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Exercise is essential in regulating energy metabolism and whole body insulin sensitivity. To
explore the exercise signaling network we undertook a global analysis of protein phosphorylation
in human skeletal muscle biopsies from untrained healthy males before and after a single high-
intensity exercise bout revealing 1,004 unique exercise-regulated phosphosites on 562 proteins.
These included substrates of known exercise-regulated kinases (AMPK, PKA, CaMK, MAPK,
mTOR), yet the majority of kinases and substrate phosphosites have not previously been
implicated in exercise signaling. Given the importance of AMPK in exercise-regulated
metabolism we performed a targeted in vitro AMPK screen and employed machine learning to
predict exercise-regulated AMPK substrates. We validated eight predicted AMPK substrates
including AKAP1 using targeted phosphoproteomics. Functional characterization revealed an
undescribed role for AMPK-dependent phosphorylation of AKAP1 in mitochondrial respiration.
These data expose the unexplored complexity of acute exercise signaling and provide insights into
the role of AMPK in mitochondrial biochemistry.
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Introduction

Exercise plays an essential role in metabolic homeostasis and remains the most promising
therapy for the prevention and treatment of obesity and its associated metabolic disorders.
Physical inactivity causes insulin resistance in humans, while increased physical activity
improves insulin sensitivity and whole body glucose and lipid metabolism (Hawley et al.,
2014). Exercise regulates diverse biological functions throughout the body with a major
perturbation of skeletal muscle cellular processes including fatty acid, glucose and protein
metabolism via induction of a range of signal transduction pathways. Most studies of
exercise signaling in muscle have focused on a limited subset of pathways, particularly those
involving protein phosphorylation. The major protein kinases implicated in muscle exercise
signaling include AMPK, PKA, CaMK, MAPK, PKC, FAK and mTOR (Egan and Zierath,
2013; Jeppesen et al., 2013; Sakamoto and Goodyear, 2002). The acute metabolic and
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mechanical demands in exercising muscle require a coordinated regulation of diverse
signaling pathways that together form a complex signaling network that elicits a range of
rapid cellular homeostatic adaptations. It is of major interest to define the key components
within this network that confer the long term beneficial effects of exercise.

The energy sensing kinase AMPK (Hardie, 2014) plays an important role in the beneficial
effects of exercise on whole body metabolic homeostasis (Richter and Ruderman, 2009;
Steinberg and Kemp, 2009). Muscle-specific AMPK knockout mouse models have
demonstrated a crucial role for AMPK in the metabolic adaptation of muscle during exercise
(Fentz et al., 2015; O’Neill et al., 2011). However, several reports have suggested the
previously characterized metabolic perturbations induced with exercise are not dependent
upon AMPK (Jeppesen et al., 2013; Maarbjerg et al., 2009). Despite this, the beneficial
effects of the antidiabetic drug metformin are at least partially mediated via AMPK (Foretz
et al., 2014; Fullerton et al., 2013; Rena et al., 2013). Therefore, AMPK is a major
therapeutic target for metabolic disease. Although AMPK regulates diverse metabolic
processes, surprisingly few studies have interrogated the full repertoire of AMPK biological
targets and pinpointed their specific phosphorylation sites. One such study used a chemical
genetics approach and confirmed six AMPK substrates (Banko et al., 2011). However, more
global approaches focusing on exercise are yet to be undertaken.

We report a global phosphoproteomic analysis of acute exercise signaling in human skeletal
muscle revealing the complexity of the exercise signaling network. We quantified 8,511
unique phosphorylation sites of which ~12% were regulated with exercise, including more
than 900 sites not previously annotated as exercise-responsive. By combining the human
exercise phosphoproteome, two additional targeted AMPK assays, and bioinformatics
analyses including machine learning, we have identified eight highly predicted AMPK
substrates that are involved in mitochondrial function, vesicle transport and excitation-
contraction coupling. One substrate, A kinase anchor protein 1 (AKAP1), was shown to
regulate mitochondrial respiration via AMPK-dependent phosphorylation highlighting the
utility of the exercise-regulated phosphoproteome. These data serve as a rich resource for
future studies into how acute exercise orchestrates skeletal muscle mechanics and
metabolism.

Acute exercise-regulated phosphorylation in human skeletal muscle

Four healthy male volunteers (age: 24 — 27; BMI: 24.2 — 25.9 kg/m2, maximal oxygen
uptake (VO max): 48-59 ml/kg/min, maximal watts (W) produced (Wmax): 320-375 W)
underwent a single bout of high-intensity cycle exercise at 85% increasing to 92% Wmax
for 9-11 min (Fig. S1). Quantitative phosphoproteomic analysis of muscle biopsies pre- and
post-exercise was performed with multiplexed isobaric labeling and phosphopeptide
enrichment coupled to tandem mass spectrometry (MS) (Fig. 1A). The analysis also
included quantification of non-phosphorylated peptides to investigate changes in protein
abundance. A total of 11,903 unique phosphopeptides (8,511 phosphosites with >90%
localization probability) and 4,317 proteins were quantified in all four subjects (Fig. 1B;
Tables S1, S2). The phosphorylation profile in each subject was highly reproducible with an
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average Pearson’s correlation coefficient r = 0.72 (Fig. 1C). We identified 1,322
phosphopeptides (1,004 phosphosites with >90% localization probability) significantly
regulated with acute exercise (Fig. 1D; Table S1; adjusted P < 0.05, moderated t-test). Only
5 proteins were quantified as having altered abundance following acute exercise indicating
that changes in phosphopeptide abundance are a direct result of phosphorylation. Of the
regulated phosphosites, 592 were annotated in PhosphoSitePlus (Hornbeck et al., 2012)
while 412 have not been annotated.

