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Abstract

The disuse of skeletal muscle, such as that which occurs during immobilization, can lead to the
rapid loss of muscle mass, and a decrease in the rate of protein synthesis plays a major role in

this process. Indeed, current dogma contends that the decrease in protein synthesis is mediated

by changes in the activity of protein kinases (e.g. mTOR); however, the validity of this model

has not been established. Therefore, to address this, we first subjected mice to 6, 24 or 72 h

of unilateral immobilization and then used the SUnSET technique to measure changes in the
relative rate of protein synthesis. The result of our initial experiments revealed that immobilization
leads to a rapid (within 6 h) and progressive decrease in the rate of protein synthesis and that

this effect is mediated by a decrease in translational efficiency. We then performed a deep mass
spectrometry-based analysis to determine whether this effect could be explained by changes in the
expression and/or phosphorylation state of proteins that regulate translation. From this analysis,
we were able to quantify 4320 proteins and 15,020 unique phosphorylation sites, and surprisingly,
the outcomes revealed that the rapid immobilization-induced decrease in protein synthesis could
not be explained by changes in either the abundance, or phosphorylation state, of proteins. The
results of our work not only challenge the current dogma in the field, but also provide an expansive
resource of information for future studies that are aimed at defining how disuse leads to loss of
muscle mass.
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Introduction

Comprising approximately 40% of total body mass, skeletal muscle is critical for the quality
of life, and its loss is associated with an increased risk of morbidity, mortality and healthcare
expenditures (Janssen et al. 2004; Zhou et al. 2010; Srikanthan & Karlamangla, 2011).
Importantly, various types of mechanical unloading, such as immobilization, can lead to the
loss of skeletal muscle mass. For instance, immobilization is often required to recover from
an injury, and the rapid loss of muscle mass that occurs during immobilization can result

in an ~0.5% loss of muscle cross-sectional area per day in humans (de Boer et al. 2007).
Thus, understanding how immobilization leads to the loss of muscle mass and developing
strategies that prevent this effect is both a clinically and a fiscally significant goal.

Two factors that play a critical role in the regulation of skeletal muscle mass are the rate

of protein synthesis and the rate of protein degradation, and the net balance between these
processes dictates whether substantive alterations in muscle mass will occur (Goodman et
al. 2011¢). Indeed, it has been widely accepted that immobilization leads to a prominent
decrease in the rate of protein synthesis, but whether immobilization induces a substantive
increase in protein degradation remains a subject of debate (Symons ef a/. 2009; Bodine,
2013; Phillips & McGlory, 2014). Accordingly, we set out to develop a better understanding
of how immobilization induces a decrease in protein synthesis.

Protein synthesis can be regulated through two major processes called translational capacity
and translation efficiency (Nader et a/ 2002; Figueiredo, 2019). Translational capacity
refers to the concentration of the translation machinery (e.g. the ribosomes), whereas
translational efficiency refers to the rate at which the ribosomes translate mMRNA. In skeletal
muscle, changes in translation efficiency can occur on a very acute time scale (within
minutes), whereas changes in translational capacity often take days to even weeks to reach
significance. For instance, several studies have shown that total RNA concentration (of
which ~80% is composed of rRNA) does not significantly change during the first 3 days

of immobilization, yet a decrease in protein synthesis can be observed as early as 6 h after
the onset of immobilization in rodents (Goldspink, 1977; Booth & Seider, 1979; You et al.
2015). Thus, the initial immobilization-induced decrease in protein synthesis appears to be
mediated by a decrease in translational efficiency.

Changes in translational efficiency are primarily exerted through changes in the rate of
translation initiation and/or elongation (Acevedo et a/. 2018; Riba et al. 2019). Translation
initiation is the process through which the ribosome becomes bound to the start codon of
an mRNA, whereas elongation refers to events via which new amino acids get added to the
growing polypeptide chain. Importantly, both of these processes can be regulated through
changes in the expression of translation initiation and elongation factors. For instance, the
mRNAs which encode the eukaryotic elongation factor 1 alpha (eEF1a) and eukaryotic
elongation factor 2 (eEF2) both possess a 5" -terminal oligopyrimidine tract (5'-TOP)
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that exerts control over their expression and a decrease in their expression can lead to

an impaired rate of translation elongation (Hamilton et a/. 2006; Thoreen et al. 2012).

The activity of the translation initiation and elongation factors can also be regulated by
post-translational modifications, with changes in phosphorylation being the most prevalent
(Hershey et al. 2012; Hizli et al. 2013). Indeed, the vast majority of proteins that are
involved in translation initiation and elongation are phosphoproteins, and a number of
specific phosphorylation sites have been shown to directly regulate the rate of initiation
and elongation. For example, phosphorylation of the ribosomal protein S6 (RPS6) at serine
235/236, eukaryotic initiation factor 4E binding protein 1 (4E-BP1) at threonine 36/45,
and eukaryotic initiation factor 4B (elF4B) at serine 422 have all been shown to promote
translation initiation (Pause ef al. 1994; Gingras et al. 20014, Holz et al. 2005; Roux et al.
2007; Dennis et al. 2012). On the other hand, phosphorylation of the eukaryotic elongation
factor 2 (eEF2) at threonine 57 has been shown to inhibit translation elongation (Carlberg et
al. 1990).

As alluded to above, translational efficiency can be controlled through changes in both the
expression and the phosphorylation state of the proteins that are involved in translation
initiation and elongation (Hamilton et a/. 2006; Hershey ef al. 2012). However, whether
these types of alterations are responsible for the changes in translational efficiency that occur
in response to immobilization has not been rigorously addressed. Thus, to fill this gap in
knowledge, we set out to identify the proteomic and phosphoproteomic alterations that occur
after the onset of immobilization. Specifically, we utilized our previously described mouse
model of unilateral immobilization and collected muscles at 6, 24 and 72 h after the onset of
immobilization (You et al. 2015). We first confirmed that our immobilization procedure led
to a rapid (within 6 h) and progressive decrease in the relative rate of protein synthesis. Next,
we performed a deep mass spectrometry-based analysis in which we were able to quantify
4320 proteins and 15,020 unique phosphorylation sites. Much to our surprise, the results
from our analyses indicate that the rapid decrease in protein synthesis could not be explained
by changes in the abundance or phosphorylation state of any proteins.

