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Abstract

:

β-adrenergic receptor (β-AR) stimulation represents a major mechanism of modulating cardiac output. In spite of its fundamental importance, its molecular basis on the level of cell signalling has not been characterised in detail yet. We employed mass spectrometry-based proteome and phosphoproteome analysis using SuperSILAC (spike-in stable isotope labelling by amino acids in cell culture) standardization to generate a comprehensive map of acute phosphoproteome changes in mice upon administration of isoprenaline (ISO), a synthetic β-AR agonist that targets both β1-AR and β2-AR subtypes. Our data describe 8597 quantitated phosphopeptides corresponding to 10,164 known and novel phospho-events from 2975 proteins. In total, 197 of these phospho-events showed significantly altered phosphorylation, indicating an intricate signalling network activated in response to β-AR stimulation. In addition, we unexpectedly detected significant cardiac expression and ISO-induced fragmentation of junctophilin-1, a junctophilin isoform hitherto only thought to be expressed in skeletal muscle. Data are available via ProteomeXchange with identifier PXD025569.
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1. Introduction


β-adrenergic receptor (β-AR) stimulation represents a powerful mechanism for acutely enhancing cardiac output, which is a central component of the fight-or-flight response [1]. Activation of stimulatory G (Gs) protein-coupled β-ARs leads to increased activity of adenylate cyclase and subsequent production of cyclic adenosine monophosphate (cAMP). Increased cAMP concentration in the pertinent subcellular compartment(s) initiates downstream signalling pathways, primarily through activation of cAMP-dependent protein kinase (PKA), a serine/threonine kinase, but also via non-kinase effectors such as Epac, a guanine nucleotide exchange protein directly activated by cAMP [2]. Activation of the cAMP/PKA pathway in cardiomyocytes leads to an increase in intracellular Ca2+, which in turn activates another serine/threonine kinase, Ca2+/calmodulin-dependent protein kinase II (CaMKII) [3]. Recent evidence suggests that β-AR stimulation additionally modulates the activity of phosphatases, which counteract protein kinase activity by dephosphorylation of proteins. The underlying regulatory mechanisms are not fully understood but may include phosphorylation of the inhibitory protein of protein phosphatase 1 (PP1) [4] and phosphorylation [5] or translocation [6] of regulatory subunits of protein phosphatase 2A (PP2A). The dynamic phosphorylation and dephosphorylation of proteins participating in excitation–contraction coupling, cardiac metabolism and gene expression facilitate and regulate both acute and longer-term cardiac responses elicited by β-AR stimulation.



To date, investigation of cardiac protein phosphorylation events downstream of β-AR stimulation has relied primarily on treatment of isolated hearts or cardiomyocytes with β-AR agonists, followed by immunoblotting with antibodies raised against phosphorylated residues in specific proteins of interest [7,8,9,10,11]. A powerful contemporary alternative is mass spectrometry (MS)-based phosphoproteomics, which allows comparative analysis of a broad spectrum of protein phosphorylation changes in response to a given stimulus. In that context, the application of stable isotope labelling by amino acids in cell culture (SILAC) technology adds further stringency, by allowing the analysis of relative (phospho)proteomic changes in response to distinct stimuli in a quantitative manner [12]. In recent years, SILAC technology has been extended to in vivo animal models, by labelling mice with 13C6 lysine (Lys6) through the use of a lysine-free diet supplemented with Lys6 [13,14]. In a “spike-in” SILAC (or SuperSILAC) approach [15,16], protein samples from the tissue or organ of interest from Lys6 mice serve as an internal standard for quantitative (phospho)proteomic analysis of unlabelled samples from experimental mice subjected to different interventions.



Here, we utilised Super-SILAC mouse technology to perform a quantitative, comparative analysis of the cardiac phosphoproteome in mice acutely treated in vivo with either saline or isoprenaline (ISO), a nonselective β-AR agonist. Using a customized mass spectrometry-based workflow (Figure 1), our study identified hundreds of phosphosites that are significantly regulated by β-AR stimulation, including both novel phosphoproteins and phosphosites that have not been previously identified as downstream effectors of β-AR stimulation and established downstream components of cAMP/PKA and CaMKII signalling pathways. Interestingly, our study revealed both up- and down-phosphorylation in comparable numbers, indicative of an intricate signalling network activated in response to β-AR stimulation.




2. Results


2.1. Regulation of Protein Expression in Response to Acute β-AR Stimulation


We administered ISO, a synthetic β-AR agonist that targets both β1-AR and β2-AR subtypes, systemically to mice, to study protein phosphorylation events induced by the β-adrenergic component of physiological sympathetic stimulation (Figure 1). The effectiveness of the acute β-AR stimulation protocol was tested by monitoring the ECG before and after injection, which revealed a significant increase in heart rate after ISO but not saline injection (Figure 2A). We first performed SILAC-based protein expression profiling in heart tissue obtained from mice that received ISO and control (CON) mice that received saline. We identified 4855 proteins at an FDR of 1% (Supplementary Table S1). We compared the protein expression profiles in both groups to exclude the possibility of major changes in protein expression that may interfere with the quantification of changes in protein phosphorylation. No significant change in protein abundance was observed following acute β-AR stimulation (Supplementary Figure S1).




2.2. Cardiac Expression and ISO-Induced Fragmentation of Junctophilin-1


In analysing the proteome of the mouse ventricular tissue samples used in our study, we identified unique peptides of junctophilin-1 (JP1), albeit at around a 50-fold lower concentration than JP2 as estimated by MS intensity values (Supplementary Figure S2). Previous studies on junctophilins have focused on JP2 as the principal cardiac isoform, with JP1 found to be abundant in skeletal muscle [17,18,19]. The structures of JP1 and JP2 are highly conserved across mammalian species, with the proteins observed to run on SDS-PAGE at ∼90 and ∼100 kDa, respectively [18,19,20]. To confirm JP1 expression in the heart, we performed immunoblot analysis using a JP1-specific antibody directed towards the mid-region of JP1, which is able to detect both the full-length protein and shorter JP1 fragments, which were previously reported to arise from calcium-induced, C-terminal cleavage (Figure 2B) [17,18,21]. To determine if acute β-AR stimulation impacts on cardiac JP1 protein integrity, we investigated JP1 expression in heart tissue obtained from mice that received ISO and CON mice. JP1 protein was detected in mouse ventricular tissue, at the expected molecular weight of 90 kDa. In addition, acute β-AR stimulation with ISO led to the appearance of a 15 kDa band that was not visible in cardiac tissue of CON mice. The 90 kDa intact protein was the abundant species, with the 15 kDa fragment only detected following prolonged autoradiographic exposure.



We assessed in parallel the expression of JP2, previously considered to be the predominant junctophilin isoform in the heart (Figure 2C). An antibody directed towards the C-terminal of JP2 detected the full-length protein at the expected molecular weight of 100 kDa. The abundance of full-length JP2 was reduced in response to ISO, as previously reported to occur under conditions of elevated calcium [18].




