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Bullet points

 Phosphoproteomics across human, rat and mouse models of exercise has identified 

>22,000 phosphosites in skeletal muscle, >5000 of which are regulated.

 Cross-species integration of exercise-regulated phosphosites reveals conserved 

pathways and a compendium of potential exercise regulators.

 AMPK phosphorylates stromal interaction molecule 1 (STIM1) and inhibits skeletal 

muscle store-operated calcium entry.

 Inhibition of STIM1 improves exercise tolerance and delays fatigue in Drosophila.

ABSTRACT (162 words)

Exercise stimulates cellular and physiological adaptations that are associated with 

widespread health benefits. To uncover conserved protein phosphorylation events 

underlying this adaptive response, we performed mass spectrometry-based 

phosphoproteomic analyses of skeletal muscle from two widely-used rodent models: 

treadmill running in mice and in situ muscle contraction in rats. We overlaid these 

phosphoproteomic signatures with cycling in humans to identify common cross-species 

phosphosite responses, as well as unique model-specific regulation. We identified >22,000 

phosphosites, revealing orthologous protein phosphorylation and overlapping signaling 

pathways regulated by exercise. This included two conserved phosphosites on stromal 

interaction molecule 1 (STIM1), which we validate as AMPK substrates. Furthermore, we A
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demonstrate that AMPK-mediated phosphorylation of STIM1 negatively regulates store-

operated calcium entry, and this is beneficial for exercise in Drosophila. This integrated 

cross-species resource of exercise-regulated signaling in human, mouse and rat skeletal 

muscle has uncovered conserved networks and unraveled crosstalk between AMPK and 

intracellular calcium flux.

INTRODUCTION

Exercise remains the most effective treatment for a variety of chronic diseases such as type 

2 diabetes, dementia, sarcopenia and heart disease (Boulé et al, 2001; Pitkälä et al, 2013; 

Landi et al, 2014; Berlin & Colditz, 1990). Such health benefits are linked to activation of an 

extensive range of coordinated biochemical processes in the exercising muscle to restore 

homeostasis, and resulting adaptations confer the systemic and tissue-specific health 

benefits of exercise. Many of the long-term beneficial effects of exercise arise from the 

contracting muscle itself and these likely have benefit within the muscle as well as have the 

potential to trigger beneficial effects in other tissues. These include increased energy 

expenditure and clearance of ectopic lipid stores, improved insulin sensitivity and reduced 

circulating insulin levels, and increased secretion of exercise-regulated myokines, such as IL-

6 or irisin (Hawley et al, 2014) and extracellular vesicles (Whitham et al, 2018). The breadth 

of molecular machinery involved in eliciting these integrative exercise adaptations are 

unknown and are currently the focus of extensive research utilizing models of exercise and 

muscle contraction in rodents and humans. Filling this knowledge gap requires the 

development of highly rigorous methods capable of capturing the diverse biological changes 

that occur in muscle acutely during exercise. We suggest that protein phosphorylation 

regulates many of these biological processes, and with current developments in mass 

spectrometry it is now feasible to quantify such changes on a global scale (Needham et al, 

2019).

We have previously used a phosphoproteomics approach to quantify and map >1,000 

phosphosites significantly regulated by a single high-intensity cycling bout in humans 

(Hoffman et al, 2015). Of these exercise-regulated sites, more than 900 have not been 

functionally validated. Such studies in humans have yielded invaluable information, but the 

ability to validate exercise-associated pathways is restricted, as genome-wide association A
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studies have poor phenotype predictability power (Marigorta et al, 2018). Therefore, the 

use of rodent models of exercise and muscle contraction combined with genetic or 

pharmacological manipulations is essential to comprehensively explore signal transduction 

and mechanisms underlying the benefits of exercise. Two commonly-used models to 

simulate the human exercise response are rodent treadmill running and in situ electrical 

stimulation of skeletal muscle with an intact nerve and blood supply (Gehrig et al, 2012; 

Sylow et al, 2017). For example, phosphoproteomic analysis of mouse skeletal muscle has 

been utilized to investigate the role of AMP-activated protein kinase (AMPK) in muscle 

contraction-stimulated fatty acid oxidation (Dzamko et al, 2008), the role of mTORC2 in 

treadmill exercise-induced signal transduction (Kleinert et al, 2017) and signal transduction 

during the recovery phase following muscle contraction (Potts et al, 2017).

Herein we mapped the phosphoproteomic responses to acute in situ contraction in rats and 

a single bout of treadmill running in mice. We then compared these datasets across species 

with our previously-published human cycling dataset (Hoffman et al, 2015). Our goals were 

to pinpoint common and unique signaling events across commonly-used experimental 

models of exercise, and to uncover exercise-regulated nodes that were robustly activated 

across exercise models and conserved across species. Among the most highly enriched 

signaling pathways across all three exercise models were AMPK and Ca2+. In view of the key 

roles of AMPK (Winder & Hardie, 1996; O’Neill et al, 2011a; Mu et al, 2001; Narkar et al, 

2008; Toyama et al, 2016) and Ca2+ (Ebashi & Endo, 1968; Melzer et al, 1995; Rose et al, 

2006; Kwong et al, 2018) in the exercise response in skeletal muscle, we further 

interrogated a potential point of crosstalk between these two pathways. We found Stromal 

Interaction Molecule 1 (STIM1), a protein critical for store-operated Ca2+ entry (SOCE), to be 

phosphorylated by AMPK across all three datasets at two sites (S257 and S521). We showed 

AMPK-mediated phosphorylation of STIM1 at S257 to play a key role in regulating STIM1 

conformation and SOCE in L6 myoblasts, as well as exercise capacity in a Drosophila model 

of exercise. Through integrated, cross-species phosphoproteomic analysis of human, rat and 

mouse skeletal muscle, we have uncovered conserved exercise-regulated signaling networks 

and unraveled a novel mechanism whereby AMPK regulates skeletal muscle Ca2+ dynamics.
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Rodent exercise models stimulate key exercise signaling pathways

We have recently used phosphoproteomics analysis to construct a global map of exercise 

signaling, comprising more than 2,400 regulated phosphosites (1,004 changing by more 

than 50% after exercise) in human muscle from volunteers who underwent acute intense 

cycling exercise (Hoffman et al, 2015).  Here we compared the human dataset to changes 

induced by in situ muscle contraction in rats or by treadmill running in mice (Figure 1A). For 

in situ contraction, intact rat tibialis anterior (TA) skeletal muscle was contracted by 

electrical stimulation of the sciatic nerve (100 Hz for 5 min; 1 sec on followed by 3 sec off). 

The contracted muscles were compared to the contralateral non-contracted muscles 

connected to the force transducer at resting tension (sham). This contraction protocol 

induced skeletal muscle fatigue over the 5 min period (Appendix Figure S1). For treadmill 

exercise, gastrocnemius muscle was collected from mice subjected to a single bout of 

treadmill running at 20 m/min over 30 min at a 10o incline (65% of maximal running capacity 

determined by a maximal running test as in (Sylow et al, 2017) and compared to mice that 

were placed on the treadmill but did not undergo the running protocol (rest). Western 

blotting confirmed that in situ contraction and treadmill running both induced activation of 

key signaling pathways that were observed in human muscle after cycling (Hoffman et al, 

2015), including regulatory site phosphorylation of AMPK (T172) and the AMPK substrate 

acetyl-CoA carboxylase (ACC; S79) (Figure 1B).

Rodent exercise and contraction-regulated phosphoproteomes reveal coordinate kinase 

activity and robust regulation of calcium machinery

Quantitative phosphoproteomic analyses of skeletal muscle signaling induced by contraction 

in rats and treadmill running in mice was performed using multiplexed tandem mass tag 

(TMT) isobaric labeling and phosphopeptide enrichment coupled to LC-MS/MS (Figure 1C). 

The phosphorylation profiles in the biological replicates were more highly correlated in the 

respective groups (gray) compared to between the groups, highlighting reproducible 

quantification (Figure 1D). A total of 8,989 unique phosphopeptides (7,035 phosphosites 

with >90% localization probability) were quantified in all ten rat skeletal muscle samples 

subjected to sham or contraction (n=5) while 9,722 unique phosphopeptides (8,725 

phosphosites with >90% localization probability) were quantified in all ten mouse skeletal A
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muscles samples subject to rest or treadmill running (n=5) (Figure 1E; Table EV1).  Of the 

phosphosites quantified, 1,887 and 1,752 were significantly regulated by rat contraction and 

mouse running, respectively (Figure 1E-F; q-value <0.05 Benjamini Hochberg FDR). Although 

the observed global fold-changes and number of significant sites were similar between the 

two exercise models, the overall p-values were lower for rat contraction, suggesting this 

model displays higher reproducibility compared to treadmill running (Figure 1F). We next 

mapped orthologous phosphosites between human, rat and mouse muscles using 

PhosphOrtholog (Chaudhuri et al, 2015), and integrated these data with our previously-

published phosphoproteome of exercised human muscle (Hoffman et al, 2015). Here, our 

aim was to identify the regulation of highly conserved phosphorylation events which are 

more likely to have important biological roles and represent top priorities for functional 

validation (Beltrao et al, 2012). Proteins were retrieved from orthologous reference 

databases followed by global sequence alignment and generation of a statistical significance 

score for the identification of exact orthologous phosphorylated amino acids. These 

integrated data contained >22,000 unique phosphosites, of which 1,726 were orthologous 

across all three datasets. Sixty-seven orthologous phosphosites were significantly regulated 

across all three datasets and, of these, 78% were regulated in the same direction (Figure 1E; 

Appendix Table S1). Despite a relatively low degree of overlap between the models, 

Appendix Table S1 provides a high-confidence compendium of what likely constitute 

conserved exercise regulators, many of which have not previously been studied in this 

context. Notably, 19% of these sites represent proteins that are dually-phosphorylated 

(HSPB1, MLLT4, NFIX, C18orf25, TNS1, VAPA, SYNPO2 and NDRG2) or even triply-

phosphorylated (STIM1, LMOD2, XIRP1 and ALPK3). Among the proteins listed in Appendix 

Table S2, there is a high degree of convergence on protein kinases (AMPK, PHKA1, SPEG, 

CAMK, S6K, ALPK3 and mTOR), protein phosphatases (PPP2R5A, PPP1R14A and PPP1R3C) 

and transcription factors (NFIX and TFEB) that play a role in the regulation of metabolism 

and gene expression to allow muscle adaptation. Also observed were scaffolding and 

actin/myosin regulatory proteins (SYNPO2, LMOD2, AKAP13, RCSD1, CLASP1, FLNC, PLEC, 

SYNPO2 and TNS1); vesicle transport regulatory proteins (RABGEF2, TBC1D1, LNPEP, 

VIPAS39, VAPA and GPHN); and proteins involved in proteostasis including regulators of 

protein synthesis (RPTOR, EIF4B and EIF4G1) and chaperone proteins (TFEB, CRYAB, HSPB1 A
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and MAPT). Many of these exercise-regulated proteins represent high-priority targets for 

further mechanistic interrogation.