Kinase regulation in response to acute exercise

Pathway over-representation analysis of the phosphoproteins containing exercise-regulated
phosphosites revealed an enrichment of signaling pathways regulating a broad range of
cellular functions, underpinning the pervasive role of exercise in human biology. This
included well characterized exercise-regulated signaling pathways such as AMPK, MAPK,
PKA, mTOR, S6 kinase, and Ca2* signaling as well as pathways with a less defined role in
exercise including CDK and ILK signaling (Table S3). Phosphorylation of proteins involved
in insulin receptor, cell-junctional and cytoskeletal signaling including Rho and actin
signaling was also significantly enriched. In addition, since kinases themselves are often
modulated by phosphorylation we determined which kinases were phosphorylated in
response to exercise. A total of 45 protein kinases contained at least one regulated
phosphorylation site, including kinases known to be activated during exercise such as
AMPK, MAPK and CAMK?2 (Table S1).

We next retrieved site-specific information for experimentally annotated kinase-substrate
relationships from PhosphoSitePlus. Significantly regulated phosphosites were first assigned
to their upstream kinase. The relative changes in substrate phosphorylation were then used
to infer kinase activity. Of the 592 identified phosphosites in PhosphoSitePlus, experimental
evidence for the upstream kinase(s) was reported for only 79 sites on 66 proteins (Table S4).
This analysis revealed the extensive breadth of kinases regulated by exercise comprising 15
kinases that had =2 substrates: AMPK, MAPKAPK2, p38 MAPK, ERK, RSK, PKA, Akt,
CaMK, mTOR, ROCK, PKC, CDK, EEF2K, Src kinase family members
SRC/FYN/LCK/YES and PDHK (Fig. 2A). Phosphorylation of many of these substrates
was confirmed by immunoblotting using site specific antibodies (Fig. 2B). Next, we
generated an integrative network of the exercise-regulated kinase interactome (Fig. 2C).
Experimentally validated human protein-protein interactions were retrieved from the Human
Protein Reference Database (HPRD) and STRING databases, and kinase-substrate
relationships were retrieved from PhosphoSitePlus. This kinome network highlights the
complexity and interconnectivity of the exercise signaling landscape that are not apparent
from analyzing kinase-substrate relationships alone.

Predicting AMPK substrates

The acute exercise kinome network highlighted multiple interconnected nodes involving
diverse families of kinases. However, one of the most functionally relevant kinases
associated with exercise, AMPK, did not feature prominently. Despite the well-established
activation of AMPK in exercise, only six bona fide substrates were quantified and regulated.
Since hundreds of the exercise-regulated phosphosites identified have unknown upstream
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kinases, we sought to expand the list of validated AMPK substrates. A total of 516 exercise-
regulated phosphosites reported in PhosphoSitePlus had no annotated upstream kinase. A
further 412 exercise-regulated phosphosites were absent from the database amounting to 928
regulated phosphosites with no associated upstream kinase. Identification of kinases for
these substrates will likely yield insights into mechanisms of exercise action. To begin to
identify kinases for these substrates we performed bioinformatic analysis using NetworKIN
and NetPhorest, which combines consensus substrate motif analysis with protein-protein
interaction databases (Linding et al., 2008).

Following prediction thresholding with PhosphoSiteAnalyzer (Bennetzen et al., 2012), 21
kinase groups were predicted for 575 of these phosphosites. Using phosphosite fold changes,
a kinase-substrate set enrichment analysis revealed 11 kinases were associated with greater
activity and two kinases were associated with decreased activity following exercise (P <
0.05; Kolmogorov-Smirnov test; Table S5). Kinase groups with greater activity included
two well-characterized kinases associated with the exercise response, PKA and CaMKII. A
large fraction of phosphorylation sites that were increased with exercise contained
basophilic amino acids in the —2 and -3 positions and included predictions for kinases with
a less defined role in exercise including DMPK, PIM, PAK and NEK. MAPK and CDK
were associated with decreased activity following exercise with predicted substrates
containing proline in the +1 position of the phosphorylation site. Surprisingly, we identified
only five predicted AMPK substrates by NetworKIN. These included four known substrates;
ACC1, ACC2, Raptor, TBC1D1, and a previously predicted substrate GPHN (Banko et al.,
2011).

