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Myosin rod and light meromyosin (LMM) of walleye pollack and white croaker were examined for
their rheological properties by measuring dynamic viscoelastic parameters. Rods from walleye pollack
and white croaker increased their storage moduli (G′) in the ranges of 29-43 °C and 31-38 °C,
respectively, in temperature sweep analysis. Walleye pollack LMM showed no peak of G′ upon heating,
whereas the white croaker counterpart exhibited a single sharp peak of G′ at 35 °C. Loss modulus
(G′′) showed similar temperature-dependent changes for the two fish species as the case of G′,
irrespective of rod and LMM, although G′′ values were lower than those of G′. Thus, rheological
properties of rod and LMM were different between walleye pollack and white croaker. Taken together
with data previously reported for myosin, it was considered that both myosin rods from walleye pollack
and white croaker are attributed to thermal gel formation of myosin in a low-temperature range, though
in a species-specific manner.

KEYWORDS: Light meromyosin; myosin rod; thermostability; viscoelasticity; walleye pollack; white

croaker

INTRODUCTION

Rheological properties of fish meat gel products are affected
by various factors such as myofibrillar protein contents (1),
processing conditions (2-4), and additives (5, 6). The most
abundant myofibrillar component (7), myosin, is particularly
important for the heat-induced gel formation of fish meat (8,
9), because myosin unfolds and subsequently forms a gel
network upon heating, which determines the quality of thermal
meat gel products (9-11).

The myosin molecule is composed of two heavy chains of
about 200 kDa and four light chains of about 20 kDa (12).
Myosin is cleaved by limited proteolysis into two structural and
functional parts. A globular N-terminal half composed of both
heavy and light chains is called subfragment 1 (S1), which
contains the ATP-hydrolysis and actin-binding sites (13). A
C-terminal half, the rod, consisting of only heavy chain, has a
coiled-coil structure ofR-helices. Myosin rod is further cleaved
into a C-terminal half, light meromyosin (LMM), which has an
assembly competence domain responsible for thick filament

formation (14,15), and an N-terminal half, subfragment 2 (S2),
which connects S1 and LMM (16).

It has been reported that fish myosin forms a thermal gel in
which rod reacts at lower temperatures and S1 does at higher
temperatures (17,18). The first step in development of gel
formation is induced by hydrophobic interaction in association
with unfolding of rod upon heating at low temperatures (17,
19). The gel formed at this first step is usually weakened at
subsequent higher temperatures, which is partially attributed to
dissociation of myosin aggregates (20). Upon further heating,
gel networks become ordered and irreversible, which is ulti-
mately responsible for the formation of the three-dimensional
gel structure and rigidity of protein matrix (20).

We previously demonstrated differences in the thermal gel
formation between walleye pollack and white croaker myosins
by measuring dynamic viscoelastic parameters (21). Gel forma-
tion of walleye pollack myosin proceeded mainly in two steps:
the first step at low temperatures of 29-46 °C with the increase
of storage modulus (G′) and a few peaks of loss modulus (G′′),
followed by the second step over 58°C with the decrease of
bothG′ andG′′. On the other hand, the progress of gel formation
of white croaker myosin was revealed by three steps upon
heating: the first step at low temperatures of 30-36 °C with
the increase ofG′ and G′′, the second step at intermediate
temperatures of 40-52 °C with the decrease ofG′ andG′′, and
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the last step at high temperatures over 60°C, again with the
decrease ofG′ andG′′. Thus, thermal gel-formation patterns of
walleye pollack and white croaker myosin were different from
each other, especially at lower temperatures. In addition, we
showed that white croaker LMM, but not walleye pollack
counterpart, had a polymer-forming ability through a disulfide
bridge of cysteine residues (22). Hence, our previous observation
suggests that the differences in myosin gel formation between
walleye pollack and white croaker are possibly due to the
species-specific structural properties of the rod region (21).
However, the contribution of rod and LMM to myosin gel
formation upon heating, except disulfide bridges in white croaker
LMM, has not been examined directly.

The objective of this study was to investigate rheological
properties by measuring dynamic viscoelastic parameters on
temperature sweep analysis of rod and LMM regions of walleye
pollack and white croaker myosins in order to clarify the
mechanisms involved in their species-specific thermal gel
formation. Thermodynamic properties of myosin rod were also
determined for reference by differential scanning calorimetry
(DSC).

