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Protein mass spectrometry has been emerging as a powerful technology in the studies of human diseases. The
advances in this technology, such as instrumentation, sample preparation, and bioinformatics data analysis, makes
this technology more feasible to serve the scientific community. In this review, we will focus on the application of
this technique in studies of skeletal muscle biology including skeletal muscle atrophy, muscular dystrophy, and
skeletal muscle dysfunction-related metabolic syndromes. Particularly, we will introduce a system of methods used
in protein mass spectrometry and discuss the scenarios in which protein mass spectrometry plays an essential role
in protein characterization, such as posttranslational modifications and protein-protein interactions, and
promoting our understanding of molecular mechanisms that cause skeletal muscle diseases. Finally, we will also
discuss examples of successfully conducted protein mass spectrometry analysis to decipher complex molecular
processes involved in skeletal muscle diseases.
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Introduction

Mass spectrometry is one of the most accurate
analytical techniques that provide the masses of
molecules [1]. Due to its specificity and robust results,
this technique has been emerging as an indispensable
tool for large-scale protein characterization in biological
research, clinical studies, and pharmaceutical
manipulation [1]. This trend can be witnessed from the
PubMed database of references and abstracts on the
topics of life science and biomedical research. In 1990,
only 11 papers were published on the topic of “protein
mass spectrometry”; however, this number greatly
increased to 450 in 2015 (Figure 1). Specifically, the
number demonstrated a ~2-fold increase from 1999 to
2000 and from 2003 to 2004 presumably because of the
improvement in protein database [2] and the advances in
mass spectrometry instrumentation [3].

The human proteome includes about 100,000 proteins

[4]. The complexity of the human proteome could be

much more significant if protein posttranslational
modifications (PTMs) such as phosphorylation,
oxidation, glycosylation, methylation, and acetylation are
considered. Alterations in protein patterns contribute to
cellular disorders, tissue dysfunction, and human
diseases [5]. Therefore, it is of great interest for scientists
to observe these molecular alterations and interpret their
biological ~ consequences. Two  protein  mass
spectrometry-based strategies are routinely used for
global protein analysis: bottom-up proteomics and
top-down proteomics [6, 7]. In bottom-up proteomics
strategy, proteins are characterized by analysis of
peptides that are produced from proteins with enzymatic
digestion while top-down proteomics strategy directly
analyzes intact proteins [6, 7]. Top-down proteomics
strategy is unfavorable in global protein analysis due to
fragmentation methods and its extremely poor capacity
to handle larger proteins such as membrane proteins [8].
Therefore, this review will focus on the more-widely

used bottom-up proteomics strategy for protein global
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analysis [6].

Skeletal muscle disorders are commonly found in a
variety of pathological conditions such as skeletal
muscle atrophy, muscular dystrophies, metabolic
diseases, and cancers [9-20]. Astonishingly, there are
limited available pharmaceutical inventions for the
treatment of skeletal muscle diseases [14, 19]. For
example, Riluzole (Rilutek) and Radicava (edaravone)
are the only two U.S. Food and Drug Administration
(FDA)-approved drug to treat patients with amyotrophic
lateral sclerosis (ALS) [14], a fatal disease characterized
by progressive muscle atrophy. Additionally, the FDA
recently granted accelerated approval to Eteplirsen (an
exon-skipping drug) and Emflaza or deflazacort
(corticosteroid) for the treatment of Duchenne muscular
dystrophy (DMD) [19]. DMD is characterized by
progressive loss of muscle mass due to increased muscle
damage and inflammation, and prednisone was the only
FDA-approved treatment until recently [19].
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The difficulty of discovering novel therapeutic targets
for the treatment of various skeletal muscle diseases
results from a poor understanding of the molecular
mechanisms that contribute to disease pathogenesis.
Protein mass spectrometry is extremely useful for this
purpose and this notion has been discussed in several
published scientific articles [21]. Therefore, in this
review, we will discuss examples in which protein mass
spectrometry has been used for analyzing changes in
global protein in skeletal muscle biology. Specifically,
we will discuss the usage of mass spectrometry for the
evaluation of protein posttranslational modifications
such as phosphorylation, acetylation, and glycosylation,
protein-protein interactions, and protein quantitation. We
will also briefly touch on some technical details in
protein mass spectrometry analysis. It is our hope that
this review can provide a useful guidance to scientists
seeking to take advantage of this beautiful technique and

promote their scientific ideas.
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Figure 1: The numbers of articles published on the topic of “protein mass spectrometry” from 1990 to 2016. The data is acquired from PubMed on May 01, 2017. In 1990,

only 15 papers were published in this topic. In 2015, this number increased to 437, representing a ~30-fold change.