2.3. Regulation of Cardiac Protein Phosphorylation in Response to Acute β-AR Stimulation


Next, we analysed the enriched phosphopeptide samples obtained from ventricular tissue by mass spectrometry (Figure 1). We identified and quantified 8597 class I phosphosites, corresponding to 10,164 phospho-events from 2975 proteins that were quantified (Supplementary Table S2). Correlation analyses confirmed reproducibility of quantified phospho-events among biological replicates within each group, with an average Pearson correlation coefficient of 0.8 (Supplementary Figure S3).



To determine changes in cardiac protein phosphorylation induced by acute β-AR stimulation, we compared phosphopeptide intensities in left ventricular samples from mice that received ISO and control (CON) mice that received saline (Figure 3).



We identified 197 phospho-events from 143 different proteins that displayed a statistically significant increase or decrease in phosphorylation in mice that received ISO, relative to saline controls (Figure 3). Of these, 77 phospho-events (39%) displayed decreased phosphorylation in response to ISO. Among the remaining 120 phospho-events that displayed increased phosphorylation, there were several sites (such as S15 in MLC-2 and S110 of Cdk16) that have not previously been described as downstream components of β-AR signalling, in addition to others that are well-established substrates of PKA downstream of β-AR stimulation, such as S23/24 in cTnI [22] and S302 in cMyBPC [23] The protein phospho-events that represent increased or decreased phosphorylation in response to ISO are listed in Supplementary Tables S3 and S4, respectively.



To investigate the diversity and potential signature of cardiac protein phosphorylation events resulting from acute β-AR stimulation, we analysed the amino acid sequences flanking phosphorylation sites that displayed significantly increased phosphorylation in response to ISO. Over- or under-representation of amino acids surrounding the upregulated phosphorylation sites was determined by comparison with nonregulated phosphorylation sites. This analysis revealed overrepresentation of arginine (R) and lysine (K) in the −2 position and R in the −3 position, as well as underrepresentation of proline (P) in the +1 position (Figure 4A). The consensus motif that arises is largely consistent with that for PKA substrates [24], suggesting that increased protein phosphorylation in response to acute β-AR stimulation arises primarily from increased PKA activity. Nevertheless, there was considerable diversity among the phosphorylation sites that displayed increased phosphorylation in response to β-AR stimulation (Figure 4B). The predominant phosphoacceptor residue was serine (S, 89%), with increased phosphorylation observed also at threonine (T, 9%) and tyrosine (Y, 2%). More than half (54%) of the phosphopeptides that displayed increased phosphorylation at S or T in response to ISO conformed to the PKA consensus motif [R/K][R/K/X]X[pS/pT]. Interestingly, however, the remaining 46% of the phosphopeptides that displayed increased phosphorylation at S or T in response to ISO did not conform to the PKA consensus motif, suggesting that pathways other than direct PKA-mediated phosphorylation were involved.



To explore whether phosphopeptides that displayed altered phosphorylation in response to ISO resided in networks of proteins that are associated with certain cellular functions, we performed pathway enrichment analyses using the STRING [25] and Gene Ontology (GO) [26] databases. STRING analysis provided an intricate network of highly confident, direct and indirect functional interactions between proteins involved in key cellular processes such as myofilament function and calcium handling (e.g., cTnI, calsequestrin, titin), protein localisation and compartmentation (e.g., Ankyrin B, Sorbin and SH3 domain-containing protein 2), all of which displayed altered phosphorylation in response to ISO (Supplementary Figure S4).



Further functional analysis of enriched GO terms highlighted important biological processes that are likely to be regulated by altered protein phosphorylation arising from β-AR stimulation, including not only those associated with electrical impulse generation/conduction and muscle contraction, but also those associated with protein localisation to subcellular compartments, muscle tissue morphogenesis, cardiomyocyte growth and metabolism (Figure 5A). We also analysed the enriched GO terms in the ranked list of a subset of proteins that only displayed decreased phosphorylation with ISO, which highlighted microtubule and cytoskeleton organisation as the most prominent processes regulated by protein dephosphorylation in response to acute β-AR stimulation with ISO (Figure 5B).



Among the individual proteins that displayed altered phosphorylation in response to ISO, we observed an overrepresentation of the ventricular isoform of myosin light chain 2 (MLC-2v) and cardiac troponin I (cTnI) within the GO terms related to myofilament contraction, and AMP activated kinase (AMPK) β2 subunit within those related to metabolism.




2.4. ISO-Induced Phosphorylation of AMPK β2 Subunit


In our analysis, we detected an ISO-induced increase in the phosphorylation of AMPK β2 subunit at S108 (Supplementary Table S1). In previous studies, the noncardiac β-subunit isoform, β1, harbouring a Ser108Ala mutation, was found to be associated with a markedly reduced AMPK catalytic activity, potentially through altered subunit interactions in the enzyme heterotrimer [27,28]. We aimed to validate by an independent method that acute β-AR stimulation with ISO regulates AMPK β2-subunit phosphorylation in the heart, by using phosTAG phosphate affinity SDS PAGE electrophoresis followed by immunoblot analysis using an antibody specific for AMPK β2 subunit. As shown in Figure 6A, ventricular samples from mice that received ISO showed increased abundance of an AMPK β2 moiety displaying higher phosphorylation, with a reciprocal reduction in the abundance of the protein at a lower phosphorylation status, providing additional evidence that acute β-AR stimulation does indeed induce increased AMPK β2-subunit phosphorylation. To confirm that the two bands detected in Figure 6 represent differentially phosphorylated species of AMPK β2 subunit, we treated adult rat ventricular myocytes (ARVM) with 1 µM okadaic acid (OA) for 45 min, to inhibit PP1 and PP2A activity and elevate AMPK β2 phosphorylation. As expected, we detected an additional, slow-migrating band in the ARVM sample treated with OA, which represents phosphorylated species of AMPK β2 subunit (Supplementary Figure S5).





3. Discussion


Our study provides an extensive characterisation of cardiac proteins that display rapid changes in phosphorylation following β-adrenergic stimulation, the primary mechanism through which cardiac function is regulated by the sympathetic nervous system. The data reveal many novel phosphoprotein members of the signalling networks downstream of β-ARs, as well as providing evidence for both the cardiac expression and ISO-induced fragmentation of JP1.



