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Early postmortem changes of porcine muscle proteins including the rate and extent of pH decline, prote-
olysis and oxidation are key factors influencing the loss of water in meat, and proteolytic degradation may
result in shrinking of muscle cells and drip loss. We report here the identification and structural charac-
terisation of post-mortem degradation and oxidation of myofibrillar proteins using high resolution mass
spectrometric proteomics. Soluble muscle proteins from M. Longissimus dorsi obtained 48 h postmortem
at different drip loss were separated by two-dimensional gel electrophoresis (2D-PAGE), and degradation
products were identified by Fourier-transform ion cyclotron resonance mass spectrometry. Oxidation
products were detected by 2D-oxyblot analysis of 2,4-dinitrophenylhydrazine (DNPH)-treated proteins
using an anti-DNP antibody, and selected spots were identified by liquid chromatography-tandem mass
spectrometry (LC-MS/MS). Postmortem denaturation at low drip loss was found for four contractile
proteins, myosin-light chain-1; myosin regulatory light chain; a-3-tropomyosin and a-actin. The com-
bination of 2D-PAGE and FTICR-MS was found to be a powerful approach for identification of muscle
protein degradation products, providing identification of several truncation forms of creatine kinase and
troponin T. The comparison of 2D-oxyblot and silver-stained 2D-gels at low and high drip loss revealed
approximately 70 oxidatively modified proteins from muscle cell lysate. Oxidative modifications, repre-
senting possible biomarker candidates, were identified at Lys-170 of creatine kinase (4-hydroxynonenal),
Lys-326 of actin (amino-adipic semialdehyde), and at W-169 (kynurenine) of triosephosphate isomerase.
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that the rate and extent of postmortem metabolic processes
greatly influence important properties such as tenderness, water-

1. Introduction

Meat quality is a complex trait of processes that is influ-
enced by genetic components, animal handling and environment,
and slaughtering processes. Immediately after slaughter a shift
in the biochemical processes occurs in muscle tissue as in
all other organs, in response to the halt of the respiratory
system and blood circulation. In muscle tissue, the morpholog-
ical and ultrastructural changes as well as changes in energy
metabolism have been well described and it is now known
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holding and sensoric capacity of meat. Meat pH over a range of
approximately 5-7.3 is significantly correlated to colour stabil-
ity, water-holding capacity and microbiological stability [1]. It is
generally accepted that degradation and denaturation of proteins
during postmortem aging is responsible for the tenderization of
meat [1]; e.g., activities of calpains and their inhibitors, calpas-
tatins [2,3] have been associated with tenderization processes.
Several structural proteins, such as actin, myosin, troponin T,
and metabolic proteins such as glycogen phosphorylase, crea-
tine kinase, and dihydrolipoamide succinyl transferase have been
described to undergo post-mortem changes in Longissimus dorsi
[4].

The rapid pH decline post-mortem causes denaturation (loss
of functionality and water holding capacity) (WHC) of many pro-
teins, and high rates of post mortem muscle glycolysis favor
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protein denaturation. Myofibrillar proteins are well suited for hold-
ing water because of its filament structure, and major changes
in moisture retention originate in changes of the filament struc-
ture, resulting in denaturation of myofibrillar proteins [4,5].
Bendall et al. observed denaturation of sarcoplasmic proteins
a low WHC, which was confirmed in subsequent studies [6,7].
From these data, a detailed proteomics study on denaturation
and structural changes of myofibrillar and sarcoplasmic pro-
teins at different pH and WHC appeared particularly interesting
[8].

Metabolic processes in muscle tissue may lead to the for-
mation of reactive oxygen species (ROS) and other oxidative
products. Oxidative species including hydroxyl radicals, superox-
ide anion and nitric oxide can be detected by different methods. In
post-mortem muscle tissue, when proteins are targeted by reac-
tive oxygen species, this may result in carbonyl formation and
decreased sulfhydryl levels; such modifications may alter the prop-
erties of meat proteins and quality of meat products [9]. Individual
proteins and genes involved in protein carbonylation may be poten-
tially useful biomarkers of protein oxidation caused either by the
direct oxidation of amino acid side chains (e.g., proline and arginine
to y-glutamylsemialdehyde, lysine to aminoadipic semialdehyde,
threonine to aminoketobutyrate), or via indirect reaction with
oxidative by-products such as lipid peroxidation products (LPO)
and advanced glycation end products (AGEs)[10,11]. Oxidative pro-
cesses may also affect the water binding ability of membranes and
contribute to drip loss [12]. A commonly used method of analyz-
ing protein carbonyls is labeling with 2,4-dinitrophenyl hydrazine,
thus forming a stable dinitrophenylhydrazone (DNP) product. DNP-
labeled proteins can be analyzed by UV absorption or by using
anti-DNP antibodies for ELISA or immunoblotting analysis [13,14].
A combination of methods of muscle protein fractionation, labeling
of oxidation products, gel electrophoresis, and mass spectrome-
try has been employed in this study for the characterization of
a structural modification and oxidation profile in porcine pro-
teome.