Materials and methods

Ethical approval

Male C57 (Jackson Laboratories, Bar Harbor, MA, USA) mice at 8-10 weeks of age were
given food and water ad /ibitum and kept in a room that was maintained at 25°C with a 12-h
light—dark cycle. Where indicated, mice were anaesthetized with 1-5% isoflurane mixed

in oxygen and killed by cervical dislocation under anaesthesia. All animal experiments

were approved by the Institutional Animal Care and Use Committee of the University of
Wisconsin-Madison (#V005375). The study complies with the ethics policies of The Journal
of Physiology.

Immobilization

Unilateral hindlimb immobilization was performed as previously described (You et al.
2015). In brief, mice were anaesthetized with isoflurane, and then a splint was used to
fix the ankle in a plantar-flexed position and the knee in an extended position for 6, 24 or
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72 h. Immobilization was always performed on the right hindlimb while the left hindlimb
was untouched and used as a time-matched sham control. At the end of the immobilization
period, the mice were anaesthetized and the plantar flexor muscles (i.e. gastrocnemius,
soleus and plantaris) of each leg were collected as a single complex (i.e. the GSP complex).
It should be noted that we have previously shown that our immaobilization procedure leads
to a significant decrease in the mass of gastrocnemius, soleus and plantaris muscles after 7
days (You et al. 2015). Moreover, previous studies in both mice and rats have shown that
similar models on unilateral immobilization do not lead to a change in the mass of plantar
flexor muscles in the untouched control limb (Lang ef a/. 2012; Kelleher et al. 2013).

Maximal-intensity contractions

As previously described, maximal-intensity contractions were elicited in mice that had not
been subjected to any other kind of perturbation (Potts et a/. 2017). At 1 h after the last set of
contractions, the GSP complex was collected and immediately frozen in liquid nitrogen and
then stored at -80°C.

Protein synthesis

The SUNSET technique was used to measure the relative rate of protein synthesis in a subset
of mice. Importantly, the SUnSET technique uses puromycin to label nascent peptides

and the measured relative rates of protein synthesis are based on the assumption that the
experimental perturbations do not alter the equilibration kinetics of the free puromycin

in the tissues being assessed (Goodman et al. 20114). To perform these measurements,
puromycin (MilliporeSigma, Burlington, MA, USA) was dissolved in diH,O to generate

a 75 mM stock solution, and then 0.04 zmol g~1 body weight of puromycin in 200 /4 of
PBS was administered via an i.p. injection. At 30 min after injection, the GSP complex

of each leg was collected and immediately frozen in liquid nitrogen and then stored at
—-80°C. The frozen muscles were homogenized in ice-cold buffer A [40 mM Tris (pH 7.5),
1 mM EDTA, 5 mM EGTA, 0.5% Triton X-100, 25 mM g-glycerolphosphate, 25 mM NaF,
1 mM NazVOy,, 10 g mI~1 leupeptin and 1 mM phenylmethylsulfonyl fluoride] with a
Polytron (PT 1200 E, Kinematica, Luceme, Switzerland) and then the homogenates were
centrifuged at 6000 g for 1 min to remove bubbles and confirm complete homogenization.
The sample was then thoroughly vortexed to resuspend insoluble material and an aliquot
of the whole homogenate was subjected to western blot analysis to detect the amount

of puromycin-labelled peptides. It should be noted that the muscles from the puromycin-
injected mice were used exclusively for measuring relative rates of protein synthesis (i.e.
they were not used for mass spectrometry or any of the orthogonal validations of the mass
spectrometry-based results).

Western blot analysis

The protein concentration of individual samples was determined by a DC protein assay

kit (Bio-Rad, Hercules, CA, USA). Equal amounts of protein from each sample were then
dissolved in Laemmli buffer and then subjected to SDS-PAGE, transferred to polyvinylidene
fluoride (PVDF), blocked with 5% milk TBST, and incubated with primary and secondary
antibodies as previously described (You et al. 2019). The resulting blots were developed
with a UVP Autochemi system (UVP, Upland, CA, USA) along with either an ECL-prime
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(Amersham, Piscataway, NJ, USA) or regular enhanced chemiluminescene (ECL) reagent
(Pierce, Rockford, IL, USA). After the appropriate images were captured, Coomassie Blue
staining was performed on the PVDF membrane to verify the equal protein loading and the
images were quantified with ImageJ software (U.S. NIH, Bethesda, MD, USA).

Antibodies used in western blot analysis

Antibodies targeting 4E-BP1(1:2000, #9644), phospho 4E-BP1(37/46) (1:1000, #2855),
eEF2 (1:3000, #2332), phospho eEF2(57) (1:1000, #2331), elF2a (1:1000, #5324), phospho
elF2a(51) (1:1000, #3398), elF4B (1:1000, #3592), phospho elF4B(422) (1:1000, #3591),
RPS6 (1:1000, #2217) and phospho RPS6(235/236) (1:1000, #2211) were purchased from
Cell Signaling Technology (Danvers, MA, USA). Anti-puromycin (1:5000, 12D10) was
purchased from MilliporeSigma. Anti-complement C3 (1:3000, 855463) was purchased
from MP Biomedicals (Santa Ana, CA, USA). Peroxidase-labelled anti-mouse 1gG2a (1:50
000, 115-035-206) was from Jackson ImmunoResearch Laboratories, Inc (West Grove, PA,
USA). Peroxidase-labelled anti-rabbit (1:5000, P1-1000), peroxidase-labelled anti-mouse
(1:5000, PI-2000) and peroxidase-labelled anti-goat (1:5000, P1-9500) were obtained from
Vector Labs Inc. (Burlingame, CA, USA).

