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Abstract

The age-dependent decline in skeletal muscle mass and function is believed to be due to a multi-factorial pathology
and represents a major factor that blocks healthy aging by increasing physical disability, frailty and loss of
independence in the elderly. This study has focused on the comparative proteomic analysis of contractile elements
and revealed that the most striking age-related changes seem to occur in the protein family representing myosin
light chains (MLCs). Comparative screening of total muscle extracts suggests a fast-to-slow transition in the
aged MLC population. The mass spectrometric analysis of the myofibril-enriched fraction identified the MLC2
isoform of the slow-type MLC as the contractile protein with the most drastically changed expression during
aging. Immunoblotting confirmed an increased abundance of slow MLC2, concomitant with a switch in fast versus
slow myosin heavy chains. Staining of two-dimensional gels of crude extracts with the phospho-specific fluorescent
dye ProQ-Diamond identified the increased MLC2 spot as a muscle protein with a drastically enhanced
phosphorylation level in aged fibres. Comparative immunofluorescence microscopy, using antibodies to fast and
slow myosin isoforms, confirmed a fast-to-slow transformation process during muscle aging. Interestingly, the
dramatic increase in slow MLC2 expression was restricted to individual senescent fibres. These findings agree with the
idea that aged skeletal muscles undergo a shift to more aerobic-oxidative metabolism in a slower-twitching fibre
population and suggest the slow MLC2 isoform as a potential biomarker for fibre type shifting in sarcopenia
of old age.
r 2009 Elsevier GmbH. All rights reserved.
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Introduction

The age-dependent weakening of contractile strength
and loss in skeletal muscle mass, termed sarcopenia
of old age (Morley et al., 2001), is related to a
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multiplicity of biochemical and cell biological changes
(Vandervoort, 2002; Doherty, 2003; Rolland et al.,
2008). Muscle wasting in the elderly is probably not
simply due to one specific sarcopenia-inducing gene or
limitations in rates of cellular turn-around, but more
likely triggered by a multi-factorial aetiology (Thompson,
2009). Striking histological alterations in aged skeletal
muscles include an extensive variability in fibre dia-
meter, an increased number of centrally located nuclei,
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grouped atrophying fibres and a higher frequency of
longitudinal splitting (Edstrom et al., 2007). Previous
studies into muscle aging have clearly documented the
complexity of pathological changes (Faulkner et al.,
2007), including a severe decline in contractile efficiency
(Prochniewicz et al., 2007), mitochondrial abnormalities
(Chabi et al., 2008), metabolic alterations (Vandervoort
and Symons, 2001), a progressive decline in energy
intake (Thomas, 2007), a drastically decreased regen-
erative capacity (Lorenzon et al., 2004), disturbed ion
homeostasis (O’Connell et al., 2008a), uncoupling
between neuronal excitation and muscle contraction
(Delbono et al., 1995), decreased capillarisation (Degens,
1998), oxidative stress (Squier and Bigelow, 2000), a
partially diminished cellular stress response (Kayani
et al., 2008), impaired protein synthesis of myofibrillar
components (Balagopal et al., 1997), increased apoptosis
(Marzetti and Leeuwenburgh, 2006), denervation-
associated atrophy (Carlson, 2004) and an altered
equilibrium of growth factors and hormones important
for the maintenance of proper muscle function (Lee
et al., 2007).

Over the last few years, numerous proteomic inves-
tigations have catalogued the skeletal muscle protein
complement from various species and have also
determined disease-related changes in protein expres-
sion, including aging-induced alterations in muscle
fibres as reviewed by Doran et al. (2009). The proteomic
profiling of crude soluble extracts has revealed a severely
perturbed protein expression pattern in aged muscles
involving enzymes of various metabolic pathways,
regulatory components of ion homeostasis and elements
of the cellular stress response (Piec et al., 2005; Gelfi
et al., 2006; O’Connell et al., 2007; Doran et al., 2008;
Lombardi et al., 2009; Capitanio et al., 2009). Altered
post-translational modifications affecting tyrosine nitra-
tion, tyrosine/threonine phosphorylation and N-glyco-
sylation were recently documented to occur to a large
extent during biological aging of skeletal muscle fibres
(Kanski et al., 2005; Gannon et al., 2008; O’Connell
et al., 2008b). The proteomic finding that the rate-
limiting glycolytic enzyme pyruvate kinase is greatly
reduced in aged muscle, while the expression of key
mitochondrial proteins is increased in sarcopenia,
strongly suggests a shift towards a more aerobic-
oxidative metabolism in senescent muscle fibres.
Although aged fibres exhibit an overall blunted stress
response (Kayani et al., 2008), the proteomic screening
of aged muscles demonstrated a drastic increase in
certain muscle-specific chaperones (Doran et al., 2007a).
The age-related stress response via small heat shock
proteins may relate to the metabolic and structural
changes associated with sarcopenia. Therefore, the up-
regulation of stress proteins may represent an auto-
protective mechanism of damaged muscle fibres (Koh,
2002) and can be considered a natural response to the
disintegration of the actomyosin machinery. Since the
recent analysis of crude total fibre extracts suggests a
considerable impact of aging on the contractile appara-
tus (Piec et al., 2005; Gelfi et al., 2006; Doran et al., 2008;
Capitanio et al., 2009), we have investigated here the age-
dependent effect on protein expression in the myofibril-
enriched fraction using comparative subproteomics.