A relatively low number of conserved exercise-regulated phosphosites overlapped between 

the different models; however, we observed several examples of regulated phosphorylation 

of neighboring amino acids between human, rat and mouse. That is, although the exact 

orthologous sites were not phosphorylated, we observed regulated phosphorylation in local 

protein regions conserved between the different species. Phosphorylation of a protein 

anywhere in a local structural region may serve a similar function via modulation of charge 

density (Beltrao et al, 2012; Holt et al, 2009). To investigate this, we created ‘sequence 

windows’ consisting of +/- 5% of the protein length around the phosphosites and searched 

for regulated phosphosites with the same directionality anywhere within the sequence 

window between the species. Like PSP and Phosphortholog, the sequence window filters 

out phosphosites in structural protein domains such as I-set, leaving a higher proportion of 

phosphosites in domains that are frequently of interest, including protein kinase and 

transcription factor domains (Appendix Figure S2A-D). As expected from expanding the 

stringency from PSP and phosphortholog, the functional prediction score (Ochoa et al, 2019) 

was intermediate compared to all phosphosites identified in human muscle and high 

confidence mapped orthologs (Appendix Figure S2E).  Mapping potential orthologs by 

sequence window resulted in the identification of 190 phosphosites regulated in all three 

models (114 up- and 76 down-regulated phosphosites), representing 80 proteins (Table 

EV2). For example, all three datasets identified increased phosphorylation of genethonin-1 

(starch-binding domain-containing protein 1; STBD1), a glycogen binding protein associated 

with transport of glycogen to lysosomes and glycophagy (Jiang et al, 2010) (Appendix Figure 

S3). A cluster of 4-5 phosphosites was observed in all three datasets directly adjacent to or 

within the GABARAPL1 binding site in the Atg8 interacting motif (AIM) (Jiang et al, 2011). 

However, an INDEL mutation and series of point mutations resulted in no single orthologous 

phosphosite identified in all three species, but rather adjacent phosphosites were regulated. 

A rodent-specific phosphorylation site (S199 and S195 in mouse and rat, respectively) is 

orthologous to D214 in human directly in the AIM suggesting evolutionary selection of local 

negative charge. It is worth noting that, although several phosphosites were co-regulated in 

sequence windows and may serve common functions, they are not necessarily within the A
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same kinase consensus motifs. Therefore, the sites may be regulated by different, possibly 

redundant, kinases.

 

To investigate kinase activity between the models we mapped the phosphosites to the 

PhosphoSitePlus database to retrieve kinase:substrate relationships (KSRs) and performed 

an enrichment analysis based on the direction of substrate phosphorylation changes (Figure 

2A; q-value<0.05). A total of 553 low-throughput or high-throughput KSRs were annotated 

in PhosphoSitePlus and mapped to our combined phosphoproteomics data (204 mapped 

across all three species). Kinase enrichment analysis revealed consistent directionality of 

kinases across the rodent models and human cycling (Figure 2A). However, AMPK and PKA 

were the only kinases to be significantly enriched in all three exercise models using this 

directional kinase enrichment method (Figure 2A). To investigate similarities and differences 

in kinase activity in greater detail we visualized individual substrates of these kinases (Figure 

2B). Notably, substrates of these various kinases were not observed in all forms of exercise. 

Often, this was because the cognate site was not detected, rather than detected and not 

regulated. However, differences in regulated sites may reflect systemic versus local 

biochemical responses to exercise. For example, in the case of both human cycling and 

mouse running, we observed decreased Akt activity based on substrate enrichment analysis. 

However, in the case of rat contraction, AKT2 S474 was increased, whereas several 

downstream substrates were either not detected or not regulated. The observed inhibition 

of the PI3K/Akt/mTORC2 pathway in human cycling and mouse running but not rat 

contraction likely reflects a known role of catecholamines to inhibit insulin secretion during 

exercise, which likely does not occur in the contraction model.

We next interrogated differences in the downstream pathways by mapping the proteins 

containing regulated phosphosites to KEGG and performing an enrichment analysis. This 

analysis does not accommodate for directionality, as some proteins contain both up- and 

down-regulated phosphosites. This analysis revealed excellent concordance of the regulated 

pathways between models (Figure 2C; Table EV3). Two hundred and ten proteins contained 

at least one regulated phosphorylation site across all three datasets (Table EV3). Taken 

together, these data highlight differences in biological pathway activation between the A
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models, such as those associated with catecholamine signaling, but also reveal potential 

conserved regulation at the protein and pathway levels.

 

Exercise and contraction-regulated phosphorylation of STIM1 by AMPK

Our analyses of orthologous and local protein region phosphorylation regulated by exercise 

and contraction, as well as of kinase and pathway enrichment, identified AMPK and Ca2+ 

signaling as major points of convergence between the exercise models. We manually 

curated a comprehensive map of Ca2+ signaling and overlaid the regulated phosphosites 

from the models to investigate this regulation in greater detail (Figure 2D). Several of these 

proteins including ATP2B1, CAM2K and MYH1 contained regulated phosphorylation sites in 

close proximity to sequence windows, whereas only PHKA1 (regulates glycogen metabolism 

downstream of the Ca2+-responsive protein CALM1) and STIM1 contained orthologous 

phosphosites regulated in all three datasets. STIM1 was of particular interest because it 

shared three orthologous phosphosites that were regulated with the same directionality 

across all three datasets (Appendix Table S1) and two of these sites (S257 and S521) are 

predicted AMPK phosphosites (Hoffman et al, 2015) (Figure 3A). STIM1 is a sarcoplasmic 

reticulum (SR) transmembrane protein that functions as an ER Ca2+ sensor critical for store 

operated Ca2+ entry (SOCE) (Roos et al, 2005).  In response to reduced SR Ca2+ levels, STIM1 

undergoes conformational changes that trigger its dimerization and interaction with the 

Ca2+ release activated Ca2+ (CRAC) channel Orai1 at the plasma membrane (PM) to facilitate 

SOCE (Feske & Prakriya, 2013). Given the central roles of Ca2+ and AMPK in the skeletal 

muscle exercise response, we further explored this potential crosstalk between AMPK and 

Ca2+ regulation. Based on structural data (Zhou et al, 2013; Park et al, 2009; Jha et al, 2013), 

the position of these STIM1 phosphosites suggested that AMPK regulates STIM1 intra- 

and/or inter-molecular interactions, potentially impacting STIM1-Orai1 complex activation 

and SOCE. AMPK has not been previously implicated in regulating SOCE during exercise in 

muscle, and this provided further impetus to rigorously characterize these phosphosites.  

One predicted AMPK phosphosite on STIM1, S257, is within a region of STIM1 critical for its 

activation by switching between intermolecular interaction and dimerization (Muik et al, 

2011). The other predicted AMPK site, S521, is within a region of STIM1 thought to regulate 

the interaction of STIM1 with the PM and/or Orai1 (Baba et al, 2006; Jha et al, 2013).A
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STIM1 is an AMPK substrate

To further characterize these predicted AMPK phosphosites on STIM1, we produced 

antibodies against each phosphosite. To validate these antibodies, we expressed human 

wild type (WT) STIM1-mRuby3 in HEK cells, or STIM1-mRuby3 with either serine 257 or 521 

mutated to alanine (S257A and S521A, respectively). As expected, these antibodies 

recognized a band of ~120 kDa. Both antibodies detected an increase in phosphorylation of 

WT STIM1-mRuby3 when cells were stimulated with the AMPK agonist A-769662, and they 

were specific to their respective phosphosites, as no phosphorylation was detected in cells 

expressing the respective alanine mutants in the presence of A-769662 (Appendix Figure 

S4A). Using these phosphosite-specific antibodies, we showed that STIM1 S257 and S521 

phosphorylation was increased in contracted rat muscle and exercised mouse muscle 

compared to sham and rested controls, respectively (Figure 3B; S4B-C). Consistent with 

these sites being AMPK substrates, we observed increased phosphorylation of both sites in 

L6 myoblasts treated with A-769662, and knockdown of STIM1 using siRNA (siSTIM) resulted 

in loss of A-769662-induced phosphorylation at both sites compared to control cells 

transfected with scrambled siRNA (Control) (Figure 3C). Genetic deletion of AMPK β1/β2 

subunits (AMPKβ KO) in mouse embryonic fibroblasts (MEFs) resulted in a complete loss of 

STIM1 phosphorylation (Figure 3D), confirming that A-769662 is acting through AMPK to 

cause STIM1 phosphorylation. Finally, we performed in vitro kinase assays to test whether 

STIM1 S257 and S521 are directly phosphorylated by AMPK. We observed an increase in 

phosphorylation at STIM1 S257 and S521, as well as the positive control, ACC S79, in the 

presence of AMPKα1β1γ2 (Figure 3E). Collectively, these findings indicate that both S257 

and S521 are bona fide AMPK substrate phosphosites.