3.1. Cardiac Expression and Fragmentation of JP1


Our analyses of protein expression revealed the expression of JP1 in the heart. Junctophilins are structural proteins that in cardiac myocytes hold the L-type Ca2+ channel and the ryanodine receptor in close proximity, and as such, play an important role in excitation–contraction (E–C) coupling [18] The literature to date suggests that JP2 is the only junctophilin isoform expressed in cardiac and smooth muscle, with JP1 being abundant in skeletal muscle. In response to adrenergic stress and elevated calcium, both JP1 and JP2 have been shown to undergo cleavage, producing lower-molecular-weight fragments [21]. In cardiac myocytes, such cleavage of JP2 is thought to result in disintegration of the E–C coupling machinery and associated Ca2+ handling defects [18,19]. This is the first study to confirm the expression of JP1 protein in heart tissue and to reveal fragmentation of JP1 in response to ISO. In the heart, stress-induced proteolysis of JP2 was also shown to liberate an N-terminal fragment (JP2NT) that was imported into the nucleus, where it was proposed to play an antihypertrophic role by suppressing the transcriptional activity of MEF2 [22]. The role of JP1 fragments that appear to be produced following acute β-AR stimulation in the heart remains to be investigated.




3.2. Cardiac Protein Phosphorylation


Our extensive dataset of 197 phosphopeptides from 143 different proteins that displayed altered phosphorylation in response to ISO markedly expands the number of known phosphoprotein targets of β-AR stimulation.



The cardiac contractile response to β-AR stimulation depends on the phosphoregulation of several myofilament proteins regulating actin–myosin cross-bridge formation, as well as that of Ca2+-regulatory proteins such as phospholamban and L-type Ca2+ channels [29]. PKA-mediated phosphorylation of cardiac troponin I (cTnI) at S23/24 in response to β-AR stimulation elicits a lusitropic effect via a reduction in myofilament calcium sensitivity, augmenting relaxation and accelerating cross-bridge kinetics [23,30,31,32]. In our phosphoproteomic analysis, increased phosphorylation of cTnI at S23/24 was found to be the top ranked phosphorylation event in response to β-AR stimulation. Interestingly, in addition to these well-characterised sites, we also detected an ISO-induced increase in the phosphorylation of cTnI at Y27 and S200, sites that have not been previously described as targets of β-AR stimulation. The Y27 and S200 residues of cTnI in mice (equivalent to Y26 and S199, respectively, in humans) were first identified as phosphoacceptor sites in a quantitative phosphoproteomics screening of failing and nonfailing hearts, where phosphorylation of Y27 was found to be reduced in failing hearts [33]. In further studies, it was found that phosphorylation of Y27 leads to reduced Ca2+ sensitivity of the myofilaments and accelerated thin filament deactivation, to an extent similar to that elicited by dual phosphorylation of S23/24 [34]. In other pertinent work, phosphorylation of cTnI at S200 was reported to increase myofilament Ca2+ sensitivity and regulate susceptibility to calpain-induced proteolysis [35]. Our data identify the cTnI residues Y27 and S200 as novel phosphorylation targets in the β-adrenergic receptor signalling pathway. Notably, the magnitude of the ISO-induced increase in Y27 and S200 phosphorylation was similar to that of S23/24. Whilst previous evidence suggests that phosphorylation of cTnI at Y27 and S200 may impact myofilament function, the implications of such phosphorylation for the regulation of cardiac function in vivo remain to be investigated.




3.3. Kinases and Phosphatases Displaying Altered Phosphorylation in Response to ISO


Among the proteins that displayed altered phosphorylation in response to β-adrenergic stimulation were eight protein kinases and two protein phosphatases. We detected increased phosphorylation of CDK16 (also known as Pctaire 1) at S110, which was previously shown to enhance kinase activity when phosphorylated by PKA in the brain [36]. CDK16 is expressed in several tissues, most abundantly in the brain, where it is believed to play a role in neurotransmitter release [37]. In addition, we detected a significant increase in the phosphorylation of the AMP-activated protein kinase (AMPK) β2 subunit at S108. This observation was corroborated by phos-Tag SDS-PAGE and immunoblotting, which also indicated increased phosphorylation in response to ISO. AMPK is activated by increases in AMP:ATP ratio, and modulates cellular metabolism by switching on pathways that produce ATP [38]. The enzyme is a heterotrimer composed of a catalytic α subunit and noncatalytic β and γ subunits. Whilst most studies to date have focused on the β1 subunit, as this is the most common β isoform in most cell types, β2 is believed to be the dominant isoform in cardiac and skeletal muscle [39,40]. The β1 and β2 isoforms differ in their first 65 amino acids while the remainder of the sequence, including the S108 phosphorylation site of interest, is conserved. β1 subunit harbouring a Ser108Ala mutation was found to result in a 60% decrease in the catalytic activity of AMPK and a four-fold reduction in its affinity for activation by AMP [27,28]. AMPK activation following exercise and β-AR stimulation with adrenaline has been previously demonstrated in rat adipocytes [41]. However, β-AR-induced AMPK activation has not been demonstrated in the heart, and the role of β-subunit phosphorylation in any such activation remains to be explored.




3.4. ISO-Induced Protein Dephosphorylation


β-AR stimulation is thought to elicit physiological responses principally via phosphorylation of key proteins by downstream kinases PKA and CaMKII. Although the majority of studies on β-AR signalling have focused on kinase-mediated phosphorylation events, a small number of studies have reported dephosphorylation of proteins by protein phosphatases in response to acute β-AR stimulation in various tissues [42,43,44,45]. In the heart, we recently reported that acute ISO stimulation leads to PP2A-mediated dephosphorylation and nuclear accumulation of HDAC5, where HDAC5 then inhibits the prohypertrophic transcription factor MEF2 [46]. In addition, an earlier study used a lysate microarray approach to determine ISO-induced changes in phosphorylation state of a set of proteins in mouse embryonic fibroblasts, and reported that several proteins were dephosphorylated in response to ISO [44]. Our phosphoproteomic analysis of cardiac tissue identified a group of 77 proteins that displayed reduced phosphorylation in response to ISO stimulation, among which there was overrepresentation of microtubule-associated proteins (MAPs) when analysed for enrichment of GO terms. The observed reductions in protein phosphorylation at pertinent sites may arise from enhanced dephosphorylation by phosphatases and/or reduced phosphorylation by kinases, which themselves may arise from altered catalytic activity and/or modified substrate-targeting in response to β-adrenergic stimulation. The role of MAP phosphorylation in regulating cardiac function in response to neurohormonal stimuli is poorly understood. This is the first report of phosphoregulation of MAPs in the context of β-adrenergic signalling. In light of the evidence that MAP phosphorylation induces cardiomyocyte apoptosis [47] and drives pathological cardiac remodelling [48], the question of whether reduced MAP phosphorylation is a protective mechanism against such detrimental effects in response to acute β-AR stimulation warrants further investigation.




3.5. Study Limitations


For pragmatic reasons, we used only male mice (to avoid potential variances that might arise from mixing samples from both genders and the prohibitive cost of separate analyses of hearts from male and female mice) and at a relatively young age of normal health (since our focus was on revealing potential molecular mechanisms of healthy physiological responses). Determination of potential impacts of gender, ageing and pathology on the responses that our study has revealed requires additional exploration.





