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Summary Statement:
A multi-scale comparative study of muscles with different fiber type composition and architecture
showing how intricate fine-tuning across gene, protein, and fascicle scales shape specialized muscle

function.

ABSTRACT

Muscle is highly hierarchically organized, with functions shaped by genetically controlled expression of
protein ensembles with different isoform profiles at the sarcomere scale. However, it remains unclear how
isoform profiles shape whole muscle performance. We compared two mouse hind limb muscles, the slow,
relatively parallel-fibered soleus (SOL) and the faster, more pennate-fibered tibialis anterior (TA), across
scales: from gene regulation, isoform expression and translation speed, to force-length-velocity-power for
intact muscles. Expression of myosin heavy-chain (MHC) isoforms directly corresponded with
contraction velocity. The fast-twitch TA with fast MHC isoforms had faster unloaded velocities (actin
sliding velocity, Vactin; peak fiber velocity, Viuax) than slow-twitch SOL. For SOL, Vactin Was biased
towards Vacrin for purely slow MHC 1, despite this muscle’s even fast and slow MHC isoform
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composition. Our multi-scale results clearly identified a consistent and significant dampening in fiber
shortening velocities for both muscles, underscoring an indirect correlation between Vacmiy and fiber
Vuax that may be influenced by differences in fiber architecture, along with internal loading due to both
passive and active effects. These influences correlate with the increased peak force and power in the
slightly more pennate TA, leading to a broader length range of near-optimal force production.
Conversely, a greater force-velocity curvature in the near-parallel fibered SOL highlights the fine-tuning
by molecular-scale influences including myosin heavy and light chain expression along with whole
muscle characteristics. Our results demonstrate that the individual gene, protein, and whole fiber
characteristics do not directly reflect overall muscle performance but that intricate fine-tuning across
scales shapes specialized muscle function.

INTRODUCTION

Skeletal muscle is a tissue with highly hierarchical organization across multiple scales of biological
organization. Muscle tissue also has an enigmatic capacity to meet highly diverse functional and
physiological demands, ranging from slow, submaximal, and prolonged postural contractions to fast and
powerful maximal contractions. At the finer organizational scales of molecules, genes, and proteins, the
modulatory capacity of muscle is thought to correspond with the ensemble of motor proteins. The isoform
makeup of these proteins can be highly heterogeneous and this heterogeneity shapes muscle contractile
function at the coarser scales of sarcomeres, fibers, tissues, and the organ. At these coarser scales, muscle
physiological function is also influenced by sarcomere architecture, and lengths during rest and operation.
Hence, to define and relate the molecular- and protein-scale underpinnings of adaptations and reconcile
them across muscles with different and specialized functions, an interdisciplinary multi-scale approach is
needed. With few exceptions (Horak et al., 2016; Narici et al., 2016), such multi-scale analyses are

lacking.

The precisely defined sarcomeric structure, combined with muscle’s deeply hierarchical architecture
influences the functional scope of muscle fibers such that the force production of skeletal muscle is highly
length - and velocity - dependent (Lieber and Ward, 2011). Muscle contraction and force generation result
from interactions between the thick (myosin-containing) and thin (actin-containing) filaments sliding past
each other within sarcomeres (Huxley and Niedergerke, 1954; Huxley and Hanson, 1954). Thick and thin
filament composition also influences muscle contractility. In particular, the myosin heavy chain (MHC)
isoform composition within sarcomeres has been shown to define the speed of cross-bridge cycling,
contractile efficiency, and also to influence the energy metabolism of different fiber types (Burke et al.,
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1971; Hettige et al., 2020; Pette and Staron, 2000; Schiaffino and Reggiani, 2011; Wells, 1965). This
isoform-dependency of converting chemical energy into mechanical energy by myosin has been used to
establish a paradigm of characterizing muscle fibers as primarily fast-twitch (MHC lla, MHC 1Ix, MHC
I1b containing) and slow-twitch (MHC | containing) (Pellegrino et al., 2003). Varying populations of fast
or slow twitch fibers can be identified in different muscles, from embryonic development to adult stages
(Agbulut et al., 2003; Pette and Staron, 2000; Stal et al., 1994; Staron and Johnson, 1993) and thus the
relative proportions of fast and slow muscle fibers provide an alternative avenue for muscles to vary

contractile capabilities required to meet functional demands.

Several techniques have been used to study specific structural and functional attributes of muscle types,
but such studies have mostly focused on single scales of biological organization rather than using a multi-
scale approach. At the whole muscle scale, muscle ergometry studies have established differences in
physiological properties between fast and slow twitch fibers (Close, 1964; Hill, 1938; Huxley, 1957) on
the basis of force-length (FL), and force-velocity-power (FVP) relationships (Burkholder et al., 1994;
Lieber and Fridén, 2000). At the protein scale, SDS-PAGE gel electrophoresis, immunohistochemistry,
and in-vitro motility assays have been used to reveal the relative populations, ATPase rate and shortening
velocities of slow- or fast-twitch fiber types (H60k et al., 1999; Pette and Staron, 2000; Schiaffino and
Reggiani, 1994). Recent advances in RNA sequencing and other bioinformatics approaches have
permitted exploration of the transcriptomic profile of muscles, allowing the identification of genetic and
expression profiles of individual muscle types, but often lacking interrogation of functional relevance
(Hettige et al., 2020; Terry et al., 2018). Therefore, multi-scale approaches that integrate knowledge about
muscle contractile properties and protein isoform composition are necessary to link the gene, protein and
whole muscle scales, to facilitate the integration of active and passive sarcomeric components, and to

define the aggregate behavior of heterogeneous mixtures of myaosins.

Here, we take an interdisciplinary approach to identify and characterize the key differences underlying the
distinct functional properties of mouse soleus (SOL) and tibialis anterior (TA) at the genome, protein, and
physiology scales. These muscles have distinct functional characteristics: mouse SOL is a fairly slow
ankle plantar flexor (Asmussen and Maréchal, 1989; Holt and Askew, 2012) characterized by slow
myosin isoform expression and relatively slow contraction velocities. Soleus also has a fairly parallel-
fibered architecture (Burkholder et al., 1994) with reported pennation angles ranging from 5 to 11.4°
(Brooks and Faulkner, 1988; Charles et al., 2016; Lal et al., 2021) and a slow-twitch, oxidative fiber
composition (Asmussen and Maréchal, 1989; Burkholder et al., 1994), with a low energy cost
(Westerblad et al., 2010). Mouse TA is a predominately fast-twitch ankle dorsiflexor (Burkholder and
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Lieber, 1998) characterized by fast myosin isoform expression, relatively fast contraction velocities and a
bipennate architecture (Burkholder et al., 1994; Charles et al., 2016; Moo et al., 2016), with reported
pennation angles ranging from 11.7° to 24° and greater pennation angles being determined using non-
destructive diffusion-tensor imaging (Burkholder et al., 1994; Charles et al., 2016; Heemskerk et al.,
2005; Lovering et al., 2013). Correspondingly, TA muscles are composed of mainly fast-twitch,
glycolytic fibers (Burkholder et al., 1994) with greater energy cost (Boss et al., 2018). A comparison of
these structurally and functionally different muscles is useful for determining how differences in gene
expression patterns (measured using Tag-Seq) influence protein expression, whilst not necessarily directly
correlating to protein isoform distribution (measured via SDS-page) and unloaded translation speed for
actin (measured via IVMA) and whole muscle (measured via ergometry).

We hypothesize that while myosin isoform expression strongly influences contraction force and speed
(Pellegrino et al., 2003), contraction velocity is further refined at the muscle scale by additional,
potentially contrasting and/or reinforcing, aspects of muscle fiber architecture (Bottinelli et al., 1991;
Close, 1965; Lieber and Ward, 2011; Winters et al., 2011) that ultimately fine tune force- velocity
curvature and the optimal force (Fopr) and velocity (Vopr) for peak power (Lutz et al., 2001). Due to the
established correlation between specific myosin and titin isoform expression (Eckels et al., 2018; Freiburg
et al., 2000; Linke et al., 1996; Prado et al., 2005; Trombitas et al., 1998), we will further test the
hypothesis that active and passive muscle properties are tuned in combination to establish muscle
functional phenotype. Our multi-scale approach indeed demonstrates that muscle shortening velocity is
not a direct extrapolation from molecular actin sliding velocity, highlighting the importance of
considering the influences in architectural, active, and passive muscle properties when assessing the
causes of whole muscle function. Thus, contrary to general assumptions, overall muscle performance is
imperfectly reflected by gene-, protein-, and fiber-scale characteristics, but instead shaped by intricate

fine-tuning across-scales into the specialized function of individual muscles.

