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Enzyme-Aided Modification of Chicken-Breast Myofibril
Proteins: Effect of Laccase and Transglutaminase on Gelation
and Thermal Stability
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The effect of laccase and transglutaminase (TG) on cross-linking, gelation, and thermal stability of
salt-soluble chicken-breast myofibril proteins was investigated at pH 6. Both enzymes modified the
protein pattern detected by SDS—PAGE. Identification of proteins by peptide mass mapping showed
that myosin heavy chain (MHC) and troponin T were the most affected proteins. These proteins faded
or disappeared as a function of the incubation time with both enzymes on SDS—PAGE. The molecular
weight of actin was not, however, affected by either enzyme. The effects that the enzymes had on
the gel formation of chicken-breast myofibrils were studied in 0.35 and 0.60 M NaCl solutions at 3%
protein content and a constant temperature of 40 °C by using a small deformation viscoelastic
measurement. TG substantially increased the storage modulus (G') of 3% protein in 0.35 M NaCl.
Without the enzymes, gelation was insignificant in 0.35 M NaCl. The increased solubility of the proteins
at 0.60 M NaCl intensified gelation with TG. G’ increased 32 and 64% at dosages of 10 and 100 nkat
of TG, respectively. Also, laccase increased G' of the gel in 0.60 M salt concentration. However, a
high laccase dosage decreased the magnitude of G’ below the control level. Differential scanning
calorimetric (DSC) measurements indicated slightly reduced myosin heat stability after TG pretreatment
and increased actin heat stability with both enzymes. Maximum transition temperatures did not alter
with either enzyme.

KEYWORDS: Chicken myofibril proteins; protein modification; cross-linking; transglutaminase; laccase;
gelation; storage modulus; isothermal heating; heat stability

1. INTRODUCTION (4) and intact myofibrils in meat swell as a function of increasing

Myofibril proteins are responsible for the formation of a gel PH- According to Lesiow and Xiongs, gelling of isolated
network and thus greatly affect the textural characteristics of chicken myofibril proteins is optimal at pH 6. In isolated
meat products. In addition to the type and quantity of proteins, Myofibrils pH-dependent swelling leads to protein extraction.
their solubility, pH, and temperature affect gel formation and According to Xiong and Brekkes), the extractability of salt-
the viscoelastic properties of the gel @), Myofibril proteins soluble chicken-breast myofibril proteins improved visibly when
undergo unfolding and aggregation before they can form a three-the pPH was changed from 5.75 to 6.00. _
dimensional protein network. Denaturation of myofibril proteins N addition to the pH, the functional properties of meat
can be monitored by endothermic transitions and developmentProducts are enhanced by adding salt to the system. NaCl plays
of the protein network by a viscoelastic measurement of storage@n essential role in the swelling of myofibrils and the solubi-
(G) and loss (G) moduli. The effects of pH, protein concentra- lization of myofibril proteins. Cf ions penetrate the m_yof|la-
tion, and heating conditions on unfolding, aggregation, and Mments and cause them to swedl).( CI" ions result in an
gelation of poultry muscle myofibril proteins have been increased negative net gharge, causing repulsive forces betvyeen
thoroughly reviewedX, 3). The structure formation and water-  the molecules of of the filament shaft and consequently swelling
holding capacity (WHC) of meat systems are greatly dependent©r disintegration of the filament. The negative net charge of
upon pH values. Above the average isoelectric point (ap- myofilaments attracts positive ions close to the filament surfaces.

local concentration changed,(8) leading to an increased

* To whom correspondence should be addressed Telepho@88-20- osmotic pressure inside the myofibrils and thus a swelling of
72?'\‘/‘{1%11-3%30::3;220'722'7071- E-mail: raija.lantto@vtt.fi. the matrix. Offer and Trinick9) have shown that increasing
| . . . .
* Food Technologyg,yUniversity of Helsinki. the N_a(_?l concentration up to 1 M increases swel_lmg. However,
§ Institute of Biotechnology, University of Helsinki. myofibrils do not swell indefinitely because of resistance forces,
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Scheme 1. Laccase-Catalyzed Oxidation of a Diphenol
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e.g., van der Waals forces and covalent cross-links in the protein
(10). A comprehensive review on the effect of NaCl on meat
was recently published by Ruusunen and Puola8je (

