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Abstract

Physicochemical characteristics of proteins extracted from muscles excised from four distinct regions of mackerel were examined.
Three regions were identified based on their fin position; namely anterior muscle, median muscle, posterior muscle and red muscles from
beneath the lateral line. The biochemical characteristics like reactive sulphydryl groups, surface hydrophobicity, Ca®>* ATPase activity,
turbidity, proximate composition and the functional characteristics such as viscosity, emulsion activity index (EAI) and emulsion stabil-
ity (ES) were studied in the samples, from different regions. Sarcoplasmic protein (SPP) solubility was found to be higher in red muscles
compared to that of white muscles, whereas myofibrillar protein (MFP) solubility was higher in white muscles particularly in the pos-
terior portion. The MFP from posterior white muscles showed better viscosity, surface hydrophobicity and Ca®>" ATPase activity, which
in turn contributed to the higher EAI and ES of this muscle portion. Variations in composition, electrophoretic pattern of proteins and
selected functional properties (EAI) were noticed between red and white muscles, which may be of significance from the utilization point

of the fish.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Muscle fibers in different regions of fishes have specific
physiological function particularly in locomotion and
steering. A number of previous studies have been carried
out in this regard (Buss & Drapeau, 2000; Stanfield,
1972). Fish myotomal musculature, is made up of two main
types of muscle fibers, which in many species are arranged
in separate and distinct anatomical regions. The bulk of the
musculature often consists of anaerobic white fibers, while
the red fibers are found in a thin strip lying just beneath the
lateral line. These muscle fibers vary not only in color but
also in innervation, blood supply, myoglobin content, fiber
size and abundance of mitochondria (Johnston, Frearson,
& Goldspink, 1972). The structural and conformational
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change in proteins was found to be evident in all the stud-
ies. The effect of these peculiar characteristics of the pro-
teins from different muscle regions on functional
properties, is an area scarcely researched. Physiochemical
characteristics of proteins from different regions are of
great importance when it comes to value addition.

The anatomy of fish muscle is different from the anat-
omy of terrestrial mammals, as the fish lacks the tendinous
system connecting muscle bundles to the skeleton of the
animal (Huss, 1995). But in the case of fish muscle, cells
run in parallel and are connected to sheaths of connective
tissue, which are anchored to the skeleton and the skin.
Fish fillet is heterogeneous, in that the lengths of the muscle
vary from head (anterior) to the tail end (posterior). In the
case of cod the longest muscle cells were found to be the
twelfth myotome, counting from head, with an average
length of 10 mm in a fish that is 60 cm long. The diameter
of the cells also varies, being widest in the ventral part of
the fillet (Huss, 1995).
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Most of the fish muscle is white but depending on the spe-
cies many fishes will have a certain amount of dark tissue of
red or brown color. The proportion of dark to light muscle
varies with the activity of the fish. In pelagic fishes i.e. in spe-
cies such as herring and mackerel (which swim more or less
continuously) have up to 48% of the body weight made of
dark muscles (Love, 1970), while in demersal fishes (which
move only periodically) the amount of dark muscle is very
small. As in most animal species, ordinary muscle is anaer-
obic, whose function is to provide energy quickly and inten-
sively. Ordinary muscle tires easily and primarily uses
glycogen as energy source but dark muscle on the other
hand is designed for long-term exercise and is used by
migrating species that travel great distances using oxidative
metabolism of lipids as its principal source of energy.

In this study we have explored the structure—function
characteristics of fish MFP extracted from different muscle
fibers of Indian mackerel (Rastrelliger kanagurta), a pelagic
shoaling fish which forms almost 8% of India’s total marine
fish landings. In the year 2004, more than 200,000 ton of
mackerel were caught world over (Devi, 20006).

2. Materials and methods
2.1. Materials

Fresh mackerel was procured from a local fish-landing
center at Cochin, India. Fishes of average weight
160 + 20 g and average length of 22 + 4 cm were selected
for the study. The samples were transported to the labora-
tory in ice. Immediately on reaching the lab, the fishes were
thoroughly washed with cold water to remove blood, slime,
dirt, etc.

2.2. Sample preparation

Fishes were de-skinned and filleted. Three muscle
regions were identified for the study based on their fin posi-
tion; namely anterior muscle (from operculum to first dor-
sal fin), median muscle (from first dorsal fin to anal fin) and
posterior muscle (from anal fin to caudal fin). Red muscles
from beneath the lateral line (M. lateralis superficialis) con-
stituted the fourth region (Fig. 1). The excised muscles were
minced in a kitchen mixer/grinder and boneless meat was
used for further experiments. Temperature was maintained
at 24 °C throughout the experiment.

