Food Science of Animal Resources

Food Sci. Anim. Resour. 2021 July 41(4):650~663

DOI https://doi.org/10.5851/kosfa.2021.e22

()

pISSN : 2636-0772  eISSN:2636-0780 .\ ..
http://www.kosfaj.org | updates

Acetylation of Sarcoplasmic and Myofibrillar

aOPEN ACCESS

Received January 19, 2021
Revised April 16, 2021
Accepted April 20, 2021

*Corresponding author : Xin Li
Institute of Food Science and Technology,
Chinese Academy of Agricultural Sciences,
Key Laboratory of Agro-products Quality &
Safety in Harvest, Storage, Transportation,
Management and Control, Ministry of
Agriculture and Rural Affairs, Beijing
100193, China
Tel: +86-10-62819392
E-mail: xinli.caas@gmail.com

*ORCID
Yejun Zhang
https://orcid.org/0000-0002-7298-6425
Xin Li
https://orcid.org/0000-0001-7924-6449
Dequan Zhang
https://orcid.org/0000-0003-3277-6113
Chi Ren
https://orcid.org/0000-0002-5992-7180
Yuqiang Bai
https://orcid.org/0000-0001-6109-6710
Muawuz Ijaz
https://orcid.org/0000-0002-3399-1459
Xu Wang
https://orcid.org/0000-0002-7166-8871
Yingxin Zhao
https://orcid.org/0000-0003-3552-9249

Proteins were Associated with Ovine Meat
Quality Attributes at Early Postmortem

Yejun Zhang, Xin Li*, Dequan Zhang, Chi Ren, Yugiang Bai, Muawuz ljaz,
Xu Wang, and Yingxin Zhao

Institute of Food Science and Technology, Chinese Academy of Agricultural
Sciences, Key Laboratory of Agro-products Quality & Safety in Harvest, Storage,
Transportation, Management and Control, Ministry of Agriculture and Rural Affairs,
Beijing 100193, China

Abstract The objective of this study was to examine the relationship between meat
quality attributes and the changes of sarcoplasmic protein acetylation and myofibrillar
protein acetylation in lamb longissimus thoracis et lumborum muscles at different
postmortem phases. Protein acetylation, color, pH, shear force, myofibril fragmentation
index and cooking loss were measured. The total level of acetylated sarcoplasmic
proteins showed a negative relation with pH, a positive relation with a*, b* and cooking
loss at the pre-rigor phase. Sarcoplasmic proteins acetylation affected postmortem pH by
regulating glycolysis, which in turn affects color and cooking loss. The total level of
acetylated myofibrillar proteins showed a positive relation with shear force at the pre-
rigor phase. Myofibrillar proteins acetylation affected meat tenderness by regulating
muscle contraction. This study indicated that acetylation played a regulatory role of meat
color, water-holding capacity, and tenderization process at early postmortem.

Keywords ovine meat, protein acetylation, color, tenderness, water-holding capacity

Introduction

Meat quality is important to consumer satisfaction and enticing them to buy again
(Papanagiotou et al., 2013). Previous research indicated that the overall consumer
satisfaction of meat was first related to tenderness (O’Quinn et al., 2018). Meat color
affects consumer’s purchase decision as consumers prefer bright red meat (Mancini and
Hunt, 2005). The water-holding properties of meat is important in store and meat
processing (Prevolnik et al., 2010). Thus, the formation mechanism of meat tenderness,
water-holding capacity and color has always been the research focus in the area of meat
science.

A series of physiological and biochemical changes occur after the animals are
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slaughtered, of which rigor mortis is the most significant change. As glycolysis is the source of ATP in muscle cells after
slaughter, glycolysis determines rigor mortis. Early glycolysis after slaughter is very important to meat quality, too fast or too
slow glycolysis will cause heterogeneous meat and bring losses to the meat industry (Lawrie and Ledward, 2006). As the time
after slaughter prolonged, muscle undergoes the process of rigor mortis and aging, meat quality attributes continuously
change during this process. Based on the development of rigor mortis, meat can be divided into hot fresh meat (pre-rigor) and
aged meat (post-rigor). Recent studies have shown that the hot fresh meat and aged meat has different meat quality
characteristics. The hot fresh meat has lower cooking loss in comparison with aged meat, but the tenderness was better in
aged meat (Xiao et al.,, 2020). Hence, to explore the formation mechanism of meat quality characteristics at different
postmortem phases and enrich meat quality regulatory theory is needed.

Many studies have been carried out on mechanism of meat quality development postmortem, but there are still issues of
large variation in tenderness, color deterioration, and drip in the meat industry, indicating that the reason for meat quality
difference at different postmortem phases has not been fully understood and the regulatory mechanisms also have not been
fully elucidated (Bhat et al., 2018; Mancini and Hunt, 2005).

