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Abstract   19 
 20 

    A human model of unilateral endurance versus resistance exercise, in conjunction with deep 21 

phosphoproteomic analyses, was used to identify exercise mode-specific phosphorylation events. Among the 22 

outcomes, a resistance exercise-specific cluster of events was identified, and a multitude of bioinformatic- and 23 

literature-based predictions suggested that this was mediated by prolonged activation of a pathway involving 24 

MKK3b/6, p38, MK2, and mTORC1. Follow-up studies in humans and mice provide consistent support for the 25 

predictions and also revealed that resistance exercise-induced signaling through MKK3b and the induction of 26 

protein synthesis are highly correlated events (R = 0.87). Moreover, genetic activation of MKK3b/6 in skeletal 27 

muscles was sufficient to induce signaling through the members of the resistance exercise-specific pathway, as 28 

well as an increase in protein synthesis and fiber size. Thus, we propose that we have identified some of the core 29 

components of a signaling pathway that drives the growth-promoting effects of resistance exercise. 30 

 31 

 32 

 33 

Introduction  34 
 35 

    Skeletal muscle is a remarkably malleable tissue that can rapidly adapt to changes in functional demands. For 36 

instance, endurance exercise can lead to a robust increase in capillary density, mitochondrial content, and a 37 

concomitant increase in aerobic capacity but only exerts a minimal effect on the synthesis of myofibrillar 38 

proteins, muscle mass, and strength. Conversely, resistance exercise can promote a robust increase in the 39 

synthesis of myofibrillar proteins, muscle mass, and strength but exerts little, if any, effect on aerobic capacity 40 

1,2. Although the distinct physiological and biochemical adaptations that occur in response to these different 41 

modes of exercise are well known, the mechanisms that drive them remain far from defined 2,3. 42 
 43 

    For skeletal muscle to respond with such distinct adaptations, it must be able to sense and transmit the 44 

information that is specific to each mode of exercise. Typically, the transmission of such information is mediated 45 

by signaling pathways that rely on the use of posttranslational modifications, and one of the most well-recognized 46 

posttranslational modifications is phosphorylation 4. Indeed, current estimates indicate that more than 75% of all 47 

proteins are phosphorylated at some point during their life cycle, and phosphorylation-dependent signaling 48 

pathways have been implicated in the regulation of nearly all cellular processes 5,6. As such, we reasoned that 49 

the identification of phosphorylation events that are differentially regulated by endurance and resistance exercise 50 

would enable us to gain insight into the mechanisms that drive the exercise mode-specific adaptations.  51 
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Results 52 
 53 

Identification of the phosphoproteomic alterations that occur after a bout of endurance versus 54 

resistance exercise.  55 
 56 

    To identify phosphorylation events that are differentially regulated by endurance and resistance exercise we 57 

employed a human model of unilateral exercise that allowed for a within-subject repeated measure design. 58 

Specifically, as illustrated in Figure 1a, four men (age, 21.3 ± 0.3 years; BMI, 26.1 ± 1.3 kg/m2; VO2 peak, 47.3 59 

± 1.5 mL/kg/min, Supplementary Table 1) fasted overnight and then one leg was subjected intense unilateral 60 

resistance exercise whereas the other was subjected to intense unilateral endurance exercise. The order for 61 

performing the different modes of exercise was randomized, and biopsies from the vastus lateralis muscles were 62 

collected immediately before the onset of the first exercise bout (Pre-exercise), as well as immediately (0 hr) and 63 

3 hr after the completion of each bout. A portion of the pre-exercise and 3 hr post-exercise biopsies were then 64 

analyzed for the rate of protein synthesis and the results indicated that both modes of exercise led to an increase 65 

in the synthesis of myofibrillar proteins but, as expected, the effect of resistance exercise was much more robust 66 

(Fig. 1b).  67 
 68 

    Having observed the expected response at the level of myofibrillar protein synthesis, we next subjected the 69 

biopsies to a deep multiplexed proteomic and phosphoproteomic workflow 7. In total, the analyses provided 70 

quantitative information on 2,924 different proteins and 12,907 unique phosphopeptides (Supplementary Tables 71 

2 and 3, respectively). Further processing of the phosphopeptide data with PhosR revealed that the individual 72 

samples clustered according to the mode of exercise and the time-point post-exercise (Fig. 1c) 8. Moreover, PCA 73 

analysis and UpSet plots revealed large perturbations of the phosphoproteome at 0 hr post endurance exercise 74 

and 0 hr post resistance exercise (Fig. 1d,e). However, the direction of the perturbations between the two modes 75 

of exercise was different, and the large perturbation of the phosphoproteome was still evident at 3 hr post 76 

resistance exercise, whereas a partial return towards the pre-exercise state was observed at 3 hr post endurance 77 

exercise (Fig. 1d and 2a). Importantly, the proteome remained largely unperturbed which suggested that the 78 

changes at the level of the phosphopeptides were mediated by alterations in the activity of kinases and/or 79 

phosphatases (Fig. 2b). 80 

 81 

Detection of phosphorylation events that are specific to endurance and resistance exercise. 82 
 83 

    To gain further insight into the phosphorylation events that were differentially regulated by endurance and 84 

resistance exercise we performed unsupervised soft clustering with mFuzz 9. As shown in Fig. 2c, the analysis 85 

identified four clusters of phosphopeptides that were affected by exercise, with cluster 1 and cluster 2 showing 86 

signs of particular interest. For instance, cluster 1 was marked by the prevalence of phosphopeptides that 87 

underwent a decrease in phosphorylation specifically after endurance exercise, whereas cluster 2 was dominated 88 

by phosphopeptides that experienced a prolonged elevation in phosphorylation specifically after resistance 89 

exercise (Fig. 2a,c).  90 
 91 

    The exercise mode-specific nature of clusters 1 and 2 was intriguing, and therefore we wanted to develop a 92 

better understanding of the cellular effects that might be conferred by the phosphorylation events within each 93 

cluster. To accomplish this, the phosphopeptide data was subjected to 1D enrichment analysis 10 and, when the 94 

cluster 1 membership score was used as the dimensional input, a variety of annotation terms were found to be 95 

significantly over- or under-represented. However, annotation terms that could be linked to endurance exercise-96 

specific adaptations were not readily identified (Extended Data Fig. 1a and Supplementary Table 4). On the other 97 

hand, when the cluster 2 membership score was used as the dimensional input, a very pronounced over-98 

representation of phosphorylation events on proteins that were annotated with gene ontology terms such as 99 

“translation”, and the “positive regulation of skeletal muscle growth” was observed (Extended Data Fig. 1b and 100 

Supplementary Table 4). 101 

 102 

 103 

 104 



3 

 

Inference of kinases that are differentially regulated by endurance and resistance exercise. 105 
 106 

    The results from the 1D enrichment analysis suggested that the phosphorylation events in cluster 2 (i.e., the 107 

resistance exercise-specific cluster) might be linked to the signaling pathway that drives the resistance exercise-108 

induced increase in protein synthesis and growth. Thus, to further explore this possibility, the phosphopeptide 109 

data in conjunction with KSEAapp 11 were used to infer how the different modes of exercise affected the activity 110 

of the kinases that are expressed in skeletal muscle. More precisely, KSEAapp uses the phosphorylation state of 111 

the substrates for each kinase to generate a Z-score, with a positive Z-score inferring activation of the kinase and 112 

a negative Z-score inferring inhibition of the kinase. Importantly, the inferences can be derived exclusively from 113 

known kinase-substrate pairs that are listed in PhosphoSitePlus 12, or with the addition of predicted kinase-114 

substrate pairs derived from NetworKIN 13. In our dataset, there were only 820 known kinase-substate pairs and 115 

this limited the statistical power of the inferences that could be made. Therefore, an additional 5,523 predicted 116 

kinase-substrate pairs (NetworKIN score ≥1.5) were included in the analysis, and with this approach we 117 

identified 28 different kinases that had an inferred exercise-induced alteration in activity at a q-value of ≤ 0.05 118 

(Supplementary Table 5). Notably, several of the identified kinases (e.g., MAPK1/3 and MAPKAPK2/3/5) 119 

presented with a cluster 2-like pattern of inferred activity which suggested that they might be part of the signaling 120 

pathway that shows prolonged activation specifically after a bout of resistance exercise (Fig. 3a). 121 
 122 

    Inspired by the outcomes from KSEAapp, we conducted a comparative analysis with the phosphopeptide data 123 

that was recently published by Blazev et al. (2022) 14. Specifically, Blazev et al. performed phosphoproteomic 124 

analyses on human vastus lateralis muscles at 0 and 3 hr after they had completed a bout of endurance or 125 

resistance exercise. Despite the obvious similarities, there were a number of important differences from our study 126 

including the use of a cross-over experimental design, bilateral exercises, different exercise movements, 127 

intensities and durations, and a vastly different phosphoproteomic workflow. Nonetheless, we reasoned that if a 128 

signaling pathway that shows prolonged activation specifically after a bout of resistance exercise truly exists, 129 

then our bioinformatic methods should be able to detect it in both studies. Hence, we subjected the original 130 

phosphopeptide data from Blazev et al. to the same processing procedures that were utilized for the analysis of 131 

our phosphopeptide data. The resulting dataset (Supplementary Table 6), in conjunction with KSEAapp, was 132 

then used to infer how the different modes of exercise affected the activity of the skeletal muscle kinome. In 133 

total, 37 kinases with an inferred exercise-induced alteration in activity at a q-value of ≤ 0.05 were identified 134 

(Supplementary Table 7). We then generated heatmaps to compare the Z-scores for all of the kinases that 135 

received inferences in both datasets, and from this comparison, it was clear that both datasets had led to very 136 

similar predictions (Fig. 3a,b). Indeed, as illustrated in Fig. 3c, we identified 14 kinases whose activity was 137 

inferred to be significantly affected by exercise in both datasets, and we also found that the cluster 2-like pattern 138 

for kinases such as MAPK1/3 and MAPKAPK2/3/5 was readily apparent in both datasets. 139 
 140 

    In KSEAapp, the Z-score for the inferred change in the activity of a given kinase is based on the change in 141 

the phosphorylation of its known and/or predicted substrates, as well as the number of substrates that it is linked 142 

with. Thus, to develop a better sense of factors that were driving the Z-scores for the kinases in Fig. 3c, we 143 

generated heatmaps that displayed the mean exercise-induced change in the phosphorylation of the known and/or 144 

predicted substrates of each kinase along with the number of substrates (m) that the Z-scores were derived from 145 

(Fig. 3d). In the heatmaps, we also listed the number of substrates that were common to both datasets (m 

=), as 146 

well as the combined number of distinct substrates (m 

c), and with this information we made two important 147 

observations. First, when comparing the two studies, we found that the exercise-induced changes in the 148 

phosphorylation of the substrates for each kinase were extremely similar and these results were obtained in the 149 

face of a low degree of overlap (m = / m c ) between the substrates. In other words, the two independent studies 150 

produced very similar predictions about kinase activity, yet these predictions were derived from substantially 151 

different substrates (e.g., the average overlap in substrates for the kinases in Fig. 3c was only 32%).  152 
 153 

     Another important conclusion that could be drawn from Fig. 3c is that the large Z-scores that were observed 154 

for kinases such as MAPK1/3 were due to small increases in the phosphorylation of a high number of substrates 155 

which suggests that exercise did not lead to a robust increase in the activity of these kinases. On the other hand, 156 
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the large Z-scores for kinases such as MAPKAPK2/3/5 were due to large increases in the phosphorylation of a 157 

low number of substrates (i.e., were presumably due to a robust increase in kinase activity). It also bears noting 158 

that the number of substrates that are linked to each of the kinases does not necessarily reflect the number of 159 

substrates that the kinases regulate in biological systems. Instead, the number of substrates reflects how well-160 

studied the kinases are, and this can impact both the number of known substrates as well as the number of 161 

predicted substrates. For instance, MAPK1/3 are highly studied kinases and have 1,502 known substrates listed 162 

in PhosphoSitePlus, whereas MAPKAPK2/3/5 only have 122.  163 
 164 

    At this point, the outcomes from the two studies suggested that prolonged activation of signaling through 165 

MAPKAPK2/3/5 is part of a resistance exercise-specific signaling pathway. However, the number of substrates 166 

that led to this prediction was not high. Therefore, to increase the number of substrates that could be linked to 167 

MAPKAPK2/3/5 we took advantage of the kinase-substrate prediction module in PhosR which uses a machine 168 

learning method to predict the top three substrates for all kinases in the dataset that have a known substrate in its 169 

reference database 8. Fortunately, MAPKAPK2 was one of those kinases and, assuringly, one of the top three 170 

substrates predicted by PhosR was HSPB1(S15), a phosphorylation site that was recently shown to be regulated 171 

by MAPKAPK2 in vivo (Extended Figure 2) 15. The other top three substrates included CRYAB(S59) and 172 

XIRP1(S529), and as illustrated in Extended Figure 3, all three substrates presented with a cluster 2-like pattern 173 

in phosphorylation. Indeed, a cluster 2-like pattern of phosphorylation was observed for all of the known and/or 174 

predicted MAPKAPK2/3/5 substrates that were identified in both studies, and a side-by-side comparison of the 175 

two studies revealed that the magnitude of change in the phosphorylation for each substrate was remarkably 176 

similar (Extended Fig. 3). At this point it also bears mentioning that some of the MAPKAPK2 substrates listed 177 

in Extended Figure 3 have already been implicated in the regulation of skeletal muscle growth. For instance, our 178 

lab recently identified TRIM28(S473) phosphorylation as a potential regulator of skeletal muscle size and 179 

function 7, and changes in TSC2(S1254) phosphorylation have been linked to the regulation of mTORC1 (a 180 

kinase that is considered to play a key role in the regulation of protein synthesis and muscle mass) 16,17. Hence, 181 

there were ample reasons to suspect that the prolonged activation of MAPKAPK2/3/5 might contribute to the 182 

increase in protein synthesis and growth that occurs after a bout of resistance exercise. 183 

 184 

Prediction and validation of a signaling pathway that is activated specifically by resistance exercise. 185 
 186 

    Next, we set out to identify the components of the resistance exercise-specific signaling pathway that drives 187 

the putative activation of MAPKAPK2/3/5. However, before doing this, it was important to consider that our 188 

previous KSEAapp inferences were based on comparisons with the pre-exercise state. This consideration was 189 

important because endurance and resistance exercise can induce the release of factors that have the potential to 190 

exert systemic alterations in kinase activity (e.g., exerkines) 18, and if such factors were released, then they could 191 

obscure our ability to resolve how endurance and resistance exercise differently affect the kinome. Fortunately, 192 

in our unilateral exercise model, the muscles subjected to each mode of exercise were exposed to the same 193 

systemic factors. Thus, to more clearly infer how by the different modes of exercise exerted prolonged effects 194 

on the activity of the kinome, the phosphorylation state of each substrate in the 3 hr post resistance exercise 195 

samples was expressed relative to what was observed in the 3 hr post endurance exercise samples. The resulting 196 

values were then used to make KSEAapp-based inferences of kinase activity (Supplementary Table 8), and all 197 

kinases with an inferred increase in activity at a q-value of ≤ 0.05 were displayed on a multivariable plot (Fig. 198 