Application of protein mass spectrometry analysis in

studies of skeletal muscle diseases

Protein mass spectrometry technique

A typical platform in bottom-up proteomics method
includes protein sample denaturing, enzymatic/chemical
protein digestion, protein separation methods, mass
spectrometry analysis, and bioinformatics (Figure 2) [6].

In the sample preparation step, proteins isolated from
cells, tissues or cell supernatants are denatured, reduced,
and alkylated.
proteins will be unfolded and the disulfide bonds will be

Essentially, during protein denaturing,

reduced, providing access to proteases for the production
of shorter peptides [6]. As the first step of the whole
workflow protein denaturing is extremely important for
the success of protein mass spectrometry analysis.
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Chemical detergents, such as sodium dodecyl sulfate
(SDS) and tergitol-type NP-40, strongly interfere with
mass spectrometry and should not be present in protein
samples [6]. Poor protein sample preparation would
result in protein clogging during protein separation with
liquid chromatogram (LC) analysis, incomplete protein
digestion, and low protein identification. After protein
denaturing, protein digestion can be conducted with
either proteases or chemicals. Although chemical-based
protein digestion method has its own advantages,
protease-assisted protein digestion is still the most
widely used method for this purpose. Among these
proteases, trypsin, which cleaves proteins preferably at
the carboxyl side of the amino acid lysine (K) and
arginine (R), has been the most efficient standard for
protein digestion due to its robust, low cost, and high
specificity. Other proteases, such as Asp-N and pepsin,
are also available for the purpose of protein digestion.

I. Protein lysate

I1. Enzymatic protein
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However, their usage for protein mass spectrometry
analysis is hindered either due to their poor selectivity
and the cost [6].
Reverse phase high-performance liquid
chromatography (HPLC) is the principal method for
peptide separation followed by mass spectrometry
analysis [21]. The separation is completed by physical
interactions between peptides and a solid adsorbent
material (usually carbon 18 column), which causes
different flow rates of peptides [21]. Protein separation
by HPLC is the first step of sample simplification and
very critical for mass spectrometry analysis. Recent
years have witnessed the improvement in protein
separation techniques such as capillary electrophoresis
and ion mobility [22, 23]. Those methods are extremely
useful for distinguishing different protein/peptide
isoforms but their reproducibility and compatibility with

mass spectrometry is still problematic [22, 23].

1I1. HPLC separation
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Figure 2: The workflow of bottom-up proteomics. This strategy includes five main steps: Protein sample preparation, protein digestion, HPLC separation, mass
spectrometry analysis, and result interpretations with bioinformatics analysis. Protein samples are prepared from cells, tissues or cell lysates and treated with specific
proteases. Peptides produced from the digestion step are then separated using HPLC and sent for the mass spectrometry analysis. Tandem mass spectrometry will be used

to produce mass spectra, which can be interpreted with different bioinformatics tools for the purpose of peptide and protein identification.

J Med Discov | www.e-discoverypublication.com/jmd/ 3



Protein mass spectrometry analysis is completed by
tandem mass spectrometry (MS/MS), which mainly
includes two steps: mass spectrum production (MS1) and
peptide fragmentation (MS2). During MS/MS, a peptide
precursor, which is MS1, will be selected and proceed to
fragmentation for the production of product ions (MS2).
The mass spectrometry detector will then generate mass
spectrum of MS2s, which will be used for the sequence
determination of peptides. During mass spectrometry
analysis, fragmentation method is the most important
component. Currently, collision-induced dissociation
(CID) is the most widely used method for ion
fragmentation, in which peptides meet a cloud of neutral
molecules in the gas phase and peptides break at their
weakest bonds  [24].
dissociation (HCD), a CID technique specific to the

Higher-energy  collisional
analysis of proteins, is the most widely used method [24].
Other fragmentation methods, such as electron transfer
dissociation (ETD) and ultraviolet photodissociation
(UVPD) have also been invented and the combination of
different methods will unquestionably prompt protein
mass spectrometry analysis and protein identification [25,
26]. There are several tools that can be used for the
bioinformatics analysis of MS2 and peptide sequencing.
Particularly, during the bioinformatics analysis, MS2
spectra will be compared with theoretical mass spectra of
predicted peptides that generated in silico from a defined
protein database and peptides and proteins that reach
statistical significance will be identified. By doing so,
thousands of proteins could be identified by a single set
of biological protein sample running. There are several
well-established protein database searching engines, such
as MASCOT SEQUEST, MaxQuant, and X!Tandem,
which can be used to determine protein mutations,
posttranslational modifications, and protein expression
level [27, 28].

