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ABSTRACT: Pacific whiting protein solubility was significantly affected as the pH shifted away from
the isoelectric point (pH 5.5). The highest breaking force of gels was measured for fish proteins treated
at pH 11, while high deformation values were obtained at pH 2 and 11. Sodium dodecylsulfate-
polyacrylamide gel electrophoresis revealed that fish proteins were highly degraded by acid or alkali
treatment. High activity of cathepsin B-like enzyme was detected from acid-aided fish proteins. Strong
cathepsin L-like activity was found in fish proteins treated at pH 10.5, corresponding well to the lower
breaking force and deformation. Disulfide bonds were thought to contribute to the high texture value
of fish proteins treated at pH 11.
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INTRODUCTION

Conventional surimi processing from white flesh
fish, such as Pacific whiting (PW) and Alaska pol-
lock, uses typically 25–28% of the body of the fish.
Conventional surimi is refined myofibrillar pro-
teins processed by removing unnecessary materi-
als, such as fat, pigments, skin and water-soluble
sarcoplasmic proteins. A new patented process
using acid solubilization and recovery can provide
extremely high yields (35–45%).1 This process con-
sists of isolating the protein component of fish
muscle tissue by acid and separating by centrifu-
gation. Before separation, mixing a particulate
form of the tissue with acidic liquid at pH < 3.0
produces a protein-rich solution. Then,the pro-
tein-rich solution is treated to effect protein
precipitation at the isoelectric point of the muscle
proteins, followed by protein recovery.

This new technology, using protein charges
and isolation, has shown significant potential as a
new method for maximal protein recovery and
results in commercially acceptable gel character-
istics. Unlike the conventional method of surimi
manufacturing, no washing or dewatering steps
are continuously involved, which significantly
reduces waste and water consumption. A signifi-
cant difference between the conventional and

acid-aided surimi processes, in relation to yield,
is that in the acid-aided process, sarcoplasmic
proteins (hemoglobulin, myoglobulin and pro-
teolytic enzymes) and other proteinous materials
are not removed.

The acid-aided process was also applied to
Pacific whiting and activation of cathepsin L
enzymes, which are responsible for gel softening,
was found.2 Our additional preliminary study,
using rockfish, indicated that gels prepared from
solubilized proteins at alkaline pH (10–11) exhib-
ited better gel quality than those prepared from the
acid-aided or conventional process. Following up
our previous study,2 the application of alkaline pH
for the solubilization of Pacific whiting muscle
proteins was, therefore, needed. As fish proteins
treated at extremely low and high pH for acid- or
alkali-aided applications, respectively, are likely to
be denatured, the present study focused on char-
acterizing the biochemical and physical properties
of fish proteins and compared them to the conven-
tional process.

MATERIALS AND METHODS

Materials

Pacific whiting Merluccius productus was obtained
from Pacific Surimi JV (Warrenton, OR, USA). Fresh
fillets were soaked in 70% sorbitol solution and
stored in the freezer (- 80∞C). These samples were
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thawed, rinsed with refrigerated deionized water
twice, and used for the various experiments.

Protein solubility

Protein solubility was measured by mixing 6 g
minced meat and 300 mL refrigerated, deionized,
distilled water in a homogenizer at setting 3 for
1 min (Power General 700, GLH 115; Fisher Scien-
tific Inc., Pittsburgh, PA, USA). The homogenate
(30 mL) was placed in centrifuge tubes and then
the pH was adjusted ranging from pH 1.5 to 12.0
using 0.2 N and 1 N HCl or NaOH solution. The
amount of HCl/NaOH solution used was recorded.
The sample solutions were centrifuged at
27 000 ¥g at 4–6∞C for 20 min. The middle liquid
layer was saved for protein analysis. Protein solu-
bility was calculated as protein concentration
(mg/g) in the supernatant after pH adjustment.
The Bradford dye-binding method was used for
protein determination.3 Total standing time at
specific pH was approximately 40 min, including
centrifugation.