2.3. Proximate composition

Moisture, crude protein, fat and ash were determined
according to the methods of AOAC (1990).

2.4. Extraction of muscle protein fractions
For the extraction of SPP, meat was homogenized with

chilled buffer (0.02 M sodium bicarbonate, pH 7.25) main-
taining meat to buffer ratio of 1:6 in a Polytron homoge-

M. lateralis superficialis
(Red mear)

Fig. 1. Diagram showing the anterior, median, posterior and red meat
regions from where the meat was excised for the study. A — anterior, M —
median and P — posterior.

nizer (Model PT3000, Kinematica, Switzerland) at
9000 rpm for 1 min (Sankar & Ramachandran, 2001).
The homogenate was centrifuged using a refrigerated cen-
trifuge (REMI R24, India) at 10,000 rpm for 15 min main-
taining a temperature of 2 °C. Supernatant was collected,
and the residue was re-extracted as above and the pooled
supernatant was collected as sarcoplasmic protein (SPP).
Pellet obtained was extracted twice in chilled Dyer’s Buffer
(5% NacCl containing 0.02 M NaHCOs;) and the superna-
tant was collected as myofibrillar protein (MFP) (King &
Poulter, 1985).

2.5. Protein estimation

Concentration of proteins in extracted solution was esti-
mated by the Biuret reaction (Gornall, Bradwill, & David,
1949) using alkaline copper sulphate reagent and measur-
ing the color developed at 540 nm using a spectrophotom-
eter (Spectronic 20 Genesis, Rochester, NY, USA). Bovine
serum albumin was used as standard.

2.6. SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE of SPP and MFP of both the groups were
performed according to the procedure described by Lae-
mmli (1970) in a 7.5% acrylogel 5.0 premix (BDH, Eng-
land). Protein (25 pg) were loaded on to each well.
Mobility of the protein bands were calibrated with stan-
dards of molecular weight markers. After staining and
destaining, the gel was scanned using a gel documentation
system (Bio-Rad, USA).

2.7. Surface hydrophobicity

The surface hydrophobicity of the extracted myofibrillar
proteins from different regions were determined (Kato &
Nakai, 1980) using 8-anilino-1-naphthalene sulphonic acid
(ANS) as fluorescence probe in a Shimadzu spectrofluro-
photometer (Shimadzu Model RF-540, Kyoto, Japan).
Emission and excitation spectra were measured at 374
and 485 nm respectively. The initial slope (Sp) of fluores-
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cence intensity against protein concentration was taken as
the index of protein hydrophobicity.

2.8. Reactive sulphydryl group

Reactive sulphydryl groups were estimated according to
Sedlak and Lindsay (1968) in myofibrillar fractions using
5,5 -dithiobis(2-nitrobenzoic acid) [DTNB, Sigma]. Cys-
teine hydrochloride was used as standard. The color devel-
oped was measured at 412 nm using spectrophotometer
(Spectronic 20 Genesis, Rochester, NY, USA).

2.9. Ca®* ATPase activity

Ca*" ATPase activity of myofibrillar proteins was
assayed according to the method of Jiang, Tsao, and Lee
(1987). Inorganic phosphate liberated was estimated using
the method of Fiske and Subbarow (1925).

2.10. Viscosity

Viscosity of MFP at a concentration of 5.0 mg/ml was
determined with a (Model DV III Ultra, Brookfield,
USA) viscometer at shear rate 200 s~ as described earlier
(Mohan, Ramachandran, & Sankar, 2006).

2.11. Turbidity

Turbidity of the MFP solutions at a concentration of
1 mg/ml was estimated as absorbance at 500 nm.

2.12. Emulsion

The ability of the MFP to form emulsions was estimated
as emulsion activity index (EAI) according to the methods
of Pearce and Kinsella (1978) as per modification of Cam-
eron, Weber, Idziak, Neufeld, and Cooper (1991). Protein
at different concentrations was homogenised with oil (sun-
flower oil) in the ratio 3:1, by high-speed homogenization
(13,500 rpm) using an emulsion probe (PT-DA 3012/
2EC) attached to a Polytron homogeniser (Model PT
3000, Kinematica, Switzerland). The turbidity of the
diluted emulsion was measured at 500 nm and emulsion
activity index (EAI) and emulsion stability (ES) were calcu-
lated as already described (Mohan et al., 2006).

2.13. Statistics

Statistical analysis of the data was performed using
Windows based SPSS (10.0) programme.

