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ARTICLE INFO ABSTRACT

Keywords: In this paper, the S-nitrosylated myofibrillar protein in pork was comparatively analyzed between pale, soft, and
PSE meat exudative (PSE) and red, firm, and non-exudative (RFN) meat. The S-nitrosothiol and immunoblot of S-nitro-
RFN meat

sylated protein indicated that the overall protein S-nitrosylation level in PSE pork was higher than that in RFN
pork. Proteomics showed that 114 SNO-modified cysteines corresponding to 65 proteins were over-expressed in
PSE samples while 74 nitrosylated cysteines of 20 proteins were over-expressed in RFN samples. Differential
proteins including myosin, actin, actinin, nebulin, titin, troponin-I, and filamin were distributed in the cyto-
skeleton and muscle fibers, participating in muscle contraction, cell development, and myofibril assembly by
exerting binding activity. The enriched KEGG pathways included tight junction, regulation of actin cytoskeleton,
glycolysis/gluconeogenesis, AMPK signaling pathway, and HIF-1 signaling pathway. Our data suggest that S-
nitrosylation of myofibrillar protein could be an alternative pathway of NO involved in the regulation of fresh

Myofibrillar protein
S-nitrosylation
Proteomics

meat quality.

1. Introduction

Desired quality of pork meat by consumer is typically red, firm and
non-exudative (RFN) while pale, soft and exudative (PSE) pork is a
defective meat, which has been a challenge for the development of
global pork meat industry. Many factors contribute to the formation of
PSE pork, including animal genetics, nutrition, pre-slaughter stress, and
carcass processing and storage conditions (Barbut et al., 2008). PSE pork
is exhibited with the characteristics of pale meat color, soft texture, high
juice exudation rate, which reduces the consumers’ purchasing desire
(Karamucki, Jakubowska, Rybarczyk, & Gardzielewska, 2013). On the
other hand, the protein in PSE meat is denatured to some extent,
resulting in poor processing capacity and huge economic losses of pork
meat industry. The primary cause of PSE meat has been known as the
rapid and excessive glycolysis accompanying with low pH-induced
protein denaturation of postmortem meat at high temperature (Barbut
et al., 2008; Huff-Lonergan & Lonergan, 2005). However, the molecular
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mechanism of biochemical changes in PSE meat during the postmortem
aging has not been fully elucidated and still needs further investigation.

It is well-known that the extent of muscle contraction in rigor mortis
and the integrity of muscle structure during postmortem aging are
crucial factors in affecting the meat quality. Proteolysis of those proteins
including actin, myosin, troponin, tropomyosin, titin, desmin and neb-
ulin contributes for the disruption of the myofibril architecture during
the conversion of muscle to meat process (Lana & Zolla, 2016). In
addition, many proteomics studies have revealed that those proteins
have been identified to be differentially expressed in postmortem meat
and affected by variable factors, such as breed, gender, rearing practices,
and muscle types (Picard, Gagaoua & Hollung, 2017). Some proteins can
be adopted as candidate biomarkers and associated with meat quality
traits, which gains a better understanding of molecular mechanism
involved in formation of meat quality. As summarized by Picard et al.
(2017), however, the correlation between candidate biomarkers and
meat quality traits exhibited inconsistence among studies. For example,
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actin was identified to be positively correlated with meat shear force in
the study of Hwang, Park, Kim, Cho and Lee (2005), but negative cor-
relation was shown as reported by Lametsch et al. (2003). Moreover, a
potential protein marker was determined with different molecular
weight and isoelectric point in one study as a consequence of different
isoforms, degraded fragments and post-translation modification (Hwang
et al.,, 2005). This may confound the basic protein expression and
exaggerate the relationship with meat quality. Thus, the status of protein
in postmortem meat, in particular, post-translation modifications which
are able to change protein localization, activity and function, is rec-
ommended to be addressed for robustly predicting meat quality traits.

Protein S-nitrosylation, which refers to the covalent attachment of
nitric oxide (NO) group to the sulfhydryl of protein cysteine to form S-
nitrosothiol, is considered as a common post-translational modification
in cell signaling pathway (Hess, Matsumoto, Kim, Marshall, & Stamler,
2005). Previous researches have been conducted to investigate the po-
tential role of NO and its-induced protein S-nitrosylation in regulating
fresh meat quality by managing the content of NO in postmortem muscle
(Cottrell, McDonagh, Dunshea, & Warner, 2008; Cottrell, Ponnampa-
lam, Dunshea, & Warner, 2015). A hypothesis was made that NO pro-
duced in postmortem muscle would modify the protein cysteine for S-
nitrosylation, which may regulate the protein activity, function and
interaction, and in turn affect physiological metabolism of muscle and
the meat quality during postmortem aging (Liu, Warner, Zhou & Zhang,
2018a). Research was progressed by the finding of a vast of S-nitro-
sylated proteins belongs to glycolytic enzymes, calcium channel pro-
teins, heat shock proteins, and antioxidant enzymes in aging samples of
pork longissimus thoracis muscle (Liu et al., 2018b). Wang et al. (2019),
Wang et al. (2020) further determined the differential protein S-nitro-
sylation level of glycogen phosphorylase (GP), phosphofructokinase
(PFK) and pyruvate kinase (PK), ryanodine receptor 1 (RyR1) and
sarcoplasmic reticulum calcium ATPase 1 (SERCA1) between PSE and
RFN pork, deciphering the PSE meat formation from the perspective of
protein S-nitrosylation effect on glycolysis and cytoplasmic calcium.
However, the literature was shown that many myofibrillar proteins such
as myosin, actin, desmin, myosin and troponin in vivo can undergo S-
nitrosylation modification in skeletal muscle (Su et al., 2013). The
biological function of skeletal muscle was reported to be regulated by
NO and protein S-nitrosylation, including muscle contraction and mus-
cle cell differentiation (Stamler & Meissner, 2001). The myofibrillar
proteins sensitive to S-nitrosylation were found to decrease the sensi-
tivity of myofilaments to calcium ions (Figueiredo-Freitas et al., 2015).
Many cytoskeletal proteins and the adhesion proteins were identified as
nitrosoproteins, indicating the S-nitrosylation of protein might be an
alternative pathway for NO to modulate muscle contractile function and
activity. Thus far, knowledge on myofibrillar protein S-nitrosylation in
postmortem muscle and its possible relationship with pork meat quality
are still lacked. The objective of this paper was to characterize myofi-
brillar protein nitrosylation and identify their specific S-nitrocysteine
sites in PSE meat compared to the RFN meat, and gained a better un-
derstanding about the involvement of NO and protein S-nitrosylation
during the process of muscle to meat conversion.