METHODS

All experiments were performed in accordance with approved IACUC protocols at both UML and
Harvard University. Wildtype mice (body mass 32.1 + 7.4 g; total n = 20; male n = 9, female n = 11) were
obtained from an out-bred colony from no known specific strain and individually housed with ad libitum

food and water access. Detailed procedures conducted at each organizational scale are described below.
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Gene expression

RNA isolation, Tag-Seq library preparation and sequencing: Collected muscle samples were stored in
RNAlater™ stabilization solution (ThermoFisher Scientific) at -80 °C until RNA extraction. Total RNA
was extracted from five TA and SOL muscles (male n = 3 and female n= 2) using Qiagen fibrous tissue
total RNA extraction mini kit. The concentration and quality of RNA were measured using the Qubit
RNA Broad-Range assay and Agilent 2100 Bioanalyzer RNA 6000 Nano assay. 10 ng of total RNA from
the extracted samples were used for Tag-Seq library preparation. The RNA integrity values (RIN) for
these samples ranged from 5.4 to 7.8, with an average for all the samples being 7.06+0.96, which meets
the recommended criteria in the Takara SMART-Seq Stranded protocol for Illumina sequencing
platforms. The cDNA libraries were quantified using Qubit dSDNA HS kit (Thermo Fisher Scientific) and
library sizes were quantified using an Agilent bioanalyzer 2100 High Sensitivity dsSDNA assay. An extra
guantification step was performed using gPCR with KAPA Library Quantification gPCR Kit for Illumina
sequencing platforms. The cDNA libraries with concentration >3 ng/pl and average fragment size
between 300-450 bp were sequenced with an Illumina NextSeq 500 sequencer using the sequencing

guidelines suggested by Illumina.

Read preprocessing, alignment and counting: Quality of the short-read fragments generated from
sequencing was assessed using the FastQC quality control tool for high throughput sequence data. Fastq
files with a per base quality score below 20 were preprocessed using the sliding window quality filtering
(window size 4) in Trimmomatic v0.32. Preprocessed short reads were aligned to Mus musculus
GRCm38.p4 reference genome annotation using the alignment pipeline available on Github and archived
in Eli-Meyers (Meyers July 2018 v2.0)

Differential expression analysis: Count files generated from the read alignments were obtained and used
for downstream data analysis in R v3.6.1. Prior to the analysis, the genes with normalized read count less
than 3 were removed to increase the sensitivity of differential gene expression. The differential gene
expression analysis was performed between SOL and TA tissues using R library DESeq2. Significantly
differentially expressed genes were identified at a 95% significance level using the Benjamini &

Hochberg corrected p-values.

Variance stabilizing transformation was applied on the read counts to improve the homogeneity of
variance and to normalize the counts, followed by removing batch effects and the noise in the dataset

prior to data visualization.
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Principal component analysis (PCA) was performed on selected differentially expressed genes.
Differentially expressed genes were ranked based on the loading values of the first principal component
and genes with highest contribution to the variance were selected using the cutoff (0.07) defined using the
broken stick model (Jackson, 1993). Selected genes were visualized in an expression heatmap, the genes
were grouped into four clusters (I-1V) based on their expression profiles (Figure 2C) using "Ward.D2"

clustering method.

Percent Spliced-In index (PSI) calculation: PSI values for each exon coding for titin PEVK region were
determined using the approach developed by (Schafer et al., 2015). Mus musculus GRCm38.100 genome
annotation was used to extract titin exon coordinates and utilized as the reference exon annotation. Titin
expression data for SOL (N=6) and TA (N=6) were gathered from the GEO database (accession number:
GSE139204; 10 months old wildtype mice). Gathered RNA sequencing data were aligned to Mus
musculus GRCm38.100 genome using the STAR alignment tool and used for the subsequent PSI
calculations. Calculated PSI values range from 0-1; 1 being constitutive expression of the respective exon,
while a value <1 indicates splicing events. A value 0 denotes complete exclusion of the exon from the

expressed transcript pool.

Motor protein analyses

Protein purification: Myosin for in-vitro motility assay was extracted from chicken pectoralis (ch.sk.),
mouse cardiac, TA and SOL muscles as previously described (Barany, 1967; Malmqvist et al., 2004), but
with modifications. Skeletal muscle tissue (~100-150 mg) was finely chopped and homogenized on ice
after rinsing in 1X PBS buffer. Extraction buffer containing 300 mM KCI, 150 mM Imidazole, pH 6.8, 10
mM Na4P207, pH 6.8, 1 mM MgCI2, 2 mM DTT, and 1:100 ratio of protease inhibitor cocktail
(MedChemExpress) was added to the muscle mince and stirred for 20 minutes at 4°C. After
centrifugation at 200Kg for 1.5 hours at 4°C, the supernatant was diluted 20-fold in 2 mM DTT. The
protein precipitated overnight at 4°C and was then centrifuged at 30K g for 30 minutes at 4°C. The
concentrated pellet was dissolved in 600 mM KCI, 2 mM MgCI2, 5 mM DTT, 10 mM Tris-HCI, pH 7.6.
Myosin was stored in 50% glycerol at -20°C and myosin concentration was determined using
spectrophotometer readings at 280 nm, corrected at 320 nm. Porcine cardiac actin was purified from

acetone powder as previously described (Spudich and Watt, 1971).

SDS-PAGE: To determine myosin heavy chain isoform composition, purified chicken pectoralis, mouse
cardiac, SOL, and TA samples from above were prepared for SDS- PAGE by diluting with 5X sample
buffer (1.25 M Tris, pH 6.8, 48% (w/v) urea, 50% (w/v) sucrose, 5% (w/v) SDS, 0.5% (w/v)
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bromophenol blue) to a final concentration of 0.13 mg/mL for chicken pectoralis, 0.16 mg/mL for
cardiac, 1.13 mg/mL for SOL, 0.88 mg/mL for TA. Myosin isoforms in these samples were separated as
previously described by (Blough et al., 1996), using a Mini- PROTEAN Tetra Cell (Bio- Rad
Laboratories), with modifications. The stacking gel was 4% acrylamide:bis-acrylamide (with 30%
glycerol) and the separating gel contained 8% acrylamide:bis-acrylamide (with 35% (v/v) glycerol). Both
upper and lower gels were degassed prior to adding ammonium persulfate and TEMED, and the upper gel
chamber was leak-proofed with a gel of ~ 1 % agarose in running buffer containing 0.025 M Tris, 0.192
M Glycine, 0.1% SDS. Gels were run for ~24-26 hours at 4°C, with additional 1% beta mercaptoethanol
in the upper buffer chamber. Gels were stained with Coomassie blue dye and imaged using a Biorad
ChemiDoc XRS Imaging System (Life Science, CA, USA). The densitometric analysis for determining
the band intensities in the gel images were done using ImageJ as described previously (Sundar et al.,
2020). These were averaged across three biological replicates (Figure 3) and tests of statistical
significance between myosin isoform pairs in SOL and TA were performed on the GraphPad Prism 9

software, as an unpaired t-test where p-values less than 0.05 were considered significant.

In-vitro motility assay: Unregulated in-vitro motility assay was performed as per (Orzechowski et al.,
2014) with modifications. Non-functional myosin was pelleted by diluting myosin with 1.1 uM actin and
1 mM ATP in myosin buffer containing 300 mM KCI, 25 mM Imidazole, ImM EGTA, 4 mM MgCl,, 10
mM DTT, pH 7.4. After centrifugation at 100,000 g for 30 minutes at 4°C, the myosin concentration in
the supernatant was determined by Bradford assay (Bio-Rad Laboratories, Hercules, CA) and diluted to
100 pg/mL in myosin buffer. For slide preparation, a nitrocellulose coated cover-slip was placed on a
standard glass slide with double-side tape, thereby forming a channel between the glass slide and the
nitrocellulose surface. One volume (25 pL) of diluted myosin was loaded into the chamber and incubated
for 1 minute, followed by a wash with 1 mg/mL bovine serum albumin (BSA) diluted in the myosin
buffer to avoid any non-specific binding. Two volumes of actin buffer containing 55 mM KCI, 5 mM
EGTA, 4 mM MgCI2, 10 mM DTT, pH 7.4 was flowed through the chamber before blocking any non-
functional myosin with 1 pM actin diluted in actin buffer for 2 minutes. This was followed by two
sequential washes of actin buffer containing 1 mM ATP, and then four washes with actin buffer, to
remove any unbound actin. Actin labeled with TRITC was then added and allowed to interact with the
myosin surface for 1 minute. One volume of maotility buffer containing 10 mM calcium (pCa 4.0), 2 mM
dextrose, 160 units of glucose oxidase, 2 UM catalase, and several concentrations of ATP (0 uM - 1 mM)

was added to initiate motility of actin filaments.
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Data analysis and statistics: Data from 3 technical replicates were analyzed using the MTrackJ plugin in
ImageJ (https://imagescience.org/meijering/software/mtrackj/). An average of 12-15 filaments were
analyzed from each of the five movies recorded for each experiment to obtain the sliding velocity of actin
under each condition. Data were then averaged to obtain mean actin sliding velocity with a standard
deviation (S.D.) measurement and plotted in GraphPad Prism 8.0.2 where the Michaelis-Menten equation
was fitted as Y = (Vuax * X) / (Km + X) (1); where Vyax is the maximal velocity of actin translation across
myosin and Ky, is the substrate concentration at half-maximal velocity. Statistical significance of Vyax
values between SOL and TA was determined by a two-tailed unpaired t-test with Welsh’s correction and
p-value < 0.05 was considered significant.