There have been some reports on the mechanism of protein phosphorylation affects meat quality during postmortem
storage (Li et al., 2018; Wang et al., 2019). Acetylation is also a crucial modification of protein lysine e-amino group that
acetyltransferase catalyzes the transfer of acetyl group from acetyl coenzyme A (Ac-CoA) to lysine. The positively charged
acetyl group changes the structure of the lysine side chain to regulate protein homeostasis, intracellular signaling and
biomolecular interactions (Narita et al., 2018). Jiang et al. (2019) suggested that the dynamic protein acetylation was related
to muscle postmortem changes that may affect meat color, drip loss, pH and cooking yield in pork. Studies have found that
protein acetylation positively regulated the postmortem glycolysis of muscle (Li et al., 2016; Li et al., 2017b). Furthermore, a
proteomic study suggested that pre-slaughter handling may regulate meat color, tenderization, water distribution, and pH via
acetylation/deacetylation of glycolysis enzymes (Zhou et al., 2019). Altogether, protein acetylation may involve in the
transformation from muscle to meat and affect meat quality formation at different postmortem phases.

Hence, this experiment dedicated to investigate the effects of protein acetylation on meat quality at different postmortem
phases (pre-rigor, rigor mortis and post-rigor) in terms of myofibrillar and sarcoplasmic proteins that are the two types of
proteins with the highest proportion in muscle tissue. The relationship between protein acetylation (sarcoplasmic proteins and
myofibrillar proteins) and meat quality attributes (tenderness, color, and water-holding capacity) in ovine longissimus
thoracis et lumborum (LTL) muscles at different postmortem phases were investigated to provide new insight on the variation

of meat quality at different postmortem phases.

Materials and Methods

Sampling and treatments

Ten carcasses of crossbred sheep (fat tailed Hanxlocal sheep) were randomly collected from a local slaughterhouse. These
sheep were 8 months old and had the same feeding system, batch, genetic background, sex and pre-mortem treatment. The
butchery of sheep was carried out in a morning using standard practices of the slaughterhouse. The mean carcass weight was
27.8 kg (range 27.0-28.6 kg). The LTL muscles were collected within 30 min after slaughtering. Superficial fascia and fat
were removed before wrapped the LTL muscles with oxygen-permeable membrane and stored at 4°C. At 1 h postmortem, two

pieces of LTL muscles from the left side weighed approximately 65 g were cut for pH and color measurement respectively.
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Afterwards, the two pieces of meat were wrapped and stored at 4°C again for the pH and color measurement at 1 h, 6 h, 12 h,
1d,2d,3d,5d, and 7 d postmortem. The remaining left-side and right-side LTL muscle were collected at the same
postmortem time points that some used for shear force and cooking loss measurements, others were stored at —80°C for

myofibril fragmentation index (MFI) and protein acetylation analysis respectively.

Meat quality attributes

pH
The pH meter (testo 205, Testo, Lenzkirch, Germany) was performed a 2-point calibration in buffers at pH value of 4.00
and 7.00 before measurement. The average pH value was calculated by taking the mean of three separate positions of each

LTL muscle samples.

Color

The determination of meat color was following the published literature (Li et al., 2017a) using CM-600D colorimeter
(Konica Minolta Holdings, Tokyo, Japan). For each sample, four random points were selected for color measurement. The
color parameters including lightness (L*), redness (a*) and yellowness (b*) were read directly from the instrument and

averaged for statistical analysis.

Myoglobin redox forms

The reflectivity values from 360 nm to 740 nm were obtained from the colorimeter for the calculation of reflectance values
at 474 nm, 525 nm, and 572 nm (Li et al., 2017a). The Kubelka—Munk K/S values were calculated by K/S = (1 = R)%(2R),R =
% reflectance. The relative content of myoglobin redox forms was calculated by the equation deoxymyoglobin (DeoxyMb %)
=[1.5 — (K/S474) / (K/S525)], metmyoglobin (MetMb %) = [2 — (K/S572) / (K/S525)] and oxymyoglobin (OxyMb %) =[1 —
(K/S610) / (K/S525)] (AMSA, 2012; Li et al., 2018).

Myofibril fragmentation index
MFI was measured according to Wang et al. (2018) but with minor changes: (1) muscles were homogenized three times for
30 s using dispersing machine (IKA Labortechnik, Staufen, Germany), (2) half MFI buffer was used for the second

resuspending; and (3) the suspension of myofibrils was diluted five times before protein concentration determination.

Cooking loss and shear force

Cooking loss and shear force were measured by the methods described by Hopkins et al. (2010) and Holman et al. (2015).
A certain weight of muscle (73.5£12.1 g) was collected from the LTL for cooking loss measurement at each postmortem time
point and weighed as m;. The samples were soaked in 71°C water using cooking bags. Thirty-five minutes later, the samples
were moved into cold running water for 30 min. Afterwards, drying the meat pieces with filter paper and reweighed as my,
cooking loss was calculated by (m;—my) / m; X 100%.

The cooked blocks were stored at 4°C—5°C overnight to measure shear force. Twelve cuboidal strips (length 4 cm, width 1
cm, height 1 cm) were cut off parallel to the fiber orientation. Afterwards, the V-slot blade (TA. XT plus® texture analyser,

Stable Micro Systems, Nottingham, UK) was set to 1 mm/s crosshead speed to measure the peak force (Newtons) required to
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cut the cuboidal strips.

Protein acetylation

The determination of the total level of acetylated sarcoplasmic and myofibrillar proteins was done according to Li et al.
(2016). Briefly, the concentration of sarcoplasmic protein and myofibrillar proteins was measured by BCA (bicinchoninic
acid) assay kit, and then take a certain amount of protein solution to run electrophoresis. Finally, the relative content of the
acetylated proteins in the total proteins is determined by the acetylated lysine antibody using Western blotting, which is

recorded as the total level of acetylated proteins. The detailed method is as follows.