MATERIALS AND METHODS

Materials. Frozen surimi (FA grade) of walleye pollack (Theragra
chalcogramma) containing 4% sorbitol, 5% sugar, and 0.3% polyphos-
phates was kindly supplied by Nippon Suisan Kaisha Co., Ltd. (Tokyo,
Japan). It was cut into 100 g blocks while frozen, packed into
polyethylene bags, and stored at-80 °C until use. Live specimens of
white croaker (Pennahia argentata) in an average body weight of about
300 g were collected in Tokyo Bay. Dorsal fast skeletal muscle of fish
was immediately dissected, minced, mixed in 50% glycerol, and stored
at -30 °C until use.

The expression vector plasmid pET-11a andEscherichia colistrain
BL21 (DE3) pLysS were purchased from Novagen (Madison, WI). The
expression vector pET-wpLMM containing walleye pollack LMM
cDNA (23) and pET-wcLMM containing white croaker LMM cDNA
(22) were previously constructed.

Preparation of Myosin Rod. Walleye pollack and white croaker
fast skeletal myosins were prepared according to Hwang et al. (24).
Myosin rod was prepared by the method of Stafford et al. (25) as
modified by Hwang et al. (24). Myosin at a concentration of 10-15
mg/mL was digested at 10°C for 30 min with N-tosyl-L-lysine
chloromethyl ketone treatedR-chymotrypsin (Sigma, St. Louis, MO)
at an enzyme-to-myosin weight ratio of 1:130 in 20 mM potassium
phosphate (pH 7.0) containing 0.12 M NaCl, 1 mM ethylenediamine-
tetraacetic acid (EDTA), and 0.1 mM dithiothreitol (DTT). Digestion
was stopped by the addition of phenylmethanesulfonyl fluoride to a
final concentration of 0.5 mM. The digest thus obtained was subjected
to centrifugation at 100000gfor 1 h, and the resulting pellet was
dissolved in and dialyzed against 20 mM Tris-HCl (pH 8.0) containing
0.6 M KC1, 5 mM MgCl2, and 0.1 mM DTT.

Preparation of LMM. LMM was prepared as described in our
previous report (26). Briefly, LMM was expressed inE. coli by
induction with isopropyl26 â-D-thiogalactopyranoside. Cells were soni-
cated with an ultrasonic disrupter, and crude LMM was extracted. Crude
LMM treated with low and high ionic strength buffers was dissolved
in and dialyzed against 20 mM sodium pyrophosphate (pH 7.5)
containing 30 mM KCl, 1 mM DTT, and 1 mM EDTA. After dialysis,
the solution was applied to a DEAE-Toyopearl 650 M ion-exchange
column (1.4× 26 cm) equilibrated with the same buffer, and proteins
adsorbed were eluted with a linear gradient of 30-600 mM KCl.

Protein Concentration. Protein concentrations were determined by
the biuret method of Gornall et al. (27) with bovine serum albumin as
the standard.

SDS-PAGE. Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis was performed by the method of Laemmli (28) with 12.5%
polyacrylamide gels containing 0.1% SDS. The gel was stained with a

solution containing 0.05% Coomassie Brilliant Blue R-250, 50%
methanol, and 10% acetic acid and destained with a solution containing
25% methanol and 7% acetic acid. The percent purity was calculated
by using National Institutes of Health image software.

Dynamic Viscoelastic Measurement.Dynamic viscoelastic param-
eters of myosin rod and LMM were determined with a MCR300
rheometer (Physica, Stuttgart, Germany) by use of a 25 mm parallel
plate geometry with a gap of 1.5 mm according to our previous report
(21). Samples adjusted to 30 mg/mL in 20 mM potassium phosphate
(pH 6.4) containing 0.6 M KCl were heated with an increasing rate of
1 °C/min from 5 to 80°C. The storage moduli (G′) of samples thus
heated were determined by frequency sweep analysis at 80°C under a
constant amplitude strain of 1% in an angular frequency range of 0.1-
10 s-1. Dynamic viscoelastic parameters includingG′, loss moduli (G′′),
and damping factors (tanδ) were also determined in a temperature
sweep mode according to our previous report (21) at a constant
frequency of 1.0 Hz and amplitude strain of 1%. Samples prepared as
in the case of frequency sweep analysis were heated from 5 to 80°C
at an increasing rate of 1°C/min, and data were collected every 60 s.