The question of whether it is feasible to determine
subtle changes in the density and/or isoform expression
pattern of contractile proteins by proteomic techniques
has been recently addressed by the mass spectrometric
analysis of chronic low-frequency stimulated fast
muscles (Donoghue et al., 2005, 2007). This is not a
trivial point, since the biomolecules forming the thick
and thin filaments of the basic contractile units in
skeletal muscles exist in numerous fibre type-specific
isoforms (Pette and Staron, 1990). Skeletal muscle
myosin forms a hexameric structure consisting of 2
myosin heavy chains (MHCs) and various MLCs (Clark
et al., 2002; Bozzo et al., 2005). Molecular coupling
between the myosin head structure and actin filaments,
in the presence of ATP, causes the sliding of thin
filaments past thick filaments resulting in sarcomeric
shortening (Gordon et al., 2000; Fitts, 2008). The Ca2+-
dependent regulation of actomyosin interactions occurs
via the troponin complex and tropomyosin strands
(Swartz et al., 2006; Kreutziger et al., 2007). During
electrostimulation-induced muscle transformation, the
various light and heavy chains of myosin undergo a
stepwise replacement from fast to slow isoforms, which
has also been shown to occur in the case of regulatory
elements such as the individual subunits of troponin
(Pette and Staron, 2001). Proteomic investigations have
clearly confirmed these changes in the isoform expres-
sion pattern of the contractile apparatus (Donoghue
et al., 2007), demonstrating that two-dimensional gel
electrophoresis in combination with mass spectrometric
analysis is capable of detecting delicate alterations in the
skeletal muscle proteome.

In analogy, our comparative proteomic analysis of
young adult versus senescent myofibrils presented here
has identified MLC-2 (Kumar et al., 1986) as being
drastically increased during aging. This finding agrees
with the idea of an aging-induced shift to a slower
twitching fibre population, predominantly expressing
slow isoforms of key contractile proteins. Therefore, this
study complements the previous proteomic analyses of
aged fibres (Doran et al., 2008) and expands the list of
potential candidates for establishing a comprehensive
biomarker signature of sarcopenia. The detailed knowl-
edge of changed expression levels of individual muscle
markers may be useful in the future biochemical
evaluation of novel therapeutic approaches and im-
proved exercise programmes, as well as the testing of
superior dietary supplements to prevent muscle wasting
in the elderly.
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Materials and methods

Materials

For the gel electrophoretic analysis of muscle
proteins, isoelectric focusing pH gradient (IPG) Dry-
Strips, ampholytes, acetonitrile and a silver staining kit
were purchased from Amersham Bioscience/GE Health-
care (Little Chalfont, Bucks, UK). Ultrapure Protogel
acrylamide stock solutions were obtained from National
Diagnostics (Atlanta, GA, USA). Protease inhibitors
were obtained from Roche Diagnostics (Mannheim,
Germany). For immunoblotting experiments, nitrocel-
lulose sheets were purchased from Millipore (Bedford,
MA, USA), chemiluminescence substrate from Pierce
and Warriner (Chester, UK) and X-ray film from Fuji
Photo Film Co. Ltd. (Tokyo, Japan). The fluo-
rescent phosphoprotein gel stain Pro-Q Diamond was
from Molecular Probes (Eugene, OR, USA). For
immuno fluorescence microscopy, diamidino-phenylin-
dole (DAPI) was from Sigma Chemical Company
(Dorset, UK) and Superfrost Plus positively-charged
microscope slides were obtained from Menzel Glaeser
(Braunschweig, Germany). Primary antibodies were
from Abnova, Taipei City, Taiwan (mAb MYL2 to
the slow MLC2 isoform), Upstate Biotechnology,
Lake Placid, NY (mAb SKB1 to Akt/PKB kinase) and
Sigma (mAb NOQ7.54D to the slow MHCs isoform;
mAb MY-32 to the fast MHCf isoforms IIA, IIB,
IID; pAb L9393 to laminin). Secondary fluorescent
or peroxidase-conjugated antibodies were purchased
from Molecular Probes and Chemicon International
(Temecula, CA), respectively. For proteomic peptide
analysis, sequencing-grade modified trypsin was from
Promega (Madison, WI, USA). All other chemicals were
of analytical grade and obtained from Sigma Chemical
Company.
Animal model of skeletal muscle aging

The aged gastrocnemius muscle from Wistar rats was
used as an established tissue model of sarcopenia.
Freshly dissected muscle specimens from 3-month- and
26-month-old rats, representing young adult versus
aged contractile tissue, were obtained from the Animal
Facility of the Department of Physiology, Trinity
College Dublin. For one set of comparative proteomic
analyses, a combination of 6 biological repeats and
2 technical repeats was carried out for each age group.
Statistical evaluations were carried out with an unpaired
Student’s t-test. All rats used in this study were fed ad
libidum and kept at a standard light-dark cycle with
unrestricted movement in standard animal house cages
(Nolan et al., 2005). The activity level of the younger
rat population was enhanced as compared to the older
cohort. Both human and rat muscles share common
age-related changes (Edstrom et al., 2007), making
26-month-old Wistar rat muscle a suitable model system
to study age-dependent adaptations in sarcopenia
(Doran et al., 2007b). Rat muscle aging is associated
with fibre degeneration, altered fibre type size, changed
fibre proportions, the incomplete recruitment of distinct
fibre groupings and overall contractile weakness
(Larsson and Edstrom, 1986; Alnaqeeb and Goldspink,
1987; Edstrom and Larsson, 1987; Larsson et al., 1991;
Cutlip et al., 2007).
Preparation of myofibrillar fraction for