To extract additional AMPK substrates from the human exercise phosphoproteome we
integrated these data with data from additional, more AMPK focused assays. In our first
assay, SILAC labeled L6 myotubes were treated with or without the AMPK activator 5-
Aminoimidazole-4-carboxamide-1-p-D-ribofuranoside (AICAR; 2 mM; 30 min; n=4).
Quantitative phosphoproteomic analysis was performed with phosphopeptide enrichment
coupled to tandem MS (Fig. 3A). The analysis included quantification of non-
phosphorylated peptides to investigate changes in protein abundance (n=3). A total of
17,212 unique phosphopeptides were identified (12,695 phosphosites with >90%
localisation probability), and 7,464 phosphopeptides were quantified in two out of four
biological replicates (7,421 phosphosites with >90% localisation probability) (Fig. 3B, 3C;
Table S6). At least 6,844 proteins were identified with 3,938 quantified in two out of three
biological replicates (Table S7). No significant changes in protein abundance were detected.
AICAR significantly modulated 132 unique phosphopeptides (107 phosphosites with >90%
localisation probability) relative to control, of which 65 and 42 phosphosites were up- and
down-regulated, respectively (adjusted P < 0.05, moderated t-test; Fig. 3C; Table S6).
Among AICAR up-regulated sites were known AMPK substrates including S231 on
TBC1D1, S79 on ACC1, S637 on ULK1 and S108 on AMPKJ1 (Fig. 3D). To obtain an
overview of the signaling pathways regulated by AICAR, phosphoproteins containing
significantly regulated phosphosites were subjected to pathway analysis (Table S8).
Significantly enriched pathways included actin cytoskeleton signaling, PPAR activation,
ILK, cAMP signaling and AMPK signaling.
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We adapted a machine learning-based model previously developed by our group for
predicting kinase-substrate relationships (Humphrey et al., 2013) to predict AMPK
substrates from the L6 phosphoproteomics data. A curated positive training set was
obtained, and model prediction scores were calculated based on; i) a motif score where the
amino acid sequence surrounding the phosphorylated residue matches the AMPK consensus
motifs (Gwinn et al., 2008); and ii) the fold-change of a specific phosphorylation site in
response to AICAR (Fig. 3D; Table S9). Multiple candidate AMPK substrates were
identified and cross-referenced with the human exercise-regulated phosphoproteome. To
integrate phosphoproteomics data across species we developed a web application,
PhosphOrtholog, capable of mapping both annotated and non-annotated orthologous
phosphorylation sites between human and rat proteins based on pairwise sequence alignment
(Chaudhuri et al., 2015). Of the 1,004 human exercise-regulated phosphosites, only 55
orthologous rat phosphosites annotated in PhosphoSitePlus were also identified in rat L6
myotubes. PhosphOrtholog performed considerably better and mapped an additional 103
phosphosites identified in both the human muscle and rat L6 myotubes which were not
annotated in PhosphoSitePlus (Table S10). Six candidate AMPK substrates regulated by
exercise and AICAR were identified based on the prediction model. These comprised 2
known AMPK substrates TBC1D1 S237 (rat S231), ACC1 S80 (rat S79) and candidate
substrates AKAP1 S107 (rat S103), stromal interaction molecule 1 (STIM1) S257 and S521,
and VAMP-associated protein A (VAPA) S164.

To validate that these candidate phosphorylation sites were bona fide AMPK substrates we
performed a whole cell lysate AMPK in vitro kinase analysis, based on (Knight et al., 2012),
and combined this with targeted phosphopeptide quantification using data-independent
acquisition MS (DIA-MS). This strategy consisted of three steps (Fig. S2): i) spectral library
construction, ii) purification of active AMPK, and iii) global AMPK in vitro kinase analysis.
A spectral library containing 35,897 phosphopeptides (22,772 phosphosites with >90%
localization probability) was generated using phosphopeptide enrichment coupled to tandem
MS from HEK?293 cells treated with the AMPK agonists AICAR and A-769662 (Table
S11). This spectral library contained 368 of the 1,004 exercise-regulated phosphopeptides
identified in human muscle. A separate batch of HEK293 cells were lysed in kinase buffer
and treated with a phosphatase and pan-kinase inhibitor cocktail. The lysate was treated
with; i) buffer alone, ii) active AMPK, and iii) active AMPK in the presence of the AMPK
inhibitor, Compound C. Lysates were used for either immunoblotting or phosphopeptide
enrichment coupled to DIA-MS. Immunoblotting confirmed AMPK phosphorylation of S80
on ACC and S792 on Raptor, which were partially attenuated by Compound C despite the
reduced efficacy of this drug in the presence of elevated AMP concentrations likely to be
present in the cell lysate (Zhou et al., 2001) (Fig. 4A). Targeted data extraction (Gillet et al.,
2012) on the single-shot DIA-MS data using the 368 exercise-regulated phosphopeptides
resulted in quantification of 69 phosphopeptides (mProphet g-value <0.01 and CV <20%)
(Table S12). Ten phosphopeptides were significantly increased by AMPK addition relative
to control and the majority were attenuated by Compound C (Table S12). These included
known AMPK substrates ACC1 S80 (ACACA, Fig. 4B), an additional AMPK
phosphorylation site on Raptor, S722 (RPTOR; Fig. 4C), and several exercise-regulated
sites (Fig. 4D — 1). We performed multiple sequence alignment of exercise-regulated
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phosphopeptides that were significantly increased by AMPK in the DIA-MS data or AICAR
in L6 cells (Fig. 5) with previously characterized AMPK consensus motifs (Gwinn et al.,
2008). Seven known AMPK substrates regulated by exercise (black circles) aligned with the
consensus motif as expected. Eight substrates regulated with exercise were confirmed with
AICAR stimulation and/or DIA-MS (green circles). Of these, six were confirmed by DIA-
MS (black diamonds ). An additional six phosphosites previously predicted as AMPK
substrates (Banko et al., 2011) were regulated by exercise (yellow circles).