Analysis of total and rRNA

The GSP complex was pulverized in liquid nitrogen with a pre-chilled mortar and pestle.
The powdered muscle was then separated into multiple aliquots and stored at —80°C.

For RNA-based analyses, an aliquot of the powder was weighed, homogenized with a
Polytron in ice-cold TRIzol (Ambion, Life Technologies, Grand Island, NY, USA) and

then total RNA was isolated according to the manufacturer’s instructions. The resulting
RNA pellet was resuspended in 4 /4 of nuclease-free DEPC treated water (Genemate,
Kaysville, UT, USA) per milligram of muscle. The purity (Azgo/Azgg) and concentration
(Aogo) of the RNA in this solution was determined with a NanoDrop 2000 spectrometer
(Thermo Scientific, Wilmington, DE, USA). The total amount of RNA per milligram of
muscle was calculated by multiplying the RNA concentration by the volume of RNA
solution and then dividing this value by the weight of the original muscle powder. In
addition, 10 /4 of the RNA solution was run on a 1% agarose gel and used to quantify

the amount of 28S and 18S rRNA as well as to assess the RNA integrity as previously
described (Goodman et al. 2011a). RNA from an equal weight of muscle was used

to synthesize cDNA by using SuperScript 11 First-Strand Synthesis System (Invitrogen,
Waltham, MA, USA) with random hexamer. Real-time PCR was performed by running Fast
SYBR Green Master Mix on a StepOnePlus Real-Time PCR System (Applied Biosystems,
Waltham, MA, USA) as detailed previously (You et al. 2018). The primer sequences for
MuRF1 and Atrogin/MAFbx have been previously described (You et a/. 2018). Additional
primers used in this study included: 5’-TGTCTTGCCCCGCGTGTAAG-3" (forward) and
5'-CGCTTACAAGAAACAGCGCG-3’ (reverse) for the precursor rRNA 5’ETS region, 5'-
GTGGAGCGAGGTGTCTGGAG-3’ (forward) and 5"-AACGCGACAGCTAGGTACCC-3’
(reverse) for the precursor rRNA ITS1 region, and 5'-CCAGCCTCGTCCCGTAGAC-3’
(forward) and 5'-ATGGCAACAATCTCCACTTTGC-3’ (reverse) for glyceraldehyde-3-
phosphate dehydrogenase as an internal control.
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Sample preparation for mass spectrometry (MS)

Frozen GSP complexes were pulverized as described above and then an aliquot of the
powder was homogenized with a Polytron in ice-cold buffer B [40 mM Tris (pH 7.5), 1 mM
EDTA, 5 mM EGTA, 0.5% Triton X-100, with one PhosSTOP tablet (Roche, Mannheim,
Germany) and one Complete Mini EDTA-Free Protease Inhibitor Cocktail Tablet (Roche)
per 10 ml], or buffer C [8 m urea, 50 mM Tris (pH 8.0), with one PhosSTOP tablet and

one Complete Mini EDTA-Free Protease Inhibitor Cocktail Tablet per 10 ml]. The resulting
homogenates were centrifuged at 6000 g for 1 min to remove bubbles and confirm complete
homogenization. For the muscles homogenized in buffer B, the samples were incubated at
4°C for 30 min and then further separated into supernatant and pellet fractions as previously
described (Potts et al. 2017; Steinert et al. 2021). For all samples, a small aliquot was saved
for western blot analysis with the remainder of the sample being devoted to subsequent MS
analyses as described below.

Protein precipitation, enzymatic digestion and peptide desalting for MS

Proteins were precipitated by bringing the original sample solution to a 90% concentration
of methanol by volume and then centrifuging the sample at 12 000 g for 5 min. The
supernatant was discarded and the protein precipitate was resuspended in 8 m urea, 50 mM
Tris (pH 8.0), 10 mM Tris(2 carboxyethyl)phosphine (TCEP), and 40 mM chloroacetamide
and continuously shaken for 30 min to completely reduce and alkylate the proteins. The
sample was diluted with 50 mM Tris (pH 8.0) to a concentration of 1.5 m urea and digested
with trypsin (enzyme/protein = 1:50) at 37°C for 15 h. The reaction was quenched by
adding 10% trifluoroacetic acid (TFA) to bring the pH of the sample to less than 2. Strata-X
desalting columns (Phenomenex, Torrance, CA, USA) were prepared by flowing 1 ml of
100% acetonitrile (ACN) over the column, followed by 1 ml of 0.1% TFA. Each sample
was spun down and the acidic supernatant was loaded on and gravity filtered through the
Strata-X columns. The column-bound peptides were washed with 1 ml 0.1% TFA, then
eluted into a fresh tube with 500 24 of 40% ACN and 0.1% TFA, and finally eluted with
300 1 of 80% ACN and 0.1% TFA. Vacuum centrifugation was used to dry the elution. A
Pierce Quantitative Colorimetric Peptide Assay (Thermo Fisher Scientific) was executed to
determine peptide concentrations before 10-plex TMT labelling.

TMT labelling

A total of 1 mg of peptides for each sample was incubated with 10-plex tandem mass

tags (TMT) reagents according to the instructions of TMT 10-plex Isobaric label reagent
set kit (Thermo Fisher Scientific) for the quantification of relative abundances of tryptic
peptides. Samples were kept shaking for 3 h at room temperature and then quenched by
using 5% hydroxylamine and kept shaking for 15 min at room temperature. An aliquot of
all 10 samples was equally mixed across all channels and analysed using an Orbitrap Elite
mass spectrometer (Thermo Fisher Scientific) to confirm complete TMT peptide labelling
and compare peptide ratios in this ‘test mix’. The preliminary mixing ratios were the

base for creating a final sample mix, where the 10 muscle samples were mixed ata 1:1
ratio. The final mixed sample comprising TMT-labelled peptides from all 10 samples was
desalted using a Strata-X desalting column as described above. The mixed sample was then
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enriched with Immobilized Metal Affinity Chromatography (IMAC) Ti-IMAC magnetic
beads (ReSyn Biosciences, Edenvale, South Africa). The enriched phosphopeptide sample
and flow-through non-phosphopeptide sample were each further fractionated with reversed-
phase HPLC to yield 12 total phosphopeptide fractions and 12 total non-phosphopeptide
fractions. Each fraction was then dried using a vacuum centrifuge and resuspended in
MS-grade water containing 0.2% formic acid for following MS analysis.

