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Oxidation of the myofibrillar muscle protein myosin from pork by hypervalent myoglobin species
(MbFe(lll)/H,O, radical generating system) was investigated in aqueous solution in the pH range of
5.0-7.8 by electron spin resonance (ESR) spectroscopy using N-tert-butyl-o-phenylnitrone (PBN) as
spin trap and indirectly by determination of the rate of reduction of hypervalent myoglobin species by
UV spectroscopy. Cross-linking of myosin was examined by SDS-PAGE. The target for oxidative
modification of myosin was studied by thiol blocking by N-acetylmaleimide (NEM) and by determining
oxidative modification of myosin thiols. The reaction between myosin and hypervalent myoglobin
was fast and showed little dependence on pH. The myosin radicals formed were observed to be
short-lived. Myosin thiols are suggested to be the main target for oxidative modification, as NEM-
treated myosin did not form radicals in the presence of hypervalent myoglobin. A significant decrease
in thiol content was already demonstrated 25 s after initiation of oxidation of myosin. The majority of
myosin heavy chain (MHC) was demonstrated to be cross-linked through intermolecular disulfide
bonding 1 h after initiation of oxidation. This demonstrates that thiols are important for radical formation
and cross-linking of myosin during oxidation with hypervalent myoglobin at the pH of meat products.
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INTRODUCTION

Oxidative reactions are together with microbial growth
important for the quality and shelf life of meat. Reactive oxygen
species (such as HyO,, O," ") accumulate during the conversion
of muscle to meat, and pro-oxidative species such as hypervalent
myoglobin are formed in parallel with depletion of the antioxi-
dative defense of the muscle cells (/-3). The meat pigments,
myoglobin [MbFe(Il)] and oxymyoglobin [MbFe(II)O,], will
oxidize to metmyoglobin [MbFe(II)] when NADH is depleted
in the meat. The highly reactive hypervalent myoglobin species,
ferrylmyoglobin [MbFe(IV)=0] and perferrylmyoglobin ['Mb-
Fe(IV)=0], are formed by reaction between MbFe(IIl) and
H,0; (4-6). The formation of hypervalent myoglobin in meat
has been linked to increased levels of lipid oxidation (7-9).

Most studies on oxidation in meat and other food systems
have focused on the effects of lipid oxidation (/0-12). However,
proteins, which, besides water, are the major constituents of
meat, are also susceptible to oxidative modifications (/3). A
major consequence of protein oxidation is the formation of
intermolecular protein cross-links. This includes disulfide bonds
formed by oxidation of cysteine thiol groups, dityrosine forma-
tion, and reactions between protein carbonyls (formed through
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oxidation of protein side chains) and the e-amino group of lysine
side chains (/3—15). Hypervalent myoglobin has been shown
to be able to induce intermolecular protein cross-linking (16-20).
Oxidation of proteins has been widely studied in the field of
pathology and in relation to human diseases, but the importance
of protein oxidation in food systems has so far been less
examined.

The oxidation of proteins in meat has previously been
suggested to reduce the eating quality of meat by decreased
tenderness and juiciness (2/-23). Recently, intermolecular
disulfide cross-linking of myosin was found to take place in
pork chops packed in a high-oxygen atmosphere (70% O,/30%
COy), and the disulfide cross-linking of myosin was suggested
to be responsible for reduced meat tenderization of the pork
chops as evaluated by a sensory panel (24). In model systems,
alterations in myosin conformation and the formation of myosin
aggregates through intermolecular cross-linking as a result of
oxidation decrease gel-forming ability, protein solubility, and
water-holding capacity, which negatively influence sensory
characteristics and palatability (24-27). Biochemical properties
such as the ATPase activity of myosin, which plays a role in
muscle contraction, have also been found to change with
oxidation of myofibrillar proteins (28). The intermolecular cross-
linking of meat proteins has mainly been studied in model
systems and based on oxidative modification of myofibrillar
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protein fractions by a variety of radical-generating systems but
without considering reaction mechanisms and pH depend-
ency (18, 27, 29, 30).

We have undertaken a mechanistic study of the oxidation of
purified myosin at various pH values in an aqueous model
system. Special emphasis has been put on the role of sulfur-
centered myosin oxidation by using electron spin resonance
(ESR) spectroscopy for the detection of radicals and traditional
assays for the evaluation of thiol oxidation. The protein was
oxidized with hypervalent myoglobin species, because these
oxidants inherently are found in meat following reaction between
the meat pigment myoglobin and H,O, that accumulate in meat
during storage (4-6).