Sample preparation

Based on the solubility study at various pH, rinsed
fillets were subjected to acid-aided (pH 2 and 3) or
alkali-aided (pH 10.5, 11 and 12) processing meth-
ods. After homogenizing the fillets with distilled
water in a 1 : 9 ratio, 2 N HCl or 2 N NaOH was used
for the acid- or alkali-aided method, respectively,
to first solubilize the fish proteins. Acidic or alka-
line homogenates were centrifuged at 8000 ¥g for
25 min and neutral and membrane lipids, skin and
bone  were  removed  using  cheesecloth.  The  pH
was adjusted to the isoelectric point (pH 5.5) and
then dewatering was done using centrifugation
(4000 ¥g, 20 min). Fish proteins were then mixed
with cryoprotectants (5% sucrose, 4% sorbitol and
0.3% sodium tripolyphosphate) and the pH was
adjusted to approximately 7.0 using 2 N NaOH.
Temperature was maintained below 5∞C. Fish
protein samples were vacuum packed and stored
at - 30∞C until used.

Protein recovery

Protein recovery (% yield) was calculated based on
the weight of recovered protein divided by the
weight of the PW fish fillet (82% moisture). After
acidic/alkaline processing, the weight of recovered
protein was recorded and its moisture content was
also measured. For the calculation of protein

recovery, the moisture content of recovered protein
was equally adjusted to 82%.

Protein recovery (% yield)  =  [(Weight of recovered 
fish protein at 82% moisture)/(Weight of 

fillet)]  ¥  100

Surface hydrophobicity

Surface hydrophobicity of samples was deter-
mined using  hydrophobic  fluorescent  probes,
1-anilino-8-naphthalene-sulfonate (ANS; 8 mM).
Each fish protein sample (3 g) was homogenized
with 27 mL of 20 mM Tris-HCl (pH 7.0) containing
0.6 M KCl. Homogenates were centrifuged at
10 000 ¥g for 30 min at 4∞C. The supernatant used
as soluble actmyosin was serially diluted with the
same buffer to a final volume of 4 mL with a pro-
tein concentration ranging from 0.1 to 1 mg/mL.
After stabilizing at 20∞C, ANS solution (20 mL) was
added to the sample solution. The relative fluores-
cence intensity (RFI) of ANS protein was mea-
sured with a spectrophotofluorometer (LS50B;
Perkin Elmer, Norwalk, CT, USA), using a 1-cm
cell, 374 and 485 nm as the excitation and emis-
sion wavelengths, respectively, and 5 nm width of
both excitation and emission slits. The net RFI was
obtained by subtracting the RFI of each sample
measured without a probe from that with a probe.
The initial slope (So) of the RFI against protein
concentration (%), calculated by linear regression
analysis, was used as an index of protein surface
hydrophobicity.

Sulfhydryl content

The sulfhydryl (SH) group exposed on the surface
of the actomyosin protein molecule was measured
as the reactive SH group (R-SH).4 An aliquot (50 mL)
of Ellman’s reagent (10 mM 5,5¢-dithiobis (2-
nitrobenzoic acid) was added to 2.75 mL actomyo-
sin solution. The mixture was then set in a cold
room (5∞C) for 1 h. The amount of R-SH was mea-
sured at 420 nm using a molar extinction coeffi-
cient of 13 600/mol per cm. The total SH content
(T-SH) was determined by the method of Choi and
Park2 with slight modifications. Actomyosin solu-
tion (0.25 mL) was mixed with 2.5 mL of 8 M urea,
2% sodium dodecylsulfate (SDS) and 10 mM EDTA
in 0.2 M Tris-HCl buffer (pH 7.0). The sample solu-
tion was then mixed with 50 mL Ellman’s reagent
and subsequently set in a water bath (40∞C) for
15 min. The T-SH was also spectrophotometrically
determined at 420 nm (Beckman DU640; Beckman
Instruments Inc., Washington, DC, USA).
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Cathepsin activities