4. Materials and Methods


Male mice maintained on a wild-type C57BL6N background at St Thomas’ Hospital (London, UK) were used in this study at 10 weeks of age and (25 ± 5) g of body weight. Animal experiments were conducted in accordance with the Home Office Guidance on the Operation of Animals (Scientific Procedures) Act 1986, published by Her Majesty’s Stationary Office, London.



4.1. Preparation of Mouse Tissue Samples


Mice were anaesthetized with 1.5% isoflurane. Core body temperature was maintained at 37 °C for the entire experimental procedure. Heart rate was recorded during injection of pharmacological agents. After baseline stabilization of heart rate, 0.1 mg/kg body weight dose of ISO dissolved in sterile saline (0.9% NaCl) or an equivalent volume of sterile saline was administered by intraperitoneal injection (n = 3 per group). Two minutes after injection, the thorax was rapidly opened, the heart was explanted, quickly rinsed in ice-cold saline and ventricular tissue was snap-frozen in liquid N2.



Heavy lysine (13C6-Lys)-labelled mouse hearts from two 10-week-old female mice were purchased from Silantes (Munich, Germany). Tissues were frozen in liquid nitrogen and stored at −80 °C. Frozen tissues were dissolved in a lysis buffer containing 4% SDS, 0.1 M Tris-HCL, pH 8.0 supplementing with 1x Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific, Dreieich, Germany), followed by 8 min (6.5 M/s, 20 s on, 1 min on ice) of homogenization using a bead mill homogenizer (FastPrep-24, MP Biomedicals, Irvine, CA, U.S.A.). The crude extract was clarified by centrifugation at 14,000× g for 15 min, followed by 15 min (4 °C, 15 s on, 15 s off) of sonication using a Bioruptor and final clarification by centrifugation at 14,000× g for 15 min. The yield of the extracted protein was measured using BCA test (Pierce BCA Protein Assay, Thermo Fisher Scientific). Purified protein from the SILAC-labelled mouse hearts was divided into equal aliquots of 1 mg and stored at −80 °C for further use.




4.2. Protein Extraction and Digestion


Mouse protein samples were combined with protein from the 13C6-Lys-SILAC mouse heart standard at a 2:1 ratio. Protein mixtures were reduced and alkylated with 10 mM tris(2-carboxyethyl)phosphine (TCEP) and 20 mM iodoacetamide at 37 °C for 60 min, in the dark. Three volumes of cold (−20 °C) acetone were added to precipitate the proteins in solution at −20 °C overnight. Samples were centrifuged for 10 min at 14,000× g and supernatant was decanted without disturbing the protein pellet. The pellet was resuspended in 0.1% Rapigest in 50 mM TEAB. Lysyl Endopeptidase (Mass Spectrometry Grade Lys-C, Wako, Neuss, Germany) was added at an enzyme-to-protein ratio of 1:100 and digested at 37 °C, overnight. Acidification was performed after trypsin digestion to make sure the pH was less than 3.0, and the solution was incubated at 37 °C for 30 min to decompose the Rapigest completely. Samples were centrifuged for 10 min at 14,000× g and supernatant was collected. Then, 30 μg aliquots of digested peptides from each mixed sample were used for global proteome analysis and the remaining portion was used for global phosphoproteome analysis.




4.3. Phosphopeptide Enrichment


Phosphopeptides were enriched directly from the purified digested peptides using a previously reported method. A total of 17 peptide solutions were dried in a SpeedVac concentrator and resuspended in an incubation buffer containing 5% glycerol in 80% acetonitrile (ACN), 5% TFA. TiO2 beads (10 μm; GL Sciences, Tokyo, Japan) at a 1:8 peptide-to-bead ratio were weighed and washed three times in 1 mL of 60% ACN, 0.1% TFA, 1 mL of 80% ACN, 5% TFA and 1 mL incubation buffer sequentially. The resuspended peptides were then incubated with TiO2 beads with end-over-end rotation at room temperature for 20 min. The peptide concentration was maintained at about 2 mg/mL during the incubation. After incubation, TiO2 beads were loaded onto an empty spin column (5 μm frit; Hoefer, Holliston, MA, USA) and washed three times with incubation buffer containing 80% ACN, 5% TFA and 60% ACN, 0.1% TFA. Phosphopeptides were eluted with 1% NH4OH (pH ≥10.5) and acidified immediately with 10% (vol/vol) TFA, maintaining the pH below 3. The eluate was desalted on a C18 spin column before fractionation.




4.4. High-pH Reverse Phase Fractionation


Fractionation of the peptide and phosphopeptide mixtures was performed by reverse-phase C18 chromatography (1100 series HPLC system, Agilent, Waldbronn, Germany). A total of 30 μg of each sample was dissolved in 50 μL of mobile phase A (10 mM ammonium hydroxide in water, pH 10) and separated on a reverse-phase C18 column (XBridge C18, 3.5 μm, 300 Å, 1.0 × 150 mm, Waters, Milford, MA, U.S.A.). The elution was performed using mobile phase A and B (10 mM ammonium hydroxide in 80% ACN, pH 10) at a flow rate of 60 μL/min with a gradient (2% B, 0–5 min; 2–34% B, 5–42 min; 34–60% B, 42–50 min; 60–90% B, 50–51 min; 90–90% B, 51–56.5 min; 90–2% B, 56.5–57 min; 2–2% B, 57–64 min). Peptides were detected at 214 nm, and 58 fractions were collected in a time-based mode from 6 to 64 min. Fractions were finally grouped into 18 global peptide samples and 14 enriched phosphopeptide samples using staggered pooling schemes [49].




4.5. Mass Spectrometric Analysis


Peptide fractions were analysed on a hybrid quadruple-Orbitrap mass spectrometer (Q Exactive HF, Thermo Fisher Scientific) coupled to a nanoflow liquid chromatography system (UltiMate 3000 UHPLC, Dionex, Thermo Fisher Scientific). Dried samples were redissolved in 2% ACN/0.1% formic acid (FA) and centrifuged for 14,000× g for 10 min to remove particles prior to injection. Peptides were preconcentrated and desalted on a trap column (PepMap 100 C18, 5 μm, 0.3 × 5 mm, Thermo Fisher Scientific) at 10 μL/min in loading buffer (2% (vol/vol) ACN, 0.1% FA). Peptides were separated on a self-made capillary column (ReproSil-Pur 120 C18-AQ, 1.9 μm, 300 × 0.075 mm, Dr. Maisch, Ammerbuch, Germany) using a 90 min linear gradient from 8% to 36% buffer B (0.1% FA in 80% (v/v) ACN) versus a decreasing concentration of buffer A (0.1% FA) at a flow rate of 300 nL/min.