2. Materials and methods
2.1. Pork samples collection

Pigs (Castrated Duroc x Landrace x Yorkshire crossbred pigs, 100 +
10 kg) were slaughtered at a commercial meat processing plant (Sushi
Meat Co., Ltd., Huai’an, Jiangsu, China) following the Ordinance on Pig
Slaughtering Management in China (GB/T 17236-2019) (Wang et al.,
2021). The pigs were electrically stunned and the carcasses were
randomly selected by measuring the pHyy, of longissimus thoracis (LT) at
the 3rd to 4th rib to screen out possible PSE (pH < 5.8) and possible RFN
(pH > 6.0) meat at the slaughtering line, each with 10 pig carcasses
(Chmiel, Stowinski, & Janakowski, 2014). Then, the LT muscles from
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3rd and 13th rib were removed from the right half of each carcass. Each
loin was cut into 2 chops with approximately equal size and weight, and
the anterior part was assigned as 1 h and the posterior part was assigned
as 24 h postmortem treatment. Each chop was weighted and the samples
of 1 h post-slaughter were directly delivered for color measurement and
preparation of biochemical samples. Chops assigning as 24 h postmor-
tem treatment were individually vacuum-packed and stored at 4 °C for
PH, color and purge loss measurements. A portion of 50 g LT muscle of
each treatment was minced to be frozen in liquid nitrogen and stored at
—80 °C for further biochemical sample preparation. Finally, the PSE
samples (n = 8) and RFN samples (n = 8) were obtained according to the
criteria developed Warner, Kauffman, & Greaser (1997) with a slight
modification: PSE meat, pHogp < 5.5, L*24n > 50, and purge lossaqp >
5%, RFN meat, 5.5 < pHa4p < 5.8, 42 < L*94p < 50, purge lossagn < 5%.

2.2. pH, color, and purge loss determinations

The pH of LT muscle was determined by using a portable pH meter
(Testo 205, Germany) attached with a glass electrode. The standardized
buffer solutions (pH 4.00 and 7.00, BBI Life Sciences, Shanghai, China)
were used for the pH meter calibration before each measuring. At 1 h
postmortem, the pH meter was calibrated at room temperature (25°C)
and the LT muscle of pig carcass at the processing line was approxi-
mately 35°C. At 24 h postmortem, the standardized buffer solutions
were placed in the refrigerator (4°C), which was same as the meat
samples. pH was recorded once the digital display of pH meter was
stable after the electrode penetrated into the meat. pH values in four
different sites of each meat chop were measured and those four repeated
measurements of pH value were averaged for statistical analysis. The
instrumental color parameters were measured with the colorimeter of a
D65 light source, 8 mm measurement aperture, and 2 observation angle
(CR-400, Konica Minolta, Japan). Each meat sample was placed on the
plate to be exposed to air for 10 min at room temperature (25°C) before
measurements. The colorimeter was calibrated with a standard white
plate each time before measuring. The L*, a* and b* values of the meat
samples were calculated by averaging values of three different points of
meat surface. Purge loss was measured by recording the initial weight of
LT before vacuum packing and the weight after storing 24 h at 4 °C, in
which the exudate was removed and surface liquid was wiped dry with
filter paper. Purge loss was calculated as percentage of the weight loss
over the initial weight of each sample.

2.3. Detection of nitric oxide synthase (NOS) activity

NOS activity was determined by a commercial NOS detection kit
(Jiancheng Bioengineering, Inc., Nanjing, China). Protein sample was
prepared by homogenizing 0.5 g of well-minced LT muscle with
extraction buffer (25 mM Tris — HCl, 1 mM ethylenediaminetetraacetic
acid (EDTA), and 1 mM ethylene glycol-bis(-aminoethyl ether)-N,N,N’,
N'-tetraacetic acid (EGTA, pH 7.4). The homogenate was then centri-
fuged at 20,000 g for 15 min at 4 °C. The supernatant was obtained and
used for the detection of NOS activity. Protein concentration was
detected by a Pierce BCA Protein Assay kit (Thermo Fisher Scientific, IL,
USA). NOS activity was expressed as the nmoles per min per milligram
protein.

2.4. Preparation of myofibrillar protein

The well-chopped LT muscle (0.5 g) was homogenized twice at 4 °C
with 4.5 mL pre-cooled phosphate buffer (0.1 M NaCl, 10 mM Na,H-
PO4-12H50, 2 mM MgCly-6H,0 and 1 mM EGTA at pH 7.0), and 15 s
each time with a 30 s interval between bursts. The homogenate was then
centrifuged at 2,000 g for 15 min at 4 °C and supernatant was slowly
decanted. Then, precipitate was washed twice with 4.5 mL of the
phosphate solution and three times with 4.5 mL of 0.1 M NaCl. The
precipitate of the centrifuged sample was collected as myofibrillar
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protein fraction. Protein concentration was measured with BCA Protein
Assay kit and adjusted to 4 mg/mL with HENS buffer (100 mM HEPES,
pH 7.8, 1 mM EDTA, 0.1 mM Neocuproine, and 1% SDS (w/w)) for
further protein S-nitrosylation detection.