electrophoretic analysis

The majority of electrophoretic and immunoblotting
experiments were performed with the myofibrillar
fraction from young adult versus aged rat gastrocnemius
muscle. Myofibrils were isolated from tissue homoge-
nates by an established method (Zhukarev et al., 1997).
Muscle strips were homogenised in 10 volumes of ice-
cold buffer (10mM TES, pH 7.1, 3mM MgCl2
and 10mM EGTA) using an Ultra-Turrax T25
(IKA-Labortechnik, Staufen, Germany) for 3 times
30 s at medium speed. The homogenate was centrifuged
at 1500g for 5min at 4 1C and the myofibril-enriched
pellet then washed four times with the above described
homogenisation buffer (Bassaglia et al., 2005). Subse-
quently 200mg of the myofibrillar fraction was resus-
pended in 1ml of ice-cold lysis buffer, containing 7M
urea, 2M thio-urea, 65mM Chaps, 10mM Trisma base,
1% (v/v) ampholytes, pH 3-10, and 100mM DTT.
To avoid excessive proteolysis of isolated myofibrils,
the suspension was supplemented with a protease
inhibitor cocktail (0.15 mM aprotinin, 0.3 mM E-64,
0.2mM prefabloc, 0.5mM soybean trypsin inhibitor,
1 mM leupetin, 1.4 mM pepstatin, 1mM EDTA). The
myofibril suspension was carefully mixed by vortexing
and then placed on a bench top shaker for 2.5 h at room
temperature to precipitate the total protein fraction.
Following centrifugation at 20,000g for 20min, the
resulting protein pellet was washed in 5ml of ice-cold
concentrated acetone and thoroughly broken up by
vortexing and sonication. The centrifugation and wash-
ing step was repeated twice with 80% (v/v) acetone. The
final protein precipitate was resuspended in 1ml of
buffer (7M urea, 2M thio-urea, 65mM Chaps, 1% (v/v)
ampholytes, pH 3-10, 100mM DTT) by gentle pipetting
and vortexing. The subcellular fractionation process
yielded approximately 60mg of total myofibril protein
using 1 g of muscle as starting material. The protein
lysate was incubated for 1 h at room temperature with
gentle vortexing every 10min for 5 s, and then subjected
to isoelectric focusing.
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Preparation of crude muscle extracts for

electrophoretic analysis

For comparative purposes and in order to verify
proteomic findings from the analysis of myofibril-
enriched fractions, altered expression levels of contrac-
tile proteins were determined in the total muscle protein
complement. Crude tissue extracts were prepared
from young adult versus aged gastrocnemius muscle
by an optimized method (Doran et al., 2007a). Freshly
dissected muscle strips of 100 mg were quick-frozen and
pulverized in liquid nitrogen. The muscle tissue powder
was resuspended in 1ml of ice-cold buffer (7M urea,
2M thio-urea, 65mM Chaps, 10mM Trisma base, 1%
(v/v) ampholytes, pH 3-10, 100mM DTT). The suspen-
sion was then carefully mixed by vortexing and placed
on a bench top shaker for 2.5 h at room temperature to
precipitate the total protein fraction. Treatment with
acetone, washing, centrifugation and resuspension in the
final buffer were carried out as described above for the
myofibril-enriched preparation.
Gel electrophoretic analysis

One-dimensional gel electrophoresis of the myofibril-
enriched fraction was carried out with a Mini-
Protean III gel system (BioRad Laboratories, Hemel-
Hempstead, Herts., UK) by a standard method using
12% separation gels (O’Connell et al., 2008a). Two-
dimensional gel electrophoresis of the total muscle
proteome and the myofibril proteome for densitometric
and mass spectrometric analyses was performed as
previously described in detail by our laboratory (Doran
et al., 2004). Isoelectric focusing was achieved with an
Amersham IPGphor system using the following running
conditions: 30V for 2 h, 500V for 2.5 h, 1000V for 1 h,
2000V for 1 h, 4000V for 1 h, 6000V for 1 h, 8000V for
3 h, 500V for 1.5 h and finally 8000V for 2.5 h.
Following equilibration and washing in running buffer
(Doran et al., 2007a), the separation of muscle protein
complements in the second dimension was carried out
with 12% resolving gels in a Bio-Rad Protean Xi-ll cell.
Following electrophoresis for 2 h at 30V and a 80-V step
until the bromophenol blue dye front had just run off
the gel, two-dimensional gels were stained with various
dyes. Colloidal Coomassie staining of protein gels was
carried out according to Neuhoff et al. (1988). For a
more sensitive detection of muscle proteins, silver
staining was carried out by the method of Chevallet
et al. (2006). For image analysis, 6 gels representing young
adult muscle and 6 gels representing aged muscle were
scanned using Image Scanner II from GE Healthcare.
Images were analysed with Progenesis SameSpots soft-
ware. In order to evaluate the phosphorylation status of
the slow MLC-2 protein, two-dimensional gels of crude
muscle extracts were labelled with the fluorescent Pro-Q
Diamond phosphoprotein gel stain (Stasyk et al., 2005),
as optimized by our laboratory (Gannon et al., 2008).
Following fixation and washing, gels were incubated
with the undiluted fluorescent ProQ-Diamond dye for
4 h in the dark. Fluorescently labelled muscle proteins
were visualized using the above described Typhoon
scanner, and images were scanned using a 532-nm laser
with a PMT value for all scanned images of 600. Gel
images were cropped using the Image-Quant TL soft-
ware programme. Gels were also stained for total
protein with the dye ruthenium II bathophenanthroline
disulfonate chelate (RuBPs; Rabilloud et al., 2001).
Comparative analysis of the MLC-2 spot was performed
with the Image Master Platinum 5 analysis software
package.
Mass spectrometric identification of muscle proteins