Ergometry on intact muscles

Surgical procedure: Muscle dissection and isolation was performed as previously detailed (Askew et al.,
1997; Askew and Marsh, 1997; Hakim et al., 2013). Briefly, mice were deeply anesthetized by
administering isoflurane via a nose cone (3% induction, 0.8% maintenance). Skin and surrounding
connective tissues were carefully removed from one hindlimb. Room temperature (~23° C) Ringer’s
solution of pH 7.4 (composition in mmol/L: 144 NaCl, 6 KCI, 2 CaCl,, 1 MgSO,, 1 NaH,PO,, 10
glucose, 10 HEPES (Daut and Elzinga, 1989) was frequently applied to exposed tissue via syringe. The
distal tendons of lateral and medial gastrocnemius were carefully dissected away from their attachment to
the calcar and reflected. Similarly, the distal tendon of plantaris was cut and the muscle was carefully
removed, to reveal soleus in the posterior compartment. The proximal and distal tendon of Soleus were
then tied with braided 4/0 silk suture (Ethicon) at each myotendinous junction. Resting muscle length
(Lmus) was measured from knot to knot with the ankle held at 90° (Rassier et al., 1999). Both tendons
were then cut and the muscle was immediately placed in a bath of circulated oxygenated Ringer’s solution
(pH 7.4 and 25°C, monitored via a thermometer). The suture at the distal end of Soleus was tied to a
stopper and the proximal end to the lever arm of a 1N ergometer (Aurora Scientific Inc., model 300C-LR.
Aurora, ON, CA) (Figure 1A). After mounting, the preparation was set to Lyys. In-vitro testing of SOL
was commenced while the experimental limb was further dissected to isolate TA and secure a custom
nerve-cuff around the sciatic nerve prior to mounting of TA (Figure 1B). The distal tendon of TA was tied
to the lever arm of a 5N ergometer (Aurora Scientific Inc., model 305C. Aurora, ON, CA) using braided
3/0 silk suture (Ethicon). The patella tendon was secured to a metal rod on the stereotaxic stage that held
the motor and the subject, to minimize in-series compliance of the preparation. The TA was covered with
Ringers-soaked gauze and kept at a near-constant temperature of 25°C using an adjustable infrared lamp

and a thermocouple. Both preparations were set to Lyys and allowed to rest for 10 min following rigging.
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Ergometry testing: To elicit contractions, electrical stimuli were transmitted via parallel platinum paddle
electrodes (SOL) or a custom-made bipolar nerve cuff (TA), respectively, using a Grass stimulator (S48,
Grass Technologies, West Warwick, RI, USA). Stimulation parameters were optimized by muscle to the
following literature values; stimulation duration (SOL and TA: 300 ms), pulse width (SOL: 1.0 ms; TA:
0.2 ms), stimulation frequency (SOL and TA: 150 Hz) (Askew and Marsh, 1997; Hakim et al., 2013; Holt
and Askew, 2012; James et al., 1995; Moran et al., 2005). For each experiment, stimulation was
optimized to elicit supramaximal contractions (SOL and TA: 1-4V). A three-minute rest period was held
between contractions. Changes of force, length, and stimulation voltage were recorded at 4 kHz via a
NIDAQ A/D converter into IGOR pro (v. 8.0; Wavemetrics, Lake Oswego, OR, USA).

Force-length relationship: Force-Length (FL) curves (Figure 1E) were constructed for twitch and tetanic
conditions to determine muscle optimal length (L,). Starting from a length shorter than slack length
(Lsiack), Muscles were subjected to isometric contractions at increasing lengths. Fit lines were constructed
for active and passive force using third order polynomial fits in IGOR pro and maximum active force (P,)
and L, were determined from these data fits. After normalizing active FL curves using tetanic L, , we
measured the tetanic and twitch plateau lengths. Tetanic L, was used to determine starting length for
remaining tests and P, was used to monitor prep viability at regular intervals; experiments in which P,
decreased by more than 10% over the course of the experiment were excluded from further analysis. The
width of the ascending limb of the active FL curve (henceforth called the plateau width) was measured as
the range of strain from 90 - 100% P, on the ascending FL curve limb. Slack length was measured for
each preparation where passive force departed from zero. As an indication of relative differences in
passive stiffness of the two muscles, we measured the force borne by the preparation at 110% L, and the

passive FL curve slope between L, and 110% L.

Force-velocity-power relationship: Passive muscles were stretched to slightly above L, and subjected to
isotonic contractions against loads that were successively decreased between trials (Figure 1F). Velocity
was calculated as the derivative of length and power was calculated as force X velocity. Using a custom
implementation of the Hill equation (P +a) X (v+b)=b X (P, + a) in IGOR pro (Tijs et al., 2021), we
then obtained Hill-fits for FV and PV data, and normalized FVP data to muscle mass specific force (N/g)
and power (W/kg), optimal length (L./s) and maximum shortening velocity (%Vuax). Optimal force
(Fort) and velocity (Vopr) Were measured as the force and velocity respectively at which peak power was
generated by the preparation. Force-velocity curvature was measured as a/P, (Wilkie, 1949). After
testing, muscles were carefully excised, free tendon was removed, and the belly was systematically
blotted on Kim-wipes to remove moisture and weighed to the nearest 0.001g.
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Statistical analysis of Force-Length and Force-Velocity-Power: General linear model (GLM) designs
(Systat 11) were designed to test for statistical differences between muscles (mean + S.D.) in each of the
following variables: P,, L,, plateau-shift, plateau-width, slack length, passive stiffness, peak power, V ax,
Fopt, and V. For all tests, significance level (o) was set at 0.01. We disaggregated sex and individual in
our GLM design and simplified the model when these factors were not statistically significant. Pooled

samples were then analytically re-assessed between muscle groups.

RESULTS

Distinct transcriptomic profiles in SOL and TA

We studied gene expression profiles from Tag-Seq to determine differences in transcriptomic signatures
between SOL and TA. Analyses of differential gene expression revealed 1061 genes with significant
differences in expression between SOL and TA samples. PCA revealed a separation of slow and fast-
twitch tissue along PC1, accounting for 73% of the variation in the dataset. Meanwhile, there was no
differentiation of muscles along PC2 (Figure 2A). Given the lack of distinct sex-specific patterns, sex was
not considered in subsequent gene analyses (Figure 2A). Loading values along PC1 were used to rank
genes and identify the strongest transcriptomic features that distinguished SOL and TA. The “broken
stick” approach (Jackson, 1993) revealed twenty-eight genes (descriptions provided in Supplementary
Table 1) above the cutoff value of 0.07 for the gene loading values of PC1 (Figure 2B). An expression
heatmap of genes above the selected cutoff showed four distinct gene-clusters, which were designated as
gene clusters I-IV (Figure 2C). Since distinct expression pattern differences were observed within the
clusters, and between the muscle types (Figure 2C), each cluster was analyzed to determine potential gene

ontologies that correlated with the associated genes.

Genes that code for myosin heavy chain isoforms Ilb (Myh4) and | (Myh7), which are typically expressed
in fast-twitch and slow-twitch muscles respectively, were identified in clusters Il and Il1. These two MHC
isoforms also had distinct relative patterns of regulation in SOL and TA (Figure 2C). Gene ontologies
classifying genes in each of the other clusters are provided in Supplementary Table 2. Cluster Il has a
common gene ontology in relation to muscle contraction, assembly and organization with significant
transcriptomic differences observed for SOL and TA in myosin binding protein C2 (Mybpc2) and myosin
heavy chain 4 (Myh4) genes. In cluster I1l, Myl3, Myh7, Tnncl and Tpm3 describe the protein ensemble
making up the muscle sarcomeres. The genes in the clusters | and IV do not share any common gene

ontologies.
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Distinct myosin isoform expression in SOL and TA

Due to the distinct regulatory differences of Myh4 and Myh7 genes in SOL and TA, the expression levels
of the genes coding for MHC isoform expression, specifically Myhl, Myh2, Myh4, Myh7, were
compared as a measure of fragments per kilobase of transcript per million mapped reads (FPKM) (Figure
3A). Gene expression profiles of SOL muscle showed high levels of expression of the Myh7 gene and
relatively lower levels of the faster myosin isoforms. High levels of Myh4 and Myh1 were identified in
TA, with low expression of Myh2 and Myh7 genes. Myh1 and Myh2 are expressed at lower levels in both
muscle types compared to Myh4 and Myh?7.

