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Abstract

Changes in the conformation of catfish (Ictalurus punctatus) myosin due to (i) cations (ii) alkaline pH and (iii) salt addition were deter-
mined using circular dichroism, tryptophan fluorescence, differential scanning calorimetry and hydrophobicity studies. The relation
between conformation and storage modulus (G0) of alkali treated myosin was studied. Two types of bases, NaOH and KOH were used
for unfolding myosin under three alkaline conditions, pH 11.0, 11.5 and 12.0. Myosin, unfolded under alkali conditions was immediately
refolded by adjusting pH back to 7.3. Subjecting myosin to alkaline conditions and subsequent readjustment to pH 7.3 increased the G0

of thermally treated myosin. G0 was affected by the presence or absence of salt during alkali treatments. When salt was present during
alkali unfolding of myosin, the added salt stabilized the conformation of myosin against alkali unfolding and denaturation. In the
absence of salt or when salt was added after refolding, myosin showed significantly higher denaturation and high G0 on heating and cool-
ing. Among the different alkaline pH values, myosin treated at pH 11.0 showed higher G0. The type of anions influenced the conforma-
tion of myosin and the strength of gels. Treatment of myosin with KOH resulted in greater denaturation and higher gelling ability (G0)
compared to NaOH.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Myofibrillar proteins play an important role in the phys-
ical and textural attributes of meat and muscle food prod-
ucts (Acton, Ziegler, & Burge, 1983; Asghar, Samejima, &
Yasui, 1985; Xiong, 1994). Among the different myofibril-
lar proteins, myosin is responsible for a number of proper-
ties such as gelation, water holding and emulsification. For
this reason, myosin has been given special attention in con-
formational and functional studies. Conformational
changes and gel forming capabilities of a protein could
be affected by a number of factors such as temperature,
pH, hydrophobicity, ionic strength and type of ions (Phil-
0308-8146/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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lips, Whitehead, & Kinsella, 1994). When pH of myosin
is adjusted above or below its isoelectric point, myosin
would gain a net negative or positive charge, which could
result in repulsion among protein molecules hindering the
formation of strong gels (Zayas, 1997). Disruption of pro-
tein structure could expose hydrophobic residues, which
may affect gel strength. The addition of ions could shield
the repulsive forces among protein molecules and could
promote gelation (Mulvihill & Kinsella, 1988).

A new process involving solubilization of myofibrillar
proteins using alkali (Hultin & Kelleher, 2000; Ingadottir,
2004; Kristinsson, Theodore, Demir, & Ingadottir, 2005)
is used for preparing protein isolates from muscle food
sources such as fish. In brief, the process involves solubi-
lizing muscle proteins under high pH conditions (pH
10.5–11.5) and removing insoluble muscle components,
such as connective tissue, bones and fat by centrifugation.
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The solubilized myofibrillar proteins are then recovered
using isoelectric precipitation at pH around 5.5. Some
advantages of this process are (a) high recovery of muscle
proteins, (b) utilization of under-utilized raw material and
(c) removal of membranes and lipids which are susceptible
to oxidation. Myosin is an unstable molecule and is
known to slowly form insoluble aggregates even under
neutral pH conditions at 0 �C (Connell, 1960). Subjecting
myosin to alkaline (high) pH values could have a signifi-
cant effect on the conformation and functionality of the
protein. In general, myofibrillar proteins subjected to high
pH conditions would under go denaturation. Good gela-
tion properties are normally associated with the native
conformation of myosin molecules (Visessanguan & An,
2000). Numerous studies have reported positive relation-
ship between functional ATPase activity and gel quality
(Katoh, Nozaki, Komatsu, & Arai, 1979; Ooizumi,
Hashimoto, Ogura, & Arai, 1981). It is generally believed
that denaturation would adversely affect the functionality
of proteins (Konno, Yamanodera, & Kiuchi, 1997; Vises-
sanguan & An, 2000). Hence, one may expect lower func-
tionality for protein isolates prepared using the above
mentioned alkali process. However, Kristinsson and
Liang (2006) have demonstrated improved functionality
and gelation properties for alkali treated muscle proteins
compared to traditional protein isolation processes. In
our present work, we attempt to use conformational stud-
ies to understand the mechanism behind the improved
rheological properties of alkali treated myosin.

The structure and functional of proteins could also be
influenced by the type of anions and cations (Hochachka
& Somero, 1984). The Hofmeister series (Kunz, Henle, &
Ninham, 2004) ranks various cations based on their ability
to precipitate a mixture of hen egg-white proteins. The ser-
ies is of the order, Mgþ2 > Liþ > Naþ ¼ Kþ > NHþ4 .
Nowadays, Hofmeister series are used to rank the ability
of cations to stabilize (kosmotropic) or destabilize (chao-
tropic) proteins. In general, the ability of cations to stabi-
lize proteins decreases in the order (Hochachka &
Somero, 1984), NHþ4 > K+P Na+ > Li+ > Mg+2. How-
ever, the position of various cations in the series would
vary depending on the nature of protein, pH and tempera-
ture. Normally, sodium hydroxide (NaOH) is used for the
alkali treatment of myofibrillar proteins. In our studies, we
wanted to compare the effect of two cations, Na+ and K+,
on the conformation and functionality of channel catfish
(Ictalurus punctatus) myosin.

