only in female squid muscle,
was related to sarcoplasmic proteins. Myosin and paramyosin contributed to the first transition,
connective tissue to the second transition, and actin to the last transition. No major differences
were observed in Tmax values that were related to the sex and sexual maturation stage of specimens.
The lowest denaturation enthalpy (∆H) was found in muscle from immature females. Independently
of the sex and the sexual maturation stage of specimens, no major changes were observed in either
Tmax or ∆H values during frozen storage of squids.
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INTRODUCTION

The study of the thermal behavior of myofibrillar
proteins is of technological importance to determine and
predict the final quality of meat products because
functional and textural characteristics of meat mainly
depend on their myofibrillar proteins. Differential
scanning calorimetry (DSC) offers a direct method to
study the thermal transition of muscle proteins in situ
(Wright et al., 1977). The use of thermal analysis and
in particular of DSC to monitor conformational changes
is relatively new in terms of food proteins. On the other
hand, freezing is common in food systems; and its
influence on conformational properties is therefore of
interest (Arntfield et al., 1990).
The thermal denaturation of myofibrillar proteins was

studied in several fish species by DSC (Hastings et al.,
1985; Poulter et al., 1985; Beas et al., 1990; Howell et
al., 1991). Compared with the myofibrillar thermosta-
bility of several mammalian, avian, and fish species,
there are few DSC reports of myofibrillar proteins of
marine invertebrate species (Akahane et al., 1985;
Hastings et al., 1985; Paredi et al., 1994, 1995). Par-
ticularly scarce is information on the thermal denatur-
ation of squid muscles and their myofibrillar proteins
(Rodger et al., 1984; Hastings et al., 1985).

The purpose of this work was to study the influence
of both sex and sexual maturation stage of squid
specimens on the thermal behavior of muscle proteins
by monitoring both peak temperature maxima (Tmax)
and denaturation enthalpies by DSC.

MATERIAL AND METHODS

Specimens of squid Illex argentinus were caught by the
research ship Capitán Oca Balda (INIDEP) on the Patagonian
shelf in the southwestern Atlantic between ∼42° and 54° S,
from February to March, 1995. Two lots of 60 fresh squids
each were immediately frozen at -25 °C on board the ship
and transported as frozen whole squid to the laboratory.
Squids were stored at -30 °C for 9 months. The specimens
were carefully thawed at 10 °C, and sex and sexual maturation
stages were determined as previously described by Brunetti
(1990). Only male and female squids at sexual maturation
stage either 2-3 (immature) or 5 (mature) were used. Muscle
from the mantle was dissected, skinned, and cut into small
pieces. Portions of muscle were used for protein isolation and
DSC analysis. Six samples of whole muscle were taken from
both male and female squids, at either stage 2-3 or 5, at 1, 2,
5, and 9 months of frozen storage for DSC analysis.
Preparation of Muscle Proteins. The procedure followed

to obtain partially purified actomyosin was previously de-
scribed (Paredi et al., 1990). Myofibrils were prepared by the
procedure of Chantler and Szent-Gyorgyi (1980). The sarco-
plasmic fraction was obtained by stirring small pieces of
skinned squid muscle with a 10 mM phosphate buffer (pH 6.5)
for 60 min at 2-4 °C. The suspension was strained through
gauze and centrifuged at 40000g for 60 min. The supernatant,
dialyzed during the night against the extraction buffer con-
taining 3 mM azide, constitutes the sarcoplasmic fraction. The
portion recovered from the gauze corresponds to muscle
depleted of sarcoplasmic proteins.
To obtain the connective tissue, sarcoplasmic and myofibril-

lar proteins were extracted from the muscles with a 5 mM
phosphate buffer (pH 7.0) containing 1 mM MgCl2, 0.1 mM
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EGTA, and 0.6 M KCl, and the extract was centrifuged at
10 000g for 20 min. The supernatant containing sarcoplasmic
and myofibrillar proteins was discarded, and the extraction-
centrifugation cycle was repeated twice. The pellet thus
obtained, which was primarily connective tissue, was used for
DSC analysis. All the procedures were performed at 2-4 °C,
and all the solutions contained 0.1 mM phenylmethanesulfonyl
fluoride (PMSF).
Protein Determination. Protein concentration was de-

termined on aliquots of actomyosin and sarcoplasmic protein
extracts and myofibrils suspensions by the Lowry method with
bovine serum albumin (BSA) as standard (Lowry et al., 1951).
Criterion of Purity for Protein Preparation. The

purity of proteins was assessed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) in 10% gels
with a Shandon vertical gel apparatus, as reported by Portzio
and Pearson (1977). The protein loaded on the gel was varied
to check the linearity of the myosin heavy chain, actin,
paramyosin, and myosin light chains. With 30 µg of protein,
a linear response was obtained. The mobility-molecular
weight curve was calibrated with standards of molecular
weights, MW-SDS-70L, and albumin cross-linked bovine, from
Sigma Chemical Company (St. Louis, MO).
The quantitative composition of each protein was deter-

