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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Yeonhwa Park Yaks (Bos mutus) live in the Qinghai-Tibet plateau. The quality of yak meat is unique due to its genetic and

physiological characteristics. Identification of the proteome of yak muscle could help to reveal its meat-quality

Keywords: properties. The common proteome, phosphoproteome, and N-glycoproteome of yak longissimus thoracis (YLT)
Yak were analyzed by liquid chromatography-tandem mass spectrometry-based shotgun analysis. A total of 1812
LMCe-;li\;IS/MS common proteins, 1303 phosphoproteins (3918 phosphorylation sites), and 204 N-glycoproteins (285 N-glyco-
Proteome sylation sites) were identified in YLT. The common proteins in YLT were involved mainly in myofibril structure

and energy metabolism; phosphoproteins were associated primarily with myofibril organization, regulation of
energy metabolism, and signaling; N-glycoproteins were engaged mainly in extracellular-matrix organization,
cellular immunity, and organismal homeostasis. We reported, for the first time, the “panorama” of the YLT
proteome, specifically the N-glycoproteome of YLT. Our results provide essential information for understanding
post mortem physiology (rigor mortis and aging) and the quality of yak meat.

N-glycoproteome

1. Introduction physiology and the processing properties of yak meat.

Proteomic analysis enables high-throughput identification and ana-

The yak (Bos mutus) has adaptability to high altitudes. The muscles of
yaks differ markedly in structure and physiology from those of plain
cattle so that they can adapt to low-oxygen environments (Gu et al.,
2021; Wang et al., 2011). These physiological differences result in sig-
nificant differences in post-slaughter physiological processes in yak
meat (Wang et al., 2014; Xin et al., 2019). The differences in the fiber
structure and physiology of muscle give yak meat unique processing
properties and edible qualities (Wang et al., 2022; Yang et al., 2021; Zuo
et al., 2016). Protein is crucial to shaping the structure and dominates
the physiology of muscle. Therefore, the type of muscle protein in yaks is
fundamental for understanding the mechanism of post mortem

lyses of proteins in biological samples (Cao et al., 2022). It has become a
powerful tool for elucidating the underlying molecular mechanisms of
meat quality (Antonelo et al., 2022; Kemp and Parr, 2012;
Lopez-Pedrouso et al., 2021). For example, isobaric tags for relative and
absolute quantification (iTRAQ) proteomic analysis has shown 20 pro-
teins to be more abundant and 30 to be less abundant in the longissimus
thoracis of yaks than in the longissimus thoracis of cattle (Wen et al.,
2019). This differential abundance of proteins is associated with mo-
lecular functions such as binding, catalytic activity, and structural ac-
tivity. Such information provides important clues to further elucidate
the mechanism of high-altitude adaptation in yaks at the muscle-cell

Abbreviations: YLT, yak longissimus thoracis; iTRAQ, isobaric tags for relative and absolute quantification; LC-MS/MS, liquid chromatography-tandem mass
spectrometry; RPLC, reverse-phase liquid chromatography; UPLC, ultra-high-pressure liquid chromatography; IMAC, immobilized metal affinity chromatography;
HILIC, hydrophilic interaction liquid chromatography; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; KOG, Eukaryotic Orthologous Groups;
MF, molecular function; BP, biological processes; CC, cellular components; ECM, extracellular matrix.
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level. In the previous study, quantitative proteomic analysis of tender-
loins between Tibetan pigs and Yorkshire pigs showed that 171 proteins
were different in terms of abundance (Gu et al., 2019). These differen-
tially abundant proteins were involved mainly in energy production,
glutathione metabolism, muscle contraction, immunity and defense, and
closely related to the edible quality of pork.

The physiological functions and physicochemical properties of pro-
teins are closely related to their post-translational modification. Thus,
besides the type and abundance of proteins, the modifications of pro-
teins have been the focus of attention in recent years, especially the
phosphorylation of proteins associated with meat consumption. Zhang’s
team (Chen et al., 2019a; Chen et al., 2018; Li et al., 2017) reported the
phosphoproteomic analysis of lambs, and found that phosphoproteins
play an important role in the meat quality formation of lamb during the
post-mortem process. In addition to phosphorylation, glycosylation is
involved in biological processes that affect the structure and physio-
logical function of proteins. O-glycoproteome is difficult to analyze in
high-throughput analysis due to its complexity, so only the N-glyco-
proteome has been studied extensively. (Cao et al. 2017) employed
quantitative N-glycoproteomics analysis to identify 110 and 91 N-gly-
cosites from human colostrum and mature milk, respectively. They
found that N-glycoproteins with different levels of N-glycosylation were
associated with processes within the immune system. Similarly, differ-
ential abundance of N-glycosylated proteins was found to be involved in
the immune system when comparing the glycoproteomes between
human milk and bovine milk (Cao et al., 2019). Compared with milk, the
13 N-glycoproteins (containing 13 N-glycosides) in yogurt were signif-
icantly changed after the fermentation (Xiao et al., 2022). Previously,
26 N-glycoproteins (71 glycosylation sites) were identified in egg white
and 86 N-glycoproteins (217 glycosylation sites) in egg yolk, and further
elucidated the importance of glycosylation modifications on the struc-
tural function, bioactivity and allergenicity of egg proteins (Geng et al.,
2017, 2018). Furthermore, Liu and colleagues found that spray-drying
changed the functional properties of egg white to some extent during
different heat treatments (Liu et al., 2021).