Goto, Calciano, and Fink (1990, 1989) had earlier
shown that extreme pH conditions and salt could refold
an unfolded protein into a compact conformation similar
to a molten globule. As alkali treatment would involve
the use of high pH values, we wanted to study the effect
of different alkaline pH (11.0, 11.5 and 12.0) on the con-
formation of catfish myosin and how these conforma-
tional changes would relate to the gelation behavior
(storage modulus, G0) of myosin. Proteins would possess
a net charge at pH values other than their normal isoelec-
tric pH. The net positive or negative charge on a protein
molecule would play an important role on folding or
unfolding due to electrostatic attraction or repulsion.
While pH determines the total charge on a protein, salt
determines the extent of interaction among those charges.
The ability of a salt to shield charges on a protein mole-
cule is known as Debye–Huckel effect. Sodium chloride
(NaCl) is usually added to solubilize myosin. The addition
of NaCl could have a neutralizing or shielding effect on
the net protein charge (Arakawa & Tokunaga, 2004;
Melander & Horvath, 1977). During the recovery of pro-
tein isolates using alkaline solubilization, salt is usually
added to the proteins after adjusting the pH of the pro-
teins to their isoelectric point, i.e. after protein have
refolded. In our research, we wanted to study the effect
of adding salt before unfolding and after refolding as well
as the absence of salt on the conformational and gelation
properties of catfish myosin.

2. Materials and methods

2.1. Materials

Fillets of catfish (I. punctatus) were purchased locally in
Gainesville, FL and transported to the laboratory on ice.
Chemicals were purchased from Fisher Scientific (Fair
Lawn, NJ). All reagents were of ACS grade.

3. Methods

3.1. Preparation of myosin

Myosin was prepared from the white muscle tissue of
catfish fillets by using a method similar to Kristinsson
(2001). All solutions used for myosin preparation were kept
cold at 4 �C. Catfish white muscle was minced once
through an Oster heavy duty food grinder (model 4726-1,
Sun beam, Delray Beach, FL). The mince was mixed with
10 volumes of solution A (0.10 M potassium chloride,
1 mM phenyl methyl sulfonyl fluoride, 0.02% sodium azide
and 20 mM Tris–HCl buffer, pH 7.5) and homogenized
using a Bio-homogenizer (M133/1281-0, Bio Spec Products
Inc., Bartlesville, OK) at high speed for 1 min. The homog-
enate was incubated for 60 min at 0–4 �C and centrifuged
at 1000g for 10 min in a Sorvall RC-5B refrigerated centri-
fuge (DuPont Instruments, Newtown, CT). The sediment
was suspended with five volumes of solution B (0.45 potas-
sium chloride, 5 mM b-mercaptoethanol, 0.2 M magne-
sium acetate, 1 mM ethylene glycol bis (b-amino ethyl
ether) tetra acetic acid and 20 mM tris maleate buffer, pH
6.8), mixed with adenosine triphosphate to a final concen-
tration of 10 mM and incubated for 90 min at 0–4 �C. The
mixture was then centrifuged at 10,000g for 15 min. The
supernatant was diluted slowly with 25 volumes of distilled
water and kept at 4 �C for 60 min. The supernatant was
centrifuged at 12,000g for 10 min, and the pellet was resus-
pended with solution C (0.5 M potassium chloride, 5 mM
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b-mercapto ethanol and 20 mM tris HCl buffer, pH 7.5).
The resuspended pellet was incubated for 10 min at 0–
4 �C, diluted with 2.5 volumes of 1 mM bicarbonate and
10 mM magnesium chloride and incubated overnight at
0–4 �C. Myosin pellets, obtained by centrifugation at
22,000g for 15 min were washed with 40 volumes of dis-
tilled water and myosin purity was checked using SDS-
PAGE electrophoresis. Myosin bands were identified using
high molecular weight SDS-PAGE standards. Samples of
myosin were 93% pure as determined by densitometry.
The protein content of myosin samples was determined
using the Biuret reaction (Gornall, Bardawill, & David,
1949). Myosin samples were kept on ice and used within
4 days of preparation. This storage period did not change
their electrophoretic pattern.

3.2. Unfolding myosin under alkali conditions

Catfish myosin (initial pH � 6.2) was unfolded under
different alkaline conditions and immediately refolded by
bringing the pH to 7.3 using hydrogen chloride. A prepara-
tion of myosin homogenate in 20 mM Tris–HCl was sub-
jected to 18 different alkaline pH treatments involving (a)
two different cations (b) three alkaline values for each cat-
ion, and (c) absence of salt and addition of salt before or
after alkali pH adjustment for each alkaline value. The
concentration of salt used during alkaline treatments was
0.6 M NaCl. The alkaline pH values used were 11.0, 11.5
and 12.0. The different cations used for pH adjustments
were K+ (from KOH), Na+ (from NaOH). Studies were
done in the absence or presence of 0.6 M sodium chloride
(NaCl). When salt was used, it was added to myosin either
before unfolding or after folding. When salt was added
after the folding of myosin, the pH of the myosin homog-
enate was readjusted back to 7.3 if necessary. Three differ-
ent controls were used. One control was a homogenate of
myosin adjusted to pH 7.3 in the absence of salt. The sec-
ond and third controls were myosin homogenates with
0.6 M salt added before or after the adjustment of pH to
7.3.