Proteins extraction

Frozen samples (1 g) were homogenized (3x15 s with 15 s break on ice between bursts) in 6 mL pre-chilled extraction
buffer (0.6057 g Tris, 0.0771 g DTT, pH 8.3, one tablet protease inhibitor per 50 mL) by dispersing machine. The
sarcoplasmic and myofibril proteins were separated by centrifugation at 10,000xg for 30 min (4°C). The sarcoplasmic protein
concentration of supernatant was measured using the BCA method and then adjusted to 4 mg/mL. Dissolve the pellets
(myofibrillar proteins) with 15 mL 5% SDS (sodium dodecyl sulfate) solution firstly, and then heated for 20 min at 80°C.
Afterwards, the myofibrillar protein concentration was adjusted to 4 mg/mL. Equal volume of loading buffer was added into
the diluted supernatant and pellet solution. Finally, the solution was heated in 100°C for 10 min and then refrigerated at —

80°C until gel electrophoresis.

Western blotting

Western blotting analyses of acetylated proteins were performed according to the standard procedure. Ten microliters
sample was separated on 12% Mini-PROTEIN TGX Precast Gels. Set the voltage at 70 V to pass the sample through the
concentrated gel, and then maintain the voltage at 110 V to pass the sample through the separation gel. Proteins on gels were
transferred to nitrocellulose membrane at 100 V for 200 min.

After blocked for 1 h at room temperature, the membrane was incubated with first antibody (PTM Bio, Hang Zhou, China)
overnight at 4°C, and incubated with second antibody (CST, Danvers, MA, USA) for 1 h or so at room temperature.

Acetylated proteins were visualized using enhanced chemiluminescence (ECL) kit.

Statistical analysis

One-way ANOVA was performed for comparisons of postmortem time points by SPSS Statistic 21.0 (IBM, Chicago, IL,
USA). The principal component analysis (PCA) was performed by Origin 2018 software (OriginLab, Northampton, MA,
USA). The significance was determined by the Duncan's Test at the 5% confidence level. The results were expressed as

average and SD.

Results

pH
As shown in Table 1, pH declined significantly from 1 h to 12 h postmortem (p<0.05) and then remained stable until 3 d

postmortem. The pH values decreased significantly again (p<0.05) after 3 d postmortem, and reached the minimum value on
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Table 1. Meat quality attributes of ovine longissimus thoracis et lumborum (LTL) muscles stored at 4°C for 7 days postmortem

Postmortem times

p-value

1h 6h 12h 1d 2d 3d 5d 7d
pH 6.07+0.25*  5.92+0.21°  5.74+£0.14%  576+0.11¢ 5.70+0.13¢ 5.67£0.19¢ 551£0.20° 5.81+0.14° <0.001
L* 37.02+£1.28¢  37.46£3.549 38.85+1.90° 42.72+1.79° 43.76£1.19* 43.57+1.46* 40.65£2.27° 37.69+2.67¢ <0.001
a* 8.26+0.82¢ 13.18+1.11° 15.10£1.14* 15.08+1.46* 14.55+1.26* 13.40£1.29° 13.06£0.96" 11.45+1.92° <0.001
b* 5.72+£0.86% 10.70+1.52° 12.29+1.26" 15.01+0.88* 15.73+1.42* 15.59+1.02* 12.87+1.78> 10.43£1.10° <0.001
MFI 36.02+£7.75°  46.11£10.94¢ 50.75+11.86¢ 51.98+£10.09¢ 62.7249.25¢ 76.01+7.99* 84.97+7.69° 89.03+6.11*° <0.001

Shear force (N)  61.23+£5.46* 66.48+8.42% 69.11+£3.93®® 72.71£7.50° 62.73£15.13% 57.01+13.30° 42.15+12.66¢ 36.60+10.20¢ <0.001
Cooking loss (%) 11.00£3.449  13.8544.32¢d 13.50+£2.71¢  16.71£3.72% 19.13£3.46® 21.10+2.91* 18.34+3.08® 17.66+3.33°>  <0.001

The results were shown as means+SD.
¢ Data with different letters in a row are significantly different (p<0.05).
MFI, myofibril fragmentation index.

5 d postmortem, which increased significantly from 5 d to 7 d postmortem (p<0.05). The pH value of 7 d still lower than that
of 6 h postmortem (p<0.05).

Color

The L*, a*, and b* values of LTL muscles stored at 4°C were shown in Table 1. The L* and b* increased from 1 h to 2 d
postmortem, moreover, the L* and b* of 2 d were higher than 1 h, 6 h, and 12 h (p<0.05). The L* decreased significantly from 3
d to 7 d postmortem (p<0.05). The b* decreased significantly from 3 d to 5 d postmortem (p<0.05). Similarly, the a* increased
significantly from 1 h to 12 h postmortem and reached the maximum value at 12 h postmortem (p<0.05). The a* value decreased

from 2 d to 7 d postmortem, which was lower on 7 d postmortem than that on 2 d, 3 d, and 5 d postmortem (p<0.05).