2.5. S-nitrosothiol (SNO) detection

Total protein SNO amount in the sample was determined by Saville
method with reference to Liu et al. (2018b). Briefly, two aliquots of 50
pL myofibrillar protein sample or S-nitrosoglutathione (GSNO) standard
samples were mixed with reagent A (1% sulfanilamide, 0.5 M hydro-
chloric acid) or reagent B (0.2% mercuric chloride, 1% sulfanilamide,
and 0.5 M hydrochloric acid) in a 96-well plate, respectively. After
reacting at 25°C for 5 min at room temperature, 100 pL of reagent C (0.5
M hydrochloric acid, 0.02% N-1-naphthyl ethylenediamine) were also
added and then oscillated for 30 s in a microplate reader (IN FINITE 200
PRO, Tecan Trading AG, Switzerland). After reacting at 25°C for 5 min,
absorbance was detected at 540 nm. The linear range of GSNO con-
centration was set as 3.125-200 pM for making the standard curve with
the absorbance difference between group B and group A. SNO concen-
tration of myofibrillar protein sample was determined by using the
GSNO standard curve and expressed as uM/mg protein.

2.6. Biotin switch method

Myofibrillar protein samples for the S-nitrosylation detection were
prepared by the biotin switch method (Zhu et al., 2021). Myofibrillar
protein concentration was adjusted to 2 mg/mL by HENS buffer and
then 700 pL samples were removed into a new tube. Five-fold of pre-
cooled acetone (v/v, —20 °C) was added and then precipitated at
—20 °C for 12 h. Sample was then centrifuged at 10,000 g for 10 min at
4 °C, and the acetone was gently discarded. Sample was then air-dried at
25°C for 10 min. For blocking the free sulfydryl, 70 pL of 1 M methyl
thiosulfonate (MMTS) were added, vigorously vortexed for 1 min and
incubated for 30 min at 25°C. After the incubation, protein was also
precipitated twice with pre-cooled acetone to remove excess MMTS. The
dried protein pellet was dissolved in 700 uL HENS solution, followed by
the sequential addition of 14 pL of IodoTMT labeling agent (0.2 mg
IodoTMTsixplex in 20 pL of dimethylsulfoxide, 90100, Thermo Fisher
Scientific, IL, USA) and 28 pL of 1 M sodium ascorbate. The mixture was
severely vortexed and the reaction for SNO reduction and labeling was
performed in dark at 37 °C for 1 h. After the reaction was completed, one
aliquot of 50 pL of protein sample was combined with 2 x loading buffer
(100 mM Tris-HCl, 20% glycerol (w/w), 4% SDS (w/w), 0.05% bro-
mophenol blue (v/v) and 5% B-mercaptoethanol (v/v)) at a ratio of 1: 1,
followed by 10 min incubation in a 95 °C water bath for making elec-
trophoretic samples. The remaining aliquot of protein sample solution
was added with dithiothreitol (DTT, 1 M) to terminate the labeling re-
action, and the excess labeling reagent was removed by the precipitation
with pre-cooled acetone at —20 °C as described above. Myofibrillar
protein was re-dissolved with HENS buffer, subsequently added with
100 pL of iodoacetamide and incubated at 37 °C for 1 h in dark. By
performing the acetone precipitation at —20 °C, protein was collected
and stored at —80 °C for S-nitrosylation detection by LC-MS/MS
analysis.

2.7. Detection of S-nitrosylated myofibrillar protein by western blotting

A dose of 10 pg myofibrillar protein sample was loaded onto the
polyacrylamide gel comprising of 4% stacking gel and 10% separating
gel. Gels were run on a Bio-Rad Mini-Protean II electrophoresis unit
(Bio-Rad Laboratories, Hercules, CA) at 90 V for 30 min, and then at 120
V for 60 min until the dye front reached the bottom of the gel. After
electrophoresis, myofibrillar protein was transferred into poly-
vinylidene difluoride (PVDF) membranes setting at 90 V for 90 min at
4 °C. Then, the membrane was blocked with 5% (w/v) non-fat dry milk
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in TBST buffer (20 mM Tris-base, 137 mM NaCl, 5 mM KCI and 0.05%
(v/v) Tween-20) at room temperature for 2 h. After discarding the
blocking solution, membrane was incubated with the anti-tandem mass
tag (TMT) antibody (S-nitrosylation western blot assay kit, Thermo
Fisher Scientific, USA) at dilution of 1: 1,000 at 4 °C for 12 h. The
membrane was washed with TBST solution for three times (10 min/
wash). After incubated with the secondary antibody of horseradish
peroxidase (HRP) -labeled sheep anti-mouse immunoglobulin
(BS12478, Bioworld, USA) at dilution of 1: 100,000 for 2 h at room
temperature, the membrane was washed with TBST again. Finally, PVDF
membrane was treated with BeyoECL Moon buffer (Beyotime Institute of
Biotechnology, Haimen, China), and reacted for 90 s and manually
exposed to X-Ray in dark. The X-Ray film was scanned with an Epson
perfection V30 SE scanner (Epson, Nagano, Japan). The membrane with
chemiluminescence was removed to detect p-actin, which was consid-
ered as an internal standard, by stepwise washing with distilled water
for 5 min, antibodies removal buffer (Beyotime Institute of Biotech-
nology, Haimen, China) for 10 min and 4 times of TBST buffer for 20
min. The rabbit polyclonal anti-B-actin antibody (1102, Bioworld, USA)
was used as the primary antibody at the dilution of 1: 20,000 with TBST
buffer and HRP-labeled goat anti-rabbit immunoglobulin (BS13278,
Bioworld, USA) was regarded as the secondary antibody with a dilution
of 1: 100,000. The protein band densities were analyzed with the
Quantity one software (Version 4.6.2, Bio-Rad, USA).