Although the proteome and phosphoproteome of yak meat have been
reported, the N-glycoproteome has not been identified or analyzed, and
complete knowledge of the proteomes in yak meat is lacking. Therefore,
in the present study, the proteome, phosphoproteome, and N-glyco-
proteome of yak longissimus thoracis (YLT) were analyzed by “shotgun
analyses”. To improve the throughput of liquid chromatography-tandem
mass spectrometry (LC-MS/MS) identification, the YLT peptides ob-
tained by trypsin digestion were first fractionated by high-pH reverse-
phase liquid chromatography (RPLC), which increased the number of
identified proteins. Bioinformatics analysis was done based on the
identified YLT proteins to elucidate the potential roles of phosphopro-
teins and N-glycoproteins in the post mortem rigor mortis and aging of
YLT.

2. Materials and methods
2.1. Sample collection

Six yaks (18-24 months) were selected from pastures in Bayi District
(Linzhi City, Tibet Autonomous Region). After 12 h of fasting, they were
electrocuted and killed at a local slaughterhouse. After slaughter (20-30
min after electrical stimulation), muscle samples from the anterior
middle section of YLT were collected and divided into samples of weight
~15 g. Then, the samples were frozen immediately in liquid nitrogen
and stored at —80 °C until analyses.

2.2. Extraction and digestion of proteins
For the extraction and digestion of proteins, two replicates for each

YLT sample were used to ensure the reproducibility of protein analyses.
The workflow for proteomics, phosphoproteomics, and N-
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glycoproteomics analysis comprised five main steps (Graphical Ab-
stract): extraction and digestion of YLT protein; offline high-pH RPLC
fractionation; enrichment of phosphopeptides and glycopeptides; LC-
MS/MS identification; bioinformatics analysis.

YLT proteins were extracted and digested with reference to a method
described previously (Liu et al., 2021; Xiao et al., 2022). First, YLT (10 g)
was ground into a powder in liquid nitrogen and mixed with 40 mL of
lysis buffer (urea (8 mol/L), 1% protease inhibitor mixture, and
dithiothreitol (10 mmol/L)) in a tube. Then, three ultrasonic extractions
(150 W, 30-s each) were carried out on ice using a high-intensity ul-
trasound processor (JY92-II; Ningbo Scientz Biotechnology, Ningbo,
China). After centrifugation (12000xg for 10 min at 4 °C), the super-
natant was collected and transferred to a clean tube. The protein con-
centration was determined using a Bicinchoninic Acid Protein Assay Kit
(P0010; Biyu Biotechnology Institute, Shanghai, China).

The samples of extracted total protein were reduced sequentially
with dithiothreitol (5 mmol/L) at 56 °C for 30 min, and then alkylated
with iodoacetamide (11 mmol/L) for 15 min in the dark at room tem-
perature. Then, triethylamine borane (100 mmol/L) was added to dilute
the sample so that the urea concentration was <2 mol/L. YLT samples
were digested at a mass ratio of trypsin: protein of 1:50 in the first
digestion (overnight) and at 1:100 in the second digestion (4 h).

2.3. Offline high-pH RPLC fractionation

The samples of mixed peptides (2 replicates x 6 YLT) were separated
by a modified offline high-pH RPLC fractionation protocol with a
BetaSil™ C18 column (5 pm, 10 x 250 mm) equipped on an Acquity
ultra-high-pressure liquid chromatography (UPLC) system (Waters,
Milford, MA, USA) (Wang et al., 2019; Yang et al., 2012). Briefly, the
peptide was first separated in a gradient of 8%-32% acetonitrile (pH
9.0) for 60 min and combined randomly into 14 fractions (for common
proteome analysis), six fractions (for phosphoproteome analysis), or
four fractions (for N-glycoproteome analysis). The acquired fractions
were concentrated by vacuum centrifugation (RVC 2-25; Christ, Oster-
ode am Harz, Germany) for further analyses.

2.4. Enrichment of phosphopeptides and N-glycopeptides

Immobilized metal affinity chromatography (IMAC) was used to
enrich the phosphopeptides from the six fractions of YLT. Briefly, the
peptide samples were dissolved using an enrichment buffer (50%
acetonitrile and 6% trifluoroacetate) and the resulting samples were
incubated with a pre-washed TiO; filler on a shaker (GL Sciences, Tor-
rance, CA, USA). Then, three washes were undertaken using enrichment
buffer and wash buffer (30% acetonitrile and 0.1% trifluoroacetate) to
remove the unbound peptides, respectively. Next, the phosphopeptides
were eluted using elution buffer (10% NHjs), vacuum freeze-dried, and
desalted with C18 ZipTips (Millipore, Billerica, MA, USA), vacuum
freeze-dried, and analyzed by LC-MS/MS.

Glycopeptides were enriched from the four fractions of YLT by hy-
drophilic interaction liquid chromatography (HILIC). The dried peptide
fractions were reconstituted in 40 pL of enrichment buffer (80% aceto-
nitrile and 1% trifluoroacetic acid) and then transferred to a HILIC
microcolumn (Dalian Institute of Chemical Physics, Dalian, China). The
HILIC microcolumn was centrifuged at 4000xg for 15 min at 4 °C. The
glycopeptides were combined with HILIC filler and retained. Unbound
peptides were washed thrice using an enrichment buffer. Then, the
glycopeptides were eluted with 10% acetonitrile and lyophilized. Sub-
sequently, the glycopeptides were resolved in 50 pL of H3®0, and
deglycosylation was undertaken by addition of 2 pL of PNGase F (200
units; Roche, Basel, Switzerland) and incubated overnight at 37 °C.
Finally, the deglycosylated N-glycopeptides were desalted by C18 Zip-
Tips, vacuum freeze-dried, and analyzed by LC-MS/MS.
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2.5. LC-MS/MS

LC-MS/MS was undertaken using a Q Exactive™ plus mass spec-
trometer with an EASY-nLC 1000 UPLC system (Thermo Fisher Scien-
tific, Waltham, MA, USA). Peptide samples were dissolved in solvent A
(0.1% formic acid and 2% acetonitrile in water) and loaded onto a
Resproil-Pur C18 reversed-phase analytical column (particle size = 1.9
pm, inner diameter = 75 pm, length = 15 cm). Solvent B was increased
from 4% to 22% (0.1% formic acid, 98% acetonitrile) in 38 min, 22%-—
32% in 14 min, 80% in 4 min, and then kept at 80% for the final 4 min.
The constant flow rate for the separation was 700 nL/min. After
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separation, the sample was ionized by a nanoelectrospray ionization
source (2000 V), then full-scan MS was carried out in a mass range of m/
z 350 + 1800 with a resolution of 70000. Mass spectra were acquired
and the 20 most abundant peptides in the mass spectral data were
analyzed by high-energy collisional decomposition (Geng et al., 2019a;
Geng et al., 2019b; Liu et al., 2020a).