Myoglobin redox forms

The percentage of DeoxyMb, MetMb and OxyMb were shown in Fig. 1. The DeoxyMb decreased from 6 h to 1 d and
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Fig. 1. Myoglobin redox forms of ovine longissimus thoracis et lumborum (LTL) muscles stored at 4°C for 7 days. *© Different letters
indicate significant difference (p<0.05) between storage times. The results were shown as means£SD.
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increased from 3 d to 5 d postmortem (p<0.05). The relative content of MetMb decreased significantly from 1 h to 6 h
postmortem (p<0.05). The MetMb increased from 1 d to 3 d postmortem, and reached the maximum on 3 d (p<0.05).
Furthermore, the MetMb content decreased significantly again from 3 d to 7 d (p<0.05). The relative content of OxyMb
increased significantly from 1 h to 12 h postmortem (p<0.05). It was noted that the OxyMb of 7 d postmortem were lower
than all other time points except 1 h postmortem (p<0.05).

Myofibril fragmentation index

As shown in Table 1, the MFI of LTL muscles always increased within 7 d postmortem (p<0.05). MFI at 5 d and 7 d
postmortem were higher than that at all other timepoints (p<0.05).

Shear force

The shear force did not change from 1 h to 12 h postmortem (Table 1, p>0.05). Furthermore, the shear force reached the
maximum value on 1 d postmortem, which was higher than that at all other timepoints (p<0.05). It was noted that no
significant difference in shear force was observed between 2 d and 3 d, 5 d, and 7 d postmortem (p>0.05). According to the
change of shear force, the pre-rigor period was 1 h—12 h postmortem, the process of rigor mortis was 12 h-2 d postmortem,

whereas the stage of the post-rigor was 2 d—7 d postmortem.

Cooking loss

The cooking loss of 1 h, 6 h, 12 h, and 1 d was lower than 3 d postmortem (Table 1, p<0.05). No significant difference in
cooking loss was observed between 3 d and 5 d, 5 d and 7 d postmortem (p>0.05), but the cooking loss of 3 d postmortem
was higher than that on 7 d postmortem (p<0.05).

Total level of acetylated sarcoplasmic proteins and myofibrillar proteins
The acetylated sarcoplasmic proteins (Fig. 2A) and myofibrillar proteins (Fig. 3A) were visualized by Western blotting.

The total level of acetylated sarcoplasmic proteins and myofibrillar proteins both showed a trend of first increased and then

(A) (B)
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Fig. 2. The total level of acetylated sarcoplasmic proteins of ovine muscle stored at 4°C for 7 d postmortem. Western blotting of
acetylated sarcoplasmic proteins (A). Quantification of the acetylated sarcoplasmic proteins (B). *° Different letters are significantly
different at different postmortem time (p<0.05). St, standard. The results were shown as means+SD.
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Fig. 3. The total level of acetylated myofibrillar proteins of ovine muscle stored at 4°C for 7 d postmortem. Western blotting of
acetylated myofibrillar proteins (A). Quantification of the acetylated myofibrillar proteins (B). P Different letters are significantly different
at different postmortem time (p<0.05). St, standard. The results were shown as means+SD.

decreased (Fig. 2B, Fig. 3B). The total level of acetylated sarcoplasmic proteins was significantly higher on 2 d postmortem
than that at 1 h and 7 d postmortem (p<0.05). The total level of acetylated myofibrillar proteins was significantly higher on 1
d postmortem than that at 1 h, 5 d, and 7 d postmortem (p<0.05).

Multivariate statistical analysis

The relationship between the total level of sarcoplasmic and myofibrillar protein acetylation and pH, color, cooking loss,
shear force, and MFI at different storage stages were investigated by PCA. The PCA applied to the data matrix from 1 h to 12
h postmortem (Fig. 4A) showed that the cosine angles among total level of acetylated sarcoplasmic proteins and cooking loss,
L*, a*, b*, OxyMb were less than 90°. The total level of acetylated sarcoplasmic proteins showed a positive correlation with
L*, a*, b*, OxyMb, and cooking loss, whereas these variables were negatively correlated with pH. The total level of
acetylated myofibrillar proteins were positively correlated with shear force and MFI.

The PCA applied to the data matrix from 12 h to 2 d postmortem (Fig. 4B) suggested that the total level of acetylated
sarcoplasmic proteins showed a positive correlation with cooking loss, L*, b*. Whereas these variables were negatively
correlated with pH. It was noted that the a* was positively correlated with pH and negatively correlated with the total level of
acetylated sarcoplasmic proteins. Furthermore, the total level of acetylated myofibrillar proteins were positively correlated
with shear force.

The PCA applied to the data matrix from 2 d to 7 d postmortem (Fig. 4C) suggested that the total level of acetylated
sarcoplasmic proteins was positively correlated with cooking loss, L*, a*, b*. Whereas pH was negatively correlated with
these variables. In addition, the total level of acetylated myofibrillar proteins were positively correlated with shear force and

the MFI was negatively correlated with shear force.