For protein expression analysis, the mass spectrometer was operated using a top 20 data-dependent acquisition (DDA) method using higher-energy collisional dissociation (HCD) with an isolation width of 1.4 m/z and an NCE setting of 28%. MS spectra from m/z 350–1600 were acquired at a resolution setting of 120,000 FWHM (m/z 200), and MS/MS spectra at a resolution setting of 15,000. AGC target values and maximum injection times for MS and MS/MS were set to 1 × 106 in 40 ms and 1 × 105 in 32 ms, respectively. Fixed first mass and dynamic exclusion values were set to 110 m/z and 20 s, respectively. For phosphopeptide analysis, the same settings were used, with the exceptions of MS/MS resolution setting and maximum injection times of 30,000 at m/z 200 and 128 ms, respectively, and a dynamic exclusion duration of 25 s to improve the MS/MS spectra quality for low-abundance precursors. Each peptide fraction was analysed twice as the injection replicates.



All raw files were processed using MaxQuant software (v1.6.5.0, MPI for Biochemistry, Martinsried, Germany) [50,51]. MS/MS spectra were searched against a UniProtKB mouse database containing 62,433 protein entries (downloaded on April 2019) supplemented with 246 frequently observed contaminants via the Andromeda search engine [52]. For phosphoproteome analysis, precursor and fragment ion mass tolerances were set to 6 and 20 ppm after initial recalibration, respectively. STY phosphorylation, protein N-terminal acetylation, and methionine oxidation were allowed as variable modifications. Cysteine carbamidomethylation was set as a fixed modification. Enzyme specificity was set to Lys-C allowing N-terminal cleavage to proline. Minimal peptide length was set to seven amino acids, with a maximum of two missed cleavages. The false discovery rate (FDR) was set to 1% on the peptide, modification-site and protein level using a forward-and-reverse concatenated decoy database approach.



For SILAC quantitation, multiplicity was set to two for double (Lys + 0, Lys + 6) labelling. At least two ratio counts were required for peptide quantitation. Both the “match between runs” and “re-quantify” options of MaxQuant were enabled. For proteome analysis, variable modifications did not consist of STY phosphorylation, and all the other parameter settings were identical with phosphoproteome analysis.




4.6. Statistical Analysis


The proteinGroups.txt and phospho (STY) sites.txt tables from MaxQuant were pre-processed with Perseus (v1.6.5.0, MPI for Biochemistry) [53]. After the removal of ‘Reverse’ and ‘contaminant’ entries, the class I phosphosites with localization probability ≥0.75 were filtered. The quantitation of phosphosites is based on the phosphopeptide expression. The same phosphopeptide bearing one p-site, two p-sites or more than two p-sites may be quantified together in the sample. In order to make full use of the quantitative phosphopeptides information, we analysed the data from the phosphorylation event (phospho-event) level. The function of “Expand site table” was used to convert the phosphosites into phospho-events. Protein expression ratios from the 13C6-Lys-SILAC-labelled mouse heart standards compared to mouse protein samples were normalized to achieve the median of all quantified proteins in each replicate as 0.5. Phospho-event ratios were normalized by the median of all quantified protein expression ratios in each replicate. Two-sample t-test in the volcano plot was performed to filter the significantly regulated proteins and phospho-events with the Permutation-based FDR less than 0.5% and S0 (background variability) of 0.1. For quality control, multiscatter plots displaying Pearson’s correlation coefficients were made in Perseus.



Consensus motifs were determined using the IceLogo software [52]. Consensus motifs were generated from 120 phospho-events that displayed increased phosphorylation with ISO, with the complete set of identified phospho-events serving as the reference set.



The phosphoprotein association network was generated on STRING (version 11.0). Edges indicate both functional and physical protein associations and disconnected nodes (noninteracting proteins) were omitted. The minimum required interaction score was set to 0.400 (medium confidence). Enriched GO terms were extracted from the STRING analysis, with p-values corrected for multiple testing using the Benjamini–Hochberg procedure [25,26].





5. Conclusions


Our study represents the first quantitative phosphoproteomic profiling of cardiac ventricular tissue in response to acute β-AR stimulation in vivo. The novel β-AR mediated phosphorylation events identified here provide a resource for future experimentation to obtain mechanistic information not only on the acute physiological responses, but also on potential longer-term pathological outcomes associated with aberrant stimulation in the context of cardiovascular disease.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ijms222212584/s1, Figure S1: Differential protein expression analysis by SuperSILAC-MS in mice, Figure S2: Ranked abundance analysis of SuperSILAC-MS protein expression data, Figure S3: Reproducibility of phosphopeptide quantitation, Figure S4: STRING-DB analysis of proteins exhibiting differentially phosphorylated peptides upon ISO stimulation, Figure S5: Validation of identity of bands detected by Phos-tag SDS-PAGE and immunoblotting, Table S1: Protein Expression Data, Table S2: Phosphorylation Data, Table S3: Up-Phosphorylation, Table S4: Down-Phosphorylation.





Author Contributions


Conceptualization, M.A. and C.L.; methodology, H.U. and C.L.; software, Y.J. and P.F.; validation, H.U., M.A. and C.L.; formal analysis, A.G., Y.J., P.F. and K.-T.P.; investigation, A.G, Y.J. and P.F.; resources, H.U., M.A. and C.L.; data curation, C.L.; writing—original draft preparation, A.G., Y.J., M.A. and C.L.; writing—review and editing, C.L.; visualization, A.G., Y.J. and C.L.; supervision, H.U., M.A., K.-T.P. and C.L.; project administration, C.L.; funding acquisition, H.U. and M.A. All authors have read and agreed to the published version of the manuscript.




Funding


A.G. was supported by a PhD studentship from the King’s College London British Heart Foundation (BHF) Research Excellence Award (RE/13/2/30182) and participated in the International Research Training Group 1816 program with the University of Göttingen that is cofunded by the Deutsche Forschungsgemeinschaft (DFG). Y.J. and K.T.P. were supported in part by the LOEWE Center Frankfurt Cancer Institute (FCI) funded by the Hessen State Ministry for Higher Education, Research and the Arts [III L 5-519/03/03.001-(0015)].




Institutional Review Board Statement


Animal experiments were conducted in accordance with the Home Office Guidance on the Operation of Animals (Scientific Procedures) Act 1986, published by Her Majesty’s Stationary Office, London.




Informed Consent Statement


Not applicable.




Data Availability Statement


The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE [54] partner repository with the dataset identifier PXD025569.