The mass spectrometric analysis of peptides was
carried out in the Proteomics Suite of the National
University of Ireland, Maynooth with a Model 6340 Ion
Trap LC/MS apparatus from Agilent Technologies
(Santa Clara, CA) and in the Molecular Instrumenta-
tion Center of the University of California at Los
Angeles with a LTQ-Orbitrap hybrid mass spectrometer
from ThermoFisher Scientific (Fremont, CA). Excision,
washing, destaining and treatment with trypsin was
performed by an optimized method for the mass
spectrometric identification of muscle proteins (Doran
et al., 2004, 2007a). Peptides generated by tryptic
digestion were recovered by removing supernatants
from digested gel plugs. Further recovery was achieved
by adding 30% acetonitrile/0.2% trifluoric acid to the
gel plugs for 10min at 37 1C with gentle agitation.
Resulting supernatants were added to the initial peptide
recovery following trypsin digestion. Exhaustive peptide
recovery was achieved through the addition of 60%
acetonitrile/0.2% trifluoric acid to each plug for 10min
at 37 1C with gentle agitation. Supernatants were added
to the peptide pool. The sample volume was reduced
until dry through vacuum centrifugation. Samples were
resuspended in 30 ml ultrapure ddH2O and 0.1% formic
acid for identification by ion trap LC-MS analysis.
Separation of peptides was performed with a nanoflow
Agilent 1200 series system, equipped with a Zorbax
300SB C18 5 mm, 4mm 40nl pre-column and a Zorbax
300SB C18 5 mm, 43mm� 75 mm analytical reversed-
phase column using the HPLC-Chip technology (Staples
et al., 2009). Mobile phases utilized were A: 0.1% formic
acid, B: 50% acetonitrile and 0.1% formic acid. Samples
(15 ml) were loaded into the enrichment at a capillary
flow rate set to 4 ml/min with a mix of A and B at a ratio
19:1. Tryptic peptides were eluted with a linear gradient
of 10-90% solvent B over 40min with a constant nano
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pump flow of 0.6ml/min. A 10-min post time of solvent
A was used to remove sample carryover. The capillary
voltage was set to 1700V. The flow and the temperature
of the drying gas was 4 l/min and 300 1C, respectively.
For protein identification, database searches were
carried out with two different software packages, i.e.
Spectrum Mill Work Bench (Agilent Technologies) and
Mascot MS/MS Ion search (Matric Science, London,
UK). All searches used ‘Rattus norvegicus’ as taxonomic
category and the following parameters: (i) two missed
cleavages by trypsin, (ii) mass tolerance of precursor
ions 72.5Da and product ions 70.7Da, (iii) carbox-
ymethylated cysteins fixed modification, and (iv) oxida-
tion of methionine as variable modification. In addition,
the percentage coverage was set at over 10%, with
at least 1 matched distinct peptide. Importantly, all
pI-values and molecular masses of identified proteins
were compared to the relative position of their
corresponding two-dimensional spots on analytical slabs
gel. For the analysis with the LTQ-Orbitrap hybrid
mass spectrometer, the apparatus was equipped with an
Eksigent nano-LC pump. Reconstituted peptides were
separated on a pre-packed PicoFrit Biobasic C18
analytical column from New Objective (Woburn,
MA). Mobile phase A was 0.1% formic acid and 2%
acetonitrile in water. Mobile phase B consisted of 0.1%
formic acid in acetonitrile. The resolving gradient was
set as follows: initially, the separation was performed
using 5-40% of buffer B over 40min, and then increased
to 40-100% of buffer B over 20min and maintained at
100% of buffer B for 10min. The mass spectrometer was
operated in a data-dependent mode with one full MS on
the Orbitrap (R ¼ 60,000), followed by 5 MS/MS scans
on the LTQ. Monoisotopic precursor selection was
applied to eliminate redundant detection of ions within
the same isotopic envelope. The mass accuracy of the
Orbitrap was calibrated externally on a weekly basis.
All MS/MS spectra were searched against the IPI
Rat database (version 3.57) using the SEQUEST
algorithm integrated within Proteome Discoverer (Thermo
Scientific, San Jose, CA) and the Mascot algorithm
(www.matrixscience.com). For identification of rat muscle
proteins, the search parameters for LTQ-Orbitrap were
set as follows: partial trypsin digestion with 2 missed
cleavages; differential modifications on cysteine carba-
midomethylation (+57.02Da) and methionine oxida-
tion (+15.99Da); precursor ion tolerance of 710 ppm
and fragment tolerance of 70.5Da.
Immunoblot analysis

