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            Abstract
Protein phosphorylation dynamically integrates environmental and cellular information to control biological processes. Identifying functional phosphorylation amongst the thousands of phosphosites regulated by a perturbation at a global scale is a major challenge. Here we introduce ‘personalized phosphoproteomics’, a combination of experimental and computational analyses to link signaling with biological function by utilizing human phenotypic variance. We measure individual subject phosphoproteome responses to interventions with corresponding phenotypes measured in parallel. Applying this approach to investigate how exercise potentiates insulin signaling in human skeletal muscle, we identify both known and previously unidentified phosphosites on proteins involved in glucose metabolism. This includes a cooperative relationship between mTOR and AMPK whereby the former directly phosphorylates the latter on S377, for which we find a role in metabolic regulation. These results establish personalized phosphoproteomics as a general approach for investigating the signal transduction underlying complex biology.
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                    Fig. 1: Phosphoproteomes of extensive physiological perturbations retain unique subject-specific signatures.[image: ]


Fig. 2: Individualized analysis of human phosphoproteomes defines invariable and variable phosphosites across humans.[image: ]


Fig. 3: Insulin signaling in human skeletal muscle is rewired by exercise.[image: ]


Fig. 4: Personalized phosphoproteomics prioritizes functional, phenotype-associated signaling.[image: ]


Fig. 5: An independent validation cohort replicates personalized phosphoproteomics findings.[image: ]


Fig. 6: mTORC1 phosphorylates AMPKα2 S377 to promote cellular proliferation during glucose withdrawal without inhibition of AMPK.[image: ]
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Extended data

Extended Data Fig. 1 Quality control and subject-specific human phosphoproteome variation.
a, Correlation matrix of the technical replicates. b, Correlation matrix of the biological replicates. c, Quantified and regulated phosphopeptides, phosphosites and phosphoproteins. d-e, PCA of median normalised phosphosites quantified in all ground state samples. Points are numbered by subject and coloured by exercised (blue) and non-exercised (grey) legs. f-g, PCA of the subset of the phosphosites from d-e, with matched protein data quantified in all samples. h-i, PCA of the sites in f-g, normalized by their respective total protein levels by subtracting the median normalised protein log2 intensities from the median normalised phosphosite log2 intensities. Abundance of phosphorylated j, 14-3-3γ Y133, k, ROCK2 T1374 and l, ATP Synthase β S415 compared to their total protein abundances at ground state. m, Glucose uptake of the non-exercised (grey) and exercised (blue) legs during a hyperinsulinemic-euglycemic clamp expressed as area under the curve (two-sided paired t-test).


Extended Data Fig. 2 Exercise-and insulin regulated phosphosites, and comparison with phosphoproteomes measured immediately after acute exercise.
a, Volcano plots of the phosphosites regulated by exercise and insulin (two-way repeated measures ANOVA with planned contrasts). b, Upset plot, quantifying the regulated phosphosites (BH padj < 0.05 and fold change > 1.5) shared in the different conditions. c, Quantified phosphosites in this study compared to Hoffman et al. 2015. d, Regulated phosphosites by exercise recovery in this study, not considering the insulin-stimulated states, compared to Hoffman et al. 2015. For this study, regulated is padj < 0.05 and fold change > 1.5. For Hoffman et al., regulated is considered as padj < 0.05. e, Enrichment of kinase substrates in the ground state exercise-regulated phosphosites in this study compared to Hoffman et al. regulated phosphosites.


Extended Data Fig. 3 Patterns of signalling in response to exercise and insulin.
a, Hypothetical profiles that fit the groupings in Fig. 3 and Supplementary Table 4. b, Quantification of phosphosites in the groupings, with the proportion of phosphosites with an interaction between exercise and insulin shaded. Sites were considered to have an interaction if the interaction term padj < 0.05 and fold change >1.5.