MATERIALS AND METHODS

Chemicals. Adenosine triphosphate (ATP), Coomassie Brilliant Blue
G, ethylenediaminetetraacetic acid (EDTA), dithiothreitol (DTT),
N-ethylmaleimide (NEM), 90% horse heart metmyoglobin type III,
2-[N-morpholino]ethanesulfonic acid (MES), and 98% N-tert-butyl-a.-
phenylnitrone (PBN) were purchased from Sigma Chemical Co. (St.
Louis, MO). Tris(hydroxymethyl)aminomethane (Tris) and L-cysteine
were purchased from Merck (Darmstadt, Germany). Standardized
0.2000 M aqueous HCI and 99% sodium dodecyl sulfate (SDS) were
purchased from Bie & Berntsen (Rgdovre, Denmark). 2,2’-Dithiobis(5-
nitropyridine) (DTNP) (96%) was purchased from Aldrich (St. Louis,
MO). 2,2,6,6 -Tetramethylpiperidine 1-oxyl (TEMPO) was purchased
from Molecular Probes (Leiden, The Netherlands). Hydrogen peroxide
(30%) was purchased from Sigma-Aldrich (Steinheim, Germany).
Ethylenbis(oxyethylenenitrilo)tetraacetic acid (EGTA) was purchased
from ACROS Organics (Fair Lawn, NJ). N-[Tris(hydroxymethyl]-
methyl)glycine (tricine) was purchased from AppliChem (Darmstadt,
Germany). Pure ethanol (96%) was purchased from Danish Distillers
(Aalborg, Denmark). Precision Plus Protein Standard was purchased
from Bio-Rad Laboratories (Hercules, CA). All chemicals were of
analytical grade or of the highest purity available. Water was purified
through a Millipore Q-Plus purification train (Millipore Corp., Bedford,
MA).

Purification of Myosin. Myosin was isolated as described previously
by Nauss et al. (37) and Wang and Smith (32) with minor modifications.
Porcine longissimus dorsi, supplied by The Danish Meat Research
Institute, Roskilde, Denmark, was frozen in liquid nitrogen immediately
after slaughter and stored at —18 °C. Fifty grams of muscle, trimmed
of adhering fat and connective tissue, was homogenized using an Ultra-
Turrax and 3 volumes (v/w) of a modified Guba—Straub solution (0.30
M KCI, 0.10 M KH,PO4, 0.05 M K,HPOy, and 1.0 mM EGTA, pH
6.4). The crude myofibrillar extract was diluted with 3 volumes of water
(v/v) and filtered through a 400 M plastic mesh. Water [6.5 volumes
(v/v)] was added to the filtrate, and the samples were allowed to
precipitate on ice for at least 2 h. The clear supernatant was decanted,
and the remaining precipitate was centrifuged at 2000g for 45 min
(HiCen21 centrifuge, Herolab, Wiesloch, Germany). The precipitate
was subsequently dissolved in 100 mL of 0.50 M KCI, 1.0 mM EGTA,
and 10 mM Tris (pH 7.5), treated with 2.0 mM ATP and 5.0 mM
MgCl,, and centrifuged at 70000g for 30 min (Beckmann Optima TM
LE-80IC Ultracentrifuge, Beckman Coulter, Inc., Fullerton, CA) to
remove residual actomyosin. Myosin present in the supernatant was
salted out by ammonium sulfate precipitation. The fraction precipitating
between 38 and 50% saturation was collected and resuspended in a
minimal volume of 0.50 M KCl, 1.0 mM EGTA, and 10 mM Tris (pH
7.5) and dialyzed overnight against three changes of the same buffer,
without EGTA, using a 6000-8000 g/mol cutoff dialysis tube (Spectra/
Por membrane, Spectrum, Rancho Dominguez, CA).

The purity of the obtained myosin solution was evaluated by reducing
SDS-PAGE using 3-8% Tris—acetate gels (NuPAGE, Invitrogen,
Carlsbad, CA). DTT was added directly to the samples to obtain
reducing conditions. Following electrophoresis, the gel was stained with
Coomassie Brilliant Blue, allowing visualization of the separated protein
bands and comparison to a protein standard (Precision Plus Protein
standard, Bio-Rad Laboratories). The myosin solution contained
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primarily myosin heavy chain, but also small amounts of low molecular
weight compounds; for example, the presence of a protein band between
37 and 50 kDa assigned as actin was observed.

The purified myosin stock solution was stored at —18 °C. On the
day of use, stock myosin was thawed and kept on ice until application.
The myosin concentration was determined by measuring absorbance
at 280 nm by use of AZX()(lg/L) = 0.496 (33)

Purification of MbFe(III) and Preparation of H,O,. MbFe(III)
was dissolved in a minimum volume of buffer, filtered by use of a
0.45 uM filter (Minisart, Satorius AG, Uppsala, Sweden), and purified
on a PD-10 Sephadex G-25 column (Amersham Biosciences, Uppsala,
Sweden). A concentration of approximately 20 mM of the eluted
MbFe(III) was determined spectrophotometrically at 525 nm, € = 7700
M~ ecm ™! (34), against a blank consisting of the same buffer. MbFe(TIT)
solutions were stored at 2-5 °C in the dark and used within 3 days.
H,0, was diluted in buffer, and concentration was determined spec-
trophotometrically at 240 nm, € = 39.4 M~ cm™"' (35), against a blank
consisting of the same buffer. A concentration of approximately 20
mM H,0O, was prepared, stored at 2-5 °C, and used within a week.
The choice of buffer for MbFe(IIl) purification and H,O, preparation
was based on compatibility with specifications of analysis (pH and ionic
strength). An Me6.0234.100 combination glass electrode connected to
a Methrom 713 pH-meter was used for pH measurements (Methrom,
Herisau, Swizerland), and a HP8453 UV-vis diode array spectropho-
tometer (Hewlett-Packard Co., Palo Alto, CA) was applied in the
spectrophotometric analysis.