Frozen fish protein samples, which were adjusted
to neutral pH after being treated at the various pH
conditions, were homogenized with 2 volumes of
distilled water to measure the activity of the resid-
ual enzymes. Activities of cathepsin L-like, B-like
and H-like enzymes were analyzed using synthetic
substrates, Z-Phe-Arg-NMec, Z-Arg-Arg-NMec,
and Arg-NMec, respectively. Activity measurement
was conducted at pH 5.5 for cathepsin L-like,
pH 6.0 for cathepsin B-like, and pH 6.8 for cathep-
sin H-like enzymes.5 After centrifugation
(10 000 ¥g, 30 min), the supernatant (400 mL) was
diluted to 2 mL with 0.1% (w/v) Brij 35 and pre-
incubated in 1 mL assay buffer at 30∞C for 1 min.
To the sample mixture, 1 mL of 20 mM substrate
solution was added to initiate the reaction. The
reaction was terminated precisely after 10 min by
adding 500 mL of 5 mM iodoacetic acid. Methyl-
coumarine released was determined at an excita-
tion wavelength of 370 nm and an emission
wavelength of 460 nm using a spectrophoto-
flurometer. One unit (U) of activity was expressed
as the amount of enzyme to release 1 mmol ami-
nomethylcoumarine (AMC) within 1 min.

Gel preparation and analysis

Frozen fish proteins were partially thawed, commi-
nuted with 1.5% beef plasma protein as an enzyme
inhibitor, 2% NaCl, and enough water to maintain
78% moisture content. The comminution was con-
ducted at 5∞C for 6 min (with vacuum for the final
3 min). A small amount (~50 g) of paste was saved
for the oscillatory dynamic test. The remaining
paste was then stuffed into plastic tubes (3.2 cm
i.d.) and cooked at 90∞C for 15 min. Gels were refrig-
erated overnight. Texture properties, after gels were
equilibrated to room temperature, were measured
by the punch test using a Sintech machine (Sintech
1/G; MTS, Cary, NC, USA). The movement of a
spherical probe (5 mm diameter) at the measure-
ment was 6.0 cm/min. Breaking force (g) and defor-
mation (mm) were recorded. A CIE Laboratory
color scale was used to measure the degree of light-
ness (L*), redness or greenness (± a*), and yellow-
ness or blueness (± b*) of gels using a colorimeter
(Model CR-300; Minolta, Osaka, Japan). Whiteness
was calculated as whiteness index, L* - 3b*.6

Oscillatory dynamic test

Non-destructive gelation properties of fish protein
samples were evaluated using a cone and plate

attached to a mechanical dynamic tester (CS-50
Rheometer; Bohlin Instruments, Inc., East Brun-
swick, NJ, USA). Storage modulus (G¢) was mea-
sured at the test temperature ranges (10–90∞C) at a
heating rate of 1∞C/min. A solvent trap was used to
prevent moisture evaporation during measure-
ment. Based on our preliminary calibration to
determine the linear viscoelastic region, 1 Pa
torque value and 0.1 Hz frequency were selected.

SDS-PAGE electrophoresis

Gel samples (3 g) were homogenized with hot 5%
(w/v) SDS solution (85∞C) at a speed setting of 3 for
1 min. The final volume was adjusted to 30 mL. The
homogenates were incubated in an 85∞C water
bath for 30 min and centrifuged at 3000 ¥g for
15 min. The protein concentration of the superna-
tant was determined by the Lowry method.7 SDS-
PAGE was performed using a 5% polyacrylamide
stacking gel and 12% polyacrylamide running gel.
Gels were stained in Coomassie Brilliant Blue and
destained in a mixture solution (v/v) of 50% meth-
anol and 7% acetic acid. A high molecular weight
standard mixture containing myosin of rabbit
muscle (205 kDa), b-galactosidase of Escherichia
coli (116 kDa), phosphorylase b of rabbit muscle
(97 kDa), fructose-6-phosphate kinase of rabbit
muscle (84 kDa), albumin of bovine (66 kDa),
glutamic dehydrogenase of bovine liver (55 kDa),
albumin of egg (45 kDa) and glyceraldehyde-3-
phosphate dehydrogenase of rabbit muscle
(36 kDa) was used.