Enzymes that stabilize proteins by forming additional covalent
cross-links may be used to fabricate meat products with better
texture despite low salt or low protein content. Currently,
transglutaminases (TG, glutaminylpeptide:aminglutamyl-
transferase, EC 2.3.2.13) that originated from$fr@ptomyces
bacterium genus are the only commercially available enzymes
for cross-linking proteins and for improving the texture of meat
products. The potential of TG has been intensively studied in
meat processing to improve texturgl] and gelling 12). In
cooked products, consistency can be positively affected by TG
(13), although with a concomitant increase in cooking 148.(
TG catalyzes an acyl transfer reaction between a protein- or
peptide-bound glutamine residue and a primary amine, which
is ane-amino group of a lysine residue in a protein system.
This covalente (y-glutamyl) lysine isopeptide bond can be
formed inter- or intramolecularly in actin and myosih4{,
actomyosin 15), and collagen1). The effects of TGs in food
protein matrixes have been reviewed by, e.g., Kuraishi et al.
7).

Oxidation by chemical agents is known to induce protein
polymerization (18) and protein unfoldind9), thus affecting
the texture and stability of protein getsAmino groups of lysine
residues are oxidized to carbonyls, and SH groups of cysteine
residues are cross-linked to disulfide0). Enzyme-aided
oxidation of proteins is also an attractive approach. Polyphenol
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a covalent bond. At present, the reaction mechanism of protein
modification as a consequence of laccase-catalyzed oxidation
and radical formation is poorly understood. However, it should
be emphasized that, e.g., ionizing radiation of proteins in
solution involves the formation of radical species from proteins
and water 81). It is also known that at least oxygen radicals
derived from water also cause protein fragmentation and amino
acid modifications in addition to polymerization and aggregation
(32). On the basis of the current knowledge on the mechanism
of laccase catalysis, it appears probable that the laccase-catalyzed
radicals act in a similar way.

The aim of the present study was to elucidate the potential
of laccase in modifying chicken-breast muscle myofibril pro-
teins. Also, the consequences of the enzyme-aided modification
on gel formation and the thermal stability of chicken-breast meat
myofibrils were studied. The effects of laccase were compared
to those of a well-known TG.

2. MATERIALS AND METHODS

2.1. EnzymesLaccase from a filamentous funglisametes hirsuta
has been purified to a high degree of purity and previously characterized
at VTT Biotechnology 83). Laccase activity was assayed according
to Leonowicz and Grzywnowicz3@) at pH 6 using 0.5 mM syrin-
galdazine (Sigma Chemical Co., St. Louis, MO) as the substrate. TG
was fractionated free of maltodextrin from the commercial TG product
Activa WM purchased from Vesantti Oy (Helsinki, Finland). Purifica-
tion was carried out by cation-exchange chromatography. Before
chromatography, the enzyme preparation was dissolved in a 30 mM
sodium-acetate buffer, with the pH adjusted to 5.5, and filtered through
a Whatman GF/A glass fiber filter (Whatman International Ltd.,
Maidstone, U.K.). The enzyme solution was applied to a CM Sepharose
FF (Pharmacia BP 252, Pharmacia, Uppsala, Sweden) column and
eluted with a buffer gradient of 30 mM to 500 mM sodium-acetate at
pH 5.5 and a flow rate of 6 mL/h. After concentration by ultrafiltration
(Prep/Scale-TFF, cut off 10 000, Millipore, Bedford, MA), the TG
activity (35) of the preparation was determined using 0.04NM
carbobenzoxy-glutaminyl-glycine (Sigma) as the substrate at pH 6.
Endoproteinase activity was assayed at pH 7 using azurine cross-linked
casein (Megazyme International Ireland Ltd., Bray, Co., Wicklow,

oxidases, lipoxygenase, and enzymes acting on sulfhydryl groupslreland) as the substrate. Enzyme activities are expressed as nanokatals.

and disulfide bonds (222) are all oxidative enzymes capable
of catalyzing covalent cross-links in proteins.