2.8. LC-MS/MS analysis

The myofibrillar protein pellet prepared by BSM was solubilized in
12 mL of 50 mM NH4HCOj3. The enzymolysis of protein was performed
by adding 160 pL of 0.08 pg/pL trypsin and incubated at 37°C for 12 h.
The resulting peptides were desalted by polypeptide desalting centrif-
ugal column (89852, Thermo Fisher Scientific, IL, USA) and then vac-
uum lyophilized. Lyophilized peptide was redissolved with TBS buffer
(20 mM Tris-base, 137 mM NaCl, 5 mM KCl) and the enrichment was
done by adding 400 pL of anti-TMT resin for 2 h incubation at room
temperature. The unbound peptides were subsequently washed with a
column volume of 2 M urea in TBS buffer, TBS buffer, and ultrapure
water, each for 4 times. The enriched peptides were eluted by the TMT
elution buffer (90104, Thermo Fisher Scientific, IL, USA). Sample was
then desalted, vacuum lyophilized and dissolved in 20 pL of 2% aceto-
nitrile with 0.1% formic acid.

Liquid chromatography-mass spectrometry (NanoLC-MS/MS) was
performed with the Easy nL.C 1200 system for chromatographic sepa-
ration. The peptide sample of 2 pg was injected at a nanoliter flow rate.
The peptide separation was conducted by using a gradient mobile phase
of solution A (0.1% formic acid) and solution B (0.1% (v/v) formic acid,
and 80% (v/v) acetonitrile) as follows: 95% A for column equilibration,
0-2 min, B from 2% to 4%, 2-110 min, B from 4% to 30%, 110-112 min,
B from 30% to 90%, and 112-120 min, 100% B. Spray voltage was set as
2 kV. After the peptide separation, data correlation acquisition (DDA)
mass spectrometry was performed on a Q Exactive HF-X compound
quadrupole-orbital trap mass spectrometer equipped with a nano elec-
trospray ion source (nESI). The parameters for MS1 scanning were set as
follows: the scanning range of parent ion was 350-1800 m/z, the reso-
lution was 60,000 (m/z: 200), the automatic gain control (AGC) target
was 3 x 106, the maximum injection time (IT) was 50 ms, and the
number of micro-scans was set to 1. The 15 highest intensity precursor
ions were selected from each MS1 scan for high energy collision disso-
ciation (HCD). In the MS2 scan, the resolution was 15,000 (m/z: 200),
the AGC target was 1 x 10°, the maximum IT was 50 ms, the intensity
threshold was 2 x 10% the isolation window was 1.6 m/z, and the
normalized collision energy was 32. The number of micro-scans was set
to 1, and the dynamic exclusion time for peptide scans was 30 s.

The original files were imported into the Proteome Discoverer Soft-
ware (Version 2.4, Thermo Fisher Scientific, IL, USA) for database
retrieval against the database Uniprot-Sus scrofa_122027_202008. The
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enzyme was set to trypsin and the maximum allowed number of missed
cleavage sites was set to 2. The main search segment tolerance, first
search segment tolerance, and MS/MS tolerance were set to 4.5 ppm, 20
ppm, and 20 ppm, respectively. The peptide map-matching FDR and the
protein FDR were both set to <0.01, and the variable modifications
included iodoTMT6 modification, oxidative modification, and protein
N-terminal acetylation.

2.9. Bioinformatics analysis

The S-nitrosylated proteins differently detected between PSE and
RFN group were selected based on fold change (FC) > 1.30 or <0.77
(PSE meat vs RFN meat) and P < 0.05 was identified. Those differential
proteins were used for the significance enrichment analysis by the gene
ontology (GO) (https://geneontology.org/) annotation in which the
protein enrichment significance level for a given GO term was tested by
Fisher’s Exact Test. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) (https://www.genome.jp/kegg/) pathway enrichment analysis
was performed. Significant protein enrichment levels for each pathway,
in units of the KEGG pathway, were obtained by the Fisher’s Exact Test
to identify significant metabolic and signal transduction pathways. The
protein—protein interaction (PPI) network was derived from the
Omicsbean system (https://www.omicsbean.cn).

2.10. Statistical analysis

Significant differences between RFN meat and PSE meat samples
were analyzed by Paired Samples T-Test with SPSS version 16.0 software
(SPSS Inc., Chicago, IL, USA). The level of significance was considered as
P < 0.05.

3. Results and discussion
3.1. Meat quality

As shown in Table S1, the LT muscles were categorized into PSE and
RFN pork based on the differences in pH, color and purge loss during 24
h postmortem aging. PSE meat group presented significantly higher L*
but lower pH than that of RFN meat group at 1 h and 24 h postmortem
(P < 0.05). Additionally, a lower a* value combined with a higher b*
value were also observed in PSE meat showing with paleness appear-
ance. Water hold capacity as indicated by purge loss in PSE meat group
was significantly lower than that in RFN meat group, implying more
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water loss of PSE meat during 24 h postmortem aging. The results in the
current study are consistent with the previous reports (Wang et al.,
2019; Wang et al., 2020) and the classified standard of PSE and RFN
pork (Warner et al., 1997).