It is established that elevated cytosolic Ca2+ activates AMPK (Jensen et al, 2007). We 

therefore investigated whether pharmacologically-elevated cytosolic Ca2+ is sufficient to 

cause STIM1 phosphorylation using the SERCA pump inhibitor thapsigargin, which, by 

inhibiting Ca2+ re-entry into the SR, results in elevated cytosolic Ca2+. We used the AMPK 

agonist AICAR as a positive control. Treatment of L6 myoblasts with thapsigargin dose-

dependently induced phosphorylation of STIM1 at both S257 and S521 (Figure 3F; S4D). 

Phosphorylation of ACC S79 was also induced in response to thapsigargin treatment, 

confirming that cytosolic Ca2+ elevation upon thapsigargin treatment leads to activation of A
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AMPK (Figure 3F; S4D). Moreover, thapsigargin did not cause STIM1 phosphorylation in 

AMPKβ KO MEFs, confirming that AMPK is required for STIM1 phosphorylation in this 

context (Figure 3G).

Phosphorylation by AMPK regulates STIM1 conformation and activity

Considering the critical function of STIM1 in SOCE, we next investigated the potential role of 

AMPK-mediated STIM1 phosphorylation, focusing on STIM1 conformation and intracellular 

Ca2+ levels. Interestingly, the S257 site lies within the Orai1-activating small fragment (OASF) 

of STIM1 (amino acids 233-474), which is sufficient to interact with and activate Orai1 (Muik 

et al, 2009). The OASF comprises three coiled-coil domains (CC1-CC3) that form intra- and 

inter-molecular interactions depending on the activation state of STIM1 (Muik et al, 2011; 

Fahrner et al, 2014). S257 lies within CC1α1 and disruption of this domain via mutation of 

leucines (including L251S) results in a conformational change of the OASF and constitutive 

activation of Orai1 and SOCE (Muik et al, 2011). We constructed a STIM1 OASF Förster 

resonance energy transfer (FRET) sensor similar to that described by Romanin and 

colleagues (Muik et al, 2011) to measure STIM1 conformation via fluorescence lifetime 

imaging microscopy (FLIM). This sensor comprises the OASF flanked by two FRET-paired 

fluorescent proteins, one at the N terminus and one at the C terminus (Clover2-OASF-

TagRFP-T). When STIM1 is in its inactive conformation, it forms a tight fold so that the N and 

C termini are in close proximity, allowing high rates of energy transfer between the FRET 

pair. When STIM1 is activated, the protein unfolds and extends, preventing energy transfer 

between the FRET pair. The mClover2:tagRFPt  FRET pair used in this study was validated by 

measuring the amplitude weighted lifetime of mClover2 linked by either a short flexible 

linker or a long rigid linker expressed in HEK-E cells.  The long linker (minimal FRET) had a 

median lifetime of 2.4±0.06 ns, similar to the lifetime of mClover2 alone (2.56 ± 0.01 ns). 

This decreased to 1.91±0.07 ns in the presence of a short flexible linker (high FRET), 

suggesting efficient energy transfer can occur between mClover2 and tagRFPt (Figure 4A). 

To investigate the role of AMPK-induced phosphorylation on the conformation of the OASF 

sensor, we performed FLIM in L6 myoblasts expressing the sensor before and after 

treatment with A-769662. A-769662 treatment resulted in a decrease in fluorescence 

lifetime, indicating a shift to the inactive, folded conformation (Figure 4B). To specifically 

assess the involvement of S257 phosphorylation in changes to STIM1 conformation, we A
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mutated serine 257 of the OASF sensor to alanine (S257A), which is a non-phosphorylatable 

(phospho-dead) mutant, or to glutamic acid (S257E), to mimic the presence of a phosphate 

group at this position (phospho-mimetic). Compared to cells expressing the phospho-dead 

S257A OASF, cells expressing the phospho-mimetic S257E OASF displayed decreased 

fluorescence lifetime (Figure 4C). These data are consistent with a model whereby 

phosphorylation at S257 favors the folded, inactive STIM1 conformation.

We then tested whether this phosphorylation-induced change in STIM1 conformation 

translates to a change in STIM1 activity in terms of SOCE. We measured cytosolic Ca2+ in L6 

myoblasts under a range of conditions, including STIM1 knock down and re-expression of 

full-length human STIM1 WT or mutants including phospho-dead or phospho-mimetic. We 

also utilized the constitutively active L251S mutant (Muik et al, 2011) as an additional 

experimental control. STIM1-mRuby3 was localized to the SR as expected (Appendix Figure 

S5A). Cytosolic Ca2+ was measured by co-expressing the genetically-encoded cytosolic Ca2+ 

sensor GCaMP6s (Chen et al, 2013). Cells were switched from buffer comprising 1 mM Ca2+ 

to Ca2+-free buffer (with equimolar Mg2+ replacing Ca2+ and EGTA to chelate residual 

extracellular Ca2+; 0 mM Ca2+ + EGTA) then treated with thapsigargin to deplete SR Ca2+ 

stores and activate STIM1. To induce SOCE, we switched cells to 1 mM Ca2+ buffer and in the 

continued presence of thapsigargin (Figure 5A-C; Appendix Figure S5B-C). SOCE was blunted 

in siSTIM1 cells compared to control cells and re-expression of WT STIM1 rescued, or even 

enhanced, SOCE (Figure 5A-C). Compared to STIM1 WT, SOCE was significantly attenuated 

in cells re-expressing STIM1 S257E, whereas SOCE was unaltered in cells expressing STIM1 

S257A (Figure 5A-C) or S521E (Appendix Figure S5B-C). As expected, the constitutively 

active L251S mutant did not respond to thapsigargin (Figure 5A-C). There was no significant 

difference in mRuby3 expression levels of the various STIM1 constructs used in these 

experiments as determined by fluorescence microscopy (Appendix Figure S5D). 

Additionally, the response to thapsigargin in the absence of Ca2+ represents the size of SR 

Ca2+ stores (Figure 5B). These stores appear to be severely depleted in cells expressing 

either the L215S or S257E mutant, consistent with impaired STIM1 function and a reduced 

ability to refill SR Ca2+.  We note that this is not observed with STIM1 KD alone. This suggests 

that the residual STIM1 activity in the KD cells is sufficient for the maintenance of SR Ca2+ 

stores, and depletion with the mutants occurs as a result of the mutants exerting a A
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dominant negative effect. Taken together, these data show that phosphorylation of STIM1 

at S257 causes a decrease in STIM1 SOCE activity.

Finally, we investigated whether phosphorylation of STIM1 at S257 has functional role in 

exercise. For these experiments we used Drosophila (flies) because STIM1 is conserved 

(STIM; 57% sequence similarity compared to human), including S257 and the surrounding 

AMPK consensus sequence (Figure 3A). First, we made whole-body STIM knockdown flies 

using the GAL4-UAS system (Brand & Perrimon, 1993) by crossing three independent STIM 

RNAi lines (RNAi26-1 and RNAi8-4 on the yw background, and RNAiGD16187 on the w1118 

background) with a tubulin-GAL4 driver and found that this cross was lethal during 

development (data not shown). We then made muscle-specific STIM knockdown flies by 

crossing these STIM RNAi lines with the mef2-GAL4 driver line. These flies were viable, so we 

proceeded to test their exercise ability via the negative geotaxis climbing assay (Ganetzky & 

Flanagan, 1978). When flies were in the rested state, there was no detectable difference in 

climbing speeds during the negative geotaxis climbing assay between the STIM knockdown 

flies and the respective controls (Figure 6A-B). Flies were then exercised for 2.5 hours by 

continuous climbing, then the negative geotaxis climbing assay was repeated. This revealed 

a significant increase in the time required to climb up the vial wall in control flies compared 

to pre-exercise, indicating fatigue. Strikingly, the STIM1 RNAi knockdown lines did not 

fatigue, as there was no change in climbing speed post-exercise compared to pre-exercise 

(Figure 6A-B). To specifically test a role for STIM1 S257 in exercise, we crossed STIM CRISPR 

whole-body knockout flies with flies expressing WT, S257A phospho-dead or S257E 

phospho-mimetic human STIM1-mRuby3. Western blotting of STIM1 in these flies showed 

equivalent levels of overexpression between WT, S257A and S257E (Appendix Figure S6A-

B). Overexpression of human STIM1-mRuby3 WT, S257A or S257E rescued lethality; 

however, there was not a complete rescue in climbing ability compared to normal flies. Only 

59% of WT-, 50% of S257A- and 77% of S257E-expressing flies were able to climb when 

stimulated in the negative geotaxis assay. Of the flies able to climb, the S257E-expressing 

flies were able to climb for longer and did not fatigue as quickly as the S257A-expressing 

flies, whereas WT-expressing flies showed an intermediate phenotype (Figure 6C). These 

exercise experiments demonstrate an advantage to limiting SOCE during exercise, either by 

STIM knockdown or by STIM1 inhibitory phosphorylation.A
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DISCUSSION

Understanding the phosphoproteomic landscape across various species and exercise 

modalities. In this study we have utilized unbiased global phosphoproteomics of skeletal 

muscle to provide novel insights into the biological responses to exercise. A small number of 

large abundant contractile proteins, which account for over 50% of skeletal muscle mass, 

presents a considerable challenge for biochemical analysis of this tissue (Geiger et al, 2013). 