Laccases (EC 1.10.3.2) are radical-forming polyphenol oxi-
dases. They catalyze the oxidation of various phenol compounds
simultaneously reducing molecular oxygen to water. Laccases
are mainly found in plants and fungi, and their role in nature
and their most common application are in the synthesis of lignin
(23,24). As shown irScheme 1, laccase catalyzes an electron-
transfer reaction of a diphenol to form an oxygen-centered free
radical. The mechanism of laccase-catalyzed oxidation of
tyrosine-containing peptides has been propo28&yito proceed
via generation of radicals in the hydroxyl group of the phenolic
ring, with concomitant generation of a semiquinone and rapid
delocalization of the radical into the different positions of the
aromatic ring. Isodityrosine bonds were formed when hydroxyl
and tyrosyl radicals located in different molecules reacted with
each other. The capability of laccases to oxidize a wide variety
of phenolic and other substrates has raised interest in studyin
their application to different sources of prote#6(-30). Heldt-
Hansen (30) has reported on thiyceliophthora thermophila
laccase-induced decrease of free thiol groups in a gluten dough
indicating oxidation of available cysteine residues to disulfide
bridges. However, there is no comprehensive view about which

A single nanokatal is defined as the amount of enzyme activity that
converts 1 nmol/s of the substrate used in the assay conditions.

2.2. Myofibril Proteins. Commercial chicken-breast muscles excised
3—4 days postmortem were trimmed free of visible fat and connective

tissue and cut into pieces of about 2 %rMyofibrils were isolated

according to Xiong and Brekke36). Instead of the isolation buffer
(0.1 M NaCl, 50 mM sodium-phosphate buffer at pH 7.4, 5 mM EDTA,
and 1 mM NaN), only a 50 mM sodium-phosphate buffer at pH 7.4
and 0.1 M NaCl was used. Phenylmethylsulfonyl fluoride (0.1 mM,
Sigma) was added to inactivate any possible endogenous proteinase
activity of the myofibril preparation. Salt-soluble proteins (SSP) were
extracted from the isolated myofibrils in 1 M NaG&). The myofibril
suspensions and SSP were stored in liquid nitrogen. The protein
concentration was determined according to Lowry et al. (37).

2.3. Enzyme Treatments2.3.1. SSPg-or SDS—PAGE analysis,
the SSPs were suspended to a concentration of 3 mg/mL in the 50
mM sodium-phosphate buffer at pH 6. NaCl was added to the buffer
to obtain a N& concentration of 0.60 M. The protein suspension was
tempered to the treatment temperature prior to enzyme addition. Laccase

g(50 and 200 nkat) and TG (10 and 100 nkat) were dosed according to

their measured activity per gram of protein. Protein suspensions were
incubated at 40C in the presence of the enzymes for up to 24 h.
2.3.2. Myofibrils.For viscoelastic measurements, isolated myofibrils
were suspended to a concentration of 40 mg/mL of the 50 mM sodium-
phosphate buffer at pH 6, having a Neoncentration of 0.35 or 0.60

amino acid residues may act as substrates for laccases angll. The protein suspension was briefly tempered to°@0prior to
between which amino acids laccases are capable of catalyzingenzyme addition. Enzymes were dosed per gram of protein according
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to the measured activity. The enzyme dosages used were 100, 200
and 1000 nkat/g of protein for laccase and 10 and 100 nkat/g of protein
for TG.

For differential scanning calorimetric (DSC) measurements, isolated
myofibrils were suspended to a concentration of 70 mg/mL in the 50
mM sodium-phosphate buffer at pH 6, having a'N@ncentration of
0.60 M. The suspension was briefly tempered t6@@rior to enzyme
addition. Enzyme treatments of 1&B8 h at 40°C were carried out

prior to the DSC measurement. The enzyme dosages used were 200

nkat of laccase/g of protein and 100 nkat of TG/g of protein.