A number of analytical methods have emerged in proteome
analysis, including the development of rapid chromatography tech-
niques [15], high resolution mass spectrometry [16,17], and fast
search engines for sequence algorithm processing and data anal-
ysis. A frequently used method of protein identification from
2-DE is peptide mass fingerprinting by matrix-assisted laser
desorption-ionization time-of-flight mass spectrometry (MALDI-
TOF-MS). This technique allows identifications of femtomole
quantities of peptides, but has shown limitations in applica-
tions to porcine proteins [18], most likely due to incomplete
protein entries of the Sus scrofa genome database. Some difficul-
ties in protein identification could be solved by combined liquid
chromatography-electrospray ionization tandem mass spectrom-
etry (LC-ESI-MS/MS), and by the use of additional taxonomies
(human, bovine, sheep) [19]. The recent development of Fourier
transform-ion cyclotron resonance mass spectrometry (FTICR-MS)
has enabled a breakthrough for mass spectrometric biopolymer
structure analysis and proteomics, using both ESI and MALDI
ionization [20]. The high (low ppm) mass accuracy of FTICR-MS pro-
vides particular advantages for the identification of proteins with
medium and low abundance, since only a small number of pep-
tides is required for protein identification [21,22]. In combination
with 2-DE, FTICR-MS peptide mixtures yield a series of masses with
high accuracies suitable for protein identification from databases.
In the present study a combination of methods of muscle protein
separation, labeling of oxidation products, 2D gel electrophoresis,
and mass spectrometry has been employed for the identification
of postmortem protein degradation and oxidation products, and
structure modifications in order to identify suitable biomarkers
candidates.

2. Experimental procedures
2.1. Materials

IPG strips (3-10) were purchased from Bio-Rad (Miinchen,
Germany). Carrier ampholytes (Servalyt 3-10) were from Serva
(Heidelberg, Germany). Urea, thiourea, DTT, TEMED and Coomassie
Brilliant Blue G were from Sigma (St. Louis, MO, USA). Solutions
of 30% acrylamide/0.8% N,N’-methylenebisacrylamide, SDS, TCA,
acetonitrile and ethanol were from Roth (Karlsruhe, Germany).
lodoacetamide, agarose and bromophenol blue were from Fluka
(Buchs, Switzerland), CHAPS was obtained from Genaxxon Bio-
sciences (Biberach, Germany); trypsin was purchased from
Promega (Madison, WI, USA), OxyBlot™ Protein Oxidation Detec-
tion Kit from Chemicon (Temecula, CA, USA). All other chemicals
were of analytical grade from Merck (Darmstadt, Germany).

2.2. Animals and tissue sample preparation

Samples were taken from Longissimus dorsi muscle between the
13th and 14th rib. Muscle pH, meat conductivity and meat colour
groups were measured using Star-series equipment (Matthaeus,
Ko6ln, Germany). Muscle pH values determined 24 h post-mortem
were 5.8 and 5.5, respectively. Drip loss was scored using a bag
method by a size-standardised sample from L. dorsi collected 24 h
post-mortem. The samples were weighted, suspended in a plastic
bag, held at 4°C for 48 h and weighted again at the end of hold-
ing time. Drip loss was determined as a percentage of weight loss
based on the initial weight; drip loss values found were 0.7 and 5.1,
respectively.

The snap-frozen pig muscle was weighted (average 150 mg) and
kept at —80 °C until further work-up. Muscle sample were homog-
enized in two lysis buffers: (a) The strongly reducing lysis buffer
1 with the composition, 6 M urea; 2 M thiourea; 70 mM DTT; 4%
CHAPS; 0.05% Servalyte (3-10); Complete Protease Inhibitor cock-
tail. (b) Lysis buffer 2 with the composition 50 mM Tris—HCl, pH 7.6;
150 mM NaCl, 1% (w/v) CHAPS, 1% (v/v) Triton X-100, 5 mM NaF,
2mM activated NazVO4 containing Complete Protease Inhibitor
Cocktail. Weight-dependent (in mg) buffer volumes (in pL) were:
lysis buffer: 9x sample weight; complete: 0.04x sample weight.
After homogenization the samples were centrifuged at 4°C for
20 min at 15,000 x g to remove unextracted cellular components
and insoluble high-molecular weight proteins and protein com-
plexes, and were then separated by 2-DE. The supernatant was
removed and stored at —80°C until use. Protein concentrations of
muscle extracts were determined by both the Bradford method and
the bicinchoninic acid (BCA) assay [23].