DSC Analysis. DSC was performed with a MicroCal microcalo-
rimeter model VP-DSC (MicroCal, Northampton, MA) equipped with
a personal computer system. The solvent used was 50 mM Tris-HCl
(pH 8.0) containing 0.6 M KCl, 5 mM MgCl2, and 1 mM DTT, where
the protein concentration was adjusted to about 1 mg/mL. DSC scans
were performed at an increasing rate of 60°C/h in a temperature range
of 5-70 °C under air pressure at 2.7 Pa. DSC data were analyzed by
use of a software package, Origin, developed by MicroCal according
to Nakaya et al. (29). The heat capacity data were fit by using nonlinear
least-squares, initially assuming that∆Hcal/∆Hvh ) 1, where∆Hcal and
∆Hvh are calorimetric and van’t Hoff enthalpy, respectively. When data
were not fit satisfactorily, heat capacity curves were subsequently fit
by allowing∆Hcal and∆Hvh to float. After minimization by appropriate
computer programs, the values for the thermal transition, including the
transition temperature (Tm), ∆Hcal, and∆Hvh, and the molar excess heat
capacity (∆Cp) were obtained. The cooperative ratio was determined
as∆Hvh/∆Hcal.

RESULTS AND DISCUSSION

Rheological Properties of Rods.SDS-PAGE for purified
myosin rods gave a major band of approximately 130 kDa and
a few minor bands of possible degradation products (Figure
1). The percent purities of walleye pollack and white croaker
rods were calculated to be over 90% and 95%, respectively,
suggesting these preparations are pure enough for dynamic
viscoelastic measurement and DSC analysis (21,30).

We previously conducted frequency sweep analysis for white
croaker and walleye pollack myosins at 30 mg/mL and found
that this protein concentration facilitated gel formation by
myosins (21). Myosin rods at 30 mg/mL were also demonstrated
by frequency sweep analysis to form gels upon heating at 80
°C in the present study, since both rods showed constantG′

Figure 1. SDS−PAGE patterns of myosin rods from walleye pollack (A,
10 µg/lane) and white croaker (B, 3 µg/lane). M, molecular weight markers.

9194 J. Agric. Food Chem., Vol. 53, No. 23, 2005 Fukushima et al.



values in an angular frequency range of 0.1-10 s-1 at 1%
amplitude strain (data not shown). Thus, temperature sweep
analyses were performed at 5-80 °C for walleye pollack and
white croaker rods at 30 mg/mL (Figure 2). As a result, two
quite distinct patterns in gelation were observed with the two
myosin rods. The changes in rheological properties are sum-
marized inTable 1, together with those of LMMs described in
the following section. The storage modulus,G′, representing
the elastic component, of walleye pollack rod decreased
gradually until 20°C, maintained a constant value until 29°C,
and then increased, reaching a peak at 43°C, indicating that
walleye pollack rod forms a gel network between 29 and 43°C
(Figure 2A). Upon further heating,G′ decreased rapidly until
60 °C, followed by a gradual increase until 80°C. The loss
modulus, G′′, showing the viscous component, decreased
gradually until 19°C. Thereafter, two peaks appeared at 25 and
36 °C with a shoulder at 44°C, followed by a gradual decrease
until 80 °C. Consequently, tanδ, the ratio ofG′′ to G′, first
decreased gradually until 20°C, increased to 26°C, and then
decreased rapidly to 43°C with a shoulder at 34°C, indicating
the occurrence of sol-gel transition in the range of 26-43 °C
(31, 32). Taken together, the changes of rheological properties
for walleye pollack rod were very similar to those of myosin in
a lower temperature range, although the increase ofG′ in the
range of 43-46°C andG′′ in the range of 51-54°C for myosin
previously reported (21) were not found in the present rod
(Table 1). These results suggest that walleye pollack rod is
attributed to myosin gel formation in a lower temperature range.