The obtained MS/MS data were processed by MaxQuant (www.maxq
uant.org/) and we searched for matches for Bos mutus with UniProt
(www.uniprot.org/). We set 20 ppm as the value for the mass tolerance
of the precursor ion in the first search, 5 ppm was set for the main search,
and the set value for the mass tolerance of the fragment ion was 0.02 Da.
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Fig. 1. Characterization of identified proteins, phosphorylation/N-glycosylation sites, peptides, and proteins in yak longissimus thoracis. (A) Statistical information of
tandem mass spectra and protein identification; (B) mass error of identified common peptides; (C) length distribution of identified common peptides; (D) mass error
of identified phosphorylated peptides; (E) number of phosphorylation sites in serine [S], threonine [T], and tyrosine [Y]; (F) number of phosphorylation sites of
identified phosphorylated proteins; (G) number of identified N-glycosylated peptides with mass error; (H) number of N-glycosylation sites of identified N-

glycoproteins.
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The carbamidomethyl group of Cys was designated as a fixed modifi-
cation, and acetylation on the N-terminal of the protein and oxidation of
Met were designated as variable modifications. In addition, 180(N) on
asparagine was set as a variable modification for searching N-glyco-
peptides. Phosphorylation of serine, threonine, and tyrosine was set as a
variable modification for searching phosphopeptides. The threshold for
the false discovery rate for peptides, proteins, and modification sites was
set at 1%.

2.6. Bioinformatics analysis

Motif-x (http://meme-suite.org/tools/momo) was used to seek
modification motifs and all identified protein sequences were used as
background; the incidence was set to 20 and other parameters were set
to default values. Subcellular localization of the identified proteins was
identified using Wolf PSORT at default settings (www.genscript.
com/psort/wolf_psort. html).

Gene Ontology (GO) annotations of the identified proteins were
obtained from the UniProt-Gene Ontology annotation database (www.
ebi.ac.uk/GOA/). The identified protein IDs were first converted to
UniProt IDs and then mapped to GO IDs. For proteins identified in the
UniProt-GOA database that did not match the annotated proteins,
InterPro (www.ebi.ac.uk/interpro/) was used to carry out GO annota-
tion based on the method of protein-sequence matching. Upon GO
analysis, a two-tailed Fisher’s exact test was used to detect the degree of
enrichment of the identified modified proteins for all proteins in the
species database, and the corrected GO terms were considered signifi-
cant at P < 0.05. The Kyoto Encyclopedia of Genes and Genomes (KEGG)
database was used to annotate the pathways in which the identified
proteins were involved. KEGG database-related descriptions of proteins
were annotated using the KAAS service tool. Enriched KEGG pathways
were mapped based on annotation information from the KEGG mapper
tool.

3. Results and discussion
3.1. Common proteome of YLT

A total of 10595 peptides were identified from the common prote-
omic analysis of YLT (Fig. 1A). All peptides were identified with high
precision and mass tolerance <5 ppm for peptide ions (Fig. 1B). The
identified peptides were of quality-controlled length, and distributed
between 7 amino acids and 19 amino acids. Most of the identified pro-
teins in YLT had a molecular-weight distribution between 20 kDa and
80 kDa, with ~60% of the coverage reaching >10% (Fig. 1C), which
indicated a high quality of protein identification. After removing re-
petitive sequences, 1812 common proteins were identified in YLT
(Table S1). According to the protein abundance metric (PSM: protein
matching spectral number), 18 of all identified YLT common proteins
had PSM higher than 1%, mainly including proteins associated with
muscle structure (myosin, actin, o-actinin, etc.) and some enzymes
involved in energy metabolism (fructose-bisphosphate aldolase, creatine
kinase and a —1,4 glucan phosphorylase, etc.), while these high abun-
dance proteins were similar to those previously reported in yak prote-
omics (Wen et al., 2019; Zuo et al., 2016).

3.2. Phosphoproteome of YLT

IMAC-enriched YLT phosphopeptides were identified by LC-MS/MS.
A total of 4306 peptides were identified, of which 3575 were phos-
phorylated. All phosphopeptides were identified with high precision,
with a mass tolerance of <5 ppm for peptide ions (Fig. 1D). The 3575
identified phosphopeptides contained 3918 phosphorylation sites
(filtered with site-localization probability >0.75) and belonged to 1303
phosphoproteins (Table S2). For the identified phosphorylation sites,
3028 (77.3%) were localized on serine (S), 727 (18.6%) on threonine (T)
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and only 163 (4.2%) on tyrosine (Y) (Fig. 1E). These results suggested
that the distribution of phosphorylation sites of YLT had similar patterns
with that of other species, such as porcine muscle (Huang et al., 2014),
ovine muscle (Chen et al., 2019b), and human skeletal muscle (Hgjlund
et al., 2009). In addition, 724 of the YLT phosphoproteins carried only
one phosphorylation site (55.6%), 228 of them (17.5%) carried two
phosphorylation sites, and 351 (26.9%) carried multiple phosphoryla-
tion sites (Fig. 1F).