2.3. Two dimensional gel electrophoresis

IEF was carried out using a Multiphor horizontal electrophoresis
system (Amersham Biosciences, Uppsala, Sweden) with 17 cm IPG
strips (pH range 3-10) and sample being applied overnight using
the in-gel rehydration method. The reswelling solution contained
7 Murea, 2 M thiourea, 4% CHAPS, 0.3% DTT, 2% Servalyt (3-10) and
atrace of bromophenol blue. Rehydrated strips were run in the first
dimension for about 30 kVh at 19 °C. After focusing, the IPG strips
were equilibrated for 30 min in 6 M urea, 30% glycerol, 2% (w/v) SDS,
0.05M Tris-HCI (pH 8.8), 1% (w/v) DTT and a trace of bromophe-
nol blue, and were then run for further 30 min in the same solution
except that DTT was replaced by 4.5% (w/v) iodoacetamide. The
second dimensional separation was carried out with a Bio-Rad Pro-
tean II xi vertical electrophoresis system using 12% SDS-PAGE gels
of 1.5 mm thickness. Strips placed on the vertical gels were over-
laid with 1% (w/v) agarose in SDS running buffer (25 mM Tris-HCI,
192 mM glycine and 0.1% (w/v) SDS), and subjected to electrophore-
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sis at 25 mA/gel for 30 min and 40 mA/gel until the tracking dye
reached the anodic end of the gel. After separation in SDS-PAGE
gels, the proteins were visualized by sensitive Colloidal Coomassie
staining and scanned using a GS-710 calibrated imaging densitome-
ter (Bio-Rad, Miinchen, Germany). Silver staining was performed
as described [24] with a silver diamine staining solution (500 mM
AgNO3,500 mM NH4OH, 20 mM NaOH); a developer solution (citric
acid (0.01%, w/v)/formaldehyde (0.1%, v/v)) was used to visualize
the proteins, followed by stop solution (Tris base (5%, w/v)/acetic
acid (2%, v/v)).

2.4. In-gel digestion and peptide extraction

Protein spots were excised, digested with trypsin and subjected
to peptide extraction either manually according to Mortz et al. [25],
or automatically using a DigestPro96 robot (Intavis Bioanalytical
Instruments, K6ln, Germany). For manual in-gel digestion and sub-
sequent MALDI-MS analysis, the spots were excised and destained
by addition of 60% acetonitrile in water for 20 min at 25 °C. After
removal of supernatant and lyophilization of the gel spot, a solution
of 50 mM NH4HCO3; was added for rehydration and incubated for
20 min at 25°C. This procedure was repeated twice and the final
rehydration was performed with the protease solution (12.5 ng/L
trypsin in 50 mM NH4HCO3) at 4°C for 45 min. The gel spots were
then incubated for 12 hat 37 °Cin 50 mM NH4COs3 and protein frag-
ments were eluted for 3-4h with 60% acetonitrile in water. The
eluates were lyophilized to dryness and dissolved directly before
MALDI-MS analysis in 5 pL acetonitrile:0.1% TFA in water (2:1).

2.5. MALDI-FTICR mass spectrometry

FTICR-mass spectrometric analysis was performed with a
Bruker APEXII FTICR instrument equipped with an actively shielded
7T superconducting magnet, a cylindrical infinity ICR analyzer
cell, and an external Scout 100 fully-automated X-Y target stage
MALDI source with pulsed collision gas (Bruker Daltonik, Bremen,
Germany). The pulsed nitrogen laser is operated at 337 nm, and ions
are directly desorbed into a hexapole ion guide situated one mm
from the laser target. The device for pulsing collision gas in direct
proximity to the laser target provides cooling of the ions, which
have a kinetic energy spread of several electron volts when pro-
duced by the MALDI process. These ions are trapped in the hexapole
where positive potentials at the laser target and at an extraction
plate to help trap ions along the longitudinal axis. After a prede-
fined trapping time the voltage of the extraction plate is reversed
and the trapped ions are extracted for transmission to the ICR cell.
Accumulation of ions from multiple laser shots in the hexapole
before mass spectrometric analysis increases the sensitivity [26].
Ions generated by ten laser shots were accumulated in the hexapole
for 0.5-1s at 30V and extracted at —15V into the analyzer cell. A
100 mg/mL solution of 2,5-dihydroxybenzoic acid (DHB; Aldrich,
Steinheim, Germany) in acetonitrile: 0.1% TFA in water (2:1) was
used as the matrix. Aliquots of 0.5 wL of matrix solution and 0.5 L
of sample solution were mixed on the stainless-steel MALDI sam-
ple target and allowed to dry. Calibration was performed with a
standard peptide mixture within an m/z range of approximately
5000.

