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Why exercise builds muscles: titin mechanosensing
controls skeletal muscle growth under load
Neil Ibata1 and Eugene M. Terentjev1,*
1Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom
ABSTRACT Muscles sense internally generated and externally applied forces, responding to these in a coordinated hierarchi-
cal manner at different timescales. The center of the basic unit of the muscle, the sarcomeric M-band, is perfectly placed to
sense the different types of load to which the muscle is subjected. In particular, the kinase domain of titin (TK) located at the
M-band is a known candidate for mechanical signaling. Here, we develop a quantitative mathematical model that describes
the kinetics of TK-based mechanosensitive signaling and predicts trophic changes in response to exercise and rehabilitation
regimes. First, we build the kinetic model for TK conformational changes under force: opening, phosphorylation, signaling,
and autoinhibition. We find that TK opens as a metastable mechanosensitive switch, which naturally produces a much greater
signal after high-load resistance exercise than an equally energetically costly endurance effort. Next, for the model to be stable
and give coherent predictions, in particular for the lag after the onset of an exercise regime, we have to account for the asso-
ciated kinetics of phosphate (carried by ATP) and for the nonlinear dependence of protein synthesis rates on muscle fiber
size. We suggest that the latter effect may occur via the steric inhibition of ribosome diffusion through the sieve-like myofilament
lattice. The full model yields a steady-state solution (homeostasis) for muscle cross-sectional area and tension and, a quantita-
tively plausible hypertrophic response to training, as well as atrophy after an extended reduction in tension.
SIGNIFICANCE How intracellular signaling in muscle cells organizes a trophic response is a central question in exercise
science, rehabilitation practice, and the study of muscle homeostasis (including development, aging, and numerous
pathologies). Cells use time-integrated mechanical stimuli to initiate signaling cascades in a way that depends on the
strength and duration of the signal. Our work provides a quantitative analytical rationale for a mechanosensitive
mechanism for trophic signaling in muscle and gives evidence that the titin kinase domain is a good candidate for
hypertrophic mechanosensing. We expect advances in targeted exercise medicine to be forthcoming, specifically if the
exact structure of the mechanosensing complex bound to the TK domain and its downstream signaling cascade are
studied in more detail.
INTRODUCTION

Why does exercise build skeletal muscles, whereas long
periods of immobility lead to muscle atrophy? The anec-
dotal evidence is clear, and the sports and rehabilitation
medicine community has amassed a large amount of empir-
ical knowledge on this topic. But the community has not as
yet addressed and understood two key phenomena that
underly hypertrophy and atrophy: how does the muscle
‘‘know’’ that it is being exercised (when it is certainly
not the tactile sense, processed via the nervous system,
that is at play in this), and how does it signal to provoke
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a morphological response to an increase or a lack of
applied load? In some communities, there is a perception
that muscle grows after exercise because of its internal
repair of microdamage inflicted by the load. However, it
is obvious that such an idea cannot be true for several rea-
sons: most of the ‘‘tissue repair’’ occurs by growing con-
nective tissue, whereas we need an increase of intricately
hierarchical myofilament structure; also, this concept will
not account for atrophy developing in microgravity or after
extended bedrest.

Here, we develop a quantitative theoretical model that
seeks to explain both of these processes. To be useful, the
model must build on the relevant knowledge accumulated
from studies of the anatomy and physiology of muscles,
as well as the biological physics of molecular interactions
and forces.
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Muscles, their constituent cells, and the structure of their
molecular filament mesh must respond mechanosensi-
tively—i.e., in a manner that depends on the changes in
the magnitude of the forces and stresses that arise during
the contraction and extension of the muscle—at many
different timescales. At the fastest timescales (tens or hun-
dreds of milliseconds), skeletal muscles can produce near-
maximal force for jumping or for the fight-or-flight
response. Most muscles also go through cycles of shortening
and lengthening with a period of the order of a second in the
vast majority of sprint or endurance exercises (running,
climbing, etc.) At a much longer timescale of many days,
a muscle must also be able to measure changes in its overall
use to effect adaptive muscle hypertrophy or atrophy, ulti-
mately helping to prevent injury on the scale of months
and years.

How the muscle cell keeps track of the history of its load
and stress inputs within a number of intracellular output sig-
nals (which then go on to stimulate or inhibit muscle protein
synthesis) is inherently an incredibly complex biochemical
question. With the help of recent theoretical insights into
the folding and unfolding rates of mechanosensor proteins
under force, we hope to gain insights into the first part of
this puzzle for the specific case of muscle hypertrophy. To
make progress,we use a simplemodel for force-induced tran-
sitions between the different conformations of the titin kinase
(TK) mechanosensor. If the conformational change helps
create an intracellular signal, we can model the signal’s
strength in terms of the duration and intensity of the mechan-
ical inputs (external force on the TK domain in our case).
Force chain

The individual subcellular, cellular, and supercellular com-
ponents of a muscle act in concert to scale up a vast number
called sarcomeres. The typical length of a sarcomere is �2 mm, so there are �
Each sarcomere contains a number of parallel thick filaments (helical bundles

the thin filaments (F-actin, blue) to generate force. Within the myofibrils, the s

The typical cross-sectional area of a single muscle fiber substantially varies betw

counting for some 15% of the cell volume being outside of the myofibrils (6), th

tween which the macroscopic force F must be divided. Rather than using this aw

CSAwithin a single muscle fiber. A chemically activated muscle fiber with a CS

individuals (with a very large individual variation) (7), which translates to an ave

Section A.6). Training can increase the neural activation level (8) as well as the n

per filament (e.g., by stretch activation (9)). Because of this, we would expect resi

range (�500 pN).
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of molecular force-generating events into a macroscopic
force. The hierarchical structure of the muscle (see Fig. 1)
allows the macroscopic and microscopic responses to mirror
each other (10).

The sarcomere is the elementary unit of the muscle cell
and the basic building block of the sliding filament hypoth-
esis (11,12). Its regular and conserved structure, sketched in
Fig. 2 for the vertebrate striated muscle, allows for a series
transmission of tension over the whole length of the muscle.
In vertebrates, six titin molecules are wrapped around each
thick filament (13,14) on either side of the midpoint of the
sarcomere: the M-line.

During active muscle contraction, myosin heads (motors)
bind to actin and ‘‘walk’’ in an ATP-controlled sequence of
steps (15) along the thin filaments. When resistance is
applied, the myosin motor exerts a force against it. During
slow resistance training in both concentric and eccentric
motions, tension is passed along the sarcomere primarily
through the thin filament, myosin heads (16,17), and the
thick filament and into the cross-bridge region of the sarco-
mere where thick filaments are cross-linked with their asso-
ciated M-band proteins.

The load in each of the sarcomere components ultimately
depends on the relative compliance of elements. The relative
load on the thick filament and the M-band segments of titin
when the filament is either under internal (contracting) or
external (extending) load is discussed in Supporting mate-
rials and methods, Section A.4. It is well known that titin
is under load when the sarcomere is extended (18,19).
Recent x-ray diffraction experiments (20) suggest that that
the thick filament may be more compliant than originally
thought; if so, M-line titin is likely substantially extended
and loaded titin when the muscle actively generates force.
Others disagree (21) and attribute the change in line spacing
in diffusion experiments to a mechanosensitive activation of
FIGURE 1 The ‘‘textbook’’ hierarchy in the

anatomy of skeletal muscle. The overall muscle

is characterized by its cross-sectional area (CSA),

which contains a certain number (Nc) of muscle fi-

bers (the muscle cells with multiple nuclei or

multinucleate myocytes). A given muscle has a

nearly fixed number of myocytes: between Nc z
1000 for the tensor tympani and Nc > 1,000,000

for large muscles (gastrocnemius, temporalis, etc.

(1)). Muscle cells contain a variable number (Nm)

of parallel myofibrils (organelles), each of which

can be divided into repeated mechanical elements

105 of these elements in series along a fiber in a typical large muscle (2).

of myosin, red) whose constituent myosins pull on the actin polymers in

pacing between neighboring myosin filaments is �0.046 mm at rest (3,4).

een individuals and muscle types but is of the order of 4000 mm2 (5). Ac-

is means that a typical muscle fiber has �2,000,000 parallel filaments, be-

kward number, we will express our results in terms of the total myofibrillar

A of 4000 mm2 shows a force in the vicinity of 300–1000 mN for untrained

rage filament force of 150–500 pN (see Supporting materials and methods,

umber of active myosin heads and the maximal voluntary contraction force

stance training to lead the filament forces to tend toward the upper end of the



FIGURE 2 A sketch of the mechanically active

elements of sarcomere. The thick filaments are

cross-linked across the M-line, with six titin mole-

cules bonded to these filaments on each side of the

M-line. The full filament is under the measurable

microscopic force identified in Fig. 1, shown by

the blue arrow in the middle filament. At the mo-

lecular level, the force is borne by the individual ti-

tin and myosin filaments. If we assume that the

thick filament and titin extend by the same amount

during muscle contraction, then the graphical rela-

tionship between titin force and force in the thick

filament is illustrated in Fig. S3. This figure illus-

trates an additional possibility: if titin wraps

around the thick filament (top), then TK can lengthen substantially more than we consider in this work for titin extending with the thick filament (bottom).

The force in TK would be much higher, making TK bear more load and create a greater mechanosensitive signal.
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the entire thick filament at low forces. Either way, M-band
titin is under some tension during active muscle contraction.
This situation is sketched in Fig. 2.

We estimate the force in each filament both macroscopi-
cally and microscopically (see the full discussion in the Sup-
porting materials and methods, Sections A.2 and A.3). We
divide the force in the entire muscle by the number of active
myofilaments (see Fig. 1) to find a large variation in force per
filament in untrained individuals (150–500 pN) (7). Muscle
fiber neuronal and molecular activation increases with
training (8,9), so the higher forces are more likely represen-
tative of filament forces in trained individuals. The maximal
filament forces extrapolated from x-ray diffraction studies
(22) are higher at �600 pN, possibly because the actin
only partially binds to myosin in normal contractions,
maximal forces do not last very long, and the muscle does
not coordinate perfectly as a whole. In the Supporting mate-
rials and methods, Section A.4, we graphically find an
approximate relation between titin and thick filament force.
In particular, it suggests that the force per titin be close to
25 pN at the maximal voluntary contraction force.

In Section A.1 of the Supporting materials and methods,
we discuss different candidates of mechanosensitive
signaling in the sarcomere and highlight the reasons why titin
kinase is a particularly good candidate for this role and why
we have not considered some of these other candidates here.
TK is a mechanosensor of the ‘‘second kind’’

Cells sense and respond to the mechanical properties of their
environment using two main classes of force receptors. The
first type of mechanosensor responds immediately under
force (23,24). Mechanosensitive ion channels are the arche-
typal example of such a sensor and have been proposed to
play a role in tactile signaling (transforming a mechanical
signal into chemical) (23,25). However, the ions that they
use in signaling are rapidly depleted, making it difficult
for these sensors to signal in response to a sustained force.

The other type of mechanosensor, dubbed of the ‘‘second
kind’’ by Cockerill et al. (26), can either indirectly ‘‘mea-
sure’’ the response coefficients or time integrate an external
force acting on the molecule. The focal adhesion kinase
(FAK)mechanosensor (27,28) is a good example; it can sense
substrate stiffness bymeasuring the tension in the integrin-ta-
lin-actin force chain, which binds a cell to its extracellular
matrix. FAK and the TK domain both open under force,
can be phosphorylated, and appear pivotal to mechanosensi-
tive signaling of the second kind; they also have many struc-
tural similarities. TK has already been suggested to act as a
mechanosensor (29–31), and although recent experimental
work has focused mainly on other regions of the titin mole-
cule, we believe that it is worth returning to the TK domain
to examine it as a time-integratingmechanosensor. In the Re-
sults below,we see that themetastability of the TKopen state,
when the muscle is under steady-state passive tension, can
indeed allow for the TK domain to help produce increased
signal levels long after the end of an exercise session.
TK domain opens under force

Many signaling pathways use a molecular switch to initiate
a signaling cascade. One of the most common post-transla-
tional modifications of proteins involves the reversible addi-
tion of a phosphate group to some amino acids (mainly
tyrosine); this addition alters the local polarity of the target
protein, allowing it to change its shape and bind a new sub-
strate (32). Phosphorylation can form the basis for signaling
if an input changes the protein’s conformation, from a native
folded conformation that cannot bind to a phosphate group
(often called ‘‘autoinhibited’’) to an ‘‘open’’ conformation
in which the geometry of the molecule allows phosphate
groups to be donated to the phosphorylation site (27). The
phosphorylated protein can then bind to a third substrate
molecule and can either directly catalytically affect or indi-
rectly activate a signaling pathway.

Protein unfolding under force has been analyzed exten-
sively, beginning with studies of the titin Ig domain
(33,34). These experiments show characteristic force-exten-
sion curves, which can help deduce the transition energies
between conformations for the molecules in question. We
Biophysical Journal 120, 1–15, September 7, 2021 3
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note that the Ig domains unfold under quite a high force
(33,35,36) and could initially appear to be candidates for
mechanosensors too. However, very few phosphorylation
sites have been found on the Ig domains compared with
the remainder of the molecule (37), suggesting that they
do not contribute to force-induced signaling, but rather
help control the length of the titin molecule and avoid im-
mediate sarcomere damage under high load.

Titin kinase was initially thought to be the only catalytic
domain on titin (38). Bogomolovas et al. (39) suggest that
TK acts as a pseudokinase, simply scaffolding the aggrega-
tion of a protein complex when it is phosphorylated and
allowing for another protein to be allosterically phosphory-
lated. Computational and experimental studies of TK have
shown that its force-length response also follows a charac-
teristic stepwise unfolding pattern, but with much smaller
steps than those observed for the Ig domains. In particular,
atomic force microscopy (AFM) experiments (29) show
that the presence of ATP (an energy supply) changes the
conformational energy landscape of the molecule as it is
stretched. This shows that the molecule possesses a long-
lasting open conformation of its TK domain, in which it
can accommodate the recruitment of signaling molecules
upstream of a mechanosensitive signaling pathway before
the protein unfolds completely and potentially loses its
signaling ability. Being the largest known molecule in verte-
brates, titin interacts with an unsurprisingly large number of
molecules (40,41); Linke et al. (42) summarized this knowl-
edge in a protein-protein interaction network, shown in their
Fig. 2, in which in particular the nbr1 and MuRF pathway
(localized in the M-band) is shuttled into the nucleus, lead-
ing to SRF and transcription of new actin.
MATERIALS AND METHODS

Methods used in modeling

We model a resistance training repetition as a piecewise function for force.

During the loading phase (start at t ¼ 0), the force increases from the initial

force f(t¼ 0) and asymptotically approaches the maximal force per filament
4 Biophysical Journal 120, 1–15, September 7, 2021
fmax during the repetition with a rate kf z 30 s�1. The full-muscle rate of

force development is substantially lower at �5 s�1 (43), but we assume

that there is a lag due to the macroscopic muscle providing some slack

before macroscopic force development. It therefore seems likely that the

molecular rate of sarcomere force development (which impacts the rate

of titin being placed under force) is closer to the much faster rate of force

increase during muscle tetani. During the unloading phase, the muscle force

decreases with a fast rate (the same rate as force development for tetani, a

bit slower for twitches, but ultimately insignificant relative to the timescales

of repetition). The force per titin, as well as the muscle opening and closing

rates k� and kþ, is calculated at every time step. Because the TK conforma-

tions quickly change during exercise, the next time step of the numerical

integration is adaptively calculated at each time step as a fraction of the

greatest fractional change in all of the molecular species in the model.

Several repetitions make up a set, and several sets make up an exercise ses-

sion. The exercise regime is assumed to be adaptive such that the repetition

force on TK remains constant as the total myofibrillar cross-sectional area

(CSA) increases.
The model

Here, we explain why we believe that the kinetic processes schematically

shown in Fig. 3 are the necessary elements for any TK-based treatment

of mechanosensing of the second kind and of subsequent mechanosensitive

intracellular signaling. Our model can be divided into three parts:

1. The opening and phosphorylation of the TK domain. This stage is highly

nonlinear because TK opens as a mechanosensitive switch and because

the mechanosensitive complex binds allosterically. The open state is

metastable if the muscle is under a steady-state load.