AKAP1 is a mitochondrial AMPK substrate

AKAP1 is a mitochondrial scaffold protein that binds mitochondrial-targeted PKA (Merrill
and Strack, 2014) and other kinases such as PKC (Greenwald et al., 2014). To test the
possibility that AKAP1 may play a role in mitochondrial AMPK signaling we generated a
phospho-specific antibody to assess the predicted AMPK phosphorylation site S103 on
AKAPL1. This antibody recognized AKAP1 phosphorylated at S103 specifically in rodents.
An increase in AKAP1 S103 phosphorylation induced by A-769662 was detected in
HEK?293 cells expressing FLAG-tagged mouse AKAP1 wild type (WT), but not empty
vector (EV) FLAG or FLAG-tagged AKAP1 S103A phospho-dead mutant (Fig. 6A). To
confirm AMPK as the AKAP1 S103 kinase, in vitro kinase assays were performed on
immunoprecipitated AKAP1 in the absence or presence of active AMPK a1f1y2. AMPK
increased AKAP1 S103 phosphorylation similarly to ACC S79 and this was abolished by
Compound C (Fig. 6B). Similarly to the characteristic increase in ACC S79
phosphorylation, AKAP1 S103 phosphorylation was increased following incubation of L6
myotubes with either AICAR, A-769662 or 2,4-dinitrophenol (DNP) (Fig. 6C). This
A-769662 induced increase in AKAP1 S103 phosphorylation was ablated with siRNA
knock down of the catalytic al and a2 subunits of AMPK (siAMPKa) compared to cells
transfected with scrambled control siRNA (siScramble; Fig. 6D). Consistent with these
findings, AICAR-dependent phosphorylation of AKAP1 S103 was absent in soleus muscle
from mice expressing kinase dead AMPKa2 (Fig. 6E). It was notable that ACC
phosphorylation was not inhibited to the same extent as AKAP1 in kinase dead AMPKa2
muscle, possibly reflecting an underlying subtlety to AMPK regulation that remains to be
found. It was suggested that there may be an alternate ACC kinase, but so far attempts to
identify this kinase have not been successful (Dzamko et al., 2008). AKAP1 S103
phosphorylation, in addition to AMPK T172 and ACC S79, was also increased in red
quadricep muscles following treadmill exercise in mice (Fig. 6F).

We next examined mitochondrial localization of AMPK and AKAP1. A-769662 increased
AMPK T172 and ACC S79 phosphorylation in the whole cell lysate and non-mitochondrial
cytoplasmic fractions isolated from L6 myotubes (Fig. 6G). As expected, AKAP1 and
phospho-S103 AKAP1 were highly enriched in the mitochondrial fraction.
Immunofluorescence confirmed that FLAG-tagged AKAP1 WT and the AKAP1 S103A
mutant were primarily localized to mitochondria (Fig. 6H). Phospho-AMPK was also highly
enriched in the mitochondrial fraction, while the majority of immunoreactive AMPKa was
identified in the non-mitochondrial cytoplasmic fraction. Use of AMPK isoform-specific
antibodies revealed that AMPKa2 was highly enriched in the mitochondrial fraction
compared to AMPKal. In addition, mitochondrial detection of AMPKal was increased
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upon A-769662 stimulation. Interestingly, both ACC1 and ACC2 were primarily localized
to the non-mitochondrial cytoplasmic fraction. However, similarly to AMPK the minor pool
of ACC localized at the mitochondria was robustly phosphorylated following AMPK
activation (Fig. 6G).

AKAP1 S103 phosphorylation via AMPK facilitates mitochondrial respiration

Considering the mitochondrial localization of AKAP1 and regulation of mitochondrial
energy utilization by AMPK, we next used siRNA knock down to explore their role in this
process further. Knock down of AMPKa in L6 myoblasts significantly reduced
mitochondrial respiration in the presence of both bovine serum albumin (BSA) and
palmitate (Fig. 7A-7C). Similarly, knock down of AKAP1 (siAKAP1; Fig. 7D) significantly
impaired mitochondrial respiration (JO,; Fig. 7E) and oxygen consumption (OCR; Fig. 7F)
in the presence of BSA compared to myoblasts transfected with siScramble. Similar data
were obtained using the oxygraph-2K respirometry systems (O2K; Fig. 7E) and extracellular
flux analyzer (XF24; Fig. 7F). In addition, mitochondrial palmitate oxidation was blunted in
myoblasts transfected with siAKAP1 compared to those transfected with siScramble (Fig.
7E, 7F).

To examine the role of AKAP1 S103 in mitochondrial respiration, we assessed whole cell
respiration in L6 myaoblasts expressing either FLAG-tagged AKAP1 WT or the AKAP1
S103A mutant (Fig. 7G). Using the O2K we observed the expected increases in respiration
induced by palmitate and A-769662 in L6 myoblasts transfected with EV FLAG (Fig. 7H).
Strikingly, L6 myoblasts expressing S103A displayed impaired A-769662-stimulated
respiration compared to cells expressing either EV FLAG or WT AKAP1 (Fig. 71). Similar
to our siAKAP1 findings, L6 myoblasts expressing the SI03A AKAP1 mutant displayed
impaired OCR compared to those expressing WT AKAPL in the presence of BSA and
palmitate (Fig. 7J).

Discussion

This study represents a major advance in our understanding of how acute exercise signaling
affects muscle biochemistry and physiology. Our use of unbiased, global
phosphoproteomics has shed light on the complexity of exercise signaling. In this study, we
have achieved three major goals. First, we provide a comprehensive map of the acute high-
intensity exercise signaling network in human muscle and used this together with protein-
protein interaction databases to generate an exercise kinome network. The entire network
comprised over 900 exercise-regulated phosphorylation sites with no known upstream
kinase. Second, we identified eight exercise-regulated AMPK substrates using a
combination of global MS-based phosphoproteomics in muscle cells, machine learning
AMPK substrate prediction, and integrated substrate validation using targeted DIA-MS
analysis in HEK293 cells. Finally, we unveiled a function of AMPK in mitochondrial
respiration via phosphorylation of AKAPL.

The presence of a small number of large abundant contractile proteins, which account for
over 50% of tissue mass, presents a considerable challenge for muscle biochemistry (Geiger
et al., 2013). By comparison to other tissues, a lower number (~3,500) of muscle

Cell Metab. Author manuscript; available in PMC 2016 November 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hoffman et al.

Page 9

phosphorylation sites have been reported using MS (Hojlund et al., 2009; Lundby et al.,
2012; Zhao et al., 2011). In this study, we combined improved phosphopeptide enrichment
strategies with multiplexed isobaric labeling and high resolution separation coupled to
tandem MS to identify > 8,500 phosphorylation sites, ~12% of which were significantly
regulated with exercise. To achieve this robust exercise response we utilized a high-intensity
acute exercise regimen in humans, which likely engaged many muscle fibers and produced a
robust signaling response. The paired experimental design combined with our optimized
biopsy approach resulted in a highly reproducible exercise-induced phosphorylation
response (Fig. 1).

