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Skeletal muscle tissue contains slow as well as fast
twitch muscle fibers that possess different metabolic
and contractile properties. Although the distribution of
individual proteins in fast and slow fibers has been in-
vestigated extensively, a comprehensive proteomic
analysis, which is key for any systems biology approach
to muscle tissues, is missing. Here, we compared the
global protein levels and gene expression profiles of the
predominantly slow soleus and fast extensor digitorum
longus muscles using the principle of in vivo stable
isotope labeling with amino acids based on a fully ly-
sine-6 labeled SILAC-mouse. We identified 551 proteins
with significant quantitative differences between slow
soleus and fast extensor digitorum longus fibers out of
>2000 quantified proteins, which greatly extends the
repertoire of proteins differentially regulated between
both muscle types. Most of the differentially regulated
proteins mediate cellular contraction, ion homeostasis,
glycolysis, and oxidation, which reflect the major func-
tional differences between both muscle types. Compar-
ison of proteomics and transcriptomics data uncovered
the existence of fiber-type specific posttranscriptional
regulatory mechanisms resulting in differential accumu-
lation of Myosin-8 and �-protein kinase 3 proteins and
mRNAs among others. Phosphoproteome analysis of
soleus and extensor digitorum longus muscles identi-
fied 2573 phosphosites on 973 proteins including 1040
novel phosphosites. The in vivo stable isotope labeling
with amino acids-mouse approach used in our study
provides a comprehensive view into the protein net-
works that direct fiber-type specific functions and al-
lows a detailed dissection of the molecular composition
of slow and fast muscle tissues with unprecedented

resolution. Molecular & Cellular Proteomics 11:
10.1074/mcp.M111.010801, 1–16, 2012.

Skeletal muscles contain different types of fibers, which are
responsible for specific biological properties and functions of
individual muscles. Muscle fibers have been classified into
slow type I and fast type II fibers mainly based on myofibrillar
ATP staining and immunohistochemistry using specific anti-
bodies (1).

Slow type I fibers show a red tint, contain high numbers of
mitochondria, and their energy supply is mainly based on
oxidative metabolism. These features enable slow fibers to
execute long lasting contractions, which are essential for the
maintenance of body posture. The primary function of type II
fibers is the rapid contraction of muscles. Fast fibers are
divided into three additional subclasses: Type IIb and IIx (also
known as IId) are glycolytic fibers, whereas type IIa fibers are
more comparable to oxidative type I fibers (2). Type II fibers,
which mainly derive their energy from glycolysis, are thus
more susceptible to fatigue compared with Type I fibers.

Muscle fibers have also been classified based on the ex-
pression of different isoforms of myosin heavy chain (MyHC)
proteins. Myosins are the major contractile proteins and their
activation by ATP and Ca2� ions results in shortening of
muscle fibers. For example, slow type I fibers express
MyHCI� and the three fast fiber types express MyHCIIa,
MyHCIIb, and MyHCIIx (3), respectively. Although the MyHC-
based classification is used most often, several other marker
proteins for slow and fast muscles have been described. For
example cardiac troponin C (Tnnc1), a regulatory Ca2� bind-
ing protein, is expressed in slow and cardiac muscle tissue,
whereas Troponin C/STNC (Tnnc2) is predominant in fast type
II fibers (4). Likewise, the calcium-ATPase pumps SERCA1
and 2, which are required for re-uptake of calcium into the
sarcoplasmatic reticulum after contraction and for subse-
quent muscle relaxation (5) are also expressed differentially in
slow and fast twitch fibers. SERCA1 is more abundant in fast
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twitch fibers, whereas SERCA2 is overrepresented in slow
muscle fibers (6). Another example of an unequal protein
distribution between fast and slow fibers is the catalytic A-
subunit of the calcium-dependent serine-threonine phospha-
tase calcineurin, which shows predominant expression in fast
fibers (7). Activation of calcineurin-dependent pathways plays
an important role for muscle hypertrophy and fiber transition
(8) in response to physical exercise, aging, or metabolic dis-
eases such as diabetes (9, 10).

Our current knowledge of fiber type specific protein expres-
sion has been established primarily by traditional biochemical
and immunohistochemical techniques. More recently, several
cDNA-microarray based studies providing a more systematic
and unbiased characterization of muscle tissues has helped
to improve our understanding of muscle physiology and the
mechanisms of fiber transition (11, 12). However, transcrip-
tional profiles do not necessarily correlate with the steady-
state levels of corresponding proteins and fail to give insight
into signaling pathways such as are relayed e.g. by protein
kinase cascades.

So far, most studies aiming at in-depth characterization of
the skeletal or heart muscle proteomes have chosen an
approach based on two-dimensional gel electrophoresis
(13, 14, 15), which yielded a limited number of reliably
identified proteins. Recent advances in mass spectrometry
based proteomics, however, offer new options allowing
identification and quantification of thousands of proteins
(16, 17, 18). These new techniques have already been ex-
ploited in a few studies to characterize differences in protein
abundance between different muscle tissues, including limb
and extraocular muscles using one dimensional-gel or iso-
electric focusing fractionation in combination with high
mass accuracy liquid chromatography-tandem MS (LC-MS/
MS) analysis (19, 20).

Here we report a large-scale quantitative analysis to compare
the proteomes and transcriptomes of slow soleus and fast
extensor digitorum longus (EDL)1 muscles of the mouse. Our
analysis is based on the use of 13C6-lysine-labeled mice
(“SILAC-mouse”), which provides an internal protein standard.
We quantified �2100 proteins in slow and fast muscles, of
which �25% showed a differential expression pattern. Com-
parison of proteomics data to mRNA expression profiles ob-
tained from the same samples revealed the existence of specific
post-transcriptional regulatory mechanisms in slow and fast
muscle fibers although the majority of proteins and mRNA mol-
ecules showed a similar distribution. Furthermore, we identified
1040 novel class 1 phosphorylation sites indicating a wide-
spread phosphorylation of sarcomeric proteins in skeletal mus-
cle cells. All data were implemented into the newly developed
Quantimus database and are readily accessible.