2. The creation and degradation of signaling molecules, new ribosomes,

and structural proteins. All of these rates can be approximated as

linear, apart from a size feedback term, which arises because ribo-

somal diffusion is sterically hindered in large cells (see discussion

below).

3. Exercise can only be so hard before the muscle depletes its short-term

energy supplies. The balance between energy generation from oxidative

phosphorylation and the depletion of short-term energy stores has to be

considered to correctly model the dynamic response.

Opening and phosphorylation of TK domain

The energy barrier for the transition between the ‘‘closed’’ native domain

conformation and the ‘‘open’’ conformation that supports ATP binding

and phosphorylation is the key determinant of the kinetic transition rates be-

tween the two TK states. AFM data collected by Puchner et al. (29) are

essential here; we match the relevant TK conformations to their data and
FIGURE 3 Sketch of the kinetic processes that

link titin kinase opening and phosphorylation, me-

chanosensing complex formation, signal activa-

tion, ribosome biogenesis, and the increased

synthesis of structural proteins (of these, only actin

is listed for simplicity).



Why exercise builds muscles

Please cite this article in press as: Ibata and Terentjev, Why exercise builds muscles: titin mechanosensing controls skeletal muscle growth under load,
Biophysical Journal (2021), https://doi.org/10.1016/j.bpj.2021.07.023
explain how to extract several important model parameters in Sections A.4

and A.5 of the Supporting materials and methods.

In the absence of any signaling, the concentration of total (free þ bound)

ATP is constant, and the transitions from closed to open to phosphorylated

TK domain conformations are simple and reversible.

1. Closed 4 open: TK can open under force with a force-dependent rate

constant kþ(f) and likewise close with a force-dependent rate constant

k�(f). Here, we use the framework of (28) to derive these two rate con-

stants. The concentrations of the closed and open conformations are nc
and no, respectively; cf. Fig. 3.

2. Open 4 phosphorylated: the open state of TK can be phosphorylated

with a rate constant kp; the total rate of this process depends on both

the concentration of ATP and of the open TK, [ATP] and no. The phos-

phorylated state with the concentration np can also spontaneously de-

phosphorylate with a rate constant kr but cannot spontaneously close

until then.

This cyclic reaction, illustrated in the TK section of Fig. 3 is described by

the kinetic equations for the evolution of nc, no, and np:

dnc
dt

¼ � kþnc þ k�no; (1)

dno

dt

¼ kþnc � k�no � kpno½ATP� þ krnp; (2a)

dnp

dt

¼ kpno½ATP� � krnp; (3a)

and

nc þ no þ np ¼ ntitinðconstraintÞ; (4a)

where the last condition encodes the total concentration of TK units; this is

equal to the concentration of titin and remains constant on the timescale of

signaling. These equations are examined in the Supporting materials and

methods, Section A.6, in which they are shown to adequately reproduce

the phosphorylation kinetics of TK measured by Puchner et al. (29),

providing an a posteriori justification for their use.

Signal generation from phosphorylated TK

The phosphorylated TK domain can bind the zinc finger domain protein

nbr1 (44) and begin to form an aggregate; the concentration of the signaling

complexes ns must be introduced with a new separate kinetic equation. The

mechanosensing complex identified in the most general formulation by

Lange (44) is a multispecies aggregate, which we consider in more detail

in the Supporting materials and methods, Section A.7.

SRF, the mechanosensitive signaling molecule in the Lange model, is

known to undergo activation by phosphorylation (45,46). There are

many phosphorylation sites on nbr1 and p62, and some on MuRF (47),

which suggests that SRF could be activated by phosphate transfer origi-

nating from TK. An activation would most likely irreversibly alter the

conformation of the signaling complex and result in the disassembly of

the complex every time a new signaling molecule was activated.

Assuming that the complete mechanosensing complex has a time-inde-

pendent probability to disassemble, with a rate kdnsns, we estimate the

corresponding rate constant kdns from experiments (48) that show the in-

crease in phospho-SRF (activated signal) after exercise. They find that the

level of activated SRF binding to DNA increases by a factor of 2 an hour

after skeletal muscle cell contraction and reaches half of its maximal

increase after 10 min of exercise. This means that the degradation rate

of the mechanosensing complex occurs with a half-life of �10 min

(kdns z 1/600 s�1).
We can now rewrite our kinetic equations to add the formation and degra-

dation rates of the signaling complex, as well as the activation of the SRF

signal, to Eq. 1:

dno
dt

¼ kþnc � k�no � kpno½ATP� þ krnp þ kdnsns; (2b)

dnp

dt

¼ kpno½ATP� � krnp � ksnp; (3b)

dns

dt

¼ ksnp � kdnsns; (5)

nc þ no þ
�
np þ ns

� ¼ ntitinðconstraintÞ; (4b)
and

dnSRF
dt

¼ kdnsns � kdsnSRF: (6)

The concentration of ATP is expressed in number per titin; the total phos-

phate is assumed to scale proportionately to the size of the myofibril and the

number of titin molecules. In the Supporting materials and methods, Sec-

tion C, we also track the kinetics of ATP depletion during intense exercise.

The additional equations are mathematically more complicated and do not

help understand the full model but are included in the numerical simulations

in the Results.

These are the core equations that describe the relatively fast activation of

a signaling molecule during muscle loading. We show in the Results below

that they display a very pronounced switching behavior; in other words,

small changes in tension result in large changes to the signal concentration.

We also find that these equations support an increase in the concentration of

signal (possibly SRF) for a substantial time of the order of a couple of days,

which could help account for the immediate increase in protein synthesis

postexercise. But we shall see in the next section that a simple one-step

signal cannot by itself account for the observed time dependence of

hypertrophy.

Muscle protein synthesis after mechanosensor signaling

The constituent molecules of most signaling pathways have a short

lifetime relative to that of the structural proteins. It is also well docu-

mented that a few bouts of exercise do not have a tangible effect on

muscle volume and that muscle takes at least a few weeks to begin

to show visible hypertrophic adaptations. The debate on whether true

hypertrophy is soon detected or whether initial postexercise changes in

muscle CSA are the signs of muscle microdamage is a rather fraught

one (49–52). Three weeks of resistance training appears to be a consensus

time, after which true hypertrophy is actually detected. This means that

there has to be a way of ‘‘integrating’’ the signal over such a long period

of time, beyond the scope of the simple force integration supported by a

metastable open state of TK. Here, we combine the above model of me-

chanosensitive signaling with a simple model of protein synthesis from

a signaling molecule and propose a mechanism by which this integration

may occur.

Based on a review and discussion of the current literature in the Sup-

porting materials and methods, Section B.2, we conclude that it is likely

an increase in ribosome biogenesis (rather than the temporary increase

in mRNA transcript number) that allows for this ‘‘time integration’’ of

the signal. Its effect would be to suppress fluctuations in the concentration

of TK conformations or signaling molecules, smoothly increasing the con-

centration of the structural muscle proteins over the time similar to the

half-life of ribosomes. We suggest that this effect could help explain the
Biophysical Journal 120, 1–15, September 7, 2021 5



TABLE 1 Values of rate constants directly obtained in

experiments or simulations or extrapolated from the data

presented

Constant Value (s�1) Source

kp 0.07 M�1 (29)

kr 6 (29)

ks 10�8–10�6 (82)

kdns 0.002 (44,48)

kds 10�5 (83)

kst 10�5 (84–86)

kdt 4 � 10�6 (87)

ksr 0.1 (88)

kdr �9 � 10�7 (89,90)
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delay of a few weeks between starting resistance exercise and the first

detection of measurable muscle growth, as noted by trainers and rehabil-

itation specialists.

New experiments show that sarcomeric proteins are synthesized in situ at

the sarcomeric Z-line and M-band (53). As far as we are aware, ribosomal

subunits can only move by diffusion, whereas mRNA can be actively trans-

ported to the synthesis site. The inhibition of the diffusion of ribosomal sub-

units by the myofilament lattice (54) could reduce the synthesis of new

sarcomeric proteins by a sizeable amount (5–10%) in adult myocytes.

The fractional reduction in titin synthesis can be written in the form

�antitin, where the coefficient a depends on the ribosome diffusion con-

stant, the lattice spacing, and the rate of lysosomal degradation. This

term has several important consequences; it provides a bound on muscle

growth or shrinkage, and it affects the speed of muscle size adaptations.

We examine this point in more detail in the Supporting materials and

methods, Section B.4.

We use the number of titin molecules ntitin in the muscle fiber cross sec-

tion as a proxy for the muscle fiber CSA because the hierarchical sarcomere

structure is well conserved in most muscles at rest. When necessary, one can

convert from one to the other, as in Fig. 1. Eqs. 1, 2b, 3b, 4b, 5, and 6 are

combined with the following equations (more details in the Supporting ma-

terials and methods, Section B):

dnrRNA
dt

¼ ksrnSRF � kdrnrRNA (7)

and

dntitin
dt

¼ kstnrRNAð1�antitinÞ � kdtntitin: (8)

In the Supporting materials and methods, Section E, we consider the

possibility that the force produced by the muscle does not scale linearly

with muscle size. It is unclear exactly how much active muscle force

scales with muscle size. Krivickas et al. (7) find that force increases

slower at larger muscle CSA, whereas Akagi et al. (55) do not see a substan-

tial nonlinearity between force and myofiber volume. So, in the main

body of this work, we proceed with the simplest assumption of the linear

scaling.
RESULTS

The steady-state load required for the muscle to maintain
homeostasis can be obtained analytically. Once we have
‘‘zeroed’’ our problem by checking that this value makes
sense in terms of steady-state tension (muscle tone) in the
Supporting materials and methods, Sections B and C, we
consider the dynamics of Eqs. 1, 2a, 2b, 3a, 3b, 4a, 4b,
and 5 for TK only to show that it does indeed open as a
metastable mechanosensitive switch. After that, we will pro-
ceed to study what effects different types of resistance exer-
cise have on muscle fiber CSA and compare them with
reports from the literature.
Steady state

The steady-state solution to Eqs. 1, 2a, 2b, 3a, 3b, 4a, 4b, 5,
6, 7, and 8 is obtained in the Supporting materials and
methods, Section D. We find the following tension per indi-
vidual TK domain:
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where the shorthand z is the ratio of synthesis/degradation
coefficients:

z ¼ kstð1� antitinÞksksr
kdtkdrkds

: (10)

The first key result here is that the force on the TK
domain, which maintains a steady-state muscle fiber CSA,
is determined almost exclusively by two parameters: the en-
ergy barrier DG0 between the closed and open conforma-
tions of the TK domain, and the unfolding distance umax.
It is clear that changing any of the coefficients in the loga-
rithm in Eq. 9 would only have a minor effect on the
steady-state force. The typical resting muscle forces are
plotted in Fig. 4 as a function of DG0 and umax (illustrated
in Fig. S5). The typical homeostatic force experienced by
a TK domain is of the order of 2–10 pN.

The other key point is that a small change in the muscle
steady-state force (perhaps supported by an increase in
tendon tension, which lengthens the sarcomeres) can main-
tain a large change in muscle size. The fractional change in
the steady-state muscle tone as a function of the fractional
change in muscle size is plotted in Fig. 5.

Combining Supporting materials and methods, Sections
A.2 and A.3 (maximal thick filament force) and Section
A.4 (titin force in terms of thick filament force), we estimate
the force per titin during a contraction at the maximal volun-
tary contraction (MVC) to be�25 pN. In the low-load
regime, there is very little active muscle force (otherwise
known as muscle tone), perhaps only 1–2% of the MVC
force (56) (at most �1–2 pN per TK if titins were to bear
most of the load), which matches well with the relative ox-
ygen consumption in resting muscle (57). When sarcomeres
operate at their optimal length, a non-negligible passive



FIGURE 4 Steady-state force (expressed in piconewtons, labeled in con-

tour lines) from (9) as a function of the TK activation energy DG0 and the

opening distance of the mechanosensor umax. DG0 is expressed in dimen-

sionless units scaled by the thermal energy b ¼ 1/kBT, with T ¼ 310 K.

The values of rate constants are given in Table 1, and the following typical

concentrations were used: pþ ¼ 2000 per titin, nbr1st ¼ 0.1 per titin, and

s ¼ 0.5. The circle marks the ‘‘sweet spot’’ in which the likely values of

umax and DG0 should be. Note that both DG0 and umax are fixed physiolog-

ical values, as is the maximal steady-state force. We do not have precise

values for any of these (see Supporting materials and methods, Section

A.5 for a more detailed explanation of the uncertainty in DG0), so it is still

instructional to plot our model’s prediction of the steady-state force for

different plausible values of the other two constants. To see this figure in

color, go online.

FIGURE 5 Fractional change in steady-state muscle force (vertical axis)

versus fractional change in muscle size (horizontal axis), from (9). Note

that Dntitin ¼ �ntitin (the left limit of the axis) represents a complete degra-

dation of the muscle. The values of opening energy DG0 are labeled on the

plot. The values of rate constants are given in Table 1, and the following

typical concentrations were used: pþ ¼ 2000 per titin, nbr1st ¼ 0.002 per

titin, and s ¼ 0.5. The maximal opening distance of TK was taken as

umax ¼ 27 nm. The values for DG0 and umax were estimated from AFM

data and molecular dynamics simulations conducted by Puchner et al.

(29) in the Supporting materials and methods, Section A.5. To see this

figure in color, go online.
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tension is developed by, among other effects, the extension
of titin (58). In this regime, most of the load originates from
this baseline stretch in the sarcomeres; indeed, Whitehead
et al. (59) found that passive tension at the optimal sarco-
mere length was of the order of 5–10% of the MVC force.
The passive tension value is much more consistent with
our estimate for the resting tension per titin in the steady
state (see Fig. 4).

Note that the passive force in the resting sarcomere can be
substantially dialed by changing the stiffness of titin; the
increased tension of the resting muscle would allow it to
adjust to resistance training much more readily. The titin
stiffness slowly diminishes after exercise, but the temporary
increase in stiffness could also contribute to the ‘‘time inte-
gration’’ of the mechanosensitive signal. This complication
is beyond the scope of our model.
Titin kinase as a metastable mechanosensitive
switch

In Fig. 6, we see that TK obeys switching kinetics: above a
critical load, its closed conformation is no longer favored.
However, the low TK opening and closing rates kþ and k�
plotted in Fig. 7 do not allow TK to quickly change between
its conformations at physiological loads. If resistance exer-
cise increases the number of open TKs, their number will
remain elevated up to days after exercise; in other words,
the TK open/phosphorylated/signaling complex-bound state
is metastable. We use numerical simulations to explore this
point further in the next section.

TK signaling increases linearly with exercise duration
(barring the effects of fatigue), whereas opening rates (and
signaling) increase exponentially with force in TK.
Although TK force scales roughly linearly with myosin
force (see Fig. S3), this allows mechanosensitive signaling
to increase much faster than the corresponding energetic
cost at high exercise force. At very high forces, however,
it appears that TK force increases much more slowly than
myosin force, leading to a plateau in the efficiency of me-
chanosensitive signaling (Fig. S4). Excluding mechanosen-
sitive signaling at the steady-state force (which is efficient
because thick filament force is low but does not do much
to change muscle CSA), signaling in response to resistance
training is always more effective as the load increases until
at least about �70% of the MVC force. Our model does not
extend to how muscle fatigue induces changes in muscle
stiffness (60,61), which could alter TK signaling kinetics
at high forces as well.
Long-term mechanosensitive signaling and
response

To compare our model with experimental data in the litera-
ture, we consider a ‘‘typical’’ resistance exercise session
consisting of three sets of 10 repetitions (more details in
the Materials and methods section above). This mimics a
Biophysical Journal 120, 1–15, September 7, 2021 7



FIGURE 6 Log plot of the steady-state concentration of the TK confor-

mations (blue, closed; red, open; orange, phosphorylated; green, bound to

the mechanosensor complex) as a function of the steady-state force per titin

from (9). As the steady-state force increases, the preferred conformation of

TK switches from closed to a fixed ratio of open/phosphorylated/signaling

complex bound. This plot is for DG0 ¼ 35kBT. Note that the molecule

switches from being preferably closed to preferably open/phosphorylated/

signaling slightly above the steady-state force of a few piconewtons. But

even though the steady-state conformation may be favored at forces even

slightly above the resting muscle tension, titin takes a long time to open

enough to actually signal in large numbers because the opening rate kþ is

much less than 1 s�1 at low and medium forces (see Fig. 7 for an illustration

of this behavior). To see this figure in color, go online.