2.6. LC-MSMS

LC-MS analysis was performed on a Esquire 3000+ mass
spectrometer (Bruker Daltonik, Bremen, Germany) coupled to an
Agilent 1100 binary pump system. LC separations were performed
on a 1mm x 10cm Discovery Bio Wide Pore 3 pum C18 column
(Sigma-Aldrich, Germany) using a flow rate of 50 p.L/min. Peptides
were eluted using a linear gradient from 98% solvent A (0.2% formic

acid in water (v/v))and 2% solvent B (0.2% formic acid in acetonitrile
(v/v)) to 55% solvent B over 90 min. The electrospray source was
operated in the positive ion mode with the following parameters:
capillary voltage, 4.0 kV; capillary exit, 120 V. Nitrogen was used as
both nebulizing (20 psi) and drying gas (9 L/min). The desolvation
temperature was 300 °C. For MS/MS analysis, the instrument was
operated in the data dependent mode such that a full scan spec-
trum was obtained followed by X MS/MS spectra obtained for the
X largest ions observed in the proceeding full scan spectrum with
an abundance above a specified threshold. Each MS was the sum
of 6 microscans, and 20 microscans were collected for each MS/MS
scan, for a maximal accumulation time of 200 ms. The intensity
threshold triggering ion selection was 2 x 104, For MS/MS acquisi-
tion, the SmartFrag function of the ion trap was used, which ramps
the fragmentation amplitude from 30% to 200% of the preset value
(1.10V). Eluting peptides were analyzed in the data dependent
MS/MS mode over a300-1200 m/zrange. All peptides were selected
for MS/MS analysis by collision-induced dissociation. Mass spec-
tra were evaluated using the DataAnalysis 3.3 software package
(Bruker Daltonics). MS/MS spectra were searched with SwissProt
database using Mascot search algorithm allowing one missed cleav-
age site; carbamidomethyl was taken as fixed modification and
oxidized methionine as variable modification.

High resolution LC-MSMS was performed with an LTQ-
Orbitrap-MS (Thermo Scientific, Bremen, Germany equipped with
a nanoelectrospray ion source (Proxeon Biosystems, Odense,
Denmark). Peptides were separated with 100 min gradients from 5
to 40% acetonitrile in 0.5% formic acid. The data-dependent acqui-
sition mode was employed. Survey MS scans were acquired in the
orbitrap with the resolution set to a 60,000. Up to 5 most intense
ions per scan were fragmented and analyzed in the linear trap.

2.7. Database search

Monoisotopic masses of all singly charged ions from the
MALDI-FTICR mass spectra were directly used for database
search procedures using BioTools software (Bruker Daltonik) in
combination with MASCOT peptide mass fingerprinting search
engine (http://www.matrixscience.com/cgi/nph-mascot.exe?1) or
ProFound (http://129.85.19.192/profound_bin/WebProFound.exe).
The database employed was NCBInr, a compilation of several
databases including SWISS-PROT, PIR, PRF, PDB and GenBank CDS
translations. Protein ID was assigned for the first candidate protein
for each spot, using mammalian as taxonomy for protein identifica-
tion. If the first candidate had the Sus Scrofa taxonomy, this protein
was assigned. In the case the first candidate had a taxonomy simi-
lar to Sus Scrofa and the protein was not present in the Sus Scrofa
database, the first candidate was selected. Due to the large number
of sequences related to mammalian proteins, assignment of more
than one protein in a single spot was not carried out.

2.8. Protein derivatisation with DNP and Western blot

To identify carbonyl groups introduced into amino acids side
chains after oxidative modification of proteins, 2D-oxyblot analy-
sis was performed as previously described [27]. Peptide derivatives
produced by reaction with 2,4-dinitrophenylhydrazine (DNP) were
immunodetected by an antibody specific to the DNP moiety
attached to proteins using a commercial kit (Chemicon, Temecula,
CA). Briefly, approximately 500 g of muscle proteins solution was
loaded on linear (3-10) IPG strips and isoelectrically focussed. The
IPG strips were then placed in 15 mL test tubes and incubated for
20 minin 2 M HCl with 10 mM DNPH at 25 °C. After the reaction, the
samples were washed for 15 min with 2 M Tris-base/30% glycerol.
The IPG strips were then prepared for molecular weight separations
as described above.
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Fig. 1. Coomassie-stained 2D-gel electrophoresis of porcine L. Dorsi proteins taken 12 h postmortem, solubilized in denaturing lysis buffer. Arrows indicate the intact creatine

kinase M and Troponin T, and their respective truncated forms.