3.3. N-glycoproteome of YLT

A total of 279 N-glycopeptides were identified with high quality
(mass error <5 ppm) (Fig. 1G). These N-glycopeptides were matched to
204 N-glycoproteins, and contained 285 N-glycosites (Table S3). Among
the 204 identified YLT N-glycoproteins, 148 (72.5%) carried a single N-
glycosite, 41 (20.1%) carried two N-glycosites, and 15 (7.4%) carried
multiple N-glycosites (Fig. 1H).

The number of phosphoproteins identified in YLT was 6.38-times
that of N-glycoproteins. The number of phosphorylation sites was
13.75-times that of N-glycosites. These ratios were similar to the ratios
discovered in the proteomic analysis of Tartary buckwheat seeds (Geng
etal., 2019a), but different from those of eggshell matrix and quail eggs,
in which there were more N-glycosides than phosphorylation sites (Liu
et al.,, 2020b; Yang et al., 2020). In some proteomic studies on mice,
3803 phosphoproteins and 977 N-glycoproteins were identified from
C2C12 myoblasts (Chen et al., 2021), whereas 383 phosphorylated
proteins and 544 N-glycoproteins were identified in brain tissue (Zhang
et al., 2010). Therefore, there is no conclusive evidence that phos-
phorylation is more prevalent in animal cells and organ tissues. There
are two possible reasons for the quantitative difference between the
phosphoproteome and N-glycoproteome of YLT. First, during enrich-
ment, the affinity between IMAC and phosphopeptides was stronger
than that between HILIC and glycopeptides. In particular, the diversity
of glycopeptides would reduce their specificity and affinity (Geng et al.,
2019a) so that phosphopeptides would be enriched more efficiently. The
second reason is additional deglycosylation, which increases the loss of
glycopeptides before analyses. These technical details need to be
considered in future proteomic studies on post-translational
modification.

3.4. Phosphorylation and N-glycosylation motifs of YLT

Site-specific patterns of amino acids around a set of phosphorylation
sites can be seen from phosphorylation motifs, which provide important
information for predicting the kinases upstream of phosphorylation, and
the potential function of phosphoproteins. Enriched phosphorylation
motifs were identified using Motif-X, and 31 phosphorylation motifs
were identified from 2658 phosphorylation sites, including 25 phos-
phoserine motifs and six phosphothreonine motifs (Fig. S1). The top-10
phosphorylation motifs that matched with the highest number of
phosphorylation sites are shown in Fig. 2A. Among them, [sP] and
[Rxxs] were the two most common motifs, with 263 and 244 matches,
respectively, followed by [Rxxxxxs], [Kxxxxxs], and [Rxs] motifs, all of
which matched with >130 phosphorylation sites. Several other high-
frequency motifs (matches >100) included [RRxs], [sxE], [PxsP] and
[RxxsP]. In earlier studies (Chen et al., 2019b; Yang et al., 2020), [sP]
and [Rxxs] were also the two most frequent patterns, whereas the fre-
quency of the other patterns varied considerably between species.

Compared with phosphorylation, N-glycosylation motifs are less
diverse, with two main conserved types: [NxT] and [NxS] (where “x” is
not a proline) (Fig. 2B). In brief, [NxT] matched N-glycosites (145
unique peptides, 50.9%) and [NxS] matched N-glycosites (120 unique
peptides, 42.1%) were the most common, with additional N-glycosites
matched to some non-conserved motifs (20 peptides, 7.02%). These
findings indicated that most of the N-glycosites found in YLT were
located on conserved sequences, and that the proportion of low-
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Fig. 2. Significantly enriched phosphorylation motifs (A) and N-glycosylation motifs (B). In the motif names, the lowercase letters “s” and “t” indicate a phos-
phoserine or phosphothreonine residue at that position, and “x” indicates any amino acid.

frequency non-classical N-glycosylation modifications was small.
Notably, more leucine was distributed around [NxT] and [NxS] motifs,
with leucine in the [NxT] motif distributed mainly before the N-glyco-
site, whereas it was distributed evenly before and after in the [NxS]
motif. This leucine-rich motif of N-glycoproteins may be involved in
protein—protein interactions and, thus, in the immune response.

3.5. “Panorama” of the YLT

A total of 2650 proteins were identified in YLT after merging the
common proteome, phosphoproteome, and N-glycoproteome (Fig. 3).
Integration of proteome data resulted in a 31.6% increase in the number
of YLT proteins compared with the common proteome. This result might
be because some low-abundance phosphoproteins and N-glycoproteins
were enriched before identification by LC-MS/MS (Geng et al., 2019a).
Among the 2649 proteins identified in YLT, 1169 (44.13%) were iden-
tified as unmodified, and only 26 (0.98%) were identified as both
phosphorylated and N-glycosylated. Details of these dual-modified YLT
proteins are summarized in Table S4, and they may have both phos-
phorylated and N-glycosylated typical functions (Hao et al., 2011). In
addition, these results will enrich the YLT protein database.

3.6. Functional annotation of YLT proteins

3.6.1. Subcellular localization of YLT proteins

The subcellular localization of the identified YLT proteins was pre-
dicted. For the 1812 common proteins identified in YLT, the cytoplasm
(39.8%) was their main localization. Consistent with previous pre-
dictions on the subcellular localization of yak longissimus dorsi proteins
(Zuo et al., 2018). In addition, 79.8% of them were intracellular, 10.5%
were extracellular, and 6.0% were localized on the plasma membrane
(Fig. 4A). Compared with common proteins, the 1303 phosphoproteins
identified in YLT had different localization patterns. The nucleus
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N-glycoproteome

Fig. 3. Overlap of the identified proteomes of yak longissimus thoracis.

