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ABSTRACT: Protein oxidation in fish meat is considered to affect negatively the muscle texture. An important source of free
radicals taking part in this process is Fenton’s reaction dependent on ferrous ions present in the tissue. The aim of this study was to
investigate the susceptibility of cod muscle proteins in sarcoplasmic and myofibril fractions to in vitro metal-catalyzed oxidation and
to point out protein candidates that might play a major role in the deterioration of fish quality. Extracted control proteins and
proteins subjected to free radicals generated by Fe(Il)/ascorbate mixture were labeled with fluorescein-S-thiosemicarbazide
(FTSC) to tag carbonyl groups and separated by two-dimensional gel electrophoresis. Consecutive visualization of protein carbonyl
levels by capturing the FTSC signal and total protein levels by capturing the SyproRuby staining signal allowed us to quantify the
relative change in protein carbonyl levels corrected for changes in protein content. Proteins were identified using MALDI-TOF/
TOF mass spectrometry and homology-based searches. The results show that freshly extracted cod muscle proteins exhibit a
detectable carbonylation background and that the incubation with Fe(II) /ascorbate triggers a further oxidation of both sarcoplasmic
and myofibril proteins. Different proteins exhibited various degrees of sensitivity to oxidation processes. Glyceraldehyde
3-phosphate dehydrogenase (GAPDH), nucleoside diphosphate kinase B (NDK), triosephosphate isomerase, phosphoglycerate
mutase, lactate dehydrogenase, creatine kinase, and enolase were the sarcoplasmic proteins most vulnerable to ferrous-catalyzed
oxidation. Moreover, NDK, phosphoglycerate mutase, and GAPDH were identified in several spots differing by their pI, and those
forms showed different susceptibilities to metal-catalyzed oxidation, indicating that post-translational modifications may change the
resistance of proteins to oxidative damage. The Fe(Il)/ascorbate treatment significantly increased carbonylation of important
structural proteins in fish muscle, mainly actin and myosin, and degradation products of those proteins were observed, some of them

exhibiting increased carbonylation levels.
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B INTRODUCTION

Protein oxidation is considered to be a deteriorative process in
muscle-based foods during processing and storage, being mainly
associated with discoloration and adverse textural changes such
as loss of tenderness and juiciness." Fish muscle is particularly prone
to suffering oxidative deterioration due to its elevated proportion of
highly oxidizable long-chain n-3 polyunsaturated fatty acids
(PUFA), principally eicosapentaenoic acid (EPA, 20:5 n-3)
and docosahexaenoic acid (DHA, 22:6 n-3).>* Lipid peroxida-
tion byproduct (free radicals, hydroperoxides, and aldehydes),
redox active metals, and reactive oxygen species (hydroxyl radical,
singlet oxygen, and hydrogen peroxide) are considered to be major
promoters of the oxidative damage in proteins."*

Protein carbonylation is certainly the most employed marker
of protein oxidation. Protein carbonyls can be formed directly by
oxidation of the side chains of several amino acids, such as lysine,
arginine, proline, and histidine, or by reaction of proteins with lipid
oxidation products and advanced glycation end products, which
can be attached to the proteins by Michael addition or Schiff base
formation.>~® The reaction of protein carbonyls with 2,4-dini-
trophenylhydrazine (DNPH) to form 2,4-dinitrophenylhydra-
zones (DNP) is a routine method for assessing protein oxidation.
The direct measurement of the optical absorbance of DNP at
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370 nm (e = 22000 M~ ' em ™ ")? has a reduced sensitivity and
reproducibility because of interferences from nonreacted DNPH
or chromophores such as heme proteins and carotenoids.'”""
Moreover, the colorimetric DNPH assay does not allow the
individual identification of the oxidized proteins. Western blots
directed to the protein—DNPH derivatives can solve these limita-
tions in the analysis of protein carbonylation."”” However, immu-
noblot-based procedures have disadvantages such as high cost and
possible protein loss during protein transfer from the gel electro-
phoresis to the membrane and are time-consuming. Recently,
alternative methodologies derived from avidin/biotin affinity, 13,14
derivatization with Girard P reagent,"® and labeling with fluor-
escein-S-thiosemicarbazide (FTSC)'® have been successfully
combined with proteomic techniques to identify carbonylated
proteins in biological samples.

Nowadays, many of the investigations still employ the direct
spectrophotometric measurement of protein—DNPH deriva-
tives to assess protein oxidation in meat-based foods.'”~'* More
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advanced procedures based on Western blotting directed to
protein—DNPH derivatives have been attempted to identify
specific carbonylated proteins in chicken meat,”° lamb meat,*!
and fish muscle.”> >* Recently, fluorescent labeling combined
with gel electrophoresis has also been successfully used to detect
carbonylated proteins in fish muscle.® However, despite all
efforts focused on understanding protein oxidation in meat-
based foods, important aspects about the mechanisms of the
oxidative degradation of proteins and their implication on meat
quality remain to be elucidated.”® More studies are also needed to
identify the role of lipid—protein interactions in the protein
oxidation processes, as well as to characterize the principal catalysts
of protein oxidation in meat. The incorporation of recent technical
advances in proteomic tools in the field of food science is
proposed to generate valuable high-throughput data that reveal
both the pathways of protein oxidation and effective inhibitory
treatments in meat-based foods.