FIGURE 7 Log plot of the closing rate k� (brown) and opening rates kþ
for different values of activation barrier DG0, as labeled on the plot. Even

when TK opening is favored, at kþ > k�, the opening rates are much less

than 1 s�1, meaning that TK opens linearly with increasing time under

load and exponentially with increasing force. We suggest that this behavior

is the basis for high-intensity resistance training; doubling the force in-

creases mechanosensitive signaling by several orders of magnitude. To

see this figure in color, go online.
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common resistance training program (see, e.g., DeFreitas
et al. (49), who set up resistance training sessions with
8–12 repetitions to failure over three sets). Choosing a spe-
cific value of repetition force is not straightforward because
although most force studies consider MVC force, most hy-
pertrophy programs compare the training load to the single-
repetition maximal load for a given exercise. The muscle
force during one full repetition is necessarily smaller than
the instantaneous force. Determining the corresponding
force per TK might be further complicated because titin is
under more load when the muscle is stretched (passive
force) than when it is actively contracting. Nevertheless,
our choice of 20 pN per titin seems to be supported by
several factors discussed here and in the Supporting mate-
rials and methods.

We simulate a typical exercise session as a fixed number
of repetitions at a given force, grouped into a fixed number
of sets, as shown in Fig. 8 a (more details in the Materials
and methods). During each repetition, the opening rate kþ
of TK becomes much greater than its closing rate, which
decreases the proportion of closed TK and increases its pro-
pensity to signal. Because the muscle is under a combination
of passive and active tension at rest, the closing rate of titin
is small after exercise, even though it is greater than the
opening rate (see Fig. 7). This allows TK to revert to its
steady-state conformation after a time of the order of hours
to days, in a manner that depends on the number of attempts
at crossing the energy barrier between the closed and open
conformations (see Supporting materials and methods, Sec-
tion A.5), as well as the height of the activation barrier DG0.
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The metastability of the open state at steady-state tension
would then naturally allow the muscle to produce a mecha-
nosensitive signal long after the end of exercise. This might
account for the increase in myofibrillar protein synthesis in
the 2 days after exercise, specifically resistance training
(62,63).

The important aspect of exercise, naturally reflected in
our model, is the effect of ATP depletion. To make it clearer,
we plot the same data as in Fig. 8, zooming in to just one
(the first) set of repetitions in Fig. 9. Both myosin motors in-
crease their ATP consumption under the high load, and the
freshly open TK domains require ATP for phosphorylation.
During the high-intensity loading, the level of ATP could
drop below a critical value, after which the muscle would
no longer be able to maintain the force: the only option is
to drop the weight and return to the steady-state force recov-
ery stage. We see that this effect occurs after a few repeti-
tions in Fig. 9. We also find, in this simulation of model
exercise, that subsequent sets of repetitions have this cutoff
(driven by ATP depletion) of the later loading periods
becoming less pronounced because the overall level of
ATP marginally increases during the session.

ATP/creatine phosphate recovery between repetitions and
sets is driven by speed at which the body can perform
glycolysis, which in turn is dependent on the oxygen uptake
rate (64). The rate of aerobic ATP resynthesis can be linked
to the oxygen uptake per unit muscle volume (VO2max/L,
the maximal uptake velocity, is a well-reported physiolog-
ical parameter). This process is only �40% efficient (65)
and accounts for much of the mechanical inefficiency in
muscle (which has been reported as between 20 and 50%
(66), depending on the stage of exercise. These necessary
parameters are included in the model, which is expanded
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b

FIGURE 8 Simulation of an exercise session involving three sets of ten

10-s repetitions. (a) All repetitions are performed at the same force per titin,

but their duration is cut short upon reaching exhaustion. As the number of

titins increases, we assume that the training regime adapts by proportion-

ately increasing the repetition force. (b) The depletion of ATP leads to a

temporary drop in phosphorylated TK during exercise. However, the sum

of open, phosphorylated, and signaling complex-bound TK steadily in-

creases during the exercise. Because the closing rate of TK is quite low

(of the order of 10�5 s�1, depending on the number of attempts at crossing

the energy barrier and the barrier height DG0), the baseline concentrations

of phosphorylated and signaling TK conformations remain elevated after

exercise. To see this figure in color, go online.

FIGURE 9 The first set of ten 10-s repetitions from Fig. 8. Note that the

repetitions become shorter as ATP runs out during the period of high load;

as the ATP level falls below a critical value (which we set to a half of the

homeostatic level), the muscle can no longer sustain the load, and the

only possibility is to drop the weight and return to the steady-state force.

So, the period of loading becomes shorter than the prescribed period, shown

in a dashed line in the plot and arrows marking the prescribed period. To see

this figure in color, go online.
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in the Supporting materials and methods, Section C. Viscous
loss in muscles, basement membranes, fascia, and tendons
likely accounts for a substantial part of the remaining energy
dissipation (67–69), in a manner that depends on muscle
length (70). However, if we assume that the internal energy
dissipation in the thick filament-titin superstructure is min-
imal compared to the other sources of viscous energy dissi-
pation (e.g., by filaments moving relative to their nearest
neighbors), the force produced by the individual myosin
motors during concentric muscle action will be directly
related to the tension in the titin kinase domain. Further-
more, very recent work (71) suggests that viscous dissipa-
tion forces in the sarcomere are relatively minimal
compared with active myosin force. Because of the inherent
difficulty with any analysis of dissipative forces of this kind,
we simply consider the microscopic TK tension to be
directly proportional to the forces developed by the myosin
motors attached to that filament.

In Figs. 10 and 11, and afterward, we return to measuring
the muscle ‘‘size’’ directly by the total myofibrillar CSA (by
converting to that from the measure of titin molecules,
which is equivalent but carries less intuitive appeal).
Because the volume of a myonuclear domain is close to
16,000 mm3 and remains conserved in a developed adult
muscle (73) and the density of titins is also an approximate
constant (�3000 per mm3; see Fig. 1)—or an alternative
equivalent estimate, the density of titins across the unit
area of CSA (�6000 per mm2)—it allows quantitative mea-
sure of CSA as our output.

Also note that because in this test, we are applying a con-
stant force per titin and the CSA increases with time, this
means that the actual exercise load to the whole muscle
must be increasing proportionally (in our simplified model,
the relation between CSA and ntitin is linear) to achieve the
optimal growth.

In Fig. 10, we test the long-term consequences of a regu-
lar resistance training program (the standard model exercise
as in Fig. 8 a, repeated every 3 days). Several curves are pre-
sented, showing the final homeostatic saturation level, and
the time to reach it, dependent on the key model parameter:
the energy barrier DG0 for TK opening. The earlier discus-
sion based on the data obtained by Puchner et al. (29) and
the structural analogy between TK and FAK (27,74) suggest
that DG0 could be around 30kBT (or �75 kJ/mol).

The comparison between plots in Fig. 10, a and b is impor-
tant. As our model relies on the value of force per titin f, the
total load on the muscle is distributed across filaments in par-
allel across the CSA. So, if one maintains the same exercise
load, the effective force per titin diminishes in proportion to
the growing CSA, the result of which is shown in Fig. 10 a. In
contrast, one might modify the exercise by increasing the to-
tal load in proportion with CSA; Fig. 10 b shows the result of
Biophysical Journal 120, 1–15, September 7, 2021 9



a
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FIGURE 10 Time course of muscle growth in response to a regular resis-

tance training program (exercise of Fig. 8, every 3 days). (a) The total mus-

cle load F is kept constant, so the force per titin f effectively diminishes as

the CSA increases. (b) The force per titin f is maintained constant (20 pN, as

discussed before), which effectively implies that the total muscle load F in-

creases in proportion with CSA (vertical axis). Several curves for different

values of the energy barrier DG0 are labeled on the plot. As might be ex-

pected, muscle CSA changes are faster and greater in magnitude if the en-

ergy barrier DG0 is smaller (i.e., TK opens faster during exercise, and

signals to a greater extent). We overlay the predictions of our model with

measurements of fractional changes in muscle CSA over an 8-week period,

measured by De Freitas et al. (49) (red crosses, same values in both plots).

An initial force per titin of 20 pN matches well with real data, showing an

�1% growth per week. To see this figure in color, go online.

a

b

FIGURE 11 Time course of muscle response for different exercise fre-

quencies. Here, we take bDG0 ¼ 35 (see Fig. 10) and a representative value

of ribosome diffusion inhibition antitin ¼ 0.1 (see discussion in Fig. 12 for

further details). (a) Full duration of the simulation: the total myofibrillar

CSA asymptotically tends to a steady state after a few years. (b) The onset

of muscle hypertrophy lags the start of the exercise regime by about a week

because TK opening rates are slow and the signal is ‘‘integrated’’ by a combi-

nation ofSRFand ribosomes. The initial rate of changeof the totalmyofibrillar

CSA can be compared with experiments, which show�1%CSA changes per

week in response to high-intensity resistance exercise (72). This simulation

shows a similar rate of CSA change, which means that a TK maximal force

of�20pNduringhigh-intensity resistance exercise couldproduce anadequate

signal for muscle hypertrophy to occur. Because of the switch-like nature of

TK, it is unlikely that this maximal load on TK could be too different from

20 pN. This force value is consistent with a picture in which the myosins

bear most of the load during active muscle contraction and titin acts as a par-

allel stretch sensor. To see this figure in color, go online.
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such an adaptive regime. In the nonadaptive case, the final
saturation is reached in about a year, and the total CSA in-
crease is�30% (assumingDG0¼ 30kBT). In the adaptive ex-
ercise, the final saturation is reached much slower, but the
total myofibrillar CSA increase is �88%, almost doubles
the myofibrillar component of the muscle volume in�2 years
time. It is reassuring that the experimental measurement of
De Freitas et al. (49) of CSA growth over a period of 8 weeks,
in a similar exercise regime, quantitatively agrees with our
prediction of�1% CSA increase a week in the initial period.

The regularity of the exercise has a strong effect; the
long-term magnitude of hypertrophy predicted by the model
is affected by what happens on the daily basis. Fig. 11 a
compares the long-term results when the interval between
the model exercise Dtex varies from frequent to very sparse
bouts (the Dtex ¼ 3 days case in Fig. 10). We find that the
extent of muscle hypertrophy is roughly linearly dependent
on the exercise frequency.
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We have seen that the TK mechanosensor can increase the
rate of signal activation for an extended periodof time after ex-
ercise. But this signal does not directly correlate with protein
synthesis in the immediate aftermath of exercise. In particular,
there is a known lag between the start of an exercise regime
and the detection of muscle hypertrophy (51,52). This lag
can be accounted for in our model if ribosomes are the main
factor limiting an increase in protein synthesis and must be
made more abundant before hypertrophy can occur (see
Fig. 11 b). The remainder of the results section uses the full
model, which includes SRF (signaling), ribosomes, and titin
number.
Adaptations to resistance training exercise

We showed in section 2 above that constant titin kinase me-
chanosensing at the steady-state muscle tension allows the
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muscle to maintain its size. To consider dynamic changes in
muscle size, we must first assure ourselves that it reaches a
new steady state; secondly, that it predicts that muscles grow
with the correct time dependence; and finally, we must
check whether the model predictions for the magnitude of
change in muscle size are in a reasonable range, given
that we have no free parameters (all rate constants and con-
centrations are independently known).

In Fig. 12, we see that both muscle growth during the
exercise program and muscle detraining after exercise pro-
gram ends are strongly dependent on the feedback from
the slow diffusion of ribosomes across the large and steri-
cally hindered sarcoplasm. Greater muscle fiber CSA at
the start of training implies more ribosomal diffusion block-
ing, hence a higher hindrance term antitin, resulting in a
faster, lower-magnitude response to the same training
load. This behavior is qualitatively observed in the litera-
ture; strength-trained athletes respond to a much lesser de-
gree to a resistance training regime (see, e.g., (72)).

After stopping a resistance training program, muscle CSA
slowly decreases, eventually returning to its pretrained ho-
meostatic value. The time course of detraining is harder to
investigate. Low values of 2 months (8,75) for skeletal mus-
cle to several years for recovering hypertrophic cardiac mus-
cle (76) have been reported. In our model, we observe
reasonable time courses that match this range for detraining
for a 5–10% degradation of ribosomes before they arrive at
the sarcomere or for very low force feedback in the range of
0.001 < m < 0.005 (see Fig. 12).

There are some exceptions to this; career athletes main-
tain significantly higher muscle CSA a long time after
retiring (77), and the body maintains a memory of prior
FIGURE 12 Time course of muscle growth and loss (starting after

600 days of hypertrophy) in response to a regular resistance training pro-

gram (every 3 days) with three sets of 10 repetitions at 20 pN per titin

(our estimate of �70% 1RM), followed by detraining. The diffusive feed-

back depends on the degree of sarcoplasmic titin degradation, which in turn

increases with myonuclear domain size and lysosomal activity. Slow de-

training may combine with an initial fast loss due to atrophic conditions

(see below). In this case, a 5–10% ribosome degradation en route to the titin

synthesis sites (0.05< antitin< 0.1) appears to support training and detrain-

ing at the correct rates; see (8,49,75,76). To see this figure in color, go on-

line.
resistance training events (78) by changing its methylome.
It seems likely that the body can develop and maintain a
higher resting muscle tone if chronic resistance training
changes the molecular architecture of the muscle. This
complication is beyond the scope of our model.
Atrophy and recovery from bedrest or
microgravity

When the body is subjected to bedrest, microgravity (79),
famine (80), or as the consequence of several pathologies
(81), muscle size can very rapidly decrease. Any mechanism
that increases degradation rates (SRF, ribosomes, and titin
degradation rates in our model; see Table 1) will necessarily
cause atrophy, and our model confirms this (see Supporting
materials and methods, Section E for detail).

Extended periods of bedrest and microgravity are the
more interesting atrophy-inducing conditions to study in
the context of mechanosensing, as it is the sudden lack of
tension that promotes muscle degradation. In other words,
the steady-state force applied to the muscle (the homeostatic
tone) is suddenly decreased, and the muscle metabolism re-
sponds. We find a quick decrease in muscle CSA after a se-
ries of drastic parameter changes at the start of our
simulations, but it is the kinetics of muscle recovery after at-
rophy that appear to be more dependent on the type of feed-
back in the model. In practice, muscle is seen to recover
relatively rapidly after very substantial atrophy, with most
of the recovery occurring over a 1–2 week period (91).
Fig. 13 a shows our model predictions with the simplifying
assumption that there was no feedback relationship between
muscle force per fiber and the CSA in the case of hypertro-
phy. The curves show a response to a very small decrease of
steady-state tone (maximal 0.5% in black curve), and recov-
ery when fst returns to its value prescribed by (9) after
120 days. A very slow recovery of homeostatic muscle
CSA is found, not in agreement with observations.

However, once we include the feedback, when the force
per filament decreases with an increasing CSA, the rate of
response becomes much more realistic (see Fig. 13 b).
Here, a much greater force increase is applied (up to 5%
in the black curve), and we see both the atrophy onset and
the recovery reaching the saturated steady-state values
within 60 days. This suggests that a reasonable force feed-
back scale (with the parameter m �0.02 or even higher;
see Supporting materials and methods, Section E for detail)
is a required feature of our model if quantitative predictions
are to be obtained.