2.4. SDS—PAGE.Changes in molecular weight and intensity of
SSP bands caused by the enzymes as a function of time°&t 4@re
analyzed by SDS—PAGE according to Laemn88). Ready-made
polyacrylamide gels (12%, Tris-HCI) (Bio-Rad, Hercules, CA) were
used. Protein bands were visualized by staining with Coomassie Brilliant
Blue (R350, Pharmacia) and compared with molecular-weight markers
(Prestained SDS—PAGE standards, broad range, Bio-Rad).

2.5. Protein Identification by Peptide Mass Fingerprinting and
Peptide Fragment lon Analysis. Coomassie Brilliant Blue stained
protein bands of interest were excised from the polyacrylamide gel
and “in-gel” digested essentially as described by Shevchenko 88al. (
Proteins were reduced with dithiothreitol and alkylated with iodoac-
etamide before digestion with trypsin (sequencing-grade-modified
trypsin, V5111, Promega) supplied by BioFellows (Helsinki, Finland).
The recovered peptides were, after desalting, subjected to matrix-
assisted laser desorption/ionization time-of-flight (MALDIOF) mass
spectrometric analysis. The MALDI-TOF mass spectra for mass
fingerprinting and the MALD+TOF/TOF mass spectra for identifica-
tion by fragment ion analysis were acquired using an Ultraflex TOF/
TOF instrument (Bruker-Daltonik GmbH, Bremen, Germany). Protein
identification with the generated data was performed using Mascot
Peptide Mass Fingerprint and MS/MS lon Search programs (http://
www.matrixscience.com).

2.6. Viscoelastic MeasurementsThe effect of NaCl and the
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Figure 1. SDS-PAGE of SSP treated without added enzymes. Samples
drawn from different time points (lane 2, at time O; lane 3, after 1 h; lane
4, after 3 h; and lane 5, after 24 h) of the treatment. Lane 1, molecular-
weight marker (209, 124, 80, 49, 35, 29, 21, and 7 kDa). Treatment
conditions: 50 mM sodium-phosphate buffer at pH 6, protein concentration
of 3 mg/mL, 0.60 M Na*, at 40 °C. 20 ug of protein (9 uL) were loaded/
lane.

bands were visible on SBFAGE when the proteins were
incubated without added enzymes (Figure 1). A clear effect of
the enzymes was the intensified precipitation of protein out of
the solution because of the enzymes during the treatments.
Intensified precipitation occurred already in the beginning of
the treatment with both TG dosages. With laccase, the precipita-
tion exceeded that of the control afteh of treatment with the
higher dosage and after 24 h of treatment with the lower dosage.
Precipitation indicated the decreasing solubility of proteins,

enzymes on the gel-forming ability of the myofibril suspension was apparently because of polymerization and/or novel intramo-
measured using a Bohlin VOR rheometer (Bohlin Reologi Ab, Lund, lecular bonds catalyzed by these enzymes. Precipitates observed
Sweden) in an oscillatory mode to determine the storage modullis (G after 3 h oftreatment in the laccase-treated and all control
and loss modulus (G") during heating at a constant temperature of 4osamples dissolved in the SDS—PAGE sample buffer. After 24

Olcétgfelg?:%"ggr‘i’rv]as Z?)L::]F;Ft’ecj (ggg;HT?h+t:énp§ragg§NgZ! arl];teas h of treatment, precipitation had intensified in the laccase-treated
\F/)vas Zopmm with the s%rgin at Iéyand the fixed frqueﬁcy was 1 sz_ samples compared to the control. Reduction of the disulfide

The strain used was in the linear viscoelastic region. Samples of 1.2 gbrldges In the.presence of 3gemercaptoethanol, de.natu.rlzmg
were placed between the measuring probes. Silicone oil was applied©f the protein in the presence of 1% SDS, and heating dissolved
on the exposed edges of the sample to prevent drying. The sampledhe precipitates of the TG-treated SSP samples only partially.
were equilibrated at the desired temperature for 10 min prior to In the laccase-treated (50 and 200 nkat/g, 24 h) samples, a
measuring. The samples were sheared in an oscillatory mode at aprecipitate was also seen after heating the sample in the-SDS
constant frequency of 1 Hz throughout the measurement. Two replicatesPAGE sample buffer. The insolubility of the precipitates still
were run for all samples. _ _ present in the SDSPAGE sample buffer indicates that covalent