The aim of the present study was to investigate the suscept-
ibility of fish proteins to metal-catalyzed oxidation (MCO). With
this purpose, isolated sarcoplasmic and myofibril proteins from
cod (Gadus morhua) muscle were individually treated with an
iron(II)/ascorbate oxidation generating system. The carbonyla-
tion level of proteins subjected to MCO and control proteins
(nontreated) was monitored by derivatization of carbonyl groups
with FTSC. FTSC labeling allows visualization and quantification
of the relative amount of protein carbonyls on gels by fluorescent
detection and optical density measurements. Proteins were sepa-
rated using two-dimensional gel electrophoresis (2-DE) and
identified using matrix-assisted laser desorption—ionization
time-of-flight (MALDI-TOF/TOF) mass spectrometry.

B MATERIALS AND METHODS

Materials. Fresh Atlantic cod (G. morhua) was obtained from a local
market and directly transported on ice to the laboratory. FTSC and
Sypro Ruby protein gel stain were purchased from Molecular Probes
(Junction City, OR). Protease inhibitor cocktail tablets were from Roche
(Mannheim, Germany). Dithiothreitol (DTT), trichloroacetic acid
(TCA), Tris-HCl, 3,3-cholaminopropyldimethylammonio-1-propane-
sulfonate (CHAPS) were purchased from Sigma (St. Louis, MO). Urea
and thiourea were respectively obtained from ICN Biomedicals (Irvine,
CA) and Fluka (Buchs, Switzerland). Sodium dodecyl sulfate (SDS) and
Serdolit MB-1 were from Serva (Heidelberg, Germany). Glycerol was
obtained from Merck (Darmstadt, Germany). Immobilized pH-gradient
strips covering pH 3—11 NL (18 cm), Pharmalyte 3—10, and deStreak
reagent were purchased from GE Healthcare Science (Uppsala, Sweden).
Forty percent acrylamide and 2% bis(N,N'-methylene )-bis(acrylamide)
were from Bio-Rad (Hercules, CA). All other chemicals were of reagent/
analytical grade, and water was purified using a Milli-Q system (Millipore,
Billerica, MA).

Extraction of Sarcoplasmic and Myofibril Proteins. Sarco-
plasmic (low-salt-soluble) and myofibril (high-salt-soluble) proteins were
isolated from cod light muscle. For this purpose, light muscle was minced
and homogenized with S volumes of 10 mM Tris-HCI, pH 7.2, using an
Ultra-Turrax high-performance disperser. The homogenate was centri-
fuged at 5000g (4 °C, 15 min). The supernatant was used to obtain
sarcoplamic proteins, and the pellet was employed to prepare the
myofibril protein fraction. The sarcoplasmic fraction was further cen-
trifuged at 130000g (4 °C, 30 min), and the supernatant was collected,
whereas the pellet, composed of phospholipids and other membrane
components, was discarded. The myofibril proteins were isolated by
homogenizing the pellet from the first centrifugation with a saline
solution (0.6 M NaCl, 10 mM Tris buffer, pH 7.2) and collecting the

supernatant obtained after centrifugation at 4500¢ (4 °C, 15 min).
Sarcoplasmic and myofibril fractions were stored in the presence of a
protease inhibitor cocktail at —80 °C until use. The concentration of
protein was measured by using the Bradford assay.”’

Metal-Catalyzed Oxidation of Protein Fractions and FTSC
Labeling of Protein Carbonyls. Carbonyl residues on proteins
were activated via a metal-catalyzed reaction with Fe(II) and ascorbate.
Protein fractions (final concentration = 2.5 mg of protein/mL) were
treated with FeCl, -4H,0 (24 uM) and sodium ascorbate (6 mM) in a
buffer solution containing SO mM Hepes, pH 6.0, 100 mM MgCl,,
100 mM KCl], and 3 M guanidine. The samples were incubated for 2 h in
the dark at room temperature. To stop the oxidation reaction, 3 uL of
EDTA (0.25 M) was added to 600 L of protein solution (2.5 mg/mL).
The labeling and washing of protein carbonyls was performed by
following a published protocol.'® Proteins were incubated with 1 mM
FTSC at 37 °C for 2 h and 15 min in the dark. The proteins were then
precipitated with an equal volume of 20% chilled TCA and centrifuged at
16000g (25 °C, S min). The pellets were washed five times with ethanol/
ethyl acetate (1:1), and the final pellets were dissolved in urea buffer
(7 M urea, 2 M thiourea, 2% CHAPS, 0.4% DTT, 0.5% Pharmalyte
3—10,and 0.5% IPG 3—10 buffer). Protein concentration was measured
by using the Bradford assay.”’

2-D Gel Electrophoresis. Isoelectric focusing and 2-DE were
performed as described before.”® Briefly, approximately 500 ug of proteins
was applied to IPG 3—11 NL strips by reswelling overnight with a final
volume of 300 #L per gel. Focusing on IPG strips was performed on a
Multiphor II electrophoresis unit (GE Healthcare Science, Uppsala,
Sweden) at 20 °C using a voltage/time profile linearly increasing from
0to 600 V for 2 h and 15 min, from 600 to 3500 V for 4 h, and at 3500 V
for 1 h and 28 min. After focusing, strips were equilibrated twice for 15
min in equilibration buffer (6 M urea, 2% SDS, 30% glycerol, S0 mM
Tris-HCl, pH 8.8, 1% DTT). For convenience, the strips were kept
frozen at —80 °C between the two equilibration steps.