EXPERIMENTAL PROCEDURES

Materials and Reagents—Mouse diet substituted for 13C6-lysine
was obtained from Silantes (Martinsried, Germany). Mice were gen-
erated in house from a C57Bl/6 colony. All chemicals used for tissue
extraction, digests, and liquid chromatography were purchased from
Sigma - Aldrich and Carl Roth GmbH (Karlsruhe, Germany), except for
Lysyl endopeptidase (R), which was obtained from WAKO GmbH
(Neuss, Germany).

Generation of 13C6-Lysine Labeled Mice—Mice fully labeled with
13C6-Lysine were generated as described (21), except that food pel-
lets containing the heavy lysine were purchased from a commercial
source (Silantes, Martinsried, Germany). Labeling efficiency was
�96% in the F2 generation of mice maintained on a heavy lysine
substituted diet as described previously. Ten-week-old individuals of
the F2 generation were used for all experiments. The incorporation
rate and labeling efficiency of heavy SILAC labeled mice was moni-
tored in each experiment by assessing the average SILAC ratio on a
subset of proteins from muscle tissue.

Sample Preparation—Mice were sacrificed by ketanest injection.
The thorax was opened immediately after respiratory arrest before the
heart was perfused with PBS via the left ventricle and the right
ventricle was cut open for drainage. Successful perfusion and blood
cell removal was assessed by observing the color change from red to
grayish-white of blood rich organs such as lung and liver. Soleus and
Extensor digitorum muscles were dissected from the hindlimbs of the
animals, washed in PBS, and snap frozen in liquid nitrogen (nheavy �
2, nlight � 2). Muscles from heavy and light SILAC-labeled animals
(8.5–13 mg wet weight) were mechanically homogenized in 250 �l of
ice cold modified RIPA buffer containing 1% Nonidet P-40, 0.1%
sodium deoxycholate, 50 mM Tris-HCl pH 7.5, 150 mM NaCl, and 1
mM EDTA supplemented with complete protease inhibitor mixture
(Roche) using an Ultraturrax disperser (IKA, Staufen, Germany) and
incubated for 5 min on ice to extract proteins. Alternatively, we used
SDS lysis buffer (4% SDS, 100 mM Tris/HCl pH 7.6) to extract muscle
fibers. To remove debris lysates were centrifuged at 19,000 � g for 10
min. Supernatants were collected and protein content was deter-
mined using detergent compatible Lowry protein assay (Bio-Rad DC).
Fifty to 80 �g of a 1:1 mixture of heavy and light muscle RIPA extracts
were then separated by gel electrophoresis on precast 4–12% Nu-
PAGE gradient gels (Invitrogen, Carlsbad, CA) and stained with the
Colloidal Blue Staining Kit (Invitrogen). Each lane was cut into 15
evenly sized gel pieces and processed for GeLC-MS/MS. Briefly,
proteins within gel pieces were subjected to reduction and alkylation,
followed by endopeptidase Lys C cleavage. Peptides were then ex-
tracted as described (22), desalted, and concentrated by Stage Tips
(23). SDS lysates were subjected to the FASP protocol followed by
Offgel separation as described in (24). For phosphopeptide enrich-
ment we used a combination of (FASP) and strong-cation chroma-
tography followed by titanium dioxide enrichment (25).

LC-MS/MS Analysis—Each sample, representing the peptide con-
tent of one gel piece was analyzed by nano-Reversed Phase Chro-
matography using an Agilent 1100 nanoflow system that was online
coupled via in house packed fused silica capillary column emitters
(length 15 cm; ID 75 �M; resin ReproSil-Pur C18-AQ, 3 �m) and a
nanoelectrospray source (Proxeon) to an LTQ Orbitrap XL mass spec-
trometer (Thermo Scientific). Peptides were eluted from the C18
column by applying a linear gradient from 5–35% buffer B (80%
acetonitrile, 0.5% acetic acid) over 150 min. The mass spectrometer
was operated in the data-dependent mode, collecting collision in-
duced MS/MS spectra from the five most intense peaks in the MS
(LTQ-FT full scans from m/z 300 to m/z 1800; resolution r � 60,000;
LTQ isolation and fragmentation at a target value of 10000). For the
identification of phosphopeptides, an LTQ-Orbitrap Velos mass spec-
trometer was used and MS/MS spectra were generated by higher

1 The abbreviations used are: MyHC, myosin heavy chain; GO,
Gene Ontology.
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C-trap dissociation. Briefly, 30,000 ions were accumulated in the
c-trap and MS/MS spectra were detected in the orbitrap at a resolu-
tion of 7500 (26). Raw data files were then processed by MaxQuant
software (Version 1.0.014.10) in conjunction with Mascot database
searches (Version 2.2) (27). All data were searched against the Inter-
national Protein Index sequence database (mouse IPI, version 3.54)
with 56,149 entries. The database was extended with commonly
observed contaminants and concatenated with reversed versions of
all sequences. The parameter settings were: LysC as digesting en-
zyme, a maximum of two missed cleavages, a minimum of six amino
acids, carbamidomethylation at cysteine residues as fixed and oxi-
dation at methionine residues as variable modifications. For the phos-
phopeptide analysis we set phosphorylation of serine, threonine, and
tyrosine as variable modification. The false discovery rate was set to
1% at the peptide and protein level. All peptides and phosphopep-
tides with their SILAC ratios were uploaded to the Quantimus data-
base. The database is based on an Apache Server and MySQL
(Version 5). SILAC labeling with 13C6-lysine was specified and ac-
counted for within MaxQuant. The maximum allowed mass deviation
was 10ppm for MS and 0.5 Da for MS/MS scans. Only proteins
identified with one uniquely assigned peptide to the corresponding
protein were included.

Protein Classification with Gene Ontology—Detected proteins from
IPI 3.54 mouse database and Affymetrix transcript IDs were used for a
Gene Ontology (GO) term analysis. Term annotations were derived from
uniprot. GO annotatable proteins were used for a hypergeometric test to
reveal overexpressed terms. We defined GO terms as overexpressed,
having a Benjamini and Hochberg corrected p value smaller than 0.05.
Calculations were done by the Cytoscape plugin Bingo. We tested each
data set (Soleus and EDL) on mRNA and protein level for overexpres-
sion at GO domains cellular component, molecular function, and bio-
logical process. Separated lists are provided in an additional table
(supplemental Table S1).