2.7. Differential Scanning Calorimetry. Changes in thermal  honds other than disulfide bridges had formed between/in the
stability of the enzymatically cross-linked myofibril proteins were protein molecules. These insoluble precipitates were not loaded
measured using a Mettler Toledo DSC820 differential scanning onto the gels

calorimeter (Greifensee, Switzerland). Myofibrils with and without Th | | h talvzed by | h .
enzyme treatment (70 mg of protein/mL) of about 16 mg of protein € molecular changes catalyzed Dy laccase are snown In

were weighed into aluminum capsules, tempered first for 10 min at 40 Figure 2. Using either dosage of laccase (50 or 200 nkat/g),

°C, and then heated from 40 to 10Q at a scan rate of 18C/min.
Samples were analyzed in duplicate.
2.8. Statistical Analysis.Multivariate analysis and Tukey's test

the protein bands were not visibly changed s of treatment.
After 24 h of treatment, clear precipitation was observed with
both laccase dosages. On SBAGE, the intensity of the

were used to compare the mean values and to determine the significancenyosin heavy chain (MHC;-200 kDa) was reduced (parés

of difference between rheological measurements at two different salt and b of Figure 2). Apparently, polymerized MHC had
concentrations and between treatments in which enthalpies and tra”Sitiorbrecipitated out of the solution to some extent. Furthermore,
temperatures were analyzed by DSC. Values were considered to bethe troponin T band+30 kDa) was found to disappedfigure
significantly different ap < 0.05. 2b). An extra band o021 kDa appeared after 3 h ttkatment
with the higher dosage of laccase (200 nkatfgiggre 2b),

3. RESULTS AND DISCUSSION

3.1. Effects of the Enzymes on the Myofibril ProteinsThe
major modifications of the myofibril proteins caused by laccase
and TG Figures 1—-3) were tentatively determined by compar-
ing the relative mobilities and staining intensities of the enzyme-
treated protein on SDSPAGE gels to those treated otherwise
similarly but without enzyme additior-{gure 1). Six distinct

indicating protein degradation probably because of the action

of free radicals during the prolonged treatment. Reduction of

strength in a wheat dough system as a function of the laccase
dosage was recently observed by Selinheimo et@). @nother

but less obvious explanation could be the increased mobility of

an intramolecularly modified protein on SD®AGE. Emerging

and fading protein bands detected on SDS—PAGE were
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Figure 2. SDS—PAGE of SSP treated with (a) 50 nkat/g and (b) 200 nkat/g of laccase. Samples drawn from different time points of the treatment with
50 nkat of laccase/g (lane 2, after 1 h; lane 3, after 3 h; and lane 4, after 24 h). Samples drawn from different time points of the treatment with 200 nkat
of laccase/g (lane 6, at time O; lane 7, after 1 h; lane 8, after 3 h; lane 9, after 6 h; and lane 10, after 24 h). Lanes 1 and 5, molecular-weight marker
(209, 124, 80, 49, 35, 29, 21, and 7 kDa). Treatment conditions: 50 mM sodium-phosphate buffer at pH 6, protein concentration of 3 mg/mL, 0.60 M
Na*, at 40 °C. A total of 9 uL of the soluble fraction was loaded/lane.
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Figure 3. SDS-PAGE of SSP treated with 10 nkat/g (lanes 2-5) and 100 nkat/g of TG (lanes 6-9). Samples drawn from different time points of the
treatment with 10 nkat of TG/g (lane 2, at time O; lane 3, after 3 h; lane 4, after 6 h; and lane 5, after 24 h). Samples drawn from different time points
of the treatment with 100 nkat of TG/g (lane 6, at time 0; lane 7, after 3 h; lane 8, after 6 h; and lane 9, after 24 h). Lanes 1 and 10, molecular-weight
marker (209, 124, 80, 49, 35, 29, 21, and 7 kDa). Treatment conditions: 50 mM sodium-phosphate buffer at pH 6, protein concentration of 3 mg/mL,
0.60 M Na*, at 40 °C. A total of 9 uL of the soluble fraction was loaded/lane.