Nano-LC-MS/MS

Each fraction of the samples was analysed by an Orbitrap Elite mass spectrometer (Thermo
Fisher Scientific) during a 90 min nano-LC separation with a Dionex UltiMate 3000
RSLCnano system (Thermo Fisher Scientific). Samples were analysed with an MS1 AGC
target of 1 x 106 and maximum injection times of 50 ms. MS1 scans were analysed at
60,000 resolving power with a scan range from 300 to 1500 m/z. Precursor ions with
charge states of +2 to +8 were selected for fragmentation and MS2 analysis. MS2 scans
were collected with a quadrupole isolation window of 1.8 Th, and HCD fragmentation at
35% NCE. Product ions were analysed in the Orbitrap at 60,000 resolving power with an
AGC target of 2 x 10° jons and 118 ms maximum injection times. Monoisotopic precursor
selection and dynamic exclusion (60 s) were enabled.

MS data analysis

The RAW data files were searched using the COMPASS software suite (Wenger et al. 2011).
Thermo RAW files were searched against a Mus musculus target-decoy database (UniProt,
downloaded 14 August 2015). Phosphopeptide and peptide datasets were searched using a
50 ppm precursor mass tolerance and 0.02 Da fragment tolerance for b and y ions produced
by HCD fragmentation. All fractions were searched with static carbadimomethy! of cysteine
residues, static TMT 10-plex modifications of peptide N-termini and lysines, and dynamic
methionine oxidation. Phosphopeptide fractions were searched with additional dynamic
phosphorylation modifications of serine, threonine and tyrosine residues. The resulting
peptide identifications were filtered to 1% false discovery rate (FDR). Peptides were then
mapped back to their parent proteins and filtered to a 1% FDR at the protein level. 10-Plex
TMT reporter ion signals were used for phosphopeptide and protein quantification.

Bioinformatics

The TMT reporter ion intensities for the phosphopeptides and proteins in each sample
were normalized to the total reporter signal within each channel and then the values

for each sample were expressed relative to the mean value observed in the 6 h control
group. The normalized data were log, transformed and then statistical comparisons
between groups were performed with the moderated #test documented in the LIMMA
package in RStudio (Smyth, 2004; Hoffman et a/. 2015) and FDR corrected with the
Benjamini—-Hochberg method (Benjamini & Hochberg, 1995). The resulting data was then
uploaded into Perseus V.1.6.0.7 (Tyanova & Cox, 2018) and annotated with gene ontology
(GO) terms using the default database. Additional annotation for the term ‘regulation of
translation” was performed with information from the Mouse Genome Database (http://
www.informatics.jax.org) retrieved on 28 August 2020. Cluster analyses were performed
with the Mfuzz package in RStudio and the ‘mestimate’ function was used to determine

J Physiol. Author manuscript; available in PMC 2022 June 01.


http://www.informatics.jax.org/
http://www.informatics.jax.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Linetal.

Page 8

the minimum number of clusters (Futschik & Carlisle, 2005; Kumar & Futschik, 2007).
Enrichment analyses were performed in Perseus with the 1D annotation enrichment based
on Mfuzz cluster membership scores, and the list of enriched GO terms was filtered through
REVIGO using a similarity of 0.7. Network-based analyses were performed with Photon
using the default settings along with mTOR as the anchor (Rudolph et a/. 2016).

Statistical analysis

Results

Statistical significance was determined by using the Student’s #test (two-tailed, paired), one-
way ANOVA with Student-Newman-Keuls post hoc analysis, two-way repeated-measures
ANOVA with planned comparisons, moderated #test, or pooled ¢test for mixed paired

and unpaired samples (Guo & Yuan, 2017). Differences between groups were considered
significant at 2 <0.05. All analyses except for pooled ¢tests were performed Biological
replicates (1) are fromindependentGSPmuscle complexes and the type of statistical analysis
that was performed for each experiment is indicated in the figure legends. Detailed statistical
summaries can be found in the supplementary document, and all values are shown as mean +
SD.

Immobilization induces a rapid and progressive decrease in protein synthesis

In this study, immobilization was always performed on the right hindlimb while the left
hindlimb was untouched. The plantar flexor muscles from both hindlimbs were collected at
6, 24 or 72 h after the onset of immaobilization, or 6 h after a sham immobilization procedure
(i.e. the mice were anaesthetized but no immobilization was performed). As shown in

Fig. 1, the outcomes revealed that the relative rate of protein synthesis in the contralateral
(untouched) muscles from mice that had been subjected to 6 h of immobilization was
significantly reduced when compared with muscles from the sham immaobilization mice.
This was a very important observation because it indicated that the events associated with
having the immobilization device on one limb can lead to systemic alterations (e.g. the
release of stress hormones) that impact the rate of protein synthesis (and probably other
events) in the untouched limb. Therefore, to account for this effect, all of the remaining
analyses in our study utilized time-matched contralateral muscles as the control condition.
Of note, when using this approach, it was apparent that the relative rate of protein synthesis
rapidly decreased (within 6 h) after the onset of immobilization, and that the magnitude of
this effect became even larger after 24 and 72 h of immobilization (Fig. 1C).