Microarrays—Tissues were dissected from PBS-perfused animals,
and total RNA was isolated using the TRIzol method (Invitrogen). RNA
quality was checked on the Agilent 2100 Bioanalyzer using the RNA
6000 Nano Kit. For mRNA expression analysis, the Affymetrix Ge-
neChip Mouse Genome 1.0 Array was employed with the respective
1-cycle target labeling protocol. Data were analyzed by the RMA
algorithm using the Affymetrix Expression Console. An unpaired t test
was performed with log2-transformed data to identify significantly
differentially expressed transcripts, and FC was calculated using
DNAStar ArrayStar 3.0 software.

RESULTS

Large-scale Quantification of Proteins in Slow and Fast
Muscles Using SILAC-assisted Mass Spectrometry—For ac-
curate protein quantification we used the stable isotope la-
beling of amino acid in cell culture approach (SILAC), which is
based on the metabolic incorporation of non-radioactive
amino acids in which carbon and/or nitrogen atoms are sub-
stituted by heavy isotopes (i.e. 13C6-lysine) (28). Recently, we
extended this technique to in vivo conditions in which a
mouse is labeled with the 13C6-lysine isotope (21). By feeding
mice over two generations with a 13C6 lysine diet, virtually all
natural 12C6 containing lysine amino acids are replaced by the
heavy amino acid.

To identify and quantify proteins that are either predomi-
nantly found in fast and slow twitching muscle fibers or com-
mon to both muscle types we isolated fast (EDL muscle) and
slow (soleus muscle) fibers from the lower leg of the mouse
hind limb. In contrast to rats, where the soleus muscle con-
sists mainly of type I fibers, soleus muscles in mice contain an
equal amount of type I and type IIa/IIx fibers (29). Despite
these restrictions we choose the soleus muscle as the slow
muscle reference for our proteomic analysis because it con-
tains the highest amount of type I fibers and the remaining
type II fibers are mostly oxidative. Based on peak intensities
(see methods), equal amounts of labeled soleus proteins were
mixed with unlabeled soleus and EDL muscle extracts, re-
spectively. As a control we performed a crossover experiment
by mixing labeled EDL with unlabeled EDL and Soleus ex-
tracts (Fig. 1). Forward and crossover experiments were per-
formed with two biological replicates each. To decrease sam-
ple complexity, proteins were separated by one-dimensional
SDS-PAGE. Each lane was separated into 15 slices following
Coomassie-blue staining and subjected to in-gel digest with
LysC to obtain lysine only containing peptides. We used the
filter aided sample preparation (FASP) protocol in combina-

FIG. 1. Design of forward and re-
verse in vivo SILAC experiments. For
relative quantification of proteins in slow
versus fast twitch muscle fibers fully ly-
sine-6 labeled tissues (heavy) were used
as internal standard. Ratios between un-
labeled slow and unlabeled fast muscle
fibers were calculated as indicated.
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tion with isoelectric focusing of peptides (Offgel, Agilent) to
increase our identification rate for proteins with reduced sol-
ubility. In total, we analyzed 123 fractions by LC-MS/MS using
an LTQ-Orbitrap XL or an LTQ-Orbitrap XL Velos (Thermo-
Fisher Scientific) mass spectrometer. Using a false discovery
rate �1% we identified 537,282 MS/MS spectra, which re-
sulted in the identification of 28,924 peptides corresponding
to 3447 proteins with at least one unique peptide (supplemen-
tal Table S1). Quantifications (e.g. SILAC ratios) were obtained
for 2163 proteins between Soleus and EDL muscle tissue.

To facilitate data analysis and to provide public access to
our skeletal muscle data set, an online proteomic database
called QuantiMus was developed. This database contains all
information obtained by using the MaxQuant software tool,
including the number of identified peptides, unique peptides,
Silac-ratios, PTMs and Mascot-scores (27). Both unregulated
and regulated proteins are grouped into ratio bins. Data base
searches create graphical overviews, which display localiza-
tion of all identified peptides within a protein sequence (http://
quantimus.mpi-bn.mpg.de). For the comparison of soleus
and EDL muscles we selected only proteins that were quan-
tified with at least one unique peptide in all Sol versus EDL and
respective crossover measurements. In addition, by taking
advantage of the QuantiMus database, we also included sev-
eral proteins that were identified in soleus(h) versus EDL(l) or
EDL(h) versus soleus(l) experiments but which lacked a cor-
responding ratio in control (soleus(h)/soleus(l) or EDL(h)/
EDL(l)) experiments. This correction was necessary because a
complete absence of proteins in either soleus or EDL gener-
ates misleading ratios. For example, slow troponin T was
detected with a 25.5-fold change in Sol (h)/EDL (l) and with the
inverse ratio of 0.02 in EDL (h)/Sol (l), which indicated low
levels or even complete absence of slow troponins in fast
muscle tissue.

One challenge for mass spectrometry is the simultaneous
detection of low and high abundant peptides within a complex
protein sample such as extracts of total muscle. To test
whether the peak intensity of detected SILAC-pairs would
influence the overall ratio distribution and thus accuracy of our
quantitative determinations we plotted the sum of the light
and heavy peak intensities against the corresponding log2
ratios. As shown in (Fig. 2A), the ratio distribution of labeled
versus non-labeled soleus sample was close to 1, indicating
accurate quantification within the whole range of peak inten-
sities. Of note, the overall ratio distribution is more scattered
between soleus and EDL compared with the control soleus
and soleus ratio (Fig. 2A) illustrating quantitative differences in
the proteome composition between both muscle fiber types.
A similar observation is made when binned log ratios of all
quantified proteins are displayed in a frequency distribution
plot: The distributions centered more closely on a ratio of 1 for
the comparison between light and heavy muscle fibers of the
same type, although they are clearly more dispersed when
different fiber types were compared (Fig. 2C). The reproduc-

ibility of our quantitative measurements appeared very high as
indicated by the Pearson correlation coefficient between both
experiments (0.86) that was obtained by plotting all log ratios
obtained from the soleus (h)/EDL (l) experiment against the
respective crossover ratios (EDL (h)/soleus (l)) (Fig. 2B).