SDS-PAGE second-dimension gel electrophoresis was performed
using a vertical Protean II System (Bio-Rad Laboratories) and labora-
tory-made 12.5% (w/v) acrylamide gels (acrylamide:N,N'-ethylene-
bis(acrylamide) ratio 200:1). The gels were run overnight at a constant
current setting (6 mA/gel for 2 h and 10 mA/gel for approximately 16 h)
at 20 °C. The running buffer was an aqueous solution composed of
0.67% (w/v) Tris-base, 1.44% glycine, and 0.1% SDS. After gel electro-
phoresis, the gels were fixed with 45% methanol and 7.5% acetic acid
(1h, at room temperature) and scanned using a Typhoon 9400 scanner
(Amersham Biosciences, Uppsala, Sweden) using blue excitation
mode (488 nm) and an 520 nm band-pass filter (520 BP 40). After the
fluorescence signal from FTSC residues in the proteins had been
measured, the gels were stained for 3 h with Sypro Ruby dye to visualize
the total protein content. The fluorescence image scanner Typhoon
9400 was set to green excitation mode (532 nm), and an emission band-
pass filter of 610 nm (610 BP 30) was used to scan the Sypro Ruby-
associated fluorescence on gels.

In-Gel Digestion of Protein Spots. Spots containing the pro-
teins of interest were manually excised from gels and were washed first
with deionized water and then with 100% acetonitrile for § and 15 min,
respectively. This washing step was repeated twice. The gel plugs were
dehydrated in a vacuum centrifuge and rehydrated with a solution of 2%
trypsin (Promega Inc., Madison, WI) in SO mM NH,HCO;, at 4 °C.
After 20 min, the excess trypsin solution was removed, 30 4L of 50 mM
NH4HCO; was added, and digestion proceeded at 37 °C overnight,
followed by storage at —20 °C until use. Peptide desalting was performed
on custom-made reverse-phase microcolumns, prepared with R2
resin (Perseptive Biosystems Inc., Framingham, MA) as described
elsewhere.”” The peptide solution, obtained from digestion of each spot,
was loaded onto the microcolumn, followed by washing with 10 #L of
1% trifluoroacetic acid (TFA). Bound peptides were eluted with
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Figure 1. 2-DE of cod sarcoplasmic proteins. Images were visualized by total protein stain (Sypro Ruby) to show the protein pattern of nonoxidized
sarcoplasmic proteins (A) and those subjected to ferrous-catalyzed oxidation (B). Protein carbonyls were visualized by the FTSC staining of identical
gels of nonoxidized sarcoplasmic proteins (C) and those subjected to ferrous-catalyzed oxidation (D). Proteins were separated using IPG 3—11 NL gels
in the first dimension (horizontal) and 12.5% polyacrylamide gels in the second dimension (vertical). Circles and numbers indicate proteins that have

been identified by MALDI-MS/MS and are listed in Table 1.

0.8 uL of matrix solution (S ug/uL of a-cyano-4-hydrocinnamic acid in
70% acetonitrile and 0.1% TFA) directly onto the matrix-assisted laser
desorption ionization (MALDI) target plate. Peptide mass spectra were
acquired in positive reflector mode on a 4700 Plus MALDI TOF/TOF
Analyzer (Applied Biosystems, Foster City, CA) using 20 kV of accelera-
tion voltage. Each spectrum was obtained with a total of 800 laser shots
and was externally calibrated using peptides derived by tryptic digestion
of f-lactoglobulin. Tandem mass spectra were acquired using the same
instrument in MS/MS positive mode. From the raw data output, peak
lists were generated by Data Explorer (Applied Biosystems). MS and MS/
MS peak lists were combined into search files and used to search NCBI
databases using the Mascot search engine (Matrix Science Ltd., London,
U.K.). Search parameters were as follows: database, NCBInr version
20100602; taxonomy, vertebrates; enzyme, trypsin; allow up to 1 missed
cleavage; fixed modifications, none; variable modifications, methionine
oxidation; peptide mass tolerance, 70 ppm; and fragment mass toler-
ance, 500 ppm. If the spectrum clearly indicated the presence of peptides
(contained at least three intense peaks) and no protein was found
matching the spectrum, the remaining sample was derivatized by adding

7 uL of 10 ug/uL of 4-sulfophenyl isothiocyanate dissolved in 20 mM
NaHCOj;, pH 8.6. The reaction was carried out for 30 min at 50 °C and
terminated using 1 4L of 1% TFA. The mixture was then loaded on the
chromatographic column (as described above), eluted on the target, and
analyzed on a 4800 Proteomics Analyzer (Applied Biosystems). Deri-
vatized peptides (showing a mass difference of 215 Da compared to the
original MS spectra) were sequenced using air as a collision gas. The
obtained spectra of fragment ions were analyzed either manually or using
the AminoCalc program (Protana A/S, Denmark) to find the distance
between fragment ions and the amino acid sequences. The obtained
sequences were used to search the NCBI protein database using MS
BLAST Search at EMBL.*

Image Analysis. 2-DE protein patterns were analyzed by using
PDQuest software version 7.1 (Bio-Rad) to locate and match the protein
spots among the gels. Protein quantities or carbonylation levels were
expressed as parts per million (ppm) of the total integrated optical density
of each gel. To quantify the observed changes in protein species
abundance and protein carbonylation between oxidized and nonoxi-
dized protein fractions, we have calculated three different parameters:
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Figure 2. Relationship between the abundance of cod sarcoplasmic proteins and their susceptibility to ferrous-catalyzed oxidation. Bar heights indicate
the relative concentration of each protein based on the intensity of the Sypro Ruby staining. Proteins with detectable carbonylation levels in the absence/
presence of the oxidizing system are shown as black bars, whereas proteins without significant oxidation are shown as white bars.

protein fold, oxidation fold, and oxidation index. Protein folds have been
calculated from the Sypro Ruby gels by dividing protein abundance
observed in oxidized and nonoxidized protein fractions and characterize
the change in the protein species content before and after oxidation.
Oxidation folds have been obtained from FTSC-stained gels by dividing
levels of protein carbonyls observed in oxidized and nonoxidized samples
and describe the change in protein carbonylation between those samples.
Finally, oxidation index has been calculated by normalizing the increase
in protein carbonyl content (oxidation fold) to the corresponding increase
in protein content (protein fold). Some protein spots were present only in
one of the analyzed conditions. To calculate the protein folds for those
protein spots we have included “empty” spots copied from the Sypro
Ruby protein pattern where the spot was visible over to the other one,
thus including gel background in the calculation, which is a widely
accepted practice in 2-DE image analysis. The oxidation folds were
calculated in a similar way when protein oxidation was not observed in
control samples. Oxidation fold was then the rate between the FTSC
signal of the Fe(II)/ascorbate-treated proteins and the FTSC background
of the control samples.