4a). To bolster the predictions, the same procedure was also performed with the phosphopeptide dataset from 199 

Blazev et al. (Supplementary Table 8), and the kinases that had an inferred increase in activity (q-value ≤ 0.05) 200 

were highlighted in Figure 4a. When combined, the results from these analyses identified several kinases that 201 

had a reproducibly inferred increase in activity, and we considered these kinases to be the most likely members 202 

of the signaling pathway that shows prolonged activation specifically after a bout of resistance exercise.  203 
 204 

    STRING 19 and literature-based searches were then used to develop a better understanding of the potential 205 

interconnectivity and functions of the kinases in Figure 4a that had a reproducibly inferred increase in activity. 206 

Notably, during the literature-based searches, the most abundant information was retrieved when the common 207 

alias, rather than the gene name, was used for each kinase. Accordingly, the common alias for each kinase was 208 
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listed in Figure 4a, and the remainder of the manuscript will refer to kinases by their common alias rather than 209 

their gene name.  210 
 211 

    After performing our searches, the potential interconnectivity between many of the kinases had become 212 

readily apparent. For instance, previous studies have established that MKK3/4/6 can function as upstream 213 

regulators of p38 which, in turn, can function as an upstream regulator of MK2/3/5 (a.k.a. MAPKAPK2/3/5) 20-
214 

22. Moreover, numerous studies have implicated these kinases in the regulation of mTORC1, protein synthesis, 215 

and growth 23-25. As such, we hypothesized that prolonged activation of a signaling pathway involving 216 

MKK3/4/6, p38, MK2/3/5, and mTORC1 occurs specifically in response to resistance exercise and that the 217 

activation of this pathway would be sufficient to induce an increase in protein synthesis and skeletal muscle 218 

growth (Fig. 4b). 219 
 220 

    To test the validity of our hypothesis, we conducted a follow-up study with the same experimental design that 221 

was used in our phosphoproteomic analysis (Fig. 4c). However, in this case, the number of participants was 222 

increased (n = 12) and both men and women were included (age, 20.8 ± 0.6 years; BMI, 25.3 ± 1.2 kg/m2; VO2 223 

peak, 45.4 ± 1.9 mL/kg/min, Supplementary Table 9). Moreover, after obtaining measurements of myofibrillar 224 

protein synthesis, the remaining portion of the biopsies were subjected to targeted analysis of specific 225 

phosphorylation events rather than global phosphoproteomic analyses (Fig. 4d,e). Specifically, we used western 226 

blot analysis to examine the phosphorylation of key regulatory residues on, and downstream substrates of, the 227 

kinases listed in our model (Fig. 4b). For instance, the S218, S257, and S207 residues are members of the 228 

activation loop of MKK3b (the dominant MKK3 isoform in skeletal muscle), MKK4, and MKK6, respectively 229 

20,26, and all three of these residues showed a prolonged increase in phosphorylation specifically after resistance 230 

exercise (Fig. 4d and Extended Fig. 4a-c). Likewise, MKK3b, MKK4, and MKK6 can phosphorylate the T180_2 231 

residues in the activation loop of p38, and these residues also showed a prolonged increase in phosphorylation 232 

specifically after the bout of resistance exercise (Fig. 4d and Extended Fig. 4d) 20. Upon activation, p38 can 233 

phosphorylate the T222 residue in the activation loop of MK2, as well as the T334 residue, which together 234 

support maximal activation of MK2 27. Once again, both sites showed a prolonged increase in phosphorylation 235 

specifically after resistance exercise and this effect was present in both the long and short isoforms of MK2 (Fig. 236 

4d and Extended Fig. 4e-h) 27. Moreover, we observed a prolonged increase in the phosphorylation of a known 237 

MK2 substrate (HSPB1(S82)), a predicted MK2 substrate (CRYAB(S59)), and the mTORC1 substrate 238 

p70(T389) (Fig. 4d and Extended Fig. 4i-k) 28. Hence, when taken together, the follow-up study provided 239 

consistent support for the notion that prolonged activation of a signaling pathway involving MKK3b/4/6, p38, 240 

MK2/3/5, and mTORC1 occurs specifically in response to resistance exercise. 241 

 242 

Identification of signaling events that correlate with the exercise-induced changes in myofibrillar 243 

protein synthesis. 244 
 245 

    According to the model presented in Figure 4b, the magnitude of activation through the resistance exercise-246 

specific pathway should correlate with the magnitude of the increase in myofibrillar protein synthesis, and the 247 

strongest correlations should be linked to the most upstream members of the pathway (i.e., MKK3b/4/6). To test 248 

this, linear regression was used to assess the relationships between the change in myofibrillar protein synthesis 249 

and the mean change in phosphorylation for each signaling event that was studied during the 3 hr post-exercise 250 

window. As shown in Figure 5, the outcomes revealed that the resistance exercise-induced increase in 251 

MKK3b(S218) phosphorylation and the increase in myofibrillar protein synthesis were very highly correlated 252 

events. Significant correlations were also observed with the resistance exercise-induced increase in 253 

MKK4(S257) and p38(T180_2) phosphorylation. However, the P-values for these correlations were not as 254 

strong, and unlike MKK3b(S218) phosphorylation, the correlations did not remain statistically significant when 255 

the change in phosphorylation at each of the individual post-exercise time points was considered (Extended Fig. 256 

5). Of note, while the correlations in Figure 5 do not demonstrate causation, they are worthy of highlighting 257 

because i) they strongly align with the expectations of our model, and ii) they are dramatically stronger than 258 

previously reported predictors of a resistance exercise-induced increase in myofibrillar protein synthesis. Indeed, 259 

markers of mTORC1 activation such as p70(T389) phosphorylation are currently the most well-recognized 260 
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predictors: however, previous studies have shown that these markers only produce R2-values of ⁓0.13 which 261 

pales in comparison to the R2-value (0.76) that was observed for MKK3b(S218) 29,30.  262 

 263 

Establishment of mouse models for studying the distinct effects of endurance and resistance exercise.  264 
 265 

    Previous studies have demonstrated that the distinct adaptations that occur in response to endurance and 266 

resistance exercise in humans are conserved in lower organisms such as mice 31,32. Hence, we reasoned that if 267 

prolonged activation of signaling through MKK3b/4/6, p38, MK2/3/5, and mTORC1 actually drives the growth-268 

promoting effect of resistance exercise, then the resistance exercise-specific activation of this pathway should 269 

also be conserved. Therefore, to test this, we utilized our recently described mouse model of resistance exercise 270 

called weight pulling (WP) 33, along with treadmill running (TR) as a model for endurance exercise. Importantly, 271 

our initial work with these models revealed that long-term training with TR did not induce changes in grip 272 

strength, the mass of skeletal muscles such as the flexor digitorum longus (FDL), or the cross-sectional area of 273 

the fibers in the FDL, but it did lead to significant increases in markers of aerobic capacity such as capillary 274 

density and the content of various mitochondrial proteins (Fig. 6 and Extended Fig. 6). In stark contrast, long-275 

term training with WP induced significant increases in grip strength, the mass of the FDL, and the cross-sectional 276 

area of the fibers in the FDL, but it did not induce alterations in markers of aerobic capacity (Fig. 6 and Extended 277 

Fig. 7).  278 
 279 

    The aforementioned outcomes indicated that our mouse models are able to recapitulate the distinct adaptations 280 

that occur when humans engage in endurance versus resistance exercise 1,2. Thus, having established this point, 281 

we then used these models to determine whether the resistance exercise-specific activation of signaling through 282 

MKK3b/4/6, p38, MK2, and mTOR is a conserved phenomenon. For instance, in our first experiment, the 283 

workflow shown in Extended Figure 8 was used to identify the signaling responses that occur immediately (0 284 

hr) after a bout of TR or WP, and the outcomes revealed that WP induced robust activation of signaling through 285 

all of the markers of the putative resistance exercise-specific pathway. In constrst, TR had very little, if any, 286 

effect on the same markers (Extended Fig. 8).  287 
 288 

    After obtaining the above results, we performed a second experiment in which we focused on the prolonged 289 

signaling responses (Fig. 7a). In this experiment, we also wanted to know whether TR and WP had differential 290 

effects on the induction of myofibrillar protein synthesis. Thus, to obtain such measurements, we employed mice 291 

that express a mutated form of the methionyl-tRNA synthetase (MetRSL274G +/-) 34. As illustrated in Figure 7b-c, 292 

these mice were important because they allowed us to develop a novel in-gel method for visualizing and 293 

quantifying the amount of newly synthesized proteins that accumulated in the myofibrillar fraction during the 3 294 

hr post-exercise window (i.e., the rate of myofibrillar protein synthesis). As expected, the results with these mice 295 

revealed that WP led to a significant increase in the rate of myofibrillar protein synthesis whereas TR had no 296 

effect (Fig. 7c,d). Furthermore, it was determined that WP led to prolonged activation of signaling through all of 297 

the markers of the putative resistance exercise-specific pathway whereas, again, TR had no effect (Fig. 7e and 298 

Extended Fig. 9). Hence, it can be concluded that the prolonged activation of signaling through MKK3b/4/6, 299 

p38, MK2, and mTORC1 that occurs specifically in response to resistance exercise in humans is a conserved 300 

phenomenon.   301 

 302 

Prolonged activation of MKK3b and MKK6 is sufficient to induce the resistance exercise-specific 303 

signaling events, protein synthesis, and growth.  304 
 305 

    According to our model (Fig. 4b), the prolonged activation of MKK3b, MKK4, and/or MKK6 that occurs after 306 

a bout of resistance exercise should be sufficient to induce signaling through the downstream members of the 307 

putative resistance exercise-specific pathway (e.g., p38, MK2, and mTORC1). Hence, to test this, gain-of-308 

function experiments were performed in mouse tibialis anterior (TA) muscles. Specifically, electroporation was 309 

used to transfect TA muscles with plasmid DNA encoding FLAG-tagged and constitutively active (c.a.) mutants 310 

of human MKK3b, MKK4 or MKK6, or LacZ as a control condition (Fig. 8a). Unexpectedly, at 3 days post-311 

transfection, we found that the plasmid DNA encoding c.a. human MKK4 was not well expressed, and a similar, 312 

but less severe, limitation was encountered when plasmid DNA encoding a GST-tagged c.a. mutant of mouse 313 
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MKK4 was employed (Supplemental Figure 1). Of greater importance, neither variant of c.a. MKK4 induced an 314 

increase in the phosphorylation of its canonical substrates (e.g., p38 and JNK), and this precluded us from 315 

performing additional gain-of-function experiments with MKK4 (Supplemental Fig. 1) 35. On the other hand, 316 

both c.a. MKK3b and c.a. MKK6 were readily expressed, and as shown in Figure 8b and Extended Figure 10, 317 

both led to a robust increase in signaling through the downstream members of the putative resistance exercise-318 

specific pathway. 319 
 320 

    Following up on these observations, another prediction from our model is that the prolonged activation of 321 

MKK3b and/or MKK6 should be sufficient to induce an increase in protein synthesis. To assess this prediction, 322 

our MetRSL274G +/- mice were used to develop a novel histological method for visualizing and quantifying the 323 

amount of newly synthesized proteins that accumulate at the single fiber level. Namely, TA muscles were co-324 

transfected with plasmid DNA encoding c.a. MKK3b, c.a. MKK6, or LacZ, along with tdTomato as a reporter 325 

for the transfected versus non-transfected fibers. Newly synthesized proteins were labeled by injecting the mice 326 

with ANL 3 hr prior to collection, and the collections were performed with a perfusion fixation method that 327 

included the use of phosphatase inhibitors in the perfusate. Importantly, by using this approach, we were able to 328 

simultaneously quantify the amount of newly synthesized and the phosphorylation state of different signaling 329 

molecules at the single fiber level. For instance, within the same fibers, we quantified both the amount of S6 that 330 

was phosphorylated on the S240_4 residues (a commonly used marker of mTORC1 signaling) 25, as well as the 331 

amount of ANL-labeled proteins, and the outcomes revealed that the prolonged activation of MKK3b and MKK6 332 

was sufficient to induce an increase in both S6 phosphorylation and the amount of ANL-labeled proteins (i.e., 333 

protein synthesis) (Fig. 8c-e). Reminiscent of the results obtained in humans after resistance exercise, the single 334 

fiber level data also revealed that the magnitude of activation of MKK3b- and MKK6-induced signaling was 335 

highly correlated with the magnitude of the increase in protein synthesis (Fig. 8f,g). 336 
 337 

    Inspired by the above outcomes we proceeded to assess the final, and perhaps the most notable, part of our 338 

model which predicts that the prolonged activation of MKK3b and/or MKK6 would be sufficient to induce 339 

skeletal muscle growth. We first tested this by measuring the cross-sectional area (CSA) of the same transfected 340 

and non-transfected fibers that were analyzed in Figure 8c-g. As a reminder, these were from muscles that were 341 

only at 3 days post electroporation, yet, even after this short amount of time, c.a. MKK6 had led to a significant 342 

increase in fiber CSA, and a similar trend (P = 0.09) was observed for c.a. MKK3b (Fig. 8h). More importantly, 343 

when we analyzed muscles at 7 days post electroporation, it was clear that both c.a. MKK3b and c.a. MKK6 had 344 

led to a robust increase in fiber size (Fig. 8i).  345 

 346 

 347 

Discussion 348 
 349 

    The initial goal of this study was to identify phosphorylation events that are differentially regulated by 350 

endurance versus resistance exercise. After achieving this goal, we focused on a cluster of events that presented 351 

with a prolonged elevation in phosphorylation specifically after resistance exercise. Within this cluster, we found 352 

a prominent over-representation of gene ontology terms such as “translation” and the “positive regulation of 353 

skeletal muscle growth,” and our bioinformatics-based analyses indicated that the cluster could be linked to 354 

prolonged activation of a signaling pathway that involved MKK3b/6, p38, MK2, and mTORC1. Follow-up 355 

studies in both humans and mice confirmed that prolonged activation of signaling through these kinases occurs 356 

specifically after resistance exercise. Moreover, gain-of-function analyses demonstrated that prolonged 357 

activation of MKK3b and MKK6 are sufficient to induce signaling through p38, MK2, and mTORC1, as well 358 

as promote an increase in protein synthesis and skeletal muscle growth. Given what is known about the 359 

interconnectivity of these kinases, we propose that the pathway illustrated in Figure 4b represents the basic 360 

framework of a signaling cascade that plays a major role in the growth-promoting effects of resistance exercise. 361 
 362 