To specifically identify differences in MHC isoform distributions at the protein scale, SDS-PAGE was
used. Our results revealed clear differences in myosin isoform distributions where TA exhibited only fast
isoforms while SOL contained a mixture of fast and slow isoforms (Figure 3C). Based on densitometric
analysis of the gel bands and western blotting (not shown), the specific myosin isoforms were found to be
statistically significant with average distributions of slow | (Myh7; 51%; p < 0.05) and fast Ila (Myh2;
49%; p < 0.05) in SOL, and predominantly fast llb (Myh4; 69%; p < 0.05) and fast IIx (Myh1; 31%) in
TA (Figure 3B). Despite low levels of Myh2 gene expression in SOL, the protein expression of fast lla

myosin was much higher, indicating translational-level amplification of Myh2 protein production.

Myosin isoforms shape in-vitro sliding velocities

Mean shortening velocities for myosin isolated from SOL and TA, across increasing ATP concentrations,
were measured using an in-vitro motility assay (Figure 4A). Consistent with myosin expression profiles
(Figure 2 & 3), myosin from SOL had a significantly lower velocity across all ATP concentrations when
compared to myosin from TA, with a 3.3-fold decrease in velocity at a saturating ATP concentration of 1
mM (t = 13.64; df = 3.645; p < 0.005) (Figure 4B). Michaelis-Menten constants (Km), which defines the
ATP concentration required for half-maximal activation, were calculated to be 42 + 1.7 uM and 6.4 £ 1.9
uM for TA and SOL myosin, respectively. This result is consistent with differences in the protein
expression profile (Figure 3), with TA consisting of only fast MHC isoforms whereas SOL consists of an

almost even mix of fast and slow MHC isoforms.

Active and passive properties of whole-muscle performance

Muscle ergometry studies on SOL and TA samples were used to account for tissue-scale factors that
determine whole muscle performance, and to delineate contributions of factors shaping active versus
passive muscle functional attributes. Data from male and female samples were pooled for analyses
(Figure 5 & 6) since GLM revealed no significant sex-differences for all response variables. Significant
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differences between SOL and TA were, however, observed in the active (Figure 5A) and passive (Figure

6A) force-length, and force-velocity-power (Figure 7A) relationships.

Muscle mass-specific active tetanic force, measured at optimal length (L,) was approximately 1.3-fold
lower for SOL (18.0 + 4.4 N/g) than for TA (23.4 £ 2.4 N/g) (Figure 5A, D), a difference that was
statistically significant (ANOVA; F;,; = 15.3; p < 0.001). The FL plateau width, measured at 90%P, on
the ascending limb for SOL (21.8 + 3.1%L,) and TA (20 + 2.7% L,) was not statistically significantly
different (Fy,; = 2.15; p = 0.16) under tetanic activation (Figure 5B, C, F). When compared to the twitch
plateau width for SOL (12.3 + 2.0%L,) and TA (15.5 £ 1.9%L,), the tetanic plateau width was statistically
significantly greater (SOL; Fy14= 25.49; p < 0.0001. TA; Fy1,= 9.14; p < 0.01) and the left-shift of L,
with increased activation (twitch to tetanic) was 8.2 £0.2% for both muscles and statistically significant
(F121=17.2; p<0.001).

Passive force-length relationships are shown in Figure 6A. We found passive force borne at 110% L, to
be statistically significantly different (F; 19 = 61.86; p < 0.0001), and lower for SOL (0.012 + 0.005 N/qg)
than for TA (0.091 + 0.035) (Figure 6B). There was no statistically significant difference in the slack
length (F120=0.41; p < 0.53) of SOL (-15 + 6.3%L,) and TA (-16.7 + 5.6%L,) (Figure 6C). However, the
passive FL curve slope was statistically significantly different (F,,, = 56.3; p < 0.0001), suggesting that
passive SOL (B = 0.05 £ 0.029) is less stiff than TA (B = 0.8 £ 0.36) across a physiologically relevant
range of operating lengths (£10% L,) (Figure 6D). Because titin is the primary filament responsible for
passive stiffness in the muscle sarcomere, we calculated the Percent Spliced-in Index (PSI) for SOL and
TA titin genes using RNA-Seq analysis of data retrieved from the GEO database (GSE139204) to
determine differences in passive muscle force-length properties were related to titin expression
differences. Alternative splicing-induced differences in the predicted size of expressed titin isoforms
between the muscles revealed four regions of higher exon inclusion for SOL compared to TA (Figure 6E),
consistent with previous findings that demonstrate that slower muscles typically express longer titin
isoforms (Prado et al., 2005).

The relationship between muscle mass-specific force and fiber length-specific shortening velocity
provides key information about muscle performance. The FV relationship revealed a significantly (Fy 5=
59.5; p < 0.001) lower peak shortening velocity (Viuax) for SOL (4.6 £ 0.5 L,/s) compared to TA (6.7 £
0.4 Lo/s) (Figure 7A). The curvature of the FV relationship, as defined by the Hill-constant (a/P,), was
statistically significantly (Fy.; = X22.3; p < 0.001) greater for SOL (0.30 + 0.09) than TA (0.49 + 0.06)
(Figure 7A). Finally, peak muscle mass-specific power was statistically significantly (F;.3 = 91.3; p <
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0.001) lower for SOL (60.0 + 25.6 W/kg) than TA (202.2 + 48.3 W/kg), and optimal velocity (Vopr) and
force (Fopt); the velocity and force where peak power is produced, respectively, were also statistically
significantly (Vopr: F123=39.2; p < 0.001; Fopr: F123= 31.8; p < 0.001) lower for SOL (1.1 £ 0.3 L/s.;
and 5.6 = 1.6 N/g) than for TA (1.9 £ 0.4 L/s; and 8.9 + 1.2 N/g), as shown by the left-shifted power-
velocity peak for SOL, when compared to TA (Figure 7B).

DISCUSSION

We took a multi-scale interdisciplinary approach to parse out the fundamental underpinnings of the
protein ensemble involved in force and power generation across skeletal muscle lengths and speeds,
specifically with respect to the thick filament motor protein, myosin, which has a well-recognized and
major role in determining muscle contractile performance. We studied mouse SOL and TA muscles,
which are distinct in their fiber type composition, architecture, energy metabolism, size, and physiological
function, to determine these muscles’ differences in MHC and titin isoform expression and distribution, in
vitro translation of actin, and whole muscle force-length-velocity-power properties. Our results highlight
that myosin isoform-dependent differences in sliding velocity of actin (V actin) at the molecular scale does
not completely account for differences in whole muscle shortening velocities (Vuax) between TA and
SOL. In addition, our multi-scale approach has provided a deeper understanding of the fine-tuning of
transcriptional, translational, active, and passive influences on whole muscle force generation and power

output between different muscles, culminating towards specialized muscle function.

Our determination of the differences in gene expression profiles between the slow-twitch SOL and fast-
twitch TA highlight the rich diversity that defines muscle fiber characteristics. PCA on SOL and TA
transcriptomes revealed genes encoding for myosin isoforms as the key determinant differentiating two
muscle types (Figure 2). Clusters IT and III, identified through “Ward.D2” cluster analysis, specifically
showed opposite expression patterns between SOL and TA, highlighting their significant transcriptomic-
based influence on each muscle type. On the one hand, over-expression of fast-type isoforms Mybpc2 and
Myh4 in Cluster Il highlights the influence of these genes in defining the fast-twitch phenotype of TA,
compared to the under-expression in SOL. Significant variability in Cluster Il genes include opposite
expression patterns in Myl3, Myh7, Tnncl and Tpm3 among two muscle types (Figure 2C). The genes
Myl3 and Myh7 are typically associated with shortening velocity in slow cardiac tissue (Sitbon et al.,
2021) and have high expression levels in SOL, as compared to TA. In addition, high levels of slow-
muscle associated Tnncl and Tpm3 genes in Cluster 11, and Tnnil, Tnntl in Cluster IV for SOL, also
highlight the precise fine-tuning of isoform expression involved in altering muscle physiology. This is
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because Tpm3, Tnncl, Tnnil, Tnntl are critical in defining actin cytoskeletal assembly and Ca?*-based

thin filament regulation (el-Saleh et al., 1986).