3.3. Rheology studies on myosin

Changes in storage modulus of catfish myosin during
heating and cooling was studied using an AR 2000
Advanced Rheometer (TA instruments, New Castle, DE)
with aluminum double concentric cylinder geometry
(outer/inner diameter 21.9/20.4 mm). A myosin protein
concentration of 3.5 mg/mL of homogenate was prepared
in Tris–HCl buffer. Myosin was subjected to 18 different
alkali treatments as described above. The viscoelastic prop-
erties of myosin namely, storage modulus G0 (elasticity)
was studied using dynamic oscillation experiments as a
function of temperature. The myosin samples were heated
from 5 to 80 �C and then cooled back to 5 �C at 2 �C/
min. A constant oscillation frequency of 0.1 Hz was used.
G0 at the initial (5 �C), final (80 �C) and re-cooled (5 �C)
temperatures were used for studying the gelation properties
of myosin. All rheology studies were done in duplicates.

3.4. Tryptophan fluorescence studies

A myosin protein concentration of 50 lg/mL was used
for measuring intrinsic tryptophan fluorescence. Two dif-
ferent alkali types, NaOH and KOH, were tested. Three
controls, each adjusted to pH 7.3, were used. The first con-
trol was prepared in 20 mM Tris–HCl buffer. The second
control was prepared in 20 mM Tris–HCl buffer with
0.6 M NaCl added before pH adjustment to 7.3 and the
third control was prepared with the salt added after pH
adjustment to 7.3. Changes in tryptophan fluorescence
were measured by exciting alkali treated myosin at
297 nm and recording the emission spectra between 300
and 400 nm in a Perkin–Elmer LS 45 Luminescence Spec-
trophotometer (Norwalk, CT).

3.5. Surface hydrophobicity

Hydrophobicity of myosin was measured using 6-propi-
onyl-2-(dimethylamino) naphthalene (PRODAN) as the
external fluorescent probe. Two different alkali types,
NaOH and KOH, were used for the studies. A PRODAN
stock solution of 1.11 mM was prepared in methanol. The
concentration of PRODAN in the stock solution was
determined spectrophotometrically at 360 nm using molar
absorption coefficients of 1.8 � 104 M�1 cm�1 (Weber &
Farris, 1979). Five hundred lL of PRODAN stock solu-
tion was diluted to 30 mL with methanol and used for fluo-
rescence studies (A). A stock solution of myosin with a
protein concentration of 1.5 mg/mL was used. Four differ-
ent concentrations of myosin were prepared by diluting 0.5,
1.0, 1.5 and 2.0 mL of myosin stock solution to 4 mL with
20 mM Tris–HCl buffer. The samples were subjected to
various pH treatments with 0.6 M salt added before or
after the pH treatment. The myosin samples were then
taken in vials covered with aluminum foil, vortexed with
20 lL of (A) and incubated for 15 min. The relative fluores-
cence intensity was measured using by excitation at 365 nm
and measuring the emission spectra between 380 and
560 nm. A mixture of buffer and PRODAN was used as
a blank. The initial slope of the net fluorescence intensity
versus protein concentration was calculated using linear
regression analysis and used as an index of protein hydro-
phobicity. All analyses were done in duplicates.

3.6. Protein conformational studies

Changes in the secondary and tertiary conformation of
alkali treated myosin were studied using circular dichroism
in an AVIV 215 spectropolarimeter (AVIV instruments
Inc., Lakewood, NJ) at 5 �C. Secondary structure determi-
nation was performed by scanning pH treated myosin sam-
ples (�30 lg/mL) between 260 and 190 nm in a 1 cm quartz
cell. Tertiary structure was studied by scanning myosin
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samples (1 mg/mL) between 350 and 260 nm in a 1 cm
quartz cell. Resolution was set at 0.2 nm, bandwidth at
1 nm and sensitivity at 20 mdeg, response 1 s and scanning
speed was 20 mdeg/min. Spectrum was obtained in dupli-
cates and were averaged into one spectra. Secondary and
tertiary spectra of denatured myosin were obtained by
scanning protein samples prepared in 6 M guanidine
hydrochloride. All studies were done at 5 �C. The alpha-
helix content in the secondary structure was analyzed using
DICHROWEB (Lobley, Whitmore, & Wallace, 2002).

3.7. Differential scanning calorimetry (DSC)

Denaturation and thermal transition of alkali treated
myosin was studied using differential scanning micro calo-
rimeter (VP-DSC, MicroCal, LLC, Northampton, MA).
Myosin samples with a protein concentration of 10 mg/
mL in 20 mM Tris–HCl buffer were used for DSC studies.
The pH of the myosin samples was adjusted using NaOH
or KOH to 11.5 and readjusted back to pH 7.3. Sodium
chloride (0.6 M) was added either before or after pH
adjustment to 7.3. The samples were degassed at 5 �C
under vacuum for 7 min. The thermal transition of myosin
was studied between 5 and 80 �C with a temperature ramp
of 1.5 �C/min. Tris–HCl buffer (20 mM) containing 0.6 M
sodium chloride was used as blank.

3.8. Statistical analyses

Statistical analyses on the samples were performed using
JMPTM Statistical Discovery Software (version 5.0). Analysis
of variance was employed to examine the difference among
treatments. Tukey’s honestly significant test was used to
compare the differences among treatment means.
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4. Results

4.1. Effect of alkaline pH, cations and salt on the gel forming

properties of myosin

The effect of alkaline pH conditions on the storage mod-
ulus (G0) of catfish myosin was studied. Catfish myosin
homogenate was subjected to three alkaline pH treatments,
using two different bases and three different salt treatments.
G0 of myosin for the two different bases are shown in
Fig. 1a (NaOH) and 1b (KOH).

