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Solubility Improvement of Shellfish Muscle Proteins by
Reaction with Glucose and Its Soluble State in
Low-lonic-Strength Medium
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When myofibrillar proteins of scallop striated adductor muscle were reacted with glucose through
the Maillard reaction, the change in the solubility of myofibrillar proteins in 0.05—0.5 M NaCl solutions
during glycosylation and their soluble states were investigated. The solubility in low-ionic-strength
media increased greatly with the progress of the Maillard reaction. The solubility in 0.1 M NaCl reached
83% when more than 60% of lysine residues in myofibrillar proteins were modified by glucose.
However, the excess progress of the Maillard reaction impaired the improved solubility of myofibrillar
proteins in a low-ionic-strength medium. Myosin, actin, and paramyosin in glycosylated myofibrillar
proteins were solubilized independently regardless of NaCl concentration. In addition, the glycosylated
myosin lost its filament-forming ability and existed as a monomer in 0.1 M NaCl.
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INTRODUCTION is different from that of fish musclel@, 14). Some researchers
have also reported that the functionality of shellfish myofibrillar
proteins as foodstuff is different from that of fish myofibrillar
proteins (5, 1§. However, if the food functionality of shellfish
meats could be improved by protein glycosylation, the informa-
tion would contribute to the development of a new method of

Fish and shellfish are important protein resources and are
widely used as materials for processed foods. Fish meat is highly
nutritional, and its myofibrillar proteins have excellent functional
properties, such as emulsifying properties, gel-forming ability,
and water-holding capacity. Various technologies for dealing utilization of shellfish resources
with -ﬂSh meat, -SUCh as free;e-drying, spray-dry_ing, extrusion The object of this work is .to investigate the effect of
gzggggégrﬁ] (? |ggpnggr§)3:ﬁ2csg;?§§grﬁ] dpljts)fr(;fos."ﬂtehn%?s beenglycosylation on the solubility of shellfish myofibrillar proteins.

have also been made to solubilize fish muscle meat in water byIn t?'bs _listudy,tv_ve freport tne prep?Latlon (t)'f wa_ttﬁr-sloluble
proteolytic enzymes and by acid hydrolysis for human con- tmhyOI L't?]r pl(/(l) (_alllns drom s:[(_:a °||O mz%.t.yretic Ionlwllal g;J(E[osef
sumption, animal feed, and liquid fertilizerS<{8). However, rough the Waillard reaction. in addition, the soluble state o

the excellent functional properties of myofibrillar proteins are glycosylated _myo.f'b””af proteins in low- and high-ionic-
completely lost by protein degradation. In addition, the produc- strength media will be discussed.

tion of peptides caused by protein hydrolysis often causes a

bitter and unacceptable taste. Recently, Saeki and his colleagueATERIALS AND METHODS

unde_rto_ok reseaTCh to improve the functional properties of fish Materials. A cultured live scallopRecten yessoengiwas obtained
myofibrillar proteins by gly_cosqutlon and found that the Water- 4t a Jocal fish market. Bovine serum albumin (fraction V) was obtained
soluble myofibrillar proteins with an enhanced emulsifying from Merck Co. Ltd. (Darmstadt, Germany). A fructosamine test
property can be prepared by modifying lysine residues with calibration kit (glycosylated human serum) was purchased from Japan
monosaccharides (9—11). Roche Co. Ltd. (Tokyo, Japan). Sephacryl S-500 was purchased from
Shellfish meat is high in nutritional value and has the same Pharmacia LKB Biotechnology (Uppsala, Sweden). All chemicals
good functional properties as fish. However, there have been (reagent grade) were obtained from Wako Pure Chemical Industries,
few attempts to develop new technology for the increased “td- (Osaka, Japan). o _ _
utilization of shellfish meat. There are biochemical differences _Preparation of Scallop Myofibrils, Actomyosin, and Myosin. =
between fish and shellfish muscles: shellfish muscle contains Striated adductor scallop muscle was washed and homogenized using

. . . o a homogenizer (model AM-6, Nissei Co. Ltd., Tokyo, Japan) in 8 vol
paramyosin, which forms the core protein of the thick filaments of 50 mM NaCl for 1 min at 15000 rpm. The homogenate was

(12), and the role of the regulatory proteins in muscle contraction centrifuged at 10 000dor 10 min to collect myofibrils, and the
precipitate was resuspended in 50 mM NacCl and further centrifuged