Statistical analysis

All experiments were repeated at least three times.
Data were analyzed for the degree of variation and
significance  of  difference  based  on  the analysis
of variance (ANOVA) with Tukey’s pair-wise com-
parison test to determine differences (P = 0.05)
between treatment means. This was done using S-
PLUS 2000 PROFESSIONAL RELEASE 3 (MathSoft Inc.,
Seattle, WA, USA).

RESULTS AND DISCUSSION

Effect of pH on protein solubility

Protein solubility in aqueous solution is dependent
on pH. In order to obtain a higher recovery of fish
proteins affected by pH, protein solubility at vari-
ous pH conditions was investigated. Solubility of
PW protein was the lowest at pH 5.5 (Fig. 1). A dra-
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matic increase  in  solubility  was  observed  when
the pH was shifted from 9 to 12 or from 5 to 3.
Maximum solubility was observed at pH 12.

In the present study, approximately pH 5.5 was
the isoelectric point where proteins have zero net
charge in solution, resulting in minimum solubility
and precipitation.8 Around pH 5.5, a large number
of precipitates after centrifugation were observed,
due to low electrostatic repulsion between protein
molecules. Once the pH shifted away to either
direction from the isoelectric point, electrostatic
repulsion between molecules increased, resulting
in high protein solubility.

The effect of ionic strength on protein solubility
was also very significant. The addition of HCl or
NaOH solutions in order to change the pH values
increased ionic strength. Between the certain
points of ionic strength, 0.3–1.0 M sodium
chloride9 or 0.1–0.9 M salt,10 the salting-in effect
was observed. As shown in Fig. 1, the pH shift from
5 to 3, as well as from 9 to 12 using HCl or NaOH
resulted in a significant increase of protein solubil-
ity. This change was thought to be due to increased
electrostatic repulsion and the salting-in effect.
However, below pH 3, the protein solubility
remained unchanged. Although electrostatic
repulsive force could still have increased, the
salting-out effect, due to increased ionic strength,
might have stopped the further increase of the
solubility.

Adjusting the pH to 2 required about threefold
more 2 N HCl solution than that of 2 N NaOH
required to adjust the pH to 12. The buffering
capacity of the fish muscle under acidic conditions
was higher than that of the fish muscle under alka-
line conditions. A majority of food proteins are
acidic proteins; that is, the sum of aspartic acid and
glutamic acid residues is greater than the sum of

lysine, arginine and histidine residues.11 Interest-
ingly, we did not observe a dramatic increase of
solubility between pH 5.5 and 9.0. On the contrary,
as the pH shifted from 5.5 towards the acidic direc-
tion, the solubility increased rapidly. This was also
probably due to the different buffering capacities
of the amino acids in the protein molecules. The
most abundant amino acid in fish proteins was
glutamic acid, followed by aspartic acid, lysine,
leucine and arginine.12 The pK values of those
amino acids correlated with the protein solubility
curve (Fig. 1).

Protein recovery

Protein recovery (% yield) is shown in Fig. 2. At
pH 12, the highest protein recovery was obtained
as a result of the highest protein solubility. Accord-
ing to our preliminary study, the protein recovery
at pH 10 was very low (about 50% based on fish
fillet).