    While the outcomes of this study offer many insights into the potential mechanisms that drive exercise mode-363 

specific adaptations, they also raise several new questions. For example, in the future, it will be important to 364 

determine whether MKK3b and/or MKK6 are necessary for resistance exercise-induced activation of p38, MK2, 365 
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mTORC1, protein synthesis, and growth. Although the significance of this question is easy to recognize, 366 

answering it will not be a trivial task. Specifically, the double knockout of MKK3 and MKK6 is embryonic lethal 367 

and, therefore, the development of skeletal muscle-specific and inducible double knockout mice will likely be 368 

needed 36. Following up on this point, it is also important to consider that MKK3b and MKK6 share ⁓80% amino 369 

acid sequence homology, and both are well recognized for their abilities to activate the various isoforms of p38 370 

20. Indeed, consistent with the outcomes from our gain-of-function analyses, it has been shown that MKK3b and 371 

MKK6 often exert redundant effects 36,37. However, there are also many instances in which MKK3 and MKK6 372 

have been shown to exert distinct regulatory functions 37. The later point is particularly noteworthy because, as 373 

shown in Figure 5, we found that the increase in activation loop phosphorylation on MKK3b following resistance 374 

exercise was very highly correlated with the induction of myofibrillar protein synthesis (R² = 0.76, P = 0.0002); 375 

whereas no such effect was observed for MKK6 (R² = 0.10, P = 0.37). Hence, we suspect that future studies will 376 

reveal that MKK3b alone, rather than MKK3b and/or MKK6, is essential for the growth-promoting effects of 377 

resistance exercise.  378 
 379 

Our discovery that prolonged activation of MKK3b and MKK6 is sufficient to induce skeletal muscle growth 380 

also raises questions about the downstream mechanisms via which these kinases exert their impacts. When 381 

contemplating the possibilities, one of the most obvious candidates involves the activation of signaling through 382 

mTORC1. Namely, our results indicate that prolonged activation of MKK3b and MKK6 induced signaling 383 

through mTORC1, and previous work from our lab has shown that the activation of mTORC1 is sufficient to 384 

induce an increase in protein synthesis and skeletal muscle growth 38. Hence, it is likely that the increase in 385 

protein synthesis and growth was at least partially mediated by the activation of mTORC1. Importantly, however, 386 

a variety of mTORC1-independent mechanisms could also be involved. For instance, several lines of evidence 387 

indicated that the prolonged activation of MKK3b and MKK6 induced signaling through p38 and MK2, and 388 

previous studies have shown that the activation of these kinases can exert mTORC1-independent effects on 389 

protein synthesis. As a case in point, MK2 can directly phosphorylate the S15 and S82 residues on HSPB1, and 390 

the phosphorylation of these residues has been linked to enhanced formation of the eIF4F translation initiation 391 

complex 39,40. Moreover, p38 can directly phosphorylate and activate the MAPK-interacting kinases as well as 392 

the eukaryotic elongation factor 2 kinase which, in turn, are known to regulate translation initiation and 393 

elongation via phosphorylation of the S209 and T56 residues on eIF4E and eEF2, respectively 25. Lastly, recent 394 

studies have also suggested that MKK3 might function as a hub that controls much more than just p38-dependent 395 

events 41,42. For example, MKK3 can directly interact with and induce the transcriptional activity of MYC, a 396 

transcription factor that has been widely implicated in the induction of ribosome biogenesis and growth 42,43. 397 

Simply put, there are numerous ways in which the activation of MKK3b and MKK6 could induce protein 398 

synthesis/growth, and we expect that a deeper understanding of these mechanisms will shed light on the 399 

fundamental processes via which resistance exercise leads to an increase in muscle mass.  400 
 401 

    A final question that is worthy of discussion relates to how resistance exercise induces prolonged activation 402 

of signaling through MKK3b and MKK6. On this note, it is important to consider that MKK3b and MKK6 403 

function as part of the neck in an hourglass-shaped signaling cascade whereby a multitude of inputs and outputs 404 

are mediated through a small set of common intermediates (e.g., MKK3b and MKK6) 44. In terms of inputs, the 405 

canonical activators of MKK3b and MKK6 belong to a large and diverse group of kinases called MAP3Ks. 406 

Specifically, the human genome encodes at least 24 different MAP3Ks and these kinases are capable of 407 

responding to a plethora of stimuli, including mechanical perturbations 
45. For example, previous studies have 408 

shown that mechanical stimuli can promote signaling through at least two MAP3Ks that are expressed in skeletal 409 

muscle (ZAKβ and TAK1) 46,47. Intriguingly, these same studies have shown that ZAKβ plays a major role in the 410 

activation of signaling through p38 that occurs immediately after a bout of electrically evoked contractions 46 411 

and that TAK1 is necessary for the increase in fiber size that occurs after two weeks of chronic mechanical 412 

overload 47. Moreover, recent work by Roy and Kumar (2022) demonstrated that prolonged activation of TAK1 413 

is sufficient to induce an increase in protein synthesis and skeletal muscle growth 48. Thus, a seemingly fruitful 414 

topic for future studies will be to determine whether there are any MAP3Ks that are activated specifically by 415 

resistance exercise, as the identification of such kinases would not only offer insight into the mechanisms via 416 
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which skeletal muscles sense and respond to the stimuli that are specific to resistance exercise (e.g., resistance 417 

exercise-specific mechanosensors), but they could also serve as excellent targets for drugs that are aimed at 418 

mimicking the growth-promoting effects of resistance exercise.   419 
 420 

In summary, our study has identified a diverse array of phosphorylation events that are differentially regulated 421 

by endurance versus resistance exercise, and with this information, we were able to discover the basic framework 422 

of a signaling pathway that is activated specifically by resistance exercise. Moreover, our novel method for 423 

visualizing and quantifying newly synthesized proteins enabled us to demonstrate that activation of this pathway 424 

is sufficient to induce an increase in protein synthesis and skeletal muscle growth. In the future, we believe that 425 

it will be particularly important to identify the upstream regulators of this pathway and to determine whether the 426 

pathway can serve as an effective target for therapies that strive to restore the loss of muscle mass that occurs 427 

during conditions such as disuse, cancer cachexia, and aging.  428 

 429 

 430 

Methods    431 
 432 

Exercise Protocol in Human Participants   433 
 434 

    The procedures for Cohort 1 (phosphoproteomics study) and Cohort 2 (follow-up study) were identical. In 435 

total, six females and ten males were recruited to participate. The participants were healthy, between the ages of 436 

19 and 26, and had experience in aerobic and resistance exercise but were not regularly training (Supplementary 437 

Tables 1 and 9). The study (https://clinicaltrials.gov/study/NCT04263714) was approved by the Hamilton 438 

Integrated Research Ethics Board (HIREB #2196) and conformed to the standards for the use of human subjects 439 

in research as outlined by the Canadian Tri-Council Policy (TCPS 2 2022) on the ethical use of human subjects 440 

in research (https://ethics.gc.ca/eng/policy-politique_tcps2-eptc2_2022.html), as well as the declaration of 441 

Helsinki. Each participant was given written and oral information regarding the purpose of the study, 442 

experimental procedures, and potential risks before written informed consent was obtained.  443 

 444 

Study Overview 445 
 446 

    In a within-subject repeated measures design, the participants visited the laboratories at the Department of 447 

Kinesiology on 6 separate occasions. On the first visit, participants were screened and informed consent was 448 

obtained. Participants were then assessed for body composition using dual-energy x-ray absorptiometry (DXA) 449 

after an overnight fast (~10 h), followed by acclimation with the resistance exercise and endurance exercise 450 

equipment. Participants' legs were randomly assigned to the resistance or endurance exercise group (see 451 

"Exercise Protocols" below). On visits 2 and 4, participants completed 1-repetition maximum testing. On visits 452 

3 and 5, participants completed a VO2 peak test on a cycle ergometer. These tests were used to determine the 453 

intensity of cycling and resistance exercise load on the day of the experimental trial (visit 6). For 3 days before 454 

visit 6, participants refrained from strenuous exercise and consumed a controlled diet (Supplier: Heart to Home 455 

meals) 49 to ensure minimum protein intake >1.2 g/kg with each participant’s energy requirement determined by 456 

the Harris-Benedict equation for basal metabolic rate and multiplied by an activity factor of 1.55, corresponding 457 

to light/moderately active individuals 50.  458 
 459 

    On visit 6, participants arrived at the laboratory at ⁓6:30 AM after an overnight fast. Catheters were placed in 460 

the antecubital vein on each arm: one for the venous blood sample and one for the infusion of the stable isotope 461 

L-[ring-13C6] phenylalanine. At ⁓7:00 AM, baseline blood samples were drawn, and then participants received 462 

a priming dose of the stable isotope (2 μmol/kg) before initiating a constant tracer infusion of 0.05 μmol/kg/min. 463 

Participants rested on a bed for the duration of visit 6 (excluding during the exercise protocols), and blood 464 

samples were taken every 20-30 min with evacuated heparinized tubes. After 180 min of rest, a muscle biopsy 465 

was taken from the vastus lateralis of a randomly selected leg. Upon completion of the biopsy, participants 466 

initiated the unilateral aerobic and resistance exercise protocols in a randomly assigned order (Supplementary 467 

Tables 1 and 9). Up to 10 min of rest was allotted between the two exercise protocols and within 5 min after the 468 

completion of each exercise protocol, a post-exercise (0 hr) biopsy was taken. After completing both exercise 469 

https://urldefense.com/v3/__https:/clinicaltrials.gov/study/NCT04263714__;!!NLFGqXoFfo8MMQ!qOStwgIbdh1W24l0V3ieT7dLhe7XY0FFpZEzUMX6smO9iqbGFKgA5rxajzxAy7xwT75jucBVX2Zxn-0m6JiqTkfjKx9Pj8QcDheQ$
https://ethics.gc.ca/eng/policy-politique_tcps2-eptc2_2022.html
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protocols, the participants rested on a bed while remaining in a fasted state, and additional biopsies were taken 470 

3 hr after the completion of each exercise protocol.   471 

 472 

Exercise Protocols 473 
 474 

1-repetition maximum (1RM) testing: The participants engaged in a brief warm-up and then performed each 475 

unilateral exercise at approximately 50% of their estimated 1RM. As previously described, the load was then 476 

increased by 5-20% for each subsequent repetition until a true 1RM was achieved 51. Three to five min of rest 477 

was given between each attempt, and a successful attempt required the participant to move the load with the 478 

correct form throughout the full range of motion.  479 
 480 

VO2 peak testing: The participants completed double-leg and single-leg incremental peak oxygen uptake (VO2 481 

peak) tests on a cycle ergometer (Velotron, RacerMate) as previously described 52. Briefly, a metabolic cart with 482 

an on-line gas collection system (Moxus modular oxygen uptake system, AEI Technologies) measured oxygen 483 

consumption (VO2) and carbon dioxide production (VCO2) data, and heart rate (HR) was monitored 484 

continuously with a HR monitor (Polar A3). The test began with a two-min warm-up at 50 watts (W), after which 485 

the power was increased by 1 W every two (bilateral) or four (unilateral) sec until volitional exhaustion or the 486 

point at which pedal cadence fell below 60 rpm. VO2 peak was defined as the highest oxygen consumption 487 

achieved over a 30 sec period. Single-leg peak power was the highest power output achieved during the test. The 488 

participant was deemed to have reached VO2 peak if their HR was within 5 beats per min of the age-predicted 489 

maximal HR; the respiratory exchange ratio was >1.2, and a plateau was reached in their oxygen consumption. 490 
 491 

Visit 6 exercise protocols: For the bout of resistance exercise, the participants used one leg to perform 3 sets of 492 

10 reps of unilateral leg presses at 80% of their 1 RM followed by 3 sets of 10 reps of unilateral leg extensions 493 

at 80% of their 1RM, with 2 min of recovery allotted between the sets and exercises. For the bout of endurance 494 

exercise, the contralateral leg was used to perform 40 min of continuous unilateral cycling at 65% of the 495 

participant's single-leg peak power.  496 

 497 

Biopsies 498 
 499 

    All biopsies were taken after administration of 1% xylocaine local anesthesia with the use of a 5-mm 500 

Bergström needle that was adapted for manual suction. Muscle tissue samples were rapidly freed from any visible 501 

connective and adipose tissue, frozen in liquid nitrogen, and stored at −80ºC for further analysis.  502 

 503 

Myofibrillar Protein Synthesis  504 
 505 

    A portion of each biopsy (~30 - 50 mg) was homogenized using a TissueLyser (Qiagen) for two cycles, each 506 

lasting 40 sec at 20 Hz, in 10 μL/mg of ice-cold Buffer A (25 mM Tris-HCl pH 7.2, 0.5% Triton X-100, along 507 

with one PhosSTOP tablet (Roche) and one complete protease inhibitor tablet (Roche) added to 10 mL of buffer 508 

immediately before use). The homogenate was then centrifuged at 2,250g for 10 min at 4°C to separate the 509 

sarcoplasmic and myofibrillar protein fractions. The supernatant containing sarcoplasmic proteins was 510 

discarded, while the myofibrillar pellet was retained. The myofibrillar pellet was washed with doubly distilled 511 

water (500 μL), vortexed, and centrifuged at 250g for 10 min at 4°C. The supernatant was discarded, and the 512 

pellet was incubated in 0.3 M NaOH for 30 min at 50°C to solubilize the myofibrillar protein fraction. After 513 

vortexing, and centrifugation at 11,200g for 5 min at 4°C, the supernatant containing myofibrillar proteins was 514 

collected, and the pellet was discarded. This process was repeated, and the supernatants were pooled. 515 

Myofibrillar proteins were precipitated by adding 1 mL of 1M perchloric acid and centrifuging at 700g for 10 516 

min at 4°C. The supernatant was discarded, and the protein-enriched pellets were washed twice with 70% 517 

ethanol. After removing ethanol, the pellets were treated with 1 mL 1M activated Dowex H+ (50XW8 Cation 518 

exchange resin) and 1 mL 1M HCL. The protein-enriched pellets were hydrolyzed at 110°C for 72 hr to release 519 

their respective amino acids. Following hydrolysis, the amino acids were purified by ion exchange 520 

chromatography on Dowex H+ resin using 2M NH4OH. After isolation and purification, the samples were dried 521 

under nitrogen, reconstituted in 0.1M HCl, and shipped to Metabolic Solutions™ for myofibrillar L-[ring-13C6] 522 

phenylalanine enrichment analysis. 523 
 524 
 525 
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    Plasma L-[ring-13C6] phenylalanine enrichment was determined as previously described 53 and served as the 526 

precursor for calculating the rate of myofibrillar protein synthesis (MPS) using the precursor-product equation.  527 