Statistical Analysis. The experiments were performed twice, and
all types of samples (treated and not treated with MCO) were prepared
in triplicate and run in three different 2-DE gels. The mean and standard
deviation were calculated, and statistical significance was assessed using a
one-tailed Student's ¢ test among three independent replicates (n = 3).
Differences were considered to be significant at a critical p value of <0.0S.
Statistical analyses were performed using Statistica 6.0 software (Statsoft
Inc., Tulsa, OK).

B RESULTS AND DISCUSSION

The vulnerability of sarcoplasmic and myofibril proteins from
cod skeletal muscle to metal -catalyzed oxidation was evaluated

by comparing carbonyl levels in isolated muscle protein fractions
treated with a continuous source of ferrous ions from the Fe(II)/
ascorbate system with control protein fractions not subjected to
metal-catalyzed oxidation. Protein carbonylation was detected on
2-DE gels by FT'SC staining that labels the carbonyl residues with
fluorescence in a quantitative manner.'® The protein spots of
interest were identified by protein fingerprints (PMF) and
peptide sequencing (MS/MS) using MALDI-TOF/TOF mass
spectrometry.

Protein Oxidation in the Sarcoplasmic Protein Fraction.
Ferrous ions can promote oxidation through a Fenton-type
mechanism to produce highly reactive hydroxyl radicals (" *OH)
by reaction with hydrogen peroxide (H,0,).*>" Ferrous ions may
also participate in the formation of H,O,, because they can react
with molecular oxygen to generate superoxide radicals (O, ),
which develop dismutation to generate H,0,.*' These reactions
transform ferrous ions to ferric ions, which are recycled to the
former ferrous state by the reducing ascorbate.

The incubation of sarcoplasmic proteins with the Fe(1l)/
ascorbate-based oxidation generating system provoked few
changes in the 2-DE pattern of proteins as visualized by Sypro
Ruby staining (Figure 1). An additional spot (marked with a
triangle in Figure 1B) was found next to one assigned to nucleoside
diphosphate kinase B (spot 3s) in the oxidized sarcoplasmic
fraction. This new spot was also observed on the 2-D gel pattern
of the oxidized myofibril proteins (protein spot 29m), being
identified as a fragment of the nucleoside diphosphate kinase B
(Figure 2B). Moreover, incubation of proteins with the Fe(1I)/
ascorbate-based oxidation generating system altered the abun-
dance level of seven protein spots. Protein spots 3s and 8s,
identified respectively as nucleoside diphosphate kinase B and
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Table 2. Quantification of Changes in Protein Species Content and Carbonylation Level as a Consequence of the Incubation of
the Sarcoplasmic Protein Fraction to Ferrous-Catalyzed Oxidation

spot no. identification NCBI accession no. protein fold*,” oxidation fold®® oxidation index
3s nucleoside diphosphate kinase B gi|158705971 1.77 £0.08** 3.70+£0.35** 2.10
6s peroxiredoxin-1 gi|213512853 0.97 £0.31 0.23 +0.04* 0.24
7s triosephosphate isomerase gi[225716614 0.90 4 0.06 2.024+0.38* 2.25
8s triosephosphate isomerase B gi|47271422 248 +0.34** 3.30 £ 0.03** 1.33
9s triosephosphate isomerase B gi|47271422 1.01+0.11 0.59£0.17 0.58
11s phosphoglycerate mutase 2-2 gi[213515184 0.53 4 0.02*** 1.76 £0.28 3.34
phosphoglycerate mutase 2-1 gi|213515006
15s glyceraldehyde 3-phosphate dehydrogenase gi[25989185 1.00£0.33 4.75 £ 1.02** 4.76
16s lactate dehydrogenase A chain gi|17433116 0.93£0.05 2.71£0.26" 2.93
18s creatine kinase gi|13274539 1.05£0.11 2.35+£0.22" 224
19s creatine kinase muscle isoform 2 gi|31322099 1.24+£0.15 0.83+0.08 0.67
20s creatine kinase gi|13274539 1.34£0.11% 218 £0.22** 1.62
21s creatine kinase-3 gi|197632385 0.97 £0.02 2.12 £0.07°* 2.19
22s actin, aortic smooth muscle gi|47086797 1.44 £0.14* 1.6140.36* 112
24s unnamed protein product gi[47210809 1.63 £0.25* 1.80 £0.21* 1.10
25s f-enolase-1 gi|11999263 0.82 £ 0.09* 2.2740.53" 2.78
29s pyruvate kinase gi|213512270 0.69 £0.27 1.18+0.26 1.72
31s unnamed protein product gi[47227171 0.84+0.33 1.46 £0.74 1.71

(similar to glycogen phosphorylase)
? Protein fold between sarcoplasmic proteins subjected to ferrous-catalyzed oxidation and those not incubated with ferrous (controls) are calculated
from quantification from the Sypro Ruby-stained 2-DE gels. ” Protein carbonylation levels between ferrous-treated sarcoplasmic proteins and those not
treated (controls) were found to be significantly different at <0.05 (*), <0.005 (**), or <0.0005) (***). © Oxidation fold between sarcoplasmic proteins
subjected to ferrous-catalyzed oxidation and those not incubated with ferrous (controls) are calculated from quantification of FTSC-stained 2-DE gels.