3. Results and discussion
3.1. Proximate composition

Proximate composition of white and red muscle regions
in mackerel varied widely (Table 1). Among the white mus-

Table 1
Proximate composition (%) of muscle blocks from different regions of
mackerel

Moisture  Total nitrogen  Crude fat Ash
Anterior (A)  70+£0.67 23.5+0.23 6.5+023 1.2+0.10
Posterior (P) 72 +.078  23.3+0.12 33+0.35 1.6+0.16
Median (M) 70 +£1.02 22.6+0.19 6.1+£0.12 1.6+0.09
Red (R) 66+0.66 149 +0.14 13.8+£0.25 6.7+0.19

Values are mean + SD. n =3, p < 0.05, values in the same row bearing
unlike letters differ significantly.

cle groups, the posterior region had higher moisture con-
tent. Red muscles had comparatively lower moisture
content (66%) when compared with the white muscles.
Nitrogen content varied widely between the red and white
muscles. Dark muscle relies on oxidative metabolism of
stored lipids as the source of energy and this account for
the higher content of crude fat in the muscle (Hultin &
Kelleher, 2000). Adipocytes are widely distributed among
white muscles in the case of mackerel (Bone, 1978). An
inverse relationship between moisture and fat content has
been reported (Devi, 2006; Ninan, 2003) and the same
was noted in this study. The red muscles were also found
to have the higher ash content which indicates the higher
content of minerals.

3.2. Protein solubility

Higher MFP solubility of 150 mg/g was observed in the
posterior muscles when compared to other regions studied
(Fig. 2). Red muscles recorded the lowest MFP solubility
among the muscle groups studied and among the white
muscles the lowest solubility was observed in the case of
median muscles. Higher SPP solubility was observed in
the case of red muscle proteins and lower in the case of
anterior muscles. Variation in solubility was reported by
Xiong and Brekke (1991b) in the case of post-rigor fast
twitch and slow twitch chicken muscles. Protein extraction
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Fig. 2. Sarcoplasmic and myofibrillar protein solubility (mg/g) profile of
anterior (A), posterior (P), middle (M) and red (R) muscle regions in
mackerel (R. kanagurta). Ca*" ATPase activities in MFP from different
muscle regions are also plotted. All values are mean 4 SD.
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was also found to be affected by divalent cations present in
muscle. The effect of calcium and magnesium is quite com-
plex and differs for white and red muscle proteins. In the
case of white muscles MFP solubility increased in the pres-
ence of 2.5-5 mM CaCl, or MgCl, but decreases on further
increase in ionic strength. However, in red muscles solubil-
ity reached a maximum at 5SmM concentration and
remained the same with a further increase in ionic strength
(Xiong & Brekke, 1991a). Presence of various fast and slow
isoforms of calcium and magnesium binding proteins, like
myosin light chain, troponin, etc., may be contributing to
the fiber type dependent solubility differences. The different
rates of MFP extraction from red and white muscle fibers
are related to ultra structure of Z bands and the polymor-
phism of a-actinin fibers and certain subsidiary structural
proteins including M proteins. Different myosin isoforms
are known to differ in solubility and physicochemical char-
acteristics (Ramachandran, Mohan, & Sankar, 2006).
Hence, even if thick filaments are depolymersied the differ-
ent solubility of white and red myosin are another decisive
factor that can influence the total amount of soluble pro-
tein in white and red muscles.

3.3. SDS-polyacrylamide gel electrophoresis of proteins

Electrophoretic band patterns of SPP and MFP from
white muscles were similar, but when compared with red
muscle, the changes were very much evident (Fig. 3). There
was wide variation in band intensities between the white
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and red muscle proteins. In the electrophoretograms of
red muscle MFP myosin light chains were not detected.
A unique protein fraction of 6.5 kD was detected in red
muscle MFP. A distinct 55 kD band in the red muscle
MFP showed a higher intensity compared to the corre-
sponding bands separated out from white muscle. Another
40 kD fraction was absent in red muscle MFP that shows
higher intensities in white muscles.