(43.7%) was the main localization region for phosphoproteins, a smaller
proportion (4.1%) of phosphoproteins were located extracellularly, and
a larger proportion (8.7%) of phosphoproteins were localized on the
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W [N] Cell motility
B [M] Cell wall/membrane/envelope biogenesis
B [Y] Nuclear structure
B [L] Replication, recombination and repair
B [H] Coenzyme transport and metabolism
[B] Chromatin structure and dynamics
W [V] Defense mechanisms
¥ [F] Nucleotide transport and metabolism
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M [P] Inorganic ion transport and metabolism
B [W] Extracellular structures
W [D] Cell cycle control, cell divisi
B [E] Amino acid transport and metabolism
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M [I] Lipid transport and metabolism
M [K] Transcription
B [A] RNA processing and modification
B [G] Carbohydrate transport and metabolism
[U] Intracellular trafficking, secretion, and vesicular transport
M |Z] Cytoskeleton
M [C] Energy production and conversion
I [J] Translation, ribosomal structure and biogenesis
M [T] Signal transduction mechanisms
M [O] Posttr ional

protein turnover, chaperones

Fig. 4. Predicted subcellular localization and COG/KOG functional classification of identified common proteins, phosphoproteins and glycoproteins. (A), Subcellular
localization of common proteins; phosphoproteins; glycoproteins; (B), COG/KOG functional classification of common proteins, phosphoproteins, and glycoproteins.

plasma membrane. The localization of N-glycoproteins in YLT was
distinctive: 30.3% of N-glycoproteins were localized extracellularly,
25.5% in the plasma membrane, 6.4% in the endoplasmic reticulum, and
2.5% in peroxisomes.

The distribution of subcellular localization of common proteins,
phosphoproteins, and N-glycoproteins in YLT is relevant to post-
translational modifications of protein function. Phosphoproteins are
involved mainly in physiological processes in the nucleus, such as the
phosphorylated histones and transcription factors that regulate gene
expression. N-glycoproteins are involved more closely in the physio-
logical processes of cell membranes and the extracellular matrix (ECM)
because they need to be processed in the endoplasmic reticulum (Sun
and Hood, 2014). Analyses of their subcellular localization showed that
the different localizations of common proteins, phosphoproteins, and
N-glycoproteins of YLT may be responsible for different physiological
functions in muscle.

3.6.2. Eukaryotic orthologous groups (KOG) annotation of YLT proteins
The KOG subcategories with the largest number of common proteins
in YLT were [O], [T], [J1, [C], [Z], and [U], which were similar to the
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KOG classification results of common bovine longissimus thoracis pro-
teins (He et al., 2017; Li et al., 2022). These KOG subcategories were
involved mainly in protein processing, energy metabolism, cytoskeleton,
and material transport, which suggested that the function of common
proteins in YLT was centered on muscle activity (Fig. 4B). The KOG
classification of YLT phosphoproteins were represented by subcategories
of [T], [O], [Z], [U], [K], and [A]. Compared with the common proteins
in YLT, a higher proportion of YLT phosphoproteins were involved in
signal transduction, transcription, and RNA processing (regulation of
gene expression). The annotated KOG subcategories of YLT N-glyco-
proteins were represented by [T], [O], and [W]. The proportion of
N-glycoproteins involving “[W] Extracellular structures” was much
higher than that of common proteins and phosphoproteins. In addition,
no N-glycoproteins were involved in “[J] Translation, ribosomal struc-
ture and biogenesis”, and only one N-glycoproteins was involved in “[C]
Energy production and conversion”. Annotation and classification using
KOG revealed the functional differences between the common proteins,
phosphoproteins, and N-glycoproteins in YLT.
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3.6.3. GO annotation of YLT proteins

GO annotation and classification were carried out to further reveal
the function of the identified YLT proteins. The common proteins in YLT
were classified into nine terms related to binding function and four
terms related to catalytic activity under the molecular function (MF)
category (Fig. 5A). GO annotation and classification of the YLT phos-
phoproteins revealed similar results. Differently, YLT N-glycoproteins
were involved in four unique GO terms: “amide binding”, “lipid bind-
ing”, “signaling receptor activity”, and “transmembrane transporter
activity”; and a higher proportion were involved in “macromolecular
complex binding”.

In the category of biological processes (BP), the highest number of
common proteins in YLT were involved in the GO terms of metabolism
(“organic substance metabolic process”, “cellular metabolic process”,
“primary metabolic process”), organization (“cellular component orga-
nization”, “establishment of localization”, “anatomical structure devel-
opment™), and stress response (“cellular response to stimulus”,
“response to chemical”, “response to stress”) (Fig. 5B). The distribution
of phosphoproteins according to GO annotations was similar to that of
common proteins but differed in terms of individual GO terms. For
instance, 187 phosphoproteins were annotated to “macromolecule
localization”, but no phosphoproteins were annotated to “catabolic
process”. The GO annotations of YLT N-glycoproteins showed some
differences, with three unique GO terms (“anatomical structure
morphogenesis”, “cell adhesion”, and “system process”) and three
default GO terms (“biosynthetic process”, “cellular component biogen-
esis”, and “cellular localization™).

In the category of cellular components (CC), the top-three terms with
the highest number of common proteins, phosphoproteins, and N-gly-
coproteins were “intracellular”, “organelles”, and “membrane-bound
organelles” (Fig. 5C). The common proteins in YLT involved two unique
GO terms: “catalytic complex” and “envelope”. YLT N-glycoproteins
were involved in four unique GO terms (“cell surface”, “extracellular
space”, “intrinsic component of membrane”, and “whole membrane”)
and a much higher proportion were involved in “cell periphery”,
“endomembrane system”, and “plasma membrane”. These results sug-
gested a higher involvement of N-glycoproteins in membrane-related
functions and extracellular physiological activities (Cao et al., 2017,
2019; Sun and Hood, 2014).