Extended Data Fig. 4 Personalised phosphoproteomics extracts glucose uptake-associated phosphosites.
a, Ranks of phosphosites that passed filtering for glucose uptake correlations ordered by glucose uptake correlation significance, ANOVA significance and magnitude fold change. Kendall’s rank correlation (τ) was calculated on the -log10p and absolute log2FC values. b, Gene Ontology enrichment of the glucose uptake-associated phosphosites, (Fisher’s exact test), filtered for pathways with BH-padj < 0.05. Pearson’s correlation and BH padj of phosphorylated c, GYS1 S649 and d, VAMP2 S61 with glucose uptake, with prior exercise (blue outline) and insulin (orange centre). e, Overrepresentation of kinase substrates in positive glucose uptake-associated sites (Fisher’s exact test, BH-padj). f, The distribution of kinase substrates by correlation coefficient with glucose uptake (asterisk indicates empirical p < 0.05 from a Kolmogorov-Smirnov test ordered by correlation p-value). g, Quantification of Akt substrates in the classes defined in Fig. 3. Profiles of Akt regulatory sites h, T308 i, S473 and j, substrate GSK3β S9 k, Pearson’s correlation and BH padj of phosphorylated LPIN1 S889 with glucose uptake. l, LPIN1 sequence aligned to mTORC1 motif. m, Pearson’s correlation and BH padj of AGPAT1 protein levels with glucose uptake AUC, in ground state exercised (blue) or not exercised (grey) legs. Correlations and Kolmogorov-Smirnov tests were two-sided. Fisher’s exact tests were one-sided.


Extended Data Fig. 5 An independent cohort replicates glucose uptake associations.
a, Correlation coefficients for the common sites that passed filtering to test for correlation to glucose uptake in both studies (significant regulation and quantification in ≥ 50% of the samples, discovery cohort: Pearson’s correlation, validation cohort: Kendall’s rank correlation) are plotted. Green points are reported mTOR/p70S6K substrates. b, Phosphosites that passed filtering to correlate with glucose uptake (regulated, quantified ≥ 50% samples) were ordered by -log10p of their correlation to glucose uptake, their ANOVA significance, or their magnitude fold change. Enrichment was calculated with Kolmogorov-Smirnov test with empirical p-values. c, Enrichment of Gene Ontology biological processes in the glucose uptake-associated phosphosites, calculated by Fisher’s exact test, filtered for pathways with BH padj < 0.05. d, Enrichment of kinase substrates amongst phosphosites positively correlated with glucose uptake (padj < 0.05, r > 0, Fisher’s exact test). e, Glucose uptake Kendall’s rank correlation coefficients and BH padj of phosphosites grouped by kinase. Asterisks indicate Kolmogorov-Smirnov test empirical p-value < 0.05. Correlations and Kolmogorov-Smirnov tests were two-sided. Fisher’s exact tests were one-sided.


Extended Data Fig. 6 mTORC1 phosphorylates AMPKα2 S377.
a, Repeated measures correlation profile of AMPK S377 (two-sided, BH-adjusted p-value). b, Quantification of phosphosites on AMPK from in vitro kinase assays with mTORC1 and different combinations of AMPK subunits. The γ subunit was kept as AMPKγ1. For each condition, n = 1. c, AMPK inhibitory site profiles in human skeletal muscle. d, Sequence alignment of AMPKα2 S377 across different species. S. cerevisiae SNF1 was used in the alignment. e, AMPKα2β2γ1 structure from PDB 6b2e. AMPKα2 residues 377–398 were not modelled so are included as a dashed line. AMPKα2 S377 is approximated as immediately adjacent to residue 376 and indicated in green. f, Real-time proliferation analysis of AMPKα1/2 KO MEF cells re-expressing WT or S377A AMPKα2 in media with 25 mM glucose. g, AMPK substrate phosphosite profiles in human skeletal muscle. h, mTORC1 substrate phosphosite profiles in human skeletal muscle. Data are presented as the mean +/− SEM represented by shading.
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