An unexpected feature of plots in Fig. 13 b is the muscle
‘‘overshoot’’ during the fast recovery after atrophy. It seems
likely that the several intrinsic processes have low rate but
high sensitivity, resulting in muscle keeping a memory of
its previous architecture during atrophy, much like the
career-trained athletes whose muscle CSA remains higher
than normal after retirement. This would translate into a
Biophysical Journal 120, 1–15, September 7, 2021 11
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FIGURE 13 Time course of muscle atrophy as the steady-state force fst
(discussed in (9) and Fig. 4) is suddenly diminished from the steady-state

value to a lower value. In this simulation, after 120 days, the force is

brought up to its steady-state value again. The recovery speed depends on

exactly how the muscle force scales with muscle CSA during atrophy,

the ‘‘force feedback’’ discussed in Supporting materials and methods, Sec-

tion B.4. (a) The case of negligible force feedback (m ¼ 0.005) leads to un-

physiologically slow rates of atrophy and recovery over several months. (b)

Higher force feedback (m ¼ 0.02) leads to much more reasonable recovery

rates, which we consider close to clinical observations. To see this figure in

color, go online.
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corresponding increase in the muscle force at smaller mus-
cle CSA.
DISCUSSION

In this work, we developed a kinetic model combining the
intracellular mechanosensor of the second kind, the
signaling chain pathway (admittedly one of several), and
the ribosomal kinetics of post-transcription synthesis to
examine how muscles sense and respond to external load
patterns by producing (or degrading) their contractile pro-
teins (41). The important factor of limitations to ATP sup-
ply, which affects both the MVC level because of myosin
activation and the signaling because of phosphorylation, is
included in the background (see Fig. 3; Supporting materials
and methods, Section A). The primary marker of morpho-
logical response for us is the CSA of an average muscle fi-
ber, which is directly and linearly mapped onto the number
of titin molecules per fiber. We suggest that the titin kinase
(TK) domain has the right characteristics to play the role of
the primary mechanosensor within the muscle cell. By look-
ing at how TK unfolds under force, we found that it acts as a
12 Biophysical Journal 120, 1–15, September 7, 2021
metastable switch by opening rapidly only at high forces but
opening and closing slowly within a range of physiological
forces. The muscle is known to apply a low-level tensile
force and be under a steady-state passive tension at rest,
which we compare with the steady-state force predicted
by our model. We find that the two forces are of the same
magnitude, which suggests that long-term muscle stability
is due to a combination of the active muscle tone and the
passive muscle load stored in elastic sarcomere proteins,
notably titin. We find that small changes in the steady-state
force allow the muscle to maintain its size after the end of a
resistance training program, and we suggest that this change
in steady-state muscle tension might account for some of the
‘‘memory’’ that muscle develops after long-term training
(77,78).

Given the switch-like nature of TK, it seems likely that
different individuals will have slightly different predisposi-
tions toward applying somewhat more or less muscle tone in
homeostasis and therefore can maintain muscle mass much
more or much less easily. This low-level steady-state tensile
force will crucially depend on the number of available
myosin heads and on the steady-state ATP concentration
in the cell, as well as sarcomere and tendon stiffness.

Our model shows qualitatively reasonable time courses
for hypertrophy developing during a regular exercise regime
followed by detraining, as well as muscle atrophy followed
by recovery. Although it is not explicitly included in this
model, long-term changes in muscle filament architecture
(slightly increasing the muscle tone with the same CSA),
as well as increases in myonuclear number after chronic hy-
pertrophy (increasing the synthesis rates in the model),
could cooperate to increase the steady-state muscle CSA.
This could then provide a rationale for the observed perma-
nent increase in muscle size after just one bout of resistance
training in the past (92). The model uses no free-fitting pa-
rameters, as all its constants are independently measurable
(indeed, Table 1 gives examples of such measurements).
Obviously, there would be a large individual variation
between these parameter values, and so applying the quan-
titative model predictions to an individual is probably opti-
mistic. However, we are excited to develop a software to
implement the model and make specific predictions in
response to any chosen ‘‘exercise regime,’’ which could be
used and adapted to practitioners.

We saw that a successive integration of the initial mechan-
ical signal is necessary for muscle cells to display trophic re-
sponses at the right timescales. Indeed, a several-week lag is
observed in the increase of structural proteins content after
the start of an exercise regime; in our model, this arises
because of a lag in ribosome number, as ribosome turnover
and synthesis are relatively slow. Research into the sterically
hindered diffusion of ribosomes in muscles so far appears to
be very much in its infancy, despite its obvious overarching
implications in muscle development. This would be an
exciting avenue for future research in this area.
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To further improve the model, we could include more de-
tails about the viscoelastic properties of muscle. Its effects
would be twofold: first, the switching kinetics between the
titin kinase conformations would change somewhat (see
Supporting materials and methods, Section E.2 for more de-
tails); secondly, it would allow for a treatment of how mus-
cle fatigue affects the compliance and therefore the
mechanosensitivity of the muscle’s structural proteins. We
expect the plateauing of the mechanosensitive efficiency
at high forces explored in the Supporting materials and
methods, Section A.4 (in particular, see Fig. S4) to be
even more pronounced. In fact, because the sarcomere struc-
tural proteins likely change their mechanosensitive proper-
ties at high forces, we expect there to be an optimal force
at which the exercise should be carried out. However, this
would substantially increase the mathematical complexity
of the model, reducing its present intuitive clarity, and
make an analytical solution for homeostasis less tractable.
This is the next stage of model development that we hope
to pursue.

In summary, how intracellular signaling in muscle cells
organizes a trophic response is a central question in exercise
science and in the study of conditions that affect muscle ho-
meostasis (including development and aging, as well as
numerous pathologies). Cells have been shown to use
time-integrated mechanical stimuli to initiate signaling cas-
cades in a way that depends on the strength and duration of
the signal (i.e., mechanosensitively). This work provides a
quantitative analytical rationale for a mechanosensitive
mechanism for trophic signaling in muscle and gives an
additional piece of evidence that the titin kinase domain is
a good candidate for hypertrophic mechanosensing. We
expect advances in targeted exercise medicine to be forth-
coming, specifically if the exact structure of the mechano-
sensing complex bound to the TK domain and its
downstream signaling cascade are studied in more detail.
SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.

2021.07.023.
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Preamble

In this Supplementary Material, we detail our reasoning behind some of the main assumptions of the model, namely
that titin kinase (TK) is a good location for the sarcomeric mechanosensor and that it is under force during muscle
contraction, and analyse the literature for the relevant kinetic rate constants and molecular concentrations.

In order to do this, we organise our discussion into five main sections following Fig.3 in the main text. First, in
Part A, we consider TK as a mechanosensor: we show why it is a good mechanosensing candidate, and quantitatively
justify the kinetic equations and constants in our model. Next, in Part B, we consider how the mechanosensitive signal
affects protein synthesis; this relies on physiological constants and a large number of order-of-magnitude estimates.
In Part C, we introduce equations for phosphate transfer in the muscle cell; these substantially limit the muscle’s
ability to signal during exercise but were too complex to include in the main text. In Part D, we analytically solve
the combined equations in the steady state. Finally, Part E examines a few asides; in particular, how muscle force per
area could depend on the muscle fibre cross-sectional area (CSA), and how our simple model of TK opening detailed
in Part A can be improved by including knowledge of how viscoelasticity affects TK kinetics.

PART A: TITIN KINASE AS A MECHANOSENSOR

Part A.1: Discussion of the different possible sarcomeric mechanosensing sites

Mechanosensitive sensors can either be load-bearing molecules (i.e. those which are part of the sarcomeric force
chain), or auxiliary molecules which measure the deformation in the force chain. The prime candidate molecules
are sketched in Fig. S1. MYBPC, which displays a phosphorylation site under tension1, was for a time suggested
as a potential mechanosensor. Karsai et al.2 used AFM to measured the force-induced unfolding MYBPC (cardiac
isoform), and they found that the protein started to unfold under forces of 50pN or more. MYBPC is regularly placed
in 7-9 stripes with an axial repeat distance of ca. 43 nm3,4. Its stoichiometry was found by5 to be approximately
37 cardiac MYBPC per thick filament, or roughly three times as many molecules as titin or nebulin. Each MYBPC
would then be under lower load individually compared to those other proteins, and require a much greater overall
sarcomere force to unfold. In addition, recent work appears to assign MYBPC phosphorylation the role of a regulator
for myosin function6–8, so we disregard MYBPC as a mechanosensor for mechanosensitive signalling.

Z-disk M-line 

Myomesin Nebulin MyBP-C 

FIG. S1: A sketch of the sarcomere molecules considered in Part A for their possible role in mechanosensing.
Nebulin is a poor candidate because of the low compliance of the thin filament9; MyBPC is not a tempting choice

because it unfolds at high force2and is substantially more common than titin3,4; myomesin could play a role in
transverse strain sensing during sarcomere compression10–12 but is unlikely to directly sense force in the filaments.

Created with BioRender.com

Neighbouring sarcomere units connect at the Z-disks (Z-line) of the sarcomere: regions of extensive α-actinin cross-
bridging between neighbouring thin filaments as well as titin Z-repeats, and of telethonin based (Tcap) titin-titin
bridging13,14. Thin filaments in one sarcomere in a resting muscle interdigitate at the Z-disk13, aligning with thick
filaments in the neighbouring sarcomere (see Fig. 1).

Both the Z-disk and the M-line segment of the thick filament are under tension during muscle action, and it is
therefore unsurprising that both have been suggested as possible spots for mechanosensitive signalling15. The Z-disk
is the location of a large protein plaque (containing more than 40 different different protein types16), which interacts
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with a large number of cytoplasmic proteins17, making it a tempting place to search for a specialised mechanosensor
molecule. However, because the load is applied differently through the Z-disk in eccentric and concentric muscle
movements, its seems unlikely that the same mechanosensitive molecule would be able to act as a load sensor for both
types of loading.

The complex formed by the titin Z1Z2 repeats, telethonin (Tcap) and muscle LIM protein (MLP) appears to have a
mechanosensitive role as a stretch sensor18–20. However, due to its location away from the thin filament, this complex
seems not to participate in the primary sarcomeric force chain, and thus an unlikely candidate for a mechanosensor
for resistance training. It will only be under substantial load when the titin Z-band segment is under tension, which
occurs only during eccentric lengthening of titin.

A better candidate for mechanosensing within the I-band (which contains the Z-disk) could be the as-yet not much
studied nebulin, which provides structural stability to the thin filament21. It has the additional benefit of only being
substantially expressed in skeletal muscle (two strands per thin filament) but not in heart muscle, and would thereby
immediately handle the ‘difficulty’ that muscle hypertrophy is not seen in heart muscle. But the compliance of the
thin filament is very low9,22, which means that nebulin does not unfold very much; this suggests that nebulin plays
a structural rather than a signalling role. In addition, nebulin, or a similar thin-filament bound molecule, cannot by
itself be the only mechanosensor, because hypertrophy was also observed in studies of muscle stretching by overloading,
as reviewed by23. In experiments where muscles are stretch-overloaded, the thin filament is under minimal tension
but the thick filament is stretched beyond the normal PEVK-related elastic response of the muscle24–26, which would
lead to the unfolding under force of other protein domains. Finally, there are twice as many thin filaments as thick
filaments, which means that there is overall a 4/3 ratio of nebulin to titin. Provided that both are on the force chain,
the force transduced through an individual titin molecule would therefore be larger than for an individual nebulin,
making titin a better candidate for mechanosensing than nebulin.

Mechanosensor within the M-band: titin kinase

Due to their arrangement largely perpendicular to the direction of applied force, it seems unlikely that the common
myomesin family M-band components27 play the role of a potential hypertrophic mechanosensor within the sarcomere
M-band. They are more likely to be mechanical springs28, which help keep the sarcomeres aligned during muscle
contraction. During muscle contraction, the distance between thick filaments increases (by volume conservation) and
they might also play a role in sarcomere strain sensing.

This leaves the titin molecule itself as a possible candidate for a mechanosensor. It is known to possess a kinase
domain (titin kinase, TK)29, which has been suggested as a hotspot for trophic signalling18. There are also structural
similarities between TK domain and focal adhesion kinase (FAK), which is known to be the principal mechanosensor
in the integrin adhesion complexes on the cell periphery30–32. Better still, the titin M-band is likely under load both
during muscle contraction (which strains the entire thick filament, see Part A.4 below) and eccentric muscle stretching
(which strains titin only).

We will hereafter use the working hypothesis that the titin M-band region contains the primary location for the
mechanosensor, which signals for hypertrophy to occur (while remembering that other regions of the sarcomere may
also contribute to this highly complex process). This hypothesis yields an immediate qualitative explanation for muscle
hypertrophy detected after chronic stretching: stretching lengthens the sarcomere, loading titin and titin kinase. A
mechanosensor of the second kind allows for intracellular mechanical signals to be integrated over a long period of
time, hence why only chronic loading or stretching elicit a trophic response.

Part A.2: Estimate of the maximum force per filament from macroscopic tension

The inter-thick filament spacing of human muscle was found in diffraction experiments to be approximately d =
46nm33–36. The lattice of filaments in sarcomere cross-section can be mapped by approximately equilateral triangles,

so the area occupied by each filament is simply the area of each triangle of side d, or Afilament =
√

3
4 d

2 ≈ 9.2 · 102nm2.
The force-area relation of the maximal force which can be exerted by single muscle fibres (with multiple myocytes)

was examined by Krivickas et al.37 and found to be linear as a function of area in untrained individuals, with a
higher maximal force generated in younger fibres for the same cross-sectional area. For young muscle, they found a
proportionality constant Kavg ≈ 0.17pN nm2. For some fibres more force was produced: Kmax ≈ 0.3pN nm2, while
for others (especially older fibres), smaller values of Kmin ≈ 0.08pN nm2 were measured.

This means that we should expect a maximum force per filament of the order of fmax,avg = KavgAfilament ≈ 320pN
(range 150 − 500pN) in untrained individuals. We expect that long-term resistance training should shift this figure
towards the upper end of the range, for instance by recruiting more myosin heads under tension (e.g. by increased
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neuronal activation38 or stretch activation39). The net result is that the upper physiological limit for the maximum
force per filament is probably of the order of . 500pN. This value is consistent with the maximum contraction force
in the data obtained by Ma et al.40 (see Fig. S2 below). There are six titin molecules per thick filament on either side
of the sarcomeric M-band, so these values must be divided by 6 to obtain the maximum force per titin, and therefore
per TK mechanosensor.

Part A.3: Estimate of the maximum force per filament from the action of myosin heads

In the sliding filament hypothesis, myosin filaments ‘walk’ along the thin F-actin filaments with a characteristic
force-velocity dependence. The fraction of the myocyte which is occupied by myofibrils depends on the muscle type,
and is typically in the range of 70− 80%41. The stall force of myosin-II, which is appropriate during isometric muscle
contraction, is found to be ca. 5.7pN42. The presence of too many active myosin heads per filament was found
to lead to a buckling of actin and so a maximum number of myosin heads could be simultaneously engaged on a
thick filament, in a way that was found to be dependent on ATP and presumably also depends on postranslational
modifications of nebulin and other structural molecules. Various studies have found this number to be in the range of
90± 2543–46 active myosin heads per filament. Myosin-II has a low duty ratio, that is, the proportion of time during
which it is bound to actin is low. The duty ratio is found to be ATP dependent47,48 and to be much higher during
isometric contractions (up to 0.22 in R. esculenta) compared with an unloaded sarcomere (ca. 0.05)49–52. The total
(bound and unbound) number of myosin heads per filament was found to be approximately 58853 (294 within each
half-sarcomere), so the maximum number of heads per filament while working at the maximum duty ratio can be
estimated to be ca. 120.