Here we combined optimized phosphopeptide enrichment strategies with multiplexed 

isobaric labeling and high-resolution separation coupled to tandem MS to identify > 18,000 

unique phosphosites across rat in situ contraction and mouse treadmill running, ~20% of 

which were significantly regulated with exercise. To gain insight into the overlap of 

phosphoproteomes of commonly-used exercise models in different species, we integrated 

the rat contraction and mouse running datasets with our previously-published human 

cycling dataset (Hoffman et al, 2015). At the level of individual orthologous phosphosites 

there was relatively low overlap between the three datasets (67 sites). This is not 

necessarily surprising as different modes of exercise, protocols and muscle groups were 

used and phosphorylated amino acids are only marginally-conserved across species owing 

to their enriched localization in disordered and faster-evolving protein regions under low 

selection pressure (Landry et al, 2009). We created ‘sequence windows’ to identify 

regulated phosphosites within the same region of the protein that may have a similar 

function. This revealed greater overlap (190 sites) in phosphorylation of protein regions 

between datasets. Although these phosphosites are not necessarily orthologous, we 

speculate that these phosphorylation clusters may share a similar role in regulating protein 

function. Furthermore, biological pathway enrichment analysis using proteins containing 

regulated phosphosites showed excellent overlap between the three datasets, suggesting, 

although differences in substrate phosphorylation are observed between the models, there 

may be functional convergence at the higher pathway level.  Taken together, these analyses 

highlight robust phosphorylation events and biological processes that are common to the 

exercise models used here. We believe that these studies provide a major advance in our 

endeavors to map key exercise regulated pathways in skeletal muscle.A
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Kinase activity across exercise models. KSR enrichment analysis revealed increased activity 

of stress-sensing kinases such as AMPK, PKA, P38, MAPKAPK2 and CAMK in at least one of 

the three datasets. However, in many cases kinases were not significantly regulated in one 

or more of the models, suggesting either disparate activation/inhibition, differential 

regulation of phosphatases/negative feedback or skewed enrichment statistics arising from 

limited KSR annotation in the database. AMPK was the only kinase with significantly 

enriched activity across all three datasets. The major upstream kinase for AMPK activation is 

LKB1, which is believed to be constitutively active in skeletal muscle. AMP, which is elevated 

during metabolic stress such as exercise, stabilizes LKB1-mediated AMPK phosphorylation by 

preventing dephosphorylation of AMPK by phosphatases (Richter & Ruderman, 2009; 

Kjøbsted et al, 2018). AMPK has been shown to be activated by exercise at intensities 

greater than 60% of maximal aerobic capacity or prolonged low-intensity exercise (Richter & 

Ruderman, 2009). Activity of Akt/mTORC2 and mTORC1/S6K signaling was decreased in 

human cycling and mouse running, while in rat contraction, phosphorylation of some targets 

of these kinases including TSC2, AKT2 and RPTOR was increased. These data agree with 

previous findings that acute high-intensity in situ contraction increases Akt (all isoforms 1-3) 

activity in multiple rat muscle types, dependent on an unidentified circulating factor(s) 

(Sakamoto et al, 2002). Our observation of only a subset of mTOR targets may reflect 

temporal dynamics, as this kinase is fully activated one hour post-contraction (O’Neil et al, 

2009), whereas we collected muscle immediately after the completion of the contraction 

protocol. Other divergences between species and exercise modes may be attributed to 

differences in central catecholamine release or delivery of circulating factors to the 

exercising muscle and muscle fiber type composition resulting in potential alterations in 

cellular composition (Hoffman, 2017). In situ contraction of isolated muscle has several 

advantages as an exercise model including the ability to override cognitive and neural 

factors to produce controlled, regular contractions to the point of muscle fatigue. However, 

there are limitations to this model that should be considered. Electrical stimulation causes 

recruitment of large, fast motor units before smaller ones, as opposed to the voluntary 

exercise which follows a pattern of recruitment of smaller slow motor units followed by 

increasingly larger, fast motor units. Additionally, this in situ contraction recruitment 

pattern causes more rapid onset of fatigue and muscle cytoskeletal damage (Gregory & A
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Bickel, 2005; Crameri et al, 2007; Doucet et al, 2012). Our kinase activity analyses identify 

points of divergence between models that should guide selection of appropriate models for 

future investigation of exercise-induced skeletal muscle adaptations.

STIM1 phosphorylation by AMPK. AMPK and Ca2+ signaling were among the top five 

biological pathways enriched in all three exercise models. Furthermore, consensus sequence 

analysis revealed potential crosstalk between AMPK signaling and Ca2+ regulation at STIM1, 

which is critical for SOCE through its interaction with the Ca2+ channel Orai1. In all three 

exercise models, phosphorylation of STIM1 was enriched at two distinct predicted AMPK 

consensus sites. Herein we validated STIM1 as a direct substrate of AMPK and 

demonstrated that phosphorylation of STIM1 by AMPK alters STIM1 conformation and 

decreases SOCE activity. These data are consistent with a previous study in endothelial cells 

showing that AMPK activation stimulates phosphorylation of STIM1 on unidentified 

residues, and this resulted in decreased SOCE (Sundivakkam et al, 2013). 

STIM1 activation and points of regulation. STIM1 activation is multifactorial and has been 

shown by our group and others to be regulated by phosphorylation at multiple distinct 

phosphosites. STIM1 contains a single transmembrane domain which spans the SR 

membrane. When SR Ca2+ levels are depleted, hydrophobic regions of STIM1 located in the 

EF-SAM domain (AA 63-127) are exposed, causing the SR region of STIM1 to homodimerize. 

This forces the cytosolic region of STIM1 into an extended conformation and promotes 

inter-molecular association between STIM1 CC1 domains (AA 238-344) (Stathopulos et al, 

2006; Covington et al, 2010). A single mutation of two individual leucines within CC1α1 to 

serines (including L251), is sufficient to induce STIM1 extension independent of SR Ca2+ 

sensing, emphasizing that this coiled-coil domain is critical for STIM1 intra- and inter-

molecular interaction (Muik et al, 2011). One of the AMPK-regulated phosphosites we 

identified, S257, lies within the CC1α1 domain. Our data show that phosphorylation of S257 

inhibits extension of the STIM1 coiled-coil region, and we propose this is either due to 

electrostatic hindrance between phosphorylated residues of opposing STIM1 molecules or 

the negatively charged phosphorylation in CC1α1 might enhance intra-molecular interaction 

with a basic segment in CC2. STIM1 dimers span ER-PM junctions, associate with PIP2 at the 

PM, and accumulate to form puncta. Orai1 is trapped within these puncta (Liou et al, 2007) A
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and STIM1 binds to Orai1 via the OASF (AA 233-474), which consists of the CC1 domain 

(CC1α1, CC1α2 and CC1α3) and two additional coiled-coil domains (CC2 and CC3). 

Phosphorylation of STIM1 in its CC2 domain, at Y361 or T389, promotes STIM1 interaction 

with Orai1 and SOCE (Thompson et al, 2018; Yazbeck et al, 2017). Additionally, 

phosphorylation of a cluster of sites close to or within the Serine/Proline rich domain near 

the PM interaction region (S572, S575, S608 and S621) promotes STIM1 interaction with 

Orai1 (Casas-Rua et al, 2015; Pozo-Guisado et al, 2010). The CTID (AA 448-530) of STIM1 

prevents its constitutive association with Orai1 and confers dependency of SOCE on ER Ca2+ 

stores (Jha et al, 2013; Baba et al, 2006). The other AMPK-regulated phosphosite we 

identified, S521, is located within the CTID. Although we did not find evidence from our 

experiments for a regulatory role of this phosphosite in SOCE, we cannot rule out that in 

certain settings this site may influence CTID interaction with Orai1. The CTID contains a 

cluster of serine residues that we found to be regulated with exercise, so we speculate that 

these phosphosites act in a coordinated fashion and/or have overlapping function which is 

likely not observable by studying only one site in isolation.

Biological implications for AMPK-mediated regulation of STIM1 activity in skeletal muscle. 

AMPK is robustly activated during exercise, and mice lacking both the AMPK catalytic α and 

regulatory β subunits in skeletal muscle have defects in whole-body exercise capacity and 

adaptations (Lantier et al, 2014; O’Neill et al, 2011b). Our findings that STIM1 activity is 

decreased by AMPK during exercise are complex from the perspective that SOCE is 

proposed to be an important mechanism for refilling of the SR to allow repeated muscle 

contraction (Stiber et al, 2008; Wei-Lapierre et al, 2013). However, while these studies have 

clearly demonstrated a requirement for STIM1 in muscle development, a robust 

requirement for SOCE in SR refilling has not been demonstrated (Cully & Launikonis, 2013). 

Furthermore, even during high-intensity muscle contraction, SOCE-mediated Ca2+ entry is 

four orders of magnitude slower than the rate of SR Ca2+ release and, so, is likely to 

contribute minimally to SR Ca2+ refilling in this scenario (Launikonis et al, 2010). Notably, SR 

Ca2+ reuptake is diminished over repeated contractions (Ward et al, 1998; Leppik et al, 2004; 

Cheng et al, 2018) and the resulting accumulation of cytosolic Ca2+ is associated with muscle 

fatigue characterized by loss of force generation, diminished excitation-contraction coupling 

and proteolysis (Lamb et al, 1995; Cheng et al, 2018). Even beyond the exercise scenario, A
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excessive SOCE is associated with muscular dystrophy and mitochondrial Ca2+ overload 

(Vandebrouck et al, 2006; Goonasekera et al, 2014). Therefore, we and others (Launikonis et 

al, 2010) suggest a primary role for STIM1 is to fine-tune cytosolic Ca2+ levels in order to 

regulate diverse signaling and transcriptional processes (Berridge et al, 2003; Ivarsson et al, 

2019), and that its activity is appropriately dampened during exercise (we propose via 

AMPK) to prolong the time to cytosolic Ca2+ overload and fatigue. Notably, SERCA pumps 

consume considerable amounts of ATP to pump Ca2+ from the cytosol into the SR (Norris et 

al, 2010) and so the dampening of SOCE by AMPK is consistent with one of the major roles 

of this kinase to conserve energy when ATP:AMP ratios drop, such as during exercise 

(Hardie, 2003).