identified by in-gel digestion, peptide mass fingerprinting, and enzymes and (3) the appearance of<al-kDa band with
peptide fragment analysis of the resulting tryptic peptides. laccase. The SDS—PAGE results show that MHC and troponin
Extensive laccase treatment caused the appearance of an obscuflewere the myofibril proteins most susceptible to the action of
protein band slightly smaller than MHC. According to mass both laccase and TG. On the other hand, actin was less modified
analysis, this band was identified as an MHC fragment. A in the presence of TG and not perceivable in the presence of
fragment of troponin T was identified from the small protein laccase.
band,<21 kDa. Also, the~21-kDa band present already at the Laccases have generally been distinguished from tyrosinases
beginning of the treatments contained fragments of troponin T. because of their inability to oxidize tyrosind1). However,
Molecular changes catalyzed by TG are showirigure 3. because of the phenolic structure of its side chain, tyrosine is
After 3 h of treatment, no change in the protein pattern was susceptible to oxidation, at least by some laccases. A recent
observed when the lower dosage (10 nkat/g) of TG was usedstudy by Mattinen et al.25) showed thafframetes hirsuta
(Figure 3a). With the higher dosage (100 nkat/g), the intensity laccase is capable of catalyzing the formation of an ether-type
of the MHC band began to decrease aféeh of treatment covalent bond between two aromatic carbons of tyrosine residues
(Figure 3b). The troponin T band (~30 kDa) also began to in a small peptide. Cysteine is also reported to be a substrate,
disappear. After 24 h of treatment, the protein pattern was at least forMyceliophthora maltophildaccase (30). Shotaro
drastically changed with both enzyme dosages. MHC, troponin (28) reported polymerization of bovine serum albumin by a
T, and the~21-kDa band had disappeared, and other protein laccase fronPycnoporus coccineu3he higher susceptibility
bands had faded. In addition, the precipitate in the SSP of MHC than actin with laccase can at least partially be
suspension disappeared. explained by the different availabilities of suitable amino acid
Under the given conditions and with the enzyme dosages residues, as well as by the size and shape of these two proteins.
used, the following detectable electrophoretic changes wereln regard to activity because of laccase, these proteins contain
observed: (1) progressive disappearance of the MFHDO- different amounts of free thiol groups. Chicken-breast muscle
kDa band and (2) of the troponin ¥30-kDa band with both myosin contains-43 thiol groups, 42 of which are located on
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the outer parts of the moleculé?) and thus are readily available a 400
for intermolecular disulfide bonding. Actin contains onlb

thiol groups (2). However, potential laccase-aided disulfide = 300
bridging does not explain the reactivity of myosin detected by & 200
SDS—PAGE. The amount of tyrosine residues is 3.1 and 5.6 & i
g/16 g of N in myosin and actin, respectivel3d). Thus, the
amount of tyrosine does not explain the different sensitivities 05 .
of these proteins to the action of laccase detected by-SDS 0 1 2 3
PAGE either. Time (hours)
TG is an enzyme with a significant ability to modify various oL, TR S0mE
food proteins via covalent cross-linking. It has been reported —0—LAC 1000 nkat
to introduce cross-links to the myofibril proteins actin and
myosin (12), actomyosin of turkey44) and beef 15), and b 800
chicken myosin heavy chaid%). Myosin reacting readily with 600
TG contains high amounts of glutamic acid/glutamine and lysine =
(43), which are the amino acid residues acting as counterparts % 400
in TG-catalyzed isopeptide bonds. Presumably, the rodlike shape 200
and better accessibility of the target amino acids explain the
observed susceptibility of myosin to cross-linking with both 0 - - .
enzymes studied. 0 1 2 3
-, . . . . Time (hours)
In addition to polymerization, the action of laccase in a —e— Control —e— TG 10 rkat
mixture of the myofibril proteins also resulted in protein —o— TG 100 rkat

fragmentation when extensive treatment times and enzymerigure 4. Storage modulus (G') of chicken-breast myofibrils measured
dosages were used. Free radicals formed in the laccase reactiogt a constant temperature of 40 °C. (a) Treatment with laccase and (b)
may have caused fragmentation of the most susceptible proteinsTG. Treatment conditions: 4% protein, 50 mM sodium phosphate buffer
i.e., myosin and troponin T. It is well-known that, e.g., ionizing at pH 6, 0.35 M Na*.