* To whom correspondence should be addressed. Fax (+81) 138-40- four times. Finally, myofibrils were obtained by filtration through a
5515; e-mail saeki@fish.hokudai.ac.jp. nylon cloth. Scallop actomyosin and myosin were prepared from the
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striated adductor muscle according to the method of Barany and Barany

(17). Actomyosin formation of the myofibrillar proteins in NaCl 100 r i
solutions was confirmed by measuring the superprecipitation activity 80 - |
(18). All preparation steps were carried out belo®@ The protein =
concentration was determined by the biuret metH®) (ising bovine < 60| 1
serum albumin as a standard. 2

Glycosylation of Scallop Myofibrillar Proteins with Glucose. _,g, 4r |
Glucose at a final concentration of 0.6 M was added to the scallop 20 L _
myofibrils suspended in 50 mM NaCl, and the protein concentration
was adjusted to 6.0 mg/mL. Each 5 mL of the mixture was placed in 0r 4
a test tube (diameter 16 mm), frozen -a#0 °C, and immediately 6 1'0 2'0 3‘0 4'0 s
lyophilized using a freeze-dryer (FDU-506, Tokyo Rika Co. Ltd., Tokyo, Reaction time (h)
Japan). The lyophilization was stopped when the sample temperature
reached 15—18C. The lyophilized protein powder was stored-25 600 ]
°C and examined within 30 days of preparation. The lyophilized powder _
was incubated at 4060 °C and 35% relative humidity in a humidity 2 500¢ ]
cabinet (model LHU-112, Tabai Espec Corp., Tokyo, Japan) to react E 400 1
the proteins with glucose through the Maillard reaction. The glycosy- Y
lated myofibrillar proteins thus obtained were dissolved in different E 300 i
concentrations of NaCl containing 40 mM T+BICI (pH 7.5) and used S 200} .
for subsequent experiments and analysis. In this study, myofibrillar £ 1001 ]
proteins with 0.6 M sorbitol were lyophilized and incubated under the E
same conditions as the control. O« . . ) . ]

Determination of Available Lysine and Fructosamine Contents. 0 10 20 30 40 50

Available lysine and fructosamine assays were carried out to evaluate
the protein glycosylation. Available lysine content was determined by
the spe_ctrophotometnc analysis L.jsmhthalalq ehyde anls!-gcetyl- ... myofibrillar proteins during reaction with glucose at different temperatures.
L-cysteine R0). Before the analysis, the protein was precipitated with - . . . .

7.5% (at a final concentration) trichloroacetic acid to remove Tris buffer Myoflbrlllarlprotems m'XEd with qucosS ©, a0 orosorb|tol (@, 4 m

and unreacted glucose. The protein was redissolved in 50 mM phosphateVére Iyophilized and incubated at 40 °C (O, @), 50 °C (4, 4), and 60
buffer (pH 9.5) containing 2% sodium dodecy! sulfate (SDS) at room °C (O, M) and 35% relative humidity. Data are means + SD, n = 4.
temperature. The fructosamine was assayed by the method of Johnson

et al. (21), and glycosylated human serum was used as a standard foexamined by SDS—polyacrylamide gel electrophoresis (SDS—PAGE)
determining the fructosamine content. Before the analysis of fruc- and quantified by densitometry. SBEAGE was performed in a 7.5%
tosamine, the protein solution was dialyzed in 0.1 M NaCl containing slab gel according to the method of Laemn#Bj. A total of 0.5 mL

40 mM Tris—HCI (pH 7.5) at 4°C for 16 h to remove unreacted of protein solutions was added to 0.5 mL of 2% SDS, 8 M urea, and
glucose. Available lysine and fructosamine assays were performed 2% S-mercaptoethanol solution with 40 mM Tris—HCI (pH 8.0) and
within 48 h after the protein glycosylation. Each value of available was heated in boiling water for 2 min. EactuB-sample was loaded
lysine and fructosamine is the mean of four replicates that were in each gel lane, and 0.25% Coomassie Brilliant Blue R was used for

Reaction time (h)

Figure 1. Changes in available lysine and fructosamine contents of scallop

reproducible withint= 5%.