Quantification of the overall gene expression levels of the four MHC isoforms (Figure 3A) show that TA
is predominantly expressing Myh4, with lower levels of Myhl and Myh2. However, SOL predominantly
expresses Myh7 along with lower levels of Myh2 and Myhl. At the protein scale, both TA and SOL
express varied myosin isoforms (Figure 3C). There are only fast isoforms in TA (~2/3 fast MHC Ilb and
1/3 fast MHC 1Ix), while SOL has a close to 50:50 mix of fast MHC Ila and slow MHC 1| isoforms
(Figure 3B). Myosin protein levels measured here are consistent with previous studies showing that
muscles with larger physiological cross-sectional area (PCSA) also tend to contain more fast fibers
(Burkholder et al., 1994; Pellegrino et al., 2003). However, analysis of myosin isoform expression in
mouse muscle during postnatal development has also demonstrated expression of low levels of fast MHC
lla (Agbulut et al., 2003). While we did not detect any MHC lla via SDS PAGE, we did detect low levels
of fast MHC Ila via western blotting (not shown) and Tag-Seq (Figure 3A). There is a large degree of
variability regarding the correlation between expression levels of RNA and protein (Gry et al., 2009).
Consistent with this previous observation, gene and protein expression levels were largely well-aligned
for the MHC isoforms expressed in TA, despite no presence of fast MHC lla at the protein scale.
However, the gene expression levels for SOL were ~5-fold higher for Myh7 compared to Myh2, while the
protein expression levels were close to equal. These comparative data highlight that transcription may not
directly relate to protein translation levels in the muscle, necessitating measurement of both RNA and

protein levels.

Expression of MHC isoforms has repeatedly been shown to influence muscle contractile properties
(Bottinelli and Reggiani, 2000; Pellegrino et al., 2003; Reiser et al., 2009), and are also a major
determinant of shortening velocity of single muscle fibers. Here, the ATP dependence of actin sliding
velocity was determined using the in vitro motility assay (Figure 4A). The 6.6-fold higher K, observed
for TA when compared to SOL represents a significantly lower affinity for ATP by the fast MHC
isoforms in TA, along with a faster ADP release rate, thereby requiring a higher ATP concentration to
reach half-maximal activation but with faster sliding velocities (Canepari et al., 2012). Consistent with the
exclusive expression of fast myosin isoforms (Figure 3), the velocity of actin sliding (Vactin) at saturating
ATP (1.0 mM) for TA (3.91 £ 0.04 um/sec) was in agreement with the V activ measured for pure fast
(MHC I1b) myosin (Pellegrino et al., 2003). In contrast, Vacrin for SOL was 1.14 + 0.05 um/sec, close to
the actin sliding velocity of pure slow | myosin (Pellegrino et al., 2003), despite this muscle having an
almost 50:50 mixture of fast lla and slow | MHC isoforms. These results indicate that differences in
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aggregate behavior of isoform distributions in specific muscles can be highly nonlinear, with the slow
isoforms having a dominating influence on shortening velocities compared to the fast isoforms, as shown

previously (Egan et al., 2017; Harris et al., 1994).

The aggregate differences observed at the in vitro scale translate to the whole muscle scale under the
influence of active as well as passive muscle characteristics. At the actomyosin scale, slow myosin
isoforms are capable of producing greater force than fast isoforms due to the prolonged attachment time
of the slower isoforms (Cuda et al., 1997; Harris et al., 1994). This is consistent with the actin filament
velocity we obtained for the mix of fast and slow isoforms found in SOL, being closer to what would be
seen for pure slow myosin (Pellegrino et al., 2003). Despite the apparent higher force production for the
SOL myosin ensemble, the muscle mass-specific force measured for SOL at the intact muscle scale was
lower than for TA. While our force measurements are comparable to those taken previously for these
muscles (Close, 1965; Sacco and Jones, 1992) it cannot be ruled out that our different methods for testing
SOL (in-vitro) and TA (in-situ) affected our force measurements, despite that we maintained the same
temperature across preparations. The observed cross-scale discrepancy may also result from the more
pennate structure of TA, which would result in more myofibers, and hence myosins, per cross-sectional
area as compared to a less pennate muscle like SOL. These results highlight the need to consider muscle
architecture when extrapolating from molecular-to tissue-scale experiments, as performed here. A related
limitation of our study, therefore, is that we did not convert force measurements to stress (F/PCSA) due to

the highly variable PCSA measurements for these small muscles in the literature (see introduction).

Muscle force production is subject to change with respect to external factors. Most muscles rotate skeletal
joints as they contract and therefore operate across varying muscle and sarcomere lengths. The link
between joint range-of-motion and sarcomere length change may vary with activation level and can be
relaxed by muscle fiber architecture and compliance. As muscle activation was reduced from tetanic to
twitch, we observed a right-shift in optimal length by 8%, comparable to the 7% for mouse SOL and EDL
(Askew and Marsh, 1997), and 5% (maximal to submaximal only) for rat MG (Tijs et al., 2021).

To gain a simplified understanding of, and compare the range of operating lengths where SOL and the
more pennate TA produce near-maximal force, we measured the FL plateau-width (Figure 5B,C,D)
(Winters et al., 2011). Despite fiber architectural differences, both muscles generated near-maximal force
(>90% P,) across a broad range of tetanic operating lengths (x10%L,). The plateau-width at twitch
activation was 8% narrower for both muscles, consistent with a previously reported plateau-width

reduction from maximal to submaximal activation in the rat MG (Tijs et al., 2021). Greater excursion
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abilities are commonly attributed to the in-series sarcomeres of relatively parallel-fibered muscles like
SOL (Lieber and Ward, 2011; Winters et al., 2011) and consistent with the relatively low stiffness of
SOL, compared to TA (Figure 6D), so we predicted a greater plateau-width for SOL than TA. However,
at the organ scale, SOL attaches to the bones it moves with significantly less tendon than TA, where
added series elastic compliance may further decouple the length-change of muscle fibers and sarcomeres
from the excursion of skeletal joints (Konow et al., 2012). Due to muscle architectural differences, we
acknowledge that lengthening both muscles by a percent of whole muscle length is unlikely to be
representative of the changes occurring at the sarcomere level, and this difference may have caused some
of the force-length differences observed. Overall, however, our results underscore that structural
differences between SOL and TA transcend organizational scales to shape their respective functions in
postural control (SOL) and limb-swing initiation (TA).

Understanding the differences in passive muscle properties between SOL and TA also requires insights
from multiple organizational scales. Passive muscle properties are driven by a combination of muscle
architecture, titin isoform expression and extracellular matrix (ECM) organization and can be tuned by
varying titin isoform length and/or the prominence of the ECM. Our results show that SOL stiffness is 16-
fold lower (Figure 6A, D) compared to TA. This is consistent with the longer titin PEVK region that is
expressed in SOL muscles (Figure 6E). The PEVK region is the predominant region of alternative
splicing in titin and is composed of two sequence motifs: the 28 amino acid PPAK motif and the variable
length poly-E motif. The primary building block is the PPAK motif and the increased exons in the SOL
muscle, as evidenced by the four regions of higher exon inclusion seen in Figure 6E, result in a longer
expressed titin isoform in SOL compared to TA. Therefore, consistent with observed correlations between
PEVK length and passive tension in previous studies (Li et al., 2012; Prado et al., 2005), the increased
length of titin in SOL muscle likely underlies the muscle’s low passive stiffness (Figure 6).

Muscle architecture also contributes to this difference as muscles such as TA with more pennate
architecture typically have more prominent ECM, and therefore greater passive stiffness (Granzier and
Irving, 1995; Purslow, 2020). Interestingly, our Tag-Seq data did not show significant differences in the
transcript levels for the primary collagen genes between SOL and TA (92 + 50 and 182 £ 99 respectively,
values expressed in FPKM. However, increased ECM component in pennate muscles may be regulated at

the translational or post-translational level.
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Comparison of the force-velocity relationships (Figure 7A) also highlights the influence of the myosin
isoform and architecture differences on shortening velocities. For example, peak unloaded shortening
velocity (Vuax) was greater for TA compared to SOL (6.7 + 0.4 and 4.6 + 0.5 L,/s respectively). Our
Vuax measurements for SOL fell within the range measured previously (Asmussen and Maréchal, 1989;
Holt and Askew, 2012) but we measured lower average Vyax for TA than a previous study (Burkholder
and Lieber, 1998). However, consistent with our whole muscle Vyax measurements, myosin purified
from TA muscle also exhibited a higher Vacriy When compared with myosin purified from SOL muscle.
Interestingly, the 3.4-fold difference between TA and SOL Vactin (Vactin TA/ Vactin SOL) was
dampened to a ~1.6-fold difference in Vyax at the whole muscle scale (Figure 7A); a depression that
cannot directly be explained by measurement variability. Likely explanations for this difference include
incomplete recruitment of all fibers during muscle contraction (Holt et al., 2014) and the presence of
internal loads at the whole muscle scale (Ross et al., 2020) that are not present with the protein isolates
used for the IVM assay. For instance, TA is more pennate than, and contains more ECM than SOL.
Hence, TA would likely have a larger internal (inertial) load, which may dampen Vyax. It is also
interesting to speculate that fiber pennation may be reducing the myosin-based velocity vector for TA (as

a function of the cosine of the pennation angle) thus further reducing Vyax, compared to SOL.