Protein quantitation with mass spectrometry analysis
in skeletal muscle diseases

Changes in protein expression levels are associated
with biological phenotypes. Therefore, it is of great
interest to use a quantitative method for the investigation
of proteome abundance and its biological consequences.
Due to its high specificity, mass spectrometry-based
protein quantitation is an ideal method for this purpose
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[1].  In this section, we will present two common
strategies that are used for protein quantitation with mass
spectrometry analysis: label-free spectral counting and
isotopic label-based protein quantitation.

Label-free protein quantitation with mass spectrometry
in skeletal muscle diseases

Label-free mass spectrometry quantitation is a method
that measures relative protein expression levels [29]. In
this strategy, protein quantitation is conducted either by
precursor signal intensity or spectral counting numbers.
This concept is based on the fact that the total number or
intensity of peptides is relevant with the abundance of
proteins and that the matched spectra to peptides can be
compared statistically to reflect the protein abundance in
different samples [29]. This method has been gaining
more attention in the scientific community due to its low
cost, easy sample preparation, and great capacity to
couple with other workflows such as in-gel trypsin
digestion. Here we will discuss several studies that
successfully conducted label-free protein quantitation.
More specifically, we will discuss the superiority of this
method over traditional methods such as western blots
and enzyme-linked immunosorbent assay (ELISA).

ALS is a neuromuscular disease characterized by
progressive muscle wasting and atrophy [17]. It is
generally supported that ALS is caused by the loss of
nerves in the brain and spinal cord and that skeletal
muscle atrophy is merely a consequence of motor neuron
death. However, using a mouse model of ALS, we
reported changes in skeletal muscle proteins prior to
disease onset on ALS mice, suggesting that molecular
factors within skeletal muscle could be the primary target
of disease pathology [17]. Briefly, we evaluated if
endoplasmic reticulum (ER) stress, which can be induced
by protein aggregates accumulated in muscle cells, was
activated in skeletal muscles of ALS mice [17]. For this
purpose, we investigated the expression levels of several
proteins involved in the ER stress pathway, including ER
stress sensors PERK (protein kinase RNA-like
endoplasmic reticulum kinase), IRE1 (inositol-requiring
enzyme 1), protein disfulfide-isomerase (PDI), and
glucose-regulated protein 78 kDa (Grp78/BiP).  Our
results demonstrated that Grp78/BiP showed different
expression patterns when evaluated via immunoblotting
(Figure 3A). Particularly, while one anti-Grp78/BiP

J Med Discov | www.e-discoverypublication.com/jmd/



antibody indicated a downregulation of the protein in
ALS mice, a different anti-Grp78/BiP antibody showed
an upregulation of the protein in ALS mice, which could
be explained by the different binding sites of the two
antibodies (Figure 3B). Considering the central role of
Grp78/BiP in the activation of ER stress, we chose to use
an unbiased and reliable method for a more precise
analysis. In this case, we took advantage of protein mass
spectrometry analysis and conducted an in-gel digestion
coupling with label-free protein quantitation analysis. In
this method, protein samples isolated from muscle
tissues were separated by gel electrophoresis and protein
bands at ~ 78 kDa were sliced and processed with in-gel
trypsin digestion, which was then sent for the protein
mass spectrometry analysis. The label-free method
clearly showed that Grp78/BiP is upregulated in ALS
mice compared to the control samples and this result is
consistent with the observations of other ER stress
markers such as PERK, IREl, and PDI. This study
undoubtedly showed that ER stress is activated in
skeletal muscle of ALS and could contribute to cell death
in muscle cells [17].

Another study that used the label-free strategy as an
unbiased way to perform protein quantitation focused in
evaluating serum irisin levels. [30]. Irisin is a product of
fibronectin type III domain-containing protein 5
(FNDCS5), which is coded by the FNDCS5 gene [30]. A
previous study suggested that irisin can be categorized as
a myokine and presumably plays a very important role in
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exercise-promoted lipid metabolism [30]. Since the
publication of the original study, arguments have been
raised mostly challenging if this protein is really
expressed in human serum since traditional analytical
methods, such as immunoblotting and ELISA, could not
provide a convincing evidence due to their non-specific
protein binding issues [31]. To address the discussion in
the literature, Jedrychowski and colleagues conducted a
mass spectrometry-based detection of irisin in human
serum [30]. Protein samples prepared from serum are
notoriously complex due to the high abundance of
albumin and immunoglobulin proteins and severe protein
posttranslational modifications, which will cause an
impediment in mass spectrometry analysis [30]. To deal
with this issue, Jedrychowski and colleagues simplified
protein serum samples with an affinity-based depletion
and removed protein glycosylation using different
de-glycosylated enzymes [30]. After protein sample
simplification, the authors conducted an in-gel digestion
on the protein bands where irisin was identified by
immunoblotting and sent the digested peptides for mass
spectrometry analysis [30]. For protein quantitation,
Jedrychowski and colleagues chose several signature
fragmentation ions produced from irisin-unique peptides.
By comparing the intensity between their experimental
samples and an isotopic internal standard peptide, the
authors accurately determined the content of serum irisin
and concluded that irisin increased significantly during
exercising [30].