The gels were transferred to a PVDF membrane using a
wet transfer system (BioRad), and membranes were blocked for
1h in a buffer containing 2.5% BSA in PBS and 0.5% Tween-
20, pH 7.5, and then incubated for 1h at 20°C with a rabbit
polyclonal anti-DNP antibody (1:300; Chemicon). The secondary
antibody incubation was performed using horseradish peroxi-
dase (HRP)-conjugated anti-rabbit IgG (1:600; Chemicon) for 1h
at room temperature. The immunoreactivity was visualized by
enhanced chemiluminiscence using commercial reagents (Amer-

sham Biosciences, Freiburg, Germany). The kit used for oxyblot
analysis has a detection limit of approximately 10fmol DNP
residues. For estimation of specificity, the following oxidized
proteins were included as positive controls: phosphorylase B,
97.4kDa; bovine serum albumin, 68 kDa; ovalbumin, 43 kDa; car-
bonic anhydrase. 29.1 kDa; trypsin inhibitor, 21 kDa. For protein
identification, spots were excised from the 2D-gels obtained with
non-DNPH-treated samples and analyzed by mass spectrome-
try.
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Fig. 2. Identification of intact creatine kinase M (43 kDa) and the CKM fragments at 17 and 13 kDa, respectively, by MALDI-FTICR MS peptide mass fingerprinting. The MASCOT
database search results provided identification of the proteins with a probability based MOWSE score of >152.
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Fig. 3. Identification of intact Troponin T (42 kDa), and the troponin fragments at 37 and 24 kDa, respectively, by MALDI-FT-ICR MS peptide mass fingerprinting. The MASCOT
database search results provided identification of the proteins with a probability based MOWSE score of >85.

3. Results and discussion
3.1. Separation and identification of porcine muscle proteins

Two different lysis buffers for muscle tissue were initially
tested in order to evaluate the efficiency of solubilization and
reproducibility of gels. Approximately 400 g of muscle proteins
obtained 12 h postmortem were reduced, alkylated and separated
by 2D gel electrophoresis using a pH gradient of 3-10 (Fig. 1).
The use of strongly reducing-denaturing buffer (see Section 2)
provided good solubilization of structural proteins and contrac-

tile proteins, including constituents of the actomyosin complex
(a- and B-tropomyosin, actin, troponin, myosin heavy and light
chains); two isoforms of myosin light chains 1 and 2 were iden-
tified (Fig. S1 and Supplementary Table S1). A further abundant
protein in muscle was identified as creatine kinase which is bound
to myosin and localized at the M band of the sarcomere [28]
It has been demonstrated to be functionally coupled to myosin
ATPase and serves as an important myofibrillar ATP-regenerating
system [29]; hence, changes in myofibrillar creatine kinase activity
may disturb energy utilization and result in contractile dysfunc-
tion.
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Fig. 4. Coomassie stained high resolution 2D-gel electrophoresis of porcine L. Dorsi proteins taken 48 h postmortem, showing the comparison of contractile proteins of (A)

low pH (high drip loss) and (B) high pH (low drip loss).
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Fig. 5. Silver-stained 2D gel electrophoresis of muscle proteins 48 hrs postmortem at high drip loss (A) and low drip loss (B), and corresponding immunoblots (C and D) of
DNP-labeled carbonylated muscle proteins. The proteins were separated by use of linear (3-10) IPG strips, followed by size separation on 12.5% SDS-PAGE, and subsequently

blotted to a PVDF membrane as described in Section 2.

In contrast, the use of a non-denaturing lysis buffer provided
better solubilization of cytoplasmic and soluble proteins involved
in different metabolic pathways of skeletal muscle, and a better
reproducibility of the gels. The majority of these proteins were
also separated by 1D gel electrophoresis in biopsy samples, and 12
and 24 h postmortem (data not shown). Soluble proteins have been
previously studied in diseased muscle, particularly creatine kinase;
other soluble proteins were previously found in pathophysiological
states including carbonic anhydrase III, enolase, phosphoglycerate
mutase, pyruvate kinase and mitochondrial ATP synthase [30,31].

For identification of proteins separated by 2D-electrophoresis
(seeFig. 1), gel spots were excised, destained, digested with trypsin,
and proteolytic peptides extracted and analyzed by high resolu-
tion MALDI-FTICR-MS. Intact and/or truncated proteins identified
by FTICR-MS are summarized in Supplementary Table S1 (see
Supplementary Material). The high resolution FTICR-MS analyses
generally provided identifications of proteins with mass determi-
nation accuracies <approx. 8 ppm (typically 4-6 ppm) by peptide
mass fingerprinting, using mammalian as taxonomy due to the
incomplete genomic data for porcine proteins, and ID assign-
ment was made for the first candidate protein of each spot as
described in Section 2. At these conditions, the high resolution
mass spectrometric analysis provided the identification of approx-
imately 70 proteins with one or several truncation forms (Fig. 1 and
Supplementary Table S1). The large number of sequences related to

mammalian proteins by using the NCBInr database increased the
number of peptides required for identification. In contrast, using
the SwissProt database containing sequences of intact proteins and
precursors, the minimum number of peptides required for protein
identification was found to be strongly dependent on the molecu-
lar weight of the protein. In both cases, the high mass accuracy of
FTICR-MS provided an efficient tool for identification of truncated
protein forms.