The curvature of the Hill-fit (Hill, 1938) applied to the muscle’s force-velocity relationship (a/P,) was
greater for SOL than for TA (Figure 7D), indicating that shortening velocity is more load-sensitive for
SOL than TA. Previous studies have shown that load slows ADP release in striated muscle myosins,
which would ultimately decrease cross-bridge detachment rate and thus fiber shortening velocity under
load (Greenberg et al., 2014; Newhard et al., 2019; Weiss et al., 2001). Because slow myosins are more
sensitive to load and mouse SOL has a 50:50 mix of slow MHC | and fast MHC IIb myosin, it is likely

that the slow myosin isoform expression contributes to the increased force-velocity curvature.

The application of load to the ADP binding pocket of myosin, is also influenced by differences in myosin
light chain phosphorylation, which directly affects the load dependence of ADP release (Greenberg et al.,
2009) as well as the loaded shortening velocities for MHC | (Greenberg et al., 2010; Karabina et al.,
2015). Given the importance of the myosin light chains in supporting and stiffening the elongated alpha-
helical neck region of myosin, it is interesting to speculate that the higher expression of Myl3 (Figure 2C)

may play a role in the increased sensitivity to load in SOL myosin.
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By contrast, TA shows a more consistent increase in velocity over all loads applied and therefore
increased power compared to SOL. The right-ward shift in peak power towards faster shortening
velocities for TA compared to SOL (Figure 7B) illustrates the functional effects on increased fast myosin
expression (Figure 3C), consistent with the propensity for TA to prioritize power over force production
(HILL, 1950). This propensity benefits TA during metabolically costly activities such as toe-off during
running, compared to the lower energy consuming and slower contracting activities of SOL, the

predominant role of which is postural maintenance.

Virtues of multi-scale research approaches

Skeletal muscle is often likened to a physiological “black box” because of its multi-scale organization and
function. Prevalent views of muscle as either diverse or constrained in its structure-function have
prevailed in disciplines operating at different scales for decades. We propose that these divergent views
are predominantly shaped by a lack of cross-scale research interaction. Twenty-First Century convergence
approaches can now let us crack the code of several biological black boxes, including muscle (e.g.,
(Cavigelli et al., 2021)). The utility of multi-scale approaches, as we have applied them here, likely
extend to other areas in biology with complex interactions, ranging from microbial networks to ecosystem
interactions. For muscle in particular, we anticipate leveraging the carefully characterized muscle types
we have presented here and our multi-scale toolkit to determine e.g., how and why muscles with different
fiber-type composition and architecture show different patterns of recovery from stretch injury and

respond in different ways to changes in dietary nutrients.

CONCLUSIONS

Our integrative approach to studying muscles with disparate function identified the influence of myosin
isoform distributions in determining muscle functional performance, along with additional, functionally
relevant traits across scales of biological organization. We provide a comprehensive view of variations
from gene expression to the protein scale, with respect to myosin isoform distributions, in addition to
differences in gene expression signatures of associated proteins including titin, ECM, and actin regulatory
and cytoskeletal proteins. Apart from major differences in myosin isoform distribution at the protein
scale, our analyses of the contributions of specific muscle architecture, as it relates to structural properties
of protein-protein interactions provide a deeper understanding of the cumulative effect of structural and
functional traits in shaping overall muscle function. This understanding also highlights the need for
interdisciplinary approaches. A deeper understanding of the multi-scale traits that shape muscle form and
function will require an interdisciplinary toolkit but will also advance clinical and therapeutic efforts to
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harness the regenerative properties of skeletal muscle and extend its functionality beyond exercise injury,

myopathies, and into older age of our longer-living population.
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Figure 1: Ergometry approach. (A) SOL tested in vitro in Ringer’s bath. (B) TA tested in situ with prep
viability maintained by cardiovascular supply from mouse. (C) and (D) show example data traces for a
force-velocity trial and the measurements extracted to generate summary curves. (E) and (F) show
measurement extraction for Force-Length (Figure 5 and 6), and Force-Velocity-Power (Figure 7)
respectively. Lo, optimal length; Ly, muscle slack-length; P,, peak isometric force; Wypaeau, FL plateau
width; 3, passive muscle stiffness; Vm., peak contraction velocity; Ve, velocity of peak power
production; P.x, peak power; a/P,, force-velocity curvature.
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Figure 2: Transcriptomic signatures of SOL and TA. (A) Topological distribution of the biological
replicates of SOL and TA create two distinct clusters across the first two principal components (PC)
calculated for the differentially expressed genes. (B) Differentially expressed genes ranked by PC1
feature loading. The blue horizontal line indicates the cutoff value (0.07) which was utilized to extract the
genes with strongest contribution to PC1. (C) Heat map visualizing the level of relative up (red) or down
(blue) regulation of selected genes in SOL and TA samples (Supplementary Table 1). Columns represent
biological replicates, rows represent genes. Color intensity in each sample is proportional to the

expression deviation from the mean normalized count of the gene.

=
Q
=
O
(2]
>
C
©
S
©
()
)
Q
(0]
O
O
<
[ ]
>
(@)}
L)
Q
m
©
-
C
Q
£
=
()
Q
X
L
G
(o]
©
[
i
>
O
=



o SOL
o TA
S 10F
S
-
x
w S5k %
B 0 £5) %lﬁ anl L
100~ o SOL
Sgof o TA
£
o
> 60 l
£
-
R wf T
E
s 20|
2
oLl | | |
N 2 © \
» & & 4
Q’b (('b Q’b ‘\‘9
\o ml &o v
\g:&‘\ \éo ) »
C ladder ch.sk. cardiac SOL TA
©
(a)
4
o
o
~N
©
[a)
£
o
i

Figure 3: Slow myosin expression is exclusively found in SOL. (A) Expression levels of the four Myosin
isoforms in TA and Soleus shown in Fragments per kilobase million (FPKM). The slow isoform Myh7
was expressed more in the Soleus samples while the fast isoform Myh4 and Myhl are primarily
expressed in the TA samples. (N =5 SOL, N =5 TA). (B) Myosin isoform distribution quantified from
SDS-PAGE myosin gel using densitometric analysis in Image J, shows TA with only fast isoforms (11x
and I1b) and SOL with mixture of fast (lla) and slow (I); n = 3/muscle. Same x-axis labels in A and B
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panels represent different myosin isoforms. (C) An unaltered representative image of the SDS-PAGE
myosin gel (8% with 35% glycerol) with chicken pectoralis (ch.sk.), mouse cardiac, Soleus (SOL), TA

samples.
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Figure 4: Mean actin sliding velocity from purified naive SOL and TA myosin using in-vitro motility
assay. (A) ATP dependence of actin sliding velocity (0 uM to 1 mM), fit to Michaelis-Menten equation,
shows different mean actin sliding velocities (Vactin) and Km (SOL: open blue circles; TA: open black
triangles). (B) Mean actin sliding velocity at 1 mM ATP depicts a 3.3-fold difference between TA and
SOL myosin. Data is average of three technical repeats (respective myosin purified from 5 mice muscle
pairs), with error bars representing the standard deviation (SD).
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Figure 5: Comparison of active force-length properties for SOL (blue) and TA (black). (A) Muscle
mass-specific force (y-axis) plotted against strain (muscle length normalized to tetanic L,; x-axis) for
tetanic and twitch contractions. Symbols delineate subjects; solid/thick symbols = females; open/thin
symbols = males. Note that L, is left-shifted by approx. 8% as activation increases (white arrow, see
results for details). (B-C). Plateau width for the ascending limb, measured at 90%P, for (B) tetanic, and
(C) twitch contractions. (D-F). Box-plots showing summary median-quartile and range data with
individual measurements indicated by symbols for (D) muscle mass-specific tetanic force. (E) muscle
mass-specific twitch force. (F) The ascending plateau-width at 90% P, for the active tetanic (unfilled
boxes) and twitch (grey-filled boxes) FL curves. All summary variable comparisons between SOL and
TA, except in F, are statistically significantly different (p<0.01; see text for GLM model details). Muscle