Immobilization does not induce a decrease in translational capacity

To assess whether the immobilization-induced decrease in protein synthesis was mediated
by changes in translational capacity, we measured various markers of translational capacity
including total RNA, 18S and 28S rRNA, as well as the ribosomal S6 protein (Kirby et al.
2015; Nakada et al. 2016). As shown in Fig. 2A—-C, none of these markers were significantly
altered by immobilization. We also measured pre-rRNA abundance by performing gPCR

on the precursor rRNA 5" external transcribed spacer (5" ETS) region and normalized the
results to GAPDH. As illustrated in Fig. 2D, immobilization did not alter the absolute

levels of GAPDH and therefore verified its use as an appropriate internal control. It was
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also concluded that immobilization did not significantly alter the levels of the 5" ETS (Fig.
2E). The validity of the gPCR results was further supported by measurements of MuRF1
and Atrogin which, consistent with other studies, revealed that immobilization led to a
substantial increase in their expression (Fig. 2F and G) (Bodine et a/. 2001; Okamoto et al.
2011). Thus, when taken together, the results of our analyses indicate that the rapid decrease
in protein synthesis that follows the onset of immobilization is not mediated by a decrease in
translational capacity.

Identification of the proteomic and phosphoproteomic alterations that occur after the
onset of immobilization

Immobilized and time-matched contralateral control muscles were subjected to deep MS-
based analyses using the workflow described in Fig. 3. With this workflow we were able

to perform quantitative analyses on 4320 different proteins (Supplementary Table 1), and
15,020 unique phosphopeptides (Supplementary Table 2). As reported in Supplementary
Tables 1 and 2, all of the quantitative data from the MS analyses were initially normalized
against the mean values obtained in the 6 h contralateral control samples so that differences
between the treatments and time points could be assessed. Time-matched normalizations
were then used to identify the proteins and phosphopeptides that were significantly affected
by immaobilization at each of the different time points (Fig. 4). Interestingly, the results

of these comparisons revealed that the proteome was substantially altered after 72 h of
immobilization (Fig. 4A). Surprisingly, and in sharp contrast to our expectations, the
phosphoproteome was relatively unaffected by immobilization (Fig. 4B). Thus, to ensure
that our phosphoproteomic analyses were able to successfully detect changes in protein
phosphorylation, we included an internal positive control sample in a subset of the MS
analyses. The internal positive control sample was derived from the plantar flexor muscles
of a mouse that had been subjected to a bout of maximal-intensity contractions. Importantly,
we have previously shown that maximal-intensity contractions can substantially alter the
phosphoproteome, and a very similar effect was observed with the internal positive control
sample (Fig. 5 and Supplementary Table 2) (Potts et al. 2017). Indeed, the results of GO
term enrichment analyses on the positive control sample were remarkably similar to the
results that were obtained when the same GO term enrichment analyses were performed on
previously published phosphoproteomic data obtained from the tibialis anterior muscles of
mice that had been subjected to a bout of maximal-intensity contractions (Fig. 5B) (Potts
et al. 2017). Moreover, we used western blot analyses to perform orthogonal validations of
the MS results, and the outcomes confirmed that the expression and phosphorylation state of
several proteins which have been implicated in the regulation of translational efficiency were
not significantly altered by immobilization (Fig. 4C and D) (Carlberg et a/. 1990; Pause

et al. 1994; Gingras et al. 2001a; Holz et al. 2005; Roux et al. 2007; Dennis et al. 2012;
Hizli et al. 2013). Combined, these results establish that the lack of immobilization-induced
alterations in the phosphoproteome were not simply the result of a technical flaw with the
analyses.

Next, we set out to more precisely assess whether the results of our MS analyses had
identified any immobilization-induced changes in the expression and/or phosphorylation
state of the proteins that are involved in the regulation of protein synthesis. To accomplish
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this, we filtered the MS results so that only proteins and phosphopeptides from proteins that
are annotated with the term ‘regulation of translation’ were retained. In total, the filtered
results included 143 distinct proteins and 432 unique phosphopeptides. Consistent with the
lack of immobilization-induced changes at the whole phosphoproteome level, none of the
phosphopeptides in the filtered dataset were significantly altered by immobilization at any of
the time points examined (Fig. 6). Moreover, no proteins revealed a significant alteration in
expression after 6 or 24 h of immobilization. Thus, the rapid decrease in protein synthesis
that follows the onset of immobilization does not appear to be mediated by changes in the
expression and/or phosphorylation state of proteins that are involved in the regulation of
protein synthesis.

It also bears mentioning that, although no proteins annotated with the term ‘regulation of
translation” were significantly altered after 6 or 24 h of immobilization, we did identify

21 proteins that showed a significant alteration in expression after 72 h of immobilization
(six increased and 15 decreased) (Fig. 6). The six proteins that showed an increase were
CIRBP, CNBP, HNRNPL, RBM3, Pthp2 and S100A9. Interestingly, all of these proteins
are known to promote translation (Mitchell et al. 2003; Smart et al. 2007; Huichalaf et a/.
2009; Jia et al. 2014, Benhalevy et al. 2017; Lu et al. 2018; Venkata Subbaiah et a/. 2019).
The proteins that revealed a decrease in expression included elF2a, elF28, Rpl10, Rpl271
and RPL38. Although these proteins are known to regulate translation, the decrease in their
expression was very small (range 4-23%). Thus, it is unlikely that the change in expression
of these proteins was a major driver of the decrease in protein that was observed after 72 h of
immobilization.

Temporal analyses identify clusters of the proteins that may contribute to immobilization-
induced loss of muscle mass

Significant changes in the expression and phosphorylation state of proteins that are known
to regulate protein translation could not explain the rapid decrease in protein synthesis that
occurred after the onset of immobilization; however, we did observe robust alterations in the
expression of proteins at the level of the whole proteome. In fact, there were 525 different
proteins (>12% of the proteome) that showed a significant alteration in expression after

72 h of immobilization, and we wondered if these changes could provide insight into the
mechanisms that drive the immobilization-induced loss of muscle mass. Thus, to pursue this,
we first used Mfuzz to identify the temporal nature through which the changes in protein
expression occurred. Specifically, we collapsed all of the contralateral control values into a
single group and then performed soft clustering on the Z-score normalized time-series data
(Futschik & Carlisle, 2005; Kumar & Futschik, 2007). With this approach, we were able

to identify two large clusters (Fig. 7A—-C) and two small clusters (Fig. 8A—C) of proteins
that showed similar temporal patterns in their expression level. We then used 1D annotation
enrichment analyses to identify the top 10 most highly enriched GO terms within each
cluster (Figs 7D and E and 8D and E).