Broader implications for the AMPK-STIM1 axis in health and disease.  In this study we have 

discovered a cross-talk between AMPK and Ca2+ signaling via STIM1 in skeletal muscle. 

Intriguingly, STIM1 is ubiquitously expressed in human tissues and Ca2+ overload, as well as 

deficiencies in AMPK signaling, have been proposed to underlie numerous pathologies in 

diverse tissues. For example, in insulin-responsive tissues such as skeletal muscle and 

adipose tissue, decreased AMPK signaling and Ca2+ overload have been proposed to trigger 

the development of insulin resistance (Gauthier et al, 2011; Levy et al, 1994). Ca2+ overload 

and alterations in AMPK signaling have also been shown to impair insulin secretion and 

induce pancreatic beta cell death in the etiology of type 2 diabetes (Choi et al, 2007; Fu et 

al, 2013). Elevated cytosolic Ca2+ levels and dampened AMPK activity have been observed in 

autoimmune disease, and inhibition of SOCE suppresses inflammatory cytokine release from 

immune cells (Lin et al, 2013; Nath et al, 2009). Cytosolic Ca2+ overload can induce 

hepatocyte death leading to liver fibrosis, whereas reduction of intracellular Ca2+ or AMPK 

activation protects from hepatocyte injury and cell death (Da Silva Morais et al, 2010; 

Vasques et al, 2016). Neuropathic pain commonly features elevated cytosolic Ca2+, and 

blocking Ca2+ influx or activating AMPK has been shown to alleviate pain in various models 

of nerve injury (Melemedjian et al, 2011; Fernyhough & Calcutt, 2010; Dray, 2008). 

Excessive SOCE is associated with tubular aggregate myopathy in muscle (Böhm & Laporte, 

2018; Böhm et al, 2017). Finally, AMPK activation has been associated with decreased SOCE 

in platelets and dendritic cells (Lang et al, 2012; Nurbaeva et al, 2012). Thus, the functional A
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role of the AMPK-STIM1 regulatory axis in exercise and various tissues and disease settings 

remains to be explored and warrants further investigation.

Summary. Exercise has long been recognized to be among the most effective means of 

protecting against lifestyle-related diseases, largely attributable to adaptations in skeletal 

muscle. However, the precise signaling pathways activated in response to exercise across 

widely-used experimental models have not been fully elucidated. Recent technical advances 

in MS have allowed us to capture a global, unbiased snapshot of the exercise landscape in 

skeletal muscle with high resolution. These integrated analyses of the exercise 

phosphoproteome in skeletal muscle across exercise models and species have revealed 

thousands of phosphorylation events, many of which have never been previously identified 

or implicated in the exercise response. Using this approach, we identified orthologous 

phosphosites, as well as protein regions, that were consistently phosphorylated across the 

three models and these likely represent highly conserved exercise-regulated processes and 

thus central to exercise-regulated adaptive responses. We also identified high consistency at 

the level of biological pathways across the three models. Among the most enriched 

pathways in all models were AMPK and Ca2+ signaling. STIM1 represented a point of 

convergence between AMPK and Ca2+ signaling, so we further explored this regulatory axis. 

We found that STIM1 was phosphorylated by AMPK at two independent sites (S257 and 

S521), and that phosphorylation of STIM1 S257 affects STIM1 conformation and decreases 

its SOCE activity. Furthermore, we have shown a role for SOCE in muscle fatigue and 

demonstrated that phosphorylation of STIM1 may be an important mechanism by which 

AMPK signaling allows muscle to adapt to exercise and delay fatigue. This study expands the 

known role of AMPK to regulating intracellular Ca2+ dynamics and SOCE, sheds light on the 

vast exercise-regulated signaling network and opens doors for further exploration of protein 

phosphorylation and its breadth of roles in regulating tissue exercise adaptations. This cross-

species reference will inform the development and use of exercise models and ideally lead 

to identification of new therapeutic targets to help achieve health benefits associated with 

exercise.
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents may be directed to and will be 

fulfilled by the Lead Contact, Professor David James (david.james@sydney.edu.au).

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal husbandry

All animals were group housed at 21-23°C in a humidity-controlled environment on a 12:12 

hr light:dark cycle in filter-top cages with ad libitum access to standard rodent chow and 

water. All animal husbandry and experimentation was conducted in accordance with the 

Australian code of practice for the care and use of animals for scientific purposes as 

stipulated by the National Health and Medical Research Council (Australia). Rat and mouse 

exercise experiments were approved by the Animal Ethics Committee of The University of 

Melbourne and the University of Copenhagen (permit 2015-15-0201-00477 from the Danish 

Animal Experiments Inspectorate), respectively. AMPK β1/β2 KO MEFs were generated from 

wild type or AMPK-β1floxed/β2knockout embryos as previously described (Davies et al, 

2014) in accordance with Austin Health and St. Vincent’s Hospital animal ethics committees, 

and these MEFs were immortalized as previously described (Dite et al, 2017).

Models of exercise

Human cycling exercise samples were generated as previously described (Hoffman et al, 

2015). For in situ muscle contraction experiments, three-month-old male Wistar rats were 

provided with ~50% of overnight food intake determined from pilot experiments then 

anaesthetized the following day by intraperitoneal administration of sodium pentobarbitone 

(Nembutal, Sigma-Aldrich, NSW, Australia; 60 mg/kg i.p.) such that they were unresponsive 

to tactile stimuli. Tibialis anterior muscles (n=10) were isolated and subjected to either sham 

surgery or a sciatic nerve stimulated high-intensity in situ contraction protocol with the 

distal tendon connected to a custom-built force transducer. Nerve and blood supply 

remained intact throughout. The muscle was stimulated at a frequency of 100 Hz for 1 sec, 

followed by 3 sec rest. This protocol was repeated for 5 min with the animal resting on a 

warm water-jacketed platform and temperature maintained by a heat lamp with warmed 

mineral oil (37°C) applied periodically to the nerve. Maximum force (mN) was monitored 

over the duration of the contraction protocol to assess muscle fatigue. Immediately after 5 A
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min at resting tension (sham) or the contraction protocol, muscles were quickly removed 

from the force transducer, excised, rinsed in ice-cold saline, blotted on gauze and snap-

frozen in liquid nitrogen. For treadmill running experiments, fed three-month-old female 

mice (wild type littermate mice from inducible Rac1 muscle-specific KO (mKO) mice 

breeding (Sylow et al, 2013)), extensively backcrossed to C57BL/6 background) were 

acclimatized to the treadmill 3 × 5 min at 10 m/min and 2 × 5 min at 16 m/min at a 0° incline 

during the week prior to the maximal running capacity test. The test was performed at a 10o 

incline beginning with a 5-min warm up at 10 m/min, after which the speed was increased 

by ∼1.2 m/min every minute until exhaustion. Exhaustion was defined as the speed at 

which the mouse was unable to keep up with the treadmill. The test was performed blinded. 

On experimental day, each mouse was exercised at a relative workload corresponding to ∼65% of its maximal running speed (∼20 m/min for 30 min at a 10° incline, or left resting on 

a still treadmill. Immediately after the exercise bout, mice were killed by cervical dislocation 

and quadriceps muscles were quickly removed and stored at −80°C until further processing. 

Rat and mouse muscles were ground under liquid nitrogen and stored at -80°C until further 

processing for MS or Western blotting.

 

METHOD DETAILS

Skeletal muscle lysis, isobaric labeling and phosphopeptide enrichment

Muscles were ground under liquid nitrogen and approximately 40 mg of tissue lysed in 6 M 

urea, 2 M thiourea, 25 mM triethylammonium bicarbonate (TEAB), pH 7.9 containing 

phosphatase and protease inhibitor cocktails (Roche) by tip-probe sonication (2 x 15 sec) on 

ice. The lysates were centrifuged at 17,000 x g, 15 min, 4°C and the supernatant precipitated 

with 6 volumes of acetone, overnight, -20°C. Protein pellets were resuspended in 6 M urea, 

2 M thiourea, 25 mM TEAB, pH 7.9 and quantified by Qubit fluorescence (Invitrogen). 

Concentrations were normalized and 1 mg of protein reduced with 10 mM dithiothreitol for 

60 min at 25°C followed by alkylation with 25 mM iodoacetamide for 30 min at 25°C in the 

dark. The reaction was quenched to a final concentration of 20 mM dithiothreitol and 

digested with Lys-C (Wako) at 1:50 enzyme to substrate ratio for 2 h at 25°C. The mixture 

was diluted 5-fold with 25 mM TEAB and digested with trypsin at 1:50 enzyme to substrate 

ratio for 12 h at 30°C. The peptide mixture was acidified to a final concentration of 2% 

formic acid, 0.1% trifluoroacetic acid (TFA) and centrifuged at 16,000 x g for 15 min. A
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Peptides were desalted using hydrophilic lipophilic balance – solid phase extraction (HLB-

SPE) cartridges (Waters) followed by elution with 50% acetonitrile, 0.1% TFA and dried by 

vacuum centrifugation. Peptides were resuspended in 30 µl of 100 mM TEAB, quantified by 

Qubit fluorescence and normalized to 250 µg / 30 µl (pH 7.5). Peptides were labelled with 

10-plex tandem mass tags (TMT) in 50% acetonitrile for 90 min at room temperature and 

quenched with 0.5% hydroxylamine. The labeled peptides were pooled within the 

respective experiments and dried to approximately 50 µl by vacuum centrifugation. 