Myosin and actin are the major proteins which contrib-
ute to most of the functional properties of myofibrillar pro-
teins. The band intensities of myosin and actin separated
on SDS-PAGE of MFP from various muscle blocks were
compared (Fig. 4). Band intensity of myosin and actin were
found to be the highest in the case of posterior white mus-
cle blocks and the lowest in red muscle blocks. The ratio of
actin and myosin holds great significance in food chemis-
try. Myosin, is prone to proteolysis than actin in vivo
(Crupkin, Montecchia, & Trucco, 1988), and the hydrolysis
of myosin is likely to affect the functional properties
adversely. Further, modification in the myosin/actin ratio
in natural actomyosin, resulted in substantial change in
the rigidity of the gel (Samejima, Ishioroshi, & Yasui,
1982; Yasui, Ishioroshi, & Samejima, 1980). There are
reports indicating the significance of myosin/actin ratio in
influencing the viscosity (Roura, Montecchia, Goldemberg,
Trucco, & Crupkin, 1990), Ca>" ATPase activity (Rama-
chandran et al., 2006; Roura & Crupkin, 1995) and Mg2+
ATPase (Beas, Crupkin, & Trucco, 1988; Roura & Crup-
kin, 1995).
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Fig. 3. SDS-PAGE of sarcoplasmic and myofibrillar proteins from anterior (A), posterior (P), middle (M) and red (R) muscle proteins of mackerel
(R. kanagurta). HMW and LMW are high and low molecular weight markers. Lane 1-4, SPP of A, P, M and R respectively and lane 5-8, MFP of A, P, M

and R respectively.
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Fig. 4. Band intensities of myosin and actin separated on SDS-PAGE of
MFP from different muscle blocks, anterior (A), posterior (P), middle (M)
and red (R) muscle proteins. All values are mean + SD.

3.4. Surface hydrophobicity

Most proteins have their own characteristic surface
hydrophobicity which plays a role in influencing the
functional properties of the protein. In the posterior and
median muscle proteins, the aromatic fluorescent probe
8-anilino-1-naphthalene sulphonic acid (ANS) imparted
hydrophobicity (Sy) was found to be 29.6 and 29.2 respec-
tively (Fig. 5). In the anterior muscle proteins, surface
hydrophobicity was found to be less when compared to
other regions. Even though higher hydrophobicity was
recorded in the case of both posterior and median muscle
proteins, its effect on protein solubility was found only in
the case of latter. Surface hydrophobicity contributes to
its functional properties and an ideal balance of polar
and non-polar groups in a protein helps it to function as
a better emulsifying agent. The structure of myofibrils is
a factor that contributes to the solubility of muscle
proteins; in this study any peculiarity in the structure of
myofibrils in the posterior muscles of mackerel could have
contributed to this higher solubility (Xiong, 1997) and
higher surface hydrophobicity.

3.5. Reactive sulphydryls

Among the white muscles, higher concentration of reac-
tive sulphydryl groups were observed in proteins extracted

B Hydrophobicity ~ Ereactive SH groups
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Fig. 5. Surface hydrophobicity (Sp) and reactive sulphydryl group
concentration among myofibrillar proteins from different muscle regions.
All values are mean + SD.

from anterior and posterior regions (Fig. 5). Red muscle
proteins were found to have the lowest concentration of
reactive sulphydryl groups i.e. 24 pmol sulphydryl per
gram protein. Reactive sulphydryl concentration did not
show any correlation with surface hydrophobicity. This
clearly proves that protein extracted from each muscle
group included in the study have their own characteristic
structural properties. The variation in the concentration
of sulphydryl groups, surface hydrophobicity, etc. is not
due to protein unfolding but it is the characteristic of the
native protein studied. Accessibility for the relatively large
reagent (DTNB), restricts the method to detect only the
sulphydryl groups that are located on the surface or in
accessible cavities (Visschers & Harmen de Jongha, 2005).

3.6. Ca®* ATPase activity

The fish myosin similar to many mammalian myosins,
possesses ATPase activity, regulated by the presence of cal-
cium and magnesium ions (Venugopal, 2006). The poster-
ior muscle MFP were found to have Ca®" ATPase
activity of 0.69 umol Pi/mg protein/min which was the
highest and red muscles recorded an activity of 0.43 pmol
Pi/mg protein/min, which was the lowest (Fig. 2) in this
study. Lower ATPase activities in the case of red muscle
proteins, were reported by earlier investigators in the case
of Coal fish (Gadus virens), North sea cod (Gadus morhua)
and Plaice (Pleuronectes platessa). Ca>" ATPase activity
correlated well with solubility profile of the various muscle
groups. The lower Ca®" ATPase activity in some cases can
be attributed to the apparent instability of fish myosin
(Johnston et al., 1972). The high Ca®>" ATPase activity of
posterior muscle MFP also indicate higher muscular activ-
ity associated with it.