3.2. NOS activity and SNO content

Endogenous NO in muscle can be formed by NOS catalysis of argi-
nine to citrulline, and NOS activity is the prerequisite for NO production
thus playing a role during the aging process of postmortem pork (Liu
et al., 2015). The NOS activity and SNO content is shown in Fig. 1a and
1b, respectively. LT muscle presented a decreased NOS activity, and a
gradient increase of SNO content during the 24 h of postmortem aging
(P < 0.05). The NOS activity in PSE pork was significantly lower than
that of RFN pork (P < 0.05). On the contrary, PSE sample possessed a
relatively higher SNO content in comparison to RFN sample (P < 0.05).
The present study showed higher NOS activity in RFN meat than that in
PSE meat group, which is consistent with the report by Wang et al.
(2019), where PSE meat presented lower NOS activity than that of the
RFN group at 1 h postmortem. Similarly, Brannan & Decker (2002)
detected NOS activity in postmortem chicken thigh muscle and found
that NOS activity was inhibited by lower pH value. It was suggested that
the pH difference in postmortem muscle may affect the NOS activity in
PSE and RFN meat. Moreover, post-translational modifications of pro-
teins, including S-nitrosylation, were reported to regulate NOS activity
by subcellular targeting. The total SNO content in PSE pork was higher
than that in RFN pork, which might cause the variable S-nitrosylation of
NOS, resulting in NOS activity difference between PSE and RFN meat
samples. The gradual increase of SNO content of myofibrillar proteins
during postmortem aging is also in accordance with the previous reports
for the sarcoplasmic protein in pork LT muscle (Liu et al., 2018b),
indicating the reduced oxidative stability in postmortem meat. NOS
activity and protein S-nitrosylation level differed between PSE and RFN
pork, suggesting a potential role of NO is involved during the process of
muscle to meat conversion (Fig. 2).

3.3. Immunoblot of S-nitrosylated myofibrillar protein

The S-nitrosylated protein bands in LT muscle at 1 h postmortem
aging are shown in Fig. 3. The optical density of protein band indicated
the extent of protein S-nitrosylation, and the abundance was calculated
by the relative intensity of protein bands over that of f-actin (Supple-
mentary Table S2). It was found that the total abundance of S-

40 [_]RFN
sk

w
L

=]
n
1

)
1

n
1

1

s-nitrosothiol content (umol/mgprot)

=]
w
1

0.0

lh 24h
Aging time

Fig. 1. Nitric oxide synthase (NOS) activity (a) and S-nitrosothiol content (b) at 1 h, 24 h postmortem of red, firm, and non-exudative (RFN) and pale, soft, and
exudative (PSE) meat. * indicated significant differences among treatment groups (P < 0.05). The bar indicates standard error of mean.
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Fig. 2. Comparison of S-nitrosylated protein bands between PSE and RFN meat at 1 d postmortem. (a) Representative image of immunoblotting of S-nitrosylated
myofibrillar protein and B-actin. (b) Relative intensity of total S-nitrosylated protein bands. Different letters indicate significant difference between two groups at P <

0.05. The bar indicates standard error of mean.

nitrosylated protein in PSE meat was significantly higher compared to
RFN meat (P < 0.05, Fig. 3b), whereas individual proteins bands
exhibited a high variability. In comparison to RFN pork, PSE pork
showed a lower intensity in protein band 1, 6, and 10, while a higher
intensity for protein band 8 and 11 (only detected in PSE group). The
remaining protein bands showed no significant differences among two
groups (P > 0.05, Supplementary Table S2). The degree of S-nitro-
sylation of myofibrillar proteins varied between PSE and RFN groups,
implying that NO and its-induced protein S-nitrosylation might be
involved in regulating pork meat quality via myofibrillar proteins and its
associated pathways.

3.4. Identification and quantification of S-nitrosylated myofibrillar
protein

By utilizing the iodoTMT-based proteomisc, a total of 1,247 cysteine
sites corresponding to 419 proteins were identified with S-nitrosylation
modification in myofibrillar protein fraction of pork LT muscle at 1 h
postmortem aging (Fig. 3a). The differential S-nitrosylated proteins and
Cys-sites between PSE and RFN pork are presented in Supplementary
Table S3. There were 180 SNO-modified Cys-sites in 170 peptides,
among which 10 peptides contained two Cys-sites. Compared to RFN
meat, PSE meat had 96 up-regulated Cys-sites in 65 corresponding
proteins and also 74 down-regulated Cys-sites in 20 proteins (Fig. 3b).
The heatmap of PSE and RFN meat samples in triplicate showed a reli-
able detection of Cys-SNO modification (Fig. 3c). The high variability of
individual proteins of S-nitrosylation among two groups was indicated,
which accorded with the immunoblotting result of S-nitrosylated pro-
tein band detection.

The representatives of differential S-nitrosylated proteins and SNO-
modified cysteine sites are shown in Table 1. As expected, cytoskeletal
proteins were mostly identified and included myosin, actin, actinin,
nebulin, titin, troponin-I, filamin, plectin, microtubule-associated pro-
tein and PDZ and LIM domain protein. Myosin isoforms were matched
with different abundance of Cys-SNO modification among two groups.
Among them, Cys 676, Cys 699 and Cys 1344 in myosin 1 were higher
expressed in RFN sample, while Cys 995 in myosin 9 was over-
abundance in PSE sample. The S-nitrosylation of Cys-sites in plectin,

microtubule-associated protein, PDZ and LIM domain protein 3, and
filamin C of the PSE group was higher than those of the RFN group
whereas the Cys-SNO modification of actin, nebulin, actinin alpha 3 and
troponin I in the PSE group was lower than those of the RFN group. The
giant protein titin was detected with multiple cysteines modified by S-
nitrosylation. The PSE group showed a higher SNO modification of
Cys1976 in titin and Cys 26,581 in titin isoform X6 but lower for
Cys1976 in titin and other 39 Cys-sites in titin isoform X6 when
compared to RFN group (P < 0.05).