The outcomes of the temporal analyses lead to several interesting observations. For
instance, the proteins in cluster 2 revealed an abrupt increase in expression after 72 h of
immobilization, and proteins annotated with the GO term ‘complement activation” were
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dramatically over-represented in this cluster (FDR-corrected 2 <1 x 10736, Fig. 9A and

B). This was interesting because members of the complement system circulate in the

blood as inactive precursors and, once activated, they facilitate the localized production

of pro-inflammatory molecules, as well as the formation of a membrane attack complex
(MAC) that weakens the integrity of the cell membrane (Dunkelberger & Song, 2010; Noris
& Remuzzi, 2013). Moreover, complement activation has been associated with the chronic
inflammation that occurs in some models of muscle atrophy, and the level of transcripts
that encode members of complement activation are elevated in several models of cachexia
(Bonetto er al. 2011; Nosacka et al. 2020). Therefore, to further validate the proteomic
observations, we first explored whether the increased prevalence of complement activation
proteins might simply be due to an increased amount of blood in the muscle (impaired blood
circulation, blood clot formation, etc.; Sachdeva et al. 2018). As illustrated in Fig. 9A and
C, erythroid-specific proteins did not follow the cluster 2 temporal pattern but were instead
found to be members of cluster 1 (Alvarez-Dominguez et al. 2017). This was an important
observation because it provided support for the notion that the increased prevalence of
complement proteins was not simply due to an increase in the presence of blood. Next, we
performed western blot analysis on complement C3 as a means to orthogonally validate the
proteomic data. Specifically, C3 is the central component of the complement system and,
consistent with the proteomic data, the results of the western blots revealed a doubling in
the amount of the C3a and g subunits after 72 h of immobilization (Fig. 9D, £< 0.09)
(Sahu & Lambris, 2001). Thus, when taken together, the results of our analyses indicate that
immobilization leads to complement activation. Whether complement activation contributes
to the loss of muscle mass is currently unknown and is certainly a topic that will be worthy
of further investigation.

Discussion

In this study, we found that immobilization led to a rapid (within 6 h) and progressive
decrease in the relative rate of protein synthesis (Fig. 1). Consistent with other studies in
rodents, we also found that the rapid decrease in protein synthesis was not mediated by
substantive changes in translational capacity (Fig. 2) (Goldspink, 1977; Booth & Seider,
1979; You et al. 2015). This is noteworthy because it indicates that the decrease in

protein synthesis was largely mediated by a decrease in translational efficiency. Surprisingly,
however, the results of our proteomic and phosphoproteomic analyses revealed that this
effect could not be explained by changes in the abundance or phosphorylation state of
proteins that have been implicated in the regulation of translation (Figs 4 and 6).

The lack of immobilization-induced changes in protein phosphorylation was highly
unexpected and contradicts recent reviews which have argued that the immobilization-
induced decrease in protein synthesis is mediated by a decrease in signalling by a protein
kinase called the mechanistic target of rapamycin (mTOR) (Gao et a/. 2018; Ji & Yeo,
2019). Indeed, it is well known that mTOR can regulate the phosphorylation state of
several proteins that have been implicated in the regulation of translation (Gingras et al.
20014, Hay & Sonenberg, 2004; Showkat et al. 2014; Saxton & Sabatini, 2017). However,
the putative role that mTOR plays in the immobilization-induced decrease in protein
synthesis is questionable. For instance, although some rodent-based studies have shown
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that immobilization can lead to the inhibition of mTOR signalling (You et a/. 2010; Kelleher
et al. 2013), there are also multiple studies which have shown that immobilization leads to
the activation of mTOR signalling (You et a/. 2015; Goodman et al. 2017; Docquier et al.
2019), or that it has no effect on mTOR signalling (Childs et a/. 2003; Krawiec et al. 2005).
Yet, unlike the highly variable responses that are observed with mTOR signalling, numerous
studies have consistently shown that immobilization leads to a rapid decrease in the rate

of protein synthesis in both rodents and humans (Goldspink, 1977; Booth & Seider, 1979;
Kelleher et al. 2013; You et al. 2015; Kilroe et al. 2020). Thus, in our opinion, the notion
that a decrease mTOR signalling serves as the primary driver of the immobilization-induced
decrease in protein synthesis is not well founded.

In line with the aforementioned conclusion, the results of our study revealed that changes

in mTOR signalling are not required for an immobilization-induced decrease in protein
synthesis. Specifically, as shown in Fig. 4, our MS analyses detected several phosphorylation
sites that are regulated by mTOR (e.g. serine 235/236 on RPS6, threonine 36/45 on 4E-BP1,
serine 422 on elF4B and threonine 57 on eEF2), and none of these sites were significantly
altered at any time point following the onset of immobilization (Ryazanov & Davydova,
1989; Ferrari et al. 1991; Gingras et al. 1999; Wang et a/. 2001; Raught et a/. 2004; Hizli
et al. 2013). Moreover, we used western blot analyses to perform an orthogonal validation

of these MS results, and the outcomes confirmed that the aforementioned sites were not
significantly altered by immobilization. In fact, the results of our study more broadly
indicate that the rapid decrease in protein synthesis that occurs in response to immobilization
is not mediated by changes in the abundance or phosphorylation state of any proteins.