Even the solubility at pH 10.5 was similar to that
at pH 11 (Fig. 1), the protein recovery was the low-
est among all treatments. The discrepancy at
pH 10.5 could be partially due to the protein
extractability being affected by the mixing ratio.
Fish proteins were highly soluble with a 50-fold
dilution rate at pH 10.5 (Fig. 1). However, the
extracting solvent used in the alkali-aided sample
(pH 10.5) might have not been sufficient enough
because  the  sample  was  prepared  using  only  a
10-fold dilution factor. Dagher et al.10 reported that
at pH 9.2, maximal protein solubility was seen at
dilutions of 36-fold or greater. Solubility at these
dilutions was 10 times the amount of solubilization
that was observed at a dilution of 1 : 12. In contrast,

Fig. 1 Effect of pH on the protein solubility of Pacific
whiting muscle. Solubility is expressed protein concen-
tration (mg/g) in the supernatant.
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they observed that at pH 8.5, dilution factors did
not significantly affect solubility. The solubility,
depending on pH, is therefore affected dramati-
cally by dilution factors.

Hydrophobicity

In order to investigate the degree of denaturation
of fish proteins, surface hydrophobicity was stud-
ied. Similar hydrophobicity was found among fish
protein samples, except for the pH 2 and pH 12
treatments (Fig. 3). For fish proteins treated at
pH 2, the hydrophobic group in the molecular
interior was highly exposed by strong acid treat-
ment, resulting in the highest hydrophobicity.
Alizadeh-Pasdar and Li-Chan13 also confirmed that
hydrophobicity values are higher at acidic pH com-
pared to neutral or alkaline pH. Das and Kinsella14

reported that the highest hydrophobicity of a-lac-
toglobulin was measured at pH 2.8 and the hydro-
phobicity drastically decreased as pH increased.
The high surface hydrophobicity at very low acidic
pH was attributable to non-covalent monomer-
dimer transitions rather than to substantial
changes in the protein secondary structures.15

When fish proteins were treated at pH 12, the
hydrophobicity was lowest among all treatments.
A possible explanation is that extremely high pH
treatment destroyed the protein conformation and
resulted in the formation of aggregates during pH
treatments. The pH increase favors denaturating
reactions and SH/SS interchange, thereby facilitat-
ing the dissociation and aggregation reaction.16

According to literature information,17,18 the forma-

tion of aggregates decreased the surface hydropho-
bicity of proteins.

Sulfhydryl content

Sulfhydryl groups are considered to be the most
reactive functional group in proteins. Especially,
alkaline treatment might induce oxidation of
sulfhydryl groups, resulting in the formation of
disulfide groups.

Total and reactive SH concentration gradually
decreased as the pH increased from 10.5 to 12
(Fig. 4). This trend was probably due to the conver-
sion of cystine and/or cysteine residues to
degraded products, such as H2S and dehydroala-
nine.19 Thiol oxidation reactions might have
already occurred in addition to disulfide inter-
change reactions during alkaline treatment, result-
ing in reduced SH concentration. Moreover, we
also noticed some sulfur-like odor indicating the
possible formation of H2S through strong alkaline
process (pH 12).

When fish proteins are treated with acid (pH 2
and 3), perhaps all SH groups are exposed to the
surface of the proteins. However, some SH groups
of fish proteins prepared using the conventional
method and alkali treatment appear to be buried
in the interior structure. Extensively disulfide-
linked proteins, which cannot be easily unfolded,
are less surface active than flexible and randomly
structured proteins.19 Disulfide interchange reac-
tions are favored at high pH. In contrast, SH/S-S
interchange reactions are inhibited at low pH.19,20

Exposure to moderately high pH followed by read-

Fig. 3 Hydrophobicity of fish proteins at various treat-
ments. Samples were treated at various pH conditions
during protein recovery, and then adjusted to pH 7.0.
Hydrophobicity is expressed by initial slopes of relative
fluorescence intensity vs protein concentration plot in
the presence of 1-anilino-8-naphthalenesulfonate
(ANS). Different alphabetical letters indicate a signifi-
cant difference (P = 0.05).
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justment to neutral pH often activates the protein
molecules, thereby improving their functional
properties. This could be related to the unfolding
of the protein and/or activation of buried sulfhy-
dryl groups.21 Presumably, alkali-treated fish pro-
teins contained more intermolecular disulfide
bonds than acid-treated fish proteins.