The G′ values of white croaker rod decreased until 31°C
and then markedly increased, showing a peak at 38°C (Figure
2B, Table 1). G′ again decreased in the range of 39-60 °C
and gradually increased until 80°C. RodG′′ decreased gradually
until 31 °C and then increased sharply, reaching a peak at 39
°C with a short lag phase and a marginal peak at 35°C.
Thereafter,G′′ rapidly decreased until 60°C, followed by a
gradual decrease until 80°C. ThusG′′ showed temperature-
dependent changes similar to those ofG′, although the peak
height at about 40°C was much larger in the former.
Consequently, tanδ decreased markedly in the range of 31-
38 °C, which agreed well with the changes inG′ and G′′,
suggesting the development of gel elasticity of white croaker
rod in this temperature range. It was noted that the increase of
G′ in the range of 47-54 °C andG′′ in the range of 53-60 °C
for myosin previously reported (21) were not found in the
present rod (Table 1). These results suggest that white croaker
rod is subject to myosin gel formation in a lower temperature
range as in the case of walleye pollack.

DSC Analyses of Myosin Rods.DSC patterns of walleye
pollack and white croaker rods are shown inFigure 3 and their
thermodynamic parameters are shown inTable 2 together with
those previously reported for LMMs (22). Walleye pollack rod
showed two major endothermic peaks for unfolding with three
Tms at 28.3, 32.6, and 42.1°C. On the other hand, white croaker
myosin rod showed two major endothermic peaks withTm at
32.2 and 38.2°C. The lowestTm of walleye pollack rod at 28.3
°C was lower than that of white croaker at 32.2°C, whereas
the highestTm at 42.1°C was rather higher than that of white
croaker at 38.2°C. Walleye pollack and white croaker rods
unfolded in the temperature ranges of 18-50 °C and 26-60
°C, respectively (Figure 3), suggesting lower thermal stability
in the former rod.

Thermodynamic properties of walleye pollack and white
croaker rods are compared with those of their LMMs (22) in
Table 2. Walleye pollack LMM unfolds in the temperature range
of 18-50°C (22), showing four endothermic peaks as shown
in Table 2. Both DSC patterns of walleye pollack rod and LMM
showed major endothermic peaks around 30°C and minor ones
in the range of 40-50 °C, suggesting that thermodynamic
properties of walleye pollack rod are dominated by those of
LMM. In the case of white croaker,Tm of rod at 32.2°C was
almost the same as that of a single endothermic peak of LMM
at 32.1°C (22). Thus,Tm at 38.2°C of myosin rod seems to

Figure 2. Changes in storage modulus (G′), loss modulus (G′′), and tan
δ during thermal gelation of myosin rods from walleye pollack (A) and
white croaker (B) at 5−80 °C.

Table 1. Major Changes of Dynamic Viscoelastic Parameters upon
Heating at 5−80 °C of Rod and LMM from Walleye Pollack and White
Croaker

temperature

protein G′ a G′′ b tan δc

Walleye Pollack
rodd 5−20 (decrease) 5−19 (decrease) 26−43 (decrease)

29−43 (increase) 21−25 (increase) 58−80 (decrease)
43−60 (decrease) 30−36 (increase)

LMMe 5−20 (decrease) 5−30 (decrease) 14−80 (decrease)
20−80 (increase)

White Croaker
rodd 5−31 (decrease) 5−31 (decrease) 31−38 (decrease)

31−38 (increase) 31−39 (increase) 60−80 (decrease)
39−60 (decrease) 39−60 (decrease)

LMMe 8−28 (decrease) 5−32 (decrease) 32−35 (decrease)
32−35 (increase) 32−35 (increase)
35−38 (decrease) 35−39 (decrease)

a Storage modulus. b Loss modulus. c Ratio of G′′ to G′. d Values obtained from
Figure 2 . e Values obtained from Figure 5 .
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correspond to that of S2. However, it has been generally
accepted that the thermostability of LMM is higher than that
of S2 (33). Therefore, it is also possible to assume that both S2
and LMM contribute to eachTm value for rod.