3.7. The common proteins in YLT were involved mainly in myofibril
structure and energy metabolism

Enrichment analyses using GO and KEGG databases were carried out
using all the protein sets of yaks in the UniPort database as the back-
ground. Therefore, the results of enrichment analyses could reveal the
major functional or physiological activities that the identified YLT
proteomes were involved in.

In the enrichment analyses of the common proteomes in YLT using
the GO database, several terms related to the function of muscle
contraction were enriched significantly, as represented by “myofibril”,
“structural constituent of muscle”, “actin-myosin filament sliding”, and
“striated muscle cell differentiation” (Fig. S2). In addition, two KEGG
pathways (“focal adhesion” and “tight junction”) associated with the
anchorage of muscle fibers, and one KEGG pathway (“cardiac muscle
contraction™) associated with muscle-contraction activities were
enriched significantly (Fig. 6A, Table S5). These results suggested that
the top priority of the common proteins in YLT were involved in the
construction of muscle-fiber structure. This finding is consistent with the
primary function of muscle tissue. The structure of muscle fibers has a
dominant effect on the texture characteristics of meat. For instance, the
texture of beef is significantly different from that of pork and lamb
because the muscle fibers and muscle bundles have a larger diameter.
Furthermore, differences in texture between different types of beef, such
as Nelore (Bos indicus) and Nelore x Bos taurus beef cattle, are evident
due to differences in management of breeding and feeding (Curi et al.,
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2011). There are large genetic and physiological differences between
yak and common commercial breeds of beef cattle (Wang et al., 2016),
so differences in muscle fibers and muscle structure should be studied
and compared in more detail to deepen understanding of their
meat-quality characteristics. Therefore, the common proteins in YLT
associated with muscle structure and muscle contraction are important
candidate proteins for further study of the quality of yak meat.

Muscle contraction requires a large amount of energy (Fig. 6B).
Correspondingly, three representative GO terms related to energy
metabolism (“mitochondrion”, “oxidoreductase activity, acting on NAD
(P)H”, and “NAD binding”) were enriched significantly. Mitochondria
are the main organelles of energy production for the physiological ac-
tivities of yak muscles. The proteins in the mitochondrial matrix are
involved in oxidative phosphorylation, the citric acid cycle, and pyru-
vate metabolism. Correspondingly, KEGG pathways related to energy
metabolism, such as “oxidative phosphorylation”, “TCA cycle”,
“glycolysis/gluconeogenesis”, “fatty acid degradation”, and “thermo-
genesis”, were the most enriched KEGG pathways. In addition, “pyru-
vate metabolism” and “pentose phosphate pathway”, which are related
to substance-transformation pathways, were also enriched. These
enriched KEGG pathways with mitochondria as the core not only pro-
vide energy but also ensure material transformation to meet the
physiological-activity needs of muscle tissue. Related to the regulation
of energy metabolism, we discovered “insulin signaling pathway” and
“glucagon signaling pathway” to be enriched. Glucose homeostasis must
be controlled accurately in muscle tissue because the physiological ac-
tivities of muscle tissue must ensure a balance between the intake and
consumption of glucose.

The involvement of many common proteins in YLT in energy meta-
bolism is closely related to the adaptability of yaks on mountain plateaus.
In a comparison of the longissimus thoracis proteomes of yak and cattle,
Wen and colleagues (Wen et al., 2019) found that proteins related to
energy production were more abundant in yak muscle. Results of a
quantitative lipidomic analysis between cattle-yak muscles and yak
muscles revealed that the higher content of long-chain acylcarnitine in
yak muscle might be related to the standby energy supply required for
adaptability on mountain plateaus (Gu et al., 2021). In studies on the
adaptation to mountain plateaus by yaks, mitochondrial proteins in yak
brains were closely related to their highland adaptation (Ma et al.,
2021). Therefore, energy metabolism-related pathways are the research
focus of adaptation by yaks to mountain plateaus. Energy metabolism
dominates the post mortem physiological process of meat: rigor mortis
and aging. Different types of homeostasis of energy metabolism neces-
sitate different post mortem management of yak meat, and the related
process parameters must be studied and optimized in detail to avoid
abnormal meat quality. The identification and analysis of the proteome
of yak muscle would provide important clues for optimization of post
mortem management.

3.8. YLT phosphoproteins were involved mainly in myofibril organization,
regulation of energy metabolism, and signaling

Consistent with the common proteins in YLT, many GO terms related
to the structural organization and function of muscle were most signif-
icantly enriched by YLT phosphoproteins (Fig. S3). These included
“myofibril”, “sarcomere”, “I band”, “supramolecular polymer”, and “Z
disc” under the CC category; “structural constituent of muscle”, “actin
binding”, “actinin binding”, and “alpha-actinin binding” under the MF
category; “muscle filament sliding”, “sarcomere organization”, and
“actin-myosin filament sliding” under the biological processes category.
Among them, “myofibril” (GO:0030016) was the most representative
enriched term with a fold enrichment of 5.92, and was involved in 91
phosphoproteins. Notably, myofibrils and sarcomeres are the contractile
units of skeletal muscle cells. Therefore, these results suggested that
post-translational phosphorylation was critical for the organization and
construction of muscle structures. Phosphorylation can regulate the
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interaction between proteins mainly by changing the charge on the
surface of proteins which, in turn, affects the organization of myofibrils
and sarcomeres. The critical role of phosphorylation in the organization
of muscle structure makes it a key regulator of post mortem meat quality.
For example, it has been reported that dephosphorylation can promote
the degradation of myofibrillar proteins by p-calpain (Li et al., 2017).
Phosphorylation levels of sarcomeric proteins have been found to be
altered significantly in stress-induced dysfunctional chicken breasts, and
these differentially phosphorylated proteins mainly regulated rigor
mortis in muscles and were closely related to meat quality (Xing et al.,
2017).