Determination of Myosin Cross-Linking by SDS-PAGE. Oxidized
and nonoxidized myosin samples were analyzed by gel electrophoresis
(SDS-PAGE) using NuPAGE Novex 3-8% Tris—acetate gels (Invi-
trogen, Carlsbad, CA). Oxidized myosin samples were prepared by
mixing 13 uM myosin with 75 uM MbFe(Ill) and 75 uM H,O, (pH
5.0, 6.4, and 7.8, I = 0.50, 5% SDS) in this order and incubating for
1 h at 25 °C. MES buffer (20 mM, pH 5.0, I = 0.50, 5% SDS) and
phosphate buffer (20 mM, pH 6.4 and pH 7.8, I = 0.50, 5% SDS)
were used as solvents for all reactants to obtain pH 5.0, 6.4, and 7.8 of
the oxidized myosin solution. As a control, myosin was incubated for
1 h at the appropriate pH at 25 °C without the addition of MbFe(III)
and H»0,. Incubations were carried out in Eppendorf tubes, allowing
3 volumes of headspace of air. Samples with 5 ug of protein were
loaded directly onto the gel after 1 h of oxidation. DTT was added
directly to samples when reducing conditions were employed during
electrophoresis. Myosin samples were run in duplicate.

Protein Thiol Groups. Thiol oxidation of myosin was measured
spectrophotometrically by a modification of Ellman’s method using
the thiol-sensitive reagent 2,2” dithiobis(5-nitropyridine) (DTNP) as
modification of the methods described by Winterbourn (36) and Morzel
et al. (37). Free thiol content (nmol/mg myosin) of (i) nonoxidized
myosin, (ii) oxidized myosin, and (iii) MbFe(IlI)/H,O, radical-
generating systems was determined at high ionic strength (/ = 0.50).

Preparation of oxidized and nonoxidized myosin sample was done
in accordance with samples prepared for SDS-PAGE analysis. MES
buffer (20 mM, 5% SDS, I = 0.50) was used for incubation of myosin
at pH 5.0 and 5.7, whereas phosphate buffer (20 mM, 5% SDS, I =
0.50) was used as solvent for higher pH values (6.4, 7.5, and 7.8).
Briefly, thiol determination was carried out by adding 1.00 mL of
phosphate buffer (20 mM, 5% SDS, pH 8.0, I = 0.50) to the 0.50 mL
of thawed oxidized or nonoxidized myosin sample, mixed forcefully
(whirled), and heated at 70-80 °C for 10 min to get myosin into
solution. Timing was started as soon as the myosin sample was thawed.
The heated oxidized myosin sample (120 L) was mixed with 860 uL
of phosphate buffer (20 mM, 5% SDS, pH 8.0, / = 0.50). Absorbance
was measured at 386 and 700 nm prior to the addition of DTNP in
order to subtract the contribution of myosin and myoglobin species to
absorbance at 386 nm. Five minutes after heat treatment of the reaction
mixture, 20 uL of 5 mM DTNP in absolute ethanol was added, and
the absorbance was recorded at 386 and 700 nm 5 min after addition
(that is, 20 min after thawing). Phosphate buffer (20 mM, 5% SDS,
pH 8.0, I = 0.50) was used as blank. pH was measured in the reaction
mixture instantly after the addition of DTNP and adjusted with HCl/
NaOH if the pH deviated from 8.0 by more than +0.1. A standard
curve was established using 1 mM L-cysteine in 20 mM 5% SDS
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phosphate buffer (pH 8.0, / = 0.50) in the concentration range of 0-90
uM, with a reference solution consisting of the same buffer (38). All
samples were measured in triplicate. Thiol content was calculated as
nanomoles of cysteine per milligram of myosin.

Detection of Myosin Oxidation by Spin Trapping. Myosin
oxidation was carried out at room temperature (pH 7.0, / = 0.16).
Equimolar amounts of MbFe(IlI) and H,O, were mixed prior to the
addition of myosin and PBN, reaching final concentrations of 300 uM
MbFe(I1I), 300 uM H>0,, 0, 11.8, 23.5, and 46.8 M myosin and 30
mM PBN. The order of mixing the reactants was investigated and was
found not to have a significant influence on the obtained ESR spectra.
Phosphate buffer (5.0 mM, pH 6.9, I = 0.16) was used as solvent for
all reactants, and the pure buffer solution was used as blank. The
samples were whirled, and the ESR spectra of samples (50 uL) in
micropipets (Brand GmbH, Wertheim, Germany) were recorded at room
temperature 30 s after mixing of MbFe(Ill) and H>O,. A MiniScope
MS 200 ESR spectrometer (Magnettech, Berlin, Germany) was used
with the following settings: microwave power, 10 mW; sweep width,
97.76 G; sweep time, 120 s; modulation amplitude, 2 G; and time
constant, 0 s. An aqueous solution of 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO) (2 uM) was used as a reference sample to calculate the
absolute radical concentration measured in the sample by double
integration of the ESR spectra. The TEMPO standard was measured
as the first and last samples of the day, and all samples were measured
in triplicate. Bruker Win-EPR software (version 2.11, Bruker-Franzen,
Analytik GmbH, Germany) was applied for data treatment of ESR
spectra.