Phosphopeptides were enriched essentially as described previously and consisted of 

titanium dioxide followed by sequential elution from immobilized metal ion affinity 

chromatography and fractionation by hydrophilic interaction liquid chromatography (TiSH) 

(Engholm-Keller et al, 2012). Briefly, peptides were resuspended in 1 mL of titanium dioxide 

loading buffer (1 M glycolic acid, 80% acetonitrile, 5% TFA), and a 20 µg aliquot was saved 

for total proteomic analysis. Titanium dioxide beads (15 mg in 150 µL acetonitrile) (GL 

Science, Japan) were added to the peptide mixture and rotated at room temperature for 20 

min. The mixture was centrifuged at 10,000 x g, 1 min and the supernatant was applied to a 

second aliquot of titanium dioxide (7.5 mg in 75 µL acetonitrile) and rotated at room 

temperature for 20 min. The mixture was centrifuged at 10,000 x g, 1 min and the 

supernatant was applied to a third aliquot of titanium dioxide (4 mg in 40 µL acetonitrile) 

and rotated at room temperature for 20 min. The beads were washed with 100 µL titanium 

dioxide loading buffer followed by 80% acetonitrile, 2% TFA and finally 16% acetonitrile, 

0.4% TFA. The beads were dried briefly by vacuum centrifugation and eluted with 50 µL of 

1% ammonium hydroxide by shaking at room temperature for 15 min. The titanium dioxide 

elution slurry was loaded onto a C8-plugged micro-column and eluted with gentle air 

pressure to trap beads. The beads were eluted with an additional 50 µL 1% ammonium 

hydroxide and the elution was pooled. Enriched phosphopeptides were acidified to a final 

concentration of 10% formic acid and dried by vacuum centrifugation. The enriched 

phosphopeptides were resuspended in 500 µL of 50% acetonitrile, 0.2% TFA and rotated 

with 50 µL of Fe(III)-IMAC beads (Sigma-Aldrich) at room temperature for 45 min. The IMAC 

slurry was loaded onto a crushed GeLoader microcolumn and eluted with gentle air pressure 

to trap beads. Mono-phosphorylated peptides were eluted with 50% acetonitrile, 0.1% TFA 

followed by 20% acetonitrile, 1% TFA; pooled with the flow-through and dried by vacuum 

centrifugation. Multi-phosphorylated peptides were eluted with 1% ammonium hydroxide, A
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acidified to a final concentration of 10% formic acid, 0.1% TFA and desalted with C18 

microcolumns. Enriched mono-phosphorylated peptides were subjected to another round 

of titanium dioxide as described above. The enriched mono-phosphorylated peptides and 

non-phosphorylated peptides were fractionated on in-house packed TSK-amide HILIC 

column as described previously (Palmisano et al, 2010). All isobarically labelled peptides 

were analyzed by data-dependent acquisition (DDA) as described below.

 

Mass spectrometry

Peptides were resuspended in 2% acetonitrile, 0.1% formic acid and loaded onto a 50 cm x 

75 µm inner diameter column packed in-house with 1.9 µm C18AQ particles (Dr Maisch 

GmbH HPLC) using an Easy nLC-1000 UHPLC operated in single-column mode with 

intelligent flow control loading at 950 bar. Peptides were separated using a linear gradient 

of 5 – 30% Buffer B over 100 min at 250 nL/min (Buffer A = 0.5% acetic acid; Buffer B = 80% 

acetonitrile, 0.5% acetic acid). The column was maintained at 50°C using a PRSO-V1 ion-

source (Sonation) coupled directly to a Q-Exactive mass spectrometer (MS). A full-scan MS1 

was measured at 70,000 resolution at 200 m/z (300 – 1750 m/z; 100 ms injection time; 3e6 

AGC target) followed by isolation of up to 20 most abundant precursor ions for MS/MS (2 

m/z isolation; 8.3e5 intensity threshold; 30.0 normalized collision energy; 17,500 resolution 

at 200 m/z; 60 ms injection time; 5e5 AGC target). Charge state reduction of isobarically-

labeled peptides was achieved with a 10% ammonium hydroxide vapor underneath the ESI 

source (Thingholm et al, 2010).

 

Bioinformatics

Mass spectrometry data were process with MaxQuant (v1.5.2.10) and searched with 

Andromeda against either the mouse or rat UniProt databases (Cox & Mann, 2008; Cox et al, 

2011). All settings were default and searched with the following variable modifications; 

methionine oxidation; serine, threonine and tyrosine phosphorylation; and N-terminus and 

lysine TMT labeling. Carbamidomethylation of cysteine was set as a fixed modification. 

Bioinformatic analysis was performed primarily in the R programming environment 

[http://www.R-project.org, R Development Core Team (2008). R: A language and 

environment for statistical computing. R Foundation for Statistical Computing, Vienna, 

Austria. ISBN 3-900051-07-0]. All data were normalized to the median of each muscle. A
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Significantly regulated phosphopeptides were determined using a moderated t-test from 

LIMMA package in R [Smyth, G.K, 2004, Statistical applications in genetic and molecular 

biology, 3, no.1, article 3]. Linear models were fit to the data and empirical Bayes was used 

for variance shrinkage in order to determine regulated sites and P-values were corrected for 

multiple testing controlling for 5% FDR using Benjamini and Hochberg method (Benjamini & 

Yekutieli, 2001). Kinase and pathway enrichment were performed using a mean-rank gene 

set test. The gene sets for kinase enrichment were known substrates from PhosphoSitePlus 

(Hornbeck et al, 2012) and manual curation. Pathway enrichment gene sets were obtained 

from KEGG (Ogata et al, 1999) and Reactome (Fabregat et al, 2018), and filtered to present 

only the 12 most enriched pathways.

 

For comparison of human, mouse and rat phosphosites, an algorithm and automated tool 

was developed in-house (Chaudhuri et al, 2015). Based on global pairwise sequence 

alignment of orthologous proteins from human and rat, sites quantified from independent 

cross-species experiments can be easily mapped to each other using this tool. Global 

pairwise sequence alignment between each orthologous protein pair was performed using 

the BLOSUM62 (Styczynski et al., 2008) substitution matrix, gapOpening of 10, gapExtension 

of 0.5 using Biostrings package in R [Pages H, Aboyoun P, Gentleman R, DebRoy S: 

Biostrings: String objects representing biological sequences, and matching algorithms. R 

package version 2.26.3]. We scanned this sequence alignment using the human phosphosite 

numbers from the MS-based phosphoproteomics experiment as the reference to identify 

the aligned amino acid residues and their positions in the rat and mouse MS-

phosphoproteomics data. If there was a match in the residue type and if the corresponding 

aligned position existed in the rat phosphoproteomics data, we considered this as a ‘match’ 

and the Uniprot protein accession name, residue and site number match was retained as a 

modified site that could be mapped between species. To match phosphosites within 5% of 

the protein length, protein orthologs were compiled from NCBI and biomaRt (Smedley et al, 

2015). Protein lengths were computed from Uniprot sequences. If multiple sites were within 

the 5% threshold, only the closest site to the human phosphosite was selected. 

Plasmids A
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Human STIM1 YFP was a gift from Anjana Rao (Addgene plasmid #19754). pKanCMV-

mClover3-mRuby3 was a gift from Michael Lin (Addgene plasmid #74252). mClover2-C1 was 

a gift from Michael Davidson (Addgene plasmid #54577). pGP-CMV-GCaMP6s was a gift 

from Douglas Kim (Addgene plasmid #40753) (Chen et al, 2013).

Cloning

The fluorescent tag on Human STIM1 YFP was switched to mRuby3 to minimize aggregation, 

improve localization and improve the signal. PCR-based site-directed mutagenesis was used 

to introduce the S257A, S257E, S521A and S521E mutations to the plasmid DNA. 

FRET controls

The FRET construct was generated by amplifying and inserting TagRFP-1 into pClover2-C1 

(Addgene) via EcoRI and BamHI sites. STIM1 OASF (aa 233-474) was amplified from human 

STIM1 cDNA (Addgene) and inserted into BglII and HindIII sites of the Clover2-TagRFP-t 

plasmid to generate the OASF-FRET construct (Clover2-OASF-TagRFP-T). The long and short 

linker FRET control constructs were synthesized as a GeneBlock by IDT (Integrated DNA 

Technologies Pte. Ltd. Baulkham Hills, Australia). The short flexible linker construct was 

made by annealing oligos encoding the amino acid sequence AGGGGS into the BspEI and 

EcoRI sites of Clover2-TagRFP-T. The long rigid linker construct contained amino acid 

sequence GA[EAAAK]4ELEA[EAAAK]4A between the BspEI and EcoRI sites of Clover2-TagRFP-

T. For the STIM1 S257A and S257E FRET constructs, the S257 residue was mutated to either 

alanine (S257A) or glutamic acid (S257E) via PCR-based site-directed mutagenesis.

Muscle cell culture, transfection and drug treatment

L6 rat myoblasts were cultured in α-Minimum essential medium (α-MEM; Gibco) (5 mM D-

glucose, 10% fetal bovine serum (FBS; Hyclone Laboratories), 1x GlutaMAX and 1 mM Na-

pyruvate). All cells were kept in a 10% CO2 humidified incubator at 37°C. L6 myoblasts were 

transiently transfected with the FRET constructs using Lipofectamine 2000 (Thermo Fisher 

Scientific) according to the manufacturer’s instructions. For Ca2+ imaging experiments, three 

independent siRNA oligonucleotides directed at rat STIM1 (sequence 1: 5’-3’ 

GCUGCUGGUUUGCCUAUAUTT, sequence 2: 5’-3’ GGAUCUCAGAGGGAUUUGATT, sequence 

3: 5’-3’ GUAGCCGAAACACACGAAUTT) were used to achieve knockdown of endogenous A
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STIM1 in L6 myoblasts, or a non-targeted oligonucleotide (5’-3’ 

UUCUCCGAACGUGUCACGUTT) was used for the Control condition. All siRNA 

oligonucleotides were synthesized and provided by Shanghai GenePharma Co., Ltd. For 

these experiments, the STIM1-mRuby3 and GCaMP6s DNA and the siRNA oligonucleotides 

were combined, then mixed with Lipofectamine and added to cells simultaneously 

according to the manufacturer’s instructions. All transfections were performed in OptiMEM 

without FBS. Media was changed to normal culture media 16 hours after transfection. 48 h 

after transfection cells were re-seeded into imaging wells, and cells were imaged or drug-

treated for 30 min and used for Western blotting 72 h after transfection. Thapsigargin 

(Sigma Aldrich), A-769662 (Tocris Bioscience) and AICAR (Tocris Bioscience) were made up 

to 1000x solutions in DMSO and used at final concentrations of 2 µM, 100 µM and .5 mM, 

respectively, unless otherwise noted.