radiation in biological systems involves formation of oxygen
radicals derived from water as well as radical species derived
from DNA and/or protein (31). At least oxygen radicals are

a 3000

2000

known to cause various chemical changes in proteins, i.e., E
aggregation and polymerization, but also protein fragmentation D
(31,32,46). There is no definite reason that free radicals formed ey
in the laccase catalysis would not affect protein in a similar
way as radicals formed because of ionizing radiation. 0
3.2. Gel Formation. The G'and G'" of the samples were Time (hour?s)
monitored at a constant temperature of 4D during 3 h of e Cone o LAC 200 nkat
treatment. At the lower ionic concentration (0.35 M) and without o LAC 50 nkat —e— LAC 100 nkat
enzymes, the Gincrease of the myofibril gel was very weak T el
(62.5 Pa) because of the limited solubility of the myofibril b 5000
proteins and probably because of too low of a protein concen- e
tration (Figure 4). When the salt concentration was increased i
to 0.60 M but without enzymes, the (Bcreasef§ < 0.05) after e 3000
3 h of measurement was 1720 Pa (Figure 5). This result was © 2000
expected because actin and myosin, which are responsible for 1000
gel formation, are salt-soluble. In 0.60 M NaCl, these proteins 0§ . . :
are practically solubilized. Solubilization increases the flexibility 0 1 2 3
and mobility of the proteins and thus facilitates the interaction Time (hours)
of the functional groups necessary for gel formation. —e— Control —o— TG 10 nkat

. ; . . —o— TG 100 nkat
The effect of laccase on gelling was investigated at a series , . -

of enzyme dosages, i.e., 50, 100, 200, and 1000 nkat/g OfFlgure 5. Storage modulus (G)oof chicken-breast myoflbrlls measured
protein. At the low salt concentration, no increape>( 0.05) $t6a ;onstant tempe.rgture. °f040 C._(a) Treatment_wuth laccase and (b)
in gelling was observed with any of the laccase dosages used o reatment cond|+t|0ns. 4% protein, 50 mM sodium phosphate buffer
(Figure 4a). The reason for this was obviously the limited at pH 6, 0.60 M Na.
solubility of the proteins and, therefore, the insufficiency and/ 1000 nkat/g of laccase,'Gvas 888 Pag > 0.05) below the
or inaccessibility of target sites for laccase catalysis. The ability 1384 Pa control value, indicating a weakening of the gel
of laccase to increase’ @ccurred only when the salt concentra-  formation.
tion was raised to 0.60 M. The low laccase dosages, i.e., 50 The laccase preparation used had been purified to homogene-
and 100 nkat/g, were not able to enhance>(|9.05) gelling, ity, and it did not exhibit any other enzyme activities. Low
although 50 nkat/g was already enough to modify myosin laccase dosages, i.e., 50 and 100 nkat/g, were not sufficient to
detectable by SDSPAGE (Figure 2). G' was enhanced slightly  induce either protein polymerization or fragmentation. When
(p > 0.05) from 1384 to 1795 Pa when a dosage of 200 nkat/g the dosage was increased to the more optimal level of 200 nkat/
was used (Figure 5a). A further increase in laccase dosage g, polymerization apparently exceeded protein fragmentation.
caused a decrease in gel formation. Afdeh of treatment with A further dosage increase resulted in intensified fragmentation
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Table 1. Heat Transition (AH) and Peak Temperature (Tmax) Of the Enzyme-Treated Myofibrils