 528 

MPS = �[𝐸𝐸2𝑏𝑏 − 𝐸𝐸1𝑏𝑏]

[𝐸𝐸𝑖𝑖𝑖𝑖 × 𝑡𝑡] � × 100 530 

 529 

 531 

Here, Eb represents the enrichment of bound myofibrillar protein, 𝐸𝐸ic is the average intracellular enrichment 532 

between two biopsies, and 𝑡𝑡 is the tracer incorporation time in hours. Participants were 'tracer naïve', meaning 533 

they had not previously participated in a study involving L-[ring-13C6] phenylalanine infusion. Therefore, a pre-534 

infusion blood sample was used to calculate resting myofibrillar MPS 54. 535 

 536 

Mass Spectrometry and Analysis 537 
  538 

    A portion of each biopsy was homogenized in 1 mL of Buffer B (40 mM Tris (pH 7.5), 1 mM EDTA, 5 mM 539 

EGTA, 0.5% Triton X-100, along with one PhosSTOP tablet (Roche) and one Complete Mini EDTA-Free 540 

Protease Inhibitor Cocktail Tablet (Roche) per 10 mL). Samples were homogenized using a Polytron (PT 1200 541 

E) for 20 sec and then centrifuged at 6,000g for 1 min to remove bubbles and ensure complete homogenization. 542 

The homogenate was subsequently separated into pellet and supernatant fractions as previously described 55. 543 

 544 

Protein digestion and peptide desalting 545 
 546 

    Proteins from each of the fractions were precipitated by adjusting the sample solution to 90% MeOH 547 

concentration by volume and centrifuging at 12,000g for 5 min. The supernatant was removed, and the protein 548 

precipitate was resuspended in 8 M urea, 50 mM Tris (pH 8.0), 10 mM TCEP, and 40 mM chloroacetamide, 549 

followed by a 30 min incubation with shaking to achieve complete reduction and alkylation of proteins. The 550 

sample was diluted to 1.5 M urea with 50 mM Tris (pH 8.0) and digested with trypsin (1:50 enzyme to protein 551 

ratio) at 37°C for 15 hr. The enzymatic digestion was quenched by acidifying the sample to pH < 2 with 10% 552 

trifluoroacetic acid (TFA). Strata-X desalting columns (Phenomenex) were conditioned by passing 1 mL of 553 

100% acetonitrile (ACN) followed by 1 mL of 0.1% TFA through each column. Individual samples were 554 

centrifuged, and the acidic supernatant was collected and filtered through the Strata-X columns by gravity flow. 555 

The bound peptides were washed with 1 mL of 0.1% TFA and eluted into a fresh tube using 500 µL of 40% ACN 556 

and 0.1% TFA, followed by an additional elution with 300 µL of 80% ACN and 0.1% TFA. Eluted peptides were 557 

dried using vacuum centrifugation. Prior to TMT labeling, peptide concentrations were determined using a Pierce 558 

Quantitative Colorimetric Peptide Assay (Thermo Fisher Scientific).    559 

 560 

TMT labeling   561 
 562 

    Two 10-plex and two 11-plex experiments were conducted as depicted in Figure 1a. In each experiment, 1 mg 563 

of peptides from each sample was incubated with one tandem mass tag (TMT) label from a kit (Thermo Fisher 564 

Scientific), following the manufacturer's instructions. After incubation with shaking for 3 hr at room temperature, 565 

the reaction was quenched using 5% hydroxylamine and further incubated at room temperature for 15 min with 566 

shaking. An aliquot from each sample was combined in a 1:1 ratio across all channels and analyzed using an 567 

Orbitrap Elite mass spectrometer (Thermo Fisher Scientific) to confirm complete TMT peptide labeling and to 568 

compare peptide ratios in a "test mix". These initial mixing ratios guided the creation of a final sample mix, 569 

where samples were combined at a 1:1 ratio. The resulting pooled sample containing TMT-labeled peptides from 570 

all samples was desalted using Strata-X desalting columns. Subsequently, the pooled sample was enriched with 571 

titanium dioxide immobilized on magnetic beads (MagReSyn, Resyn Biosciences). The remaining samples were 572 

preserved for proteome quantification. The enriched and unenriched samples were both separated via 573 

semipreparative, high pH reverse phase chromatography. The resulting fractions were dried using a vacuum 574 

centrifuge and reconstituted in MS-grade water with 0.2% formic acid for subsequent mass spectrometry 575 

analysis. 576 

 577 

 578 

 579 
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Nano-LC-MS/MS methods 580 
  581 

    Each sample was analyzed using an LTQ-OT-IT tribrid mass spectrometer (Orbitrap Fusion Lumos, Thermo 582 

Fisher Scientific) coupled with upfront nano-liquid chromatography (LC) separation. Samples underwent MS1 583 

scans with an automatic gain control (AGC) target of 1x106 ions and maximum injection times of 50 msec. MS1 584 

scans were conducted at a resolving power of 60,000, with a scan range of 300 to 1500 m/z. Precursor ions with 585 

charge states ranging from +2 to +8 were selected for fragmentation and subsequent MS2 analysis. MS2 scans 586 

were performed with a 3 Th isolation window, high-energy collision dissociation (HCD) fragmentation at 35% 587 

normalized collision energy (NCE), and a dynamic exclusion duration of 30 sec. The resulting product ions were 588 

analyzed in the Orbitrap at a resolving power of 30,000, with an AGC target of 2x105 ions and maximum 589 

injection times of 118 msec. Monoisotopic precursor selection and dynamic exclusion for 60 sec were enabled 590 

to enhance spectral quality and peptide identification. RAW data files are deposited in MassIVE (see Data 591 

Availability). 592 

 593 

MS data analysis  594 
 595 

The RAW data files were analyzed with COMPASS software suite against a target-decoy database of Homo 596 

sapiens proteins, downloaded from Uniprot on 09/16/2018 56. Peptide and phosphopeptide datasets were 597 

searched with a 50-ppm precursor mass tolerance and a 0.02 Da fragment tolerance for b and y ions generated 598 

by HCD fragmentation. All fractions were searched with static carbamidomethylation of cysteine residues, static 599 

TMT 10-plex and 11-plex modifications of peptide N-termini and lysines, and dynamic methionine oxidation. 600 

Phosphopeptide fractions were also searched with additional dynamic phosphorylation modifications of serine, 601 

threonine, and tyrosine residues. Peptide identifications were filtered to a 1% false discovery rate (FDR). 602 

Peptides were then mapped back to their parent proteins and filtered to a 1% FDR at the protein level. 603 

Phosphorylation sites were considered localized if they received a localization score greater than 0.75 using the 604 

PhosphoRS algorithm embedded in COMPASS 57. TMT reporter ion signals were used for protein and 605 

phosphopeptide quantitation and were extracted from COMPASS result tables. Peptide and phosphopeptide 606 

intensities were first normalized to the total reporter ion intensity. Then, each TMT analysis was further 607 

normalized to an internal control sample (Subject B Pre-exercise condition), which allowed for quantitative 608 

comparisons between the individual TMT analyses. For the proteomics dataset, the samples from each subject 609 

were expressed relative to the pre-exercise condition, log2 transformed, and then subjected to post hoc analyses 610 

with moderated t-tests implemented in the LIMMA package in R (version 3.12.0) 58, and false discovery rate 611 

(FDR) correction applied using the Benjamini-Hochberg method 59 (Supplementary Table 2). The normalized 612 

phosphopeptide data set (referred to as “Pre PhosR”) can be found in Supplementary Table 3 and was subjected 613 

to further processing as described below. 614 

 615 

Phosphoproteomic data processing and analysis 616 
  617 

    Modifications of the PhosR data processing package were used to mitigate the batch effects that were 618 

introduced by the different TMT analyses 8. Specifically, the package identified stably phosphorylated sites in 619 

the “Pre PhosR” dataset, and these were incorporated as 'negative controls' in a wrapper function (RUVphospho) 620 

to correct for batch effects. The parameter 𝑘𝑘, representing the number of experimental groups within the dataset, 621 

was set to 5 for the normalization of the phosphopeptide dataset that was generated in this study, and to 6 for the 622 

normalization of the phosphopeptide dataset that was published by Blazev et al. 2022 14 (downloaded from 623 

https://github.com/JeffreyMolendijk/exercise_modalities/blob/main/data/input/human_phospho.xlsx, labeled as  624 

“Blazev - Pre PhosR” in Supplementary Table 6). Following batch effect correction, hierarchical clustering and 625 

principal component analysis were conducted using the ‘plotQC’ function in PhosR. The modified PhosR R 626 

programming code for the processing of the current and Blazev et al., datasets can be found in Supplementary 627 

Software 1 and 2, respectively.  628 
 629 

    The outputs from PhosR were log2 transformed for post hoc analysis with moderated t-tests using the LIMMA 630 

package and FDR correction according to Benjamini-Hochberg 58,59. The PhosR-processed versions of the 631 

current phosphopeptide dataset, and the Blazev et al. phosphopeptide dataset, can be found under the tabs labeled 632 

https://github.com/JeffreyMolendijk/exercise_modalities/blob/main/data/input/human_phospho.xlsx
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“Post PhosR” in Supplementary Tables 3 and 6, respectively, and these datasets were used for all subsequent 633 

analyses. 634 
 635 

    The `kinaseSubstrateScore` function and `kinaseSubstratePred` function within PhosR were used to predict 636 

the top three substrates for all kinases within the phosphopeptide dataset that had a known substrate in the 637 

reference database (Supplementary Software 3) 8. Upset plots were generated with EVenn 60. The Mfuzz R 638 

package was used for soft clustering and included the use of the `filter.std` function with a minimum standard 639 

deviation value of 0.1, a c-value of 4, and an m-value of 1.997 that was derived from the `mestimate` function 9. 640 

Soft cluster images were created with the `mfuzz.plot2` function, and the `acore` function was used to extract 641 

the cluster membership scores for subsequent annotation of the phosphopeptide data. The phosphopeptide data 642 

was uploaded into Perseus V1.6.6.0 61 for further annotation with information obtained from DAVID 62, and 643 

PhosphoSitePlus 12, and then used to perform 1D enrichment analyses within Perseus 10. Redundant gene 644 

ontology terms from the enrichment analyses were removed with REVIGO at the medium strength (0.7) setting 645 

63. The web-based version of KSEAapp 11 with a NetworKIN cutoff score of 1.5 was used to infer how the 646 

different modes of exercise affected the activity of kinases. Kinases with less than 5 known or predicted 647 

substrates (i.e., m < 5) were removed, and then the output was further filtered so that only kinases present in the 648 

skeletal muscle-specific proteome/phosphoproteome datasets listed in Table 10 were retained 55,64,65.  649 

 650 

Western Blot Analysis 651 
 652 

    Frozen human and mouse muscles were homogenized for 30 sec using a Polytron in ice-cold Buffer C (40 653 

mM Tris, pH 7.5, 1 mM EDTA, 5 mM EGTA, 0.5% Triton X-100, 25 mM β-glycerophosphate, 25 mM NaF, 1 654 

mM Na3VO4, 10 µg/ml leupeptin, 1 mM PMSF). The whole homogenates of 3-day post-electroporation muscles 655 

were used for western blot analysis. For all other samples, the whole homogenates were centrifuged at 2,000g 656 

for 5 min at 4°C, and then the supernatant was retained for further analysis. Protein concentrations were measured 657 

with a DC protein assay kit (Bio-Rad), and equivalent amounts of protein were dissolved in Laemmli buffer, 658 

boiled for 5 min, and subjected to SDS-PAGE. Proteins were transferred to a PVDF membrane at 300 mA for 1 659 

hr and 45 min. For total protein quantification, No-Stain™ (Invitrogen) was used to label the proteins on 660 

membranes before blocking as described in the manufacturer's instructions, and total protein images were 661 

obtained by using the UV transilluminator and SYBR Gold (520-620 nm emission) filter of the UVP Autochemi 662 

system (Analytik Jena AG). Membranes were blocked with 5% powdered milk in Tris-buffered saline containing 663 

0.1% Tween 20 (TBST) for 1 hr, except for when using the Total OXPHOS antibody, which required 5% bovine 664 

serum albumin (BSA) blocking. Details for all antibodies are provided in Supplementary Table 11. After washing 665 

in TBST for 30 min, membranes were incubated overnight at 4°C with primary antibodies dissolved in 1% BSA 666 

in TBST, except for the Total OXPHOS and P-MK2(T222) antibodies, which used 1% milk in phosphate-667 

buffered saline (PBS) and 5% milk in TBST, respectively. The next day, membranes were washed for 30 min 668 

with TBST and probed with a peroxidase-conjugated secondary antibody in 5% powdered milk-TBST for 1 hr 669 

at room temperature. After a final 30 min of washing in TBST, blots were developed using a UVP Autochemi 670 

system with either regular enhanced chemiluminescence (ECL) reagent (Pierce) or ECL-prime (Amersham). 671 

Images were quantified using ImageJ software (U.S. NIH). 672 

 673 

Animals and Ethical Approval 674 
 675 

All animal experiments followed the guidelines approved by the Institutional Animal Care and Use Committee 676 

of the University of Wisconsin-Madison (#V005375) or the William S. Middleton Memorial Veterans Hospital 677 

(Assurance ID: D16-00403). MetRSL274G +/- mice were generated through a multi-step breading approach in 678 

which floxed STOP GFP-2A-MetRSL274G mice (Jackson Laboratory, strain #028071) 34 were initially crossed 679 

with mice that express CMV-Cre mice (Jackson Laboratory, strain #006054). The presence of CMV-Cre resulted 680 

in offspring with germline cells that contained the recombined variant of the allele (i.e., it no longer contained 681 

the STOP cassette in front of the floxed STOP GFP-2A-MetRSL274G transgene). The mice with germline 682 

transmission of the recombined allele (i.e., GFP-2A-MetRSL274G) were then crossed with wild-type C57BL/6J 683 

mice (Jackson Laboratory, strain #00664) to create offspring that ubiquitously expressed GFP-2A-MetRSL274G 684 
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in the absence of Cre. Offspring that were heterozygous for GFP-2A-MetRSL274G were used for the experiments 685 

in this study and were referred to as MetRSL274G +/- mice. All mice were housed under controlled conditions (25 686 

°C, 12 hr light/dark cycle with lights off at 6:00 PM) and provided standard rodent chow (5001 Rodent 687 

Laboratory Chow), and water ad libitum unless otherwise stated. Experimental interventions were performed on 688 

male mice that were 9-10 weeks of age at the start of the intervention. MetRSL274G +/- mice were utilized for the 689 