4 Oxidation indices correspond to the oxidation fold normalized to the corresponding protein fold.

triosephosphate isomerase, showed a significant (p < 0.005)
overexpression in oxidized samples (Table 2). The intensities of
protein spots 20s (creatine kinase), 22s (actin), and 24s (unnamed
protein product) also increased significantly (p < 0.05). In
contrast, the content of protein spots 11s (phosphoglycerate
mutase) and 25s (-enolase-1) decreased after oxidation.
FTSC-stained 2-D gels showed a low degree of carbonylation
in sarcoplasmic proteins in control protein fractions (Figure 1C).
Detectable levels of carbonylation were observed for proteins
identified as nucleoside diphosphate kinase B (spot 3s), perox-
iredoxin-1 (spot 6s), triosephosphate isomerase (spots 8s and
9s), phosphoglycerate mutase (spot 11), glyceraldehyde 3-phos-
phate dehydrogenase (spot 15s), lactate dehydrogenase A chain
(spot 16s), creatine kinase (spots 18s, 19s, 20s, and 21s), actin
(spot 22s), unnamed protein product (spot 24s), [3-enolase-1
(spot 25s), pyruvate kinase (spot 29s), and an unnamed protein
product similar to glycogen phosphorylase (spot 31s) (Figure 1C
and Table 1). The elevated level of carbonyl groups detected in
the control samples of some low abundant proteins is note-
worthy, for example, spots 3s (nucleoside diphosphate kinase B
isoform), 6s (peroxiredoxin-1), 8s (triosephosphate isomerase B
\ sarcoplasmic proteins also revealed the lack of carbonylation in
several high abundant proteins, as in the case of protein spots
assigned to nucleoside diphosphate kinase B (spot 2s), triose-
phosphate isomerase (spots 7s), and glyceraldehyde 3-phosphate
dehydrogenase (spot 14s) (Figures 1C and 2). Therefore, the
susceptibility of several sarcoplasmic proteins from cod that have
a considerable background of carbonyl groups even under non-
oxidizing conditions does not appear to be concentration-depen-
dent. Kjaersgard et al.**** have reported important levels of
protein carbonyls in the sarcoplasmic and the total protein

fraction of fresh rainbow trout muscle tissues, and those basal
contents of protein carbonyls were found to be increased during
storage. Kinoshita et al.” have also observed an important incre-
ment of protein carbonylation level during the storage of bonito
muscle tissue.

The incubation of the sarcoplasmic fraction with the Fe(1l)/
ascorbate-based oxidation generating system significantly in-
creased carbonylation for some of the detected proteins
(Figure 1D). Previous investigations have described the formation
of protein carbonyls under exposure to MCO in bovine serum
albumin (BSA)** and in numerous cytosolic proteins from liver
tissue'® and have reported a high correlation between the iron
content and the extent of protein oxidation.>® The image analysis
of FTSC-stained 2-DE gels by the software PDQuest allowed us
to measure the optical density of all the spots detected and was
used to quantify the changes in the protein abundance and
oxidation levels. The observed changes were expressed as protein
fold, the change in the total protein content before and after
oxidation; oxidation fold, the change in protein carbonylation
between those samples; and oxidation index, calculated by normal-
izing the increase in protein carbonyl content (oxidation fold) to
the corresponding increase in protein content (protein fold)
(Table 2). The incubation of the sarcoplasmic fraction with the
Fe(II)/ascorbate-based oxidation generating system provoked
the highest increment of carbonylation (4.75-fold) between
treated and nontreated samples for protein spot 15s (glyce-
raldehyde 3-phosphate dehydrogenase) (Table 2). The highest
observed oxidation index in this study clearly indicates that
glyceraldehyde 3-phosphate dehydrogenase is highly susceptible
to MCO. Isoforms corresponding to nucleoside diphosphate
kinase B (spot 3s) and triosephosphate isomerase (spot 8s)

7969 dx.doi.org/10.1021/jf201080t |J. Agric. Food Chem. 2011, 59, 7962-7977
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Figure 3. 2-DE of cod myofibril proteins. Images were visualized by total protein stain (Sypro Ruby) to show the protein pattern of nonoxidized
myofibril proteins (A) and those subjected to ferrous-catalyzed oxidation (B). Protein carbonyls were visualized by the FTSC staining of identical gels of
nonoxidized myofibril proteins (C) and those subjected to ferrous-catalyzed oxidation (D). Proteins were separated using IPG 3—11 NL gels in the first
dimension (horizontal) and 12.5% polyacrylamide gels in the second dimension (vertical). Circles and numbers indicate proteins that have been
identified by MALDI-TOF/TOF mass spectrometry and are listed in Table 2.

showed also an important increment (3.3—3.7-fold) in the carbo-
nylation levels. The oxidation was not as increased (2—3-fold)
for other isoforms of triosephosphate isomerase (spot 7s), lactate
dehydrogenase (spot 16s), creatine kinase (spots 18s, 20s, and
21s) and enolase-1 (spot 2Ss), although these proteins also
exhibited a high oxidation index (2.10—3.34), which confirms their
vulnerability to MCO. The exception is protein spot 8s, which
showed an oxidation index of 1.33 related to its much higher
content (approximately 2.5-fold) in oxidized samples. Peroxir-
edoxin-1 was the only protein spot that showed significantly
decreased carbonylation levels in oxidized samples (Table 2).
The results also revealed proteins highly resistant to MCO.
Proteins in spots 2s (nucleoside diphosphate kinase B isoform), 7s
(triosephosphate isomerase isoform), and 14s (glyceraldehyde
3-phosphate dehydrogenase) did not exhibit detectable carbo-
nylation under the treatment of the Fe(II)/ascorbate-based
oxidation generating system despite their relatively high abun-
dance (Figure 1D).