Figure 3: Western blot analysis of Grp78/BiP protein expression levels in
skeletal muscle of ALS mice [16, 17]. A, Western blot analysis of
Grp78/BiP protein in skeletal muscle of G93A* SOD1 ALS mice using
two different antibodies. Protein loading was normalized with coomassie
blue staining. The target Grp78/BiP protein bands showed around 75
kDa in control samples (CON) but not in ALS samples (ALS) using
antibody #1. When using antibody #2, Grp78/BiP protein bands showed
in both CON and ALS samples. B, Partial Grp78/BiP protein sequence
(aa 410-644) and analysis of antibody binding sequence analysis of
antibody #1 and #2 used in the study. The binding sequence of antibody
#1 is from 570 to 600 (blue solid line) and the antibody #2 is from 525 to

628 (red dotted line).
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The technical points in the study by Jedrychowski et
al. include:
I. Protein sample simplification strategy including
removal of super-abundance non-relevant proteins,
removal of posttranslational modifications for the
purpose of protein mass accuracy, and protein separation
with electrophoresis.
II. Protein quantitation by taking advantage of
characterized fragmentation ions generated from
irisin-unique peptides and their reconstructed ion
chromatogram.
III. The serum protein samples were unlabeled and an
isotopic internal isotope-labeled peptide  was used to
conduct protein quantitation analysis for the absolute
measurement of irisin.
VI. Protein quantitation analysis was conducted using
selected reaction monitoring (SRM) method. In this
method, a predefined mass to charge (m/z) value is
isolated in the first quadruple mass spectrometer and
undergoes collision-induced dissociation. Then, one
specific fragmentation ion (product ion) is selected by
the second mass spectrometer, which results in set of
chromatograms that track this precursor ion to product
ion transitions. The retention time and signal intensity
for a specific transition are recorded and used for protein
quantitation analysis.

Label-free

spectrometry analysis has been favored by the scientific

protein  quantitation  with  mass
community due to the low cost and simple sample
preparation. However, in this strategy, different samples
are analyzed 1) at different time points, 2) by different
individuals, and 3) even using different analytical
conditions, which give possibilities for instrumental and
experimental bias. To address this issue, isotopic labeling
with mass spectrometry analysis methods has been
developed.

Isotopic labeling-based protein quantitation with mass
spectrometry analysis

Isotopic labeling with mass spectrometry methods
enables analysis of protein quantitation from different
protein samples simultaneously, which overcomes the
issue of experimental inconsistency [32]. Isobaric tags
for relative and absolute quantification (iTRAQ) and
stable isotope labeling with amino acid in cell culture
(SILAC) are the two common isotope-based labeling
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methods for protein quantitation in mass spectrometry
analysis [32-34]. In iTRAQ strategy, differential
isotopically labeled tags are used as reporters and
covalently attached to peptides during protein digestion
(Figure 4A). Therefore, iTRAQ can be considered as an
in vitro or on-bench sample preparation method. In
iTRAQ analysis, several different samples (N<8) can be
prepared as a mixture and sent for the mass spectrometry
analysis. During mass spectrometry analysis, the same
peptides that are prepared from different samples have
the same retention time will be analyzed, and peptide
sequence information can be acquired from the patterns
of fragmentation ions. The intensity of reporters can be
used to indicate the relative abundance of the peptides.

iTRAQ strategy has been used for the investigation of
protein carbonylation prepared from mitochondria from
skeletal muscle [35]. Mitochondrial dysfunction has been
reported to contribute to muscle pathology in several
disease models such as skeletal muscle insulin resistance
in type II diabetes. Meany and colleagues conducted a
study in which iTRAQ proteomics strategy was used for
the investigation of protein carbonylation in
mitochondria isolated from rat skeletal muscle [35]. The
authors developed the workflow that took advantage of
protein enrichment and protein separation methods such
as enrichment of mitochondrial proteins and
affinity-based biotinylated protein isolation [35].
Furthermore, the authors evaluated several key technical
aspects such as labeling efficiency and reproducibility.
Results demonstrated 250 carbonylated proteins in
addition to other posttranslational modifications such as
phosphorylation and oxidation. This study by Meany et
al. [35] provides the first survey about protein
carbonylation in mitochondrial biology in skeletal
muscle. Most importantly, the workflow presented in
their study can be alternated to study other protein
posttranslational modifications in a quantitative way
[36].