Because extracts from the SILAC-labeled mouse served as
an internal protein standard in our experiments we were able
to calculate protein ratios between unlabeled soleus and un-
labeled EDL simply by dividing ratio 2 through ratio 1 (see Fig.
1), which yields quantitative differences between both muscle
types. Most detected proteins showed a ratio close to 1:1,
which indicates equal amounts of proteins in both muscles.
Myopodin, f.e., was detected with a Sol(h)/Sol(l) ratio of 1 and
Sol(h)/EDL(l) ratio of 0.8, which finally resulted in a Sol(l)/EDL(l)
ratio of 1.2. The crossover experiment showed for Myopodin
also an EDL(l)/Sol(l) 1 ratio (Fig. 2D). Some proteins, such as
the ATP citrate lyase were measured with a ratio of 4.3 be-
tween Sol(h)/Sol(l). However, a similar ratio of 4.9 was also
determined comparing Sol(h)/EDL(l), resulting finally in a di-
rect SOL(l)/EDL(l) ratio of 1.2. Similarly, Glutathione peroxi-
dase 3 was detected with a Sol(h)/Sol(l) ratio of 0.4 and
Sol(h)/EDL(l) ratio of 0.4, respectively, which again resulted in
a SOL(l)/EDL(l) ratio of 1:1.1 (Fig. 2D). To estimate the total
number of proteins that were differentially regulated between
slow and fast muscle we calculated the geometric mean
between the forward and crossover experiments and set the
cutoff value to 1.5 or 2 (30, 31). Using this definition we
identified 252 proteins that were enriched in the soleus and
299 proteins enriched in the EDL muscle (supplemen-
tal Table S1).

SILAC-assisted Mass Spectrometry Greatly Increases the
Number of Known Slow and Fast Muscle Enriched Pro-
teins—To confirm the overall quality of our in vivo-SILAC
approach we first focused on proteins that are well described
components of either slow or fast muscle fibers, for example,
the sarcoplasmic/endoplasmic reticulum calcium associated
ATPases 1 and 2 (6), which are important for the regulation of
Ca2� homeostasis. SERCA1 has been shown to be more
abundant in fast twitch fibers, whereas SERCA2 is the pre-
dominant form in slow muscle fibers. Our analysis yielded very
similar results indicating the validity of the mass spectrometry
approach. Fig. 3 depicts mass spectra of SILAC-peptide pairs
for SERCA1 (A) and 2 (B) as representative examples. The
corresponding ratios of both proteins are listed in (Table IA,
B). The identification of specific isoforms of myosin heavy
chains (MyHC) by mass spectrometry presents a more chal-
lenging problem because extensive sequence homologies
exist between different MyHC proteins (32). We took a con-
servative approach and used only unique peptides for protein
quantification to avoid any misinterpretation of our data set
(Fig. 4A), which reduced the number of quantifiable peptides
considerably. For example, MyHCs-I�, -IIa, -IIb, Myosin-8,
and Myosin-13 share the peptide HADSVAELGEQIDNLQRVK
(Fig. 4C), which therefore was not used for quantification. Only
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�24 unique peptides out of �90 peptides which were mea-
sured from the MyHCI� protein group were used for quanti-
fication because of sequence identities. The measured ratio of
11:1 between Soleus versus EDL indicated greatly increased
MyHCI� (gene: myh7) levels in the slow soleus compared with
the fast EDL muscle (Fig. 4B, upper left two panels). We also

identified increased levels of MyHC-IIa in soleus muscle com-
pared with EDL (Fig. 4B, lower left two panels). In contrast,
MyHC-IIb and MyHC-13 were more abundant in the EDL
muscle (Fig. 4B, right hand panels), which is consistent with
previous reports about the distribution of MyHC proteins (33).
Similar results were obtained for several slow myosin light

FIG. 2. Comparison of slow and fast muscle proteins. A, Distribution of ratios for peptides identified from labeled versus non-labeled
extracts. The log ratio of all peptides were plotted against the sum of heavy and light peak intensities for both the comparison of the same fiber
type (Sol/Sol; upper panel) and different fiber types (Sol/EDL; lower panel). Note that some proteins (red) do not show any significant changes
during fiber comparison, whereas other proteins e.g. calsequestrin (green) are differentially regulated. B, Histogram representation of the
binned log ratios of all quantified proteins. Distributions center more closely around a ratio of 1 in comparisons of light and heavy muscle fibers
of the same type while they are more dispersed in comparisons of different fiber types. C, Correlation plot between forward (Sol/EDL) and
reverse experiment (EDL/Sol), representative examples of proteins overrepresented in soleus fibers are marked in green, examples of proteins
overrepresented in EDL muscle are marked in blue. D, Employing SILAC-labeled control mice as internal standard simplifies the identification
of different protein abundances in both fiber types by determining the direct ratios between unlabeled soleus and unlabeled EDL muscle. A ratio
of 1 indicates equal distribution.
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chains (MyLC). In conclusion, the in vivo SILAC approach was
able to generate a rapid and accurate estimation of the dis-
tribution of proteins in slow and fast muscle fibers even for
molecules that are relatively difficult to distinguish by tradi-
tional biochemical means.

Pronounced quantitative differences between slow and fast
muscle fibers were also found for several other proteins lo-
cated in or near the Z-disc: the ankyrin repeat domain con-
taining protein 2 (also known as mArpp) (34), which was
described as a stretch sensor specifically expressed in type I
muscle fibers, showed a top-ranking SILAC-ratio of 39:1 be-
tween soleus and EDL. FATZ-1 (also known as calsarcin-2/
Myozenin-1) and FATZ-3 (calsarcin-3/Myozenin-3) (35)
showed a strong enrichment in fast fibers whereas FATZ-2
(calsarcin-1/Myozenin-2) was more abundant in the soleus
muscle corroborating previous reports. Differential accumu-
lation in slow versus fast muscles was also found for M-
band proteins that are required for the regular packing and
organization of thick filaments. So far, three Myomesins,
namely Myomesin-1 (also known as Skelemin or EH-myo-
mesin) (36), Myomesin-2 (also known as M-protein) (37), and
Myomesin-3 (38) have been localized to the M-band. Our
results supported previous findings that Myomesin-2 is pre-
dominantly located in fast (EDL) and Myomesin-3 in slow
muscles (soleus). In contrast, increased levels of Myome-
sin-1 were detected in the EDL, which corrects the view that
Myomesin-1 is uniformly distributed in all skeletal muscle
tissues.