Although it is well known that changes in phosphorylation can regulate the activity of
proteins that control the rate of protein synthesis, there are a variety of other kinds of
post-translational modifications that could also exert this effect, including sumoylation,
glycosylation, ubiquitination, S-nitrosylation, methylation, acetylation, oxidation, lipidation
and succinylation (Hess et al. 2005; Larsen et al. 2006; Wilkinson & Henley, 2010; Celi

& Gabai, 2015; Jiang et al. 2018; Huang et al. 2019; Kumar et al. 2020). Indeed, it

has been shown that the sumoylation of elFAE can activate translation initiation, and
O-GlyNAcylation of elF4A1 can inhibit translation initiation via disruption of the elF4F
complex (Xu et al. 2010; Li et al. 2019). In addition to post-translational modifications,

it appears that epigenetic/post-transcriptional modifications can also regulate translation.
For instance, recent studies have shown that the acetylation of cytidines in mRNA can
enhance translation and that the methylation of adenosines can inhibit translation (Slobodin
et al. 2017; Arango et al. 2018). These examples are important to consider because they
illustrate that non-traditional mechanisms could easily function as the primary driver of the
immobilization-induced decrease in protein synthesis, and the results of our study indicate
that role of such mechanisms warrants further investigation.

In addition to refining our understanding of the mechanisms that regulate the
immobilization-induced decrease in protein synthesis, we also identified several proteome-
based alterations that could potentially contribute to immobilization-induced loss of muscle
mass. For instance, as described in the Results section, we identified a cluster of proteins
(cluster 2) that showed an increase in expression after 72 h of immobilization, and this
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cluster of proteins was highly enriched with proteins that are involved in the activation of
the complement system (Figs 7 and 9). We also identified a cluster of proteins (cluster

1) that showed a decrease in expression after 72 h of immobilization. Interestingly, this
cluster of proteins was highly enriched with GO terms such as *‘cytochrome-c oxidase
activity’, and ‘respiratory chain’ (Fig. 7). These GO terms are all associated with
mitochondria and, as illustrated in Fig. 10, proteins that are annotated with the GO term
‘mitochondrial part’ revealed a small but extremely consistent decrease in expression after
72 h of immobilization (g = 0.002). This is noteworthy because previous studies have
established that prolonged immobilization leads to a decrease in the quantity and function of
mitochondria and that these changes probably contribute to immobilization-induced loss of
muscle mass in both mice and humans (Abadi et a/. 2009; Kang & Ji, 2013; Cannavino et
al. 2014; Kang et al. 2016). Hence, we suspect that our proteomic dataset contains important
clues about the mechanisms that contribute to the loss of factors such as mitochondria, and
ultimately the loss of muscle mass.

In summary, we have shown that immobilization leads to a rapid decrease in protein
synthesis, and we used a deep MS-based analysis of the proteome and phosphoproteome

to gain insight into the mechanisms that drive this effect. The validity of our analyses were
supported by a carefully selected internal positive control, as well as various orthogonal
analyses, and enabled us to firmly conclude that the rapid immobilization-induced decrease
in protein synthesis is not mediated by changes in either the abundance, or phosphorylation
state, of proteins. The outcomes of our work have not only challenged the current dogma in
the field, but will also serve as an expansive resource of information for future studies that
are aimed at defining how mechanical unloading leads to the loss of muscle mass.
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Key points

A decrease in protein synthesis plays a major role in the loss of muscle mass
that occurs in response to immobilization.

In mice, immobilization leads to a rapid (within 6 h) and progressive decrease
in the rate of protein synthesis and this effect is mediated by a decrease in
translational efficiency.

Deep proteomic and phosphoproteomic analyses of mouse skeletal muscles
revealed that the rapid immobilization-induced decrease in protein synthesis
cannot be explained by changes in the abundance or phosphorylation state of
proteins that have been implicated in the regulation of translation.
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Figure 1. Immobilization induces a rapid and progressive decrease in the relative rate of protein
synthesis

The right hindlimbs of mice were subjected to immobilization (IM) for 6, 24 or 72 h,

or subjected to a 6 h sham control condition. All mice were injected with puromycin

at 30 min prior to muscle collection for the measurement of protein synthesis. The
plantar flexor muscles from both the left (L) and the right (R) hindlimbs were collected
and subjected to western blot analysis for puromycin-labelled peptides (i.e. the relative
rate of protein synthesis). A, representative western blot of puromycin-labelled peptides,
and the subsequent Coomassie blue stain of total protein. B, graph showing the relative
amount of puromycin-labelled peptides that were detected in the various conditions. C,
graph illustrating the effect of immobilization on protein synthesis, which was determined
by calculating the ratio between the amount of puromycin-labelled peptides in the R
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(immaobilized or sham) muscle by the amount in the contralateral L (control) muscle. All
R/L ratios were expressed as a percentage of the mean R/L ratio obtained in the 6 h sham
control group (i.e. 0 h immobilization). Values in Band Care presented as the mean +

SD from 7= 5-8 per group. Significantly different from, Ttime- and limb-matched sham
control, #time-matched contralateral control, *0 h immobilization, and *6 h immobilization.
Significance was determined by (B) repeated measures two-way ANOVA followed by
planned comparison (interaction 2 <0.001), or (C) one-way ANOVA followed by Student—
Newman-Keuls post fioc analysis, P< 0.05.
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Figure 2. Immobilization does not lead to a rapid decrease in translational capacity
The right hindlimbs of mice were subjected to immobilization (IM) for 6, 24 or 72 h. The

plantar flexor muscles from both the left (control) and right hindlimbs were collected and
subjected to RNA or western blot analysis. A, total RNA to muscle weight ratio (ug mg™1).
B, 18S + 28S rRNA to muscle weight ratio. C, total ribosomal protein S6 (RPS6) per /g of
protein. D-G, cDNA of different samples was synthesized from RNA derived from 1.75 mg
of muscle and subjected to gPCR analyses for 47S pre-rRNA 5" ETS, 47S pre-rRNA ITS1,
MuRF1, Atrogin and GAPDH. The level of expression of all transcripts, except for GAPDH,
was normalized to GAPDH. The values in B—H are all expressed as a percentage of the
mean value obtained in the time-matched control group. Bars are presented as the mean +
SD from n= 4-6 per group. *Significantly different from the time-matched contralateral
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control group. Significance was determined by paired ¢tests (A, B, D-G) or pooled ttests
(O), P<0.05.
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Figure 3. Experimental workflow for mapping the proteomic and phosphoproteomic alterations
that occur in response to immobilization

The right hindlimbs of mice were subjected to immobilization (IM) for 6, 24 or 72 h.