Exercise imposes metabolic, oxidative and mechanical stress on muscle due to increased
energy turnover. These stress pathways play a major role in the initiation of exercise
signaling (reviewed in (Egan and Zierath, 2013)), culminating in the regulation of numerous
kinases including AMPK, PKA, CaMK and MAPK. While we observed robust activation of
these known kinases, this represented only a fraction of the regulated sites (~10%) identified
in the present study. Thus, the vast majority of the exercise-regulated phosphosites reported
here (~900 sites) have not previously been associated with the exercise response. This likely
reflects the role of exercise to perturb multiple stimuli throughout the body to initiate
signaling cascades in muscle. Our data further highlight exercise signaling pathways
implicated in muscular dystrophy and associated muscle pathology including kinases such as
DMPK, ILK and CDK. Interestingly, the exercise kinome network in skeletal muscle
highlights many nodes involved in oxidative and/or intracellular stress including the p38
MAPK pathway, Wnk1/OSR1, DMPK, PKD, Aurora, MST3, PAK, ATM, PIM, Src kinase
family members and DAPK. Consistent with this, exercise-induced reactive oxygen species
purportedly plays a major role in the beneficial effects of exercise (Ristow et al., 2009). The
effects of exercise on mTORC1/2 were of particular interest with altered phosphorylation
observed in multiple components of this complex including RagC, DEPTOR, DAPK2, and
the mMTORC1 binding protein LARP1. Based on the direction of change in both Akt and
mTORC1/2 substrates, our data are consistent with a model whereby exercise represses
biosynthetic pathways to conserve substrates for energy production. However, there is no
consensus concerning the effect of various exercise protocols on Akt activity (Thorell et al.,
1999; Widegren et al., 1998; Wojtaszewski et al., 2001). We observed not only decreased
Akt phosphorylation, but also reduced phosphorylation of a range of Akt substrates after
exercise indicative of reduced Akt kinase activity. Therefore, we are confident that Akt
kinase activity was reduced with our exercise protocol. The pathways described above,
along with 45 protein kinases and 16 transcription factors that we observed to be
phosphorylated during exercise, warrant further investigation (Table S1).

Given the known activation of AMPK during exercise and its suggested therapeutic
potential for metabolic disease, there is considerable interest in identifying additional
AMPK substrates. One of the most comprehensive studies was a chemical genetic screen
that identified 28 potential AMPK substrates and validated six of these (Banko et al., 2011).
In addition, a recent study applied antibody-based affinity proteomics to identify 57
candidate AMPK substrates in primary hepatocytes and validated two substrates
(Ducommun et al., 2015). Another previous screen utilized a two-dimensional in vitro
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screening approach to identify proteins that interact with the AMPK ap,y1 isoform (Klaus
et al., 2012). Here, we employed physiological activation of exercise pathways, combined
with extensive interrogation of the AMPK signaling network using complementary MS
techniques and bioinformatic approaches to identify eight high-confidence exercise-
regulated AMPK substrates. We also identified six previously predicted AMPK substrates
including GPHN, GOLGA4, IGF2R, TNIK, MINK1 and PPP1R12B (Banko et al., 2011).

Strikingly, five AMPK substrates are associated with the endoplasmic reticulum (ER) and
Golgi apparatus (STIM1, VAPA, GPHN, GOLGA4 and IGF2/CIMPR), highlighting
unidentified roles for AMPK in ER/Golgi function such as vesicle trafficking and Ca2*
regulation. STIM1 regulates store-operated Ca2* entry and functions as an ER Ca2* sensor.
In response to depletion of intracellular Ca2* stores STIM1 undergoes oligomerization and
conformational changes triggering its interaction with the Ca2* release activated channel
(CRAC) Orail at the plasma membrane to facilitate CaZ* entry into the cell (Soboloff et al.,
2012). Interestingly, the AMPK-regulated S257 phosphosite on STIML1 is adjacent to the
proposed hinge region suggesting that AMPK likely regulates STIM1 intra- and/or
intermolecular dynamics, thereby affecting STIM1-Orail complex activation to regulate
Ca?* influx during acute exercise (Soboloff et al., 2012). AMPK-regulated phosphorylation
of VAPA suggests additional unappreciated mechanisms of lipid and glucose transport
regulation by AMPK. We also validated eight additional exercise-regulated AMPK
substrates associated with other organelles (AKAP1, AGPAT9, SLC12A2, CTNND1,
AKAP13, TNIK, MINK1 and PPP1R12B). Collectively, these studies expand the repertoire
of AMPK biological functions to include: i) vesicle transport, ii) beta-catenin and Wnt
signaling (TNIK, MINKZ1, CTNND?1), iii) potassium and chloride transport (SLC12A2),
which is crucial for sustaining exercise (Clausen, 2003), iv) calcium homeostasis and
excitation contraction coupling (STIM1), v) myosin phosphorylation (PPP1R12B), vi) lipid
signaling (AGPAT1), and vii) mitochondrial signaling (AKAP1).