A remarkable finding was the isoform-dependent behavior
of the proteins. In our study, we observed different oxidative

susceptibilities of isoforms from nucleoside diphosphate kinase B
(spots 1s, 2s, and 3s), phosphoglycerate mutase (spots 10s and
11s), and glyceraldehyde 3-phosphate dehydrogenase (spot 14s
and 15s) (Figure 1 and Table 2). NDK exchanges phosphate
groups among different nucleoside diphosphates. Phosphogly-
cerate mutase is a glycolytic transferase enzyme that catalyzes the
conversion of 3-phosphoglycerate (PG) into 2-PG. Glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) is an important
glycolytic enzyme that transfers a phosphate group to the glycer-
aldehyde 3-phosphate. All of these proteins have in common that
they display different phosphorylation states, which could explain
the differences in isoelectric point between the different spots
observed. Phosphorylation results in a more acidic isoelectric
point. In the case of NDK B, the isoform 3s with a lower isoelectric
point showed higher carbonyl levels under Fe(II)/ascorbate
treatment than the most abundant isoforms with higher iso-
electric point, spots 1s and 2s. Phosphate groups are potential
binding sites for metal ions; thus, phosphorylation might favor
MCO by facilitating a closer contact between the pro-oxidant
agent and the protein. A similar reasoning can be employed to

7970 dx.doi.org/10.1021/jf201080t |J. Agric. Food Chem. 2011, 59, 7962-7977
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explain the strongest oxidative vulnerability of the most acidic
isoforms of phosphoglycerate mutase (spot 11s) and glyceralde-
hyde 3-phosphate dehydrogenase (spot 1Ss), indicating that
protein phosphorylation may play an important role in activating
metal-catalyzed protein oxidation.

Protein Oxidation in the Myofibril Protein Fraction. The
incubation of myofibril proteins with Fe(I)/ascorbate caused
important changes in the overall protein pattern (Figure 3A,B).
Table 4 shows the quantitative changes in spot intensity for the
proteins that exhibited significant appearance/disappearance upon
MCO. Protein fold, oxidation fold, and oxidation index were
calculated as described above. Protein spots Sm, 7m, and 9m, which
appeared in the oxidized samples, were not observed in the 2-DE
gels of the control samples (Figure 3A,B and Table 4). The protein
folds were calculated by including “empty” spots as described under
Materials and Methods. Protein spots Sm and 7m were both
identified to be myosin light chains (MLC) 2, having, respec-
tively, a smaller and larger size than the original MLC2 isoform
present in nonoxidized samples (spot 6m). The experimental
protein masses (MWe) for Sm, 6m, and 7m spots were 9.4, 13.8,
and 18.3 kDa, respectively (Table 3). The theoretical molecular
weight (MWt) of the MLC2 isoform identified is 19.0 kDa,
which is similar to the experimental mass of the protein oxidation
product 7m (18.3 kDa) and not to the experimental mass of original
MLC2 isoform present in nonoxidized samples (13.8 kDa). The
contradictory observations might be explained by the fact that
the molecular weight of MLC2 isoforms ranges between 14 and
19.5 kDa depending on the fish species** and that the identifica-
tion was assigned to MLC2 of a fish species different from the
Atlantic cod investigated in the present study. It should be noted
that the protein sequence for many fish species is still not
available in the databases. Protein spot 9m was identified to be
MLC3. It exhibited a slightly larger size than the original isoform
of MLC3 present in nonoxidized samples (spot 8m). FTSC
staining indicated the presence of carbonylation for spots 5m,
7m, and 9m (Figure 3D). As a consequence, we hypothesize that
these proteins are oxidation byproducts of myosin. Previous
studies have revealed that the myosin heavy chain (MHC) is
almost completely lost under oxidative conditions (storage or
forced oxidation with pro-oxidant agents), whereas the content
of myosin light chains is significantly increased.”> Our results
suggest that the byproducts generated by oxidative degradation
of MHC or MLC are partially carbonylated.

MCO also induced the formation of a degradation product of
nucleoside diphosphate kinase B, protein spot 29m, which has
been also observed in the sarcoplasmic fraction. This oxidative
product of NDK B did not exhibit significant carbonylation
(Figure 3D and Table 4). Actin (spot 25m) was also found to be
degraded by oxidation because several protein spots identified as
actin (14m, 15m, 23m, and 24m) were exclusively observed in
Fe(1I)/ascorbate-treated samples. The experimental masses
found for protein spots 14m (27.5 kDa) and 15m (25.9 kDa)
were significantly smaller than the theoretical mass of the original
actin (MW = 41.9 kDa) and are therefore suggested to be
oxidation-mediated backbone cleavage products of actin. This
finding is in agreement with previous investigations that reported
an important protein fragmentation of human serum albumin
under MCO induced by copper/hydrogen peroxide treatment.*®
Spots 23m and 24m had a similar size to actin, but they exhibited
a considerably more basic isoelectric point (Table 3). We do not
have an explanation for this because none of these degradation
byproducts of actin showed any substantial carbonylation.