The plantar flexor muscles (i.e. the gastrocnemius, soleus and plantaris) from both the left
control (L) and right (R) hindlimbs were collected as a single complex and subjected to
mass spectrometry (MS). Specifically, the muscles were pulverized and lysed, and then
proteins from the whole homogenate, or soluble and insoluble fractions, were tryptically
digested (see Methods for details). The resulting peptides from each sample were labelled
with different tandem mass tags (TMT) and mixed to yield 10-plex pooled samples.
Immobilized metal affinity chromatography was then used to enrich phosphopeptides and
a total of 12 fractions for phosphopeptides and 12 fractions for the unbound (non-phospho)
peptides was generated by reversed-phase HPLC. All fractions were analysed by nano-liquid
chromatography-tandem MS spectrometry (nLC-MS/MS) and the relative quantity of the
phosphopeptides and non-phosphorylated peptides in each sample was determined by the
TMT reporter ions in the MS spectra.
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Figure 4. The proteomic and phosphoproteomic alterations that occur after the onset of
immobilization

Mice were subjected to the workflow described in Figure 3. A and B, volcano plots of

the proteomic and phosphoproteomic analyses in which the fold-change (immobilized/time-
matched control) for each of the proteins (A) or phosphopeptides (B) was log, transformed
and then plotted against its corresponding —log,o/-value that was derived from a moderated
ttest. Only data points with at least two valid values per group are shown in the plots.
Statistically significant alterations (green and red data points) were identified by an FDR
corrected P-value of g < 0.05. Cand D, representative western blots of total (T) RPS6,
elF2a, 4E-BP1, elF4B and eEF2 (C), as well as phospho-(P) RPS6(235/236), elF2a(51),
4E-BP1(36/45), elF4B(422) and eEF2(57) (D). All values, including the phosphorylation
state (i.e. P:T ratio), are group means and are expressed relative to the mean value obtained
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in the time-matched control samples, 7= 3-7 per group. *Significantly different from the
time-matched control as determined by a pooled #test, P< 0.05.
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Figure 5. Internal validation of the ability of the phosphoproteomic analyses to detect changes in

protein phosphorylation

The plantar flexor muscles from a mouse that had been subjected to a bout of maximal-
intensity contractions were included as an internal positive control in a subset of the

MS analyses. The quantity of the phosphopeptides in this sample was expressed relative
to the mean value of 6 h control samples that were present in the same MS analyses
(see Supplementary Table 2). A, plot displaying all of the phosphopeptides from the MS
analyses that revealed a greater than 2-fold increase. B, PHOTON was used to perform
GO term enrichment analysis on the phosphoproteomic results that were obtained from
the positive control sample, as well as on previously published phosphoproteomic data
that were obtained from tibialis anterior muscles that had been subjected to a bout of
maximal-intensity contractions (Potts ef al. 2017).
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Figure 6. The impact of immobilization on the expression and phosphorylation state of proteins

that are involved in translation

The volcano plots from Figure 4 were filtered so that only proteins (A), or phosphopeptides
that were derived from proteins (B), that have been annotated with the term “translation’
were retained. Only data points with at least two valid values are shown in the plots.
Statistically significant alterations (green and red data points) were identified by an FDR-

corrected P-value of q < 0.05.
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Figure 7. Temporal analysis of the changes in protein expression that occur after the onset of

immobilization

Soft clustering on Z-score normalized data proteomic data with Mfuzz led to the
identification of four clusters (Figs 7 and 8). A and B, graphs showing the temporal pattern
for the two largest clusters along with the associated membership score for each of the
proteins in the cluster. C, volcano plots highlighting the position of cluster 1 (orange) and
cluster 2 (cyan) proteins that possessed a membership score of >0.5. Only data points with
at least two valid values per group are shown in the plots. Dand £, top 10 enriched GO
terms in each cluster with the bars indicating the associated —log,o FDR-corrected P-value
(i.e. g-value, bottom x-axis). The values indicate the number of proteins within each GO
term, and the dots represent the log, fold change of the individual proteins (top x-axis).
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Figure 8. Temporal analysis of the changes in protein expression that occur after the onset of

immobilization

Soft clustering on Z-score normalized data proteomic data with Mfuzz led to the
identification of four clusters. A and B, graphs showing the temporal pattern for clusters

3 and 4 along with the associated membership score for each of the proteins in the cluster.
C, volcano plots highlighting the position of cluster 3 (purple) and cluster 4 (blue) proteins
that possessed a membership score of >0.5. Only data points with at least two valid values
per group are shown in the plots. Dand £, top 10 enriched GO term in each cluster with the
bars indicating the associated —log;o FDR-corrected P-value (i.e. g-value, bottom x-axis).
The values indicate the number of proteins within each GO term, and the dots represent the
log, fold change of the individual proteins (top x-axis).
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Figure 9. Immobilization leads to an increase in proteins that are involved in complement

activation

A, volcano plots highlighting the position of proteins that are annotated with the GO term
‘complement activation’ (pink) and ‘heme binding” (blue). Only data points with at least two
valid values per group are shown in the plots. Band C, list of all proteins annotated with the
GO term ‘complement activation’ (B), and erythroid-specific proteins (C). D, representative
western blots of complement component 3 (C3) a and g subunits. All values are group
means expressed relative to the mean value obtained in the time-matched control samples;
n=5-7 per group. ¥Trend for significant difference from the time-matched control as

determined by a pooled ftest, < 0.09.
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Figure 10. Immobilization leads to a small but consistent decrease in mitochondrial proteins
I Volcano plots from Fig. 4 were modified to highlight the position of proteins that are

annotated with the GO term ‘mitochondrial part’. Only data points with at least two valid

values per group are shown in the plots.
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