Tonic strength (0.16, 0.25, and 0.50, respectively) and pH effects
(5.0 < pH < 7.8) on myosin oxidation were determined at room
temperature. The ionic strength of the myosin stock solution were
obtained by dialysis in a 100 times volume of 20 mM MES buffer (pH
5.0) or 20 mM phosphate buffer (pH 6.5 and 7.5) depending on the
choice of ionic strength and the pH of the myosin solution and using
a dialysis tube with a 6000-8000 g/mol cutoff (Spectra/Por membrane,
Spectrum) at 2-5 °C during >3 h against three changes of the same
buffer. Stock solutions of MbFe(III), H,O,, and PBN were prepared
using a buffer matching the desired pH and ionic strength of
investigation.

Blocking of Free Thiols by NEM. Chemical modification of thiol
groups in myosin was carried out by use of NEM, according to a
modification of the methods by Smyth et al. (39, 40) and Wada and
Kitabatake (47). Accessible thiol groups of 23.5 uM myosin were
blocked by incubation with 0, 1.0, 2.5, and 5.0 mM NEM for 90 min
on ice and protected from light. Subsequently, oxidation of NEM-treated
and untreated myosin was carried out at room temperature (pH 7.0, /
=0.50), and ESR spectra were recorded under the conditions previously
mentioned. Myosin sample and PBN were added simultaneously to
MbFe(IlI) and H>O,, reaching final concentrations of 300 M MbFe(III),
300 uM H,0,, 30 mM PBN, and 23.5 uM myosin. Phosphate buffer
(5.0 mM, pH 7.0, I = 0.50) was used as solvent for all reactants. Radical
formation by the MbFe(IlI)/H,O, radical-generating system was
performed as a control. A final concentration of 300 «M MbFe(III)
was treated with 0, 1.0, 2.5, and 5.0 mM NEM for 90 min kept on ice.
Measurements in the presence of 30 mM PBN were started 30 s after
activation of NEM-treated MbFe(III) by H,O, in a final concentration
of 300 uM H,O,. A blank consisting of phosphate buffer (5.0 mM, pH
7.0, I = 0.50) was measured. All measurements were done in
triplicate.

Reduction of Hypervalent Myoglobin Species by Myosin. Reduc-
tion of hypervalent myoglobin species was investigated in the presence
and absence of myosin at 25 °C (pH 7.5, I = 0.16) by recording spectral
changes between 450 and 700 nm for up to 60 min. Upon mixture of
equal concentrations of MbFe(Ill) with H,O,, perferrylmyoglobin
['MbFe(IV)=0)] is formed together with ferrylmyoglobin [MbFe-
(IV)=0]. Reduction of both hypervalent myoglobin species by myosin
was measured by the addition of myosin 5 s after mixing MbFe(III)
and H>O», to yield final concentrations of 100 uM MbFe(IlI), 100 uM
H>0,, and 0, 1.9, 3.9, 7.8, and 11.6 uM myosin in the reaction mixture.
Reduction of MbFe(IV)=O0 by myosin in the absence of "MbFe(IV)=0
was obtained by allowing the reaction mixture to age for 10 min at
room temperature prior to the addition of myosin (42). Stock solutions
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Figure 1. SDS-PAGE of myosin oxidized by hypervalent myoglobin
species. Myosin (13 M) was incubated 1 h at room temperature with
MbFe(lll) (75 uM) and H,O, (75 uM) at pH 5.0 (lane 1), pH 6.4 (lane 2),
and pH 7.8 (lane 3) and without MbFe(lll) and H,O, at pH 5.0 (lane 4),
pH 6.4 (lane 5), and pH 7.8 (lane 6) at nonreducing conditions (gel A)
and reducing conditions (gel B). Buffers (20 mM, / = 0.50) contained 5%
SDS during the oxidation. Five micrograms of myosin was loaded in each
lane. Lane 7 contained molecular weight standard. MHC, myosin heavy
chain.

of MbFe(IIl) and H,O, were prepared using 5.0 mM phosphate buffer
(pH 7.5, I = 0.16) as solvent. The sample was whirled and recorded
100 s after the addition of myosin. Blanks were prepared by substitution
of the myosin solution with buffer. A HP8453 UV-vis diode array
spectrophotometer (Hewlett-Packard Co., Palo Alto, CA) equipped with
a temperature-controlled cuvette compartment adjusted to 25 °C
(Hetrofrig thermo, Birkergd, Denmark) was used. The concentration
of hypervalent myoglobin [[MbFe(IV)=0] + ["MbFe(IV)=O0]] was
determined according to the following expression (43):

hypervalent myoglobin = —62(A 49y — A7) + 242(Ase) — A7p0) —
123(Asg0 = Aggp) (1)

The pH of the sample mixtures was measured after completion of
the reaction. All samples were run in duplicate.

Statistical Analysis. Statistical analysis was performed using the
SAS 8.2 package, SAS Institute, Inc., Cary NC. Data were analyzed
by analysis of variance to determine the significance of main effects
(e.g., oxidation time, pH). Significant (p < 0.05) differences between
means were identified by the least significant difference (LSD)
procedure.