3 hr post-training and 3-day post-electroporation interventions. All other interventions utilized wild-type 690 

C57BL/6J mice. All mice within a given intervention were randomly assigned to an experimental group and, 691 

when needed, euthanasia was performed with cervical dislocation on mice that were anesthetized with 2–5% 692 

isoflurane in oxygen. 693 

 694 

Mouse Model of Resistance Exercise - Weight Pulling 695 
 696 

Acclimation 697 
 698 

    All mice were provided with one acclimation session between 9:00 AM and 12:00 PM for the single bout 699 

group, and between 6:00 - 9:00 PM for the long-term adaptations group, as previously described 33. During this 700 

session, an unweighted cart was attached to the tail and then the mice were placed at the start line on the weight 701 

pulling track and familiarized with pulling the cart to the end of weight pulling lane. At the end of the lane, the 702 

mice encountered a resting house and, upon reaching the resting house, they were given 1 min to recover before 703 

being returned to the start line on the weight pulling track. Initially, the mice were motivated to pull the 704 

unweighted cart by touching their rear fur with a wire brush close to the lumbar vertebrae region. If the mice 705 

failed to make forward progress after being touched 3 times (with a 1 s interval between each touch), then an 706 

additional incentive was provided by delivering a 1 mA shock to the lumbar vertebrae region/tail (Precision 707 

Animal Shocker, Coulbourn Instruments). The familiarization process was repeated a minimum of 8 times, and 708 

until the mouse voluntarily traversed the entire length of the weight pulling lane three consecutive times. 709 

 710 

Maximal load test 711 
 712 

The maximal load test was initiated two days after the completion of the acclimation session, between 9:00 713 

AM and 12:00 PM for the single bout group, and between 6:00 - 9:00 PM for the long-term adaptations group. 714 

The test was aimed at determining the mouse’s maximal pulling load and consisted of ~10–15 sets with 2 min 715 

of rest between each set. During this procedure, the cart was attached to the tail and the mice were motivated to 716 

pull the cart by touching their rear fur. If the mice did not make forward progress after being touched 3 times 717 

(with an ~3 s interval between each touch), an additional 1 mA shock was delivered. The first set during this 718 

session consisted of pulling the unweighted cart and then the next three sets consisted of pulling the weighted 719 

cart with a total load of 300, 600, and 750 g. After completing these sets, an additional 50 g was added to the 720 

weighted cart and the mouse completed another set. The process of adding 50 g to the weighted cart was repeated 721 

until a load was reached during which the mouse failed to traverse the entire length of the weight pulling lane. 722 

Failure during this session was defined as the inability of the mouse to make forward progress after 3 touches 723 

and 1 shock. Upon reaching failure, assistance (i.e., gentle pushing of the cart in a manner that would be 724 

analogous to a spotter helping a human complete a final repetition during resistance exercise) was provided so 725 

that the mouse could traverse the remaining length of weight pulling lane without the need for a further 726 

touch/shock incentive. At this point, the maximal load test was complete, and the highest load successfully pulled 727 

along the entire length of the lane was defined as the mouse’s maximal pulling load. 728 

 729 

Single bout for assessing changes in protein phosphorylation and myofibrillar protein synthesis 730 
 731 

Starting at 7:00 - 10:00 AM three days after the maximal load test, the mice were fasted for 2 hr, and then one 732 

cohort was subjected to a bout of weight pulling (WP) while the other cohort was subjected to a bout of the 733 

mock/control condition (See schematics in Fig. 7a and Extended Fig 8a). For WP, the training session began 734 

with a warm-up set that only involved pulling the unweighted cart. External motivation consisted of touching 735 

the rear fur, and if the mice did not make forward progress after 5 touches (with a 3 s interval between each 736 

touch), an additional 1 mA shock was delivered. A total of 2 min of rest was given between each set, and the 737 

warm-up set was followed by sets with loads representing 50, 75, 85, 90, 95, and 100% of the mouse’s previous 738 
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maximal pulling load, respectively. During all subsequent sets, an additional 15 g was added to the weighted 739 

cart, and this cycle was repeated until a load was reached during which the mouse failed to traverse the entire 740 

length of the weight pulling lane. Failure was defined as the inability of the mouse to make forward progress 741 

after 5 consecutive touches followed by 1 shock and then 2 additional touches. Upon reaching failure, assistance 742 

(as described above) was provided so that the mouse could traverse the remaining length of the weight pulling 743 

lane without the need for further touch/shock incentive. As a mock/control condition, mice were subjected to the 744 

same number of sets, rest periods, and touch/shock cycles as the WP mice, but they only pulled an unweighted 745 

cart. For the immediate (0 hr) post collections, the mice were anesthetized with 2–5% isoflurane in oxygen, and 746 

the FDL muscles were rapidly collected, frozen in liquid nitrogen, and stored at −80 °C for western blot analysis. 747 

For the 3 hr post collections, the mice were given an intraperitoneal (IP) injection of 400 µg/g bodyweight 748 

azidonorleucine (ANL) dissolved in 200 µl PBS immediately after the end of the WP or control bout, and then 749 

the mice were placed in a cage that contained water but no food. After 3 hr, the FDL muscles from these mice 750 

were collected as described for the 0 hr condition with one muscle being saved for western blot analysis and the 751 

other being saved for measurements of myofibrillar protein synthesis.  752 

 753 

Paradigm for assessing long-term adaptations 754 
 755 

    The general procedures described above were used to study the adaptations that occur when mice perform 3 756 

bouts of WP per week for 13 weeks. Extensive details about these procedures can be found in our original 757 

publication 33. Importantly, the same FDL muscles that were analyzed in the original publication were used to 758 

obtain the results that are reported in Figure 6 and Extended Figure 7.  759 

 760 

Mouse Model of Endurance Exercise - Treadmill Running  761 
 762 

Acclimation 763 
 764 

    All mice were provided with one acclimation session between 9:00 AM and 12:00 PM for the single bout 765 

group, and between 6:00 - 9:00 PM for the long-term adaptations group. The mice were acclimated by placing 766 

them on the 15° incline treadmill (Exer 3/6, Columbus Instruments) at 0 m/min, allowing them to explore for 1–767 

3 min, and then gradually increasing the speed to 3 m/min. The electric shock grid was set to 1 Hz, 1 mA, and a 768 

clean absorbent pad was placed under and over the treadmill. After 3 min the speed was increased to 6 m/min, 8 769 

m/min after 5 min, 10 m/min after 7 min, and then the acclimation session was stopped after 10 min. Two days 770 

later, the mice were subjected to a second acclimation session with a warm-up at 3 m/min for 5 min. The speed 771 

was then increased by 1 m/min until reaching 12 m/min and the mice were maintained at this speed for a total 772 

of 20 min. 773 

 774 

Single bout for assessing changes in protein phosphorylation and myofibrillar protein synthesis 775 
 776 

    Starting at 7:00 - 10:00 AM three days after the acclimation session, the mice were fasted for 2 hr, and then 777 

one cohort was subjected to a bout of treadmill running (TR) while the other cohort was subjected to a bout of 778 

the mock/control condition. The TR training session began with a warm-up at 3 m/min for 5 min. The speed was 779 

then increased by 1 m/min until reaching the target speed of 13 m/min. The mice were maintained at 13 m/min 780 

for a total of 40 min. External motivation consisted of touching the rear fur with a wire brush, and if the mice 781 

did not make forward progress after 5 touches within one min, the speed was decreased by 0.5 m/min for the 782 

remainder of the training session. As a mock/control condition, mice were subjected to the same number of 783 

touches as the TR mice, but they were only required to walk on the treadmill at 3 m/min for 10 min. For the 784 

immediate (0 hr) post collections, the mice were anesthetized with 2–5% isoflurane in oxygen, and the FDL 785 

muscles were rapidly collected, frozen in liquid nitrogen, and stored at −80 °C for western blot analysis. For the 786 

3 hr post collections, the mice were given an IP injection of 400 µg/g bodyweight ANL immediately after the 787 

end of the TR or control bout, and then the mice were placed in a cage that contained water but no food. After 3 788 

hr, the FDL muscles from these mice were collected as described for the 0 hr condition with one muscle being 789 

saved for western blot analysis and the other being saved for measurements of myofibrillar protein synthesis.  790 

 791 

 792 
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Paradigm for assessing long-term adaptations  793 
 794 

Three days after the second acclimation session, mice were divided into two cohorts with one trained with 65 795 

bouts of TR and the other trained with 65 bouts of a mock/control condition. All training sessions were conducted 796 

between 6:00 - 9:00 PM. For TR, each session began with a 5-min warm-up at 3 m/min, followed by a speed 797 

increase of 1 m/min until the target speed was reached. Mice were maintained at the target speed for the target 798 

duration, with sessions conducted 5 times per week for a total of 13 weeks. Both target speed and target duration 799 

were gradually increased over the 13 weeks. During the first week, the target speed increased from 12 m/min to 800 

14 m/min, and the target duration increased from 30 min to 40 min. Over the next two weeks, the target duration 801 

increased by 10 min per week while the speed was maintained at 14 m/min. Subsequently, the target duration 802 

was maintained at 60 min while the target speed increased by 0.5 m/min every two weeks. External motivation 803 

during the first week included touching the rear fur with a wire brush and a 1 Hz electric shock grid; after the 804 

first week, only the wire brush was used. In the mock/control condition, mice were subjected to the same number 805 

of touches with the wire brush but were only required to walk on the treadmill at 3 m/min for 10 min. Immediately 806 

before starting the final week of training, grip strength was assessed for all mice using a dual-range force sensor 807 

(Vernier), as previously described 33.  808 

 809 

Collection procedure for long-term adaptations 810 
 811 

    Terminal collections were performed 60–96 hr after the final training session. During this procedure, all 812 

potentially identifiable information (e.g., tail markings, etc.) was masked, and then the animals were weighed 813 

and subsequently anesthetized with 2–5% isoflurane in oxygen. The flexor digitorum longus, plantaris, soleus, 814 

lateral head of the triceps brachii, and long head of the triceps brachii muscles from both the left and right 815 

hindlimbs were removed, weighed, submerged in optimal cutting temperature compound (OCT, Tissue-Tek) at 816 

resting length, frozen in liquid nitrogen-chilled isopentane for 90 sec, and stored at −80 °C. At this point, the 817 

mice were euthanized by cervical dislocation, and additional skeletal muscles from both the left and right side 818 

of the body were collected, including the gastrocnemius, pectoralis major, and the forearm flexor complex. In 819 

addition to skeletal muscles, tissues including the heart, the left and right tibias, epididymal fat pads, 820 

interscapular brown adipose tissue, and adrenal glands were also collected. Importantly, all of the collection 821 

procedures were performed by blinded investigators. 822 

 823 

In-gel visualization and quantification of newly synthesized proteins  824 
 825 

Frozen FDL muscles were immersed in 10 µL/mg of ice-cold Buffer D (67 mM sucrose, 50 mM Tris/HCl, 50 826 

mM KCl, 12 mM EDTA, pH 7.4, plus phosphatase and protease inhibitors including 25 mM NaF, 15 mM β-827 

glycerophosphate, 10 µg/ml leupeptin, 1 mM Na3VO4, 10 µg/ml aprotinin, 1 µg/ml pepstatin, and 1 mM PMSF). 828 

The tissue was then minced with scissors and subsequently homogenized with an ice-cold glass Dounce 829 

homogenizer. The lysate was centrifuged at 700g for 10 min at 4°C, and the supernatant volume was measured 830 

prior to its removal. The remaining myofibrillar protein pellet was washed by resuspending it in 500 µL of Buffer 831 

D and then centrifuging at 700g for 15 min. The pellet was washed twice and then resuspended in Buffer D using 832 

the same volume as the volume of supernatant that was originally removed. The protein concentration of the 833 

resulting sample was then measured with a DC protein assay kit (Bio-Rad). For the DBCO-based ‘click’ reaction, 834 

134 µg of protein was precipitated with ice-cold acetone (4:1 volume to volume ratio), centrifuged at 12,000g 835 

for 5 min, and then the acetone was removed. The pellet was air-dried for 5 min and subsequently resuspended 836 

in 90 µL of freshly prepared Buffer E (8 M urea, 50 mM Tris (pH 8), 100 M 2-chloroacetamide, plus phosphatase 837 

and protease inhibitors including 25 mM NaF, 15 mM β-glycerophosphate, 10 µg/ml leupeptin, 1 mM Na3VO4, 838 

and 1 mM PMSF). To assist with resuspension, the pellet was subjected to 50-100 strokes with a microfuge pellet 839 

pestle (Kimble) and continuously vortexed until the pellet had completely dissolved (⁓1-5 min). Once the pellet 840 

had dissolved, the ANL-labeled proteins were tagged with Cy5.5 by adding 10 µL of a DBCO stock solution 841 

(134 µM Cy5.5 DBCO (Click Chemistry Tools) dissolved in PBS containing 40% DMSO). The combined 842 

solution was protected from light and incubated on a rotator (9 rpm) for 1 hr at room temperature. Following the 843 

incubation, the proteins were precipitated via the addition of 900 µL of 100% methanol and then centrifuged at 844 

12,000g for 5 min. The supernatant was removed, and the pellet was washed by resuspending in 900 µL of 100% 845 



17 

 

methanol and centrifuging at 12,000g for 5 min. The supernatant was again removed, and the pellet was air-dried 846 

for 5 min and then resuspended in 100 µL of Buffer C containing 2% SDS. The resulting sample was dissolved 847 

in Laemmli buffer, boiled for 5 min, and subjected to SDS-PAGE at 100 V until the dye front was 5 mm from 848 

the bottom of the gel. The manufacturer instructions for No-Stain™ (Invitrogen) were then used to label all 849 

proteins in the gel, and the gel was imaged with the universal mode of an iBright™ FL1500 (Invitrogen) and the 850 

default filters for a No-Stain labeled gel as well as Alexa Fluor 680 (610-660 nm excitation, 710-730 nm 851 

emission) for the visualization of the Cy5.5 (i.e., the ANL-labeled proteins). Images were quantified using 852 

ImageJ software (U.S. NIH). 853 

 854 

Histological imaging and analysis of the FDL muscles 855 
3 856 
 857 

    Mid-belly cross-sections (10 μm thick) of FDL muscles that had been frozen in OCT were obtained with a 858 

−20°C cryostat (Leica) and subsequently fixed for 10 min with −20°C acetone. A hydrophobic circle was drawn 859 

around each section using a PAP pen (Thermo Fisher Scientific) and then the sections were washed with PBS 860 

for 15 min (3 x 5 min) and blocked for 20 min at room temperature in Buffer F (0.5% Triton X-100, 0.5% BSA 861 

in PBS). For fiber type staining, the blocked samples were incubated for 1 hr at room temperature in Buffer F 862 

containing rabbit anti-laminin, mouse IgG2b anti-Type I MHC, mouse IgG1 anti-Type IIA MHC, and mouse 863 