Immunoblotting was carried out as previously de-
scribed by our laboratory (Doran et al., 2007a). For the
efficient electrophoretic transfer of proteins to Immo-
bilon NC-pure nitrocellulose membranes, a Bio-Rad
Mini-Protean II transfer system was employed. Follow-
ing transfer for 1 h at 100V and 4 1C, the efficiency
of transfer was evaluated by Ponceau-S-Red staining of
membranes, followed by de-staining in phosphate-
buffered saline (PBS; 50mM sodium phosphate, 0.9%
(w/v) NaCl, pH 7.4). Membranes were blocked for 1 h in
5% (w/v) fat-free milk powder in PBS and then
incubated for 3 h at room temperature with appropri-
ately diluted primary antibody. Nitrocellulose blots
were subsequently washed twice for 10min in blocking
solution and incubated with an appropriate dilution of
the corresponding peroxidase-conjugated secondary
antibody for 1 h at room temperature. Membranes were
washed twice for 10min in blocking solution and twice
rinsed for 10min with PBS. Immuno-decorated protein
bands were visualised using the SuperSignal-type
enhanced chemiluminescence system from Pierce and
Warriner (Chester, Cheshire, UK). Densitometric scan-
ning of immunoblots was performed on a Molecular
Dynamics 300S computing densitometer (Sunnyvale,
CA, USA) with Imagequant V3.0 software.
Microscopic analysis of isolated myofibrils and

whole-muscle cryosections

For the microscopic evaluation of the quality of the
subcellular fractionation procedure, a drop of the
myofibril-enriched suspension was positioned on a glass
slide and investigated by bright-field microscopy and
immunofluorescence staining with an antibody to actin
(Zhukarev et al., 1997). The immunofluorescence survey
of myosin isoforms in transverse tissue sections from
gastrocnemius muscle was carried out according to
Doran et al. (2008). Cryosections of 10 mm thickness
were prepared with the help of a Shandon Cryotome
(Life Sciences International, Cheshire, UK) at -20 1C.
Young adult and aged gastrocnemius sections were
mounted on positively-charged microscopy slides, fixed
in ice-cold acetone for 5min, left briefly to dry at room
temperature, and then washed by submergence in ice-
cold PBS. For immuno-labelling, cryosections were first
blocked in 0.2% (w/v) bovine serum albumin, 0.2%
(v/v) Triton X-100, and 2.5% (v/v) goat serum in PBS
for 30min, and then incubated with appropriately
diluted primary antibodies for 4 h. Sections were washed
twice for 30min in 0.2% (w/v) BSA and 0.2% (v/v)
Triton X-100 in PBS, incubated for 1 h with Alexa
Fluor-conjugated secondary antibodies and washed for
30min prior to microscopy. Labelling of nuclei was
achieved by incubation of tissue sections with 1 mg/ml
DAPI for 30min. Image acquisition was carried out
with an Olympus FluoView FV1000 confocal laser
scanning microscope (Olympus Life and Material
Science Europe, Hamburg, Germany) using the Olym-
pus FluoView Version 1.3c software package.

http://www.matrixscience.com
http://www.matrixscience.com
http://www.matrixscience.com
http://www.matrixscience.com
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Fig. 1. Two-dimensional gel electrophoretic analysis of young adult versus aged muscle. Crude tissue extracts were isolated from

young adult (A, B, F, G) and aged (C, D, H, I) rat gastrocnemius muscle, separated by two-dimensional gel electrophoresis and

stained with colloidal Coomassie Blue (A-E) or silver (F-J). Proteins with an age-related change in abundance are marked 1 to 10

(E, J) and spot numbers correspond to their mass spectrometric identification as listed in Table 1.

Table 1. Proteomic profiling of aged contractile proteins using crude tissue extracts.

Spot

no.

Protein Peptides

matched

Sequence

coverage

(%)

Molecular

mass

(kDa)

Isoleletric

point (pI)

Mascot

score

Accession

number

Fold

change

1 Myosin-binding protein

H

10 24 63.35 6.02 779 gi|149058581| +1.57

2 Tropomyosin 1 3 17 22.68 4.86 153 gi|149045748| +1.82

3 Myosin light chain 3 20 86 22.16 5.03 709 gi|6981240| +3.29

4 Myosin light chain, fast 3 28 18.97 4.82 367 gi|6981238| -1.64

5 Myosin light chain, fast 4 22 21.87 4.85 156 gi|149016008| -1.74

6 Actin, alpha 11 20 42.37 5.23 145 IPI00189813 -1.70

7 Actin, alpha 3 14 42.37 5.23 86 IPI00189813 -1.60

8 Myosin light chain, fast

1F

9 52 20.68 4.99 399 gi|117676401| -1.50

9 Myosin light chain 2 5 27 19.07 4.82 106 IPI00231787 +1.50

10 Troponin T, fast 9 14 30.73 6.19 81 IPI00554262 -1.70

LM1 Enolase 6 25 53.90 5.81 604 gi|109468300| -1.91

LM2 ATP synthase 11 29 56.35 5.18 278 gi|54792127| +1.80

J. Gannon et al. / European Journal of Cell Biology 88 (2009) 685–700690
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(A, B) prior to comparative gel electrophoretic analysis. Bars: 10 mm. Gels were stained with colloidal Coomassie Blue (C, D) or
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J. Gannon et al. / European Journal of Cell Biology 88 (2009) 685–700 691
Results