Acknowledgments


Y.L.: P.F., H.U. and C.L. would like to acknowledge Monika Raabe, Sabine König and Uwe Plessmann at the Max Planck Institute for Biophysical Chemistry, Göttingen, Germany for expert technical assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rockman, H.A.; Koch, W.J.; Lefkowitz, R.J. Seven-transmembrane-spanning receptors and heart function. Nature 2002, 415, 206–212. [Google Scholar] [CrossRef] [PubMed]

	



Dao, K.K.D.; Teigen, K.; Kopperud, R.; Hodneland, E.; Schwede, F.; Christensen, A.E.; Martinez, A.; Døskeland, S.O. Epac1 and cAMP-dependent protein kinase holoenzyme have similar cAMP affinity, but their cAMP domains have distinct structural features and cyclic nucleotide recognition. J. Biol. Chem. 2006, 281, 21500–21511. [Google Scholar] [CrossRef] [PubMed]

	



Grimm, M.; Brown, J.H. β-Adrenergic receptor signaling in the heart: Role of CaMKII. J. Mol. Cell. Cardiol. 2010, 48, 322–330. [Google Scholar] [CrossRef] [PubMed]

	



Weber, S.; Meyer-Roxlau, S.; El-Armouche, A. Role of protein phosphatase inhibitor-1 in cardiac beta adrenergic pathway. J. Mol. Cell. Cardiol. 2016, 101, 116–126. [Google Scholar] [CrossRef]

	



Ranieri, A.; Kemp, E.; Burgoyne, J.R.; Avkiran, M. β-Adrenergic regulation of cardiac type 2A protein phosphatase through phosphorylation of regulatory subunit B56δ at S573. J. Mol. Cell. Cardiol. 2018, 115, 20–31. [Google Scholar] [CrossRef]

	



Yin, X.; Cuello, F.; Mayr, U.; Hao, Z.; Hornshaw, M.; Ehler, E.; Avkiran, M.; Mayr, M. Proteomics analysis of the cardiac myofilament subproteome reveals dynamic alterations in phosphatase subunit distribution. Mol. Cell. Proteom. 2010, 9, 497–509. [Google Scholar] [CrossRef]

	



Hulme, J.T.; Westenbroek, R.E.; Scheuer, T.; Catterall, W.A. Phosphorylation of serine 1928 in the distal C-terminal domain of cardiac Ca v 1.2 channels during β1-adrenergic regulation. Proc. Natl. Acad. Sci. USA 2006, 103, 16574–16579. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, B.; Jiang, M.T.; Zhao, M.; Yang, D.; Sutherland, C.; Lai, F.A.; Walsh, M.P.; Warltier, D.C.; Cheng, H.; Chen, S.R.W. Characterization of a novel PKA phosphorylation site, serine-2030, reveals no PKA hyperphosphorylation of the cardiac ryanodine receptor in canine heart failure. Circ. Res. 2005, 96, 847–855. [Google Scholar] [CrossRef] [PubMed]

	



El-Armouche, A.; Pamminger, T.; Ditz, D.; Zolk, O.; Eschenhagen, T. Decreased protein and phosphorylation level of the protein phosphatase inhibitor-1 in failing human hearts. Cardiovasc. Res. 2004, 61, 87–93. [Google Scholar] [CrossRef]

	



Rotman, E.I.; De Jongh, K.S.; Florio, V.; Lai, Y.; Catterall, W.A. Specific phosphorylation of a site in the full-length form of the alpha-1 subunit of the cardiac L-type calcium channel by cAMP-dependent protein kinase. Biochem. 1996, 35, 10392–10402. [Google Scholar]

	



Bossuyt, J.; Ai, X.; Moorman, J.R.; Pogwizd, S.M.; Bers, D.M. Expression and phosphorylation of the Na-pump regulatory subunit phospholemman in heart failure. Circ. Res. 2005, 97, 558–565. [Google Scholar] [CrossRef]

	



Ong, S.E.; Blagoev, B.; Kratchmarova, I.; Kristensen, D.B.; Steen, H.; Pandey, A.; Mann, M. Stable isotope labeling by amino acids in cell culture, SILAC, as a simple and accurate approach to expression proteomics. Mol. Cell. Proteom. 2002, 1, 376–386. [Google Scholar] [CrossRef]

	



Rauniyar, N.; McClatchy, D.B.; Yates, J.R. Stable isotope labeling of mammals (SILAM) for in vivo quantitative proteomic analysis. Methods 2013, 61, 260–268. [Google Scholar] [CrossRef] [PubMed]

	



Krüger, M.; Moser, M.; Ussar, S.; Thievessen, I.; Luber, C.A.; Forner, F.; Schmidt, S.; Zanivan, S.; Fässler, R.; Mann, M. SILAC Mouse for Quantitative Proteomics Uncovers Kindlin-3 as an Essential Factor for Red Blood Cell Function. Cell 2008, 134, 353–364. [Google Scholar] [CrossRef] [PubMed]

	



Monetti, M.; Nagaraj, N.; Sharma, K.; Mann, M. Large-scale phosphosite quantification in tissues by a spike-in SILAC method. Nat. Methods 2011, 8, 655–658. [Google Scholar] [CrossRef] [PubMed]

	



Geiger, T.; Wisniewski, J.R.; Cox, J.; Zanivan, S.; Kruger, M.; Ishihama, Y.; Mann, M. Use of stable isotope labeling by amino acids in cell culture as a spike-in standard in quantitative proteomics. Nat. Protoc. 2011, 6, 147–157. [Google Scholar] [CrossRef]

	



Murphy, R.M.; Dutka, T.L.; Horvath, D.; Bell, J.R.; Delbridge, L.M.; Lamb, G.D. Ca2+-dependent proteolysis of junctophilin-1 and junctophilin-2 in skeletal and cardiac muscle. J. Physiol. 2013, 591, 719–729. [Google Scholar] [CrossRef] [PubMed]

	



Guo, A.; Wang, Y.; Chen, B.; Wang, Y.; Yuan, J.; Zhang, L.; Hall, D.; Wu, J.; Shi, Y.; Zhu, Q.; et al. E-C coupling structural protein junctophilin-2 encodes a stress-adaptive transcription regulator. Science 2018, 362, eaan3303. [Google Scholar] [CrossRef] [PubMed]

	



Takeshima, H.; Komazaki, S.; Nishi, M.; Iino, M.; Kangawa, K. Junctophilins: A novel family of junctional membrane complex proteins. Mol. Cell 2000, 6, 11–22. [Google Scholar] [CrossRef] [PubMed]

	



Golini, L.; Chouabe, C.; Berthier, C.; Cusimano, V.; Fornaro, M.; Bonvallet, R.; Formoso, L.; Giacomello, E.; Jacquemond, V.; Sorrentino, V. Junctophilin 1 and 2 proteins interact with the L-type Ca 2+ channel dihydropyridine receptors (DHPRs) in skeletal muscle. J. Biol. Chem. 2011, 286, 43717–43725. [Google Scholar] [CrossRef]

	



Guo, A.; Hall, D.; Zhang, C.; Peng, T.; Miller, J.D.; Kutschke, W.; Grueter, C.E.; Johnson, F.L.; Lin, R.Z.; Song, L.S. Molecular determinants of calpain-dependent cleavage of junctophilin-2 protein in cardiomyocytes. J. Biol. Chem. 2015, 290, 17946–17955. [Google Scholar] [CrossRef] [PubMed]

	