RESULTS

Intermolecular Cross-Linking of Myosin. Purified myosin
was oxidized with hypervalent myoglobin species for 1 h at 25
°C at pH 5.0, 6.4, and 7.8 in the presence of SDS to avoid
precipitation of myosin at the lower pH values. The hypervalent
myoglobin species were generated in situ by mixing hydrogen
peroxide and metmyoglobin. Analysis of the reaction mixtures
by SDS-PAGE under nonreducing conditions demonstrated that
the intensity of the protein band from myosin heavy chain
(MHC) was reduced in comparison to controls consisting of
nonoxidized myosin (Figure 1A, comparison between lanes 1-3
and 4-6 for oxidized and unoxidized myosin, respectively).
Additionally, a protein band appeared at high molecular weight
in the oxidized myosin samples (indicated by an arrow in Figure
1A), demonstrating that myosin had been cross-linked due to
oxidation. Densitometric quantification of the SDS-PAGE bands
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Figure 2. Free thiol groups on myosin after oxidation with hypervalent
myoglobin species. Myosin (46.8 «M) was oxidized with 75 «M MbFe(lll)
and 75 uM HoO, for 25 s (@), 1 h (a), and 24 h (¥). Control experiments
were performed with myosin, but without MbFe(lll) and H,0,, after 1 h
(m). All incubations were carried out at 25 °C (pH 5.0-7.8, | = 0.50).

showed that the extents of oxidation of MHC at the three pH
values were not significantly different. The cross-linking of
myosin was more pronounced after oxidation for 24 h, when a
complete loss of MHC has previously been reported (/7). In
the present study myosin was oxidized for a relatively short
period of time in order to avoid too extensive losses of MHC
that would level any potential effects of pH.

Reducing the samples with DTT during the SDS-PAGE
analysis gave only a small reduction in intensity of the MHC
protein band of oxidized myosin as compared to nonoxidized
myosin (Figure 1B, lanes 1-3 and 4-6, respectively). Again,
densitometric quantification did not show any significant dif-
ferences in intensities of the MHC bands from the samples
oxidized at the different pH values. The cross-linked MHC band
indicated by an arrow in Figure 1A was not observed when
the SDS-PAGE analysis was made with reducing conditions.
The fact that more extensive cross-linking was detected under
nonreducing conditions than under reducing conditions suggests
that primarily disulfide bonds were responsible for the cross-
linking of oxidized MHC. However, cross-linking of MHC also
occurred to a small extent via covalent bonds other than disulfide
bonding (e.g., dityrosine or Schiff base cross-linking), because
a small band of cross-linked MHC was observed under the SDS-
PAGE reducing conditions (compare panels A and B of Figure
1). The cross-linking of myosin was clearly not affected by pH
as no difference in the MHC band intensities was found in the
pH interval 5.0-7.8 at either reducing or nonreducing conditions.

Oxidation of myosin in the absence of SDS resulted in
precipitation of myosin at pH 5.0, making a study of the effect
of pH in more acidic solutions on myosin cross-linking
impossible. Myosin did not precipitate in the absence of SDS
during oxidation for pH >6.0, but no difference was observed
between pH 6.1 and pH 7.6 on myosin cross-linking in a control
experiment performed without the presence of SDS (data not
shown).

Effect of Oxidation on Myosin Thiol Content. The role of
thiol groups during the oxidation of myosin by hypervalent
myoglobin was further investigated by studying the amount of
free thiol groups. The determination of myosin thiols was
performed with myosin samples oxidized from 25 s to 24 h
(pH 5.0-7.8, I = 0.50) and in the presence of 5% SDS to avoid
myosin precipitation at the lower pH value. The thiol determi-
nation showed a significantly higher amount of free thiols in
nonoxidized myosin (approximately 30 nmol of thiols/mg of
myosin) in comparison to oxidized myosin (p < 0.001) (Figure
2). The major change in the amount of free thiol groups took
place within the first 25 s, and subsequent changes (after 1 and
24 h) were small and observed only at the highest and lowest
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pH values. Myosin oxidized for 25 s showed a minor pH
tendency with a significantly larger decrease in the thiol content
during the oxidation at pH 7.2 in comparison to pH 5.7 (p <
0.05). The greatest decrease in thiols of approximately 19 nmol
of thiols/mg of myosin was observed at pH 7.8 after 24 h of
oxidation, equivalent to a 65% decrease in myosin thiols. After
24 h of oxidation, a significantly higher decrease in myosin thiols
at pH 5.0 and 7.8 was observed compared to intermediate values
(» < 0.001). A control experiment with oxidized myosin at pH
6.1 and 7.6 in the absence of SDS confirmed that oxidation of
thiols in myosin is a fast reaction with a similar pH dependency
as in the presence of SDS (data not shown).

Detection of Radicals by ESR. Radicals were detected
during oxidation of myosin by hypervalent myoglobin using
the spin trapping technique with detection by ESR spectroscopy
(Figure 3). The ESR spectra of the PBN spin adducts had
features that closely resembled nitroxide centered powder
spectrum, which suggests the PBN adducts have a low rotational
mobility and therefore most likely are formed by trapping of
protein-centered radicals. Due to the lack of resolvable hyperfine
coupling constants in the obtained ESR spectra, the exact
identity of the initial protein radical cannot be determined.
However, in the study by Konczdl et al. (44) a similar
myosin—PBN spin adduct was formed by oxidation with Ce(IV),
which was assigned to a thiyl radical. The concentration of PBN
spin adducts increased linearly as a function of myosin
concentration (R> = 0.999) at room temperature (pH 7.4, 1 =
0.50) (Figure 3), which demonstrates that the formation of spin
adducts is closely linked to the oxidation of myosin.