So far, �60 proteins have been described to be localized
within sarcomeric structures mostly based on immunohisto-
chemistry and two dimensional gel electrophoresis experi-
ments (39, 40). In our single large-scale study we determined
the relative distribution between slow and fast muscles for

virtually all known sarcomeric proteins. Moreover, we were
able to measure quantitative differences of a large group of
additional muscle proteins in slow and fast muscles (Fig. 5A),
which might help to resolve the molecular composition of the
contractile apparatus and its specific properties in different
muscle types.

Bioinformatical Analysis Reveals Differential Enrichment of
GO-terms in Slow and Fast Muscles—To obtain a better in-
sight into differences between slow and fast muscles, which
are reflected by different protein concentrations we per-
formed a comprehensive search for specific GO-terms, which
were overrepresented among proteins differentially expressed
in soleus and EDL. First, we used a GO-term analysis to
identify enriched terms for “biological process,” “cellular lo-
calization,” and “molecular function” in soleus and EDL tissue.
The soleus muscle showed a strong overrepresentation of
categories for oxidative metabolism, fatty acid metabolic pro-
cesses, and mitochondrial proteins, which mirrors its depen-
dence on oxidative phosphorylation required for efficient gen-
eration of ATP (Fig. 5B). Furthermore, we detected several
marker proteins typical for high oxygen consumption, such as
Myoglobin (41) and carbonic anhydrase III (42). In contrast,
analysis of EDL proteins revealed a clear overrepresentation
of GO-terms for carbohydrate metabolic processes, epito-
mized by the detection of almost all glycolytic enzymes. Over-
representation of sarcoplasmatic structures (GO: 0016529)
emphasized the need of enhanced Ca2� release and re-up-
take in EDL muscles.

Although the differential distribution of the above-men-
tioned processes were not surprising and in line with pre-
vious reports we also detected a number of unexpected
differences between both fiber types. Interestingly, several
proteins of the extracellular matrix (ECM), including bigly-

FIG. 3. MS spectra of heavy and light peptide pairs derived from SERCA1 and SERCA2. The SERCA1 peptide MH2�-YGPNELPAEEGK
is less abundant in soleus muscle fibers (A; arrow), whereas the SERCA2 derived peptide MH2�-MNVFDTELK is overrepresented in EDL fibers
(B; arrow). The inverse patterns are seen in the corresponding crossover experiments (C, D).
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can, a secreted proteoglycan, asporin, and periostin-2,
which are secreted by muscle fibers, were all increased in
the soleus muscle. Other proteoglycans, such as keratocan,
and Glypican, were enriched in the EDL. Several other
ECM proteins such as lumican fibromodulin, fibronectin,
decorin, and several collagens did not show any significant
changes.

Another class of enzymes that was markedly different be-
tween both muscle types were Glutathione S-transferases
(GSTs), which are detoxifying enzymes (43) also involved in
cell signaling (44). Four different GST enzymes, including
Mu-7, Omega-1, kappa-1, and the microsomal GST-I were
enriched in the soleus muscle, emphasizing their role in the
prevention of oxidative damage. In contrast, GST Mu1, 2 and
5 showed increased levels in EDL. The GST-Mu2 isoform was
described as a regulator of the ryanodine receptor (RyR) (45).
Similar protein concentrations in soleus and EDL muscles
were determined for other GST�s including A4, P1, and theta1.

The presence of specific subsets of GST enzymes in slow and
fast muscle fibers reflects potential differences in detoxifica-
tion and GST-mediated signaling processes that may impinge
on the overall physiology of both fiber types. We also ob-
served enriched GO-terms for amino acid metabolism in EDL
samples. The enrichment of 9 amino acid tRNA synthetases in
fast muscle tissue might indicate a higher metabolic activity in
the fast EDL muscle because of the increased mechanical
“wear and tear” and a demand for higher protein turnover in
these fibers.

Slow and Fast Muscles Show Different Protein Kinase and
Phosphatase Expression Levels—Muscle contraction and re-
laxation requires phosphorylation and dephosphorylation of
numerous proteins. Therefore, we were particularly interested
to determine potential differences in fiber type specific ex-
pression of protein kinases and phosphatases. In total, we
identified and quantified more than 122 kinases and 86 phos-
phatases. Apart from nearly all glycolytic kinases, we found a

A

B

C

FIG. 4. Schematic alignment of myosin heavy chains. A, Mapping of quantifiable myosin heavy chain (MyHC) peptides to their
corresponding gene locus. Unique peptides used for quantification are indicated in black, non-unique peptides (not used for quantification)
are marked in gray. Localization of phoshorylation sites are shown in red. B, MS spectra of representative SILAC peptide pairs derived from
MyHC-1�, -IIa, -IIb, or MyHC-13 that show over- or underrepresentation in either soleus or EDL muscle. C, Example of a quantifiable
peptide that is shared by various members of the MyHC1� family and that was therefore excluded from quantification.
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10-fold higher expression of the calcium/calmodulin-depen-
dent protein kinase type II� (CaM) in the EDL compared with
the soleus muscle supporting the importance of Ca2� signal-

ing for fast muscle fibers. The 5�-AMP-activated protein ki-
nase also showed increased levels in the EDL. This enzyme is
one of the immediate downstream targets of CaM kinase,
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FIG. 5. Schematic representation of skeletal muscle fiber structure and composition. A, Selected muscle proteins identified and
quantified in our screen are depicted according to their subcellular localization (green � overrepresented in EDL; red � overrepresented in
Soleus, black � no quantitative difference between EDL and Soleus). B, Venn diagram summarizing the results of a gene ontology analysis of
proteins differentially expressed in EDL and soleus. Significantly overrepresented GO terms are provided for EDL (left) and soleus (right).
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which acts as a metabolic master switch and regulates sev-
eral metabolic pathways including glucose uptake and glycol-
ysis. Similarly, phosphorylase kinase, an important regulator
of glycogen homeostasis (46), was also detected at higher
levels in the EDL underscoring the requirement of sufficient
glucose supply in the EDL. Furthermore, we detected en-
riched levels of the ERK activator kinase 1, 2, 4, and 6 in the
EDL, which belong to mitogen-activated protein kinases
(MAPK). An important substrate of the MAPK signaling is the
90 kDa ribosomal S6 kinase, which was also enriched in the
EDL muscle. The S6 kinase phosphorylates the ribosomal
protein S6 and acts as an activator of protein biosynthesis
indicating increased protein turnover in fast muscles.