At the beginning of the heating cycle the temperature of
the alkali treated myosin was 5 �C. At this temperature,
myosin subjected to Na+ and K+ treatments were not sig-
nificantly different from each other or from the control
(p > 0.05). However, when myosin was treated with
KOH, the pH 11.0 treatment gave a higher G0 than the
pH 12.0 treatment (p = 0.08).

When the heating cycle reached the maximum tempera-
ture of 80 �C, several of the treatments were significantly
different from the control. When salt was added after
refolding, G0 of myosin treated with NaOH or KOH at
pH 11.0 was significantly higher (p < 0.05) than the con-
trol. In the absence of salt, myosin treated with NaOH at
pH 11.0, 11.5 and 12.0 and with KOH at pH 11.0 had sig-
nificantly higher G0 (p < 0.05) than the control treatments.
However, when salt was present during alkali unfolding,
there was no significant difference (p > 0.05) between the
different alkali treatments and the control. When myosin
was treated with KOH (Fig. 1b), G0 decreased in the order,
pH 11 > 11.5 � 12.0. The storage modulus of myosin was
affected by salt treatments. For NaOH and KOH treated
myosin, G0 decreased in the order, no salt > salt added
before alkali unfolding � salt added after refolding.
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At the end of the thermal cycle, myosin was cooled
back to 5 �C. At this temperature, myosin treated with
alkali in the absence of salt had significantly higher G0

(p < 0.05) compared to the control. Also, myosin treated
with KOH at pH 11.0 with salt added after refolding
had significantly higher (p < 0.05) G0 than the control.
Storage modulus of myosin was affected by different pH
treatments. When myosin was treated with KOH, G0

decreased in the order, pH 11.0 > pH 11.5–12.0. However,
G0 of myosin treated with NaOH (Fig. 1a) decreased in
the order, pH 11.0–11.5 > 12.0. When the effect of salt
was studied, G0 of NaOH treated myosin decreased in
the order, absence of salt > salt added first � salt added
last. In general, G0 of myosin treated with KOH was
higher (p = 0.09) than that treated with NaOH. In the
absence of salt, G0 of myosin decreased in the order
K+ > Na+ (p < 0.05).

4.2. Micro-differential scanning calorimetry (DSC) studies

on alkali treated myosin

DSC was used to investigate the influence of cations and
order of salt addition on the thermal stability and endo-
thermic transitions of myosin. Myosin was unfolded using
NaOH or KOH at pH 11.5, and refolded using HCl at pH
7.3. Conformational studies performed on myosin such as
tryptophan fluorescence and hydrophobicity studies (see
below), showed either a decreasing or increasing trend
among the three pH treatments, 11.0, 11.5 and 12.0. Hence,
pH 11.5 was chosen for DSC studies since it represented
the midpoint of the three pH treatments. Salt (0.6 M NaCl)
was added either before unfolding or after refolding of
myosin. Two controls, one for each order of salt addition
were used.

The endotherms of alkali treated myosin showed two
major transitions peaks (Tm) between 30 and 50 �C. The
first Tm occurred at around 38 �C for both myosin sam-
ples where salt was added before unfolding and after
refolding. When salt was added after refolding, the sec-
ond Tm occurred between 44.5 and 45.0 �C (Fig. 2a and
Table 1), whereas for the addition of salt before refold-
ing, the second Tm occurred between 44.0 and 44.5 �C
(Fig. 2b and Table 2). Calorimetric enthalpy (DH) corre-
sponding to each Tm was calculated as area under the
peak. When salt was added to myosin before alkali
unfolding, DH of the control was significantly higher
(p < 0.05) than the corresponding DH of myosin with salt
added after refolding. DH of Na+ treated myosin with
salt added before unfolding was higher than the corre-
sponding DH with salt added after refolding while for
K+ treated myosin this trend between DH and salt addi-
tion was reversed (Tables 1 and 2).

4.3. Tryptophan fluorescence studies on alkali treated myosin

The effect of alkaline treatments on the unfolding of
myosin was studied using tryptophan fluorescence. The
presence or absence of salt had a significant effect on the
tryptophan absorbance of myosin. Tryptophan fluores-
cence decreased in the order (p < 0.05), salt added first
(Fig. 3a) > absence of salt (Fig. 3b) > salt added last
(Fig. 3c). Also, in the absence of salt, tryptophan fluores-
cence of Na+ treated myosin increased in the order, pH
11.0 < 11.5 < 12.0. In the presence of salt, there was no sig-
nificant difference among myosin molecules treated with
different cations.

4.4. Hydrophobicity studies on alkali treated myosin

Hydrophobicity of alkali treated myosin was measured
using an external fluorescence probe, PRODAN (Fig. 4a
and 4b). For myosin treated with Na+, there was no signif-
icant difference (p > 0.05) between the two salt treatments.
However for the K+ treatment, the fluorescence intensity of
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Table 1
Transition peak temperatures (Tm) and enthalpy change (DH) of alkali treated myosin unfolded at pH 11.5, measured using Differential Scanning
Calorimetry

Sample Temperature, Tm (�C) DH (kcal/mol)

Tm (1) Tm (2) For Tm (1)a For Tm (2)b

Control 37.7 44.9 48.7 34.5
Na+ treated myosin 37.9 45.0 34.7 35.5
K+ treated myosin 37.8 44.6 50.8 38.5

Salt (0.6 M NaCl) was added to myosin after refolding at pH 7.3. Control was prepared in 20 mM Tris–HCl buffer with 0.6 M NaCl added after pH
adjustment to 7.3.

a Indicates DH under peak Tm (1).
b Indicates DH under peak Tm (2).
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myosin with salt added before unfolding was significantly
higher (p < 0.05) than those obtained with salt added after
refolding. When salt was added to myosin before alkali
unfolding, there was no significant difference (p > 0.05)
between the control and different treatments. However,
when salt was added to myosin after refolding, the alkali
treated myosin samples had significantly higher fluores-
cence intensity (p < 0.05) than the control. Also, Na+ trea-
ted myosin had significantly higher fluorescence intensity
than K+ treated myosin.