Previous studies have been mainly concentrated on S-nitrosylated
protein detection of sarcoplasmic protein fractions in skeletal muscle of
pig (Liu et al., 2018b), beef (Zhu et al., 2021), and mouse (Su et al.,
2013). In the present study, the S-nitrosylation modification of myofi-
brillar protein Cys-sites in pork postmortem muscle was identified for
the first time at a large scale by proteomics. The primary outcome of this
study was the findings of myofibrillar fraction of S-nitrosylated proteins,
which were the main constituent of muscle fibers. At present, it has been
identified that a variety of cytoskeletal proteins was capable to be
modified by S-nitrosylation (Horenberg, Houghton, Pandey, Seshadri, &
Guilford, 2019). Figueiredo-Freitas et al. (2015) reported that a-actin,
myosin light chain 3, myosin heavy chain 6, myosin binding protein C,
troponin I, troponin C, titin and a-tropomyosin 1 were shown to be S-
nitrosylated in mouse cardiomyocytes. Bansbach & Guilford (2016)
identified S-nitrosylated proteins in rat skeletal muscle tissue and found
that a-, - and y-isoforms of actin underwent significant S-nitrosylation
modification.

Myosin and actin are the main components of thick filaments and
thin filaments, respectively. The thick and thin filaments cross and slide
each other through the interaction between myosin head and actin fil-
aments, which is responsible for muscle contraction (Hartman & Spu-
dich, 2012). Myosin family is a large and diverse protein family, which is
involved in many cellular pathways (Woolner & Bement, 2009). In this
study, three myosin isoforms were identified to be modified by S-
nitrosylation, among which Cys995 of myosin-9 was expressed higher in
the PSE group, while other four Cys-sites in myosin-1 were over-
expressed in RFN group (P < 0.05). Similarly, Evangelista et al.
(2010) found that both myosin heavy chain in rats and myocardial cell
in humans were modified by S-nitrosylation. It was revealed that the S-
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nitrosylation of myosin could change the hydrolysis cycle of myosin,
reduce the movement speed of actin, and enhance the isometric
contraction force of the muscle, thus affecting the muscle contraction
(Evangelista et al., 2010; Horenberg et al., 2019). In addition, a-actin
was reported to be SNO-modified in vivo and in vitro (Bizzozero & Zheng,
2009; Chen et al., 2008). This study showed that Cys287 of a-actin was
modified by S-nitrosylation. Likewise, Figueiredo-Freitas et al. (2015)
also detected S-nitrosylation modification of actin at Cys287 in smooth
muscle of mice. In vitro S-nitrosylation of p-actin with NO donor GSNO
revealed a slight decrease in the monomer polymerization capacity of
actin and an increased time for binding myosin during its hydrolysis
(Bansbach & Guilford, 2016). The different degree of SNO-modification
in myosin-1 and a-actin between PSE and RFN meat was putative to
affect the sliding and crossing between thick and thin filaments when
the postmortem muscle was developed into rigor mortis. The speed and
extent of bounding of actin to myosin is critical to the muscle contrac-
tion and meat quality change in postmortem meat, however, the S-
nitrosylation effect is unknown and needs to be further studied.

Titin can maintain the integrity of sarcomere structure and stabilize
the center of the thick filament between the Z-disks (Huff-Lonergan,

Zhang, Lonergan, 2010; Linke & Hamdani, 2014). In this study, S-
nitrosylation modification was detected in titin isoform X6 with multiple
Cys-sites. It has been reported that S-nitrosylated titin was associated
with reduced calcium sensitivity (Figueiredo-Freitas et al., 2015) and
was thought to have an effect on the titin components of the passive
stiffness of the sarcomere (Mayans, Wuerges, Canela, Gautel, & Wil-
manns, 2001). Besides, S-nitrosylation modifications of myosin-binding
protein C, troponin I and troponin C were also reported to relate with the
decreased calcium sensitivity (Figueiredo-Freitas et al., 2015). Those
proteins were also detected with undergoing S-nitrosylated modification
in the current study, among which myosin binding protein C and
troponin C2 were matched as uncharacterized protein due to the defi-
ciency of pig protein data bank (Supplementary Table S1). Wang et al.
(2019) reported that the sarcoplasmic calcium concentration in PSE
meat was 5.8 fold higher than that in REN meat at 1 h postmortem. It is
suggested that the S-nitrosylation might affect the extent of muscle
contraction by affecting the calcium sensitivity with variable calcium
concentrations at the early stage of postmortem aging. Plectin, a high-
molecular-weight cytoskeletal junction protein, is connected to actin
and microtubule network and is anchored to the subcapsular skeleton
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Representative candidates of differential S-nitrosylated proteins and SNO-modified cysteine sites identified from myofibrillar protein fraction of pork LT muscle

between PSE meat and RFN meat.