Five dual specific phosphatases (DUSP), enzymes that are
able to dephosphorylate both tyrosine and serine/threonine
residues, were detected in our samples. Three of them were
enriched in the EDL including DUPD1, dual specificity phos-
phatase 3 (Dusp3), and dual specificity protein phosphatase
23 (Dusp23). In contrast, the protein phosphatase regulatory
subunit 1A (Ppp1r1a), the phosphatase 1B (Ppm1b), the Ino-
sitol polyphosphate 4-phosphatase type II� (Inpp4b) and the
catalytic subunit of the Myo-inositol monophosphatase A2
(Impa2) were more abundant in the soleus muscle.

The distinct expression pattern of kinases and phospha-
tases, which distinguishes soleus from EDL, suggests signif-
icant differences of corresponding target proteins and the
kinetics of phosphorylation and dephosphorylation. It seems
reasonable to assume that such differential phosphorylation
events are instrumental for different physiological processes
in fast and slow muscles.

Toward a Skeletal Muscle Phosphoproteome—As a first
step to establish a comprehensive skeletal muscle phospho-
proteome we isolated phosphopeptides from EDL and soleus
muscles by cation exchange chromatography, further en-
riched the phosphopeptides by TiO2 affinity purification, and
subjected them to mass spectrometry. In total, we identified
2573 phosphorylation sites on 973 proteins with high accu-
racy and a localization probability � 0.75 (median localization
probability 0.99) (supplemental Table S2). Comparison with
entries from other phosphopeptide databases, such as www.
Phosida.org (�25,000 phosphopeptides), L6 rat cell culture
line (2230 phosphopeptides) (47), mouse atlas (48), and www.
PhosphoSitePlus.org (� 94,000 phosphopeptides) revealed
that 1040 candidate phosphorylation sites were novel. For
example, we identified unknown phosphosites for several sar-
comeric proteins, including sites for tropomyosins, for muscle
creatine kinase, and for myosin heavy chain proteins. Inter-
estingly, the overlap to other phospho-databases that feature
different tissues was rather low suggesting the existence of
tissue specific phosphorylation patterns. We found that the
overall distribution of serine (�78%) and threonine (�18%)
phosphorylation sites was similar to datasets obtained in
other tissues (25, 47) (supplemental Fig. S1A). However, we
monitored a clear increase of tyrosine phosphorylation sites of

�4% compared with 1–2% usually found in other cells and
tissues (25, 47). For example, 42 novel tyrosine phosphory-
lation sites were detected on the giant protein titin. Mapping of
these sites revealed a preferential accumulation of newly
mapped tyrosine phosphorylation sites to functional domains,
including the fibronectin type 3 like domain (FN3-like) and
the PEVK domain (supplemental Fig. S2). Analysis of phos-
phorylation motifs by MaxQuant indicated that proline de-
pendent CK1/2 and PKA motifs were more abundant com-
pared with other motifs (supplemental Fig. S1B). We would
like to emphasize that the repertoire of phosphorylation
sites obtained in this study represents a profound repository
and starting point for future studies focusing on the regula-
tion of cell signaling events in skeletal muscle. All identified
phosphorylation sites were implemented in the Quantimus
database.

Comparison of RNA and Protein Expression Levels in
Slow and Fast Muscles Indicates Multiple Levels of
Regulation—cDNA hybridization to microarrays is an impor-
tant technology to obtain global views of transcript levels
within cells or tissues. To investigate the correlation between
mRNA transcript levels and protein abundances we per-
formed hybridizations with Affymetrix Chip sets (mouse gene
1.0 ST Array; n � 3 for each muscle type) using RNA isolated
from soleus and EDL muscles. To allow comparison of mi-
croarray probes to proteins we matched international protein
index (IPI 3.54) identifiers to microarray probes characterized
by common Entrez gene identifiers.

In total, we profiled 22,360 Entrez genes in skeletal muscle.
Statistical significant quantification was possible for 16,985
genes after background subtraction (Fig. 6A, supplemental
Table S3). A Pearson correlation coefficient of 0.81 (Fig. 6B)
indicated a significant overlap of all detected transcripts and
proteins, which fits to results obtained in other experimental
systems including yeast (49) and mouse (50). Supple-
mental Table S1 shows the numbers of regulated genes be-
tween soleus and EDL dependent on different p values and
ratio cut offs. Next, we compared all transcript intensities with
mRNA intensities from our protein dataset (supplemental
Fig. S3). Not surprisingly, most of the identified proteins were
detected from transcripts with higher abundance. This shows
that several orders of magnitudes in sensitivity and dynamic
range are needed to detect lower abundant transcripts from
skeletal muscle tissue.

For the soleus muscle we observed 700 genes with a ratio
�1.5 and a p value �0.05. Similarly, 688 genes were enriched
in the EDL muscle using the same statistical cutoff. 112 pro-
teins that were enriched in the EDL (37%) also showed en-
richment at the mRNA level (p value �0.05). Further 124
candidates (41%) showed changes in the same direction (fold
change �1) with a p value �0.05, which results in a Pearson
correlation of 0.55 (Fig. 6C).

In the Soleus, 151 of the enriched proteins (59%) were also
enriched on the mRNA level and a further 63 proteins and
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genes (21%) showed changes in the same direction generat-
ing a Pearson correlation of 0.78 (Fig. 6D).

To assess the biological function of transcriptionally regu-
lated genes a GO-term analysis was performed in a similar
manner to the analysis of the proteomics data. Using a 1.5-
fold change as cutoff we observed an enrichment for GO-
terms for muscle contraction (GOBP: 0006936), for lipid met-

abolic process (GOBP: 0006629, and for fatty acid metabolic
process (GOBP: 0006631) in the soleus. GO-analysis of EDL
samples showed a similar enrichment of GO-terms as in our
proteomics dataset including terms for carbohydrate metab-
olism and fast muscle contraction. Taken together the enrich-
ment for similar GO-terms in our proteomics and mRNA ex-
pression analysis reflects similar regulations of mRNA and

FIG. 6. Correlation between proteomic and genomic data sets. A, Hybridization of cDNAs isolated from both muscle fiber types revealed
enrichment for 1442 (p � 0.05) transcripts in either the EDL or the Soleus muscle. All transcripts with a fold change � 1.5 (p value �0.001) are
indicated in green. Transcripts with fold change �1.5 and p values of 0.001–0.05 are indicated as yellow dots. Transcripts with fold changes
�1.5 are shown in black. B, SILAC ratios of all quantified proteins plotted versus the fold change of mRNA abundance of the corresponding
proteins. Pearson correlation coefficient � 0.81. C, D, Correlation of protein abundances (SILAC ratios) with mRNA expression levels (fold
change mRNA expression) for proteins up-regulated either in EDL fibers (C) or soleus fibers (D). Selected proteins are encircled.
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protein abundances for most of the analyzed genes (sup-
plemental Fig. S4).