One significant limitation of iTRAQ-based protein
quantitation strategy is that isotope labeling is conducted
after protein sample preparation and the labeling
efficiency is the biggest concern [6]. Due to the
competition during the labeling reaction, low abundance
proteins could be suffering from very poor labeling and
ignored during mass spectrometry analysis. In addition,
an extra sample preparation step means further sample
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loss. Alternately, SILAC strategy has been developed for
protein quantitation analysis for two purposes: 1) to
improve labeling efficiency and 2) enable in vivo protein
labeling (Figure 4B). In SILAC strategy, cells or animals
are cultured either with a light isotopic labeled diet or a
heavy-isotopic diet, which contains either carbon-13 (1*C)
or nitrogen-15 (*N). Depending on how many labeled
amino acids a peptide contains, the mass difference can
be calculated easily and the intensity between the light
isotope-labeled and heavy isotope labeled peptides can
be used to demonstrate the protein abundance between
two groups (Figure 4). This method is also advantageous
since the protein quantitation is determined in the
precursor level and a complete fragmentation is not
required. SILAC strategy has been used by Rayavarapu
and colleagues to investigate the molecular mechanisms
that contribute to skeletal muscle dysfunction in DMD, a
genetic disorder caused by mutations in the dystrophin
gene that affects all muscles [36]. In this study, the
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authors developed an SILAC study in which a mouse
model of DMD was treated with heavy isotopic labeled
diet and the proteome profiling was compared between
control and disease models. The authors evaluated the
efficiency of the labeling and the reproducibility of
protein quantitation strategy (Figure 4C). In this way, the
authors were able to conduct protein quantitation of a
total of 897 proteins. Seventy-three proteins showed
significant changes between wild-type vs. dystrophic
mice and the bioinformatics analysis demonstrated that
DMD is associated with changes in the integrin-linked
kinase (ILK) signaling pathway as well as mitochondrial
and metabolic enzymes [36].

Isotopic labeling-based protein quantitation has
evolved as a very promising technique for proteome
profiling. Other labeling methods have also been
invented in addition to iTRAQ and SILAC, and such
techniques play a very important role in answering
important biological questions [1].
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Protein posttranslational modifications with mass spectrometry analysis in skeletal muscle diseases
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The human proteome contains about 100,000 proteins.
However, there are at least 300 types of
post-translational modifications that have been identified
physiologically and the complexity of the human
proteome could be significantly greater if both numbers
(proteome*PTMs) are combined (100,000*300!) [37-45].
Detection and identification of PTMs is extremely
challenging and this leads to difficulties in the
interpretation of their biological functions [38]. Mass
spectrometry analysis enables large-scale protein
characterization and has been emerging as the
gold-standard for identifying PTMs. Detection of PTMs
is based on the mass shift when a modification is added
to a specific residue and mass spectrometry can detect
this mass difference accurately (Figure 5A). For example,
phosphorylation adds a mass of 80 Da while acetylation
adds a mass of 42 Da. However, not all the mass shifts in
PTMs are fixed and it demands extra experimental
preparation when analyzing dynamic PTMs such as
glycosylation (mass shift is between 200-2000 Da),
which will be further discussed in this review [46].
PTMs are known to regulate various biological pathways
and detection of their diversity would be essential to
uncover disease pathological mechanisms in skeletal
muscle diseases [14]. Below, we will discuss how protein
mass spectrometry analysis methods have been used in
skeletal muscle disease studies. Due to the large numbers
of PTMs, we will only focus on protein phosphorylation,

acetylation, and glycosylation.

Studies evaluating protein phosphorylation with mass
spectrometry analysis

Mitochondrial dysfunction has been linked to cellular
disorders and metabolic diseases including Type II
diabetes [39]. It is of great interest to investigate
alternated protein profiles in certain disease states and
their functional consequences in mitochondria. Zhao and
colleagues conducted a study in which the protein
phosphorylation profiles in mitochondria were identified
with mass spectrometry analysis. Since phosphorylated
proteins are defined as low abundance proteins, an
enrichment step, either targeting on a specific protein or
phosphorylation, should be conducted in order to
perform protein phosphorylation analysis [39]. In Zhao’s
study, a titanium dioxide (TiO) solid phase extraction
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method was used to enrich phosphorylated peptides
prepared from skeletal muscle mitochondrial proteins
[39]. By performing this phospho-proteomics study, the
authors identified a total of 77 mitochondrial proteins
with 155 phosphorylation sites on those proteins [39].
Cellular functional analysis showed that those proteins
are involved in several key signaling pathways such as
the tricarboxylic acid cycle and lipid metabolism. The
study by Zhao et al [39] was the very first study in which
phosphor-proteomics was conducted to reveal the
molecular mechanisms that are associated with
mitochondrial dysfunction in skeletal muscle insulin
resistance [39]. More importantly, the workflow
developed in the study has the potential to be applied in
other experiments serving the same purpose of protein
phosphorylation detection. Besides TiO2> column, other
phosphorylation enrichment methods are available such
as strong anion exchange and immobilized metal affinity
chromatography [40].