IgM anti-Type IIB MHC. The sections were then washed three times for 15 min (3 x 5 min) with PBS and 864 

incubated for 1 hr at room temperature in Buffer F containing Alexa 568 goat anti-rabbit IgG, Alexa 647 goat 865 

anti-mouse IgG2b, Alexa 488 goat anti-mouse IgG1, and Alexa 350 goat anti-mouse IgM. For capillary staining, 866 

the blocked samples were incubated for 1 hr at room temperature in Buffer F containing rat anti-CD31 and rabbit 867 

anti-laminin. The sections were then washed three times for 15 min (3 x 5 min) with PBS and incubated for 1 hr 868 

at room temperature in Buffer F containing Alexa 488 goat anti-rat and Alexa 568 goat anti-rabbit IgG. Following 869 

the incubation with the secondary antibodies, the sections were washed with PBS for 15 min (3 x 5 min), 870 

mounted in ProLong Gold anti-fade mounting medium (Invitrogen), and overlaid with a coverslip (Thermo 871 

Fisher Scientific). Entire muscle cross-sections were then imaged by a blinded investigator with a 10X objective 872 

on a BZ-X700 Keyence microscope with four different filters (DAPI, GFP, TRITC, CY5) for fiber type staining 873 

and two different filters (GFP, TRITC) for capillary staining. From these images, fiber type-specific 874 

measurements of fiber CSA and the proportion of each fiber type within each section were determined with our 875 

automated “fiber cross-sectional area” CellProfiler pipeline as previously described 33. For measurements of the 876 

number of capillaries per fiber, a modification of our previously published myonuclei CellProfiler pipeline was 877 

employed (Supplementary Software 4) 33. Details for all antibodies are provided in Supplementary Table 11 878 

 879 

Plasmid DNA and electroporation 880 
 881 

   Plasmid DNA encoding LacZ has been previously described 66. Plasmids encoding c.a. MKK3b, c.a. MKK4, 882 

c.a. MKK6, and tdTomato were obtained from Addgene (catalog numbers: 50449, 14813, 13518, and 54642, 883 

respectively). All plasmid DNA was propagated in DH5α E. coli, purified using an EndoFree Plasmid Kit 884 

(QIAGEN), and re-suspended in sterile phosphate-buffered saline (PBS). Electroporations were conducted with 885 

modifications of our previously described methods 38. Specifically, mice were anesthetized with 2–5% isoflurane 886 

in oxygen, and a small incision was made through the skin overlying the TA muscle. A 27-gauge needle was 887 

used to inject 12 µL of a DNA solution into the TA muscle. The solution contained 30 µg of plasmid DNA 888 

encoding one of the following: c.a. MKK3b, c.a. MKK4, c.a. MKK6, or LacZ, along with 3 µg plasmid DNA 889 

encoding tdTomato when indicated. Subsequently, electric pulses were administered to the muscle via a 1 cm 890 

gap pin electrode (Harvard Apparatus) that was laid across the proximal and distal myotendinous junctions. Eight 891 

20 ms square-wave electric pulses at a frequency of 1 Hz were delivered using an ECM 830 electroporation unit 892 

(Harvard Apparatus) at a field strength of 160 V/cm. Following electroporation, the incision was closed with 893 

sutures and Vetbond surgical glue (3M Animal Care Products), and the animals were given an IP injection of 894 

0.05 µg/g buprenorphine to mitigate any pain. After a 3- or 7-day recovery period, the mice were anesthetized 895 

with 2–5% isoflurane in oxygen, and the TA muscles were either immediately removed and frozen in liquid 896 
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nitrogen for western blot analysis or collected following perfusion fixation as described below. Where indicated, 897 

the mice were also given an IP injection of 400 µg/g bodyweight of ANL at 3 hr prior to the collection. 898 

 899 

Perfusion fixation and cryoprotection 900 
 901 

    Silicone tubing was connected to a peristaltic pump with one end of the tubing connected to a 23-gauge needle 902 

(Sol-Millennium Medical Inc.) while the other end was inserted into a flask containing 30 mL per mouse of ice-903 

cold Buffer G (PBS, 25 mM β-glycerophosphate, 25 mM NaF, 1 mM Na3VO4) and the tubing was cleared of air 904 

bubbles. Mice were weighed and anesthetized using a 300 mg/kg ketamine and 30 mg/kg xylazine mixture, 905 

verifying complete anesthesia by checking corneal and pedal pain reflexes. If needed, further anesthesia was 906 

induced with an IP injection of 50 mg/kg ketamine or via 2% isoflurane in oxygen. The mouse was placed in a 907 

supine position and their limbs were secured. Next, an incision was made into the abdominal cavity, followed 908 

by cutting through the diaphragm and ribcage to expose the heart. The needle was then inserted into the apex of 909 

the left ventricle. Perfusion began at ⁓1 mL/min with ice-cold Buffer G, the right atrium was then cut, and the 910 

flow was increased to 7 mL/min. Perfusion continued with all 30 mL of Buffer G, and then the perfusate was 911 

switched to 30 mL of ice-cold Buffer H (4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2), 25 mM β-912 

glycerophosphate, 25 mM NaF, 1 mM Na3VO4). After the perfusion fixation was complete, the hindlimbs were 913 

skinned, excised from the mouse, and fixed in Buffer H for 3 hr at 4°C with orbital rocking at 50 rpm. The TA 914 

muscles were then removed and incubated overnight with light agitation in 1 mL of Buffer H at 4°C. The TA 915 

was subsequently cryoprotected by incubating it with light agitation in 1 mL of 0.1 M phosphate buffer (pH 7.2) 916 

containing 15% sucrose for 6 hr at 4°C, and then 1 mL of 0.1 M phosphate buffer (pH 7.2) with 45% sucrose for 917 

18 hr at 4°C. The cryoprotected muscle was then embedded in ice-cold OCT (Tissue-Tek), frozen in liquid 918 

nitrogen-chilled isopentane for 90 sec, and stored at -80°C. 919 

 920 

Histological imaging and analysis of electroporated muscles 921 
 922 

    Mid-belly cross-sections (3 μm thick) of the TA muscles were obtained with a −35°C cryostat (Leica) and 923 

immediately dipped into distilled water. Residual water around the section was removed and a hydrophobic circle 924 

was drawn around each section using a PAP pen (Thermo Fisher Scientific). The sections were washed with PBS 925 

for 5 min and blocked for 30 min at room temperature in Buffer F. For the 3-day post-electroporation samples, 926 

the sections were washed with PBS (3 x 5 min) and then subjected to a TBTA-based ‘click’ reaction to tag ANL-927 

labeled proteins. Specifically, a 300 μL ‘click’-reaction mixture (enough for 6 sections) was prepared by adding 928 

the following reagents in the order listed along with vortexing between each addition: (1) 277.5 μL of PBS, (2) 929 

1.5 μL of 20 mM TBTA in DMSO, (3) 3 μL of 100 mM CuSO4 in diH2O, (4) 12 μL of 50 μM alkyne-AZDye 930 

647 (Click Chemistry Tools) in DMSO, and (5) 6 μL of 50 mM TCEP in diH2O. Once combined, each section 931 

was incubated in 50 μL of the ‘click’-reaction mix, protected from light, and rocked at 50 rpm for 1 hr at room 932 

temperature. The sections were then subjected to alternating 5-min washes with PBS (3x) and Buffer F (3x) at 933 

room tempetaure, followed by an additional set of washes (1 x 5 min and then 1 x 20 min) in Buffer F containing 934 

10% DMSO and 50 mM EDTA. After additional (3 x 5 min) washes with PBS, the sections were incubated 935 

overnight at room temperature with rabbit P-S6(240_4) antibody in Buffer F. The sections were then washed (3 936 

x 5 min) and (3 x 1 hr) with Buffer F at room temperature. Each section was then incubated overnight at room 937 

temperature with goat anti-rabbit Alexa Fluor® 405 Plus in Buffer F. Finally, the sections were subjected to (3 x 938 

5 min) and then (3 x 1 hr) washes in Buffer F at room temperature, and the unmounted and wet sections were 939 

then imaged as detailed below.  940 
 941 

    The processing of 7-day post-electroporation samples utilized the same basic procedures described above, 942 

except the samples were not subjected to the TBTA-based click reaction and subsequent DMSO/EDTA washes. 943 

Furthermore, rather than probing for P-S6(240_4), the periphery of the muscle fibers was identified by subjecting 944 

the samples to overnight incubations with rabbit anti-dystrophin and goat anti-rabbit CF®640R in Buffer F, or a 945 

1 hr incubation with WGA-640R in Buffer F. Following these incubations, the samples were washed as described 946 

above, incubated with Hoechst for 5 min to identify nuclei, and then washed (3 x 5 min) with PBS at room 947 
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temperature. Each unmounted and wet section was imaged as described below. Details for all antibodies are 948 

provided in Supplementary Table 11. 949 
 950 

    Images of the unmounted and wet samples were collected with a 10X objective on a Leica Widefield Thunder 951 

Microscope and 405 (Ex: 405/60, EM: 470/40), Y3 (Ex: 545/26, EM: 605/70), and Y5 (Ex: 620/60, EM: 700/76) 952 

filters. Prior to image acquisition, all sample identification information was masked, and then 2-4 regions per 953 

sample with tdTomato positive fibers (i.e., transfected fibers) were identified. Images of these regions were then 954 

collected in a manner so that an approximately equal number of transfected and non-transfected fibers were 955 

present. Within each region, the periphery of 23-35 transfected fibers along with an equal number of non-956 

transfected fibers were manually traced with NIS-Elements D software (Nikon). When selecting these fibers, 957 

care was taken to ensure that the transfected and non-transfected fibers were chosen equitably based on their 958 

proximity to the periphery of the muscle section, and fibers with centrally located nuclei were excluded from 959 

consideration. The traced muscle fibers were then used to determine fiber CSA and, when applicable, the mean 960 

intensity of the signal for P-S6(240_4) and ANL-labeled proteins.  961 

 962 

Statistical Analysis 963 
 964 

    All non-omic data sets were screened for within-group outliers by applying the “very conservative” three 965 

median absolute deviations (3 MAD) rule described by Leys et al., 2012 67, and individual data points that 966 

exceeded the 3 MAD threshold were removed (note: the source data sets included all values that were obtained 967 

and the 3 MAD outliers are clearly highlighted). Statistical analyses on the resulting data sets were conducted 968 

using various methods to accommodate the diverse experimental designs. To account for both within-subject and 969 

between-subject variability, one-way repeated measures (RM) ANOVA or one-way mixed ANOVA followed by 970 

post hoc analysis with the two-stage step-up method of Benjamini, Krieger, and Yekutieli were employed. Two-971 

way ANOVA was conducted to assess the main effects and interactions between two independent variables, 972 

followed by Sidak's or Fisher's LSD post hoc analyses. For direct comparisons between two groups, two-tailed 973 

Student's t-tests or paired t-tests were applied. All tests adhered to a statistical significance threshold of P < 0.05 974 

and were performed with GraphPad Prism version 10.2.3 for Windows.  975 

 976 

 977 

Data Availability 978 
 979 

The RAW data files are available on MassIVE (https://massive.ucsd.edu/ProteoSAFe/index.jsp) under identifier 980 

MSV000093793, accessible with username: MSV000093793_reviewer and password: reviewer_pw. 981 
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Figure Legends 1000 
 1001 

Figure 1.  Overview of the phosphoproteomic alterations that occur after a bout of endurance versus 1002 

resistance exercise in humans  1003 

a, Timeline of the experimental interventions and a general description of the analytical procedures that were 1004 

employed. b, Measurement of the mean rate of myofibrillar protein synthesis during three different 3 hr windows 1005 

of time including: i) 3 hr pre-exercise (Pre), ii) immediately post (0 hr) to 3 hr post endurance exercise (END), 1006 

and iii) 0 hr to 3 hr post resistance exercise (RE). Values are group means ± SEM, n = 4 per group. Data were 1007 

analyzed with one-way repeated measures (RM) ANOVA. * Significantly different from Pre, † significantly 1008 

different from END, P < 0.05. c, Unsupervised hierarchical clustering of the phosphopeptide data from each of 1009 

the participants. d, Principal component analysis of the phosphopeptide data from each of the participants. Dots 1010 

represent the values for each participant and the color of the dot indicates the experimental condition (as 1011 

described in c). e, UpSet plot illustrating the number of phosphopeptides for each condition that experienced a 1012 

> 1.5-fold exercise-induced change (Δ) in abundance at an FDR-corrected P-value (q) of < 0.05 when compared 1013 

with Pre.  1014 

 1015 

Figure 2. Cluster-based identification of phosphorylation events that are specific to endurance and 1016 

resistance exercise in humans 1017 

a, Volcano plots from the phosphoproteomic analyses at 0 hr or 3 hr post endurance (END) or resistance (RE) 1018 

exercise. b, Volcano plots from the proteomic analyses for the same conditions listed in a. The highlighted 1019 

proteins experienced a significant alteration in abundance, q ≤ 0.05. c, Soft clustering of the phosphoproteomic 1020 

data revealed four major clusters of phosphopeptides that were affected by exercise. In a, the phosphopeptides 1021 

that had a membership score of ≥ 0.5 for cluster 1 are highlighted in pink, while those with a membership score 1022 

of ≥ 0.5 for cluster 2 are highlighted in blue. 1023 

 1024 

Figure 3. Identification of kinases that are reproducibly inferred as being regulated by endurance and/or 1025 

resistance exercise in humans 1026 

a, Heatmap of Z-scores for the KSEAapp inferred alterations in kinase activity at 0 hr or 3 hr post endurance 1027 

(END) or resistance (RE) exercise when compared to the pre-exercise state. Kinases are listed by their gene 1028 

names and only kinases expressed in skeletal muscle (see methods) that possessed at least 5 known and/or 1029 

predicted substrates in the phosphopeptide dataset are listed. The list of kinases was clustered according to their 1030 

group (e.g., AGC) 68  and then listed in alphabetical order. b, The results from the current study are compared 1031 

with the results that were derived from identical processing of the phosphopeptide dataset published by Blazev 1032 

et al., 2022 14. c, Heatmaps of the Z-scores for the kinases whose activity was inferred to be significantly altered 1033 