mined by scanning the gels at 600 nm with a Shimadzu dual-
wavelength chromatogram scanner (model CS 910) equipped
with a gel scanning accessory (Kyoto, Japan).
Differential Scanning Calorimetry. The DSC studies

were performed in a Dupont 910 system attached to a Hewlett
Packard 7046 B recorder. Temperature calibrations were
performed according to ASTM Norm E 474/80 using indium
thermograms. The samples (20 mg wet weight) were placed
in the DSC hermetic pans, assuring a good contact between
the sample and the capsule bottom. Triplicate samples were
analyzed. A hermetic capsule with 18 µL of distilled water
was used as reference. After DSC analysis, the capsules were
punctured and the dry matter weight was determined by
drying at 105 °C overnight. All the samples were scanned at
10 °C/min over the range of 10 to 100 °C at a sensitivity of 0.5
mV/cm. Total denaturation enthalpies (∆H) were estimated
by measuring the area under the DSC transition curve (a
baseline was constructed as a straight line from the start to
the end of the endotherm). Endotherm areas were measured
with the Sigma Scan Package (The Scientific Measurement
Program 3.90, 1992).
Statistical Analysis. Analysis of variance was applied to

the data using the statistical analysis package SYSTAT
(Wilkinson, 1990).

RESULTS AND DISCUSSION

DSC thermograms of mantle from both male and
female specimens have the characteristic profiles shown
in Figure 1. Because of their complexity, it is conve-
nient to describe them in terms of their Tmax value
(Wright et al., 1977). DSC thermograms of male whole
muscle show three endothermic transitions with Tmax
values of 47.9 ( 0.5, 56.8 ( 0.9, and 79.3 ( 1.0 °C
(Figure 1a). DSC thermograms of female whole muscle
show four endothermic transitions, with Tmax values of
45.9 ( 1.2, 56.8 ( 0.9, 67.2 ( 0.4, and 79.2 ( 0.8 °C
(Figure 1b). As can be seen in Figures 1a and 1b, the
DSC thermograms of female whole muscle show four
transitions with one transition at 67.2 °C that is not
present in male whole muscle. The ∆H values of male
and female whole muscle were 20.3 ( 1.5 and 15.9 (
1.5 J/g, respectively.
The DSC thermograms of mammalian whole muscles

showed three transitions with Tmax values of 57-60, 62-
67, and 74-80 °C at a heating rate of 10 °C/min (Wright
et al., 1977; Wagner and Añón, 1986). The Tmax values
of squid mantle transitions were lower than those of

mammalian muscles. Similar results were reported for
whole muscle of other squid species (Loligo forbesi;
Rodger et al., 1984; Hastings et al., 1985) and for other
fish and mollusc species (Martens and Vold, 1976;
Akahane et al., 1985; Hastings et al., 1985; Howell et
al., 1991; Paredi et al., 1994). Connell (1961), Hasnain
et al. (l979), Hastings et al. (1985), Davies et al. (1988),
and Ogawa et al. (1993) attributed higher lability to fish
species proteins than to mammalian muscle proteins.
The collagen content in squid muscles is ∼11%

(Sikorski and Kolodziejka, 1986). Therefore, the endo-
thermic transitions in DSC profiles of squid whole
muscle would be attributed to denaturation of myo-
fibrillar proteins, connective tissue, and sarcoplasmic
proteins. The DSC profiles of whole muscle, connective
tissue, and sarcoplasmic proteins from female squids are
shown in Figure 2. The sarcoplasmic protein fraction
contributed with transition at Tmax values of 43.5, 49.8,
62.0, and 75 °C. One major peak at Tmax of 56.1 ( 1.0
°C is prominent in thermograms of connective tissue.
Other minor peaks are also present in these thermo-
grams (Figure 2). The major and minor peaks would
be attributed to collagen and non-collagenous proteins,
respectively.
To investigate the contribution of myofibrillar pro-

teins to DSC transitions of whole muscle, muscle
depleted of sarcoplasmic protein fraction, myofibrils, and
actomyosin endothermic transitions were also analyzed.
The purity of myofibrils and actomyosin from squid
muscle was previously checked by SDS-PAGE 10%. The
characteristic polypeptide bands of the major myofibril-
lar proteins were present in the densitometric profiles
of both myofibrils and actomyosin (Figure 3). The