In contrast to previously published proteomic studies
on aged rat muscle, as reviewed by Doran et al. (2009),
this report describes a refined analysis of age-dependent
skeletal muscle degeneration in two respects. Firstly, this
investigation has employed narrower first dimension
pH-gradients for a more detailed electrophoretic evalua-
tion of expression changes in contractile proteins in
the total senescent skeletal muscle proteome (Fig. 1;
Table 1). Secondly, the focus of a subproteomic screen-
ing exercise was on the contractile apparatus and its
molecular fate during aging, using a myofibril-enriched
fraction (Figs. 2–5; Table 2). Subsequently, the phos-
phorylation status and subcellular localisation of one of
the most drastically altered contractile proteins, MLC-2,
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was determined (Figs. 6 and 7) in order to confirm the
suitability of this new candidate protein for establishing
a more complete biomarker signature of sarcopenia of
old age.
2-D gel electrophoretic analysis of total extracts

from aged muscle

Prior to the gel electrophoretic analysis of the
myofibril-enriched fraction from aged muscle, crude
tissue extracts were investigated. In general, any
subcellular fractionation step performed during the
preparation of protein extracts may introduce artifacts,
such as protein clustering, absorption, desorption,
entrapment and/or degradation. It is therefore essential
to evaluate results from subproteomic studies, as
described below with the myofibril-enriched fraction,
by also analysing crude total tissue extracts. Fig. 1
summarises the initial screening of the aged muscle
proteome using gel systems that cover the pH range
from 4 to 11. Analytical gels were stained with
Coomassie Blue (Fig. 1A-E) or silver (Fig. 1F-J), and
densitometric scanning revealed altered expression levels
for 10 contractile proteins, as listed in Table 1. Mass
spectrometry identified these muscle proteins as distinct
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isoforms of MLC, as well as myosin-binding protein H,
tropomyosin, actin and troponin. The abundance of fast
and slow MLCs was clearly decreased and increased,
respectively, during aging. Two landmark proteins and
their established age-related changes in expression were
chosen to standardize the narrow pH-range gel system
used in this study. Landmark protein LM1 represented
the glycolytic enzyme enolase (Fig. 1E) and landmark
protein LM2 corresponded to the mitochondrial enzyme
ATP synthase (Fig. 1J). The decrease in the glycolytic
marker and concomitant increase in the mitochondrial
protein agrees with the findings of previous proteomic
analyses (Doran et al., 2009).

2-D gel electrophoretic analysis of the myofibril-

enriched fraction from aged muscle

Myofibrils were isolated from rat skeletal muscle
homogenates by an established method (Zhukarev et al.,
1997; Bassaglia et al., 2005). Fig. 2A, B illustrates the
predominant structures found in the myofibril-enriched
fraction. Besides bright-field microscopy, also dye
staining and immuno-decoration was carried out to
evaluate the quality of the subcellular fractionation
protocol. Both, methylene blue and immunofluorescence
staining of isolated myofibrils with an antibody to actin
revealed a regular striation pattern in the longitudinal
direction of isolated myofibrillar structures (not shown),
indicating a successful enrichment of the contractile
machinery by this method (Zhukarev et al., 1997).
Two protein dye methods were used to determine the
expression pattern of the soluble myofibrillar proteome.
Fig. 2C-F shows the protein population of the young
adult versus aged gastrocnemius muscle stained with
Coomassie Blue or silver, respectively. Both dyes
indicated an overall comparable protein pattern of the
differently aged proteomes in two-dimensional gels.
In order to detect subtle changes in the abundance of
individual protein species and/or potential switches in
distinct isoforms, labelled slab gels were analysed by
densitometric scanning. Images were compared with the
Progenesis SameSpots analysis programme, which is an
advanced software tool for the evaluation of high-
resolution two-dimensional gels and the generation of
reliable proteomic data.

Proteomic profiling of MLCs in aged myofibrils

Two-dimensional protein spots with a significant
change in density were identified by mass spectrometry
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Table 2. Proteomic profiling of myosin light chains in aged skeletal muscle.
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using an Ion Trap LC/MS or an LTQ-Orbitrap hybrid
apparatus. Trypsin fragments of candidate proteins
were generated from isolated gel plugs and then
individual peptide sequences determined by fragmenta-
tion analysis. As listed in Table 2, muscle aging appears
to affect especially the expression of the MLC class of
myofibrillar proteins, as assessed by proteomic screening
of the soluble myofibrillar fraction. Fig. 3A-D shows the
graphical presentation of expression changes in MLC-2,
MLC-3, myosin-binding protein H and actin-capping
protein. Table 2 lists the identified proteins and their
corresponding unique accession numbers, the number of
matched peptides, the sequence of individual peptides,
sequence coverage, molecular mass, isoelectric point,
Mascot score and fold change. It is important to stress
that gel electrophoresis-based methods usually under-
estimate the presence of relatively insoluble muscle
proteins. In addition, certain groups of myofibrillar
proteins may also not be properly identified by this
method and therefore age-induced changes in their
density not detected. This might be the case with MHCs,
which were not detected in this study. This could be due
to less intensive labelling of large and complexed MHC
molecules and/or a drastically reduced sensitivity of
MHCs to trypsination. However, it was clearly shown
by our proteomic approach that a major contractile
element, i.e. slow MLC, is increased in senescent
preparations. Both, expression of MLC-2 and MLC-3
were enhanced in 26-month-old rat gastrocnemius
muscle as compared to 3-month-old fibres.