The role of myosin thiol groups on the oxidation of myosin
was examined by blocking the cysteines in myosin with
NEM. A significant decrease (p < 0.001) in the amount of
PBN spin adducts was observed when NEM-treated myosin
was oxidized in comparison to oxidation of untreated myosin
(Figure 4). At high concentrations of NEM the same
concentrations of PBN spin adducts were formed by the
hypervalent myoglobin species in the presence and in the
absence of myosin (p > 0.05). This demonstrates that
the thiol groups on myosin play an important role in the
formation of radicals during the oxidation of myosin. NEM
treatment had only a small effect on the MbFe(Ill)/H,O,
radical-generating system as a minor decrease in radical
concentration of NEM-treated spin adducts was observed in
comparison to radical concentrations without the addition of
NEM. These myoglobin-derived spin adducts are most
likely due to reactions with histidine or o.-amino groups of
MbFe(III) (39, 40). "MbFe(IV)=0 radical species are known
to be either tyrosine- or tryptophan-centered (45), and the
pro-oxidative effects of the MbFe(III)/H,O, radical generating
system are therefore not expected to be strongly affected by
NEM.

Effect of pH and Ionic Strength on Myosin Radical
Formation. The ionic strength (0.16, 0.25, and 0.50) and pH
(5.1-7.4) affected the amount of detected spin adducts during
the oxidation of myosin oxidation (Figure 5A). The highest
amounts of myosin—PBN spin adduct were detected at the high
ionic strength, at which myosin exists primarily as free
monomers, in contrast to lower ionic strength, at which the
majority of myosin is bound as dimers and synthetic filaments
(46—48). The PBN spin adduct concentration of myosin-derived
radicals increased linearly with increasing pH at all three ionic
strengths. Control studies in which the hypervalent myoglobin
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Figure 3. (I) Radical formation («M PBN spin adducts) demonstrating oxidation of myosin by hypervalent myoglobin species. Myosin (0-46.8 «M) was
oxidized by 300 «M MbFe(lll) and 300 «M H,O, at room temperature (pH 7.4, I = 0.50). (Il) ESR spectra of control with MbFe(lll)/H.O,/PBN (A) and
myosin/MbFe(lll)/H.0./PBN (B) were recorded 25 s after initiation of oxidation at room temperature.
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Figure 4. Effect of thiol blocking by NEM on the formation of PBN spin
adducts during oxidation of myosin by hypervalent myoglobin species.
Myosin (23.5 uM) was treated with NEM (0-5 mM) before mixing with
MbFe(lll) (300 M), H.O, (300 «M), and PBN (30 mM) and ESR detection
of spin adducts (H). Control experiments were performed without myosin
(®). ESR spectra were recorded 25 s after initiation of oxidation at room
temperature (pH 7.0, / = 0.50) by the presence of 30 mM PBN.

species were generated in the absence of myosin gave signifi-
cantly lower amounts of spin adducts at all ionic strengths and
at all pH values except at pH 5.25 and I = 0.16 (Figure
5B).

Reduction of Hypervalent Myoglobin Species by Myosin.
The hypervalent myoglobin species used in the present study
to oxidize myosin are a mixture of "‘MbFe(IV)=0O and
MbFe(IV)=0 together with unreacted MbFe(IIl) as generated
by the activation of MbFe(Ill) with HyO, (4, 9, 49). "MbFe-
(IV)=0 and MbFe(IV)=0 are both able to oxidize proteins;
however, their reactivities and pH dependencies are very
different (42). Kinetic studies of "MbFe(IV)=O0 reactions are
complicated because the formation of ‘"MbFe(IV)=O0 is slow
compared to the reactions by which it decays. MbFe(IV)=O0 is
long-lived, and kinetic studies of the reactions of this species

are therefore more reliable. The reactions between (i) ‘"MbFe-
(IV)=0O/MbFe(IV)=O0 and myosin and between (ii) MbFe(IV)=0
and myosin were studied by UV—vis spectroscopy at 25 °C (pH
745, I = 0.16). It is well-known that the reactions of
MbFe(IV)=0 are pH-dependent (9). However, determination
of the effect of pH on the reduction of MbFe(IV)=0 by myosin
was not possible as myosin precipitates at lower pH values.
The product spectra showed that MbFe(IV)=0 was reduced to
MbFe(Ill) both in the absence (autoreduction) and in the
presence of myosin (Figure 6). Reduction of MbFe(IV)=0 was
clearly found to be accelerated by the presence of myosin in
comparison to the autoreduction of MbFe(IV)=O0 as evidenced
by the faster decrease in absorbance at 525-625 nm and faster
increase around 500 and 650 nm in the presence of myosin.