3.2. Identification of post mortem truncation forms of muscle
proteins

A number of truncation forms in addition to the intact proteins
and isoforms was identified by MALDI-FTICR-MS peptide mass fin-
gerprinting (see Supplementary Table S1). Proteolytic truncation
may result from the action of calpain proteinases which, however,
were not directly observed in 2D-gels, due to their very low abun-
dance. The identification of creatine kinase M (CKM) and two CKM
truncation products using the MASCOT search engine and Swis-
sProt database is illustrated in Fig. 2. Truncation products of CLM
may result from cleavage by calpains [2,3]; however no structural
details have been reported, and calpains were not observed in 2D-
gels due to their low abundances. An intact isoform of CKM (mol.
weight, 43 kDa) was identified with a MOWSE score of 152 in gel
spot 30, pl 8.7 (Fig. 1) by 13 tryptic peptides covering approximately
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Fig. 6. Positive ion nano-HPLC-ESI/MS of N-hydroxynonenal-modified and non-modified creatine kinase tryptic peptides LSVEALNSLTGEFK from high pH muscle sample.
MS spectra averaged over the chromatographic window where peptides were eluted (51.87 min and 54.80 respectively). (A) CID spectrum of precursor ion m/z 832.45 (3+),
showing modified peptide (157-170) of full length creatine kinase, containing the Lys-HNE modification site at K-170 with a mass shift of 156. (B) CID spectrum of precursor
ion m/z 754.40 (3+), showing non-modified peptide 157-170 of full length creatine kinase.

40% of the protein sequence (Fig. 2A). In Fig. 2B and C the identi-
fication of two truncation products with molecular weights of 17
and 13 kDa is shown, with sequences corresponding to residues
(87-236) and (267-358), respectively, which represent proteolytic
cleavage of CKM between residues 237 and 266. The identifica-
tion of a 17 kDa C-terminal truncation product (gel spot 87; pl 5.4)
was obtained by 7 tryptic peptides. At the mass resolution used
(approximately 100,000), two adjacent peptides with the mass dif-
ference <0.1 Da could be separated, one of which (m/z 1507.7029)
was identified as the partial sequence, 117 GGDDLDPNYVLSSR130,
while the second peptide (m/z 1507.7993) had the sequence,
136SIKGYTLPPHCSR'48, An N-terminal truncation product of CKM
(mol. weight 13 kDa) was identified in gel spot 97 at a pl of 8.6
(Fig. 2C). The identified peptides of the truncation products cov-
ered 20% of the intact protein sequence with mass accuracies
<3 ppm.

Several truncation products of contractive proteins were also
identified. However, contractive proteins were generally charac-
terized by a larger number of protein isoforms found by 2-DE, and

a smaller number of tryptic peptides due to the higher proteolytic
stabilities of structured sequence domains. Fig. 3 shows the iden-
tification of Troponin T and two of its truncation products. Intact
Troponin T fast skeletal muscle isoforms (mol. Weight 42 kDa) was
identified in gel spots 20 and 21 (pl 8.3) (Fig. 3A) with a MOWSE
score of 85. The presence of these isoforms with different pl values
may be due to post-translational modifications such as phospho-
rylations which, however, were not identified in the present study.
An N-terminal truncation product of Troponin T was identified in
gel spot 37 (pl 6.3) with a molecular weight of 37 kDa. A further
truncation form at pl 5.6 with a molecular mass of 24 kDa could
not be directly assigned using the MASCOT search engine. How-
ever, the high resolution mass spectrometric determination of the
peptides m/z 1887.9316 (** DLMELQALIDSHFEAR”4; mass accuracy,
2.5ppm), and the same fragment at m/z 1903.9274 (modified by
oxidation at Met-61; mass accuracy 0.8 ppm) provided evidence for
the identification of this protein fragment as an N- and C-terminal
truncation product of Troponin T. The exact N-terminal sequences
of both the creatine kinase and Troponin T truncation products are
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Fig. 7. Positive ion nano-HPLC-ESI/MS of Lys-326 oxidized actin tryptic peptide (EITALAPSTMKIK) (316-328) from the muscle sample isolated at high pH. Mass spectra
were averaged over the chromatographic window where the peptide was eluted (30.92 min). (A) CID spectrum of precursor ion m/z 709.38 (2+), showing modified peptide
(316-328) of full length a-actin, containing oxidation site at K-326 with a mass shift of 15amu corresponding to the aminoadipic formation. (B) Spectrum of unmodified

peptide (316-326).

currently determined by Edman sequencing of the proteins isolated
from the gels.

Some limitations of protein identifications were noted in using
SwissProt/NCBInr databases, containing large amounts of mam-
malian proteins without taxonomy specification. These limitations
in isoform assignment may be overcome by creating a subject-
specified database using high-accuracy peptide masses determined
by high resolution FTICR-MS, and matching by database search
in intact protein isoforms. Such databases may also facilitate the
identification of degradation products 2D-gel spots.