Abnormal phosphorylation patterns have been
reported to contribute to skeletal muscle dysfunction in
insulin-resistant patients. Hojlund and colleagues
conducted a large-scale study to characterize
phosphorylated proteins in skeletal muscle of healthy
human subjects [41]. In this study, protein samples were
prepared from skeletal muscle and treated with trypsin.
Digested peptides were then treated with strong cation
exchange column and TiO, for the enrichment of
phosphorylation peptides. Mass spectrometry analysis on
those enriched peptides identified 127 proteins
containing 240 phosphoserines and 53
phosphothreonines. Functional analysis showed that
those phosphorylated proteins play important roles in
modulating sarcomeric function, excitation-contraction
coupling, and glucose metabolism. Notably, they
identified numerous novel phosphosites on sarcomeric
Z-disk proteins, which would be very meaningful since
these proteins are known to participate in skeletal muscle
disorders [41].

Protein phosphorylation with mass spectrometry
analysis can be also used for the study of
phosphorylation patterns on specific proteins. For
example, TBC1 Domain Family Member 4 (TBC1D4)
protein is known to regulate glucose metabolism in
skeletal muscle by regulating glucose transporter 4
(GLUT4) [42]. Typically, TBC1D4 phosphorylation is

J Med Discov | www.e-discoverypublication.com/jmd/



modulated by upstream kinases on serine and threonine
residues [42]. However, it is speculated that TBC1D4
could be also phosphorylated by AMP-activated kinase
(AMPK), a central protein kinase in regulating skeletal
muscle metabolism. To investigate novel
phosphorylation sites on this protein, Treebak and
colleagues conducted a mass spectrometry analysis and
observed several novel phosphorylation sites that could
be regulated by AMPK [42]. By a critical evaluation of
those sites, they found serine 711 (S711) to be of the
greatest interest because of its agreement with AMPK
phosphorylation motif. Finally, they confirmed the
biological function of S711 as they showed that S711
phosphorylation is tightly linked to metabolic stimulus

such as AMPK activator and exercising [42].

Studies evaluating protein acetylation with mass
spectrometry analysis

Protein acetylation has received aggressive attention
since the discovery of the protein family of sirtuins,
which are NAD"-dependent deacetylases considered to
have anti-aging effects [43]. Silent information regulator
1 (SIRT1) and 3 (SIRT3), which are regulated by the
NAD*/NADH ratio, are expressed in skeletal muscle and
regulate protein acetylation levels [43]. It has been
reported that protein acetylation participates in various
signaling pathways such as muscle cell differentiation,
muscle metabolism, and stress response in skeletal
muscle [44]. Lundby et al. performed a study evaluating
protein acetylation patterns in different organs [45]. For
the analysis, protein samples were prepared from
different tissues such as brain, liver, cardiac muscle, and
skeletal muscle. To facilitate protein acetylation
detection with mass spectrometry analysis, acetylated
peptides were enriched with anti-acetylation antibodies.
A total of 4541 proteins containing 15474 acetylation
sites were reported. Interestingly, it was found that more
than 80% of proteins that belong to muscle contraction
components were acetylated, with total of 941 acetylated
proteins with 2811 acetylation sites identified in human
skeletal muscle [45]. Further analysis showed that the
highest abundance of protein acetylation is present in
mitochondria and responsible for mitochondrial
metabolic pathways. This could be highly meaningful
since mitochondrial dysfunction has been linked to
multiple skeletal muscle diseases [45].
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Studies evaluating protein glycosylation with mass
spectrometry analysis

Protein glycosylation is one of the most common
PTMs and it has been estimated that 50% of mammalian
proteins are glycosylated [46]. Protein glycosylation is
known to participate in various biological events
including  cell-cell ~communication, intracellular
trafficking, and cell membrane integrity [46]. However,
the detection of protein glycosylation is extremely
challenging  mostly  because  unlike  protein
phosphorylation and acetylation showing a fixed mass
change, the sugar structures are dynamic and the mass
change of those structures can vary from 200 to 2000 Da
[46]. Generally, two main types of glycoprotein are
found in mammalian cells based on the link between
carbohydrates and amino acids: O-linked and N-linked
glycoproteins [46]. In the review, we will focus on the
discussion on N-linked glycosylation with mass
spectrometry analysis.