YLT phosphoproteins were also involved in energy metabolism.
Seven enriched GO terms (GO:0009156, GO:0006090, GO:0046031,
G0:0006165, GO:0042866, GO:0046939, and GO:0009135) were
closely related to energy metabolism, and represented by “nucleoside
diphosphate phosphorylation” (with 19 YLT phosphoproteins and a fold
enrichment of 4.97) and “pyruvate metabolic process” (with 25 YLT
phosphoproteins and a fold enrichment of 4.63). In the enrichment
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analyses of YLT phosphoproteins using the KEGG database, “pyruvate
metabolism” (map00620) and “glycolysis/gluconeogenesis”
(map00010) were among the most enriched pathways (Fig. 7A). The
YLT phosphoproteins involved in pyruvate metabolism merit special
attention because pyruvate metabolism is the key process linking
glycolysis and the citric acid cycle, and is also an important node in the
transformation of nutrients (amino acids, monosaccharides, and fatty
acids). Substance turnover in yak muscle needs to be more flexible and
regulated carefully in response to high-altitude environments. This
might imply that the phosphorylation levels of enzymes related to
“pyruvate metabolism” are different compared with those in plain cattle,
which needs to be compared quantitatively in future studies.

YLT phosphoproteins played a more important part in signaling be-
sides regulating the organization of myofibrils and the activity of en-
zymes related to energy metabolism. Ten of the top-25 enriched KEGG
pathways were related to signaling (Fig. 7B). Among them, “insulin
signaling pathway” (map04910), “glucagon signaling pathway”
(map04922), and “AMPK signaling pathway” (map04152) are
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responsible for the homeostatic regulation of energy metabolism; the
“HIF-1 signaling pathway” (map04066) is responsible for intracellular
sensing and regulation of hypoxia. These enriched signaling pathways
are “sensors” of oxygen and energy status in cells and tissues, and
“direct” cells to respond, thereby ensuring well-executed and sustained
muscle contractions. It has been reported that hypoxia-inducible factor
(HIF)-1a can regulate nucleotide metabolism in the ischemic heart to
reduce adenosine accumulation and protect cardiac function (Wu et al.,
2015). In addition to signaling of the intracellular environment and
energy homeostasis, muscles must remain responsive to cytokines and
second messengers. The enriched “ErbB signaling pathway”
(map04012) and “apelin signaling pathway” (map04371) are respon-
sible for cytokine (first messenger) sensing and signal transduction;
“cGMP-PKG signaling pathway” (map04022) and “mTOR signaling
pathway” (map04150) are important second-messenger signaling
pathways. These signaling pathways are involved in regulation of a wide
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range of cellular physiological activities to coordinate the rapid response
of myofibrils in muscle contraction. Most of the YLT phosphoproteins
involved in the signaling pathways stated above are kinases. Corre-
spondingly, in the enrichment analyses using the GO database, the
significantly enriched term “kinase binding” involved 98 YLT phos-
phoproteins. These kinases and their phosphorylation sites identified in
this work provide important information for investigation of the
signaling-regulatory mechanisms in yak muscle.

Phosphorylation of muscle proteins has a key role in post-slaughter
physiology due to its critical signaling and regulatory functions. First,
phosphorylation regulates post mortem energy metabolism in muscle
and, thus, affects muscle pH. Anderson and colleagues showed phos-
phorylation of phosphoglucomutase 1 to be closely associated with post-
slaughter beef tenderness (Anderson et al., 2014). In detail, the phos-
phoglucomutase 1 phosphorylated in beef early after slaughter accel-
erates the rate of pH decline, leading to greater final muscle segment
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length (Silva et al., 2019). When the pH in muscle is reduced close to the
isoelectric point of protein, the water-holding capacity of longissimus
lumbosus muscle of yak decreases(Zuo et al., 2016), whereas pale soft
exudative meat occurs in pork (Xu et al., 2021). In addition, two groups
of proteins with different levels of phosphorylation in goat muscle (PFK,
MYL2 and HSP27) regulate muscle stiffness, which leads to muscle
conversion to high- or low-quality meat (Liu et al., 2018). Second, the
phosphorylation of proteolytic enzymes and their upstream regulators
can affect their activity and stability, thereby regulating the hydrolysis
of myofibrils and muscle tissue. It has been reported that phosphoryla-
tion and dephosphorylation of p-calpain changes its secondary structure
which, in turn affects its activity and autolysis (Du et al., 2018). Due to
the critical role of p-calpain in Z-disk disintegration, the changes
induced by its phosphorylation would have an important impact on
meat tenderness. Electrical stimulation accelerated the tenderization of
meat after slaughter, while dephosphorylation enhanced the precise
degradation of myogenic fibronectin by p-calpain (Li et al., 2012, 2017).
In addition, phosphorylation of myosin regulatory light chain at Ser17
could improve actin-myosin binding and interactions, which may
improve meat quality (Cao et al., 2021).
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3.9. YLT N-glycoproteins were involved mainly in cellular immunity,
organismal homeostasis, and extracellular matrix (ECM) organization