The identification of AKAP1 as an AMPK substrate was of interest given its mitochondrial
localization and the known role of AMPK in mitochondrial energetics. Currently the
mitochondrial function of AMPK is thought to be primarily conveyed via AMPK-dependent
phosphorylation of ACC to regulate mitochondrial fatty acid import and oxidation. AKAP1
is expressed at high levels in human muscle, heart and adipose tissue, and it has been
implicated in fat metabolism (Bridges et al., 2006). Here, we demonstrate that AKAP1 is a
bona fide AMPK substrate in muscle that plays an important role in AMPK regulated
mitochondrial respiration. Consistent with this, knockdown of AKAP1 impairs
mitochondrial membrane potential and ATP production (Livigni et al., 2006), and
overexpression of AKAP1 increases cellular oxygen utilization (Merrill and Strack, 2014).
Intriguingly, the expression of AKAP1 is reduced four-fold in adipose tissue from obese
individuals (Marrades et al., 2010). However, we were unable to detect any difference
between AKAP1 mRNA levels in human muscle from lean and obese individuals (data not
shown).

The precise mechanism by which AKAP1 phosphorylation by AMPK regulates
mitochondrial signaling and function is not understood. Phosphorylated AMPK is enriched
in mitochondria together with AKAP1 in muscle cells (Fig. 6G). However, we were unable
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to detect a direct interaction between these proteins (data not shown). Additional exercise-
regulated phosphosites were identified on AKAP1 including S128 and S592, which may
contribute to the observed phenotype or have alternative functions. The present studies add
to the growing body of evidence showing cross talk between AMPK and other kinases
including PKA, potentially via AKAP1. For example, PKA phosphorylates and inhibits
AMPK to promote efficiency of the lipolytic response in adipocytes (Djouder et al., 2010).
Recent evidence highlights roles for AKAPL in kinase regulation, including PKC
(Greenwald et al., 2014) and Src (Livigni et al., 2006), that may impact mitochondrial
function. Notably, exercise increased the activation loop phosphopeptide common to Src
kinase family members Src, Fyn, Lck and Yes. An emerging concept for scaffold proteins
such as AKAPL1 is their role in scaffold state switching to allow signals and complexes to be
insulated, amplified and/or accelerated within subcellular compartments such as
mitochondria (Greenwald et al., 2014). Mitochondria are dynamic organelles that are
continuously remodeled by fission and fusion. These reactions are sensitive to physiological
stimuli such as energy stress and exercise to maintain mitochondrial integrity and survival
(Bo et al., 2010). PKA bound to AKAP1 is known to inhibit mitochondrial fission (Merrill
and Strack, 2014). The accessibility of PKA to AKAPL is therefore expected to impact
PKA'’s ability to inhibit fission. Therefore, AMPK-stimulated AKAP1 phosphorylation in
muscle during exercise and energy stress may limit PKA accessibility to AKAP1 to promote
mitochondrial remodeling to meet metabolic demands. Additional mitochondrial
phosphoproteins we found to be regulated by exercise, including mitochondrial fission
factor (MFF) and mitochondrial fission regulator 1-like (MFR1L), may also contribute to
this dynamic remodeling process. Notably, AKAP1 and MFR1L were regulated by both
exercise and AICAR, and MFF was recently validated as an AMPK substrate (Ducommun
et al., 2015). Therefore, AMPK may have several functions in mitochondrial remodeling and
energy homeostasis.

It is well recognized that a better mechanistic understanding of exercise will provide a major
step forward in harnessing the immense therapeutic potential of this lifestyle intervention
(Neufer et al., 2015). It is our view that identifying the protein kinases triggered in various
tissues in response to exercise may provide one tractable way of achieving this goal in view
of the druggability of this class of molecules. A notable feature of the present study is that
the exercise response is not governed by a single kinase, but rather it involves the
synchronous activation of a series of kinases. The challenge is to delineate which of these is
transmitting the beneficial effects of exercise with the long term goal of developing a
combination kinase small molecule cocktail that can be used to recapitulate some of the
beneficial effects of exercise in humans.

Taken together, the effort undertaken to map the exercise phosphorylation landscape in
human muscle has filled a crucial gap in our understanding of muscle exercise signaling. For
example, the breadth of signaling pathways and kinases modulated by exercise is far greater
than previously appreciated. We hope that similar studies investigating the effects of other
exercise protocols on other organs and other protein modifications in a temporal fashion will
further expand our knowledge of cellular adaptation to exercise. Importantly, the
combination of these data may provide a blueprint for future studies aimed at developing
exercise mimetic therapies for metabolic disease treatment or prevention in the modern
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world. For example, testing the ability of these unappreciated exercise-regulated kinases to
improve whole body insulin sensitivity in the absence of exercise, either through genetic or
pharmacological studies, will undoubtedly increase our understanding of metabolic health.
We anticipate that our unique, global approach to study exercise signaling in human muscle
will help unleash the full potential of exercise in preventing obesity, type 2 diabetes and
other major conditions that limit the health of our aging population.

Experimental Procedures

Brief experimental procedures are provided below. For complete details and MS data
repository information, see Supplemental Experimental Procedures.

Human subjects and exercise

Four untrained healthy males (age: 24 — 27; BMI: 24.2 — 25.9 kg/m?2, VO, max: 48-59
ml/kg/min, Wmax: 320-375 W) underwent a single bout of high-intensity cycle exercise.
Following warm up subjects exercised for 6 min at 85% of Wmax then to exhaustion at 92%
of Wmax, which occurred after 9-11 min total exercise time. Blood was obtained before and
during the last min of exercise, and 2 muscle biopsies were extracted from the vastus
lateralis immediately before and upon exercise cessation.

Phosphopeptide enrichment and mass spectrometry

Human muscle peptides were labeled with isobaric tags for relative or absolute quantitation
(iTRAQ) or tandem mass tags (TMT). L6 myotube SILAC labeling was performed as
previously described (Humphrey et al., 2013). Phosphopeptides were enriched using
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). Labeled peptides were analyzed by MS using data-dependent
acquisition (DDA) as previously described (Humphrey et al., 2013). Phosphopeptides
enriched from the AMPK in vitro kinase assay were analyzed by data-independent
acquisition (DIA) (Gillet et al., 2012).