Solubility of Glycosylated Myofibrillar Proteins. The glycosylated
myofibrillar proteins were suspended in 0-:08.5 M NaCl containing
40 mM Tris—HCI (pH 7.5) at 1.6-1.5 mg/mL of the final protein
concentration with a homogenizer (Ultra-turrax T 25/N-8G, IKA-

protein staining. The image of each protein band stained on the gel
was captured on a TIFF image file at 144 dpi and 256 gray scale by
using a Macintosh model 7200/90 personal computer with an Epson
GT-8000 scanner. NIH-image, version 1.55 (computer software written
by W. Rasband, U.S. National Institutes of Health, 1994), was used to

labortechnik, Staufen, Germany) operating at 13 500 rpm for 1 min determine the relative intensity of each protein band. The solubility of

and immediately centrifuged at 15 @p@or 30 min at 4°C. The

myosin was determined by measuring the relative intensity of its heavy

supernatant and the total protein solution were precipitated with 7.5% chain.

(at a final concentration) trichloroacetic acid and redissolved in 1.0 M

NaOH. Their protein concentrations were determined by the micro-

Gel Permeation Chromatography of Glycosylated Myofibrillar
Proteins. Lyophilized myofibrillar proteins with glucose were reacted

biuret method (22) using bovine serum albumin as a standard. Theat 50 °C and 35% relative humidity for 0 and 24 h. After being

solubility of the glycosylated myofibrillar proteins was expressed as

solubilized in 0.1 or 0.5 M NacCl containing 40 mM T+i$ICl (pH

the percent of the protein concentration in the supernatant with respect7.5) and centrifuged at 15 0§@or 30 min, 3 mg of the soluble fractions

to that of the protein solution before centrifugation. In the preliminary

was applied to a gel filtration column (Sephacryl S-500, HR-16/100)

experiment, we confirmed that unreacted glucose has no effect on theequilibrated with the same buffer containing 1.0 M sorbitol, and eluted

solubility of the glycosylated myofibrillar proteins. Each value of
solubility is the mean of three replicates that were reproducible within
+ 4%.

Stability of Glycosylated Myofibrillar Proteins. The stability of
the glycosylated myofibrillar proteins was followed by monitoring
changes in the solubility of the protein solution during cold storage.
Lyophilized myofibrillar proteins with glucose were reacted at°&0
and 35% relative humidity for 24 h. After being solubilized in 0.1 or
0.5 M NacCl containing 40 mM TrisHCI (pH 7.5) and centrifuged at
15 000gfor 30 min, the soluble fractions were dialyzed in the same
NaCl solution at 4°C for 16 h. The protein solution (2 mg/mL) was
kept at 4°C for 7 days with 0.05% sodium azide as a preservative.
The solubility was measured in the manner described above.

Electrophoretic Analysis and Densitometry of Myosin, Actin, and
Paramyosin. Relative amounts of myosin, actin, and paramyosin
dissolved in 0.1 M NaCl containing 40 mM TridHCl (pH 7.5) were

at a flow rate of 0.4 mL/min. Each 2 mL of the fractions was collected,
and the protein concentration was determined by the Bradford method
(24).

RESULTS AND DISCUSSION

Improvement of Solubility in a Low-lonic-Strength Me-
dium by Glycosylation. Figure 1shows the effect of temper-
ature on the reaction between lysine residues of scallop
myofibrillar proteins and glucose. When lyophilized myofibrillar
proteins with glucose were incubated at 40, 50, and@@nd
35% relative humidity, the available lysine content (0.097 g/g
of protein) decreased, and fructosamine was produced simul-
taneously at all temperatures. These changes occurred rapidly
with an increase in the reaction temperatures. On the other hand,
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Figure 2. Solubility changes of myofibrillar proteins in 0.1 and 0.5 M
NaCl during reaction with glucose at different temperatures. Reaction
temperatures: 40 °C (O), 50 °C (a), and 60 °C (O). Data are means *
SD,n=3.