Assuming that myosin is working at its maximum duty ratio in optimal ATP conditions (which we assume
corresponds to the maximum isometric load in a tetanic contraction), the maximum force per filament would be
ffilament ≈ 120 · 5.7 ≈ 700pN, which matches well with the value obtained from diffraction patterns in frogs by54,
who found ffilament ≈ 297 ± 40pN per actin filament. The force per thick filament would then be double the force
measured in the thin filament.

This is rather more than our qualitative estimate of the force per filament in well-trained individuals. This dis-
crepancy could arise from a combination of effects: the muscle cannot fully coordinate the maximal activation of
several fibres at the same time, voluntary contraction is less strong than tetanic contraction (only some 42% of the
total myosin heads bind to the actin filaments55), and the maximal force only lasts a very short period of time.
Mechanosensing of the second kind, as applied to TK, requires the sarcomere force to last a substantial period of time
(of the order of seconds) for the mechanosensitive signalling complex to form, so it seems unlikely that a peak per
filament force occurring very briefly somewhere in the muscle would substantially change the overall kinetics of titin
kinase mechanosensitive signalling.

Because of this, we choose to use the maximum filament force produced by voluntary contractions extrapolated
from macroscopic force observations to indicate the typical maximum thick filament load.

The maximum force per titin ultimately depends on the relative force-extension curves of titin and myosin (see
discussion in Part A.4 below). There are 6 titin molecules per half-sarcomere, so the upper bound on the force on
titin could be of the order of ≈ 30 − 80pN for untrained individuals (. 80pN after training); in reality, the force on
titin is much lower because myosin appears to be the main load-bearing element during muscle contraction (see Part
A.4 below).

Part A.4: Estimates of titin and myosin thick filament extension under load

Titin indirectly connects to the thick filament in the A-band by interacting with Myosin Binding Protein C cross-
bridges56. Muscle myosin spends much of its time in an inactive and relaxed conformation where it is detached from
the thin actin filament. It is sensible to assume therefore that muscle titin largely interacts with the thick filament
when it is relaxed. So, if the thick filament stretches, then the part of titin held in place between the cross-bridges,
namely its M-band, would stretch in concert with the thick filament by at least the amount that the myosin backbone
stretches. When the thick filament extends during muscle contraction, titin is placed under at least some tension and
extended. The essential question is to determine how much titin can extend; in order to do that, we must compare
titin and thick filament force-extension curves.

The force on titin kinase when the myosin thick filament is loaded depends fundamentally on the force-extension
curves of titin and myosin. We assume, for the sake of simplicity, that M-band titin and the thick filament extend in
tandem. If titin does not coil around the thick filament (see Fig. 2 in the main text), then this assumption should be
quite good.
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FIG. S2: Data for thick filament extensibility obtained by Ma et al.40, overlayed by our fit in Eqn 1. To convert
from whole muscle tension (in mN/mm2, we scaled the number by the CSA area occupied by a single filament, and
divided by 0.8 (an estimate of the myofibrillar density in a typical skeletal myocyte). See Fig. 1 in the main text for

more details.

Ma et al.40 found thick filament force-extension curves, which suggest that the thick filament was much more
compliant (up to ≈ 1% length change) than was originally found in diffraction experiments by Wakabayashi et al.22.
This apparently paradoxical situation was resolved by Reconditi et al.57, who showed that the extensibility of the
thick filament arises from a 0.3% elastic when the sarcomere is under the maximum load that it can generate, as well
as a much larger structural change when the myosins are initially activated. Together, these two values can account
for the force-extension curves found by Ma et al.40. By avoiding questions of stiffness and compliance per se, and
only considering extensibility, we can avoid the thorny details of this problem.

Their data (see Fig. S2) is fit to a good approximation by a decaying exponential fit (f in pN):

∆L

L
=

6.5

8
(1− e−0.007f ) (1)

The thick filament length is ≈ 800nm for the half sarcomere, so the thick filament force-extension relation is approx-
imately:

z = 6.5(1− e−0.007f ) (2)

where the extension z is expressed in nm.
We do not know of a full study of M-band titin stretching under force, so we assume that TK is the most compliant

segment of M-band titin and accounts for most of its stretch. AFM data obtained by Puchner et al.58 show that
TK stiffness increases rapidly until it unfolds under force (see Fig. S6 below). Qualitatively, their data suggests that
the WLC model is a good model for the extension of TK under increasing load prior to any domain unfolding. The
following parameters are a good fit for the curve showing the extension of the closed state of TK in Fig. S6 (see below;
data from Puchner et al.58):

f = α1

( 1

33.1
(z + 19.6) +

1

4(1− 1
33.1 (z + 19.6))2

− 1

4

)
(3)

where z is the extension of M-band titin in nm and α1 = 5 ∗ 10−12 is a scaling factor. Evaluating this formula yields
an average extension of z1 = 4.7nm at f1 = 20pN and z2 = 7.4nm at f1 = 40pN.

These two empirical and graphical fits can be combined to express force per titin in terms of force per myosin. This
approach has an obvious limitation, because the TK force-extension traces obtained by Puchner et al.58 are biased
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FIG. S4: Plot of mechanosensitive signalling at a constant energy expenditure – or signaling efficiency (arbitrary
units). Note that both the steady-state force ≈ 5pN (active muscle tone in the thick filament) and high-load (& 70%

of the maximum voluntary contraction force) are favoured regimes. The opening distance of TK, which has been
estimated in MD studies of TK opening59 is an important predictor of whether or not mechanosensitive signaling

efficiency continues to increase, plateaus or presumably begins to decrease (see right-most panel for a small value of
u0 at the highest forces. Our simulations used u0 = 1.0nm to match up with the predictions from MD simulations

for the TK opening distance59.

by a non-negligible pulling speed; this will make estimates of force per titin using this method likely several pN too
high. If this overestimate is of the order of 5pN, the relationship between TK force and myosin force is consistent
with our estimate of titin steady-state force ≈ 4pN and informs our estimate of titin force at 70% of the 1 repetition
maximum ≈ 20pN (see main text). For the sake of simplicity, we assume that the force overestimate is a constant
5pN throughout the range of TK forces, and find the trace in Fig. S3.

In Fig. S3, titin force grows more slowly as the thick filament force increases beyond ≈ 70% of the maximum
voluntary force. We suggest that this cutoff might help explain why exercise at the maximum voluntary contraction
force is not substantially better at inducing muscle hypertrophy than exercise at ≈ 70% of that force. If we assume,
for the sake of simplicity, that mechanosensitive signaling is approximately proportional to TK opening rates and
exercise duration, we see from Fig. 7 in the main text that TK opening rates depend exponentially on force, whereas

exercise duration for an equal amount of work decreases linearly with myosin force. By multiplying e
ftitinu0

kBT × 1
fthick

,

we obtain a mechanosensitive signaling efficiency in arbitrary units, which we plot for different values of u0 in Fig. S4.
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FIG. S5: Sketch of the tilting of the TK energy landscape in favour of the open conformation as the force on the
molecule increases. At zero force, there is an energy gap ∆G0 between the closed [c] and the open [o] conformation.
The energy step occurs between the contour length corresponding to the initial conformation (zeroed for simplicity)

and a contour length u0. As the force on the molecule increases, the open state becomes metastable, with a local
minimum at a position umax. Finally, once the force increases past a critical value (see Fig. 6 in the main text), the
open conformation is favoured in the steady-state. The activation energies for the opening and closing reactions (see
Eqns. 10 and 11) are the height differences between the step at u0 and the closed and open states at the origin and
umax respectively. The sketch above illustrates the domain opening, and the interpretation of the distances u0 and

umax.

Part A.5: Analysis of the AFM data for titin kinase opening and phosphorylation rates

Here, we will consider how TK time-integrates M-band tension inputs and how it uses a metastable mechanically
denatured conformation to store this information. FAK (see main text) and TK behave rather differently when they
are stretched: as a protein domain rather than a whole protein, TK responds not only to the substrate’s viscoelastic
properties but also to those of the other segments of the molecule (e.g. the PEVK domain of titin has lower stiffness
than TK and will unfold first during fast eccentric exercise, accounting for much of the muscle’s elastic response24,60–62;
we will avoid this complication in this work).

The FAK opening and closing kinetics under force are a good starting point from which to consider mechanically-
induced conformational changes in TK. We suggest that the open (which supports ATP-binding) and closed (where
phosphorylation is impossible) states of TK can be identified in AFM data of force-induced titin unfolding measured
by58. The energy barrier between the two conformations can be deduced from the force-extension data and determines
the opening and closing kinetics of the domain.

In AFM experiments, the measured force increases until it overcomes the energy barrier between two conformations,
at which point the molecule suddenly unfolds and the force drops to a low value. This yield a characteristic saw-tooth
pattern, as found e.g. in classical traces of Ig domain unfolding63. When the contour length of the protein (relative to
the AFM cantilever) increases from x1 to x2 under force, physical work Wextend =

∫ x2

x1
f(u)du is done, where f(u) is

the force trace in the AFM experiment. In other words, the energy barriers between the states in AFM experiments
can be obtained by integrating the AFM traces between two neighbouring states.

With this in mind, we examined the TK domain AFM traces measured by Puchner et al.58 in some detail in Fig. S6.
The first ‘peak’ in the force-length trace can be discarded as it represents the unfolding of the linker between the
TK domain and the AFM tip, which means that the actual unfolding of the TK domain is analysed after further
extension. It seems likely that the second peak – which in Puchner et al.58 is labelled 2 or A in their Figs. 2 and 3
– corresponds to the transition from the native ‘closed’ to the ‘open’ conformation in which the ATP-binding site is
exposed. This connection is reinforced by the observation of a new peak, labeled respectively 2* and D in their Figs.
2 and 3, which appears in media containing high concentrations of ATP (see Fig.2d of58). Since the transition from



7

FIG. S6: Fit to the force-extension curves using the worm-like chain WLC model (f ∝ z + 1
4(1−z)2 −

1
4 )64, where z is

scaled so that the molecule is maximally unfolded when z = 1. By scaling the WLC formula to the peaks found by

Puchner et al.58 as f = α1

(
α2z + 1

4(1−α2z)2
− 1

4

)
with the proportionality constants: α1 = 5 · 10−12pN and α2 = 1/lc

where lc is the contour length of the unfolding peak of the molecule in SI units, we find a very similar fit to the one
shown in their Figs. 2B and 2C, where the extension z and the force f are now expressed in SI units.

the open to the phosphorylated state is assumed to be force-independent, it is likely that the new peak corresponds
to a transition to another, further extended state. The transition from the open to the phosphorylated states then
necessarily occurs before this point, which gives their peak labelled 2 as the sole candidate for the transition between
the closed and open TK conformations.

Estimate of the opening energy ∆G0: The opening energy of the TK domain can then be deduced from the
energy under the curve between the 1st peak (corresponding to the unfolding of the AFM linker) and the 2nd peak
(when the TK domain opens). In order to account for energy dissipation during pulling, we must subtract the extra
area above the WLC fit to the right of each of the force peaks (see Biswas et al.65 for a graphical explanation). The
resulting area may still reflect some elastic energy stored in the other parts of the molecule. However, these open
at much higher extensions (curve 6) and only store a small amount of energy at low extensions corresponding to
the domain opening. In fact, some of the peaks found by Puchner et al.58 require TK to be open first (specifically
2* because the ATP molecule can only bind to open TK, and possibly also peaks 3,4,5, which correspond to more
unfolded conformations of TK, see MD simulations in Puchner et al.58 Fig. 3). Because of this, we consider the
elastic energy stored during the opening of the initial peak to be restored when the molecule opens and transitions
between the closed and the open states of TK. The mean unfolding force is uncertain and a proper estimate would
require a more detailed analysis of the stochasticity of TK opening process; we graphically find it to be between 40
and 60pN. Integrating the WLC formula between the corresponding extensions z1 ≈ 19.6nm and z2 = 27.0nm for
the lower unfolding force estimate, or z2 = 28.2nm for the higher unfolding force estimate, we would estimate the
unfolding energy to be in the range ca. 30kBT < ∆G0 < 50kBT (lower estimate from the blue area under the curve,
higher value from the red area under the curve). Since we believe this to be a slight overestimate, and choose the
bottom of the resulting range as our most likely value of ∆G0 ≈ 30kBT (see Fig.4 in the main text). Note also that
Puchner et al.58 use a slow pulling rate of 300nm/s for the 25 nm TK domain, which approaches the physiological rate
of sarcomere contraction in real muscle. This is to be contrasted with out-of-equilibrium molecular dynamics (MD)
simulations at much higher pulling rates (which Puchner et al.58 also do). MD simulations were used, in conjunction
with models for how globular molecular domains can open66, to find that the free energy difference between the closed
and open states of the similar focal adhesion kinase was ≈ 28.5kBT

67. This value is in the same ballpark as the
30kBT value that we estimate here.

The analysis in Fig. S6 suggests that the TK opening energy is in the range 25kBT < ∆G0 < 45kBT .We will test
our model across this range of possible values. Molecular dynamics simulations shown by Puchner et al.58 in their
Figure 3 suggest that the maximum unfolding distance of the relevant TK domain is umax ≈ 28nm, which we will
use as an important model parameter. Note that the value for umax could be a little smaller in the presence of ATP,
where another energy peak develops and skews the energy landscape.
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Modelling the kinetics of conformational changes of the TK mechanosensor

In the absence of any signalling, the transitions from closed to open to phosphorylated TK domain conformations
were found in the main text to be simply described by the kinetic equations:

dnc

dt = −k+nc + k−no + k−np (4)
dno

dt = k+nc − k−no − kpnoATPfree + krnp (5)
dnp

dt = kpnoATPfree − krnp − k−np (6)

nc + no + np = ntotal (constraint) (7)

where the last equation encodes the (near) constant concentration of titin per unit volume. Titin conformational
changes are fast (less than a second) and the total concentration of total (free + bound) ATP can be assumed to be
constant over such very short times.

These equations are shown in Part A.6 to adequately reproduce the phosphorylation kinetics of TK, thus providing
an a posteriori justification for their use.

Rate constants for titin mechanosensor conformational changes

In the next section, we discuss how experiments by58 enable us to determine order of magnitude values for the
TK phosphorylation and de-phosphorylation constants kp and kr. We will see that {kr = 6s−1, kp[ATP] = 35s−1}
are a good fit to data obtained by Puchner et al.58 and can be used as ballpark values for de-phosphorylation and
phosphorylation rates.

The rates of TK opening and closing under force are more complex. To our knowledge, no experiments have
attempted to measure these rates directly for TK, and so we must rely on studies of other molecules as well as
theoretical tools to examine them. In the most basic model of conformational change between two molecular states,
an extension of Arrhenius kinetics gives us some qualitative insight into the transition rates between the two states:

k+ = w0 exp
(−E‡+
kBT

)
(opening), k− = w0 exp

(−E‡−
kBT

)
(closing) (8)

where E‡+ and E‡− are the activation energies of the forward and backward reactions respectively (see Fig. S5 for a
graphical illustration). w0 is not the number of collisions between molecules as in classical Arrhenius theory, but the
number of attempts at crossing the barrier. This value is well known in polymer theory as the inverse of the Rouse
time corresponding to relaxation time of the p = 1 Rouse mode within the polymer:

τp=1 =
N2b2γTK
3π2kBTp2

=
N2b2γTK
3π2kBT

(9)

where N is the number of amino acids within the protein segment, γTK is the dissipative friction coefficient internal to
the TK domain, b is the size of each amino acid and kB is the Boltzmann constant. If the internal friction coefficient
of TK is similar to that of FAK32, we estimate γTK ≈ 10−9kg s−1.

The length of TK at the energy barrier between the closed and open conformations is reported by58 as: l = 9.1nm.
If we assume that vibrations in the polymer which can induce conformational change occur largely within the free
section of the molecule, then the number of amino acids within the molecule which contribute to the above calculation
is much less than the total number of amino acids within the molecule and so Nb ≈ 9.1nm, giving an estimate of
the Rouse time as τp=1 ≈ 6.5 · 10−7s. As an order of magnitude value, we shall take the number of attempts to be
w0 ≈ 1

τp=1
≈ 106s−1.