Phosphoproteomic data analysis

DDA data from human muscle were processed using Proteome Discoverer v1.4 against the
human UniProt database. DDA data from rat L6 myotubes were processed using MaxQuant
v1.4.0.8 (Cox and Mann, 2008) against the rat UniProt database. All results were filtered to
1% FDRs. Median values of peptide spectral matches (PSMs) for each phosphosite were
calculated using a script developed in Python. 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]. Protein quantification
was performed using median values of all PSMs of the protein group. Significantly
regulated phosphopeptides and proteins 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]. Pathway analysis was performed with Ingenuity Pathway
Analysis (www.ingenuity.com), and prediction of kinase-substrate relationships was

Cell Metab. Author manuscript; available in PMC 2016 November 03.


http://www.R-project.org

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hoffman et al.

Page 13

performed with NetworKIN v2.0 (Linding et al., 2008) followed by processing and
thresholding in PhosphoSiteAnalyzer (Bennetzen et al., 2012).

All DIA data were processed using Skyline v2.5.0.6157 (MacLean et al., 2010) and targeted
data extraction was performed essentially as described (Gillet et al., 2012). Peak scoring
models were trained based on mProphet (Reiter et al., 2011) using a combination of scores
and filtered to 1% FDR. Significantly regulated phosphopeptides were determined by
calculating the moderated t-statistic using LIMMA package in R where eBayes method was
used for global variance shrinkage. Significance was defined by an adjusted P-value < 0.05.

Mitochondrial respiration assays

O, consumption measurements were conducted using the OROBOROS Oxygraph-2K
(OROBOROS Instruments) or the XF24 and XFp analyzers (Seahorse Biosciences).

Statistical Analysis

Error bars represent mean + standard deviation (Fig. 4) or mean * standard error of mean
(Fig. 6 and 7). Statistical tests and experiment numbers are detailed in figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Acute exercise-regulated phosphoproteome in human skeletal muscle
(A) Experimental design of the phosphoproteomic analysis of exercise in human muscle is

shown. Muscle biopsies pre- and post-exercise from four healthy males were collected.
Protein was extracted, digested with Lys-C/trypsin and peptides were isobarically labeled
with iTRAQ or 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) into 12-16
fractions. Each fraction was analyzed by nano-ultra high pressure liquid chromatography
coupled to tandem MS (nanoUHPLC-MS/MS) on a Q-Exactive MS operated in DDA. (B)
Volcano plot showing the median phosphopeptide Log, fold-change (post- / pre-exercise)
plotted against the —Log1g P-value highlighting significantly regulated phosphopeptides
(blue; P < 0.05, n=4, moderated t-test). Dotted lines indicate (+/-) 1.5-fold change (Log, =
0.58). (C) Pearson’s correlation analysis of phosphopeptide fold-change quantification
(post- / pre-exercise) between the 4 subjects is shown. (D) Summary of the quantified and
regulated proteome and phosphoproteome is shown.
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Fig. 2. Site-specific kinase-substrate regulation in response to acute exercise

(A) Significantly regulated phosphopeptides (+/- 1.5-fold change, P < 0.05, n=4, moderated
t-test) were clustered according to PhosphoSitePlus-annotated upstream kinases. Co-
regulation of substrate phosphorylation sites (inner dotted circle = decreased
phosphorylation; outer dotted circle = increased phosphorylation) provides insights into
kinase activity in response to exercise. (B) Muscle biopsy lysates from four subjects pre- and
post-exercise were immunoblotted for kinases and substrates in the phosphoproteomics data.
(C) An integrative network of the exercise-regulated kinase interactome was generated using
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experimentally validated human protein-protein interactions and annotated kinase-substrate
relationships. Direct increases (green arrows) and decreases (red arrows) in substrate
phosphorylation are shown, and dotted lines represent protein-protein interactions. Colors
represent kinases with exercise-regulated activity as shown in (A). Additional kinases (grey)
and substrates (white) contain regulated phosphorylation sites.
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Fig. 3. AMPK substrate prediction using AMPK-activated phosphoproteomics

(A) Experimental design of the phosphoproteomic analysis of AICAR stimulation is
depicted. 2-plex SILAC labeled L6 myotubes were treated with or without AICAR (n=4
with 2 label switching experiments). Proteins were extracted and digested with trypsin.
Peptides were fractionated by strong cation exchange (SCX) chromatography and
phosphopeptides enriched using titanium dioxide chromatography. An aliquot of the non-
phosphorylated peptides was fractionated by HILIC. Phosphopeptide and non-
phosphopeptide fractions were analysed by nanoUHPLC-MS/MS on a Q-Exactive MS
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operated in data-dependent acquisition followed by MaxQuant analysis. (B) Volcano plot
showing median phosphopeptide Log, fold-change (AICAR/basal) plotted against —Logq
P-value highlighting significantly regulated phosphopeptides (blue; *P < 0.05, n=4,
moderated t-test). Dotted lines indicate (+/-) 1.5-fold change (Log, = 0.58). (C) Summary
of the quantified and regulated proteome and phosphoproteome is shown. (D) AMPK
substrate prediction using the AICAR-regulated L6 myotube phosphoproteome. The model
was trained based on the primary amino acid motif surrounding the phosphosites and
magnitude of up-regulation by AICAR (AICAR-regulated sites in blue) using known AMPK
substrates quantified (red).

Cell Metab. Author manuscript; available in PMC 2016 November 03.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Hoffman et al.