Time-domain fluorescence lifetime imaging 

Cells were seeded into Ibidi 8 well glass bottom µ-slides. Fixed samples were imaged in PBS 

with 2.5% DABCO.  Live cells were imaged in KRP as indicated in Calcium imaging. Data was 

acquired on a Nikon A1 laser scanning confocal microscope (Coherent Scientific Pty Ltd) with 

a Picoquant FCS/FCCS/FLIM upgrade kit using a Nikon CFI Plan Apo IR 60XWI NA1.27 WD 

0.17 objective.  Lifetime measurements were obtained using a TimeHarp 260 TCSPC module 

controlled by Symphotime64. mClover2 was excited by a pulsed 485 nm diode laser (40 hz) 

and photon emission was detected with a PMA hybrid 40 detector (Coherent Scientific Pty 

Ltd) after passing through a 525/50 emission filter. The data were analysed with the FLIMfit 

software tool developed at Imperial College London (Warren et al, 2013) using a single 

exponential decay to fit the TCSPC data.

Calcium imaging

L6 myoblasts were seeded at a concentration of 1x106/mL into Matrigel-coated CellAsic 

M04S microfluidic plates (Merck) 1 day prior to imaging using gravity with the plate angled 

to ~30° to enhance even cell loading.  One h prior to imaging, cells were switched to 1 mM 

Ca2+ KRP-based buffer: 155 mM NaCl, 4.5 mM KCl, 5 mM HEPES, 5 mM D-glucose, 0.2% BSA, 

MEM essential vitamins, 1x GlutaMAX and 1 mM sodium pyruvate, pH 7.4, 1 mM CaCl2 and 

2.5 mM MgCl2. The Ca2+-free buffer had the following modifications: 0 mM CaCl2, 3.5 mM A
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MgCl2 and 1 mM EGTA. The relevant buffers were loaded into the individual wells of the 

CellAsic plate.  The plate was attached to the manifold of a CellAsic Onix2 microfluidic 

platform (Merck) and placed on the stage of a Nikon TiE inverted microscope equipped with 

an OKOlab microscope enclosure maintained at 37°C. G6CaMP6s was stimulated with a 470 

nm LED (Lumencor) and emission was captured on an Andor 888 emCCD camera after 

passing through a 525/50 nm filter.  Buffer switching was performed using the CellAsic Onix 

2 software.  Processing and analysis of the microscopy images was performed in Fiji (ImageJ) 

(Schindelin et al, 2012).

Drosophila negative geotaxis exercise experiments

Flies were maintained under standard conditions of 25°C, 65% humidity and a 12-hr 

light/dark cycle, and raised on standard food containing yeast, cornmeal and dextrose. For 

the STIM1 knockdown models, tubulin-GAL4 was crossed to UAS-STIM.RNAi.E 26-1, UAS-

STIM.RNAi.E 8-4, or UAS-STIM.RNAi GD16187 and it was determined that the whole-body 

STIM.RNAi lines were lethal. mef2-GAL4 was then crossed with the above UAS-STIM.RNAi or 

the appropriate UAS-control lines, and these muscle-specific STIM.RNAi lines were viable. 3- 

to 5-day-old male progeny were collected for negative geotaxis exercise experiments. 

Researchers were blinded to genotype and flies were acclimated for 30 min prior to climbing 

assay.  The vials containing flies were tapped three times, then climbing speed was observed 

(time required for 50% of the flies in a vial to climb 50% of the way up the wall of the tube). 

Flies were then exercised by tapping to the bottom of the vial every 30 seconds for 2.5 hrs 

using an automated rotator. Flies were removed from the rotator, then climbing speed 

during a negative geotaxis assay was immediately observed to obtain post-exercise data. 

Three vials per condition were used for each experiment and the experiment was repeated 

on two separate days in independent batches of flies. For the STIM1 transgenic models, 

human STIM1-mRuby3 WT, S257A and S257E cDNA were excised using BglII and NOTI 

restriction enzymes and directionally cloned into the Drosophila expression vector pJFRC-

MUH. pJFRC-MUH was a gift from Gerald Rubin (Janelia Research Campus, Howard Hughes 

Medical Institute, Ashburn, VA, USA; Addgene plasmid #26213). Plasmids were sent for 

injection (Bestgene, Chino Hills, CA, USA). FM7/Y; UAS-mRuby3-hSTIM1 WT, FM7/Y; UAS-

mRuby3-STIM1 S257A and FM7/Y; UAS-mRuby3-hSTIM1 S257E males were crossed to STIM 

KO/FM7; tubulin-GAL4/TM3,Sb females. 3- to 5-day-old STIM KO/Y; UAS-mRuby3-hSTIM1 A
u
th

o
r 

M
a
n
u
s
c
ri
p
t

https://paperpile.com/c/AOzgfa/lsmZQ


This article is protected by copyright. All rights reserved

WT; tubulin-GAL4 (STIM KO; UAS-hSTIM1 WT), STIM KO/Y; UAS-mRuby3-hSTIM1 S257A; 

tubulin-GAL4 (STIM KO; UAS-hSTIM1 S257A) and STIM KO/Y; UAS-mRuby3-hSTIM1 S257E; 

tubulin-GAL4 (STIM KO; UAS-hSTIM1 S257E) were used for negative geotaxis exercise 

experiments. Researchers were blinded to genotype and flies were acclimated for 30 min 

prior to climbing assay.  The vials containing flies were tapped 3 times and flies were then 

allowed to climb for 3 minutes. This process was repeated 4 times to allow the flies to 

acclimate to the assay, and, at the 5th repeat, the time the flies climbed during the 3-minute 

period was measured. This experiment was repeated on 3 different days with independent 

batches of flies. Fly stocks for tubulin-GAL4 (BL #5138), mef2-GAL4 (BL #27390), UAS-

mCD8GFP (BL# 32186), UAS-STIM1 RNAi (BL #41758 and #41759), and UAS-STIM1 FL (BL 

#41756) were obtained from Bloomington Stock Center (Bloomington, Indiana, USA).  The 

UAS-STIM1 RNAi GD16187 and control GD3003 was obtained from VDRC (Vienna, Austria; 

stock #47073 and #12145) and the STIM1 CRISPR KO was a gift from Gaiti Hasan (Bangalore, 

India).

Western blotting

Frozen muscles were homogenized with stainless steel pellets using the Tissuelyser II 

(Qiagen) at 2 x 45 sec at 30 Hz and ice-cold homogenization buffer (10% Glycerol, 20 mM 

Na-pyrophosphate, 150 mM NaCl, 50 mM HEPES (pH 7.5), 1% NP-40, 20 mM ß-

glycerophosphate, 10 mM NaF, 2 mM PMSF, 1 mM EDTA (pH 8.0), 1 mM, EGTA (pH 8.0), 10 

µg/ml Aprotinin, 10 µg/mL Leupeptin, 2 mM Na3VO4, 3 mM Benzamidine, 5 mM 

Nicotinamide). Homogenates were rotated end-over-end for 1 h at 4°C, and supernatant 

was obtained by centrifugation at 13000 x g for 20 min at 4°C. Supernatant was removed to 

a new tube and protein concentration was measured by BCA method and lysates were 

diluted to the same protein concentration (1 µg/µL). Cells were collected for Western 

blotting by washing 3x with ice-cold PBS, placing cells on ice, then adding NP-40 lysis buffer 

containing protease and phosphatase inhibitors. Cells were incubated in lysis buffer on ice 

for 10 min with scraping, then lysate was homogenized by passing lysate through an 18-

gauge needle 10x. Flies were homogenized in 2% SDS lysis buffer. Supernatant was obtained 

by centrifugation at 13000 x g for 15 min at 4°C. Protein concentration of the supernatant 

was measured by BCA method. 4x Laemmli buffer (277.8 mM Tris-HCl pH 6.8, 40% (v/v) 

glycerol, 4% SDS, 0.02% bromophenol blue, 10% 2-mercaptoethanol) was added to samples, A
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and samples were heated at 65°C for 15 min. 15 µg protein was separated by SDS-PAGE. The 

resolved proteins were transferred to PVDF membrane. Membranes were blocked in 5% 

skim milk in TBS-Tween for 1 h at room temperature then incubated in primary antibody 

(1:1000) in TBS with 5% BSA overnight at 4°C. The phosphor-specific STIM1 p-S257 and p-

S521 antibodies were generated by 21st Century Biochemicals. All other phospho-specific 

and total antibodies were purchased from Cell Signaling Technology. Membranes were 

washed in TBS-Tween then incubated in HRP-conjugated secondary antibody (1:10,000) in 

TBS for 1 h at room temperature, then washed in TBS-Tween. Membranes were analyzed via 

autoradiography using the Bio-Rad ChemiDoc Gel Imager system. Western blot 

quantification was performed in ImageJ 1.51s. 