Peptide-N-Glycosidase F (PNGase F, Figure 5B),
which is a native glycoaminidase enzyme cleaving the
link between asparagine and N-acetylglycosamines, is
used for the identification of N-linked glycosylation [47].
Generally, PNGase F initiates the transition from
asparagine to aspartic acid and introduces a +0.98 Da
mass shift, which can be analyzed with mass
spectrometry for the determination of glycosites [47].
Recent studies showed the correlation between abnormal
skeletal muscle protein glycosylation and metabolic
disorders [14, 48].

showed that plasma cell antigen 1 (PC-1), which is a

For example, a number of studies

membrane glycoprotein, is either upregulated or
hyperactive in skeletal muscle of insulin-resistant
individuals and PC-1 overexpression both in vitro and in
vivo contributes to impaired insulin receptor activity and
Besides PC-1, Glut-4,
which plays a key role in glucose uptake in skeletal

its downstream signaling [48].

muscle, has been reported to undergo N-linked
glycosylation [49]. Mutation-induced de-glycosylation
was shown to disrupt Glut-4 intracellular trafficking and
affect its quality control via impairing the protein
We conducted a study in which the
patterns of N-linked glycosylation in skeletal muscle of

turnover [49].

Type 2 diabetic patients after aerobic exercise training
(AEX) were investigated [14]. In this study, sedentary
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Type 2 diabetic patients completed a 12-month AEX
program and skeletal muscle biopsy samples were
obtained at baseline and at the completion of the traning
program. Biopsies were treated with lectin-based
glycoprotein enrichment and then analyzed by MS/MS.
A total of 87 N-linked glycoproteins with 280 glycosites
were identified in skeletal muscle of those biopsy
samples [14]. By comparing spectral counts at baseline
vs. after 12 months of AEX, we reported a reduction in
the number of glycosylation sites in the isoform H17 of
myeloperoxidase, which was associated with significant

reduction in glycated hemoglobin (HbAlc) of 0.8 + 0.1%.

This study supports the notion that improved glycemic
control is associated with alterations of skeletal muscle
protein glycosylation patterns [14]. However, in this
study, the physiological significance should be further
evaluated and molecular mechanisms underlying how
changes in protein glycosylation patterns affect glycemic
control need further investigation.

Protein mass spectrometry analysis has been emerging
as the most powerful tool to identify and quantify PTMs
in biological samples. Recent years have witnessed the
invention of enrichment methods for different PTMs, the
advances in mass spectrometric instrumentation, and the
improvement in the bioinformatics tools. Given these
advances, identification of novel modified protein sites
are expected to increase.

Protein-protein interactions with mass spectrometry

analysis in skeletal muscle diseases

Protein-protein interactions (PPIs) is the basic
component for the initiation of protein function and plays
an essential role in regulating numerous key biological
processes [50]. Abnormal PPIs results in cellular
dysfunction and tissue pathology [50]. Therefore,
understanding the biological function of PPIs is critical
to revealing molecular factors involved in human
diseases and the development of therapeutic targets.
However, our current knowledge of PPIs in terms of
characterizing interactions and elucidating their
physiological consequences is still limited due to the low
throughput and poor reproducibility of traditional
techniques such as the yeast two-hybrid approach [50].
Mass  spectrometry-based PPIs identification is
advantageous due to its sensitivity, high-capacity, and
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accuracy. When coupled with protein
immunoprecipitation technique, this technology can be
used to characterize protein complexes in biological
samples (Figure 6).

Mass spectrometry-based PPIs analysis has been used
to investigate skeletal muscle pathology in ALS as our
previous study showed that ER stress is activated in
skeletal muscle of a mouse model of ALS [17]. In this
study, Grp78/BiP, a key component in ER stress pathway,
and its protein complexes were enriched with a
co-immunoprecipitation method (co-IP) and analyzed
with protein mass spectrometry [51]. Since the quality of
the antibody is very important for co-IP, we developed a
workflow to evaluate the reliability of the antibody used
in the study. Results demonstrated that approximately 78
proteins interact with Grp78/BiP, including several
calcium-regulating proteins and mitochondrial proteins
[51]. We further conducted an in vitro assay to test the
biological function of certain Grp78/BiP PPIs such as the
interaction between Grp78/BiP and Sarco/endoplasmic
reticulum Ca’?*-ATPase 1 (SERCA1). SERCA1 is one of
the most abundant proteins in skeletal muscle cells and is
responsible for SR-calcium uptake during muscle
relaxation [18]. Results demonstrated that the
Grp78/BiP/SERCA1 interaction results in SERCAI
dysfunction which can lead to disruption in intracellular
calcium homeostasis [51].