Discussion

Effect of postmortem time on meat quality attributes

The pH decreased gradually within 12 h postmortem indicating that the glycolysis has finished at the pre-rigor phase. The

value of L* increased during the pre-rigor period and then decreased, which could be explained by the firstly increased and
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Fig. 4. Biplot for the first two principal components (PC1 and PC2) for the 12 variablesfrom1hto12h (A),12hto2d(B)and2dto 7 d
(C) postmortem. The location of the variables in the multivariate space was according to their component loadings that represents the
correlations between the variable and the component. TASP, total level of acetylated sarcoplasmic proteins; TAMP, total level of acetylated

myofibrillar proteins.

then decreased tendency of drip loss. Changes in water-holding capacity result in changes in meat surface moisture, which in
turn affects L* (Mungure et al., 2016). The value of a* increased gradually because of the increased OxyMb content from the
period of pre-rigor to rigor mortis. However, with prolonged storage time, oxidation of OxyMb to MetMb and lipid oxidation
gradually increased, therefore the value of a* declined until 7 d postmortem (Bekhit et al., 2007). Similarly, the value of b*
showed a firstly increased and then decreased tendency, this may be interpreted as the changed ratio of OxyMb/myoglobin
postmortem (Lindahl et al., 2001). MFTI is inversely related to shear force and is usually used to indicate the tenderness of
meat (Culler et al., 1978; Olson et al., 1976). The MFI increased during the whole postmortem storage, which could be
interpreted as the proteolytic breakdown of myofibrillar proteins (Hopkins et al., 2000). It can be inferred from the Table 1
that the meat reached maximum rigor period on 1 d as the shear force reached the maximum value. Afterwards, as the

myofibrillar protein breakdown, and the muscle ultrastructure destruction, the muscle reached post-rigor period and the shear
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force decreased gradually, which was similar with previous results (Wheeler and Koohmaraie, 1994). With the change of pre-
rigor to rigor mortis, the thick filaments combine with thin filaments to form an irreversible cross bridge, which results in the
contraction of muscle spatial structure and increase in cooking loss consequently. From rigor mortis to post-rigor, the protein

degradation and disruption of muscle integrity led to an increase in cooking loss (Abdullah and Qudsieh, 2009).

Effect of postmortem time on protein acetylation

Protein acetylation is one of the major post-translational modifications in both prokaryotes and eukaryotes (Drazic et al.,
2016). The changes in the acetylation of sarcoplasmic and myofibrillar proteins in postmortem muscles was investigated in
this study. Since acetyl coenzyme A (Ac-CoA) was the main acetyl donor, it was proposed that the changes in total level of
acetylated sarcoplasmic and myofibrillar proteins in postmortem muscles may be mainly affected by changes in Ac-CoA
content (Kato, 1978; Poleti et al., 2018; Riény and Tucek, 1980). Termination of blood supply in muscle tissue after slaughter
may lead to an increase in the content of Ac-CoA at the pre-rigor phase, and then as the cessation of metabolism, the content
of Ac-CoA decreased (Kato, 1978; Poleti et al., 2018; Ri¢ny and Tuéek, 1980). Therefore, the protein acetylation increased at

the pre-rigor phase and then decreased with the exhaustion of Ac-CoA in the LTL muscles.

Comparison of relationship between protein acetylation and meat quality in three different postmortem

periods

The pH value and total level of acetylated sarcoplasmic proteins showed a strong negative correlation at the pre-rigor and
the rigor mortis phase, but weakened at the post-rigor phase. Previous research showed that protein acetylation can increase the
activity and stability of glycolytic enzymes, thereby affecting the glycolysis rate postmortem (Li et al., 2017b; Xiong and Guan,
2012). For sarcoplasmic proteins, many acetylated glycolysis and glycogen metabolism enzymes include glycogen
phosphorylase, pyruvate kinase and glyceraldehyde-3-phosphate dehydrogenase were identified, which showed a decreased
acetylation level within 24 h postmortem (Jiang et al., 2019; Li et al., 2017b). Glycogen phosphorylase, and phosphofructokinase
are glycometabolic rate-limiting enzymes in glycolysis. Thus, protein acetylation positively regulated the glycolysis process
and accelerate the pH decline rate at early postmortem. And with the decrease of glycolytic enzyme acetylation level, its
promotion of the glycolytic process weakens. In addition, research showed that pH was related to all other meat attributes and
could reflect the overall quality of meat (Kang et al., 2019). In summary, sarcoplasmic protein acetylation negatively
regulated the pH value postmortem and be associated with the overall meat quality by controlling glycolysis at early
postmortem.

Meat color was governed by the interactions between myoglobin and various external and internal factors (Mancini and
Hunt, 2005; Suman and Joseph, 2013). In this study, the total level of acetylated sarcoplasmic proteins showed a positive
correlation with a*, b* and OxyMb, a negative correlation with DeoxyMb at the pre-rigor phase. The reason could be that
myoglobin acetylation increase its oxygen binding capacity and oxygen content was higher in the early postmortem, which in
turn leads to an increase in a* (Jiang et al., 2019; Lindahl et al., 2001; Suman and Joseph, 2013). The positive relationship
between total level of acetylated sarcoplasmic proteins and b* value at the pre-rigor phase possibly because both of a* and b*
are related to myoglobin forms (Suman and Joseph, 2013). The more myoglobin oxygenation resulted in more redness and
higher ratio of OxyMb/myoglobin, which will result in more yellowness (Lindahl et al., 2001). However, although acetylation
increased its oxygen binding capacity of myoglobin, myoglobin was mainly oxidized to produce MetMb due to the decrease