sample sizes are shown next to curves.
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Figure 6. Comparison of passive force-length properties for SOL (blue) and TA (black). (A) Muscle
mass-specific passive force (y-axis) plotted against strain (muscle length normalized to tetanic L,; x-axis).
(B-D) Box-plots showing summary median-quartile and range data with individual measurements
indicated by symbols for (B) muscle slack-length, (C) Passive force at 10% beyond L,, and (D) slope of
the passive FL relationship, measured from L, to 110% L,, representing the relative difference in stiffness
of the two muscles. (E) Percent Spliced Index plot for the PEVK regions of SOL and TA titin, showing
the mean PSI values for six biological replicates of either TA or SOL with the shaded regions
representing the standard deviation in the PSI values. The relatively lower values for TA than SOL
(1=100% inclusion; O=complete exclusion of an exon from the transcript pool), suggest expression of
shorter titin isoform(s) in TA (black) than SOL (blue). Exon numbering based on NCBI entry
BNO001114.1 and Ensemble titin transcript ENSMUST00000099981.9.
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Figure 7: Comparison of force-velocity-power relationships for SOL (blue) and TA (black). (A)
force-velocity relationships, normalized to muscle mass (N/g, y-axis) and optimal length (L,, x-axis),
respectively. Summary FV curves (bold lines) for each muscle from a custom-implementation of the Hill
equation in Igor Pro. (B-D) Box-plots showing median-quartile and range data with individual
measurements indicated by symbols, summarizing force-velocity data; (B) peak unloaded velocity, (C)
force at optimal length (see dashed lines in A), and (D) FV curvature (lower values indicate more FV
curvature). (E) power-velocity relationships, normalized to muscle mass and optimal length, respectively.
(F) Muscle-mass-specific peak power, and (G) optimal velocity, where peak power occurs (dashed lines
in B) Symbols delineate subjects; solid/thick symbols = females; open/thin symbols = males. All
summary data comparisons between SOL and TA are statistically significantly different (p<0.01; see text
for GLM model details).
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Table S1. Gene symbol, name, and description along with gene regulation in SOL and TA.

Upregulation (red) and down regulation (blue) as shown in the expression heatmap (Figure 2C).

Gene
Gene Description Gene ontology TA |SOL
symbol
Mylk4 | myosin light chain | protein serine/threonine kinase activity
kinase family,
member 4
Myozl | myozenin 1 muscle system process, striated muscle tissue development,
actomyosin structure organization, second messenger mediated
signaling, muscle cell differentiation, cellular component
assembly involved in morphogenesis
Pvalb | parvalbumin actin cytoskeleton, stereocilium, stereocilium bundle, cortical
cytoskeleton
Gpdl glycerol-3-phosphate | glycerol-3-phosphate metabolic process, alditol phosphate
dehydrogenase 1 metabolic process, positive regulation of glycolytic process
Kcne4 | potassium  voltage | regulation of action potential, action potential, regulation of
gated channel, Shaw- | neurotransmitter secretion
related subfamily,
member 4
Mybpc | myosin binding | muscle contraction, myosin filament assembly, muscle tissue
2 protein C, fast-type development, cellular component assembly involved in
morphogenesis, cardiocyte differentiation, myosin filament
organization, muscle organ morphogenesis, actomyosin structure,
organization, muscle system process
Myh4 | myosin, heavy | muscle system process, muscle contraction, response to activity,
polypeptide 4, | actin cytoskeleton, myofibril, contractile fiber, myosin complex,

skeletal muscle

myosin filament, actin binding, actin filament binding, motor

activity, calmodulin binding
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Myl3 myosin, light muscle system process, striated muscle tissue development,
polypeptide 3 muscle organ morphogenesis, cardiac chamber development,
regulation of the force of heart contraction, striated muscle
contraction
Myh7 | myosin, heavy | striated muscle tissue development, actin-mediated cell
polypeptide 7 contraction, musculoskeletal movement, regulation of force of
heart contraction, multicellular organismal movement, cardiac
chamber development, muscle hypertrophy, actin filament-based
movement, muscle tissue morphogenesis
Tnncl |troponin C, cardiac | striated muscle tissue development, regulation of ATPase activity,
and slow skeletal actin-mediated cell contraction, musculoskeletal movement,
multicellular organismal movement, muscle system process,
muscle organ development, muscle adaptation, cardiac chamber
development, heart contraction
Tpm3 | tropomyosin 3 actin filament organization, actin cytoskeleton, actin filament,
stress fiber, contractile actin filament bundle, actin filament
bundle, actomyosin, cortical cytoskeleton, actin binding
Ankrd2 | ankyrin repeat | muscle tissue development, skeletal muscle organ development
domain 2
Myom3 | myomesin family, | muscle contraction, myosin filament assembly, muscle tissue
member 3 development, cellular component assembly involved in
morphogenesis, cardiocyte differentiation, myosin filament
organization, muscle organ morphogenesis, actomyosin structure
organization, muscle system process
Pcp4ll | Purkinje cell protein
4-like 1
Myl6b | myosin, light | muscle contraction, striated muscle tissue development, actin
polypeptide 6B filament-based movement, muscle organ development, actin-

mediated cell contraction, muscle system process
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Lmod?2 | leiomodin 2 muscle contraction, actomyosin structure organization, cellular
component assembly involved in morphogenesis, muscle cell
differentiation, muscle system process

Hspb7 | heat shock protein | actin cytoskeleton

family, member 7

Smtnll | smoothelin-like 1 response to activity, muscle organ morphogenesis, circulatory
system process, regulation of blood circulation

Myoz2 | myozenin 2 muscle system process, striated muscle tissue development,
actomyosin structure organization, second-messenger mediated
signaling, inositol phosphate-mediated signaling, muscle cell
differentiation, cellular component assembly involved in
morphogenesis, muscle adaptation

Myl2 myosin, light | muscle system process, striated muscle tissue development,

polypeptide 2 muscle organ morphogenesis, cardiac chamber development,
regulation of the force of heart contraction, striated muscle
contraction

Atp2a2 | ATPase, Ca®" | action potential, muscle system process, muscle cell

transporting, cardiac | differentiation, sarcoplasmic reticulum calcium ion transport,

muscle, slow twitch 2 [ regulation of actin filament-based process, second-messenger-
mediated signaling, regulation of neurotransmitter secretion,
calcium-mediated signaling, relaxation of muscle, heart
contraction, regulation of actin filament-based movement

Tnnil | troponin I, skeletal, | muscle system process, muscle tissue development, muscle organ

slow 1 morphogenesis, cardiac chamber development, muscle adaptation

Tecrl trans-2,3-enoyl-CoA | very long-chain fatty acid metabolic process, organic acid

reductase-like biosynthetic process, very long-chain fatty acid biosynthetic
process, fatty acid metabolic process

Tnntl troponin T1, skeletal, | actomyosin structure organization, musculoskeletal movement,

slow 1

cellular component assembly involved in morphogenesis,
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multicellular organismal movement, muscle system process,

muscle cell differentiation, muscle adaptation, heart contraction

Sin sarcolipin muscle system process, regulation of ATPase activity,

sarcoplasmic reticulum calcium ion transport, muscle relaxation

Myh7b | myosin, heavy chain | myofibril, myosin filament, actin cytoskeleton, myosin complex

7B, cardiac muscle

Homer | homer  scaffolding | second-messenger-mediated signaling, inositol phosphate-
2 protein 2 mediated signaling, negative regulation of calcineurin-NFAT

signaling cascade

Xpo4 exportin 4 nuclear transport, positive regulation of establishment of protein

localization, nuclear export. mRNA surveillance
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Table S2. Summarized gene ontologies present in genes of each cluster.

Cluster | Description GO Term Adjusted p-value

I muscle system process GO0:0003012 | 1.30E-20
skeletal muscle adaptation GO:0043501 | 1.32E-14
striated muscle adaptation GO:0014888 | 3.41E-12
muscle organ development GO:0007517 | 2.53E-10
muscle adaptation GO:0043500 | 1.42E-09
striated muscle tissue development GO:0014706 | 1.14E-08
muscle tissue development GO:0060537 | 1.48E-08
myofibril assembly GO0:0030239 | 1.41E-07
muscle cell development GO:0055001 | 7.38E-07
cellular component assembly involved in morphogenesis GO:0010927 | 1.28E-06
muscle cell differentiation GO0:0042692 | 1.32E-06
sarcomere organization G0:0045214 | 1.69E-06
negative regulation of calcineurin-NFAT signaling cascade | GO:0070885 | 4.91E-06
striated muscle cell differentiation GO:0051146 | 5.92E-06
striated muscle cell development GO:0055002 | 1.12E-05
actomyosin structure organization G0:0031032 | 1.62E-05
negative regulation of calcium-mediated signaling GO:0050849 | 2.20E-05
regulation of calcineurin-NFAT signaling cascade GO:0070884 | 6.60E-05
calcineurin-NFAT signaling cascade GO0:0033173 | 1.18E-04
calcineurin-mediated signaling GO0:0097720 | 1.46E-04
inositol phosphate-mediated signaling GO0:0048016 | 1.88E-04
skeletal muscle tissue development GO:0007519 | 2.87E-04
skeletal muscle organ development GO:0060538 | 3.42E-04
calcium-mediated signaling GO0:0019722 | 3.90E-04
regulation of calcium-mediated signaling GO:0050848 | 9.14E-04
second-messenger-mediated signaling GO0:0019932 | 5.45E-03