For the sake of simplicity, we will assume that the number of attempts w0 is similar for the opening and closing
rates. (Note that they tend to the same value if the molecule adiabatically tends towards the transition between the
closed and open states, while they will be somewhat different if the molecule suddenly jumps from one conformation
to another. We we discard this complication.)

The activation energy corresponds to the energy between the trough in the energy landscape found at the stretched
length at which a particular molecular conformation is most stable and the peak in the energy landscape between
two neighbouring conformations. Placing titin under tension tilts the energy landscape as a function of TK stretched
length u by an amount ∆E(u) = −

∫ u
uinit

fapplieddu
′. We assume that the peaks and thoughs in the landscape are

sufficiently well-defined that pulling on the molecule does not change the location of the peaks and troughs, but only
their relative heights.
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The change in activation energy of the opening reaction is easier: the height of the peak in the absence of applied
force is simply the integral of the force-trace of the first peak in the AFM data which we take to be 30kBT < ∆G0 <
50kBT . Its energy is modulated by an amount ∆E(u0) = −fappliedu0, where u0 is the position of the transition
between the open and closed conformations. Work on polymer unfolding suggested that the opening distance for two
amino acids, e.g. in titin Ig domains, is of the order of u0,Ig ≈ 0.3.63 However, MD simulations by59 suggest that
titin kinase domain opening requires two β-sheets to separate, which takes place over a larger scale of u0 ≈ 1nm. The
activation energy of the opening reaction is therefore:

E‡+ = ∆G0 − fappliedu0 . (10)

When calculating the change in activation energy of the closing reaction, we assume that there is no barrier in the
return process in the absence of force; that is to say that the open state is only stabilised by force. The activation
energy of this process is then

E‡− = fapplied(umax − u0) , (11)

where umax is the contour length of the most stable ‘open’ TK conformation. This is at the very most the contour
length of the peak labelled 3 by Puchner et al.58 in their Figure 2. Because of this, umax = 28nm seems to be an
upper bound for this value.

In reality, the viscoelastic properties of titin and its surrounding media will have an impact on these rates. We
touch on this complication in Part E.2 below.

Part A.6: Phosphorylation and de-phosphorylation rates of the open TK domain

Puchner et al.58 show in their Figs. 2D and 2E that a new peak appears in their AFM measurements in an ATP-
and time-dependent manner. The presence of this peak strongly suggests that TK does indeed allow for its open
conformation to be phosphorylated. At the start of the AFM experiment, the TK domain is closed, so the peak
induced by the phosphorylation of the domain is absent.

A simplified subset of Eqns. 1,2,3 and 4 in the main text allows us to focus on the transition between the open
and the phosphorylated state once the closed TK domain has opened. AFM experiments allow for no doubt that the
transition has occurred, as the force trace identifies the transition from one state to the next. In the absence of any
signalling or closed TK domains, we have:

dnc

dt
= 0 np(0) = 0

dno(t)

dt
= −kp[ATP]no + krnp (12)

dnp(t)

dt
= +kp[ATP]no − krnp (13)

Naturally, a single TK domain will not appreciably change the ATP concentration of the solution, so [ATP] may also
be considered constant.

These equations are trivial to solve, and give us the probability as a function of t and [ATP] as:

PPhosphorylated(t,ATP) =
ATP kp

(
1− e−(kr+ATP kp)t

)
kr + ATP kp

(14)

Its value quickly tends to its asymptote as t becomes large. This can be read graphically from their figure 2E as:

0.75 < PPhosphorylated(t→∞,ATP) = (1 + kr
ATP kp

)−1 < 0.9 (15)

0.75−1 − 1 >
kr

ATP kp
> 0.9−1 − 1

1

3
>

kr
ATP kp

> 1
9 (16)

These bounds are very generous to accommodate the substantial error margin within their data. For simplicity’s sake,
we shall use a middling value:

ATP kp ≈ 5kr . (17)
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FIG. S7: Plot of the phosphorylation probability of open TK given an ATP concentration of 2mM and
{kr = 6s−1, kp[ATP] = 35s−1} (red line), which provides a very good of the wild-type phosphorylation probability
found by Puchner et al.58 in their Figure 2.E (black trace and error bars below). Note that many other traces with
{kr, kp} values which differ by a factor of 2 or even 3 from these would also lie within the substantial error margin of

their experiments, so we take the above values of kr and kp simply as indicative, order of magnitude values which
need further measurements to be more accurately determined.

We obtained a perfect fit for Fig. 2E in Puchner et al.58 with {kr = 6s−1, kp[ATP] = 35s−1} (see Fig. S7). Fig. 2D
was much harder to fit, presumably due to the tiny number of measurements and large error bars. We will use the
values obtained for the fit to Fig. 2E in58 in the remainder of this work. Note also that the values obtained for the
fit to Fig. 2E fit the results from their Fig. 2D as well.

Part A.5: Evidence for a mechanosensing complex bound to TK

How exactly does the phosphorylation of titin kinase lead to signalling? Lange et al.68 found a set of complementary
sequences which suggested a 4-fold binding pattern: open and phosphorylated TK is susceptible to binding by the
zinc-finger protein nbr1, which can in turn bind ubiquitin-associated p62/SQSTM1. This has a binding site for
muscle-specific RING-B-box E3 ligase MuRF-2, which can bind to the transactivation domain of the serum response
transcription factor (SRF). nbr1, p62 and MuRF-2 can all bind as multimers (they suggest as a dimer).69 They observe
that MuRF only translocates to the nucleus during periods of mechanical inactivity, indicating that the signalling
complex might be stably localised to the TK domain for some time after exercise.

NB: The following reasoning and approximations carry higher uncertainty relative to the other parts of the text.
nbr1, p62 and MuRF have not been studied as well as other muscle proteins, and their concentrations can only
be inferred approximately from RNAseq and protein degradation data. Regardless of the exact composition of the
signalling complex and of the abundance/binding kinetics of its constituent parts, the goal of this section is simply to
obtain a multiplicative scaling factor α between the maximum possible rate of signalling complex creation ks

70 and
its actual aggregation rate k′s.

The binding of nbr1 to TK can be described by the Hill equation71:(dns
dt

)
initiation

=
ks · np

1 + (nnbr1/(σntitin))
−mnbr1

(18)

where np is the fraction TK domains which are phosphorylated, ks is the maximum rate of nbr1 binding to phos-
phorylated TK, ns is the fraction of TK receptors which is bound to nbr1 (expressed in number per titin), σ is the
number of nbr1 per titin at which half of the TK binding sites are occupied, and mnbr1 is the Hill coefficient (which
accounts for cooperativity in the nbr1 binding kinetics and can take on non-integer values).

If the binding rates of each of these proteins are much higher than their dissociation rates (which seems likely
if a signalling complex is indeed to form while TK is transiently open during and after resistance exercise), the
concentration of nbr1 at which the half of the total TK domains support a signalling complex (or at which signalling
is at half it maximum value when TK is open) will be of the order of 1 molecule per titin. In other words, the constant
σ is of order 1.
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p62 binds to nbr1 and MuRF binds to p62 according different Hill aggregation kinetics. However, if the complex
has to activate signal in order to disassemble (e.g. by SRF activation), then it will have to assemble fully once its
assembly has been initiated. In addition, if the signalling (or disassembly) rate of the complex is slow, perhaps because
of a lack of available SRF, then the initiation rate of the complex serves as a good proxy for the aggregation rate of
the complex. TK bound to nbr1 then serves as a proxy for TK bound to the entire signalling complex, and we need
only introduce one more state ns representing TK bound to the signalling complex. We approximate its aggregation
kinetics as: (dns

dt

)
aggregation

≈ ks · np

1 + (nnbr1/(σntitin))
−mnbr1

(19)

The tricky part is to find qualitative values for the number of nbr1 molecules per titin. Until the number of nbr1 in
a muscle cell is directly measured, we must rely on estimates of degradation and synthesis rates to estimate it.

Not all of these molecules are equally expressed, nor do they have the same degradation rates. Degradation rates
for nbr1 and p62 have been measured in human embryonic kidney cells72 by fluorescent flow cytometry. They found
a marked difference in degradation rates between nutrient-rich and starved cells73. The muscle will typically be in
nutrient rich conditions apart from the duration of the exercise bout, so we will take the degradation rates of nbr1
obtained in those conditions to be representative, giving t1/2nbr1 ≈ 10 hours, and t1/2p62 ≈ 14 hours. Degradation

rates of MuRF family proteins are less well established, but experiments by74 indicate that it is stable for substantially
more than 4 hours. Out of simplicity, let us assume that its half-life is of the same order as the other two molecules
in the complex.

Finally, titin degradation rates are surprisingly fast for a sarcomere structural protein, with a measured half-life of
t1/2titin ≈ 3 days75 (note that the sarcomere structural proteins are actually replaced at a faster rate, so individual

molecules can be integrated into several different sarcomeres over their lifetime76).
Absolute synthesis rates of these proteins are difficult to ascertain, but we can get acceptable order-of-magnitude

estimates of their relative synthesis rates compared with known proteins from RNAseq mRNA expression data. This
comparison ignores any potential translational regulation of the synthesis of these proteins, but it is better than nothing
at all. A slightly underpowered RNAseq atlas of muscle cell expression in mice and rats was made by77. Approximate
readings from their dataset indicate that mRNA abundance between the titin/nbr1/p62/murf/srf species are in the
approximate ratio: 3500/40/190/70/10 (skeletal) and 1260/50/150/90/20 (heart).

Assuming for simplicity that all of these proteins undergo the same degree of post-transcriptional regulation, we es-
timate the abundance of titin/nbr1/p62/murf/srf proteins including knowledge about their synthesis and degradation
rates as follows (by multiplying the mRNA synthesis rates by the protein degradation times and dividing by 100):
2500/4/27/7/1 (skeletal) and 900/5/21/9/2 (heart). Obviously, each of these values has a substantial uncertainty
which is hard to quantity due to the small sample size of the RNAseq data (6 cells per muscle type).

We can now estimate the proportionality constant between the maximum possible rate of signaling complex aggre-
gation and its actual rate:

k′s =
1

1 + (nnbr1/(σntitin))
−mnbr1

ks ≈ (nnbr1/(σntitin))
mnbr1 ks (20)

where σ ≈ 1 is the nbr1 concentration per titin at half-occupation (assuming strong binding). The cooperativity
constant mnbr1

78,79 is slightly less than 2 (mnbr1 = 2 would represent two nbr1 molecules binding at the same
time; any deviation from this ideal dimer binding would decrease the cooperativity constant somewhat). Combining
these estimates, we find that the signaling rate is decreased relative to its maximum possible rate by a factor of

10−4 . k′s
ks

. 10−5 because the density of nbr1 is quite low.
The fastest possible rate at which the mechanosensing complex can initiate its assembly, ks, is unknown, and

depends on the rate of binding of nbr1 to titin. Lange et al.68 suggested that titin binds to the PB1 domain of nbr1.
This domain is notable because it also switches between a folded and unfolded (presumably active) conformation. The
folding and unfolding kinetics of this domain were determined by80, who found that the opening rate of the domain
was quite slow, at 0.032 ± 0.007s−1. In the hypothetical scenario where the concentration of nbr1 was much larger
than when half of the TK domains are populated by signalling complexes, the maximum rate of mechanosensing
complex formation would not arise from diffusive constraints, but would be limited by the opening rate of the PB1
domain. This would in turn fix the scaling constant in the Hill equation to be ks ≈ 0.032± 0.007s−1.

If we take into account the number of nbr1 molecules which are bound to TK, the number of nbr1 molecules could
potentially vary with time as follows:

dnnbr1

dt
=
(sinitial

s

)γnbr1

ks,nbr1nrRNA − kd,nbr1nnbr1 − β
ks(np)

1 + (nnbr1/(σntitin))
−mnbr1

(21)



12

where ks,nbr1 and kd,nbr1 are nbr1 synthesis and degradation rates and γnbr1 = 2 accounts for nbr1 binding as a dimer.
We could include the dynamics of nbr1 in our equations, but such an attempt would be complicated by the

documented decrease of lysosomal activity during hypertrophy. As we are not aware of any studies specifically
examining the concentration of nbr1 during muscle atrophy or hypertrophy, we make the rather bold assumption that
the rate of signalling complex aggregation is constant:

ks =
k̃s

1 + (nnbr1/(σntitin))
−mnbr1

= const. . (22)

In the simplified case where nbr1 availability does not markedly change over time (because the number of signalling
complexes remains small), the Hill equation will only be important in setting the steady-state concentrations and
force in the muscle.

PART B: SIGNAL LEADING TO PROTEIN SYNTHESIS

Part B.1: Estimate of the relative molecular abundances

Sarcomere lattice dimensions

The distance between neighbouring filaments can be estimated from X-ray diffraction measurements33–36 as dmm ≈
46nm for a resting sarcomere length of ≈ 2.3µm, under no tension and for a range of different organisms. As
the titin passive tension increases (i.e. during the extension of the sarcomere during exercise), the inter-filament
distance decreases approximately linearly with tension, as measured by81, while the sarcomere length increases roughly
quadratically with tension82.

Molar density of titin

There are 12 titin molecules between neighbouring Z-discs per thick filament83–85. This means that the molar
density of titin within the contractile myofibrils is essentially constant throughout a range of different muscle types:
[Ttn] ≈ 4.7µM .

Molar density of ATP and creatine phosphate

The concentrations of ATP, ADP and AMP as well as creatine (Cr) and phosphocreatine (PCr) have been accurately
measured during exercise in human muscle by86. By summing the individual contributions from ATP+ADP+AMP
and PCr+Cr, we can determine their maximum concentration to be (adjusting to wet weight from dry weight by a
factor of approximately 4.0± 0.187: [ATP]max ≈ 7.2± 0.3mM and [Cr]max ≈ 29± 1mM.

Molar density of G-actin

The thin filament length varies widely between muscle types and can extend further than the free length of ≈ 0.9µm
if is stabilised by nebulin88. If we take an intermediate value of 1.2µm (range 0.9− 1.4µm) for skeletal muscle (where
F-actin is definitely stabilised by nebulin), then we can estimate the number of G-actin monomers per sarcomere.

The thin actin filament contains two helically-arranged F-actin chains. The axial distance between two G-actin
monomers on one strand is some 5.5nm89. Each F-actin polymer therefore contains approximately 220 (range 160−260)
G-actin monomers. The ratio of F-actin to titin molecules is 2 to 3, so the molar density of G-actin is ≈ 700µM
(range ≈ 550− 800µM , liberally rounding).

Molar density of the signaling molecules

We used a combination of relative mRNA data and degradation rates to estimate the relative concentrations of titin
to nbr1 to lie between 100 and 1000. This suggests that the molar density of nbr1 is of the order of ≈ 0.005− 0.05µM
.
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We will assume for simplicity that the ratio of titin to nbr1 remains constant. If their concentration is determined
by the concentration of ribosomes as we suggest here, then it seems plausible that both proteins could be synthesised
in similar ratios regardless of the size of the cell.

Molar density of ribosomes

RNA makes up only ca. 4% of the dry weight of a typical mammalian cell90. Of this, some 80% is rRNA, and
some 85% of rRNA is incorporated into ribosomes. As such, ca. 1% of the wet weight of the typical cell is found in
ribosomal rRNA, and perhaps near 2% in ribosomes, which also include ribosomal proteins91.

In myocytes, a large portion of proteins are structural, and have longer half-lives than those of many other cells92,
so it seems likely that the ribosomal weight is lower, perhaps only 1% of the wet weight of the cell.

Each ribosome has a molecular weight of 3.2 · 106g mol−1, so the number of ribosomes works out at ≈ 3µM . We
will check that we have an approximate ratio of titin to ribosomes of the order of 1− 2 below.