Fibrous proteins of coiled-coilR-helices such as myosin rod
consist of a series of 28-amino acid repeats, which themselves
are composed of a unit of seven amino acid residues,a-g (34-
36). While hydrophobic residues predominate at the interface
between twoR-helices, their hydrophobic interactions form the

basis for the coiled-coil structure of twoR-helices. Changes in
CD spectra for walleye pollack and white croaker rods upon
heating roughly reflected DSC patterns (data not shown),
suggesting that endothermic peaks in DSC closely related to
unfolding ofR-helical structure as reported previously for carp
myosin isoforms (29,30) and their LMMs (37,38).

Rheological Properties of LMMs.LMMs were prepared by
use of theE. coli expression system according to our previous
papers (22,23, 26, 37). Although walleye pollack and white
croaker LMM showed some minor bands of possible degradation
products (Figure 4), their percent purities were calculated to
be over 90% and 95%, respectively. Therefore, the purity was
judged to be enough for dynamic viscoelastic measurement,
referring to our previous paper (22).

Frequency sweep analysis showed constantG′ values in the
angular frequency range of 0.1-10 s-1 at 1% amplitude strain
(data not shown) for walleye pollack and white croaker LMMs
at 30 mg/mL upon heating at 80°C, demonstrating that both
LMMs formed gel in the case of their myosins (21) and rods.
Thus, temperature sweep analyses were performed at 5-80 °C
for LMMs at 30 mg/mL (Figure 5). For the results obtained in
temperature sweep analysis on two LMMs, they axis presented
dynamic viscoelastic parameters in linear scale (Figure 5),
because their changes were small compared to those of rods
(seeFigure 2). Walleye pollack LMM showed no apparent peak
for G′ andG′′ (Figure 5A). G′ decreased from 5 to 20°C and
increased gradually in a temperature range of 20-80 °C,
whereasG′′ decreased gradually until 30°C and maintained
almost constant levels until 80°C. Consequently, tanδ
maintained almost a constant value until 14°C and then
decreased gradually from 14 to 80°C, suggesting that walleye
pollack LMM gradually formed a gel upon heating.

On the other hand,G′ of white croaker LMM increased until
8 °C, decreased until 28°C, and then maintained a constant
value until 32°C. G′ began to increase at 32°C with a peak at
35 °C and thereafter decreased rapidly until 38°C. G′
maintained a constant value from near 40 to 70°C and increased
rapidly up to 80°C. G′′ decreased until 32°C with a shoulder
at 20°C. G′′ showed a peak at 35°C, then decreased rapidly
until 39 °C, and decreased gradually until 80°C with a shoulder
at 55 °C. It was noted that tanδ decreased rapidly in a
temperature range of 32-35 °C and gradually in other temper-
ature ranges during heating. These results suggest that white
croaker LMM formed thermal gel predominantly in the former
temperature range.

Figure 3. DSC scans of myosin rods from walleye pollack (A) and white
croaker (B). The observed DSC patterns (solid lines) were subjected to
smoothing treatment (bold dashed lines), together with their computer-
calculated differential endotherms by the convolution analysis using three
and two peaks for walleye pollack and white croaker, respectively (dotted
lines).

Table 2. Thermodynamic Parameters on Thermal Unfolding of Rod
and LMM from Walleye Pollack and White Croaker

protein Tm
a (°C) ∆Hcal

b (kcal/ mol)

Walleye Pollack
rodc 28.3 59.8 (0.4)

32.6 87.5 (0.3)
42.1 38.9 (1.4)

LMMd 27.7 58.4 (1.5)
30.5 58.4 (1.3)
35.8 61.4 (1.4)
43.9 35.6 (5.7)

White Croaker
rodc 32.2 35.0 (2.4)

38.2 129 (0.2)
LMMd 32.1 217

a Tm represents transition temperature. b The values in parentheses are ratio
of ∆Hvh to ∆Hcal. ∆Hvh and ∆Hcal are calorimetric and van’t Hoff enthalpies,
respectively. c Values obtained from Figure 3 . d Cited from ref 22.