Since the 4-fold increase in MLC-2 expression
represented the highest level of change in the contractile
protein complement, we have focused our study on this
slow isoform. Fig. 4A-D shows expanded views of the
large two-dimensional gels displayed in Fig. 2C-F,
focusing on pH range 3-5 and molecular mass region
15-25 kDa. The Coomassie- or silver-stained gels with
young adult versus aged gastrocnemius muscle clearly
demonstrated increased levels of a two-dimensional
spot of approximately 19 kDa. The mass spectrometric
analysis identified this contractile protein as the
ventricular/cardiac muscle isoform MLC-2 (gij127167j)
with a pI value of 4.86 and an apparent molecular mass
18.88 kDa. The sequence of the MLC-2 isoform was
matched by 16 different peptides resulting in 95%
sequence coverage (Table 2; Fig. 4E). For comparison,
actin-capping protein was slightly reduced and myosin-
binding protein H slightly increased during fibre aging.
One-dimensional immunoblotting confirmed increased
MLC-2 expression in senescent muscle and indicated
a general fast-to-slow transformation process during
aging. The Coomassie-stained gel in Fig. 5A shows a
relatively comparable protein band pattern in young
adult and aged fibres. The expression of the abundant
kinase Akt/PKB was found not to be affected by muscle
aging and could therefore be employed as a convenient
standard for equal loading between individual gel lanes
(Fig. 5E, I). Differential immuno-decoration with
antibodies to the fast versus the slow class of MHCs
confirmed a gradual shift to slower twitch characteristics
in aged gastrocnemius muscle (Fig. 5B, C, F, G). Since
monoclonal antibody MY-32 does not discriminate
between the different fast MHC isoforms IIA, IIB and
IID, results have to be interpreted with caution. The
immunoblot analysis shows a general trend of reduced
fast MHC expression in aged muscle. However, one
cannot deduce the biochemical fate of individual sub-
species of this contractile element from this analysis.
Importantly, immunoblotting confirmed the drastic
increase in the expression of MLC-2 (Fig. 5D, H).
The age-dependent adaptation of senescent myofibrils
appears to be associated with a drastic remodeling of the
contractile apparatus.
Increased abundance and phosphorylation of MLC-2

in aged gastrocnemius muscle

Fig. 6 displays expanded views of analytical two-
dimensional gels with a focus on pH range 4-5 and
molecular mass region 15-20 kDa. The protein comple-
ments studied represent total tissue extracts of the
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soluble proteome from whole skeletal muscle prepara-
tions. In agreement with the results shown in Fig. 4, the
slow MLC-2 spot is increased in its abundance in aged
muscle as compared to young adult fibres. Interestingly,
a comparative analysis with the fluorescent protein
dye RuBPs and the phosphoprotein-specific dye ProQ
Diamond revealed that the phosphorylation level of the
slow MLC-2 isoform is drastically elevated in senescent
gastrocnemius muscle (Fig. 6A-D). As previously
reported by our laboratory, this specific protein spot
exhibits the highest change in phosphorylation during
skeletal muscle aging (Gannon et al., 2008). While the
increase in protein expression was found to be approxi-
mately 9-fold, the degree of phosphorylation of MLC-2
was determined to be over 28-fold. This suggests a 3-fold
increase in phosphorylation of site chains in this slow
protein isoform during fibre aging.

Since biochemical studies with crude tissue extracts or
subcellular fractions from muscle homogenates do not
differentiate between different fibre types within a given
muscle, ideally immunofluorescence microscopy should
be carried out to confirm and complement proteomic
findings. We have therefore performed a confocal
microscopy survey with a fast and a slow marker of
the contractile apparatus in young adult versus aged
skeletal muscle. The fibre periphery was marked with the
extracellular matrix component laminin and nuclei were
labelled with DAPI (Fig. 7). Immuno-decoration with
an antibody to fast MHCs revealed a drastic decrease in
abundance of these contractile proteins in the aged fibre
population (Fig. 7A-H). In stark contrast, the aged
gastrocnemius muscle showed a dramatic increase of
individually labelled fibres with a high content of MLC-
2 (Fig. 7I-P). Images with the combined labelling of
laminin, nuclei and contractile elements are presented in
Figs. 7D, H, L and P. Confocal microscopy demon-
strated that the increased levels of MLC-2 are restricted
to individual aged fibres and that the decreased density



ARTICLE IN PRESS
J. Gannon et al. / European Journal of Cell Biology 88 (2009) 685–700 697
of fast MHCs appears to affect most aged fibres in a
similar way.
Discussion