Cathepsin activities

Cathepsins are very reactive enzymes causing gel
softening in many types of fish species, including
Pacific whiting. The control of cathepsin activities
is a key factor to obtain high-quality gels. A pH shift
was thought to be as one of the effective ways to
inactivate cathepsins. Cathepsin L-like activities
were found in all samples (Fig. 5). An et al.22

reported that during surimi processing, washing
could remove cathepsins B and H, but not cathep-
sin L.

Fish proteins treated at pH 10.5 showed the
highest activities of cathepsin L-like enzymes
when the activities were measured using the pH 5.5
buffer, which is known as the optimum pH for L-
like enzymes.23 Dramatic reduction in activity was
distinctively observed at pH 11 and 12. A possible
explanation for this sudden change is that cathep-
sin L-like enzymes might be largely inactivated at
pH 11 or higher. In general, sarcoplasmic proteins,
including proteolytic enzymes, are quite stable
under mild alkaline conditions. Presumably,
pH 10.5 was not high enough to maintain stable
cathepsin L-like activities and the enzyme could be
reactivated when the pH was readjusted to 7.0 and
further activated during testing at pH 5.5.

Cathepsin B-like enzymes appeared to be highly
activated at acid treatment (Fig. 6). However, the

alkaline process removed them dramatically. Espe-
cially at pH 12, no activities were detected. Most
lysosomal proteinases are active at acidic pH.24

Cathepsin B has maximal activity at pH 6.0 and is
unstable above pH 7.0.25 Cathepsin B-like enzyme
could therefore not tolerate alkaline conditions.

Cathepsin H-like activities were not detected in
any samples (no data reported). This enzyme was
likely damaged by acid or alkali treatment.

Gel properties

The best textural properties were obtained from
fish proteins treated at pH 11 and pH 2 (Fig. 7). Fish
proteins treated at pH 12 demonstrated the worst
texture followed by pH 10.5. Gels at pH 12 did not

Fig. 5 Cathepsin L-like activities of fish proteins at
various treatments. Samples were treated at various pH
conditions  during  protein  recovery,  and  then  adjusted
to pH 7.0. The measurement was conducted at pH 5.5.
Different alphabetical letters indicate a significant
difference (P = 0.05).
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show gel-like appearance. They appeared to be
coagulants, as indicated by the low deformation
value. Extensive formation of degraded products
from cysteine and cystine occurred due to
extremely high pH treatment, resulting in thermal
coagulation.19 Presumably, pH 12 was too strong to
enable gel formation.

Enzyme activity, surface hydrophobicity and
surface SH showed a significant relationship with
textural properties. Between two similar acidic pH,
2 and 3, the deformation values were quite differ-
ent. Generally, hydrophobic bonds dominantly
influence gel formation. Hydrophilicity/hydro-
phobicity ratio on the protein surface is very
important for gel network. Probably higher hydro-
phobicity at pH 2 contributed to higher deforma-
tion compared with pH 3. Kim and Park26 also
confirmed that the enhancement of shear strain
values for surimi gels at higher temperatures (55–
60∞C) is closely related to hydrophobic interaction.

Surface SH content was critical for the forma-
tion of disulfide bonds. As discussed above, alkali
conditions, especially pH 10.5 and pH 11, were
favored for disulfide bond formation, as indicated
by the reduced surface SH concentration. How-
ever, pH 10.5 treatment did not give a high texture
value.  This  was  probably  due  to  high  cathepsin
L-like activities (Fig. 5), which interfered with gel
formation. In addition, at pH 11, extensive thiol
oxidation and disulfide interchange reactions
occurred and more disulfide bonds contributed to
strong gel formation.

High lightness values (L*) were obtained from
gels treated at pH 10.5 and 11 (Fig. 8). The lowest
lightness value (L*) and the highest yellow hue (b*)
were obtained from gels treated at pH 12. Conse-
quently, gels with pH 12 had the lowest whiteness
value.