Interestingly, we found striking differences in protein and
mRNA expression levels for several molecules indicating that
the identity of slow and fast muscles is in part achieved
by post-transcriptional regulation. For example, 10 genes
showed higher mRNA levels in Soleus (five genes) and EDL
(five genes), which was not matched by changes at the protein
level (supplemental Table S5). In particular, we noted in-
creased mRNA levels for two complement proteins in the
Soleus, which was surprising given the fact that these pro-
teins are secreted serum proteins. Similarly, �-protein kinase
3 also known as Myocytic induction/differentiation originator
(Midori) (51) was enriched at the mRNA level in soleus but
showed no concentration differences at the protein level.

Another group of genes showed elevated protein levels in
either soleus or EDL muscles but had similar mRNA levels in
both fiber types (fold change �1.5, p value �0.05). Most of
the proteins with increased levels in the soleus but identical
mRNA levels were localized to mitochondria (16 proteins) or
within the membrane fraction (eight proteins). In addition,
Myosin-8 protein was increased in the soleus but showed
matching mRNA concentrations in either muscle (sup-
plemental Fig. S5). Forty-three proteins were enriched in the
EDL but did not show significant changes on the mRNA level.
For example, five tRNA synthetases, four secreted proteins,
three kinases, and four membrane proteins including the EGF-
receptor showed similar mRNA expression level but increased
concentrations at the protein level. Furthermore, the M-band
protein Myomesin-1 (Skelemin) and the extraocular myosin
heavy chain EO-MyHC (Myosin, heavy polypeptide 13) were
more abundant in the EDL as proteins compared with their
mRNAs suggesting fiber-specific regulatory mechanisms for
these sarcomeric proteins (supplemental Fig. S6). Our find-
ings reveal the existence of regulatory events at the posttran-
scriptional or posttranslational level in fast and slow muscles
and emphasize the complex relationship between gene ex-
pression and protein abundances, which help to shape the
distinct phenotype of different muscle fiber types.

DISCUSSION

Numerous studies have described the ultrastructure and
molecular diversity of skeletal muscle tissues after the initial
recognition of differences between white and red muscle
tissue by Ranvier in the year 1873. The general structure of
muscle fibers is rather similar despite the presence of different
fiber types and the ability of skeletal muscle fibers to adapt to
different physiological demands. So far, the composition of
skeletal muscle or individual muscle fibers was mostly as-
sessed in a qualitative manner Only limited numbers of pro-
teins were quantified. Very few proteomics studies attempted
to quantify proteins in muscle tissues (52–54) and to this end
only one two-dimensional-gel electrophoresis-based com-
pared soleus and EDL muscle in rats detecting a limited

number of proteins (15). Most studies were devoted to rats,
guinea pigs, and rabbits whereas considerably less is known
for smaller mammalia such as mice (1, 39). The in vivo SILAC
approach used in this study allowed a comprehensive assess-
ment of proteins in slow and fast muscle fibers in mice.
Comparison of protein and mRNA data extended the analysis
and provided insights into the regulatory events that shape
the identity of fast and slow muscles at the post-transcrip-
tional level.

The SILAC method employs the metabolic incorporation of
stable isotopes of essential amino acids into cellular pro-
teomes and has been successfully applied for in vitro-cell
culture experiments (28). Here, we used metabolic labeling in
the SILAC-mouse, in which all tissues are completely labeled
with the heavy 13C6 lysine isotope (21, 55) to allow global
protein quantification. This method, which is based on mixing
control and experimental samples with the heavy protein
standard, avoids additional post-extraction modification
steps of proteins or peptides and therefore significantly re-
duces potential methodological errors. Analysis of SILAC-
data sets is further facilitated by the use of several specialized
software tools such as MSQuant, MaxQuant and Proteome
Discoverer (Thermo Scientific), which can be readily used
together with LysC digests generating peptide pairs with 6 Da
mass differences.

Our approach allowed us to quantify more than 2100 pro-
teins in fast and slow muscle fibers, which to the best of our
knowledge, is the largest quantitative data set for proteins in
skeletal muscle tissues in vivo. The identification of �550
proteins, which we found to be differentially expressed in slow
or fast muscles, greatly extends the number of fiber type-
enriched proteins. Because virtually all already known fiber
type-enriched proteins were contained in our data set we
assume a fairly good coverage of the fast and slow skeletal
proteomes. The Quantimus database, in which these data are
stored, represents an easy and convenient tool to identify
proteins of interest via a simple search function. Further links
provide additional information such as associated peptides,
which are described by their position in the protein, Mascot-
scores, phosphorylation status, and SILAC ratios between
soleus and EDL. The database will be updated continuously
as new entries with corresponding parameters will become
available in further experiments. Refined sample preparation
protocols and improved resolution and sensitivity of mass
spectrometric instrumentation might help to further extend
the coverage of muscle proteomes.

One of the most common ways to discriminate different
muscle fiber types is based on the content of different MyHC
proteins. However, as already indicated earlier, the amino
acid sequences of individual members of this protein family
are rather similar and peptide assignments after mass spec-
trometric analysis is often complicated by high sequence
homologies (56). For exact identification and quantification of
fiber type specific MyHC isoforms it is essential to select only
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peptides, which are unique for a given isoform. Using these
criteria we were able to determine the abundance of MyHC�s
in the soleus in the following order: MyHCI� � MyHCIIa �

MyHC-8, MyHC-10 in slow muscles. In contrast, we observed
the following order for the EDL muscle: MyHC-IIb � MyHC-
13, which is in good correlation to published datasets. Several
studies confirmed the presence of the slow type II MyHC IIa in
the soleus. Our finding reflects the mixed type I and type II
fiber composition of the mouse soleus muscle, which is more
heterogeneous compared with the soleus of other animals
such as rats and rabbits (57). It has been suggested that the
MyHC diversity of skeletal muscle fibers in different species
depends mainly on their body size (3). “Light weight” animals
such as mice might need only a small proportion of type I
fibers to maintain their body posture and use the soleus
mainly to support (fast) movements.