Layland, J.; Grieve, D.J.; Cave, A.C.; Sparks, E.; Solaro, R.J.; Shah, A.M. Essential role of troponin I in the positive inotropic response to isoprenaline in mouse hearts contracting auxotonically. J. Physiol. 2004, 556, 835–847. [Google Scholar] [CrossRef]

	



Sadayappan, S.; Gulick, J.; Osinska, H.; Barefield, D.; Cuello, F.; Avkiran, M.; Lasko, V.M.; Lorenz, J.N.; Maillet, M.; Martin, J.L.; et al. A critical function for Ser-282 in cardiac myosin binding protein-C phosphorylation and cardiac function. Circ. Res. 2011, 109, 141–150. [Google Scholar] [CrossRef] [PubMed]

	



Kemp, B.E.; Pearson, R.B. Protein kinase recognition sequence motifs. Trends Biochem. Sci. 1990, 15, 342–346. [Google Scholar] [CrossRef]

	



Szklarczyk, D.; Gable, A.L.; Lyon, D.; Junge, A.; Wyder, S.; Huerta-Cepas, J.; Simonovic, M.; Doncheva, N.T.; Morris, J.H.; Bork, P.; et al. STRING v11: Protein-protein association networks with increased coverage, supporting functional discovery in genome-wide experimental datasets. Nucleic Acids Res. 2019, 47, D607–D613. [Google Scholar] [CrossRef] [PubMed]

	



Ashburner, M.; Ball, C.A.; Blake, J.A.; Botstein, D.; Butler, H.; Cherry, J.M.; Davis, A.P.; Dolinski, K.; Dwight, S.S.; Eppig, J.T.; et al. Gene ontology: Tool for the unification of biology. Nat. Genet. 2000, 25, 25–29. [Google Scholar] [CrossRef]

	



Warden, S.M.; Richardson, C.; O’Donnell, J.J.; Stapleton, D.; Kemp, B.E.; Witters, L.A. Post-translational modifications of the β-1 subunit of AMP-activated protein kinase affect enzyme activity and cellular localization. Biochem. J. 2001, 354, 275–283. [Google Scholar] [CrossRef]

	



Mitchelhill, K.I.; Michell, B.J.; House, C.M.; Stapleton, D.; Dyck, J.; Gamble, J.; Ullrich, C.; Witters, L.A.; Kemp, B.E. Posttranslational modifications of the 5’-AMP-activated protein kinase β1 subunit. J. Biol. Chem. 1997, 272, 24475–24479. [Google Scholar] [CrossRef]

	



Gavi, S.; Shumay, E.; Wang, H.Y.; Malbon, C.C. G-protein-coupled receptors and tyrosine kinases: Crossroads in cell signaling and regulation. Trends Endocrinol. Metab. 2006, 17, 48–54. [Google Scholar] [CrossRef] [PubMed]

	



Najafi, A.; Sequeira, V.; Kuster, D.W.D.; van der Velden, J. β-adrenergic receptor signalling and its functional consequences in the diseased heart. Eur. J. Clin. Investig. 2016, 46, 362–374. [Google Scholar] [CrossRef] [PubMed]

	



Wijnker, P.J.M.; Foster, D.B.; Tsao, A.L.; Frazier, A.H.; dos Remedios, C.G.; Murphy, A.M.; Stienen, G.J.M.; van der Velden, J. Impact of site-specific phosphorylation of protein kinase a sites ser23 and ser24 of cardiac troponin in human cardiomyocytes. Am. J. Physiol. Heart Circ. Physiol. 2013, 304, 260–268. [Google Scholar] [CrossRef] [PubMed]

	



Layland, J.; Solaro, R.J.; Shah, A.M. Regulation of cardiac contractile function by troponin I phosphorylation. Cardiovasc. Res. 2005, 66, 12–21. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, P.; Kirk, J.A.; Ji, W.; Dos Remedios, C.G.; Kass, D.A.; Van Eyk, J.E.; Murphy, A.M. Multiple reaction monitoring to identify site-specific troponin i phosphorylated residues in the failing human heart. Circulation 2012, 126, 1828–1837. [Google Scholar] [CrossRef] [PubMed]

	



Salhi, H.E.; Walton, S.D.; Hassel, N.C.; Brundage, E.A.; de Tombe, P.P.; Janssen, P.M.L.; Davis, J.P.; Biesiadecki, B.J. Cardiac troponin I tyrosine 26 phosphorylation decreases myofilament Ca2+ sensitivity and accelerates deactivation. J. Mol. Cell. Cardiol. 2014, 76, 257–264. [Google Scholar] [CrossRef]

	



Wijnker, P.J.M.; Li, Y.; Zhang, P.; Foster, D.B.; dos Remedios, C.; Van Eyk, J.E.; Stienen, G.J.M.; Murphy, A.M.; van der Velden, J. A novel phosphorylation site, Serine 199, in the C-terminus of cardiac troponin I regulates calcium sensitivity and susceptibility to calpain-induced proteolysis. J. Mol. Cell. Cardiol. 2015, 82, 93–103. [Google Scholar] [CrossRef] [PubMed]

	



Graeser, R.; Gannon, J.; Poon, R.Y.C.; Dubois, T.; Aitken, A.; Hunt, T. Regulation of the CDK-related protein kinase PCTAIRE-1 and its possible role in neurite outgrowth in Neuro-2A cells. J. Cell Sci. 2002, 115, 3479–3490. [Google Scholar] [CrossRef]

	



Liu, Y.; Cheng, K.; Gong, K.; Fu, A.K.Y.; Ip, N.Y. Pctaire1 phosphorylates N-ethylmaleimide-sensitive fusion protein: Implications in the regulation of its hexamerization and exocytosis. J. Biol. Chem. 2006, 281, 9852–9858. [Google Scholar] [CrossRef] [PubMed]

	



Shirwany, N.A.; Zou, M.H. AMPK in cardiovascular health and disease. Acta Pharmacol. Sinica 2010, 31, 1075–1084. [Google Scholar] [CrossRef] [PubMed]

	



Thornton, C.; Snowden, M.A.; Carling, D. Identification of a novel AMP-activated protein kinase β subunit isoform that is highly expressed in skeletal muscle. J. Biol. Chem. 1998, 273, 12443–12450. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Z.P.; Heierhorst, J.; Mann, R.J.; Mitchelhill, K.I.; Michell, B.J.; Witters, L.A.; Lynch, G.S.; Kemp, B.E.; Stapleton, D. Expression of the AMP-activated protein kinase β1 and β2 subunits in skeletal muscle. FEBS Lett. 1999, 460, 343–348. [Google Scholar] [CrossRef]

	



Koh, H.J.; Hirshman, M.F.; He, H.; Li, Y.; Manabe, Y.; Balschi, J.A.; Goodyear, L.J. Adrenaline is a critical mediator of acute exercise-induced AMP-activated protein kinase activation in adipocytes. Biochem. J. 2007, 403, 473–481. [Google Scholar] [CrossRef] [PubMed]