Unlike the common proteins and phosphoproteins in YLT, which are
involved mainly in myofibril construction, N-glycoproteins in YLT
participate mainly in ECM organization. In the enrichment analyses of
YLT N-glycoproteins using the GO database, terms such as “extracellular
matrix”, “integrin binding”, “laminin binding”, and “collagen binding”
were enriched significantly (Fig. S4). Correspondingly, “ECM-Receptor
Interaction” (map04512), “focal adhesion” (map04510), and “Cell
adhesion molecules (CAMs)” (map04514) were enriched in the enrich-
ment analyses of YLT N-glycoproteins using the KEGG database
(Fig. 8A). The most representative YLT N-glycoproteins involved in
these pathways and terms were six types of laminins (20 N-glycosites),
five kinds of integrins (eight N-glycosites), and three types of collagens
(six N-glycosites). These ECM N-glycoproteins have important roles in
myofibril organization and muscle contraction (Fig. 8B). N-glycosyla-
tion modifications can affect the binding capacity of laminin and may
also promote the development and differentiation of muscle cells
(Cabrera et al., 2012). In a recent study, pl and a2 integrins were
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isolated from megakaryocytes of Vavl-hJAK2V6'”F mice and control

mice. Glycosylation of both types of integrins affected Janus kinase-2
activity, which induced myelofibrosis in mice (Gaye et al., 2022). In
addition, glycosylation of type-IV collagen regulates binding of a2p1 and
a3p1 integrin in melanocytes (Stawikowski et al., 2014), and remodels
the ECM (Jiirgensen et al., 2011) which, in turn, improves muscle
tenderness. Those studies suggest that N-glycosylation is critical for the
function of ECM proteins. Although N-glycoproteins have been studied
less in livestock-produced meat, there is a need to study the role of
N-glycosylation of ECM proteins (especially collagen) in post mortem
muscle physiology and meat quality due to their importance in meat
tenderness.

In the present study, YLT N-glycoproteins had an important role in
the ECM but also participated in the immune response, acting in
inflammation elimination during the growth and development of muscle
cells. Notably, “phagosome” (map04145) and “complement and coag-
ulation cascades” (map04610) pathways were enriched in the enrich-
ment analyses of YLT N-glycoproteins using the KEGG database, and
these pathways were closely associated with immunity. The most
representative N-glycoproteins involved in the “phagosome” pathway
were integrin f, lysosome-associated membrane glycoproteins, and the
immunoglobulin epsilon chain C region. Antibodies that interfere with
integrin-ligand binding inhibit cell migration in vitro and reduce tumor
growth in vivo (Engebraaten et al., 2009; Janik et al., 2010). Glycosyl-
ation modifications of integrins could interfere with some types of
glycoprotein-mediated cell adhesion and promote dissociation of tumor
cells. Lysosome-associated membrane glycoproteins are a class of highly
glycosylated proteins whose overexpression promotes the adhesion and
invasion of cancer cells (Nishino et al., 2022; Wang et al., 2017). Also,
the N-glycoproteins lysosomal associated membrane proteins (LAMP 1
and LAMP 2) are involved in myotube formation (Sakane and Akasaki,
2018), and affect post-slaughter meat quality. Immunoglobulins have
immunomodulatory and anti-inflammatory effects, and the biological
activity of immunoglobulin-G is regulated by Fc N-glycosylation, which
is associated with various inflammatory diseases (Selman et al., 2011).
In addition, three complement-associated N-glycoproteins (L8IXQO,
L8IN50 and L8HZV8) and three coagulation-associated N-glycoproteins
(L8IMX1, L8I117 and L8IH10) were included in the “complement and
coagulation cascade”. The complement system (as an important part of
the innate immune system) can form adaptive immunity by lysing
pathogens directly. Complement and coagulation are closely related and
work together to protect an organism from injury (Oikonomopoulou
et al., 2012). In conclusion, these identified YLT N-glycoproteins were
involved in regulating inflammation and the immune response, which
would make yaks more resistant to diseases under the harsh environ-
ment of extreme cold and low oxygen. These results would provide some
reference value for research on N-glycoproteins in livestock animals.

In addition, YLT N-glycoproteins have a role in regulating homeo-
stasis in the body. In the enrichment analyses of YLT N-glycoproteins
using the GO database, “regulation of metal ion transport”
(G0O:0010959) and “inorganic ion homeostasis” (GO:0098771) related
to ion transport regulated homeostasis of the cellular microenvironment
of the body; “platelet degranulation” (GO:0002576) and “regulation of
wound healing” (GO:0061041) were associated with tissue repair and
were involved in the healing, growth, and proliferation of cells. Among
them, triadin is an important class of protein for the maintenance of
skeletal-muscle function (Oddoux et al., 2009), and
angiotensin-converting enzyme plays a part in blood-pressure regulation
and vascular remodeling (Kost et al., 2018). Besides, being present in a
digestive organ, a “lysosome” (map04142) contains various hydrolytic
enzymes and its surface is highly glycosylated. A lysosome releases
acidic hydrolases to digest pathogenic bacteria and other substances and
protects itself from digestion, but also has an autonomous metabolic
function. In summary, the N-glycoproteins in YLT had
muscle-remodeling functions, but also had prominent roles in healing of
the immune system and homeostasis regulation. These functions may be
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linked inextricably to the growing environment of yaks. In particular,
their relationship with adaptation to mountain plateaus merits further
study.

4. Conclusions

This was the first investigation of the integrated common proteome,
phosphoproteome, and N-glycoproteome of YLT. Based on offline high-
pH RPLC separation, phosphopeptides/glycopeptides enrichment, and
LC-MS/MS identification, 1812 common proteins, 1303 phosphopro-
teins, and 204 N-glycoproteins were identified. Analyses of pathway
enrichment using GO and KEGG databases revealed that the common
proteins in YLT were involved mainly in myofibril structure and energy
metabolism, YLT phosphoproteins were involved mainly in myofibril
organization, regulation of energy metabolism, and signaling, and YLT
N-glycoproteins were involved mainly in ECM organization, cellular
immunity, and organismal homeostasis. These results suggest that the
identified YLT proteins have important roles in the post-mortem phys-
iology of yak beef. The information in this study can aid exploration of
the quality characteristics of yak beef.
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