of oxygen content with the extension of postmortem time (Suman and Joseph, 2013). Thus, a* showed a strong negative
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correlation with the total level of acetylated sarcoplasmic proteins and MetMb, and a weak negative correlation with OxyMb
at the rigor mortis phase. The total level of acetylated sarcoplasmic proteins decreased with the exhaustion of Ac-CoA at the
post-rigor phase, thus the oxygen binding capacity of myoglobin decreased. As a result, a* and b* value decreased due to the
gradually decreased OxyMb content and increased lipid oxidation (Bekhit et al., 2007; Jiang et al., 2019). Thus, a* and b*
value positively correlated with the total level of acetylated sarcoplasmic proteins at the post-rigor phase. In summary,
sarcoplasmic protein acetylation improved meat color by increasing myoglobin oxygen binding capacity at early postmortem.
At the same time, the values of a* and b* were negatively correlated with pH at the pre-rigor phase. The reason could be that
the high pH values increased the meat surface oxygen consumption rate, which inhibited the formation of OxyMb cladding
(Aalhus et al., 2001; Simmons et al., 2008). Therefore, sarcoplasmic protein acetylation regulated the a* and b* of LTL
muscles by controlling the glycolysis and myoglobin function at early postmortem.

Cooking loss was positively correlated with the total level of acetylated sarcoplasmic proteins throughout the seven days
postmortem. This may be because acetylation changes the protein charge state, and the internal hydrophobic groups such as
sulfhydryl group is exposed. The exposed hydrophobic groups increase the hydrophobicity of the protein, and then leads to
the easy aggregation of the protein and the formation of precipitation (Srisailam et al., 2002). Precipitation of sarcoplasmic
proteins on myofibrils can reduce the electrostatic repulsion between filaments, leading to increased moisture loss
(Eikelenboom and Smulders, 1986). Furthermore, previous research showed that the decrease in muscle water-holding
capacity was related to muscle contraction, degradation and changes of temperature and pH postmortem (Lawrie and
Ledward, 2006). pH was associated with the myofibrillar protein breakdown and actomyosin dissociation during postmortem
storage (Starkey et al., 2016; Wu et al., 2014). As protein acetylation has been proved to be involved in the energy
metabolism postmortem, sarcoplasmic protein acetylation affected cooking loss by changing pH in muscle. Moreover, the L*
showed a positive correlation with cooking loss at rigor mortis and post-rigor. This could be explained by the kept increasing
water-holding capacity of fresh meat after slaughtering, causing moisture to leak out on the surface of the meat, increasing L*
(Mungure et al., 2016).

Tenderness is recognized as the most critical meat quality attribute as variation of tenderness is the most common cause of
unsatisfied meat (Jeremiah, 1982). Several acetylated myofibrillar proteins involved in rigor mortis had been identified,
which indicated that protein acetylation may affect the postmortem tenderization process (Foster et al., 2013; Jiang et al.,
2019). In all the three different rigor periods, shear force showed a positive correlation with the total level of acetylated
myofibrillar proteins, while the correlations at the pre- and post-rigor phase were higher than that at the rigor mortis phase.
Abe et al. (2000) reported that actin acetylation facilitated its weak interaction with myosin. Viswanathan et al. (2015)
reported that the acetylation of actin could alter electrostatic associations between tropomyosin and myosin, attenuate
tropomyosin’s inhibition of binding of actin and myosin, and thereby enhances actomyosin associations. Furthermore, the
acetylation of myosin could decrease the Michaelis constant (K, the concentration of substrate at which the reaction takes
place at one half its maximum rate) of the actin-activated ATPase activity and increased the interaction with actin (Samant et
al., 2015). At pre-rigor phase, in addition to the increasing actomyosin content due to the reduction of ATP, the acetylation of
myofibrillar protein also contributed to the inhibition of actomyosin dissociation. While at post-rigor phase, as the total level
of acetylated myofibrillar proteins decreases, its inhibitory effect on actomyosin dissociation is weakened. Thus, the total
level of acetylated myofibrillar proteins showed a positive correlation with shear force at the pre- and post-rigor phase. The
correlations between shear force and the total level of acetylated myofibrillar proteins at the rigor mortis phase was lower

than that at the pre- and post-rigor phase. Probably because the binding of myosin and actin has reached the maximum at
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rigor mortis phase, the rigidity of muscle was in a slowly changing state. Shear force was positively correlated with MFI at
the pre-rigor phase, negatively correlated with MFI at the rigor mortis and post-rigor phase. This could be because the
increase in MFI has a smaller effect on muscle tenderization than the increase in shear force caused by the combination of
myosin and actin to form an irreversible cross bridge at the pre-rigor phase (Culler et al., 1978). In summary, myofibrillar
protein acetylation negatively regulated tenderness by inhibiting actomyosin dissociation, especially in the early and late

postmortem.

Conclusion

The regulatory effect of protein acetylation on meat quality is mainly reflected in the early postmortem (1 h—12 h). In the
early postmortem period, acetylation of sarcoplasmic protein negatively regulates pH and water-holding capacity, and

positively regulates meat redness; acetylation of myofibrillar protein negatively regulates tenderness.

Conflicts of Interest

The authors declare no potential conflicts of interest.