1st transition peak (myosin) 2nd transition peak (actin)

pretreatment? pretreatment time (h) AH (Jlg) Tmax (°C) AH (Jlg) Tmax (°C)
control 1 5.93 ab (0.30)° 59.35a(0.01) 0.18 a (0.05) 66.26 a (0.81)
3 5.86 ab (0.81) 59.52 a(0.02) 0.17 a (0.05) 65.93 a (0.61)
TG 1 4.29 a (0) 58.45 a (0.13) 0.44 b (0.01) 66.69 a (0.47)
100 nkat/g 3 4.14a(0) 58.59 a (0.28) 0.45 b (0.02) 66.74 a (0.51)
Laccase 1 6.50 b (0.71) 59.14 a (0.57) 0.48 b (0.04) 66.96 a (0.57)
200 nkat/g 3 5.79 ab (0.51) 58.71a (0.28) 0.17 a (0.04) 66.45 a (0.64)

2 Pretreatment conditions: 40 °C, 50 mM sodium-phosphate buffer at pH 6, 0.60 M Na*, 70 mg protein/mL. Myofibrils were heated from 40 to 100 °C at 10 °C/min.
bMeans with different letters in the same column are significantly different at p < 0.05. Values in parentheses are standard deviations for the means.

leading to a severe decrease in gel formation. Arabinoxylan gelsa consequence of changes because of polymerization of the
induced by laccase have been reported to have poor stabilitymolecules to larger but less thermostable structures. A change
properties (47). Furthermore, softening of dough because of ain the thermal stability of myosin was not detected with laccase,
high dosage of laccase has been reported by Selinheimo et alwhich can possibly be explained by the less distinct or different
(40). In summary, it can be concluded that laccase causes proteirtype of reaction of myosin with laccase compared to that with
polymerization but also protein fragmentation. However, condi- TG.

tions in which covalent link formation and thus polymerization Additional intramolecular bonds may lead to more stabig, (
exceeds fragmentation must be optimized by empirical testing. i.e., also more thermostable, protein structures. A significant

The effect of TG on gelling was studied with dosages of 10 increase (p< 0.05) in the AH of the actin transition was
and 100 nkat/g of protein. As shown Figure 4b, the higher observed after 1 h of pretreatment with laccase, but during the
dosage of 100 nkat/g was needed for a clear incrgnseQ(,05) extended laccase pretreatment, this effect disappeared (Table
of G’ when the NaCl concentration of the protein suspension 1). Anincreasey{ < 0.05) of theAH of actin detected with TG
was 0.35 M. At this salt concentration, ®icreased after 3 h ~ was independent of the duration of the pretreatment (Table 1).
of measurement from 62.5 to 587 Pa. When the salt concentra- On SDS-PAGE, the molecular weight of the actin band was
tion was increased to 0.60 M, both 10 and 100 nkat of TG not altered by the enzyme&igures 2—4). In addition to a
enhanced G(Figure 5b). G' increased from 1384 to 2050 Pa possible insufficiency or inaccessibility of target sites for
(p > 0.05) and to 3891 Pa (g 0.05), respectively. The €nzymatic action, this result may also be explained by possible
enhanced gelling with the increased salt concentration is intramolecular cross-linking, which did not affect the mobility
explained by an increased solubility of the proteins and thus of the actin protein on SDS—PAGE, but may have increased
better accessibility of the target sites for TG. The better its thermostability detected by DSC. An explanation of the
efficiency of TG compared to laccase is explained by the higher stability increase during the first hour of the laccase pretreatment
concentration of the target sites available for this enzyme in but the subsequent decrease as a function of time may be too
myosin and also in actin. A further explanation can be the high of an enzyme dosage, causing protein fragmentation during
synergistic effect of NaCl and TG activity, which has been an extended pretreatment.
studied and discussed by Kitemeyer et al. (48).

3.3. Changes in Thermal Stability. Dependent upon the
enzymatic pretreatment, the myofibril samples showed different We thank Heljd Heikkinen, Eeva Manninen, and Elina Ahola
thermal behavior{able 1). Two major endothermic transitions  for their skilful technical assistance.
were observed with peak temperaturégs) at about 59 and
66 °C. These transitions were presumably due to denaturationLITERATURE CITED
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