3.3. Identification of denatured muscle proteins at different
post-mortem pH

In order to characterize possible differences in solubilities of
muscle proteins, proteins were extracted from L. dorsi from sam-

ples at high and low drip loss, using the same lysis buffer (see
Section 2). After homogenization of muscle samples and centrifu-
gation, protein concentrations were determined. Although in both
cases identical ratios of lysis buffer to muscle protein were used,
the protein concentration at low drip loss was significantly higher,
which may be explained by increased denaturation at high drip loss
due to the lower pH. A combination of 2D gel electrophoresis and
2D Western blot was used to characterize a possible correlation of
denaturation of proteins with the extent of oxidation. Soluble pro-
tein extract was separated by 2-DE at pH 3-10 IPG strips on a 12%
gel, and gels stained with Coomassie Brilliant Blue. The comparison
of the 2 D-gels showed a significant increase of denatured proteins
at low pH (high drip loss) in comparison to the protein sample at
low drip loss (high pH) (Fig. 4A and B).

For protein identification the corresponding spots were excised,
digested with trypsin and subjected to LC-MS/MS analysis. The
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Table 1

Muscle proteins with significant changes at low and high drip loss (high/low pH) identified by LC-MSMS.

Spot Protein pl Mw (KDa) gel Peptides identified Sequence coverage % Protein accession no.
12 Alpha-actin 53 42 47 77 P68137
22 Tropomyosin 4.6 32 10 27 P07951
32 Myosin light chain 1 4.9 21 18 29 P02602
42 Myosin regulatory light chain 2 4.8 19 22 84 P97457
52 Myosin light chain 3 4.6 16 18 38 P02602
6P Creatine kinase M chain 6.6 43 64 60 Q5XLD3
70 GAPDH 5.8 38 23 41 P00355
8b Triosephosphate isomerase 6.4 26 54 69 Q29371
9b Myoglobin 6.7 17 70 74 P02189

10P Hemoglobin beta chain 71 16 83 87 P02067

a Myofibrillar proteins.
b Sarcoplasmic proteins.

results showed predominant denaturation of myofibrillar pro-
teins at low pH (high drip loss), while sarcoplasmic proteins were
essentially unchanged (Table 1). From approximately 250 protein
spots, only 5 contractile proteins (actin, actinin, myosin regula-
tory light chain and light chain 1, tropomyosin) were found to be
denatured.

3.4. Relationship of carbonylation and drip loss of muscle proteins

Postmortem changes in muscle proteins are accompanied by a
pronounced increase in oxidation, particularly increased oxida-
tion of myofibrillar proteins [32]. Proteins were separated both
by SDS-PAGE and 2-DE with the aim to compare the extent of
oxidized (carbonylated) proteins in muscle at high and low drip
loss. Oxidized SDS-PAGE and 2-DE gel profiles were obtained
by derivatization of protein carbonyl groups with DNPH reagent
and immunostaining with anti-DNP antibody. Immunolabeling of
muscle proteins 48 h postmortem separated on SDS-PAGE estab-
lished the presence of carbonylated proteins in porcine muscle; the
specificity of immunoblots was confirmed by staining with DNP-
antibody in the absence of DNPH-derivatisation reagent (data not
shown).

A detailed pattern of protein composition and carbonylation
products was obtained by 2-DE and 2D-immunoblotting of muscle
proteins (Fig. 5). The level of protein carbonylation was investi-
gated in proteins at 48 h postmortem at low and high drip loss
by identifying oxidized proteins through 2D-oxyblot analysis. In
contrast to SDS-PAGE the DNPH reagents contain salts and deter-
gents that must be removed prior to IEF. Thus, the addition of SDS
to the derivatization reaction with DNPH is essential, but SDS is
detrimental to IEF due to its protein binding and charge modifica-
tion. In the present study, a modified approach was applied with
the DNPH-derivatization performed subsequent to IEF, by derivati-

Table 2

zation directly in the IPG strips immediately followed by IEF. By
comparison of 2D-oxyblots and silver-stained 2D gels, approxi-
mately 70 protein spots (of ca. 250) were found to be oxidatively
modified (Fig. 5). Significant differences were observed in the
extent of protein carbonylation in samples at low and high drip loss
(Fig. 5C and D), showing higher abundances of carbonylation for
contractile proteins at low drip loss (actin, myosin, tropomyosin).
By contrast, no difference at low and high drip loss was observed
for proteins with strong oxyblot response (e.g., serum albumin,
creatine kinase M, triosephosphate isomerase).