M NaCl improved with an increase in the lysine residues reacted
with glucose, and the marked increase was observed when 55
80% of lysine residues were reacted with glucose, regardless
of reaction temperature. However, the improved solubility
decreased when more than 90% of lysine residues were reacted
with glucose. In addition, the solubility loss occurred with the
decrease in the fructosamine content, as showhigures 1

100 | . and2. It is known that fructosamine is the Amadori rearrange-
ment product in the early stage of the Maillard reaction (25).
® 80 i Therefore, more than 60% of the lysine residues should be
> 60t i reacted with glucose without excess progress of the Maillard
i‘g reaction to obtain a high solubility improvement in scallop
S 4o0f 1 myofibrillar proteins.
20| ] Solubility of Glycosylated Myofibrillar Proteins as affected
by NaCl Concentration. Figure 4 presents the change in NaCl
0 . : : . ' concentration dependence of the solubility of myofibrillar

0 20 40 60 80 100
Lysine residues reacted with glucose (%)

Figure 3. Relation between rate of reacted lysine residues and solubility
in 0.1 M NaCl. Symbols are the same as those in Figure 2.

proteins during reaction with glucose. The solubility of native

myofibrillar proteins (before glycosylation) increased gradually
with the rise of NaCl concentration in the range of-6@®5 M.

On the other hand, when myofibrillar proteins were glycosylated
at 50°C for 6 h and 54% of available lysine was modified, the

when the lyophilized proteins with sorbitol were incubated under solubility increased markedly in the range of 0:@2 M NaCl.

the same conditions, the available lysine content remained Furthermore, the solubility in 0.1 M NaCl reached the highest
unchanged, and no production of fructosamine was observed.value when myofibrillar proteins were glycosylated for 24 h
These results indicate that the lysine residues in myofibrillar and 88% of available lysine was modified by glucose. Although
proteins were reacted with glucose through the Maillard reaction. the highest solubility of myofibrillar proteins prepared by
Figure 2 shows the changes in the solubility of myofibrillar  reaction for 48 h (92% of available lysine was modified) was
proteins in 0.1 and 0.5 M NaCl during the reaction with glucose. lower than that of other glycosylated myofibrillar proteins, the
The solubility in 0.1 M NaCl increased at all temperatures, and NaCl concentration dependency of the solubility was completely
marked increases were observed in the reaction at 50 and 6dost. These results indicate that the NaCl concentration depen-
°C. When 72% (reaction at 5TC for 12 h) and 79% (reaction  dency of the solubility disappeared with the progress of
at 60 °C for 6 h) of the lysine residues were reacted with glycosylation, and as a result, scallop myofibrillar proteins
glucose, the solubility reached 93% and 98%, respectively. On became solubilized in a medium containing a lower NaCl
the other hand, no change in the solubility was observed in the concentration than the native proteins.
lyophilized proteins with sorbitol incubated under the same  Proteins Solubilized in a Low-lonic-Strength Medium.
conditions (data not shown). Thus, it is apparent that the SDS—PAGE analysis was performed to investigate the effect
solubility improvement of myofibrillar proteins occurred by the  of glycosylation on protein components of myofibrillar proteins.
reaction with glucose through the Maillard reaction glycosyla- Figure 5 shows the changes in the protein subunits during
tion. glycosylation at 50C and the soluble fraction in 0.1 M NacCl.
The improved solubility in 0.1 M NaCl diminished with the  The electrophoretic mobility of myosin heavy chain, actin, and
progress of glycosylation, and the solubility in 0.5 M NaCl paramyosin decreased slightly with the progress of glycosylation.
simultaneously decreased, as showhRigure 2. Figure 3 shows Although tropomyosin disappeared with the progress of glyco-
the relation between the amount of lysine residues reacted withsylation, no protein degradation was observed in the main
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components of myofibrillar proteins. The same changes were Figure 7. Elution profiles of glycosylated myofibrillar proteins. (A) Native
also observed in the reaction at 40 and®@0(data not shown). myofibrillar proteins dissolved in 0.5 M NaCl; (B) glycosylated myofibrillar
As shown in the SDS—PAGE pattern, large amounts of proteins dissolved in 0.5 M NaCl; (C) glycosylated myofibrillar proteins
myosin, actin, and paramyosin were simultaneously solubilized dissolved in 0.1 M NaCl. Myofibrillar proteins were reacted_with glucos_e
in 0.1 M NaCl as glycosylation progressed. The changes in the & 50 °C. Pho_tos are SDS-PAGE patterps_of each fraction. Vo: void
rate of the proteins solubilized in 0.1 M NaCl were then yolume determined by actomyosin. Abbreviations are the same as those
measured (Figure 6). The solubility of myosin, actin, and " Figure 5.
paramyosin increased simultaneously with glycosylation: 93% ) o
of myosin, 95% of actin, and 90% of paramyosin were (datanotshown). However, the main peak diminished markedly
solubilized after reaction at 5T for 24 h, and actin remained ~ and a new peak appeared (fraction-43) when myofibrillar
at high solubility during reaction for 48 h. However, the amount Proteins were reacted with glucose at®Dfor 24 h and were
of the solubilized myosin and paramyosin decreased simulta- dissolved in 0.5 M NaCl. The new peak coincided with that of
neously with the further progress of glycosylation. Myosin the purified scallop myosin (data not shown). These results
combines with actin to form actomyosin when they are mixed indicate that almost all of the myosin and actin were dissolved
in solution. Thus, the result ofigure 6 indicates that the in 0.5 M NaCl without forming actomyosin and the solubilized
interaction of myosin and actin was lost during glycosylation. myosin existed as a monomer. The same elution pattern was
Gel permeation chromatography was performed to investigate also obtained in the glycosylated myofibrillar proteins solubi-
the soluble state of glycosylated myofibrillar proteifégure lized in 0.1 M NaCl. Further, the solubility of the glycosylated
7 shows the elution profiles of native and glycosylated myo- Myofibrillar proteins remained unchanged for 7 days, as shown
fibrillar proteins. The main peak eluted at the void volume N Table 1. Therefore, it is apparent that the solubility
(fraction 37—47), and a small peak (fraction 679) was improvement is not a tentative change and the myosin of the
observed when native myofibrillar proteins were dissolved in 9lycosylated myofibrillar proteins was dissolved consistently
0.5 M NaCl. The main and small peaks were identified as N 0.1 M NaCl without assembling insoluble filaments.
actomyosin and actin, respectively. The same elution pattern It is known that NaCl concentration dependence of the
was observed in lyophilized myofibrillar proteins with glucose solubility of muscle reflects the biochemical characteristics of
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Table 1. Comparison of Stability of Glycosylated Myofibrillar Proteins
(values are means = SD, n = 3)