Figure 1. DSC thermograms of whole muscle of squid at
sexual maturation stage 2-3 for (a) males and (b) females
(heating rate, 10 °C/min; DM, dry matter).
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female squid muscle depleted of sarcoplasmic proteins
shows three endothermic transitions at 48.8, 55.5, and
77.3 °C (Figure 4). This profile is similar to the DSC
thermogram obtained with whole muscle of male squid
shown in Figure 1a. Therefore, the third peak observed
in DSC thermograms of female muscle could be related
to sarcoplasmic proteins.
The similarity of DSC thermograms obtained with

either myofibrils or actomyosin is also shown in Figure
4. Two endothermic transitions were observed in both
myofibrils and actomyosin, with Tmax values of 47.8 (
0.2 and 73.1 ( 1.4 °C for myofibrils and 45.4 ( 0.7 and
71.7 ( 1.5 °C for actomyosin. There was a displacement
of the thermal transition to temperatures lower than

those of whole muscle. The results shown in Figure 4
indicate a higher thermal stability for whole muscle
than for isolated myofibrillar protein. These results
agree with those reported by Wright et al. (1977), Xiong
et al. (1987), and Paredi et al. (1994).
Paredi et al. (1994) reported two major endothermic

transitions at 50.5 and 72.5 °C in whole adductor muscle
from the bivalve mollusc Aulacomya. In that work, the
first transition was related to myosin and paramyosin
denaturation and the second to actin denaturation. As
the densitometric analysis of SDS-PAGE 10% profiles
shows, squid actomyosin has a relative composition of
myosin, paramayosin, and actin similar to the actomyo-
sin from Aulacomya (Figure 3, Paredi et al., 1994). In
this way, the first transition in DSC thermograms of
both myofibrils and actomyosin from squid would be
related to myosin and paramyosin denaturation and the
second to actin denaturation.
The results shown in Figures 2 and 4 indicate that

myosin and paramyosin contributed mainly to the first
transition, connective tissue to the second transition,
actin to the fourth transition, and sarcoplasmic proteins
contributed to the first, third, and fourth transitions in
female squid muscle. On the other hand, no major
differences were observed in Tmax values of myofibrils
and actomyosin from both male and female squid
muscle.
The Tmax and ∆H values of whole muscle of male and

female squids at different sexual maturation stages are
shown in Table 1. No major differences in the Tmax
values were observed with either sex or sexual matura-
tion stage of the specimens. No differences were
observed in the ∆H of whole muscle of males at different
sexual maturation stages.
The ∆Htotal values of whole muscle of males were

significantly higher (p < 0.05) than those of females
when specimens at sexual maturation stage 2-3 were
compared. In addition, ∆H values of whole muscle of
female squids at stage 5 were significantly higher (p <

Table 1. Peak Temperature (Tmax) and Denaturation Enthalpies (∆Htotal) of Male and Female Squid Muscle Proteins at
Different Sexual Maturation Stagesa

sex
sexual
stage Tmax (°C) ∆Htotal (J/g)

female 2-3 45.9 ( 0.9 56.8 ( 0.9 67.2 ( 0.4 79.2 ( 0.8 15.9 ( 1.5a
5 44.8 ( 1.7 60.3 ( 1.0 66.7 ( 0.5 77.5 ( 0.8 19.2 ( 1.6b

male 2-3 47.9 ( 0.5 56.8 ( 0.9 79.3 ( 0.9 20.3 ( 1.5b
5 46.0 ( 0.5 60.0 ( 1.4 79.0 ( 0.0 20.2 ( 1.3b

a Each value represents a mean of 4-6 determinations ( SD; values in the same columns with different superscripts (a and b) are
significantly different (p < 0.05).

Figure 2. DSC thermograms of female squid at sexual
maturation stage 2-3 in (a) whole muscle, (b) sarcoplasmic
proteins, and (c) connective tissue (heating rate, 10 °C/min;
DM, dry matter).

Figure 3. Densitometric patterns of SDS-PAGE 10% gels
from (a) myofibrils of female squid muscle and (b) actomyosin
of squid muscle: (MHC) myosin heavy chain (200 kDa); (PM)
paramyosin (111 kDa); (A) actin (42 kDa); (MLCs) myosin light
chains (20 kDa), and (MW) molecular weight.
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0.05) than those of females at stage 2-3. These results
indicate a higher denaturation in muscle proteins of
female squids at sexual maturation stage 2-3. How-
ever, more investigation is required to establish the
nature of the variations in ∆H due to sex and sexual
maturation stages of squid.
The effect of frozen storage on both ∆H and Tmax of

the squid muscle was also investigated. Independently
of sex and sexual maturation stage of the specimens,
no major changes were observed in either Tmax or ∆Htotal
and ∆Hpeak1 during the frozen storage of squid (data not
shown). Our results agree with those of Hastings et al.
(1985) and Hsu et al. (1993) from DSC studies of cod
muscle and Pacific whiting muscle, respectively. These
researchers observed that myosin underwent some
degree of partial denaturation within 2 weeks of frozen
storage. As there was a negligible degree of subsequent
change in myosin transition for the period following 2
weeks, the initial reduction in myosin enthalpy was
attributed to the freezing process.
In conclusion, whole muscle of female squids showed

four endothermic transitions during thermal denatur-
ation and whole muscle of male squids showed three
transitions. The third transition observed only in
female squid muscle thermograms is attributable to
sarcoplasmic proteins. The ∆H indicate the highest

denaturation was observed in female squids at sexual
maturation stage 2-3. No major changes were observed
in either Tmax or ∆H during frozen storage of squid.
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