Table 2
Transition peak temperatures (Tm) and enthalpy change (DH) of alkali treated myosin unfolded at pH 11.5, measured using Differential Scanning
Calorimetry

Sample Temperature, Tm (�C) DH (kcal/mol)

Tm (1) Tm (2) For Tm (1)a For Tm (2)b

Control 37.8 44 62.1 55.7
Na+ treated myosin 37.9 44.0 40.7 45.8
K+ treated myosin 37.8 44.5 40.5 32.7

Salt (0.6 M) was added to myosin before unfolding. Control was prepared in 20 mM Tris–HCl buffer with 0.6 M NaCl added before pH adjustment to 7.3.
a Indicates DH under peak Tm (1).
b Indicates DH under peak Tm (2).
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Fig. 3a. Intrinsic tryptophan fluorescence obtained with an excitation
wavelength of 297 nm (protein concentration was 50 lg/mL). Myosin was
unfolded using NaOH and KOH in the presence of 0.6 M NaCl and
refolded at pH 7.3 using HCl. Maximum fluorescence intensity was
measured. A control was prepared in 20 mM Tris–HCl buffer, with 0.6 M
NaCl added before pH adjustment to 7.3. sb = 0.6 M NaCl added before
unfolding.
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Fig. 3b. Intrinsic tryptophan fluorescence obtained with an excitation
wavelength of 297 nm (protein concentration was 50 lg/mL). Myosin was
unfolded using NaOH and KOH and refolded at pH 7.3 using HCl.
Maximum fluorescence intensity was measured. A control was prepared in
20 mM Tris–HCl buffer in the absence of salt with pH adjusted to 7.3. ns,
no salt was used during the acid treatment.
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4.5. Effect of cations and salt on the secondary and tertiary

structure of myosin

The changes in myosin conformation due to alkali treat-
ment were measured using circular dichroism. The second-
ary structure of alkali treated myosin was significantly
(p < 0.05) affected by the order of salt addition (Fig. 5a–
5d). When salt was added before adjusting the pH to 7.3,
the a-helix content of the control was 83% compared to
46% for the addition of salt after pH adjustment (Table
3). Alkali treatments decreased the a-helix content of myo-
sin. When salt was added before unfolding, the a-helix con-
tent of Na+ treated myosin was around 45% while that of
K+ treated myosin was between 59% and 63%. When salt
was added after refolding, the a-helix content of Na+ trea-
ted myosin was between 42% and 45% (similar to the treat-
ment where Na+ was added before unfolding) while that of
K+ treated myosin was between 13% and 27%. Irrespective
of the order of salt addition, the secondary structure of
NaOH treated myosin was not significantly (p > 0.05)
affected by the various pH treatments. When salt was
added before unfolding, NaOH treated myosin had lower
(p > 0.05) a-helix content than KOH treated myosin. How-
ever, when salt was added to myosin after refolding, K+

treated myosin had significantly lower amount of a-helix
content than Na+ treated myosin. When guanidine hydro-
chloride (0.6 M) was used for complete myosin denatur-
ation, the a-helix content of denatured myosin was
determined to be 4 % (Fig. 5a and Table 3).

The tertiary structure of myosin was measured between
260 and 350 nm in the near-UV absorbance range. Myosin
was denatured using 0.6 M guanidine hydrochloride and
used as a reference. The tertiary structure of myosin showed
significant denaturation (p < 0.05) when salt was added to
myosin after alkali refolding (Fig. 5f) compared to the addi-
tion of salt before alkali unfolding (Fig. 5e). When salt was
added to myosin after refolding, the various pH and cation
treatments had no significant effect (p > 0.05) on the tertiary
structures of myosin. When salt was added before unfold-
ing, the degree of denaturation of the tertiary structure
increased in the order, Na+, pH 12.0 < K+, pH 11.0 < con-
trol 6 K+, pH 12.0 < Na+, pH 11.0.
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Fig. 3c. Intrinsic tryptophan fluorescence obtained with an excitation
wavelength of 297 nm (protein concentration was 50 lg/mL). Myosin was
unfolded using NaOH and KOH and refolded at pH 7.3 using HCl. Salt
(0.6 M NaCl) was added after refolding. Maximum fluorescence intensity
was measured. A control was prepared in 20 mM Tris–HCl buffer, with
0.6 M NaCl added after pH adjustment to 7.3. sa = 0.6 M NaCl added
after refolding.
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Fig. 4a. Surface hydrophobicity of myosin measured using the fluores-
cence probe PRODAN. Myosin was unfolded in the presence of 0.6 M
NaCl and refolded at pH 7.3. A control was prepared in 20 mM Tris–HCl
buffer, with 0.6 M NaCl added before pH adjustment to 7.3.
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Fig. 4b. Surface hydrophobicity of myosin measured using the fluores-
cence probe PRODAN. Myosin was refolded at pH 7.3 followed by the
addition of 0.6 M NaCl. A control was prepared in 20 mM Tris–HCl
buffer with 0.6 M NaCl added after pH adjustment to 7.3.
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5. Discussion