(q ≤ 0.05) in at least one condition in both the Blazev et al., 2022 dataset and the current dataset. d, Heatmaps 1034 

of the mean exercise-induced change in the phosphorylation of the known and/or predicted substrates of each 1035 

kinase listed in (c). Also shown is the number of known and/or predicted substrates for each kinase (m), the 1036 

number of m that were common to both datasets (m 
=), and the combined number of distinct m from the two 1037 

datasets (m c). 1038 

 1039 

Figure 4. Prediction and validation of a signaling pathway that is activated specifically by resistance 1040 

exercise in humans 1041 

a, Multivariable plot with Z-scores, q-values, and the mean differences in the phosphorylation of the known 1042 

and/or predicted substrates for each kinase that was inferred by KSEAapp to have a significant difference (q ≤ 1043 

0.05) in activity at 3 hr post resistance (3 hr RE) vs. 3 hr post endurance (3 hr END) exercise. The list includes 1044 

the gene name of each kinase as well as its common alias. Also highlighted with a * are kinases that were inferred 1045 

by KSEAapp to have significant differences in activity at 3 hr RE vs. 3hr END as determined from the 1046 

phosphopeptides dataset published by Blazev et al., 2022 14. b, Manually curated prediction of the 1047 

interconnectivity and functional outcomes of the most robustly perturbed kinases listed in (a). c, Schematic of 1048 

the experimental intervention that was used to test the predictions in (b). d, The samples from (c) were subjected 1049 

to western blot analysis for the phospho (P) and total (T) levels of the indicated proteins. Non-specific band (ns), 1050 
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long isoform of MK2 (L), short isoform of MK2 (S). The quantitative analysis of the western blots are provided 1051 

in Extended Figure 4. e, Measurement of the mean rate of myofibrillar protein synthesis during three different 3 1052 

hr windows of time including: i) 3 hr pre-exercise (Pre), ii) immediately post (0 hr) to 3 hr post END, and iii) 0 1053 

hr to 3 hr post RE. Values are group means ± SEM, n = 12 per group. Data was analyzed with one-way repeated 1054 

measures (RM) ANOVA. † Significantly different from Pre, ‡ significantly different from END, P < 0.0001.   1055 

 1056 

Figure 5. Changes in MKK3b(S218) phosphorylation are highly correlated with the resistance exercise-1057 

induced increase in myofibrillar protein synthesis  1058 

For each of the signaling events analyzed in Figure 4, linear regression was used to compare each participant’s 1059 

endurance (END) and resistance exercise (RE) induced change (Δ) in myofibrillar protein synthesis (MyoPS) 1060 

with the mean ( 𝑥̅𝑥 ) Δ of the phospho to total protein ratio (P/T) at 0 hr and 3 hr post-exercise. a, Multivariable 1061 

plot illustrating the coefficient of determination (R-squared) and P-value of the co-relationship for all 1062 

comparisons that revealed an R-squared value of >0.1. NS indicates not significant. b, Graph of the co-1063 

relationship between the Δ in MyoPS and the Δ in the P/T for MKK3(S218). Individual values for each 1064 

participant were expressed as a percentage of the value obtained in their respective pre-exercise sample. Dashed 1065 

lines represent the 95% confidence intervals. 1066 

 1067 

Figure 6. Mouse models of endurance and resistance exercise lead to distinct adaptations 1068 

a, Mice were subjected to 13 weeks of endurance exercise with treadmill running (TR) or resistance exercise 1069 

with weight pulling (WP). Values in each exercise group were expressed relative to their respective mock-trained 1070 

(control) groups (see Extended Figures 6, 7 and Zhu et al. 2021 33), and then the effects of the different modes 1071 

of exercise were compared. b, Measurements of grip strength. c-d, The mass of the individual epididymal (Epi.) 1072 

fat pads (c), and flexor digitorum longus (FDL) muscles (d), after being normalized to tibia length (TL). e-g, 1073 

The average cross-sectional area (CSA) of the different fiber types (e), the proportion of the fibers that were 1074 

represented by each fiber type (f), and the average number of capillaries per fiber (g), as assessed in mid-belly 1075 

cross-sections from FDL muscles. h-i, FDL muscles were subjected to western blot analysis for (h) members of 1076 

the five OXPHOS complexes (i.e., CI - CV), and (i) other mitochondrial (mito.) proteins. Values in the graphs 1077 

are presented as the group means ± SEM, n = 8-10 per group. * Significantly different from the condition-1078 

matched control group as presented in Extended Figures 6, 7 and Zhu et al. 2021, or † significant difference 1079 

between the effect of endurance and resistance exercise, P < 0.05. The data were analyzed with Student’s t-tests 1080 

(b-d, and g), or two-way ANOVA (e, f, h, and i).  1081 

 1082 

Figure 7.  Mouse models affirm that prolonged activation of signaling through MKK3/4/6, p38, MK2, and 1083 

mTORC1 occurs specifically in response to resistance exercise  1084 

a, Schematic of how transgenic mice that express a mutated form of the methionyl-tRNA synthetase (MetRSL274G 
1085 

+/-) were subjected to endurance exercise with treadmill running (TR), resistance exercise with weight pulling 1086 

(WP), or their respective mock-trained (control) conditions. At the end of the last training bout, the mice were 1087 

injected with azidonorleucine (ANL) which is an azide-bearing analog of methionine that can be incorporated 1088 

into newly synthesized proteins of mice that possess the MetRSL274G  transgene. The FDL muscles were collected 1089 

at 3 hr post-training and subjected to the analyses described below. b, The muscles were homogenized and whole 1090 

lysates were separated into myofibrillar and sarcoplasmic fractions. The different fractions were then subjected 1091 

to western blot analysis for myofibrillar and sarcoplasmic proteins. c, As illustrated in (a), a DBCO-based ‘click’ 1092 

reaction was used to label the ANL-containing proteins with a fluorophore (Cy5.5). Fluorescently labeled 1093 

proteins in the myofibrillar fraction were then subjected to SDS-PAGE and used to visualize the in-gel amount 1094 

of ANL-labeled proteins as well as the total amount of protein in each sample. d, The ANL-labeled to total 1095 

protein ratio for each sample was quantified and used as a readout for the rate of myofibrillar protein synthesis. 1096 

e, The FDL muscles were subjected to western blot analysis for the phospho (P) and total (T) levels of the 1097 

indicated proteins. Non-specific band (ns), long isoform of MK2 (L), short isoform of MK2 (S). The quantitative 1098 

analysis of these western blots is provided in Extended Figure 9. Values in the graph are presented as the group 1099 

mean ± SEM, n = 4-8 per group. Data were analyzed with two-way ANOVA. * Significantly different from TR 1100 

control, or † WP control, P < 0.05.  1101 
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Figure 8. Genetic activation of MKK3b and MKK6 is sufficient to induce resistance exercise-specific 1102 

signaling events, protein synthesis, and growth  1103 

a, Schematic describing the electroporation procedure that was used to transfect mouse tibialis anterior (TA) 1104 

muscles. b, TA muscles of C57BL6 mice were transfected with plasmid DNA encoding FLAG-tagged and 1105 

constitutively active (c.a.) mutants of human MKK3b or MKK6, or with LacZ as a control condition. The 1106 

muscles were collected at 3 days post-transfection and subjected to western blot analysis for the phospho (P) and 1107 

total (T) levels of the indicated proteins. Long isoform of MK2 (L), short isoform of MK2 (S). Quantitative 1108 

analysis of the western blots is provided in Extended Figure 10. c, TA muscles of MetRS 
+/- mice were co-1109 

transfected with tdTomato and c.a. MKK3b, c.a. MKK6, or LacZ as the control condition. At 3 days post-1110 

transfection the mice were injected with ANL to label newly synthesized proteins. At 3 hr after the ANL 1111 

injection, the muscles were collected for histological analysis. Cross-sections were used to visualize the 1112 

transfected (tdTomato positive) vs. non-transfected (control) fibers, ANL-labeled proteins, and phosphorylated 1113 

(P) S6(S240_4) as a marker of signaling through mTORC1, scale bars = 50 µm. For each sample, the intensity 1114 

of the signal for ANL (i.e., protein synthesis) (d), and P-S6(S240_4) (e) were simultaneously measured in 1115 

randomly selected fibers, and then the values in the transfected fibers were expressed relative to the mean values 1116 

observed in the non-transfected fibers within that sample (n = 60-120 transfected and non-transfected fibers per 1117 

sample). f,g, Graphs of the co-relationships between protein synthesis and P-S6(S240_4) in the fibers from (d,e) 1118 

that were transfected with c.a. MMK3b (f), or c.a. MKK6 (g). The data were analyzed with linear regression, 1119 

dashed lines represent the 95% confidence intervals. h, The cross-sectional area (CSA) of the same fibers 1120 

analyzed in (d,e) was measured and then the CSA of the transfected fibers was expressed relative to the mean of 1121 

the non-transfected fibers within that sample. i, TA muscles of C57BL6 mice were transfected, collected at 7 1122 

days post-transfection, and analyzed for fiber CSA as described above (n = 46-140 transfected and non-1123 

transfected fibers per sample). Values in the graphs are presented as the group mean  ± SEM, n = 4-5 samples 1124 

per group (290-526 fibers per group). The data in (d,e,h,i) were analyzed with one-way ANOVA. * Significantly 1125 

different from LacZ, P < 0.05.  1126 
 1127 
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 1129 
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 1131 

 1132 

 1133 

 1134 

 1135 

 1136 

 1137 

 1138 

 1139 
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 1141 
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Extended Figure Legends 1151 
 1152 

Extended Figure 1.  Gene ontology enrichment in phosphopeptide clusters 1 and 2  1153 

1D enrichment analysis of gene ontology (GO) terms when using the membership score of the phosphopeptides 1154 

for “cluster 1” (a), or “cluster 2” (b) as defined in Figure 2. All GO terms were assigned a rank-based score 1155 

between -1 and 1, with a negative score indicating under-representation of the term and a positive score indicating 1156 

over-representation. Redundant GO terms were then removed with REVIGO. In the graphs, the score for each 1157 

term was plotted against the –Log1 of its respective q-value. The displayed dots indicate GO terms with a q-1158 

value of < 0.05. GO terms of interest are highlighted in each graph, and a full list of the outcomes is provided in 1159 

the source data table.  1160 

 1161 

Extended Figure 2. Machine learning-based prediction of kinase-substrate relationships  1162 

Clustered heatmap of the kinases-substrate score for the top three phosphorylation sites of all kinases with a 1163 

known substrate in the phosphopeptide dataset. A higher score indicates a higher likelihood of being a substrate 1164 

for the listed kinase. The top three sites for MAPKAPK2 are highlighted in the green box.   1165 

 1166 

Extended Figure 3. Reproducibly of the endurance and resistance exercise-induced changes in the 1167 

phosphorylation of MAPKAPK substrates  1168 

Heatmaps of the mean exercise-induced change in the phosphorylation of the known and/or predicted substrates 1169 

of the MAPKAPK’s that were identified in both the current study and the phosphopeptide dataset of Blazev et 1170 

al., 2022 14. Also shown is the number of participants (n) that the mean values were obtained from in each dataset.  1171 

 1172 

Extended Figure 4. Quantitative results from the western blots in Figure 4  1173 

Biopsies from the experimental interventions described in Figure 4c were subjected to western blot analysis as 1174 

shown in Figure 4d. a-k, For each participant, the phospho to total protein ratio (P/T) for the indicated signaling 1175 

event in each biopsy was determined and then expressed relative to the mean value observed in the pre-exercise 1176 

biopsies. Values in the graphs are presented as the group mean ± SEM, n = 9-12 per group. The data was analyzed 1177 

with one-way mixed ANOVA. * Significantly different from Pre, † 0 hr END vs. 0 hr RE, ‡ 3 hr END vs. 3 hr 1178 

RE, P < 0.05. 1179 

 1180 

Extended Figure 5. Relationship between the exercise-induced changes in myofibrillar protein synthesis 1181 

and the phosphorylation state of various signaling molecules  1182 

Linear regression was used to compare each participant’s endurance and resistance exercise-induced change (Δ) 1183 

in myofibrillar protein synthesis (MyoPS) with the change in the phospho to total protein ratio (P/T) for each of 1184 

the signaling events analyzed in Figure 4. a,b, Signaling data from the 0 hr post-exercise time-point. c,d, 1185 

Signaling data from the 3 hr post-exercise time-point. a,c, Multivariable plots that illustrate the coefficient of 1186 

determination (R-squared) and P-value of the co-relationship for all comparisons that revealed an R-squared 1187 

value of >0.1. NS equals not significant. b,d, Graphs of the co-relationships that exist between the Δ in MyoPS 1188 

and the Δ in the P/T for MKK3(S218). Individual values for each participant were expressed as a percentage of 1189 

the value obtained in their respective pre-exercise sample. Dashed lines represent the 95% confidence intervals. 1190 

 1191 

Extended Figure 6. Long-term adaptations in the mouse model of endurance exercise  1192 

Mice were subjected to 13 weeks of training with treadmill running (TR) or a mock (control) paradigm. The 1193 

average weekly (a) body weight, and (b) workload per training session, as well as (c) the number of times the 1194 

rear of the animal was touched during each training session. Individual data points are displayed with hollow 1195 

symbols and the weekly means for each group are displayed with solid symbols. d-r, After 13 weeks of training, 1196 

the mice were subjected to measurements of (d) grip strength, and (e) tibia length (TL). The mass of the (f) 1197 

individual epididymal (Epi.) fat pads, (g) interscapular brown adipose tissue (iBAT), (h) adrenal glands, and (i) 1198 

heart were measured and normalized to TL. j, The mass of individual muscles (MM) including the gastrocnemius 1199 

(GAST), plantaris (PLT), soleus (SOL), flexor digitorum longus (FDL), pectoralis major (PEC), triceps brachii 1200 

lateral head (Tri-Lat), triceps brachii long head (Tri-Long), and the forearm flexor complex (FF) were all 1201 

normalized to TL and expressed relative to the mean value observed in the control group. k, Mid-belly cross-1202 
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sections of the FDL muscles were subjected to immunohistochemistry (IHC) for laminin and fiber type 1203 

identification (i.e., Type I, IIA, IIX, or IIB), scale bars = 500 µm. The entire cross-section was used to determine 1204 

(l), the average cross-sectional area (CSA) of the different fiber types, and (m) the proportion of the fibers that 1205 

were represented by each fiber type. n, Mid-belly cross-sections of the FDL muscles were subjected to IHC for 1206 

laminin and CD31 to identify capillaries, scale bars = 25 µm. o, The entire cross-section was used to determine 1207 

the average number of capillaries per fiber. p-r, FDL muscles were subjected to western blot analysis for (q) 1208 

members of the five OXPHOS complexes (i.e., CI - CV), and (r) other mitochondrial (mito.) proteins. For each 1209 

sample, the individual protein content was normalized to the total amount of protein loaded on the gel and then 1210 

expressed relative to the mean of the control group. Values in the graphs are presented as the group mean ± 1211 