No. Protein names Accessions Annotated Sequence Cys-sites FC P.value
1 Myosin-1 QITV61 [RK].HDCDLLR.[E] 1344 0.72
[R].CNGVLEGIR.[I] 699 0.75
[R].CIIPNETK.[TS] 676 0.74 xx
2 Myosin-1 isoform X1 AO0A481AX92 [R].RESIFCIQYNIR.[A] 817 0.66 *
3 Myosin-9 A0A480QL86 [K].LEEDQIIMEDQNCK. [L] 995 1.47
4 Actin, alpha skeletal muscle A0A481CYB2 [RK].CDIDIRK.[D] 287 0.72 *
5 Actinin alpha 3 AOA5G2RET9 [K].DGLALCALIHR.[H] 195 0.75 *
6 Filamin C F1SMN5 [R].VGVTEGCDPTR.[V] 1349 1.68
[R].SPFPVHVAEACNPNACR.[A] 478 1.32 *
[R].VHTPSGAVEECYVSELDSDK.[H] 2449 1.64 o
7 Plectin AO0A287B217 [K].GDECQMVGPAQPFHWK.[V] 797 1.64 *
8 Nebulin F1SHXO0 [K].KCQTLVSDIDYR.[N] 3824 0.73 *
[R1.NYLHQWTCLPDQHDVIQAR.[K] 4084 0.70 *
9 Titin A0A480J3J1 [R].VVGKPDPECEWYKNGVK.[I] 1976 1.38 i
[K].NCAVVDESVYGFK.[L] 2636 0.67 *
10 Troponin I B3VI70 [K].HKVCMDLR.[A] 134 0.76 *
11 PDZ and LIM domain protein 3 Q6QGCO [K].MPLCDK.[C] 135 1.71 *
[R].SSGCSTPSGIDGGSGR.[S] 62 1.46 *
12 Microtubule-associated protein A0A287AY86 [K].CPWGDR.[E] 1153 1.77 *
13 Glyceraldehyde-3-phosphate dehydrogenase P00355 [R].VPTPNVSVVDLTCR.[L] 245 1.67 *
[K].IVSNASCTTNCLAPLAK.[V] 150;154 1.59 *
14 Phosphoglycerate kinase AOA5G2R4C4 [K].DCVGPEVEK.[A] 80 1.89 *
15 2-phospho-p-glycerate hydro-lyase AO0A4X1WS8R1 [K].YINEFLAPALCTQK.[L] 233 0.76 o
16 4-Alpha-glucanotransferase AOA287AXAS8 [R].GVPALIENDHHMNCIR.[K] 283 1.41 *
17 Alpha-1,4 glucan phosphorylase A0A4X1VBN9 [KR].TCAYTNHTVLPEALER.[W] 373 2.25
18 Serine/threonine-protein phosphatase F1RNL4 [KR].HDLDLICR.[A] 246 2.10 i
AOA4X1VTD3 [R]I.NVVTIFSAPNYCYR.[C] 266 1.98 i
19 Annexin AOAS5G2RBI3 [K].CLTEILASR.[T] 82 1.94 o
20 Calreticulin AO0A4X1TO9R5 [K].HEQNIDCGGGYVK.[L] 71 1.44 *
21 Fibrillin-1 A0A4X1SK88 [K].GTCWQTIIDGR. [C] 853 1.58 *
22 Inosine-5'-monophosphate dehydrogenase A0A4X1SXS6 [K].AQHGFCGIPITDTGR. [M] 140 1.48
23 Nicotinamide phosphoribosyltransferase AO0A5G2QUY8 [K].VYSYFECR.[E] 39 1.7 i
24 GTP-binding nuclear protein Ran AOA5G2QZY6 [R].VCENIPIVLCGNK.[V] 126 1.67 *
25 ADP/ATP translocase F1RZQ6 [R]1.KGADIMYTGTVDCWR. [K] 213 1.64 *
26 Ubiquitin carboxyl-terminal hydrolase AO0A4X1UWB5 [K].NEAIQAAHDAVAQEGQCR.[V] 152 1.87 wE
27 Elongin C AO0A5G2QXY8 [K].TYGGCEGPDAMYVK.[L] 38 1.64 el
28 Mitsugumin-53 AOAS5G2RAP2 [K].LQLQEACMR.[K] 118 1.74 *
[K].YCLVTSR.[L] 216 1.73

Note: The protein name and accessions number of the identified peptide were recorded from www.uniprot.org/. FC indicated the fold change of specific Cys-SNO
modification between PSE group and RFN group. * indicated P < 0.05 and ** indicated P < 0.01.

and the plasma membrane-cytoskeletal junction complex (Spurny et al.,
2007). Recently, the degradation of plectin was found in pork LT muscle
during 7 d of postmortem aging, suggesting a potential role in affecting
meat quality of pork (Tian et al., 2019). In this study, we found that the
Cys797 of plectin was modified by S-nitrosylation, and its expression in
the PSE group was significantly higher than that in the RFN group.
Spurny et al. (2007) found that the R5 domain of the plectin could un-
dergo S-nitrosylation modification and a synergistic relationship was
suggested between the S-nitrosylation of intermediate filament protein
and S-nitrosylation of plectin (Horenberg et al., 2019).

In addition to the myofibrillar proteins, some of the sarcoplasmic
proteins were also detected to be over-abundant in PSE group (Table 1).
For example, the enzymes were related to glycogen metabolism and
glycolysis included glyceraldehyde-3-phosphate  dehydrogenase
(GADPH), phosphoglycerate kinase (PGK), 4-a-glucanotransferase, 2-
phospho-b-glycerate hydro-lyase, and 4-alpha-glucanotransferase. Some
other proteins mainly belonged to phosphorylase (a-1,4-glucan phos-
phorylase, serine/threonine-protein phosphatase), transporters (GTP-
binding nuclear protein Ran, and of ADP/ATP translocase), and pro-
teases (elongin C and ubiquitin carboxyl-terminal hydrolase).

3.5. GO functional annotation of differentially modified proteins
The GO functional annotation of cellular component, biological

process and molecular function was analyzed by using the data set of
differential S-nitrosylated proteins between PSE and RFN meat. As

shown in Fig. 4a, the differential proteins were mainly distributed in
cytoskeletal and contractile fibers including myofibrils, contractile fiber,
I band, sarcomere and supramolecular fiber. These proteins participated
in muscular biological processes including the muscle system process,
muscle structure and striated muscle cell development, muscle
contraction and sarcomere organization. Accordingly, the molecular
functions of those proteins were structural constituent of muscle, cyto-
skeletal protein binding, actinin binding and purine nucleoside binding.
Likewise, previous studies have also shown that NO-induced nitro-
sylation could impact muscular biological processes such as muscle
contraction and muscle structural composition by modifying myofi-
brillar protein and cytoskeletal protein (Bansbach and Guilford, 2016;
Evangelista et al., 2010; Horenberg et al., 2019).