Figure 4. SDS−PAGE patterns of LMMs from walleye pollack (A) and
white croaker (B). Proteins (10 mg/lane) were applied. M, molecular weight
markers.
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Possible Mechanisms Involved in Gel Formation of Wall-
eye Pollack and White Croaker Myosins.Dynamic viscoelas-
tic measurements revealed that rheological properties of walleye
pollack rod were almost similar to those of myosin, although
rod showed no increase ofG′′ at higher temperatures. On the
other hand, white croaker rod did not show any increase ofG′
andG′′ and decrease of tanδ at higher temperatures in contrast
to the myosin counterparts. Therefore, it is suggested that myosin
rods from both white croaker and walleye pollack contributed
to myosin gel formation in a lower temperature range. However,
the temperature ranges of thermal unfolding and gel formation
of walleye pollack and white croaker rods were different from
each other. The temperature range of 29-43 °C in whichG′ of
walleye pollack myosin rod increased was wider than that of
white croaker, from 32 to 38°C. This difference possibly reflects
species-specific thermal myosin gel formation for the two
myosins. As reported previously,G′ of walleye pollack myosin
did not increase in the higher temperature range over 47°C,
whereasG′′ showed a peak at 54°C. In the case of carp skeletal
myosin, it is strongly suggested that the rod gel formed in a
lower temperature range is strengthened by S1 aggregates to
be formed in a higher temperature range (17). Walleye pollack
rod forms the thermal gel, but subsequent S1 contribution to
gel formation of myosin may be weak compared with white
croaker counterpart.

Carp myosin forms thermal gel in which rod reacts at lower
temperatures and S1 does at higher temperatures (17). It has
been reported that walleye pollack myosin exposed irreversibly
a heavy meromyosin (HMM)/LMM junction to the surface of

the myosin molecule upon heating (39). The present DSC
analysis on rod from walleye pollack and white croaker showed
severalTm values in the temperature range of 28-42°C and
32-38°C, corresponding to lower temperature ranges of their
myosin gel formation, respectively (Table 2). Therefore, it is
suggested that walleye pollack and white croaker myosins unfold
in the order of rod and S1 upon heating.

It has been reported that carp fast skeletal LMM forms an
elastic gel by heat treatment, whereas HMM containing S1 and
S2 does not (17). In the present study, frequency analysis
indicated that walleye pollack and white croaker LMMs heated
at 80°C formed a thermal gel as described above. Meanwhile,
rheological behaviors of the two LMMs were different from
each other. In contrast to white croaker LMM, walleye pollack
counterpart formed thermal gel gradually upon heating (see
Figure 5). In our previous paper (22), DSC analysis showed
that walleye pollack LMM unfolded in several steps, whereas
white croaker counterpart unfolded in one step (Table 2). Thus,
the temperature ranges in which LMMs unfolded almost
corresponded to those of thermal gel formation, indicating that
thermal gel formation of LMMs is induced by hydrophobic
interaction accompanying with structural unfolding upon heat-
ing. Furthermore, the different thermodynamic properties of
walleye pollack and white croaker LMMs possibly are attributed
to their species-specific thermal gel formation in lower tem-
perature ranges. Such species-specific differences between
walleye pollack and white croaker LMMs were similar to those
of their rods. Therefore, it is likely that thermodynamic and
structural properties of rods are dominated by those of LMM.
There are 51 amino acid substitutions between walleye pollack
and white croaker LMMs (35, 36). Thus, it seems that the
different properties between the two LMMs are determined by
such amino acid substitutions.

In this study, myosin rod was prepared by limited proteolysis
of R-chymotrypsin. Therefore, a tail piece, locating in a
C-terminal part and nonhelical region of myosin, was possibly
cleaved away, resulting in changes of rheological and thermo-
dynamic properties. The changes of the latter properties have
been demonstrated for LMM preparation (23,26,29). Besides,
myosin rod of walleye pollack contains a few isoforms (40).
However, their composition has not been determined yet. On
the other hand, LMM prepared by use of theE. coli expression
system is homogeneous; thus the recombinant protein is
considered to be a useful model for rheological and thermo-
dynamic studies.

The present study determined thermodynamic properties and
changes in dynamic viscoelastic parameters of myosin rods and
LMMs from walleye pollack and white croaker. The two rods
formed gel in a low temperature range which almost cor-
responded to a lower temperature range of the gel formation of
myosin. It was found that walleye pollack rod formed gel in a
temperature range wider than that of white croaker. Walleye
pollack and white croaker LMMs also showed similar differ-
ences in terms of temperature-dependent gel formation. These
differences are probably attributed to the species-specific myosin
gel formation for walleye pollack and white croaker.
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