The number of DNA molecules does not increase without myonuclear accretion, which is not included in our model.
Rather than keeping track of the relative decrease of DNA concentration as the cell grows, we consider the total number
of molecules in the cell. As the cell grows, the number of signalling molecules produced increases in proportion with
the size of the cell. These all appear to end up in the cell’s nucleus (68), so it seems plausible that an increase in the
total number of activated SRF molecules in the cell leads to a proportional increase in the activation of RNA synthesis,
regardless of the size of the cell. If RNA synthesis then increases linearly with the activation of the DNA promoter
(discussed in relation with SRF below), then we can simply write a kinetic equation for the concentration of rRNA
(i.e. roughly similar to the ribosome concentration) in terms of a synthesis term proportional to the concentration of
SRF and a degradation term.

Part B.2: Ribosome biogenesis regulates synthesis of new proteins

A growing muscle cell must increase its biosynthetic activity in order to maintain homeostasis. Because the cell
spends most of its biosynthetic budget on making ribosomes93,94, and because the cell’s growth rate is known to be
strongly influenced by its ribosome content95,96, it seems likely that ribosome number is already a limiting factor for
protein synthesis in the muscle prior to resistance training – anything else would be very energy inefficient. Indeed,
ribosome biogenesis has recently been suggested to be necessary for skeletal muscle hypertrophy to occur97–102. As
the cell’s biosynthetic demands increase during resistance training, ribosome number must therefore increase before
an increase in mRNA coding for various sarcomeric proteins can actually translate to an increase in protein synthesis.

Protein synthesis is raised immediately after exercise, indicating an increase in RNA Polymerase II activity. This
surplus peaks at 24 hours, before essentially returning to normal levels by 36 hours103. The increase in muscle protein
synthesis results from a combination of an uptick in mRNA synthesis and an activation of protein translation (e.g.
by mTOR). At the same time, protein degradation increases after exercise, and there is only a small net positive
synthesis of proteins in hyperaminoacidemic conditions104. Because of this, it is reasonable to add protein synthesis
and degradation together, and to ignore short-term fluctuations in the muscle’s protein balance.

As the resistance training programme progresses, there can only be a sustained net increase in protein number
if the rate-limiting number of ribosomes increases (excluding the short term adaptations immediately following a
single exercise session: intermittent bouts of increased mRNA and translational activation). To a first approximation,
protein synthesis rates will be proportional to ribosome number, whose synthesis by RNA Polymerase I will in turn
be proportional to the mechanosensitive signal strength.

Part B.3: Signal, ribosome and sarcomere protein synthesis & degradation rates

In the light of the above reasoning, we need to update our equations to include SRF (let us assume that this is still
the signal s, more on this later), ribosomes and titin (used as a proxy for all sarcomere structural proteins, which must
be synthesised in concert). Together, these equations help account for the lag between starting resistance training and
the onset of muscle hypertrophy several weeks later. But first, we need to estimate their synthesis and degradation
rates and check to see if our model predicts a correct ballpark value for the relative concentration of signal, ribosomes
and titin in the steady-state.

� Recent single cell experiments by105 showed that starved 3T3 cells contained of the order of 20 SRF molecules
which bind to DNA for long periods of time. The volume of NIH 3T3 cells is of the order of 2.4 pL106, compared
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with a typical myonuclear volume of muscle cells at 16 pL. If SRF is truly required to activate ribosome
biogenesis, then a simple scaling (assuming similar molecular constituent degradation rates) would suggest that
the typical muscle fibre sarcomere cross-section (2.3 µm in length with an area of 4000µm2: volume ≈ 9 pL)
would contain of the order of 100 SRF molecules which bind for long periods of time to DNA: i.e. activated
phospho-SRF molecules. This result is consistent with our prediction of the steady-state SRF concentration
using the kinetic rate constants in our model (see Part D below).

� The peak rRNA synthesis rate must be nearly reached in exponentially growing budding yeast. Experiments by
French et al.107 showed that the distance between neighbouring RNA Pol I in budding yeast was typically 132
nucleotides. Perez-Ortin et al.108 measured a maximum transcription speed for RNA Pol II in yeast (assumed
similar to that of RNA Pol I) of 42nt s−1. Together, this tells us that rDNA translation initiation occurs at a
highest rate of 0.32s−1.

A typical synthesis rate should be a little lower, so we choose ksr = 0.1s−1 as a typical ribosome synthesis
rate per activated rDNA repeat. Multiplying this value by the number of active SRF molecules per myonuclear
domain (≈ 150, scaled to a volume of 16 pL) predicts that some 15 ribosomes per second are synthesised per
myonuclear domain. The next paragraph is an aside to check if this value is in the correct ballpark.

Comparison between muscle and liver ribosome transcription rates: Homo sapiens has 350 rDNA repeats109

(700 on both pairs of chromosomes), which in turn means that there is a maximum synthesis rate of ≈ 200
ribosomes s−1 per nucleus. Protein degradation rates are quite different in different tissues:92 show for instance
that skeletal muscle degrades almost 4 times slower (28.6 day protein half-life) than liver tissue (7.35 day protein
half-life). Correspondingly, we expect ribosome biogenesis to differ by a similar factor in both tissues. Ribosome
turnover rates have long been known to be high in the rat liver (110 measured ribosome synthesis rates of over
1000 ribosomes min−1 nucleus−1). The volume of rat hepatocytes has been reported at ≈ 3.68 ± 1.37 pL111,
a factor of 4-5 less than the myonuclear volume. Estimating the differential rate of ribosome synthesis to be
roughly proportional to the differential protein half-life yields a 4 times lower maximum synthesis of ribosomes
per unit volume in skeletal muscle. Scaling to a value per nucleus gives suggests an estimate of ca. 20 ribosomes
synthesised per second and per nucleus for typical muscle cells. This is more than 10 times less than the
maximum possible synthesis rate of ribosomes and indicates that significant upregulation of this number can
occur in the presence of transcription factors such as SRF. In addition, this estimate is consistent with the
ballpark value for ribosome synthesis obtained from our model’s parameters.

� Ribosome degradation rates have been well-estimated in many tissues including liver112,113 and brain110. Un-
fortunately, measurements in skeletal muscle are less clear. The clearest measurement that we could find was
of pre-diabetic rats by Ashford and Pain114,115. The rats that they considered were still growing at the start
of the experiment, meaning that their rRNA degradation rates were too low and their rRNA synthesis rates
too high. But their data suggests that skeletal muscle rRNA has a fractional turnover rate of ≈ 5% per day
(with a range of 2 − 7%): the control sample (still growing) shows a synthesis rate of 7% per day, while the
very low degradation rate is almost unnoticeable at < 2%. Diabetic rats on the other hand show very high
rRNA degradation rates until insulin is provided and their degradation rates revert to 2− 4% per day. We use
these combined observations to estimate the actual turnover rate at ≈ 5% per day, or a half-life of ≈ 14 (range
10 − 30) days. This is somewhat slower than the rRNA turnover rate in liver (≈ 0.1day−1113), as we would
expect in a tissue with lower turnover. Clearly, this rate would benefit from more detailed observations.

� Titin synthesis rates kst require another estimate. Neglecting the correlation between protein size and degra-
dation rates in all proteins apart from the sarcomere proteins (e.g.116 highlight an inverse correlation between
protein size and susceptibility to lysosomal degradation), we can use information about the fractional masses of
sarcomeric structural proteins and their lifetimes to consider the fraction of ribosomes which must be used to
synthesise titin.

Titin accounts for ca. 10% of the myofibril mass117,118, and has a half-life of ca. 3 days75. Myosin accounts
for ca. 43% of the myofibril mass and has a very long half-life of up to 30 days119. Finally, actin makes up ca.
22% of the myofibril mass and also has quite a long half-life in muscle120,121 at 10.3 days. In other words, titin
turnover is fast relative to the other muscle constituents, and consequently we would expect titin amino acids
translated in similar proportions to actin and myosin amino acids.

Assuming that the other muscle proteins are degraded faster at an average rate of 43 hours−1122, that they
make up 25% of the sarcomere and all of the other muscle’s organelles, such that sarcomere structural proteins
only make up ca. 60% of the muscle mass, then we see that some 10 − 15% of translation events are likely
titin-related.
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Ribosomes translate new proteins with a rate of 6-9 amino acids per second123. Titin has some 34000 amino
acids, so it takes one ribosome 4000 − 6000 seconds to translate one titin molecule. Consequently, we can
estimate the rate of titin synthesis to be kst ≈ 10−5s−1 (accounting ca. 90% of ribosomes not synthesising titin
and for some unbound ribosomes).

� Consistency check: The estimates in this section give nrRNA = nSRF · ksr/kdr ≈ 107 ribosomes per sarcomere
cross-section (length 2.3µm, area 4000µm2) and ntitin = nrRNA · kst/kdt ≈ 2.5 ∗ 107 titins per sarcomere cross-
section. That value is very close to the actual number of titins in a cross-section of length 2.3µm and area
4000µm2.

NB: None of these rates significantly impact the overall qualitative mechanosensitive behaviour of TK, so rough
estimates are acceptable. The main impact which they will bring about is to change some of the time scales on which
the system responds; in particular, the ribosome degradation rate is important in determining both the lag time until
muscle hypertrophy is observed and the atrophy rate of the muscle - because it is substantially slower than the muscle
protein degradation rate.

Part B.4: Ribosomes are degraded en-route to the sarcomere; muscle size feedback

New experiments tracking titin synthesis and integration into the sarcomere show that most titin is synthesised by
ribosomes which localise to the sarcomere M-band or Z-disk124. This means that titin mRNAs must be transported
from the nucleus to the sarcomere prior to protein synthesis. Titin mRNA is very massive (81000 nt or 26.7 MDa),
so it will be very affected by diffusive constraints.125 However, Rudolph et al.124 suggest that titin mRNA does not
diffuse freely in the cell and rather localises along sarcomeric tracks. In other words, diffusive constraints might not
be quite as severe for titin mRNA as extrapolated from the diffusion of other large proteins.

Ribosomal subunits are manufactured in the nucleolus and have to diffuse to the sarcomeric synthesis sites, namely
the M-band and Z-disk. Ribosome subunits can be approximated to diffuse much like globular proteins; under this
approximation, the diffusion of the large subunit (≈ 2 MDa in eukaryotes) is the limiting step. The diffusion of
globular proteins is known to be strongly inhibited by the spacing of the myofibrillar lattice, which acts as a sieve.
In particular, extrapolating the data obtained by Papadopoulos et al.126 concerning the diffusion coefficients of large
globular proteins in the sarcoplasm suggests that the diffusion coefficient of the large ribosomal subunit should be
of the order of 10−2 − 10−1µm2s−1, or perhaps even smaller. With such a diffusion constant, the ribosomal subunit
would take t ≈ x2/(6D) ≈ 103 − 104 s to diffuse across a typical myonuclear domain (volume ≈ 16000µm3, typically
20− 25µm from the edge of the myotube where the nucleus is found to the opposite edge of the myonuclear domain
at the center of the tube). The half-life of ribosomes is 100− 1000 times higher, so given this simple extrapolation of
the ribosomal diffusion constant, 0.1−1% of the total ribosomes are degraded before they reach their target positions
within the sarcomere. But given the sieve-like nature of the myofibrillar lattice, we suspect that the actual diffusion
constant of ribosomes is much lower. Pending better estimates of sarcoplasmic ribosome diffusion, we will treat it as
a variable.

This term, which represents the en-route degradation of ribosomes, must depend on the myonuclear domain size: if
the muscle cell grows, ribosomes must move further and are more likely to be degraded. The diffusion time depends
on the square of the distance, and so does the number of actin filaments. To a first approximation, this degradation
term is proportional to the myofibre CSA or to the total number of titin filaments. The effective ribosome synthesis
rate is reduced from that which would be expected if all of the ribosomes could be instantaneously transported to
the sarcomere by a factor (1 − αntitin), where the proportionality constant α depends on the sarcoplasmic diffusion
coefficient of the ribosomal subunit.

We see in the main text that the diffusive constraints on ribosome transport in muscle contained in this term
provide the necessary feedback to stop runaway cell hypertrophy in our model.
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PART C: PHOSPHATE KINETICS LIMIT TK SIGNALLING

Part C.1: Exercise intensity and duration affects the signalling ability of TK

In order to consider exercise at a higher intensity, and which lasts for more than a few seconds, it is necessary
to include in our equations some knowledge of how the supply of free ATP changes during exercise. The duration
of most exercise sets aimed at inducing muscle hypertrophy is at least a few minutes127. During this time, the
body’s fast energy stores are rapidly depleted128: free cellular ATP degradation increases and leads to a near-equal
synthesis of new ATP from creatine phosphate (which accounts for slightly more than four times that amount129) to
maintain stable ATP levels. Glycogen stores then begin to be used when CP stores become depleted: readily available
glycogen is converted to glucose via glycogenolysis and to ATP via oxidative phosphorylation as the body prepares
for longer-distance exercise. Together, these mechanisms allow for a graded response to different effort durations and
intensities. At very long timescales (beyond the scope of resistance exercise or everyday activity), glycogen stores
become depleted, and fatty acid oxydation become provides significant and serves as the main energy store for ultra
distance efforts130.

At medium to long timeframes and lower intensities, energy levels within the muscle are limited by the rate of
oxygen uptake, which itself determines the rate of mitochondrial oxidative phosphorylation131,132.

Both phosphocreatine kinetics and oxidative phosphorylation kinetics may impact the availability of ATP for the
phosphorylation of signalling sites. In the TK-mediated mechanosensing paradigm, the phosphorylation of TK would
be expected to be lower when exercise is too hard, through a combination of decreased ATP availability through the
phosphocreatine system or via lack of ATP production from mitochondria. This effect is apparent in Fig. 9 in the
main text.

Part C.2: Kinetic equations for ATP/CP creation and consumption

The synthesis, degradation and transfer kinetics of the main metabolic species, namely ATP, CP and glycogen, are
well known.

Glycogen stores are fully depleted after several hours of exercise133, and the interplay between glycogen and fatty
acid metabolism is complex and likely depends strongly on the exercise history of the individual in question. Rather
than going into the complexities of this question, we will simply consider types of exercise where the distinction is
unnecessary, either as the exercise occurs faster than the maximal uptake rate of oxygen (VO2max), or where the
exercise is at a sufficiently low intensity (i.e. every day activity) that energy store type is not a rate limiting step in
ATP synthesis.

In order to determine the concentration of ATP available for phosphorylation, we need to keep track of the processes
which consume, synthesise or transform energy. Neglecting glycogen store size, we therefore only need to consider
ATP and CP concentrations.

The following rates must be present in the kinetic equations:

� Consumption of ATP by the muscle: this is proportional to the number of myosin molecules, the binding fraction
of each myosin molecule on the thin filament (the myosin duty ratio, which is measured to be close to 0.0548),
the force of ≈ 5.7pN produced by myosin stepping from rest due to the consumption of one ATP molecule42,134,
and the time which it takes myosin II to go though a single ATP cycle at ≈ 135ms at a roughly physiological 2
mM concentration of ATP46.

The myosin head performs work early in the binding interval135, meaning that it applies the force of ≈ 5.7pN for
much of the binding time, including after the end of the working stroke. The binding time is of the order of 7ms
as determined from the product of the duty ratio with the ATP cycle. To apply a force of ≈ 5.7pN on average,
one ATP molecule must therefore be consumed every 7ms. This gives a constant of kmyo ≈ 2 · 25 s−1pN−1 ATP
molecules consumed per second and per pN of constant load per sarcomere (where the factor of 2 accounts for
the symmetry of the sarcomere on either side of the M-line). ATP consumption per sarcomere therefore changes
with a rate −kmyoffibre = −rkmyoftitinntitin where we have included a factor r = (ffilament/6ftitin) to account
for the fact that the force is spread out between the 6 parallel titins and myosin. Titin kinase is most sensitive
if r is small, and we r = 3 as a plausible value (based on the approximate dependence of TK force on myosin
force found in Part A.4; see in particular Fig. 3). In our model, we consider the number of proteins within a ca.
2µm thick cross-section of a muscle fibre, and this term accounts for the ATP consumption within such a slice.