Myofibril proteins in the samples that were not submitted to
ferrous oxidation showed significant levels of carbonylation for
protein spots 19m (glyceraldehyde 3-phosphate dehydrogenase),
21m and 22m (creatine kinase), and 25m (fast skeletal muscle
o-actin) (Figure 3C). Actin was one of the most oxidized and
abundant proteins in control myofibril proteins (Figure 3A,C).
The exposure of myofibril proteins to the Fe(II)/ascorbate
increased the carbonylation level for actin (spot 25m) approxi-
mately 6-fold (Figure 3D and Table S). In the presence of
Fe(II)/ascorbate, oxidation levels were also increased from 3.8-
to 7.3-fold for other proteins that presented detectable oxidation
background in the control samples (spots 19m, 21m, and 22m).
Protein spots identified as degradation products of myosin light
chain (spots Sm, 7m, and 9m) exhibited important oxidation
levels, and their oxidation indices reached elevated values, ranging
between 26.3- and 50.3-fold. MLC1 (protein spot 11 m), which
was present in both controls and oxidized samples, also showed a
significant increase in the carbonylation level (oxidation index =
35.9). The oxidation levels of protein spots 3m and 4m, identified
as nucleoside diphosphate kinase B, also increased considerably
upon oxidation, with oxidation indices between 31 and 42. Oxida-
tion indices 0f 25.9 and 37.3, respectively, were observed for protein
spots 26m (unnamed protein product similar to enolase-1) and
28m (hypothetical protein Zgc:66097 similar to myosin binding
protein). MCO also resulted in elevated oxidation indices (4.5—
11.8) for protein spots 19m (glyceraldehyde 3-phosphate
dehydrogenase), 21m (creatine kinase), 22m (creatine kinase),
and 27m (0t-enolase-1). These results expand previous studies
that indicated the elevated propensity of nucleoside diphosphate
kinase, actin, creatine kinase, myosin light chains 1 and 2, and
myosin heavy chain to undergo carbonylation during the frozen
storage of rainbow trout fillets.>®

Previously, it was reported that myosin may undergo either cross-
linking through disulfide bond formation®”** or fragmentation®
under oxidative conditions. The degradation of fish myosin heavy
chain has been documented in the presence of heme proteins®**’
and during a prolonged ripening period.*' We have found that
the Fe(II)/ascorbate treatment considerably enhances carbony-
lation of important structural proteins in fish muscle, mainly
actin and myosin. Moreover, degradation products of actin and
myosin are generated, and some of them exhibit increased
carbonylation levels.

To illustrate the contribution of proteins of similar functions
to the overall protein abundance and oxidation patterns in cod
muscles, we have divided proteins into six groups: (1) structural;
(2) energy homeostasis; (3) glycolysis and carbohydrate meta-
bolism; (4) redox regulation; (S) other; and (6) unknown. Figure 4
depicts the distribution of protein abundance in the specified
groups (panel A) and the distribution of carbonyl levels found in
oxidized proteins in the specified groups (panel B). The dis-
tribution of the protein abundance was calculated on the basis of
the total intensity of Sypro Ruby-stained spots found within the
same biological function group by the intensity of all protein
spots in oxidized samples. Likewise, the level of protein carbo-
nylation of proteins classified to the same functional group was
obtained by summing the FTSC intensity of corresponding spots
and relating it to the total FTSC intensity of all spots in oxidized
samples. The six identified proteins with structural functions
representing 17.5% of the total spot intensity accounted for more
than half of the total carbonylation signal measured in Fe(1I)/
ascorbate-treated samples. On the contrary, proteins with cata-
Iytic functions in glycolysis and carbohydrate metabolism,
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Table 4. Significant Changes in Protein Spot Intensity Observed in the Myofibril Protein Fraction from Cod Muscle upon

Ferrous-Catalyzed Oxidation

spot no. identification NCBI accession no.
3m nucleoside diphosphate kinase B gi|158705971
Sm myosin light chain 2 gi| 11463956
7m myosin light chain 2 gi| 11463956
9m myosin light chain 3 gi| 11463954
14m fast skeletal muscle a-actin gi[22654302
15Sm fast skeletal muscle a-actin gi[22654302
16m F-actin-capping protein subunit 5 8i[229366390
23m fast skeletal muscle a-actin gi[22654302
24m fast skeletal muscle a-actin gi[22654302
26m unnamed protein product gi[47210809
(similar to enolase 1)
28m hypothetical protein Zgc:66097 gi[41054699
(similar to myosin binding protein C)
29m nucleoside diphosphate kinase B gi[158705971

exclusive presence in detectable levels

protein fold* ferrous-treated samples” of oxidation®

1.80 £ 0.02** X
3.05 £0.30"**
3.50£0.50**
3.18 £0.45*
418 £1.12%
8.12 4 0.70***
1.94+0.11*
7.80 4 0.80***
5.17£0.19"*
0.72 £ 0.039* X

X
X
X

MoK X X

>

0.69 +0.061* X

10.30 & 1.05*** X

? Protein fold between myofibril proteins subjected to ferrous-catalyzed oxidation and those not incubated with ferrous (controls) are calculated from
quantification of Sypro Ruby-stained 2-DE gels. For those proteins exclusively found in the ferrous-treated samples, protein folds were calculated on the
basis of the increment of Sypro Ruby intensity over the Sypro Ruby background. Significant differences were detected in the protein levels of nonoxidized
myofibril proteins and those oxidized with the ferrous system for p < 0.05 (*), p < 0.005 (**) or p < 0.0005) ().t Spots marked with X were exclusively

found in the ferrous-treated myofibril proteins.

“ Spots marked with X showed carbonylation in ferrous-treated myofibril proteins.