storage time solubility
specimen medium? (days) (%)°
actomyosin 0.5M NaCl 0 100.0
0.5 M NaCl 7 88.8+29
glycosylated 0.5M NaCl 0 100.0
myofibrillar 0.5 M NaCl 7 98.9+0.3
proteins® 0.1 M NaCl 7 99.5+0.7

a Buffer contains 40 mM Tris=HCI (pH 7.5). ® Solubility is normalized with the
value at zero time as 100%. ¢ Reaction was performed at 50 °C for 24 h.

myosin, which is the major constituent of myofibrillar proteins.
Myosin aggregates and assembles into insoluble filaments when
it exists in low ionic strength media and neutral @6). Myosin

bears two fragments, the water-soluble head region (subfragment

1) and the water-insoluble rod region, and the rod regions are
assembled into insoluble filament87). When myosin in the
glycosylated myofibrillar proteins became solubilized with actin
by glycosylation (Figures 5and 6), the glycosylated myosin
lost its filament-forming ability and existed as a monomer in
0.1 M NaCl Figure 7). Therefore, the loss of filament-forming
ability in the myosin rod region by glycosylation would
contribute to the improved solubility of myofibrillar proteins
in low-ionic-strength media.

Considering two lysine residues exist in the actin-binding site
of subfragment 1 (28), the dissociation of myosin and actin by
glycosylation could involve a structural impediment on the actin-
binding site due to the attached glucose. Further study of the
glycosylation process of myosin subfragment 1 is necessary to
understand the molecular mechanism of the solubilization of
the glycosylated myosin.

Saeki (10) has reported that the solubility improvement of
fish myofibrillar proteins occurred when 17% of available lysine
was reacted with glucose. However, in the case of scallop
myofibrillar proteins, a 60% loss of the available lysine was
required to achieve the solubility improvement. This result
suggests that the addition of lysine may be required when the
water-soluble scallop myofibrillar proteins are utilized as a
protein resource. On the other hand, Sato et28) teported
that protein glycosylation with alginate oligosaccharide affected
the same solubility improvement of fish myofibrillar proteins
with a small amount of lysine loss<(L0%). Thus, the application
of other reducing sugars may reduce the nutritional loss
occurring in the scallop myofibrillar proteins.

In conclusion, the results of this study revealed that water-
soluble myofibrillar proteins can be prepared from shellfish meat
by reaction with glucose through the Maillard reaction. This is
the type of basic information needed to utilize shellfish meat
as a liquid protein resource.
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