3.5. Identification of oxidative modifications in muscle proteins

Because the derivatisation with DNPH is expected to affect
the background and sensitivity of the mass spectrometric anal-
ysis of isolated proteins, proteins spots to be analyzed by mass
spectrometry were excised from parallel 2D-gels obtained from
non-DNPH-treated protein samples, separated in identical manner.
Protein spots were excised from the gels, destained and digested
with trypsin as described in Section 2. Approximately 30 oxidized
proteins were identified by LC-MS/MS from 2D-gels; characteris-
tic full length proteins are summarized in Table 2. Identifications of
modification sites by MS/MS analysis of tryptic peptide fragments
are illustrated in Figs. 6 and 7 for creatine kinase and actin. The spot
1 from the high pH (low drip loss) sample (cf. Fig. 5) was excised
from the gel and identified as a-actin (sequence coverage, 97%).
The tryptic peptide (316-328) was identified at m/z 709.38 (2+)
with a mass increment of 15amu. Isolation of the precursor ion
and MS/MS provided a series of characteristic b- and y-fragment
ions from which the sequence, 316 EITALAPSTMKIK328 was identi-
fied with modification at Lys-326 to aminoadipic semialdehyde and
at Met-325 to the sulfoxide (Fig. 7), preventing cleavage by trypsin.
The comparison of MS/MS spectra of modified peptide (316-328)

Carbonylated full length proteins identified by LC-MS after separation by 2D gel electrophoresis.

Band/spot Protein pl Mw (KDa) gel Peptides identified Sequence coverage % Protein accession no.
12 Alpha-actin 53 42 47 77 P68137
22 Tropomyosin 4.6 32 10 27 P07951
32 Myosin light chain 1 4.9 21 18 29 P02602
42 Myosin regulatory light chain 2 4.8 19 22 84 P97457
6P Creatine kinase M chain 6.6 43 64 60 Q5XLD3
70 GAPDH 5.8 38 23 41 P00355
8 Triosephosphate isomerase 6.4 26 54 69 Q29371

11 Carbonic anhydrase III 7.7 29 47 86 Q55154

12 Adenylate kinase isoenzyme 1 8.7 21 23 52 P00571

13 Beta enolase 7.5 47 35 52 QI1KYTO

14 ATP synthase beta subunit 53 56 47 70 P11142

15 Heat shock cognate protein 53 71 42 58 P06576

16 Serum albumin 5.9 71 65 69 P08835

a Myofibrillar proteins.
b Sarcoplasmic proteins.
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and unmodified peptide (316-326) cleaved after Lys-326 (Fig. 7A
and B) provided evidence that the CID fragmentation of the peptide
bond at Met-325 occurred at a higher rate for the modified pep-
tide than for the unmodified tryptic peptide. The presence of y3
(—18) and the absence of y3 in the CID of the unmodified peptide
suggested a cyclisation at Lys-326.

Protein spot 6 was identified as creatine kinase (90% sequence
coverage). In the series of tryptic peptides, the fragment at m/z
832.45 (3+) was identified as (157-170) (LSVEALNSLTGEFK) with
a mass increment of 156 amu. Modification at Lys-170 by 4-
hydroxynonenal (HNE) was identified by tandem-MS analysis by a
complete series of yn-ions (y1-y12) in comparison to the unmodi-
fied peptide, confirming the HNE moiety at Lys-170 (Fig. 6A and B).
Remarkably, the modified Lys-170 residue is unaffected as a trypsin
cleavage site. Corresponding HNE modifications have been previ-
ously identified in proteins at Lys, Cys and His residues [33,34].
Furthermore, oxidation of Trp-169 to the kynurenine derivative
was identified in triosephosphate isomerase by the LC-tandem-MS
analysis of the tryptic peptide (161-175) (shown in Supplementary
Fig. S1).

4. Conclusions

Using a proteomics approach we have identified in this study
postmortem changes in protein denaturation (decreased solubil-
ity) and oxidation by analyzing porcine muscle samples at different
drip loss. By comparison of 2D-gel profiles of proteins from low
and high drip loss, we could visualize changes in proteins even
using Coomassie staining which was highly reproducible and was
confirmed by silver-stained gels showing identical changes. Corre-
lations of drip loss and protein carbonylations were identified by
comparison of 2D-oxyblots. Predominantly, carbonylated proteins
were found among myofibrillar proteins such as actin and isoforms
of myosin, while sarcoplasmic proteins such as creatine kinase and
triosephosphate isomerase showed no significant differences in
their carbonylation level. Oxidative posttranslational modifications
of myofibrillar proteins may be associated with important struc-
tural and functional alterations, such as impaired Ca?* homeostasis
and energy production in mitochondria [35,36].

High resolution FTICR-MS is shown here as a powerful tool
for identification of truncated muscle proteins and isoforms, due
to the low number of proteolytic peptides required for identi-
fication. Furthermore, the results of this study show that high
resolution 2D-gel electrophoretic separation in combination with
2D-Western blot enable the sensitive detection of post-mortem pro-
tein denaturation and oxidation. The use of LC-MS/MS provided
unequivocal identification of denatured and oxidized muscle pro-
teins, and the determination of oxidative structure modifications.
Thus, this methodology appears to be highly suitable for the detec-
tion and structural characterization of biomarker proteins.
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