Two other important protein groups which have a strong
impact on the phenotype and physiological properties of dif-
ferent muscle fiber types are kinases and phosphatases. We
detected more than 100 kinases indicating good coverage of
this protein class. Interestingly, marked differences in the
expression profiles of several kinases were found. One of the
kinases, which showed strong enrichment in fast compared
with slow muscle was calcium/calmodulin dependent protein
kinase II (CaMKII) (58). This kinase has been linked to patho-
logical conditions including heart failure and hypertrophy but
also to physiological processes such as mitochondrial bio-
genesis and fatty acid uptake (59). Although those processes
are more prominent in slow muscles and cardiomyocytes the
expression pattern of CamKII� discloses an important role in
fast muscles. Several other kinases such as AMP kinase and
several ERK-activator kinases were also selectively enriched
in the EDL. Activation of the mitogen-activated protein ki-
nases (MAPK) are involved in fiber type switching during
exercise and regeneration (60). The cGKI dependent kinase �

was one of the most abundant kinases in the soleus, which
was surprising because cGKI dependent kinase has been
mainly described in smooth muscles where it is involved in
various different processes including muscle relaxation. In
principle, it is possible that cGKI dependent kinase was de-
rived from smooth muscle cells of arteries although the lack of
enrichment of other smooth muscle proteins in soleus sam-
ples argues against such a possibility.

The main feature of muscle cells is the generation of con-
tractile force mediated by myofibrillar proteins within the sar-
comer. Force transmission occurs via connective tissue that is
attached to tendons and bones. The extracellular matrix de-
posited by muscle fibers plays an important functional role in
this process and has attracted some interest because of its
involvement in several musculoskeletal diseases (61). Forma-
tion of the extracellular matrix is based mainly on secretion
and deposition of collagen fibers and collagen associated
proteins such as proteoglycans and fascilin proteins, which
are the main components that determine mechanical proper-

ties of the ECM (62, 63). Our study revealed similar concen-
trations for some ECM proteins in fast and slow muscle in-
cluding laminins, dystrophin, tenascin, and perlecan. Other
proteins implicated in the formation of interstitial connective
tissue and the basement membrane showed a differential
distribution (Table IA, B), which might in part account for
distinct fiber strength between slow and fast muscles. The
increased presence of fibrillin-1, periostin, and other ECM
proteins in slow muscles seems to contribute to optimal me-
chanical stability of the connection between slow muscle
fibers and associated tendons/bones. We propose that fast
movements in the EDL require a more flexible ECM organiza-
tion whereas the slow soleus muscle needs more stability and
integrity.

The correlation of transcript and protein levels added an-
other level of resolution to our study. No comprehensive
comparison between protein concentrations and mRNA levels
has been available for skeletal muscles preventing an unbi-
ased view on posttranscriptional regulatory mechanisms. Al-
though the bulk of proteins and mRNAs showed a good
correlation in our study as indicated by a Pearson coefficient
of 0.81, we identified a large group of proteins that was
characterized by significant differences to corresponding
mRNA levels. Because more molecules were differentially
distributed between slow and fast muscles on the protein
compared with the mRNA level we concluded that post-
transcriptional mechanisms based on miRNAs and protein
stability play an important role in establishing the specific
molecular make-up of slow and fast muscle fibers. Although
the correlation of mRNA and protein levels that we achieved is
similar to other studies (64) one has to be aware of potential
technical bias. For example, we were unable to measure large
numbers of proteins expressed at low levels only in contrast
to DNA microarray techniques that permit detection of low-
abundance mRNA�s. Nevertheless, we believe that a com-
bined analysis of microRNA expression profiles of soleus and
EDL muscles together with the analysis of complementary
sequences in 3�-untranslated regions of mRNAs of differen-
tially regulated proteins will help to identify new targets for
microRNA�s. A similar approach might be taken to identify
processes that regulate the half-live of proteins in different
muscles. Our results revealed that the number of proteins,
which are present in different concentrations in slow and fast
muscles, is higher than anticipated. The major extension of
the catalogue of proteins with structural or regulatory func-
tions in fast and slow muscles allows a more holistic view
of the molecular networks responsible for distinct muscle
functions.

Data Availability—All RAW files and sequence spectra can
be downloaded from the Proteome Commons.org tranche
(https://proteomecommons.org/tranche) server. Data set 1
(protein) contains all RAW data obtained from the Soleus/EDL
SILAC quantification experiments. Data set 2 (phospho) in-
cludes all RAW files for the phosphopeptide identification. The
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TABLE I
(A) List of selected proteins enriched in the Soleus. The table is divided into different cellular compartments and fold changes are shown for
the forward (soleus/EDL, S/E) and crossover (EDL/soleus, E/S) experiments. The p values of the mRNA fold changes are indicated in green (p

value � 0.001), in yellow (p value 0.05–0.001), and in red (p value � 0.05). (B) List of selected proteins enriched in the EDL muscle

TABLE 1A:
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TABLE I—continued

TABLE 1B:
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PNG documents “Phosphopeptides” contain MS/MS spectra
of identified phosphopeptides in this study.

Data sets are available via the following hash code:
zoHoIJcZJXHZjxCP6p�y6L/GLoieoPvPCy2JFUGxyeHEHbO
eW3mIdBaeRhcPxYTmWHLQEMEdgzS3DRhpy0PpKNAT1
C4AAAAAAAACGA��. The content of the data sets are de-
scribed in the preceeding paragraph.
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Braun, T. (2009) Acquisition of the contractile phenotype by murine
arterial smooth muscle cells depends on the Mir143/145 gene cluster.
J. Clin. Invest. 119, 2634–2647

56. Nesvizhskii, A. I., and Aebersold, R. (2005) Interpretation of shotgun pro-
teomic data: the protein inference problem. Mol. Cell. Proteomics 4,
1419–1440
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