3.6. KEGG pathway and PPI analysis of differential S-nitrosylation-
modified proteins

The enriched KEGG pathway for differential proteins of S-nitro-
sylation is shown in Fig. 4b. The top cellular processes were shown as
tight junction, regulation of actin cytoskeleton, and necroptosis. The
significant KEGG pathways for environment information processing
were identified as HIF-1 signaling pathway, AMPK signaling pathway
and TGF-beta signaling pathway. The enrichment of KEGG pathways
which were involved in postmortem metabolism was glycolysis/glyco-
genesis. Coincidentally, those remarkable pathways were found in PPI
network. Several co-expressed protein clusters were revealed and
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Fig. 4. GO functional classifications (a) and enrichment of KEGG pathway (b) by analyzing the differential proteins with S-nitrosylation modification between the

PSE and RFN meat at 1 d of postmortem aging.

related to the HIF-1 signaling pathway, biosynthesis of amino acids,
carbon metabolism, glycolysis/glycogenesis, muscle system processes,
myofibril assembly, muscle cell development, striated muscle cell
development and tight binding (Fig. 5). The genes corresponded with

over-abundance SNO-modified proteins in PSE group such as PPP2CA,
MYL6, LOC100523824, CSRP3, LDB3, SRL, SLMAP, FLNC, LMCD1 and
TRIM72 was involved in the process of muscle system process, assembly
of myofibrils and development of muscle cells. The tight binding process
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Fig. 5. Protein-protein interaction (PPI) network of the differentially modified proteins between the PSE and RFN meat at 1 d of postmortem aging.

included MYH4 and HUMMLC2B and PPP2CA. Moreover, the GAPDH
and ENO3 were co-existed in glycolysis/glycogenesis and HIF-1
signaling pathway.

HIF-1 signaling pathway is activated in response to low oxygen
concentration (Martinez-Ruiz & Lamas, 2004; Sha & Marshall, 2012),
which is able to regulate genes involved in cell survival and glycolysis,
thereby inhibiting apoptosis (Lambert, Roy, Robitaille, Richard, &
Bonnet, 2010). It was reported that the expressions of glycolysis rate-
limiting enzymes including glycogen phosphorylase (GP), phospho-
fructokinase (PFK), and pyruvate kinase (PK) in PSE meat were signifi-
cantly higher than that in RFN meat, while the corresponding protein S-
nitrosylation was lower (Wang et al., 2020). However, the current study
showed that the S-nitrosylation of GAPDH and PGK in PSE meat was
identified to be more expressed than that in RFN meat. The glycolytic
enzymes are water-soluble proteins and shall be washed with low ionic
buffer during the preparation of myofibrillar fraction of proteins. The
existence of glycolytic enzymes in myofibrillar fraction of proteins in the
present study was possibly due to that the lower pH in PSE meat might
denature proteins and precipitate with myofribillar proteins during the
extraction. On the other hand, those proteins may probably have the
interactions with myofibrillar proteins as protein S-nitrosylation is able
to change protein conformation, localization and protein-protein
interaction (Hess et al., 2005).

Most importantly, the PPI analysis showed that the differentially
modified proteins were involved in the muscle cell development and
myofibril assembly. NO was originally known as an endothelium-
derived relaxing factor to cause the relaxation of smooth muscle via
NO/cGMP/PKG pathway (Bruckdorfer, 2005), until a direct effect of NO
on the contractile apparatus of skeletal muscle was found (Horenberg
et al., 2019). The chemical donor of free NO in skeletal muscle prepa-
rations led to the reduction of calcium ion sensitivity, ATP enzyme ac-
tivity and shortening speed (Andrade, Reid, Allen, & Westerblad, 1998),
which indicated that NO had a direct effect on myofibrillar protein in
striated muscle (Horenberg et al., 2019). Moreover, studies have also
shown that the S-nitrosylation modification could participate in the
regulation of striated muscle through the regulation mechanism of
myosin (Evangelista et al., 2010). Taking together, it is suggested that
the S-nitrosylation of myofibrillar proteins detected in the current study
can be regarded as a complementary pathway of NO in affecting meat
quality and being involved in the process of muscle to meat conversion.

4. Conclusions

This paper explored the underlying mechanism of NO involved in
postmortem aging via S-nitrosylation modification of myofibrillar pro-
teins in PSE meat and RFN meat. It was found that the myofibrillar
protein of PSE meat showed a higher degree of S-nitrosylation modifi-
cation than that of RFN meat. The myofibrillar proteins including
myosin, actin, actinin, nebulin, titin, troponin-I, filamin, plectin,
microtubule-associated protein and PDZ and LIM domain protein were
found to be S-nitrosylated and differentially expressed in PSE and RFN
meat. The differential proteins were mainly distributed in the cyto-
skeleton, and participated in muscle system processes and myofibril
assembly by exerting molecular functions of protein binding. In addition
to glycolysis and energy metabolism, other biochemical processes
related to meat quality were found such as the myofibril assembly, tight
binding, and HIF-1 signaling pathway. Thus, the modification of
myofibrillar protein by NO-induced S-nitrosylation can facilitate to
understand NO-involved biochemical metabolism of postmortem muscle
and explain the mechanism of PSE meat formation. The differential S-
nitrosylated proteins with a high abundance in PSE group can be sug-
gested a potential marker for meat grading in pork industry. On the
other hand, molecular understanding of PSE pork might give practical
implications in decreasing its occurrence and meeting consumers’ de-
mand for high quality pork meat. Further studies need to be further
conducted on specific Cys-sites modification of myofibrillar proteins
including myosin and actin on muscle contraction and meat quality
during postmortem aging.
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