3.7. Viscosity

Viscosity, is a functional property which is greatly
exploited when proteins are added to liquid foods as thick-
eners, and it affects several other functional properties.
Myosin present in muscle proteins, is the major contributor
to the viscosity of aqueous muscle extracts. The unique
structure of myosin with its large length to diameter ratio
of the rod portions makes myosin highly viscous in salt
solutions. When the viscosities of MFP from white muscle
regions were compared, posterior muscle blocks were
found to have a higher value (Fig. 6). The MFP from ante-
rior and middle regions recorded almost the same viscosity.
Viscosity of red muscle MFP was very low when compared
with that of MFP from white muscle regions studied. Vis-
cosity showed a direct correlation to solubility and myosin
content.

Salt soluble proteins extracted from porcine longissimus
dorsi muscle, which constitutes 75% white muscle fibers,
generally has a greater viscosity than that extracted from
serratum ventralis (43% red fiber) (Robe & Xiong, 1993).
These results further substantiate that certain intrinsic
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Fig. 6. Viscosity (cP) and turbidity (Abs) of myofibrillar proteins from
different regions of mackerel. All values are mean + SD.

factors exist in white and red muscle fibers, which produce
rheological variations in MFP. Myosin polymorphism and
the ability of white muscle myosin to form longer filaments
than red myosin may explain at least in part, the viscosity
differences between white and red myofibrillar proteins.
Exact flow behavior of muscle proteins is quite complex
and depends on both intrinsic (molecular size, surface
charge, shape, and ease of deformation) and extrinsic fac-
tors (pH, temperature, ionic strength, ion type and shear
rate). In this study the extrinsic factors were kept constant,
and therefore clearly demonstrate that the change in viscos-
ity of MFP extracted from different muscle groups are due
to the intrinsic factors.

3.8. Turbidity

Turbidity indicates the degree of aggregation of protein
(Acton, Hanna, & Satterelee, 1981; Sankar & Ramachan-
dran, 2005). In this study turbidity was observed to be
the highest in case of red muscle MFP (Fig. 6). Turbidity
shows a negative correlation with viscosity, solubility and
Ca”" ATPase activity. This clearly shows the variation in
stability of MFP extracted from distinct muscle blocks,
especially myosin.

3.9. Emulsion

The ability of proteins to bind fat in comminuted meat is
of great importance. Proteins being amphoteric molecules
are surface-active agents and thus concentrate on fat-water
interface. This ability varies from protein to protein; as it is
affected by the amino acid profile and the conformational
characteristics of the protein. In this study, MFP from
red muscles recorded the highest EAI (Fig. 7). The lowest
was observed in anterior MFP (1.3 m?/g). Among the white
muscle proteins studied MFP from posterior region was
found to have the highest EAI (2.87 m?/g). The MFP from
posterior muscles also showed high emulsion stability (ES)
in the range of 180 min, which is the highest among the
groups studied (Fig. 7). This higher EAI and ES in poster-
ior muscle proteins points out the scope for utilizing partic-
ular muscle groups for value addition.
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Fig. 7. Emulsion stability (minutes) and emulsion activity index (m%/g)
compared among myofibrillar proteins extracted from different muscle
fibers from mackerel. All values are mean + SD.

EAI is reported to have a clear correlation with surface
hydrophobicity, solubility and viscosity of the proteins.
Increased concentration of myosin in the extracted MFP
from posterior white muscles, could have contributed to
its enhanced EAI. Higher surface hydrophobicity and vis-
cosity was observed in the case of MFP extracted from
posterior and middle white muscle fibers and this substan-
tiates the higher EAI in these group of proteins. The myo-
sin:actin ratio was not found to have an influence on EAI
and ES. Surface hydrophobicity, solubility, viscosity and
reactive sulphydryl groups were considerably low in the
case of red muscle MFP. Besides higher fat content, the
particular myosin isoforms present in red muscle could
have contributed to their enhanced EAI. The EAI of
red muscle MFP being higher still, shows the lowest emul-
sion stability. This could be correlated with turbidity of
the protein solution. The proteins being in a highly
unfolded state enhanced the EAI. But the tendency of
the proteins to aggregate resulted in decreased emulsion
stability.

4. Conclusion

From the results obtained, it can be concluded that mus-
cle proteins extracted from different regions of mackerel
varies in its structural and physicochemical characteristics.
The protein from different regions, particularly from the
posterior region, could be used as material for value addi-
tion as they differ uniquely in characteristics and function-
ality. Myosin polymorphisms and/or the quantity and
quality of myosin in the extracted proteins could be the rea-
son behind the variation in the functional behavior of MFP
extracted from different fish muscle blocks. The possibility
of utilizing specific muscle blocks of fish for particular
value addition process may be of significance from a com-
mercial point of view.
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