Myosin comprises of two globular head sections
attached to a rod-like tail section. Sharp and Offer (1992)
had earlier shown the involvement of the head assembly
in the heat induced setting of myosin gels. Samejima, Ishio-
roshi, and Yasui (1981) showed the participation of myosin
rod in gel formation. It was concluded that the onset of
gelation involves the interaction of myosin head assemblies
while network formation involves the interaction of rod
assemblies. Changes in the conformation of head and tail
section of myosin could affect its functionality. Conforma-
tional changes in pH treated myosin could be studied using
various biomolecular techniques such as circular dichro-
ism, DSC, tryptophan fluorescence etc. Each of these tech-
niques may provide information about changes occurring
in the globular head region or in the tail region of myosin.
Earlier studies on myosin have indicated that the a-helix
content of myosin rod is >95% (King & Lehrer, 1989),
while the globular head fraction has a much lower percent-
age of a-helix (Rayment et al., 1993). As the rod portion of
myosin represents a majority of the secondary structure of
myosin spectra (King & Lehrer, 1989), changes in the a-
helix content would represent changes in the rod region
of myosin, while changes in the tertiary structure would
represent changes in the head region of myosin. Myosin
also contains a number of tryptophan residues in its rod
and head region. Hence, tryptophan fluorescence could
be used as a tool to monitor changes in the local structure
and dynamics of myosin. King and Lehrer (1989) had ear-
lier determined that the rod region would contribute
approximately 27% of the total fluorescence of the entire
myosin molecule. In myosin, a decrease in tryptophan fluo-
rescence could be an indication of denaturation and expo-
sure of indole side chain of tryptophan to the aqueous
environment (Li & King, 1996). Unfolding of myosin could
also lead to the exposure of hydrophobic residues from the
interior of the protein leading to an increase in hydropho-
bicity. Changes in the hydrophobicity of alkali treated
myosin could be studied using an external fluorescent
probe, PRODAN.
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Fig. 5a. Far-UV circular dichroism spectra of NaOH treated myosin with 0.6 M NaCl added before unfolding. Conformational change in secondary
structure was measured using circular dichroism as mean residue ellipticity. Myosin was unfolded at 11.0 (N), 11.5 (M) or 12.0 (d) and refolded at pH 7.3.
A control was prepared in 20 mM Tris–HCl buffer with 0.6 M NaCl added before pH adjustment to 7.3 (h). Guanidine hydrochloride (Gu–HCl, 6 M),
was used for complete myosin denaturation (j).
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Fig. 5b. Far-UV circular dichroism spectra of KOH treated myosin with 0.6 M NaCl added before unfolding. Conformational change in secondary
structure was measured using circular dichroism as mean residue ellipticity. Myosin was unfolded at pH 11.0 (N), 11.5 (M) or 12.0 (d) and refolded at pH
7.3. Myosin with pH adjusted to 7.3 (as described in Fig. 5a) was used as control (h). Guanidine hydrochloride (Gu–HCl, 6 M), was used for complete
myosin denaturation (j).
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When tryptophan fluorescence intensity of alkali treated
myosin was studied, the intrinsic tryptophan fluorescence
decreased in the order, salt added before alkali unfolding
> absence of salt > salt added after refolding (Fig. 3a–3c)
indicating increased denaturation and unfolding of myosin
and exposure of tryptophan residues, in the absence of salt.
A high tryptophan fluorescence intensity in alkali treated
myosin for the addition of salt before unfolding could be
due to the ability of salt to bind and reduce the unfolding
of myosin. Hydrophobicity measurements on myosin
showed a trend similar to that of tryptophan fluorescence.
When salt was present during alkali unfolding of myosin,
the hydrophobicity of alkali treated myosin was similar
to the control (Fig. 4a). However, when salt was added
to alkali treated myosin after refolding (Fig. 4b), myosin
showed significantly higher (p < 0.05) hydrophobicity than
the control treatments. This effect could be due to the pro-
tective effect of salt on myosin against alkali unfolding. Salt
could bind to the surface charges on myosin molecules and
stabilize them from denaturation and unfolding. When
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Fig. 5c. Far-UV circular dichroism spectra of NaOH treated myosin with 0.6 M NaCl added after refolding. Conformational change in secondary
structure was measured using circular dichroism as mean residue ellipticity. Myosin was unfolded at 11.0 (N), 11.5 (M) or 12.0 (d) and refolded at pH 7.3.
A control was prepared in 20 mM Tris–HCl buffer with 0.6 M NaCl added after pH adjustment to 7.3 (h).
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Fig. 5d. Far-UV circular dichroism spectra of KOH treated myosin with 0.6 M NaCl added after refolding. Conformational change in secondary
structure was measured using circular dichroism as mean residue ellipticity. Myosin was unfolded at pH 11.0 (N), 11.5 (M) or 12.0 (d) and refolded at pH
7.3. Myosin with pH adjusted to 7.3 (prepared as described in Fig. 5c) was used as control (h).
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alkali treated myosins with salt added before unfolding and
after refolding were compared side-by-side, the hydropho-
bicity of myosin with salt added before unfolding was
higher than with salt added after refolding (Fig. 4a and
4b). This observation was contrary to the ability of salt
to stabilize myosin. One reason for the low hydrophobicity
of myosin with salt added last could be due to refolding of
protein molecules at alkaline pH values. Goto and Fink
(1989) had earlier shown that proteins would undergo
unfolding at high pH and a further increase in pH could
make protein refold into molten globular conformations.
When salt is absent during alkali treatment (Fig. 4b), myo-
sin may refold into a molten globular conformation.
Refolding of myosin may bury the tryptophan residues
and make it inaccessible for measurement leading to lower
hydrophobicity (Fig. 4a). In the total absence of salt, myo-
sin treated at pH 11.0 showed significantly lower (p < 0.05)
fluorescent intensity of myosin compared to pH 12.0. A
decrease in fluorescence intensity could be either due to
unfolding and denaturation of myosin at pH 11.0 or due
to refolding of myosin at pH 11.0 in to a molten globular
conformation. When hydrophobicity was measured in the
absence of salt (salt added after refolding, Fig. 4b), the sur-
face hydrophobicity increased from pH 11.0 to 12.0. This
could be either due to greater degree of myosin denatur-
ation at pH 12.0, leading to the exposure of hydrophobic