Natural aging is a fundamental biological process and
influenced by both genetic and environmental factors.
As recently reviewed by Vijg and Campisi (2008),
sarcopenia-related muscle weakness represents a con-
served aging phenotype and affects a diverse range
of species, including Caenorhabditis elegans, Drosophila

melanogaster, Mus musculus, Rattus rattus and Homo

sapiens. Since cross-sectional studies with differently
aged human muscle specimens have to be often
interpreted with caution due to fundamental differences
in general lifestyle, activity patterns and food habits of
examined individuals (Proctor et al., 1999; Melton et al.,
2000; Lindle et al., 1997), initial model studies with
inbred animal strains can give crucial data for the design
of more advanced studies in human populations (Doran
et al., 2007b). Therefore, the alternative analysis of aged
animals with a suitable phenotype plays a vital role
in modern biogerontology. One of the most widely
employed biomedical model system of sarcopenia is the
senescent Wistar rat (Doran et al., 2009). The compara-
tive proteomic profiling of 7-month- versus 18-month-
versus 30-month-old rats has shown that 7-month- and
18-month-old muscle exhibit a surprisingly similar
protein expression pattern (Piec et al., 2005). We have
therefore used young adult (3-months) versus senescent
(26-months) skeletal muscle fibres to determine marked
differences in the aging skeletal muscle proteome. Using
a combination of two-dimensional gel electrophoresis,
mass spectrometry, immunoblotting and confocal
microscopy, this study has clearly revealed that the
expression of the slow MLC-2 isoform of myosin light
chain is drastically increased in aged skeletal muscle.
This finding supports the idea that muscle aging is
associated with a transformation to a more aerobic-
oxidative metabolism in a slower twitching fibre
population (Edstrom et al., 2007).

In addition to the fact that the skeletal muscle belly
usually contains higher levels of connective and fatty
tissue in elderly patients, both of the main types
of muscle fibres are lost in aged muscles. However,
large-scale histochemical studies agree that a noticeably
higher loss in type II fibres occurs as compared to
slower twitching type I fibres (Vandervoort, 2002). The
proteomic identification of MLC-2 as being a contractile
element with an increased abundance in aged muscle
fibres is in agreement with a previous histochemical
study by Klitgaard et al. (1990). This makes the
slow-type MLC-2 protein species a potentially useful
indicator of the fast-to-slow transformation process in
senescent muscles. In analogy to the proteomic findings
on MLCs presented here, a recent gel electrophoretic
analysis of aging rat sciatic nerve and gastrocnemius
muscle by Capitanio et al. (2009) has revealed a distinct
age-dependent transformation process within the pool
of MHC isoforms. Silver staining of MHC bands
revealed a transition from fast MHC-IIb to MHC-IIa
to slow MHC-I in 8-month- versus 22-month-old
muscles. This altered pattern of MHC expression agrees
in general with the molecular processes that occur
during fast-to-slow transitions, such as adaptations
following chronic low-frequency stimulation of fast
muscles (Pette and Staron, 2001) or endurance exercise
(Sullivan et al., 1995).

As reviewed by Andersen (2003), muscle fibre type
adaptation in the elderly includes extended grouping of
fibre types, as well as morphological alterations in the
size and appearance of individual fibres. Since cycles
of denervation and reinnervation are associated with
muscle aging, a complex adaptation of motor units
occurs in sarcopenia (Larsson, 1998). The immuno-
fluorescence labelling of slow MLC-2 in a select group
of fibres supports the hypothesis that sarcopenia triggers
an extensive rearrangement of innervation patterns.
A slower-twitching fibre population with increased
levels of mitochondrial fatty acid oxidation would
clearly require an altered degree of fuel supply. That
a metabolic switch takes place in senescent muscles is
supported by the finding that the fatty acid-binding
protein FABP and the oxygen carrier myoglobin are
increased during aging (Doran et al., 2008). Both proteins
have previously been established as limiting factors
of aerobic-oxidative metabolism in slow-twitching fibres
(Kaufmann et al., 1989). Thus, both changes in
contractile kinetics and metabolic adaptations suggest
an age-related switch to a slower muscle type.

As previously reported, the contractile elements actin,
tropomyosin and MLC undergo a drastic increase in
phosphorylation during aging (Gannon et al., 2008).
Here, we could show that the slow MLC-2 isoform
represents an excellent marker of fibre type switching
and that its degree of phosphorylation is increased in
aged muscle. The proteomic analysis of the age-related
transformation of fibres agrees with findings from
artificially induced fibre type transitions due to chronic
low-frequency stimulation. Fast-to-slow transformation is
associated with major alterations in the density and
isoform expression pattern of both MHCs (Kirschbaum
et al., 1989) and MLCs (Gonzalez et al., 2002). Changes in
the expression levels and post-translational modifications
of key contractile elements is a clear indication that
senescent motor units undergo major physiological
adaptations. One of the pathophysiological consequences
of this change is an impaired ability of aged muscles to
adapt to repetitive mechanical loading (Cutlip et al.,
2007), resulting in a reduced speed of contraction.
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This proteomic and cell biological study into the fate
of myofibrillar components during muscle aging has
shown the usefulness of molecular approaches in
developing the basis of evidence for improving public
health strategies to promote healthy aging. In the long-
term, the systematic cataloguing of aging-related muscle
proteins, such as the slow MLC-2 isoform, may lead to
the establishment of a disease-specific biomarker signa-
ture of sarcopenia. Reliable proteomic data might then
be used to design novel diagnostic methods and improve
therapeutic approaches for the prevention of contractile
impairments in the rapidly aging human population.
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