II actomyosin structure organization GO:0031032 | 1.62E-05
cardiac muscle tissue development GO:0048738 | 4.35E-05
heart morphogenesis GO:0003007 | 5.88E-05
response to activity GO0O:0014823 | 3.57E-03
myofibril G0:0030016 | 1.36E-20
contractile fiber GO:0043292 | 1.69E-20
actin cytoskeleton G0O:0015629 | 1.89E-19
sarcomere GO0:0030017 | 1.09E-15
myosin complex GO0O:0016459 | 4.58E-10
myosin filament G0:0032982 | 4.23E-08
I band GO:0031674 | 1.02E-07
striated muscle thin filament GO:0005865 | 1.18E-07
myofilament G0:0036379 | 2.06E-07
A band GO:0031672 | 7.75E-07
M band GO:0031430 | 9.48E-06
Z disc GO:0030018 | 2.43E-03
actin binding GO:0003779 | 8.08E-16
actin filament binding GO:0051015 | 5.18E-06
motor activity G0:0003774 | 8.70E-06
calmodulin binding GO:0005516 | 1.32E-02

C
o
]

©

£

e
qg
£

)

|

©
)

C

()

£
Q

o

o

=}
(70}

L]

>

(@)}
o
Q
m
©
i)

C

(0]
£

fu.

Q

o

X
Ll
G

o
©

C

=

>

o
=



Journal of Experimental Biology: doi:10.1242/jeb.243630: Supplementary information

I muscle system process GO:0003012 | 1.30E-20
muscle contraction GO0:0006936 | 7.17E-17
skeletal muscle adaptation GO0:0043501 | 1.32E-14
striated muscle adaptation GO:0014888 | 3.41E-12
transition between fast and slow fiber GO0:0014883 | 1.30E-11
regulation of skeletal muscle adaptation GO:0014733 | 1.87E-10
muscle organ development GO:0007517 | 2.53E-10
muscle adaptation GO:0043500 | 1.42E-09
striated muscle contraction GO0:0006941 | 8.73E-09
striated muscle tissue development G0O:0014706 | 1.14E-08
muscle organ morphogenesis GO0O:0048644 | 1.21E-08
muscle tissue development GO:0060537 | 1.48E-08
ventricular cardiac muscle tissue morphogenesis GO:0055010 | 5.54E-08
cardiac muscle contraction GO0:0060048 | 7.20E-08
regulation of muscle system process GO0:0090257 | 8.75E-08
ventricular cardiac muscle tissue development G0:0003229 | 1.01E-07
cardiac muscle tissue morphogenesis GO:0055008 | 1.67E-07
regulation of muscle contraction GO:0006937 | 1.83E-07
cardiac ventricle morphogenesis GO0:0003208 | 2.60E-07
muscle tissue morphogenesis GO:0060415 | 3.40E-07
regulation of the force of heart contraction GO0:0002026 | 4.24E-07
regulation of muscle adaptation G0:0043502 | 7.38E-07
skeletal muscle contraction GO0:0003009 | 1.06E-06
heart contraction GO:0060047 | 1.06E-06
heart process GO:0003015 | 1.28E-06
muscle filament sliding GO0:0030049 | 1.34E-06
actin-myosin filament sliding GO0:0033275 | 2.29E-06
multicellular organismal movement GO:0050879 | 3.39E-06
musculoskeletal movement GO:0050881 | 3.39E-06
cardiac chamber morphogenesis G0:0003206 | 3.49E-06
cardiac ventricle development GO:0003231 | 3.49E-06
cardiac chamber development GO0:0003205 | 1.21E-05
actin-mediated cell contraction GO:0070252 | 2.02E-05
regulation of blood circulation GO:1903522 | 3.67E-05
cardiac muscle tissue development GO:0048738 | 4.35E-05
actin filament-based movement GO0:0030048 | 5.88E-05
heart morphogenesis GO:0003007 | 5.88E-05
regulation of heart contraction GO:0008016 | 2.24E-04
regulation of striated muscle contraction GO0:0006942 | 5.22E-04
muscle hypertrophy in response to stress GO0:0003299 | 1.87E-03
cardiac muscle hypertrophy in response to stress GO:0014898 | 1.87E-03
cardiac muscle adaptation GO:0014887 | 1.98E-03
regulation of actin filament-based movement GO:1903115 | 5.82E-03
regulation of actin filament-based process GO:0032970 | 4.00E-02

v muscle system process GO:0003012 | 1.30E-20
muscle contraction GO:0006936 | 7.17E-17
skeletal muscle adaptation GO:0043501 | 1.32E-14
striated muscle adaptation GO:0014888 | 3.41E-12
transition between fast and slow fiber G0:0014883 | 1.30E-11
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regulation of skeletal muscle adaptation
muscle organ development

muscle adaptation

striated muscle contraction

striated muscle tissue development

muscle organ morphogenesis

muscle tissue development

ventricular cardiac muscle tissue morphogenesis
cardiac muscle contraction

regulation of muscle system process
ventricular cardiac muscle tissue development
myofibril assembly

cardiac muscle tissue morphogenesis
regulation of muscle contraction

cardiac ventricle morphogenesis

muscle tissue morphogenesis

regulation of the force of heart contraction
regulation of muscle adaptation

muscle cell development

skeletal muscle contraction

heart contraction

cellular component assembly involved in morphogenesis
heart process

muscle cell differentiation

muscle filament sliding

sarcomere organization

actin-myosin filament sliding

multicellular organismal movement
musculoskeletal movement

cardiac chamber morphogenesis

cardiac ventricle development

negative regulation of calcineurin-NFAT signaling cascade
striated muscle cell differentiation

striated muscle cell development

cardiac chamber development

actomyosin structure organization
actin-mediated cell contraction

negative regulation of calcium-mediated signaling
regulation of blood circulation

cardiac muscle tissue development

actin filament-based movement

heart morphogenesis

regulation of calcineurin-NFAT signaling cascade
calcineurin-NFAT signaling cascade
calcineurin-mediated signaling

inositol phosphate-mediated signaling
regulation of heart contraction

skeletal muscle tissue development

skeletal muscle organ development
calcium-mediated signaling

regulation of striated muscle contraction

G0:0014733
GO:0007517
G0:0043500
G0:0006941
G0:0014706
G0:0048644
GO:0060537
G0:0055010
G0:0060048
GO0:0090257
G0:0003229
G0:0030239
GO:0055008
G0:0006937
G0:0003208
GO:0060415
G0:0002026
G0:0043502
G0:0055001
G0:0003009
G0:0060047
G0:0010927
GO0:0003015
G0:0042692
G0:0030049
GO:0045214
G0:0033275
GO:0050879
G0:0050881
G0:0003206
G0:0003231
GO:0070885
GO:0051146
GO0:0055002
G0:0003205
G0:0031032
GO0:0070252
G0:0050849
G0:1903522
GO:0048738
G0:0030048
G0:0003007
GO:0070884
G0:0033173
G0:0097720
G0:0048016
G0:0008016
G0O:0007519
G0O:0060538
G0:0019722
G0:0006942

1.87E-10
2.53E-10
1.42E-09
8.73E-09
1.14E-08
1.21E-08
1.48E-08
5.54E-08
7.20E-08
8.75E-08
1.01E-07
1.41E-07
1.67E-07
1.83E-07
2.60E-07
3.40E-07
4.24E-07
7.38E-07
7.38E-07
1.06E-06
1.06E-06
1.28E-06
1.28E-06
1.32E-06
1.34E-06
1.69E-06
2.29E-06
3.39E-06
3.39E-06
3.49E-06
3.49E-06
4.91E-06
5.92E-06
1.12E-05
1.21E-05
1.62E-05
2.02E-05
2.20E-05
3.67E-05
4.35E-05
5.88E-05
5.88E-05
6.60E-05
1.18E-04
1.46E-04
1.88E-04
2.24E-04
2.87E-04
3.42E-04
3.90E-04
5.22E-04
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regulation of calcium-mediated signaling
muscle hypertrophy in response to stress
cardiac muscle hypertrophy in response to stress
cardiac muscle adaptation

sarcoplasmic reticulum calcium ion transport
relaxation of muscle

response to activity
second-messenger-mediated signaling
regulation of actin filament-based movement
regulation of actin filament-based process
calcium ion transport

G0:0050848
G0:0003299
GO:0014898
G0:0014887
G0:0070296
GO:0090075
GO:0014823
G0:0019932
GO:1903115
G0:0032970
GO0:0006816

9.14E-04
1.87E-03
1.87E-03
1.98E-03
2.26E-03
2.71E-03
3.57E-03
5.45E-03
5.82E-03
4.00E-02
4.14E-02
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