SEM, n = 6-10 per group. The data were analyzed with two-way repeated measures (RM) ANOVA (a), one-way 1212 

RM ANOVA (b,c), paired t-tests (d-i, and o), or two-way ANOVA (j, l, m, q, r). ■ Significantly different from 1213 

week 1, or * the control group, P < 0.05.   1214 

 1215 

Extended Figure 7. Long-term adaptations in the mouse model of resistance exercise  1216 

Flexor digitorum longus (FDL) muscles were collected from mice that had completed 13 weeks of training with 1217 

weighted pulling (WP) or an unweighted (control) paradigm as previously reported by Zhu et al. 2021 33. a, Mid-1218 

belly cross-sections of the FDL muscles were subjected to immunohistochemistry for laminin and CD31 to 1219 

identify capillaries, scale bars = 25 µm. b, The entire cross-section was used to determine the average number 1220 

of capillaries per fiber. c-e, FDL muscles were subjected to western blot analysis for (d) members of the five 1221 

OXPHOS complexes (i.e., CI - CV), and (d) other mitochondrial (mito.) proteins. For each sample, the individual 1222 

protein content was normalized to the total amount of protein loaded on the gel and then expressed relative to 1223 

the mean of the control group. Values in the graphs are presented as the group mean ± SEM, n = 9-10 per group. 1224 

The data were analyzed with paired t-tests (b), or two-way ANOVA (d, e).  1225 

 1226 

Extended Figure 8. A rapid and robust activation of signaling through MKK3/4/6, p38, and MK2 occurs 1227 

specifically in response to resistance exercise in mice  1228 

a, Schematic of how C57BL6 mice were subjected to endurance exercise with treadmill running (TR), resistance 1229 

exercise with weight pulling (WP), or their respective mock-trained (control) conditions. b, FDL muscles from 1230 

the mice were collected immediately after the last training bout and subjected to western blot analysis for the 1231 

phospho (P) and total (T) levels of the indicated proteins. Long isoform of MK2 (L), short isoform of MK2 (S). 1232 

c, For each sample, the phospho to total protein ratio (P/T) for each signaling event was determined and 1233 

expressed relative to the mean value observed in the treadmill control group. Values in the graphs are presented 1234 

as the group mean ± SEM, n = 4-5 per group. The data were analyzed with two-way ANOVA, * significantly 1235 

different from the TR control group, or † the weight pulling control group, P < 0.05. ■ Significant difference 1236 

between the TR control and TR trained group when the planned comparison was analyzed with a Student’s t-1237 

test, P < 0.05. 1238 

 1239 

Extended Figure 9. Quantitative results from the western blots in Figure 7  1240 

FDL muscles from the experimental conditions described in Figure 7a were subjected to western blot analysis 1241 

as shown in Figure 7e. a-k, For each sample, the phospho to total protein ratio (P/T) for each signaling event 1242 

was determined and then expressed relative to the mean value observed in the treadmill (TR) control group. 1243 

Values in the graphs are presented as the group mean ± SEM, n = 4-5 per group. The data were analyzed with 1244 

two-way ANOVA. Significantly different from * the TR control group, or † the weight pulling (WP) control 1245 

groups, P < 0.05.  1246 

 1247 

Extended Figure 10. Quantitative results from the western blots in Figure 8  1248 

TA muscles were subjected to western blot analysis as described in Figure 8b. a-i,  For each sample, the total 1249 

(T) protein level, or the phospho to total protein ratio (P/T) for the indicated signaling event, was determined 1250 

and then expressed relative to the mean value observed in the LacZ control group. Values in the graphs are 1251 

presented as the group mean ± SEM, n = 4-5 per group. The data were analyzed with one-way ANOVA. 1252 

Significantly different from * LacZ, or † c.a. MKK3b, P < 0.05.  1253 
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Figures

Figure 1

Overview of the phosphoproteomic alterations that occur after a bout of endurance versus resistance
exercise in humans a, Timeline of the experimental interventions and a general description of the analytical
procedures that were employed. b, Measurement of the mean rate of myo�brillar protein synthesis during
three different 3 hr windows of time including: i) 3 hr pre-exercise (Pre), ii) immediately post (0 hr) to 3 hr
post endurance exercise (END), and iii) 0 hr to 3 hr post resistance exercise (RE). Values are group means ±
SEM, n = 4 per group. Data were analyzed with one-way repeated measures (RM) ANOVA. * Signi�cantly
different from Pre, † signi�cantly different from END, P < 0.05. c, Unsupervised hierarchical clustering of the
phosphopeptide data from each of the participants. d, Principal component analysis of the phosphopeptide
data from each of the participants. Dots represent the values for each participant and the color of the dot
indicates the experimental condition (as described in c). e, UpSet plot illustrating the number of
phosphopeptides for each condition that experienced a > 1.5-fold exercise-induced change (Δ) in abundance
at an FDR-corrected P-value (q) of < 0.05 when compared with Pre.



Figure 2

Cluster-based identi�cation of phosphorylation events that are speci�c to endurance and resistance exercise
in humans a, Volcano plots from the phosphoproteomic analyses at 0 hr or 3 hr post endurance (END) or
resistance (RE) exercise. b, Volcano plots from the proteomic analyses for the same conditions listed in a.
The highlighted proteins experienced a signi�cant alteration in abundance, q ≤ 0.05. c, Soft clustering of the
phosphoproteomic data revealed four major clusters of phosphopeptides that were affected by exercise. In
a, the phosphopeptides that had a membership score of ≥ 0.5 for cluster 1 are highlighted in pink, while
those with a membership score of ≥ 0.5 for cluster 2 are highlighted in blue.



Figure 3

Identi�cation of kinases that are reproducibly inferred as being regulated by endurance and/or resistance
exercise in humans a, Heatmap of Z-scores for the KSEAapp inferred alterations in kinase activity at 0 hr or 3
hr post endurance (END) or resistance (RE) exercise when compared to the pre-exercise state. Kinases are
listed by their gene names and only kinases expressed in skeletal muscle (see methods) that possessed at
least 5 known and/or predicted substrates in the phosphopeptide dataset are listed. The list of kinases was
clustered according to their group (e.g., AGC) 68 and then listed in alphabetical order. b, The results from the
current study are compared with the results that were derived from identical processing of the
phosphopeptide dataset published by Blazev et al., 2022 14. c, Heatmaps of the Z-scores for the kinases
whose activity was inferred to be signi�cantly altered (q ≤ 0.05) in at least one condition in both the Blazev et
al., 2022 dataset and the current dataset. d, Heatmaps of the mean exercise-induced change in the
phosphorylation of the known and/or predicted substrates of each kinase listed in (c). Also shown is the
number of known and/or predicted substrates for each kinase (m), the number of m that were common to
both datasets (m =), and the combined number of distinct m from the two datasets (m c).



Figure 4

Prediction and validation of a signaling pathway that is activated speci�cally by resistance exercise in
humans a, Multivariable plot with Z-scores, q-values, and the mean differences in the phosphorylation of the
known and/or predicted substrates for each kinase that was inferred by KSEAapp to have a signi�cant
difference (q ≤ 0.05) in activity at 3 hr post resistance (3 hr RE) vs. 3 hr post endurance (3 hr END) exercise.
The list includes the gene name of each kinase as well as its common alias. Also highlighted with a * are



kinases that were inferred by KSEAapp to have signi�cant differences in activity at 3 hr RE vs. 3hr END as
determined from the phosphopeptides dataset published by Blazev et al., 2022 14. b, Manually curated
prediction of the interconnectivity and functional outcomes of the most robustly perturbed kinases listed in
(a). c, Schematic of the experimental intervention that was used to test the predictions in (b). d, The samples
from (c) were subjected to western blot analysis for the phospho (P) and total (T) levels of the indicated
proteins. Non-speci�c band (ns), long isoform of MK2 (L), short isoform of MK2 (S). The quantitative
analysis of the western blots are provided in Extended Figure 4. e, Measurement of the mean rate of
myo�brillar protein synthesis during three different 3 hr windows of time including: i) 3 hr pre-exercise (Pre),
ii) immediately post (0 hr) to 3 hr post END, and iii) 0 hr to 3 hr post RE. Values are group means ± SEM, n =
12 per group. Data was analyzed with one-way repeated measures (RM) ANOVA. † Signi�cantly different
from Pre, ‡ signi�cantly different from END, P < 0.0001.

Figure 5

Changes in MKK3b(S218) phosphorylation are highly correlated with the resistance exercise-induced
increase in myo�brillar protein synthesis For each of the signaling events analyzed in Figure 4, linear
regression was used to compare each participant’s endurance (END) and resistance exercise (RE) induced
change (Δ) in myo�brillar protein synthesis (MyoPS) with the mean ( 𝑥𝑥̅ ) Δ of the phospho to total protein
ratio (P/T) at 0 hr and 3 hr post-exercise. a, Multivariable plot illustrating the coe�cient of determination (R-
squared) and P-value of the co-relationship for all comparisons that revealed an R-squared value of >0.1. NS
indicates not signi�cant. b, Graph of the co-relationship between the Δ in MyoPS and the Δ in the P/T for
MKK3(S218). Individual values for each participant were expressed as a percentage of the value obtained in
their respective pre-exercise sample. Dashed lines represent the 95% con�dence intervals.



Figure 6

Mouse models of endurance and resistance exercise lead to distinct adaptations a, Mice were subjected to
13 weeks of endurance exercise with treadmill running (TR) or resistance exercise with weight pulling (WP).
Values in each exercise group were expressed relative to their respective mock-trained (control) groups (see
Extended Figures 6, 7 and Zhu et al. 2021 33), and then the effects of the different modes of exercise were
compared. b, Measurements of grip strength. c-d, The mass of the individual epididymal (Epi.) fat pads (c),
and �exor digitorum longus (FDL) muscles (d), after being normalized to tibia length (TL). e-g, The average
cross-sectional area (CSA) of the different �ber types (e), the proportion of the �bers that were represented
by each �ber type (f), and the average number of capillaries per �ber (g), as assessed in mid-belly cross-
sections from FDL muscles. h-i, FDL muscles were subjected to western blot analysis for (h) members of the
�ve OXPHOS complexes (i.e., CI - CV), and (i) other mitochondrial (mito.) proteins. Values in the graphs are
presented as the group means ± SEM, n = 8-10 per group. * Signi�cantly different from the condition-
matched control group as presented in Extended Figures 6, 7 and Zhu et al. 2021, or † signi�cant difference
between the effect of endurance and resistance exercise, P < 0.05. The data were analyzed with Student’s t-
tests (b-d, and g), or two-way ANOVA (e, f, h, and i).



Figure 7

Mouse models a�rm that prolonged activation of signaling through MKK3/4/6, p38, MK2, and mTORC1
occurs speci�cally in response to resistance exercise a, Schematic of how transgenic mice that express a
mutated form of the methionyl-tRNA synthetase (MetRSL274G +/-) were subjected to endurance exercise
with treadmill running (TR), resistance exercise with weight pulling (WP), or their respective mock-trained
(control) conditions. At the end of the last training bout, the mice were injected with azidonorleucine (ANL)



which is an azide-bearing analog of methionine that can be incorporated into newly synthesized proteins of
mice that possess the MetRSL274G transgene. The FDL muscles were collected at 3 hr post-training and
subjected to the analyses described below. b, The muscles were homogenized and whole lysates were
separated into myo�brillar and sarcoplasmic fractions. The different fractions were then subjected to
western blot analysis for myo�brillar and sarcoplasmic proteins. c, As illustrated in (a), a DBCO-based ‘click’
reaction was used to label the ANL-containing proteins with a �uorophore (Cy5.5). Fluorescently labeled
proteins in the myo�brillar fraction were then subjected to SDS-PAGE and used to visualize the in-gel amount
of ANL-labeled proteins as well as the total amount of protein in each sample. d, The ANL-labeled to total
protein ratio for each sample was quanti�ed and used as a readout for the rate of myo�brillar protein
synthesis. e, The FDL muscles were subjected to western blot analysis for the phospho (P) and total (T)
levels of the indicated proteins. Non-speci�c band (ns), long isoform of MK2 (L), short isoform of MK2 (S).
The quantitative analysis of these western blots is provided in Extended Figure 9. Values in the graph are
presented as the group mean ± SEM, n = 4-8 per group. Data were analyzed with two-way ANOVA. *
Signi�cantly different from TR control, or † WP control, P < 0.05.



Figure 8

Genetic activation of MKK3b and MKK6 is su�cient to induce resistance exercise-speci�c signaling events,
protein synthesis, and growth a, Schematic describing the electroporation procedure that was used to
transfect mouse tibialis anterior (TA) muscles. b, TA muscles of C57BL6 mice were transfected with plasmid
DNA encoding FLAG-tagged and constitutively active (c.a.) mutants of human MKK3b or MKK6, or with LacZ
as a control condition. The muscles were collected at 3 days post-transfection and subjected to western blot



analysis for the phospho (P) and total (T) levels of the indicated proteins. Long isoform of MK2 (L), short
isoform of MK2 (S). Quantitative analysis of the western blots is provided in Extended Figure 10. c, TA
muscles of MetRS +/- mice were co-transfected with tdTomato and c.a. MKK3b, c.a. MKK6, or LacZ as the
control condition. At 3 days post-transfection the mice were injected with ANL to label newly synthesized
proteins. At 3 hr after the ANL injection, the muscles were collected for histological analysis. Cross-sections
were used to visualize the transfected (tdTomato positive) vs. non-transfected (control) �bers, ANL-labeled
proteins, and phosphorylated (P) S6(S240_4) as a marker of signaling through mTORC1, scale bars = 50 μm.
For each sample, the intensity of the signal for ANL (i.e., protein synthesis) (d), and P-S6(S240_4) (e) were
simultaneously measured in randomly selected �bers, and then the values in the transfected �bers were
expressed relative to the mean values observed in the non-transfected �bers within that sample (n = 60-120
transfected and non-transfected �bers per sample). f,g, Graphs of the co-relationships between protein
synthesis and P-S6(S240_4) in the �bers from (d,e) that were transfected with c.a. MMK3b (f), or c.a. MKK6
(g). The data were analyzed with linear regression, dashed lines represent the 95% con�dence intervals. h,
The cross-sectional area (CSA) of the same �bers analyzed in (d,e) was measured and then the CSA of the
transfected �bers was expressed relative to the mean of the non-transfected �bers within that sample. i, TA
muscles of C57BL6 mice were transfected, collected at 7 days post-transfection, and analyzed for �ber CSA
as described above (n = 46-140 transfected and non-transfected �bers per sample). Values in the graphs are
presented as the group mean ± SEM, n = 4-5 samples per group (290-526 �bers per group). The data in
(d,e,h,i) were analyzed with one-way ANOVA. * Signi�cantly different from LacZ, P < 0.05.
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