Fish protein gels were visually quite different
from each other. Gels treated at pH 10.5 and 11
were acceptable, and gels treated at pH 2, 3 and 12
were unacceptable. Based on the fact that acid- or
alkali-treated gels contained sarcoplasmic proteins
(e.g. hemoglobin and myoglobin), it would be dif-
ficult to obtain high-quality color values. In addi-
tion, the pH shift to acid or base might have
contributed to the enhancement of the Maillard
browning reaction when the gels were cooked.
However, the color properties of gels treated at
pH 10.5 and 11 were good with whiteness values
between 61and 62.

Oscillatory dynamic properties

Oscillatory dynamic rheology can reveal the
change of protein conformation in regards to ther-

mal denaturation and association. Hence, it is
meaningful to compare oscillatory dynamic prop-
erties among fish proteins prepared by various
methods.

The storage modulus (G¢) of paste increased
gradually for acid- or alkali-aided fish proteins as
the temperature increased from 30 to 90∞C (Fig. 9).
Storage modulus, G¢, is a measurement of energy
recovered per cycle of sinusoidal shear deforma-
tion.27 The patterns of slopes on acid- or alkali-
aided fish proteins were very similar. Typically, a
curve from conventional surimi shows two valleys

Fig. 8 Comparison of lightness (L*), yellowness (+ b*),
and whiteness (L* - 3b*) at various treatments. Samples
were treated at various pH conditions during protein
recovery and then adjusted to pH 7.0. Different alpha-
betical letters indicate a significant difference (P = 0.05).
Gels were prepared with 1.5% beef plasma protein.
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(approximately 30∞C and 45∞C).27 However, acid- or
alkali-treated fish proteins had only one (30∞C). A
small drop of G¢ values starting at 25∞C indicated
the  unfolding  of  a-helices  of  myosin molecules
in the tail portion.28 When G¢ reached the bottom
of the second valley at approximately 45∞C, it indi-
cated that the myosin molecules were completely
unfolded. Gelation was then completed at 75–80∞C
as exhibited by no changes in the G¢ values.

Unlike fish proteins prepared using conven-
tional methods,27 fish proteins-treated with acid or
alkali showed no changes in G¢ around 45∞C and
then gradual increases of G¢ as temperature
increased. This dynamic curve indicates that acid
or alkali-treated fish proteins were all unfolded
(denatured) before thermal treatment. It further
denoted that the gelation mechanism between
conventional and new pH-driven methods was
quite different.

Protein patterns on SDS-PAGE

Different protein patterns were observed among
fish proteins prepared using acid- or alkali-aided
methods (Fig. 10). A large molecular band was
observed right below the myosin heavy chain

(MHC) from fish proteins treated at pH 2 and 3.
These protein patterns were similar to our previous
report.2 However, it was not clear whether the
appearance of the small bands was the result of
high cathepsin B-like activities or acid hydrolysis.
The proteases from PW hydrolyzed the myosin
heavy chain, resulting fragments and/or smaller
peptides.22 The numerous molecules appearing for
both acid- and alkali-treated fish proteins could
have been contributed by the retained sarcoplas-
mic proteins and myofiblillar proteins degraded by
either acid or alkali.

While the conventional surimi method avoids
any denaturation during processing, new ap-
proaches induce fish proteins to be denatured
through strong acid or alkaline treatments. Sur-
prisingly, some fish proteins denatured by acid or
alkali were effectively recovered in terms of gela-
tion properties through adjusting pH to neutral.
The gelation mechanism of acid- or alkali-treated
fish proteins was quite different from that of fish
proteins prepared using the conventional method.
The highest protein recovery was obtained for the
alkali-aided method at pH 12. Color quality of gels
treated at pH 10.5 and 11 was quite acceptable.
Neither acid treatment nor alkaline treatment
could inactivate cathepsin L-like activities. How-
ever, the alkali-aided method at pH 11 demon-
strated the best gelation properties of PW fish
proteins, probably due to enhanced disulfide bond
formation.
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