Table 3
a-Helix content of myosin subjected to various alkali treatments

TreatmentA % a-HelixB

Salt added first Salt added last

Control 83 a 46 b
NaOH, pH 11.0 45 b 45 b
NaOH, pH 11.5 45 b 42 b
NaOH, pH 12.0 45 b 45 b
KOH, pH 11.0 63 c 15 d
KOH, pH 11.5 59 c 13 d
KOH, pH 12.0 59 c 27 e

A NaOH or KOH was used to adjust pH to 11.0, 11.5 or 12.0 and then
readjusted back to pH 7.3. Salt (0.6 M NaCl) was added either before
unfolding (salt first) or after refolding (salt last). a-Helix content of
denatured myosin (using guanidine hydrochloride) was 4 %. Two controls
were prepared in 20 mM Tris–HCl buffer with 0.6 M NaCl added (a)
before and (b) after, pH adjustment to 7.3.

B Columns having different alphabets were statistically different
(p < 0.05).
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residues or due to the refolding of denatured myosin at pH
11.0, leading to burial of hydrophobic residues. A hypoth-
esis which would explain both tryptophan and hydropho-
bicity results would be that, myosin not only undergoes
significant denaturation at pH 11.0 compared to pH 12.0
but also refolds into a molten globular conformation at
pH 11.0.

Both myosin head (Sharp & Offer, 1992) and rod
(Samejima et al., 1981) sections are known to participate
in gel formation. Hence, differences in the degree of dena-
turation of myosin head and rod sections could affect the
gelation behavior of myosin. Myosin showed a significantly
higher (p < 0.05) degree of tertiary structure when salt was
present during alkali unfolding of myosin compared to the
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Fig. 5e. Near-UV circular dichroism spectra of alkali treated myosin with 0.6
structure was measured using circular dichroism between 250 and 360 nm. My
KOH at pH 11.0 (d) or 12.0 (s), and refolded at pH 7.3. A control was prepare
to 7.3 (h). Guanidine hydrochloride (Gua-HCl, 6 M), was used for complete
addition of salt after alkali treatment (Fig. 5e and 5f). This
could be due to the ability of salt to screen the electrostatic
repulsive forces and stabilize the head region of myosin.
However, when salt was added before alkali unfolding,
the two alkali treatments, NaOH at pH 11.0 and KOH
at pH 12.0, showed higher degree of denaturation than
the control treatments. We were not able to explain this
observed discrepancy in the tertiary structure of myosin.
The secondary structure of myosin arises primarily from
its rod region. Among the two cations, K+ and Na+, the
secondary structure of KOH treated myosin showed a sig-
nificantly (p < 0.05) lower denaturation when salt was pres-
ent before alkali unfolding than after (Fig. 5b and 5d),
while no difference was observed in the a-helix content of
NaOH treated myosin for the different order of salt addi-
tions (Fig. 5a and 5c and Table 3). Also, when salt was
present during alkali unfolding, KOH treated myosin had
a significantly higher a-helix content than NaOH treated
myosin and the reverse was true when salt was added after
refolding. While studying the role of cations on the stabil-
ization of malate dehydrogenase, Ebel, Faou, Kernel, and
Zaccai (1999) observed that cations of high charge density
such as Na+ could efficiently stabilize proteins at low salt
concentrations compared to cations such as K+. They
attributed the stabilization efficiency of cations to their
effect on surface tension and to the interaction of cations
to sites present on the folded protein. A similar observation
was reported by Yamasaki, Yano, and Aoki (1991) while
studying bovine serum albumin, which they called as
reverse Hofmeister effect. We observed an effect similar to
the reverse Hofmeister effect in alkali treated myosin, when
salt was absent or added last after alkali treatment (Table
3). Na+ due to its small size and high charge density
Salt added before unfolding
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elength

M NaCl added before unfolding. Conformational change in the tertiary
osin was unfolded using (a) NaOH at pH 11.0 (N) or 12.0 (M) (b) using
d in 20 mM Tris–HCl buffer with 0.6 M NaCl added before pH adjustment
myosin denaturation (j).
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396 S. Raghavan, H.G. Kristinsson / Food Chemistry 107 (2008) 385–398
stabilized myosin and prevented it from unfolding com-
pared to K+ treatment. However, in the presence of salt,
Na+ becomes more chaotropic and destabilized myosin
compared to K+ treatment.