 

AMPK in vitro kinase assay

HEK293 cells were cultured in Dulbecco’s Modified essential medium (DMEM; Gibco) (25 

mM D-glucose, 10% fetal bovine FBS). HEK293 cells expressing YFP-STIM1 were serum 

starved for 2 h, washed 3x with ice-cold PBS and lysed in IP Buffer (1% NP-40, 10% glycerol, 

137 mM NaCl, 25 mM Tris-HCl, pH 7.5 containing protease and phosphatase inhibitors). Cell 

debris was removed by centrifugation at 16,000 x g, 10 min at 4°C and the supernatant 

incubated with anti-GFP antibody with rotation for 2 h at 4°C (1:200; Roche). The 

supernatant:antibody mixture was added to 30 µL of Protein-G-agarose beads pre-

equilibrated with IP Buffer and rotated for 45 min at 4°C. The beads were washed 3x with IP 

Buffer followed by 2x with 25 mM Tris, pH 7.5. A separate batch of non-transfected HEK293 

cells were prepared as described above except the lysate was incubated with 30 µL of 

streptavidin-agarose beads to enrich endogenously biotinylated ACC1/2 as a positive 

control. A third batch of HEK293 cells expressing FLAG-AMPKα1β1γ2 were serum starved for 

2 h and stimulated with 5 mM AICAR and 100 µM of A-769662 for 30 min. Cells were lysed 

and immunoprecipitation performed as described above except with the use of an anti-

FLAG primary antibody (1:200; Sigma). The FLAG-AMPKα1β1γ2 was eluted from the beads 

with 3xFLAG peptide (16 µg/30ul; Sigma) in Kinase Buffer (1 mM ATP, 10 mM MgCl2, 25 mM 

Tris-HCl, pH 7.5). Kinase reactions were performed by adding purified FLAG-AMPKα1β1γ2 

directly to the agarose beads containing enriched ACC1/2 or YFP-STIM1 and incubated for 

30 min at 37°C with shaking. Proteins were eluted with 2x Laemmli buffer and analyzed by 

Western blotting. A
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STATISTICAL ANALYSIS

Data visualization was performed in R Studio and Adobe Illustrator. Statistical analyses for 

Figures 1 and 2 are described elsewhere in the methods section. Statistical analyses for 

Figures 3 and 4 were performed in GraphPad Prism V7. Experiment numbers are detailed in 

the figure legends. Error bars represent mean ± standard error of the mean (SEM) unless 

otherwise noted.

 

DATA AVAILABILITY

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE partner repository with the dataset identifier PXD010452.
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FIGURE LEGENDS

Figure 1. Skeletal muscle exercise-regulated phosphoproteome. 

(A) Illustration of the three exercise models analyzed in this study. Rat tibialis skeletal 

muscles were subjected to either in situ contraction or sham surgery. Protein was extracted, 

digested with Lys-C/trypsin and peptides were isobarically-labeled with TMT tags. 

Phosphopeptides were enriched by titanium dioxide chromatography and sequential elution 

from immobilized metal ion affinity chromatography (SIMAC). The unbound non-

phosphorylated fraction and phosphorylated fraction was further separated by hydrophilic 

interaction liquid chromatography (HILIC). Each fraction was analyzed by nano-ultra high-

pressure liquid chromatography coupled to tandem MS (nanoUHPLC-MS/MS). 

(B) Western blots for exercise-associated phosphorylated proteins in (top) contracted (+) or 

sham (-) rat muscle and (bottom) muscle from mice that underwent a treadmill running 

protocol (+) or remained at rest (-). Total AMPK and 14-3-3 were used as loading controls. 

(C) Schematic representation of the workflow for mass spectrometry from skeletal muscle. 

(D) Pearson correlation plot representing the reproducibility of phosphoprotein protein 

profiles between samples analyzed via mass spectrometry. 

(E) Venn diagrams representing the number of (left) total or (right) significantly regulated 

phosphopeptides detected in human, rat and mouse models of exercise.A
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(F) Volcano plots of phosphopeptide median Log2 fold-change (contraction/sham surgery) 

plotted against the –Log10 p-value in rat contraction (left) or mouse running (right). Colored 

dots represent significantly-regulated phosphopeptides (p < 0.05, n=5, moderated t-test). 

Gray dots represent phosphopeptides that were detected but not significantly altered in 

exercise. 

Figure 2. Phosphorylation landscapes of exercise models. 

(A-D) (A) Kinase activation enrichment analysis, (B) phosphorylation status of specific 

phosphosites associated with known or predicted upstream kinases, (C) biological pathway 

enrichment analysis and (D) phosphorylation status of proteins involved in Ca2+ signaling in 

human, rat and mouse models of exercise.

Figure 3. STIM1 is a novel exercise-regulated AMPK substrate. 

(A) Schematic of STIM1 domain architecture is shown, with the AMPK consensus motifs for 

S257 and S521 (Gwinn et al, 2008). 

(B) Western blots for STIM1 phosphorylated at S257 or S521 in (left) contracted (+) or sham 

(-) rat muscle and (right) muscle from mice that underwent a treadmill running protocol (+) 

or remained at rest (-). Total STIM1 and 14-3-3 were used as loading controls. 14-3-3 data 

for mouse running was re-used from Figure 1B. 

(C) Western blots for phosphorylated ACC (S79) and STIM1 (S257 or S521) in L6 rat 

myoblasts with siRNA-mediated knockdown of endogenous STIM1 (siSTIM1) or transfected 

with scramble control siRNA (Control). Cells were treated with the AMPK activator A-769662 

(+) or vehicle (-) for 30 min. Total STIM1 was used to demonstrate STIM1 knockdown 

efficiency. Total ACC and 14-3-3 were used as loading controls. 

(D) Western blots for phosphorylated ACC (S79) and STIM1 (S257 or S521) in wild type (WT) 

or AMPK β1/β2 knockout (AMPKβ KO) mouse endothelial fibroblasts were isolated and 

treated with A-769662 (+) or vehicle (-) for 30 min. AMPKβ was used to demonstrate 

knockout, and AMPKɑ was used to demonstrate specificity for AMPKβ. Total ACC and STIM1 

were used as loading controls. 
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(E) Western blots for total ACC and STIM1 and phosphorylated STIM1 (S257 and S521) and 

ACC (S79) in samples from an in vitro kinase assay to assess the ability of AMPK to 

phosphorylate YFP-STIM1. 

(F) Representative Western blots for phosphorylated ACC (S79) and STIM1 (S257 and S521) 

in response to a 15 min treatment with increasing doses of thapsigargin (.01, .1, 1 or 10 µM) 

or .5 mM AICAR. DMSO was used as a vehicle control. 14-3-3 was used as a loading control. 

n=3 independent experiments. 

(G) Western blots for phosphorylated ACC (S79) and STIM1 (S257 or S521) in wild type (WT) 

or AMPK KO mouse endothelial fibroblasts were isolated and treated with 2 µM 

thapsigargin (+) or vehicle (-) for 15 min.

Figure 4. Phosphorylation of STIM1 affects its conformation.  

Time correlated single photon counting was used to estimate the fluorescence lifetime of 

mClover2. 

(A) The mClover2:tagRFP-T fret pair was validated in HEK E cells with the fluorophores 

joined by either a long rigid or short flexible linker. 

(B) STIM1 OASF expressed in live L6 myoblasts before (-) or after (+) treatment with A-

769662. 

(C) L6 myoblasts with S257 mutated to A or E. 

Data information: Mean lifetimes were estimated by fitting a single exponential decay to the 

TCSPC data and are presented as median ± min/max. 3 representative cells are shown for 

each condition. For A and C, ** = p<.001, *** = p<.0001, unpaired student’s t-test, n=3-5 

independent observations. For B, **** = p<.00001, paired student’s t-test, n=11 

independent observations. For box and whisker plots, the horizontal lines represent the 

medians, the upper and lower boundaries of the boxes represent the upper and lower 

quartiles, and the whiskers represent the upper and lower extremes. Scale bars=10 µm.

Figure 5. Phosphorylation of STIM1 by AMPK suppresses SOCE. 

(A-C) L6 myoblasts were transfected with the genetic cytosolic Ca2+ sensor GCaMP6s. Cells 

were also transfected with non-targeted siRNA (Control) or siRNA directed at endogenous 

STIM1 (siSTIM1). Some cells with endogenous STIM1 knockdown were also transfected with 

full-length wild type (WT) or mutant (S257A, S257E or L251S) STIM1-mRuby3. (A) 
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Representative microscopy images of GCaMP6s signal indicating SOCE in L6 myoblasts, (B) 

Ca2+ levels over time (fold of 0 mM Ca2+ + EGTA basal) and (C) quantification of SOCE in in L6 

myoblasts incubated in buffer containing 1 or 0 mM Ca2+ and treated with 2 µM 

thapsigargin during the indicated times. For (C), “b” is significantly different from “a” and 

“c”, and “c” is significantly different from “a” and “b”, p < 0.05 by one-way ANOVA with 

Tukey’s post-hoc test. For (B-C), data are represented as mean ± SEM, n=5 independent 

experiments (n=3 for L251S).

Figure 6. STIM1 inhibition prevents exercise-induced fatigue. 

(A, B) Negative geotaxis climbing assays in Drosophila (flies). Time required for 50% of flies 

to climb to the target line before or after 2.5 hr of continuous climbing exercise (A) in the 

yw strain with muscle-specific STIM knockdown using two independent RNAi sequences 

(RNAi26-1 or RNAi8-4) compared to GFP-expressing controls, or (B) in the w1118 strain with 

muscle-specific STIM knockdown using RNAiGD16187 compared to non-targeted RNAiGD12145 

controls. 

(C) Time to fatigue, when flies were no longer able to climb, during a 3-min period after 

negative geotaxis stimulation in STIM whole-body knockout flies overexpressing wild type 

(WT) or mutant (S257A or S257E) human STIM1-mRuby3. 

Data information: * = p<0.05 by one-way ANOVA with Tukey’s post-hoc test. Data are 

represented as mean ± SEM, n=3 independent experiments.
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