Interactome is defined as the identification of PPIs in a
particular cell type and the interacting patterns of
interactome can be mapped using mass spectrometry
analysis [52]. The muscle regulatory factor (MRF)
MyoD is an important transcriptional factor regulating
skeletal myogenesis [53[. Boyarchuk and colleagues
conducted a mass spectrometry analysis on the binding
partners of MyoD to investigate factors involved in
skeletal muscle terminal differentiation, which is critical
to determine the epigenetic mechanisms contributing to
the regulation of different muscle genes [53]. In the study,
MyoD was tagged using a genetic method and its
binding partners were enriched with a TAP-Tag
purification strategy [53]. Several already known MyoD
binding partners, such as pre-beta-cell leukemia
transcription factor 1 (Pbx) and probable BOI—related
E3 ubiquitin-protein ligase 2 (BRG2), were identified
using this strategy. In addition, a number of novel
important binding partners, such as (core-binding factor)
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CBF and beta cell-specific binding protein (EBB), were
also identified [53].

Mass spectrometry-based PPIs analysis has been also
used in the studies of dystrophin-glycoprotein complexes
in DMD [54]. Murphy and colleagues conducted a study
to characterize the dystrophin-glycoprotein complex in
skeletal muscles of a mouse model of DMD using a
pre-fractionation step and mass spectrometry analysis
strategy [54]. A total of 281 proteins were identified,
including dystrophin-associated proteins and factors
associated with cellular metabolism, protein folding, and
calcium regulation such as alpha-l-antitrypsin 1-5,
palstin-2, galectin-3, and bone marrow proteoglycan
[54].

Protein mass spectrometry-based analytical methods
have been emerging as a very critical technique to
identify PPIs. When coupled with bioinformatics tools,

The analysis of of skeletal muscle biology with protein mass spectrometry

it can reveal factors that are associated with disease
pathology and provide important messages on the
development of therapeutic interventions and the
discovery of biomarkers. It should be noted that a
database of human protein complexes has been recently
established (http://proteincomplexes.org/) [54]. This
database contains > 4600 protein complexes, > 7700
proteins, and > 56000 unique interactions. The
establishment of this powerful bioinformatics tool will
significantly improve the understanding of the molecular
mechanisms of human diseases and develop therapeutic
targets for the treatment. Nevertheless, mass
spectrometry-based PPIs analysis has been used
extensively to resolve biological questions in other fields
and the workflow can be adapted to study skeletal

muscle biology.

A. o B.
. 3 Phosphorylation . o
e -0 (Mass A = 79.97 Da) glycan
o
NH O- . NH;
Acetylation 1 ] ..
CO-CH; | (MassA=42.01Da) Cc=0 NGase F C=0 .

CH, = CH,
C-CH-NH C-CH-NH
Glycosylation ] 1]

(Mass A: not fixed) o 0

| Aspartic acid (A=+0.9840 Da) |

Figure 5: Protein posttranslational modifications. A, Chemical representations of three PTMs: phosphorylation, acetylation, and glycosylation. The mass shifts of

phosphorylation and acetylation are fixed but the glycosylation is dynamic, which could vary from 200 to 2000 Daltons. B, The mechanisms of PNGase F enzymatic
deamidation. PNGase F initiates the transition of amino acid asparagine to aspartic acid, which provides a mass shift of 0.9840 Da, which can be detected with

high-resolution mass spectrometry.

. I
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c"l‘I‘m“ complexes : proteins
1 I
| 1 A Figure 6: Enrichment of protein complexes with co-IP. The antibody is
I
! 1 immobilized onto a solid base such as agarose or magnetic beads. The
0} BN O
I
; 1 Q target protein and its binding complexes will bind to the antibody. After
1
\ : ( Immobilized 1 O q complete washing, non-binding proteins will be released and the target
I
\7 beads \Z protein and the protein complexes can be collected after elution.

Conclusions and future directions Protein mass spectrometry has been widely used by

the scientific community to address critical biological
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questions. However, several limitations should be
considered in this technique due to the high complexity
of biological samples. Detection of abundance proteins
by mass spectrometry is still very challenging. In real
physiological conditions, proteins could have a very
large dynamic range and, usually, the signals generated
from high abundance proteins will dominate mass
spectra, resulting in loss of the identification of low
abundance proteins. This could be problematic for the
detection of PTMs and an enrichment step is always
required. The difficulties of detection of low abundance
proteins require the improvement in every step of the
workflow such as the improvement in protein separation
techniques. For example, besides HPLC, other protein
separation methods have been developed such as
capillary electrophoresis and ion mobility [22, 23]. Those
methods have been used in proteome studies and are of

great advantages of detecting PTMs and protein isoforms.

In addition, the advances in mass spectrometry, such as
the improvement in mass spectrometer resolution, the
fragmentation methods, and the combination of more
than two mass spectrometers, has extensively promoted
the numbers of proteins and the depth of protein
identifications in biological samples. Nevertheless,
protein mass spectrometry analysis has gained more
attention in the scientific community and will be a very
useful tool for the investigation of disease pathogenesis.
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