Table 5. Quantification of Ferrous-Induced Oxidation of the Myofibril Fraction Proteins from Cod Muscle

spot no. identification NCBI accession no. protein fold* oxidation fold” oxidation index”
3m nucleoside diphosphate kinase B gi|158705971 1.80 4 0.03 76.0 £13.1%* 42.1
4m nucleoside diphosphate kinase B gi|158705971 1.00 £0.10 312 £4.1 312
Sm myosin light chain 2 gi| 11463956 3.05+0.30 80.3 £ 6.8"** 26.3
7m myosin light chain 2 gi| 11463956 3.50+0.50 161.5410.0"* 46.2
9m myosin light chain 3 gi| 11463954 3.18£0.45 160.1 &= 42.7** 50.3
1lm myosin light chain 1 gi|7678762 1.1540.17 414 £2.9%* 359
19m glyceraldehyde 3-phosphate gi[25989185 0.97 £0.02 8.5£2.0% 8.8
dehydrogenase
21m creatine kinase gi|13274539 0.93 £0.03 7.3 £1.3* 7.8
22m creatine kinase muscle isoform 2 gi|31322099 0.83 £0.09 38+ 1L1* 4.5
25m fast skeletal muscle t-actin gi[22654302 0.97 £ 0.09 62£0.7 6.4
26m unnamed protein product gi[47210809 0.73 £0.04 18.8 £0.1"* 259
(similar to enolase 1)
27m a-enolase-1 gi|11999247 0.74 £ 0.08 8.8+ 0.7 11.8
28m hypothetical protein Zgc:66097 gi|41054699 0.69+0.12 25.9+6.3* 373

(similar to myosin binding protein C)

“ Protein folds between myofibril proteins subjected to ferrous-catalyzed oxidation and those not incubated with ferrous (controls) are calculated from
quantification of Sypro Ruby-stained 2-DE gels. For the proteins exclusively found in the ferrous- treated samples (spots S, 7, and 9), protein folds were
calculated on the basis of the increment of Sypro Ruby intensity over the Sypro Rubybackground Oxidation folds between myofibril proteins subjected
to ferrous-catalyzed oxidation and those not incubated with ferrous (controls) are calculated from quantification of FTSC-stained 2-DE gels. Protein
carbonylation levels between ferrous-treated myofibril proteins and those not treated (controls) were found to be significantly different at <0.05 (*),
<0.005 (**), or <0.0005) (***). ¢ Oxidation indices correspond to the oxidation fold normalized with the corresponding protein fold.

accounting for 33.4% of all spot intensity, contribute only 12% of
the total oxidation signal measured (Figure 4). Proteins with
biological function for energy homeostasis (31.9% of total spot
intensity) also exhibited a relatively high oxidation level, account-
ing for 30% of total carbonyl level. These results point to the high
susceptibility of structural proteins from fish muscle to oxidative
degradation in the presence of ferrous ions. Detailed studies are
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required to establish the factors responsible of such oxidative
instability. The low oxidative resistance of structural proteins
might explain the poor texture-forming ability and water-holding
capacity observed in products preﬁpared from meat exhibiting
signs of oxidation." Xiong et al.** reported cross-linking of
porcine myofibril proteins by incubation with a hydroxyl radical-
producing system based on a ferrous Fenton-type reaction,

dx.doi.org/10.1021/jf201080t |J. Agric. Food Chem. 2011, 59, 7962-7977



Journal of Agricultural and Food Chemistry

A Redox regulation,
0.1%

Unknown, 1.0%
Other, 16.1% :

Glycolysis and
carbohydrate
metabolism,
33.4%

Redox regulation, i
Unknown, 0.8% De:% Glycolysis and
Ny carbohydrate
metabolism,

Other, 5.5% , = [ 119%

Figure 4. Distribution of protein abundance of all the identified
proteins (A) and of carbonyl levels found in oxidized proteins (B)
divided into different groups of proteins depending on their biological
function. The distribution of the protein abundance was calculated by
dividing the Sypro Ruby intensity of proteins found within the same
biological function by the intensity of all identified proteins in oxidized
samples. In a similar way, the proportion of carbonylation corresponding
to proteins with similar function was obtained by dividing their FTSC
intensity and the total FTSC intensity of all identified proteins in
oxidized samples.

suggesting a relevant role of disulfide links into the polymeriza-
tion of actin and myosin heavy chains.

In summary, an approach based on fluorescent-labeling on
2-DE gels instead of Western blotting was found to be advanta-
geous in the identification of protein carbonylation. The fluor-
escent-labeling approach is less costly and time-consuming and
avoids the loss of proteins during the transfer from the electro-
phoretic gel to the membrane. Our results show the existence ofa
detectable background carbonylation in cod muscle proteins.
Additionally, we have shown that incubation of cod muscle
proteins with Fe(1I)/ascorbate significantly increases carbonyla-
tion levels of sarcoplasmic and myofibril proteins. Proteins
displayed different susceptibilities to metal-catalyzed oxidation,
indicating that this process is not a random event. Several protein
isoforms most likely differing in phosphorylation state showed
distinct oxidative patterns, suggesting an important role of phos-
phate groups in the activation of ferrous-catalyzed oxidation. Our
results also show elevated susceptibility to oxidative degradation
of the structural proteins myosin and actin, the integrity of which
is essential for the textural characteristics of muscle tissues. More
research evaluating protein oxidation under the presence of other
pro-oxidant agents relevant in muscle-based food is needed to
confirm the highly specific oxidation of proteins in the myofibril

fraction and to identify the mechanism of interaction of these
proteins with pro-oxidants.
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