Acknowledgements

This study was financially supported by the Key Program from National Natural Science Foundation of China (32030086),
the Agricultural Science and Technology Innovation Program (CAAS-ASTIP-2020-IFST-03), and the Central Public-interest
Scientific Institution Basal Research Fund (S2020JBKY-16) in China.

Author Contributions

Conceptualization: Li X. Data curation: Zhang Y, Li X, Zhang D. Methodology: Zhang D, Zhang Y. Software: Zhang Y,
Ren C, Bai Y, [jaz M. Validation: Zhang Y, Ijaz M, Wang X, Zhao Y. Investigation: Zhang Y. Writing - original draft: Zhang Y.
Writing-review & editing: Zhang Y, Li X, Zhang D, Ren C, Bai Y, ljaz M, Wang X, Zhao Y.

Ethics Approval

This article does not require IRB/IACUC approval because there are no human and animal participants.

References

Aalhus JL, Janz JAM, Tong AKW, Jones SDM, Robertson WM. 2001. The influence of chilling rate and fat cover on beef
quality. Can J Anim Sci 81:321-330.

Abdullah AY, Qudsieh RI. 2009. Effect of slaughter weight and aging time on the quality of meat from Awassi ram lambs.
Meat Sci 82:309-316.

Abe A, Sacki K, Yasunaga T, Wakabayashi T. 2000. Acetylation at the N-terminus of actin strengthens weak interaction
between actin and myosin. Biochem Biophys Res Commun 268:14-19.

660



Acetylation was Associated with Ovine Meat Quality Attributes Postmortem

American Meat Science Association [AMSA]. 2012. Meat color measurement guidelines. Available from: https://meatscience.
org/docs/default-source/publications-resources/hot-topics/2012_12 meat_clr_guide.pdf?sfvrsn=d818b8b3 0. Accessed at
Dec 21, 2012.

Bekhit AED, Farouk MM, Cassidy L, Gilbert KV. 2007. Effects of rigor temperature and electrical stimulation on venison
quality. Meat Sci 75:564-574.

Bhat ZF, Morton JD, Mason SL, Bekhit AEDA. 2018. Role of calpain system in meat tenderness: A review. Food Sci Hum
Well 7:196-204.

Culler RD, Parrish FC Jr, Smith GC, Cross HR. 1978. Relationship of myofibril fragmentation index to certain chemical,
physical and sensory characteristics of bovine longissimus muscle. J Food Sci 43:1177-1180.

Drazic A, Myklebust LM, Ree R, Arnesen T. 2016. The world of protein acetylation. Biochim Biophys Acta Proteins
Proteomics 1864:1372-1401.

Eikelenboom G, Smulders FIM. 1986. Effect of electrical stimulation on veal quality. Meat Sci 16:103-112.

Foster DB, Liu T, Rucker J, O’Meally RN, Devine LR, Cole RN, O’Rourke B. 2013. The cardiac acetyl-lysine proteome.
PLoS One 8:¢67513.

Holman BWB, Alvarenga TIRC, van de Ven RJ, Hopkins DL. 2015. A comparison of technical replicate (cuts) effect on lamb
Warner-Bratzler shear force measurement precision. Meat Sci 105:93-95.

Hopkins DL, Littlefield PJ, Thompson JM. 2000. A research note on factors affecting the determination of myofibrillar
fragmentation. Meat Sci 56:19-22.

Hopkins DL, Toohey ES, Warner RD, Kerr MJ, van de Ven R. 2010. Measuring the shear force of lamb meat cooked from
frozen samples: Comparison of two laboratories. Anim Prod Sci 50:382-385.

Jeremiah LE. 1982. A review of factors influencing consumption, selection and acceptability of meat purchases. J Consum
Stud Home Econ 6:137-154.

Jiang S, Liu Y, Shen Z, Zhou B, Shen QW. 2019. Acetylome profiling reveals extensive involvement of lysine acetylation in
the conversion of muscle to meat. J Proteomics 205:103412.

Kang DR, Belal SA, Cho ESR, Kang HN, Jung JH, Choi Y1, Jung YC, Na CS, Song KD, Lee HK, Choe HS, Shim KS. 2019.
Meat quality and chemical assessment of porcine longissimus dorsi within different muscle pH. Anim Prod Sci 59:1155-
1160.

Kato T. 1978. Ischemic effect on CoASH and acetyl-CoA concentration levels in cerebrum, cerebellum and liver of mice. J
Neurochem 31:1545-1548.

Lawrie RA, Ledward DA. 2006. Lawrie’s meat science. 7" ed. Woodhead, Derbyshire, UK.

Li M, Li X, Xin J, Li Z, Li G, Zhang Y, Du M, Shen QW, Zhang D. 2017a. Effects of protein phosphorylation on color
stability of ground meat. Food Chem 219:304-310.

Li Q, Li Z, Lou A, Wang Z, Zhang D, Shen QW. 2017b. Histone acetyltransferase inhibitors antagonize AMP-activated
protein kinase in postmortem glycolysis. Asian-Australas J Anim Sci 30:857-864.

Li X, Xia A, Chen L, Du M, Chen L, Kang N, Zhang D. 2018. Effects of lairage after transport on post mortem muscle
glycolysis, protein phosphorylation and lamb meat quality. J Integr Agric 17:2336-2344.