Unfolding and refolding of myosin by alkali treatments
was expected to result in partial denaturation of myosin.
DSC was used to measure thermal transitions in the par-
tially denatured myosin. During heating, myosin would
undergo structural unfolding, and hence a partially dena-
tured myosin (by alkali treatments) would be more sensi-
tive to heat compared to native myosin. Conversion of
myosin from native or partially denatured state to a fully
denatured state would be accompanied by a significant
uptake of heat seen as endothermic peaks in a DSC curve.
The thermal sensitivity of myosin could be related to the
enthalpy change (DH) required for thermal denaturation
and to transition peak temperatures (Tm). DSC studies
on alkali treated myosin heated between 5 and 80 �C
showed two sharp endothermic peaks at 37 �C and 45 �C.
Similar DSC endotherms were obtained by Togashi, Kak-
inuma, Nakaya, Ooi, and Watabe (2002) who studied pol-
lock myosin and light meromyosin and by Cross, Bardsley,
Ledward, Small, and Sobieszek (1984) who did DSC stud-
ies on rabbit skeletal myosin rod. These DSC endotherms
may correspond to the thermal denaturation and unfolding
states of myosin. The addition of salt during alkali treat-
ments changed the thermal sensitivity of myosin towards
denaturation. DH of myosin with salt added before unfold-
ing (Fig. 2b and Table 2) was significantly higher (p < 0.05)
than DH of myosin with salt added after refolding (Fig. 2a
and Table 1) indicating greater structural integrity for myo-
sin in the presence of salt. When salt was absent or added
after refolding (Table 1), DH of K+ treated myosin was
higher than Na+ treated myosin. Earlier, while explaining
the secondary structure of alkali treated myosin in the
absence of salt, we hypothesized reverse Hofmeister effect
to explain higher a-helix content in Na+ treated myosin
compared to K+ treatment. As a reverse trend was
observed with DH values of alkali treated myosin, it is pos-
sible that the rod and head section of myosin behave differ-
ently with different cations. K+ is comparatively more
kosmotropic than Na+, and hence K+ could provide
greater thermal stability to alkali treated myosin in the
absence of salt than Na+ treatment.

Thermal gelation is an important attribute of myofibril-
lar proteins in muscle foods (Asghar et al., 1985). In gen-
eral, when alkali treated myosin was heated to 80 �C or
cooled to 5 �C, G0 decreased in the order, absence of salt
> salt after refolding � salt before unfolding > control
(Fig. 1a and 1b). This decreasing order was similar to the
order of alkaline denaturation of myosin. It may be con-
cluded that denaturation of myosin could result in the for-
mation of stronger gels. Our studies indicated that salt
(0.6 M NaCl) could neutralize and shield the negative
charges generated at high pH, thereby protecting myosin
from denaturation during alkali unfolding (MacLean,
Qian, & Middaugh, 2002). Although conformational stud-
ies showed that myosin with salt added before unfolding
underwent lesser degree of denaturation than myosin with
salt added after refolding, there was no significant differ-
ence (p > 0.05) in G0 between these salt treated myosins.
It is possible that myosin could not be sufficiently dena-
tured by just changing the order of salt addition to obtain
a significant difference in G0. When alkali treated myosin
samples were heated to 80 �C and then cooled to 5 �C,
the G0 of myosin samples was significantly higher than
the control, which would indicate that alkali denaturation
would improve the viscoelastic properties of myosin.
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Rheology studies showed that when salt was added after
refolding, G0 of K+ treated myosin was significantly higher
(p < 0.05) than Na+ treated myosin. Conformational stud-
ies on myosin by the measurement of a-helix content indi-
cates significant (p < 0.05) denaturation for K+ treated
myosin in the absence of salt compared to Na+ treated
myosin. According to Hofmeister effect, K+ is a better sta-
bilizer of proteins than Na+ (Cacace, Landau, & Ramsden,
1997). The greater sensitivity and denaturation of K+ trea-
ted myosin compared to Na+ treatment was the reverse of
Hofmeister effect. A reverse Hofmeister effect among
anions is based on electroselectivity series (Salman Muzam-
mil, 2000). Electroselectivity series has been attributed to
the valency, charge and size of anions. A similar effect
may exist among cations. Na+ being smaller than K+,
could interact and bind strongly with the negative charge
of myosin (at high pH values) thereby decreasing the
degree of unfolding in myosin. Denaturation may expose
the hydrophobic interior of myosin which could result in
greater gelation and gel strength. As Na+ could stabilize
myosin from denaturation, G0 of Na+ treated myosin
may be lower than K+ treated myosin. In the absence of
salt, K+ treated myosin showed lower tryptophan fluores-
cence and hydrophobicity (Figs. 3b and 3c and 4b) than
Na+ treated myosin which might indicate that K+ treated
myosin may undergo refolding into a molten globular con-
formation after alkali unfolding (Goto & Fink, 1989).
Among the various alkaline pH values, the conformation
of myosin showed significant (p < 0.05) denaturation and
high G0 at pH 11.0 compared to pH 11.5 or 12.0. Kim,
Park, and Choi (2003) had earlier determined the gel
strength of fish proteins at different alkaline pH values.
They also reported higher gel strength at pH 11.0 and
poorer gel strength at pH 12.0. In our studies, when myosin
was heated and cooled to 5 �C, G0 of K+ treated myosin
decreased in the order pH 11.0 > 11.5 � 12.0, while G0 of
Na+ treated myosin decreased in the order, pH 11.0 �
11.5 > 12.0. High gel strength (G0) at pH 11.0 could be
due to denaturation of myosin at this pH. Denatured myo-
sin may form stronger cross links with higher G0 on heating
compared to native myosin.
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