	



Saito, S.; Hiroi, Y.; Zou, Y.; Aikawa, R.; Toko, H.; Shibasaki, F.; Yazaki, Y.; Nagai, R.; Komuro, I. β-adrenergic pathway induces apoptosis through calcineurin activation in cardiac myocytes. J. Biol. Chem. 2000, 275, 34528–34533. [Google Scholar] [CrossRef] [PubMed]

	



Kiss, Z.; Steinberg, R.A. Cyclic AMP stimulates dephosphorylation of specific proteins in intact S49 mouse lymphoma cells. FEBS Lett. 1985, 180, 207–211. [Google Scholar] [CrossRef]

	



Chruscinski, A.J.; Singh, H.; Chan, S.M.; Utz, P.J. Broad-scale phosphoprotein profiling of beta adrenergic receptor (β-AR) signaling reveals novel Phosphorylation and Dephosphorylation events. PLoS ONE 2013, 8, e82164. [Google Scholar] [CrossRef] [PubMed]

	



Kanamori, T.; Hayakawa, T.; Suzuki, M.; Titani, K. Identification of two 17-kDa rat parotid gland phosphoproteins, subjects for dephosphorylation upon β-adrenergic stimulation, as destrin- and cofilin-like proteins. J. Biol. Chem. 1995, 270, 8061–8067. [Google Scholar] [CrossRef]

	



Weeks, K.L.; Ranieri, A.; Karaś, A.; Bernardo, B.C.; Ashcroft, A.S.; Molenaar, C.; McMullen, J.R.; Avkiran, M. β-Adrenergic Stimulation Induces Histone Deacetylase 5 (HDAC5) Nuclear Accumulation in Cardiomyocytes by B55α-PP2A-Mediated Dephosphorylation. J. Am. Heart Assoc. 2017, 6, e004861. [Google Scholar] [CrossRef]

	



Hu, J.; Chu, Z.; Han, J.; Zhang, Q.; Zhang, D.; Dang, Y.; Ren, J.; Chan, H.C.; Zhang, J.; Huang, Y. Phosphorylation-dependent mitochondrial translocation of MAP4 is an early step in hypoxia-induced apoptosis in cardiomyocytes. Cell Death Dis. 2014, 5, e1424. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.; Zhang, Q.; Zhang, X.; Zhang, J.; Wang, X.; Ren, J.; Jia, J.; Zhang, D.; Jiang, X.; Zhang, J.; et al. Microtubule associated protein 4 phosphorylation leads to pathological cardiac remodeling in mice. EBioMedicine 2018, 37, 221–235. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Yang, F.; Gritsenko, M.A.; Wang, Y.; Clauss, T.; Liu, T.; Shen, Y.; Monroe, M.E.; Lopez-Ferrer, D.; Reno, T.; et al. Reversed-phase chromatography with multiple fraction concatenation strategy for proteome profiling of human MCF10A cells. Proteomics 2011, 11, 2019–2026. [Google Scholar] [CrossRef]

	



Cox, J.; Mann, M. MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass accuracies and proteome-wide protein quantification. Nat. Biotechnol. 2008, 26, 1367–1372. [Google Scholar] [CrossRef] [PubMed]

	



Cox, J.; Neuhauser, N.; Michalski, A.; Scheltema, R.A.; Olsen, J.V.; Mann, M. Andromeda: A peptide search engine integrated into the MaxQuant environment. J. Proteome Res. 2011, 10, 1794–1805. [Google Scholar] [CrossRef]

	



Colaert, N.; Helsens, K.; Martens, L.; Vandekerckhove, J.; Gevaert, K. Improved visualization of protein consensus sequences by iceLogo. Nat. Methods 2009, 6, 786–787. [Google Scholar] [CrossRef] [PubMed]

	



Tyanova, S.; Temu, T.; Sinitcyn, P.; Carlson, A.; Hein, M.Y.; Geiger, T.; Mann, M.; Cox, J. The Perseus computational platform for comprehensive analysis of (prote)omics data. Nat. Methods 2016, 13, 731–740. [Google Scholar] [CrossRef] [PubMed]

	



Perez-Riverol, Y.; Csordas, A.; Bai, J.; Bernal-Llinares, M.; Hewapathirana, S.; Kundu, D.J.; Inuganti, A.; Griss, J.; Mayer, G.; Eisenacher, M.; et al. The PRIDE database and related tools and resources in 2019: Improving support for quantification data. Nucleic Acids Res. 2019, 47, D442–D450. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 12584 g001 550] 





Figure 1. Mass spectrometry-based workflow for comprehensive analysis of protein phosphorylation in ISO-stimulated mouse hearts. Following standardization with 13C6-Lys-SILAC mouse hearts (1–3), phosphopeptides produced by tryptic digestion (4) are enriched using titanium dioxide (TiO2) (5), fractionated (6) and analysed by high-resolution mass spectrometry (7). In addition to differential phosphorylation analysis, nonphosphorylated peptides are employed to test for changes in protein expression (8). 
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Figure 2. Isoprenaline (ISO) increases heart rate and triggers junctophilin 1 fragmentation. (A) ECG recording shows significant heart rate increase in wt mice (* p ≤ 0.05). (B) Expression of JP1 in ventricular tissue of mice that received ISO vs. saline. Detection by immunoblotting with an antibody directed towards the mid-region of JP1 (n = 4). (C) Corresponding expression pattern of JP2 (n = 4). 
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Figure 3. Differential protein phosphorylation in mice that received ISO versus saline. Phosphopeptides with significantly differential phosphorylation levels are marked in red; phosphopeptides pertaining to proteins of interest are marked in blue and labelled. 
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Figure 4. Diversity and characteristics of phosphorylation sites that displayed increased phosphorylation in response to ISO. (A) Motif analysis of phosphorylation sites with increased phosphorylation in response to ISO. (B) Distribution of phosphorylated amino acids and defined motifs for phosphorylation sites with increased phosphorylation in response to ISO. 
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Figure 5. Functional enrichment analysis of proteins found to be phosphoregulated by acute β-AR stimulation. (A) enriched gene ontology (GO) terms for biological processes regulated by altered protein phosphorylation in response to ISO (B) enriched GO terms for biological processes regulated by reduced protein phosphorylation in response to ISO. 
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Figure 6. Acute β-AR stimulation increases AMPK β2-subunit phosphorylation. (A) Abundance of differentially phosphorylated species of AMPK β2 subunit, as assessed by immunoblotting (upper panel) and phosphate affinity (Phos-tagTM) SDS-PAGE (lower panel). (B) Significance analysis of Phos-tagTM results depicted in (A). Relative abundance of species with low and high phosphorylation are expressed as a percentage of total AMPK β2, which is the sum of the signals in each lane. Lines show mean ± SE (n = 4 per group); * p < 0.05 (one-way ANOVA with Sidak’s post hoc test). 
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