The amount of MbFe(IV)=O0 reduced after 1 h increased with
the concentration of myosin (Figure 7). This experiment could
be carried out with myosin concentrations only up to 12 uM
due to the limited solubility of myosin. Hence, an excess of
hypervalent myoglobin species relative to myosin had to be used
for these studies. A similar experiment was carried out by having
myosin present during the activation of metmyoglobin with
H,0,. However, in this experiment the concentration of hyper-
valent myoglobin species after 1 h was nearly independent of
the myosin concentration. As ‘MbFe(IV)=0 has the same
spectral characteristics as MbFe(IV)=O it is not possible to
separate the two species by UV-vis spectroscopy. In the
presence of both hypervalent myoglobin species, myosin reacted
primarily with "MbFe(IV)=0 to form MbFe(IV)=0, as no
change in the total concentration of hypervalent myoglobin
species was observed. On the other hand, in the experiment
containing only MbFe(IV)=O0, a decrease in the concentration
of hypervalent myoglobin species was observed, which is caused
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Figure 5. Effects of pH and ionic strength on the formation of spin adducts during myosin oxidation by hypervalent myoglobin species. Spin adducts
were detected by ESR 25 s after mixing myosin (46.8 uM) with MbFe(lll) (300 «M), H2O, (300 x«M), and PBN (30 mM) in buffers with ionic strengths
[ =0.50 (m), 0.25 (@), and 0.16 (a) (A). Control experiments were performed without myosin (B).
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corresponding to final concentrations of 100 «M. The direction of spectral change in relation to the initial spectrum is indicated by an arrow. (C) Relative
absorbance (588-700 nm) of MbFe(IV)=0 as a function of time (minutes) in the absence of myosin (®) and in the presence of 11.2 xM myosin (O).

70
60
504
40
304 m—_
T
20| i
6

species (uM)

104

8 10 12
R Winn YN
Figure 7. Concentration of hypervalent myoglobin species after mixing
MbFe(IV)=0 (30 x«M) with myosin (M) and after mixing MbFe(lll) (100
uM) with H,O, (100 «M) in the presence of myosin (®). Concentrations
are calculated on the basis of eq 1 after 60 min of reaction in the presence
of 0-12 uM myosin at 25 °C (pH 7.5, | = 0.16).

by the reduction of MbFe(IV)=0 to MbFe(Ill) in the presence
of a sufficient concentration of myosin when no "MbFe(IV)=0
is present.

DISCUSSION

Thiols are sensitive to oxidation and are generally believed
to be a major target for oxidation in proteins (/3). The present
study has shown that thiol groups play an important role when
myosin is oxidized by hypervalent myoglobin species. The
oxidation has been shown to lead to the formation of disulfide
cross-linked polymers of myosin and a corresponding major
reduction of the amount of free thiol groups. The amount of
radicals detected by the spin trapping technique during the
oxidation of myosin was proportional to the myosin concentra-
tion, indicating that the detected spin adducts were myosin-
derived radicals. Additionally, blocking of thiol groups with
NEM reduced the amount of spin adducts, indicating that the
formed myosin radical species were thiol-derived. Thiol-centered
radical formation on myosin is consistent with the study of
Konczol et al. (44), who demonstrated that myosin thiols are
involved in the oxidation of myosin by reaction with the
oxidizing agent Ce(IV). The proposed thiol-derived myosin
radicals, initially generated by hypervalent myoglobin species,
were observed to be short-lived, as evaluated by ESR spectros-
copy. Due to the reactivity of the formed myosin radicals and
the rapid loss of thiol groups in myosin, as demonstrated in the
present study, cross-linking of myosin is likely to occur
immediately upon radical formation. It is noteworthy that the
ESR study of myosin radical formation and thiol determination,
both reflecting early oxidative events, and the study of inter-

molecular disulfide cross-linking upon myosin oxidation, re-
flecting late events (end product formation), support the same
conclusion of thiols as the reactive site in myosin.

The reaction between "MbFe(IV)=0 and myosin has previ-
ously been found to be concentration-dependent (reaction 2)
(17). In the present study a radical-generating system consisting
of exclusively MbFe(IV)=O was applied, and reduction of
MbFe(IV)=0 to MbFe(Ill) was found to depend on myosin
concentration, indicating that MbFe(IV)=0O0 reacts directly with
myosin (reaction 3). Small amounts of hypervalent myoglobin
species, whether "MbFe(IV)=0 or MbFe(IV)=0, may therefore
efficiently be reduced to MbFe(III) if myosin is present in excess
concentrations, as is normally the case in meat.

myosin-SH + *MbFe(IV) = O — myosin-S* +
MbFe(IV)=0+H" (2

myosin-SH + MbFe(IV) = O + H" — myosin-S* +
MbFe(ll) + H,O (3)

The observed intermolecular disulfide cross-link of myosin,
formed as the major oxidation product after treatment of
myosin with hypervalent myoglobin species, has also been
demonstrated in model systems exposing myofibrillar protein
fractions or purified myosin to hydroxyl radical-generating
systems (27, 29, 30). In contrast, hypervalent myoglobin species
have previously been reported to mainly cause formation of
intermolecular dityrosine bonds in myosin, but notably, forma-
tion of disulfide cross-linking was not investigated (16, 18).
However, in the study by Morzel et al. (37), dityrosine formation
and loss of thiol groups was observed after oxidation of
myofibrillar proteins with a hydroxyl radical-generating system,
indicating that both disulfide and dityrosine formation might
have occurred. In the present study and in our previous study
(17) both reducible (disulfides) and nonreducible (assigned to
dityrosine) cross-links were observed in oxidized myosin
samples, indicating oxidation of other amino acid side chains
apart from the cysteine.