Figure 4
A

Compound C -
AMPKa1B1y2

ACC pS80

ACC
Raptor pS792

Raptor

AKAP1 pS107

N W

+

1
+
+

MM

il

Page 22

B [ control C
] AMPKa1B1y2
[J AMPKa1B1y2 + Comp. C
__ ACACA pS80 RPTOR pS722
6 *
£2
8
(0]
21
g
o
kel
20
E STIM1 pS257 AGPAT9 pS68

i

w

fold-change (control) Q oId change (control) o

SLC12A2 pS77

'olils

CTNND1 pS268

ﬁﬂﬂ

3 *kk *%
, ’_\ ’_‘
iiminiN
; f_l

AKAP13 pS2563

2 * *

L5 ]

mA[S

N

Fig. 4. AMPK substrate prediction using data-independent MS analysis of a global AMPK in

vitro kinase assay

(A) Immunoblot analysis of known AMPK substrates (ACC and Raptor) in HEK293 lysates
subjected to a global AMPK (a1B1y2) in vitro kinase assay + active AMPK and the AMPK
inhibitor Compound C. (B) — (I) Targeted quantification (mean + standard deviation, one-
way ANOVA corrected for multiple testing, *P < 0.05, **P < 0.01, ***P < 0.005, n=3) of
phosphopeptides from HEK?293 lysates subjected to a global AMPK (a1p1y2) in vitro
kinase assay using nanoUHPLC-MS/MS on a Q-Exactive MS operated in DIA.
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Fig. 5. AMPK consensus motif and substrate sequence alignment
AMPK consensus motif derived from (Gwinn et al., 2008) with multiple sequence alignment

of exercise-regulated phosphosites in human muscle (Human Exercise) is displayed. The
alignment shows: known AMPK substrates (black circles); internally predicted AMPK
substrates with validation (blue circles) in either AICAR stimulated Rat L6 myotubes (Rat
AICAR) or global AMPK in vitro kinase analysis in HEK lysates (black diamonds #); and

externally predicted AMPK substrates from (Banko et al., 2011) (orange circles).
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Fig. 6. AKAP1 is a mitochondrial AMPK substrate
(A) HEK293 cells expressing FLAG-tagged EV, AKAP1 WT or AKAP1 S103A were

serum-starved for 2 h, followed by + 100 uM A-769662 for 30 min. Cell lysates were
immunoblotted with indicated antibodies. (B) Activated AMPK a1f1y2 was added to
immunoprecipitated AKAP1 or biotinylated ACC beads for 30 min at 33°C = Compound C.
In vitro kinase assay samples were immunoblotted. (C) L6 myotubes were serum-starved for
2 h, followed by incubation £ AMPK agonists AICAR (2 mM), A-769662 (100 uM) and
DNP (200 uM) for 30 min. Lysates were immunoblotted. (D) L6 myoblasts were transfected
with siScramble or siAMPKa. Cells were lysed after 72 h and immunoblotted. (E) Isolated
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soleus muscles from WT and AMPKa2 kinase dead (KD) mice were incubated in vitro + 2
mM AICAR for 1 h and muscle lysates were immunoblotted. (F) WT mice were rested or
subjected to treadmill exercise until exhaustion, red quadricep muscles were isolated and
lysates were immunoblotted. (G) L6 myotubes were serum-starved for 2 h, followed by
stimulation £ 100 uM A769662 for 30 min. Following subcellular fractionation, whole cell
lysate (WCL), non-mitochondrial (Non-Mito) and mitochondrial (Mito) fractions were
immunoblotted. (H) L6 myoblasts expressing pMito-LSSmOrange (Mito) and either FLAG-
tagged AKAP1 WT or AKAP1 S103A were reseeded 24 h after transfection, fixed 24 h later
and prepared for confocal microscopy (scale bar: 10 um). Immunoblots are representative
images from 3-6 independent experiments; quantitative AKAP1 pS103 data in panels E and
F are normalized to total protein, and mean + standard error of mean is shown from n=3-4
and n=5 mice, respectively, t-test, *P < 0.05 vs. basal WT muscle (E) or rest (F), #P < 0.05
vs. AICAR-stimulated WT muscle.
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Fig. 7. AKAP1 and AMPK mediated S103 phosphorylation facilitate mitochondrial respiration
(A) L6 myoblasts were transfected with siScramble or siIAMPKa. Cells were lysed after 72

h and immunoblotted with indicated antibodies. (B) Immunoblotting was performed in
serum-starved L6 myoblasts incubated with BSA or BSA-conjugated palmitate (Palm.; 200
M) £ 100 pM A-769662 for 30 min. Immunoblots are representative images from 3-4
independent experiments. (C) Oxygen consumption rate (OCR) was determined in serum-
starved L6 myoblasts transfected with siScramble or siAMPKa and incubated with BSA or
Palm. (200 uM) + 100 pM A-769662. (D) L6 myoblasts were transfected with siScramble or
AKAP1 siRNA (siAKAP1). Cells were lysed after 72 h and immunoblotted. Respiration
(JOs in E) and OCR (F) was determined in serum-starved L6 myaoblasts transfected with
siScramble or siAKAP1 and incubated with BSA or Palm. (200 uM) + 100 uM A-769662.
(G) L6 myablasts were transfected with FLAG-tagged EV control, AKAP1 WT or AKAP1
S103A mutant, incubated with BSA or Palm., and immunoblotting was performed (G),
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respiration (H, I) and OCR (J) were measured. (1) Respiration is shown as % increase with
A-769662 stimulation in cells incubated with Palm. Quantitative OCR and JO, data
represent mean = standard error of mean, t-test, *P < 0.05 vs. siScramble BSA or EV/WT
control BSA, #P < 0.05 vs. respective siScramble or EV/WT control, n=3-6.
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