Li Z, Li X, Wang Z, Shen QW, Zhang D. 2016. Antemortem stress regulates protein acetylation and glycolysis in postmortem
muscle. Food Chem 202:94-98.

Lindahl G, Lundstrom K, Tornberg E. 2001. Contribution of pigment content, myoglobin forms and internal reflectance to the

661



Food Science of Animal Resources Vol. 41, No. 4, 2021

colour of pork loin and ham from pure breed pigs. Meat Sci 59:141-151.

Mancini RA, Hunt MC. 2005. Current research in meat color. Meat Sci 71:100-121.

Mungure TE, Bekhit AEDA, Birch EJ, Stewart 1. 2016. Effect of rigor temperature, ageing and display time on the meat
quality and lipid oxidative stability of hot boned beef semimembranosus muscle. Meat Sci 114:146-153.

Narita T, Weinert BT, Choudhary C. 2018. Functions and mechanisms of non-histone protein acetylation. Nat Rev Mol Cell
Biol 20:156-174.

O’Quinn TG, Legako JF, Brooks JC, Miller MF. 2018. Evaluation of the contribution of tenderness, juiciness, and flavor to
the overall consumer beef eating experience. Transl Anim Sci 2:26-36.

Olson DG, Parrish FC Jr, Stromer MH. 1976. Myofibril fragmentation and shear resistance of three bovine muscles during
postmortem storage. J Food Sci 41:1036-1041.

Papanagiotou P, Tzimitra-Kalogianni I, Melfou K. 2013. Consumers’ expected quality and intention to purchase high quality
pork meat. Meat Sci 93:449-454.

Poleti MD, Moncau CT, Silva-Vignato B, Rosa AF, Lobo AR, Cataldi TR, Negréo JA, Silva SL, Eler JP, de Carvalho Balieiro
JC. 2018. Label-free quantitative proteomic analysis reveals muscle contraction and metabolism proteins linked to
ultimate pH in bovine skeletal muscle. Meat Sci 145:209-219.

Prevolnik M, Candek-Potokar M, Skorjanc D. 2010. Predicting pork water-holding capacity with NIR spectroscopy in
relation to different reference methods. J Food Eng 98:347-352.

Ri¢ny J, Tugek S. 1980. Acetyl coenzyme A in the brain: Radioenzymatic determination, use of microwaves, and postmortem
changes. Anal Biochem 103:369-376.

Samant SA, Pillai VB, Sundaresan NR, Shroff SG, Gupta MP. 2015. Histone deacetylase 3 (HDAC3)-dependent reversible
lysine acetylation of cardiac myosin heavy chain isoforms modulates their enzymatic and motor activity. J Biol Chem
290:15559-15569.

Simmons NJ, Daly CC, Cummings TL, Morgan SK, Johnson NV, Lombard A. 2008. Reassessing the principles of electrical
stimulation. Meat Sci 80:110-122.

Srisailam S, Kumar TK, Srimathi T, Yu C. 2002. Influence of backbone conformation on protein aggregation. J] Am Chem
Soc 124:1884-1888.

Starkey CP, Geesink GH, Collins D, Oddy VH, Hopkins DL. 2016. Do sarcomere length, collagen content, pH, intramuscular
fat and desmin degradation explain variation in the tenderness of three ovine muscles? Meat Sci 113:51-58.

Suman SP, Joseph P. 2013. Myoglobin chemistry and meat color. Annu Rev Food Sci Technol 4:79-99.

Viswanathan MC, Blice-Baum AC, Schmidt W, Foster DB, Cammarato A. 2015. Pseudo-acetylation of K326 and K328 of
actin disrupts Drosophila melanogaster indirect flight muscle structure and performance. Front Physiol 6:116.

Wang Y, Li X, Li Z, Du M, Zhu J, Zhang S, Zhang D. 2019. Phosphorylation of sarcoplasmic and myofibrillar proteins in
three ovine muscles during postmortem ageing. J Integr Agric 18:1643-1651.

Wang Y, Li X, Li Z, Li M, Zhu J, Zhang D. 2018. Changes in degradation and phosphorylation level of titin in three ovine
muscles during postmortem. Int J Food Sci Technol 53:913-920.

Wheeler TL, Koohmaraie M. 1994. Prerigor and postrigor changes in tenderness of ovine longissimus muscle. J Anim Sci
72:1232-1238.

Wu G, Farouk MM, Clerens S, Rosenvold K. 2014. Effect of beef ultimate pH and large structural protein changes with aging
on meat tenderness. Meat Sci 98:637-645.

662



Acetylation was Associated with Ovine Meat Quality Attributes Postmortem

Xiao X, Hou C, Zhang D, Li X, Ren C, Ijaz M, Hussain Z, Liu D. 2020. Effect of pre- and post-rigor on texture, flavor,
heterocyclic aromatic amines and sensory evaluation of roasted lamb. Meat Sci 169:108220.

Xiong Y, Guan KL. 2012. Mechanistic insights into the regulation of metabolic enzymes by acetylation. J Cell Biol 198:155-
164.

Zhou B, Shen Z, Liu Y, Wang C, Shen QW. 2019. Proteomic analysis reveals that lysine acetylation mediates the effect of

antemortem stress on postmortem meat quality development. Food Chem 293:396-407.

663