During the first 25 s of reaction (referred to as early oxidation
events in the following), myosin was concluded to be more
sensitive toward oxidation by hypervalent myoglobin species
at physiological pH (~7.4) than at pH representative for meat
products (pH 5.5-6.0). This conclusion was based on the
increased formation of myosin—PBN spin adducts (Figure 5)
and a significantly higher loss of thiol groups in myosin at pH
7.2 in comparison to 5.7 (p < 0.05) 25 s after the initiation of
oxidation (Figure 2). Increased oxidative modification of myosin
at physiological pH is consistent with myosin thiols to be of
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importance regarding initiation of oxidation by hypervalent
myoglobin species. The thiol anion (RS™) is the most reactive
form of sulfur compounds (50), and conversion of myosin thiols
into its deprotonated form (RS™) is more pronounced at
physiological pH in comparison to pH representative for meat
systems (pK, of cysteine in proteins is 9-9.5) (57). In contrast,
MbFe(IV)=0 was expected to be a stronger oxidant toward
myosin at pH representative of meat systems in comparison to
physiological pH [pK, of MbFe(IV)=O0 is 5.2 as determined in
a study based on 2,2-azinobis(3-ethylbenzthiazoline-6-sulfonate)
(52)], as the protonated form of MbFe(IV)=O0 is more reactive
toward reducing substrates in comparison to the nonprotonated
MbFe(IV)=0 (42, 53, 54). However, increased oxidative
modification of myosin at pH 5.5-6.0 compared to pH 7 was
not observed in the present study during the early oxidation
events, as evaluated by myosin—PBN spin adduct formation
(Figure 5) and decrease in thiol concentration (Figure 2) 25 s
after the initiation of oxidation. The reaction between
‘MbFe(IV)=0 and myosin is fast, and the reactivity of
‘MbFe(IV)=0 toward other proteins has previously been found
to be less pH dependent compared to the reactivity of
MbFe(IV)=0 (42). The lack of increased oxidation of myosin
at lower pH values observed in the present study may be due
to the fact that both hypervalent myoglobin species are present
in the reaction solution, with ‘"MbFe(IV)=O0 being more reactive
than MbFe(IV)=O0 as discussed previously.

As for the late oxidation events, additional loss of thiol groups
in myosin was observed after 1 and 24 h at pH 5.0 and 7.8, but
not at the intermediate pH values studied (p < 0.001). At pH
representative of meat systems (5.7), a 28% decrease of myosin
thiols was observed 25 s after the initiation of oxidation, in
comparison to a 38% decrease obtained after 24 h. This suggests
that thiol-centered myosin oxidation occurs shortly after the
initiation of oxidation and increases only slightly up to 24 h.
This indicates that the early oxidation events are more pH
dependent than the late oxidation events for myosin. Consis-
tently, no difference in the extent of intermolecular myosin
disulfide bonding was observed 1 h after oxidation of myosin
at pH 5.0, 6.4, and 7.8 by SDS-PAGE analysis. Hence, the
choice of pH of the model system to simulate conditions of
meat was demonstrated to be of minor importance for the
oxidative sensitivity of myosin.

The ionic strength of the model system was found to be
important for the oxidative sensitivity of myosin. At I = 0.50
the majority of myosin is present as monomers (48), which were
demonstrated to be more sensitive toward oxidation in com-
parison to the synthetic myosin filaments (mainly present at /
= 0.16) as higher concentrations of myosin radical spin adducts
were detected at / = 0.50 than at / = 0.16. This difference could
be explained by better access of hypervalent myoglobin species
to the myosin molecule at higher ionic strength, at which the
majority of myosin is present as monomers.

Mainly on the basis of ESR spectroscopy it was possible to
identify two steps in myosin oxidation by hypervalent myoglobin
species at pH values that are relevant to meat during storage.
The initial step including radical formation was somewhat
dependent on pH but strongly dependent on ionic strength,
whereas the following step involving cross-linking of myosin
was independent of pH. Early oxidation events (radical forma-
tion and loss of thiols shortly after the initiation of oxidation)
regarding myosin were more pH dependent than late oxidation
events (cross-linking and loss of thiols <1 h after initiation of
oxidation). Hence, myosin thiols are suggested to be the main
target of oxidative modification by hypervalent myoglobin
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species, resulting in intermolecular disulfide cross-linking, which
has previously been related to reduced tenderness of meat (24)
and changed functional properties of meat products (25-27).

ABBREVIATIONS USED

ATP, adenosine triphosphate; DTNP, 2,2’-dithiobis(5-nitro-
pyridine); DTT, dithiothreitol; EDTA, ethylenediaminetetraace-
tic acid; EGTA, ethylenebis(oxyethylenenitrilo)tetraacetic acid;
ESR, electron spin resonance; MbFe(IlI), metmyoglobin;
MbFe(IV)=0, ferrylmyoglobin; ‘MbFe(IV)=0, perferrylmyo-
globin; MES, 2-[N-morpholino]ethanesulfonic acid; NEM, N-
ethylmaleimide; PBN, N-tert-butyl-o-phenylnitrone; SDS, so-
dium dodecyl sulfate; SDS-PAGE, SDS—polyacrylamide gel
electrophoresis; TEMPO, 2,2,6,6-tetramethylpiperidine 1-oxyl;
tricine, N-[tris(hydroxymethyl]methyl)glycine; Tris, tris(hy-
droxymethyl)aminomethane.
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