� ATP can be synthesised from CP with a rate kCP→ATP
([ATP]max−[ATP]free)

[ATP]max
[CP]. The rate of creatine phosphate

conversion to ATP must depend on the need for more ATP. During an all-out sprint, creatine phosphate stores
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are diminished by a factor of ≈ 4 after 30 seconds of all-out exercise136. In other words, the fastest rate of
conversion of CP to ATP must be of the order of 1-2 mM s−1. ATP is buffered by CP and does not fall below
70% of resting values137, meaning that the rate kCP→ATP ≈ 0.1− 0.2s−1.

� CP can be synthesised from ATP with a rate kATP→CP
([CP]max−[CP])

[CP]max
[ATP]free. The recovery of phosphocreatine

after exercise has been shown to be well-described by a biphasic exponential of the following form138:

[CP (t)] = CPmax −
(
c1e
−kfastert + c2e

−kslowert
)

. (23)

Concerning the initial recovery of CP up to 70− 80% of its maximum value (expressed by the fast exponential
in Eqn. 23), we can solve for kATP→CP by assuming that the rate of change of CP is much faster than the rate
of change of ATP (which contributes to the slow exponential in Eqn. 23), so that the phosphocreatine equation
is in a local steady-state:

d[CP (t)]

dt
≈ 0⇒ kATP→CP ≈ kCP→ATP

([ATP]max−[ATP]free)
[ATP]max

([CP]max−[CP])
[CP]max

[CP]

[ATP]free
(24)

This can then be evaluated at the end of a sprint; for the sake of simplicity, we use the values measured by139,
and find: kATP→CP ≈ 0.15− 0.3 s−1.

� Rate krnp of phosphate return from TK phosphorylation (minimal): mostly due to phosphorylated TK convert-
ing to open TK. Many other signalling pathways would also yield such an effect.

� The rate of ATP synthesis from oxidative phosphorylation depends primarily on the maximum rate of oxidative
phosphorylation kO2

which is proportional to VO2max in the following manner. The breakdown of each glucose
molecule requires 6 O2 molecules and generates a theoretical maximum of 38 ATP molecules (but an actual
maximum closer 29-30 ATP140). Every litre of oxygen contains ≈ 2.7 · 1022 molecules at standard pressure and
temperature. This can therefore generate up to 29.5/6 · 2.7 · 1022 ≈ 1.3 · 1023 ATP molecules per second. The
record rate of oxygen consumption in muscle is approximately 100 ml min−1 kg−1141, which should be scaled
by a factor of ≈ 2 − 2.5 to account for muscle mass only making up ≈ 40 − 50% of body mass at most, in an
age-dependent manner142. The muscle would then produce of the order of 5 · 1020 ATP molecules s−1 kg−1. We
obtain the corresponding estimate per titin molecule scaled by the ≈ 4.7 ·10−6 ·6.02∗1023 ≈ 2.8 ·1018 molecules
of titin in each kg of muscle (using the result from Part B.1 above). This gives a world-record rate of kO2

≈ 200
ATP molecules per titin molecule generated per second, and a normal rate for amateur athletes of perhaps half
that143.

As the ATP deficit increases, we suggest that the rate of O2 uptake increases linearly to begin with before
plateauing when the VO2max limit is reached. A simple way to extrapolate this behaviour into a non-piecewise
function is with the following term:

kO2

([ATP]max−[ATP]free)
[ATP]max((

([ATP]max−[ATP]free)
[ATP]max

)e
+ kshape

)1/e
ntitin (25)

where kshape and e are empirical shape-fitting constants. While it looks complicated, this equation is just a

linear term depending on the ATP deficit: ∝ ([ATP]max−[ATP]free)
[ATP]max

followed by a constant term, with a more or

less smooth transition zone between the two, whose shape depends on the two constants kshape and e.

� All of these rates were scaled relative to the steady-state (maximum) values of ATP or CP listed in Part B.1
above.
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Combining the above rates yields two additional kinetic equations for free ATP and creatine phosphate (CP):

d[ATP]free
dt = (−rkmyoftitin[Ttn] + kCP→ATP

([ATP]max−[ATP]free)
[ATP]max

[CP]

+ kO2

([ATP]max−[ATP]free)

[ATP]max((
([ATP]max−[ATP]free)

[ATP]max

)e

+kshape

)1/e [Ttn] (26)

− kATP→CP
([CP]max−[CP])

[CP]max
[ATP]free − kpno[ATP]free + krnp

d[CP]
dt = −kCP→ATP

([ATP]max−[ATP]free)
[ATP]max

[CP] (27)

+ kATP→CP
([CP]max−[CP])

[CP]max
[ATP]free .

These equations naturally assume that the number of muscle sarcomere proteins scales with the total number of titin
molecules, i.e. that the composition of the sarcomere remains the same throughout trophic changes.

TABLE I: Values of rate constants for phosphate transfer, obtained in experiments or simulations.

Constant Value (s−1) Source

kmyo 2.4 · 10−4pN−1 42,48,134,135 a

kCP→ATP 0.1-0.2 136,137

kATP→CP 0.15-0.3 136,137,139

kO2 100 141,143

kshape 10−40 b

e 50 c

None of the sources directly report these values, so one should followthe discussion in this sectionfor details about how they
were obtained.

a Value per pN of titin force.
b For a very sharp transition from linear to constant regime, no data. Conversely, e needs to be quite large.
c For a very sharp transition from linear to constant regime, no data. Conversely, kshape needs to be very small.

PART D: STEADY-STATE SOLUTION FOR THE FULL MODEL

All of the equations in the main text, together with the phosphate equations from the previous section, yield
a steady-state solution. Unfortunately, one of the phosphate equations does not possess an analytical solution. Its
steady-state solution can be found most easily by asymptotically tending towards a steady-state by iteratively changing
the values for free ATP and CP (not the maximum values, which are fixed model parameters).

Let us solve for the steady-state concentrations of the other molecular species:

nc =
k−kdns

(
kr + k̃s

)
Φ1

, no =
k+kdns

(
kr + k̃s

)
Φ1

, np =
k+kdns

kp[ATP]

Φ1
, ns =

k+k̃skp[ATP]

Φ1
(28)

where

Φ1 = k+

(
kdns

(
kp[ATP] + kr + k̃s

)
+ k̃skp[ATP]

)
+ k−kdns

(
kr + k̃s

)
(29)

and

k̃s =
ks

1 + (nnbr1/(σntitin))
−mnbr1

. (30)

The equations for SRF, ribosomes and titin can easily be combined and solved for a steady state for SRF, ribosomes
and mechanosensing complex numbers ns:

nSRF =
kdtkdr

kstksr
ntitin , nrRNA =

kdt
kst

ntitin , ns =
kdtkdrkds

kstkdnsksr
ntitin . (31)
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The steady-state nbr1 concentration can be obtained simply by combining the equations for nbr1 (Eqn. 22), and the
above equations for the mechanosensing complex and ribosomes in terms of the titin concentration (Eqns. 31):

nnbr1 =
kdt

kd,nbr1

(
γnbr1/Ttn − 2

kd,ribokds
ksribokst

)
ntitin (32)

where γnbr1/Ttn = ks,nbr1/kst ≈ 0.002 (see Part A.7) accounts for the relative synthesis rates of nbr1 to titin. Finally,
Eqns. 26 and 27 combine to give a steady-state CP and ATP concentration. Combining Eqns. 28 and 31, we can solve
for the steady-state force, inserting the relations found above for the opening and closing rates k− and k+:

fst =
∆G0

umax
+
kBT

umax
ln
(
− (kr + k′s)

kp[ATP]
( k′s
kdns

− ζ + 1 +
kr+k′s
kp[ATP]

)) (33)

where ‘st’ stands for steady-state, the shorthand ζ is the ratio of synthesis to degradation coefficients:

ζ =
kstk̃sksr
kdtkdrkds

, (34)

and the shorthand k̃s contains information about the aggregation dynamics of the mechanosensor:

k̃s =
ks

1 + (nnbr1/(σntitin))
−mnbr1

=
ks

1 +
(
σ kdt
kd,nbr1

(
γnbr1/Ttn − 2

kd,ribokds
ksribokst

))−mnbr1
. (35)

PART E: MISCELLANEOUS

Part E.1: Non-linear dependence of force on muscle size

f = F/ntitin , F = F0

( ntitin

ntitin(F = F0)

)1−µ
⇒ f = f0

( ntitin

ntitin(F = F0)

)−µ
. (36)

We also consider the possibility that the force produced by the muscle does not scale linearly with muscle size (µ = 0).
It is unclear exactly how much active muscle force scales with muscle size. Krivickas et al.37 find that force increases
slower at larger muscle CSA, whereas Akagi et al.144 do not see a substantial non-linearity between force and myofibre
volume. This suggests that the apparent non-linearity between muscle force and muscle fibre size has more to do with
a change in muscle architecture and cross-sectional thickness as pennation angles increase during hypertrophy. It is
tempting to look for an explanation for trophic feedback in terms of tendon elongation or shortening in response to
hypertrophy or atrophy respectively. However, increases in tendon stiffness and long-term tendon hypertrophy are
well-documented in conjunction with myocyte hypertrophy, and so is a decrease of tendon stiffness during muscle
atrophy38,145. So, it is also not clear if there is any significant muscle passive force feedback. We consider the
implications of both types of feedback in the main text.

Part E.2: Reversible mechanosensor transition rates

The transition rates between the aforementioned titin conformations involve the opening and closing of protein
domains. Such a scenario was analysed by32 for FAK, who found that both kinds of rates had a complex dependence
on the tension within the molecule,

k+(f) =
( ∆G0,a

u2
0,aγTKD

) gaf̄a
2
(1− 2f̄a/3)2ζ

4(1− 2f̄a/3)2Ψ1,a[f ] + f̄a
2
ζΨ2,a[f ]

(37)

where the functions Ψ1,a[f ] and Ψ2,a[f ] are shorthand for:

Ψ1,a[f ] = exp
[
− gaf̄a

2
/2κ̄a(f)

]
+ gaf̄a

2
/2κ̄a(f)− 1 (38)

Ψ2,a[f ] = exp
[
ga(1− 2f̄a/3)3/2

]
− ga(1− 2f̄a/3)3/2 − 1 (39)
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and where the energy barrier ga = ∆G0,a/kBT , the force f̄a = f × u0,a/∆G0,a, stiffness of the muscle fibre κ̄a(f) =
κ(f)× u2

0,a/∆G0,a and the ratio of damping constants ζ = γTKD/γfibre have been made dimensionless.
The rate of auto-inhibition on the other hand does not depend on the substrate stiffness and can be found as with

FAK to be:

k−(f) =
( ∆G0,a

u2
0,aγTKD

) gaf̄
2(

egaf̄λa − 1
)
− gaf̄λa

(40)

where the λa = (umax,a − u0,a)/u0,a is the ratio of the lengths of the open and closed conformations. Very similar
relations can be obtained for the other rates involving TK conformational change, i.e. those for kc, ke, ke′ .

Most of the physiological parameters can be obtained directly from AFM experiments by Puchner et al.58. The
transition energies G0 can be obtained from the area below the curve in the force-displacement relationship plotted
in their Figure 3. If our attribution of the transitions between the different TK conformations is correct, then the
energy barrier between the closed and the open state is of the order of G0,a ≈ 50kBT . The energy difference between
the transition from the open to the over-extended conformations in the absence of ATP, G0,b, is slightly smaller to
that seen in the presence of ATP (G0,c), with perhaps G0,c −G0,b ≈ 30kBT and G0,b ≈ 200kBT . From their graph,
setting the zero point of the problem as the partially unfolded structure (but still closed) at ≈ 19nm, the first peak is
at u0,a ≈ 1.5nm and the next peak is at umax,a ≈ 7nm. For the next peak, again setting the zero point at the through
between the two peaks, u0,b ≈ u0,c ≈ 4.5nm again and umax,b ≈ umax,c ≈ 9nm .

The stiffness of the muscle scales with the tension force within the muscle as shown for instance by146 due to the
rearranging of components during loading, including the Z-disk cross-bridges. The relationship between muscle force
and its Young modulus was examined by147, who found a linear relationship between torque and stiffness up to the
maximum isometric torque. The measured Young’s modulus at low force is quite small, so we can assume that the
Young’s modulus increases linearly with a negligible constant as

E(f) ≈ Emax
f

fmax
(41)

where the measured Emax ≈ 200 kPa. The stiffness of the substrate of the titin fibre can be estimated by considering
the Z-line as a plane and taking the stiffness of the Z-line to be the same as that of the muscle. The stiffness of the
titin substrate is then given as κ(f) = (4/3)πE(f)η, where η ≈ 50nm is an elastic cutoff corresponding to the mesh
size between neighbouring force-bearing filaments. This gives an estimate of a maximal titin substrate stiffness of
κmax ≈ 0.04 N m−1.

Assuming that the internal diffusion constant of TK is similar to that of FAK gives an estimate of the damping
constant of TK as: γTK ≈ 10−9kg s−1. Bell et al.32 find that the substrate damping constant depends on its fluctuation
relaxation time τsub ≈ 0.01s which is quite universal across wide ranges of substrate stiffness. This gives the dissipation
constant for the substrate as γfibre ≈ 4 · 10−4kg s−1, and so the ratio ζ = γTKD/γfibre ≈ 10−5.

Part E.3: Phosphorylation of the signalling complex

If titin kinase is indeed a pseudokinase, it is necessary to consider an alternate mechanism for the phosphorylation
and activation of SRF. One possibility is that nbr1 phosphorylation increases via phosphate transfer from glycogen
synthase kinase 3 (GSK3)148, which in turn in known to be phosphorylated by AKT during exercise149. Note that the
phosphorylation of nbr1 could then occur after the formation of the mechanosensing complex. If the mechanosensor
lasts a sufficiently long time, which we know it must from the nuclear translocation dynamics of MuRF, then we
can assume that the phosphorylation of nbr1 and phosphate transfer occurs faster than the degradation time of the
complex. Under normal physiological conditions therefore, it should be possible to ignore the phosphorylation rates
of nbr1 as well as the rates of p62 and MuRF binding: the key step is the binding to nbr1 before the TK closes again
under force. After nbr1 is bound, TK cannot close and the complex can fully aggregate.
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108Pérez-Ort́ın J E, Alepuz P M and Moreno J 2007 Trends Genet. 23 250–257 ISSN 01689525
109KOBAYASHI T 2014 Proc. Japan Acad. Ser. B 90 119–129 ISSN 0386-2208
110Stoykova A S, Dudov K P, Dabeva M D and Hadjiolov A A 1983 J. Neurochem. 41 942–949 ISSN 0022-3042



23

111Yoshikado T, Toshimoto K, Nakada T, Ikejiri K, Kusuhara H, Maeda K and Sugiyama Y 2017 Drug Metab. Dispos. 45 779–789 ISSN
0090-9556

112Nikolov E N, Dabeva M D and Nikolov T K 1983 Int. J. Biochem. 15 1255–1260 ISSN 0020711X
113Mathis A D, Naylor B C, Carson R H, Evans E, Harwell J, Knecht J, Hexem E, Peelor F F, Miller B F, Hamilton K L, Transtrum

M K, Bikman B T and Price J C 2017 Mol. Cell. Proteomics 16 243–254 ISSN 1535-9476
114Ashford A J and Pain V M 1986 J. Biol. Chem. 261 4066–70 ISSN 0021-9258
115Ashford A J and Pain V M 1986 J. Biol. Chem. 261 4059–65 ISSN 0021-9258
116Dice J F, Dehlinger P J and Schimke R T 1973 J. Biol. Chem. 248 4220–4228 ISSN 00219258
117Ohtsuki I, Maruyama K and Ebashi S 1986 Regulatory and Cytoskeletal Proteins of Vertebrate Skeletal Muscle Adv. Protein Chem.

(Academic Press Inc.) pp 1–67
118Amos L A and Amos W B 1991 Molecules of the Cytoskeleton (London: Macmillan Education UK) ISBN 978-0-333-49595-7
119Marx J O, Kraemer W J, Nindl B C and Larsson L 2002 Journals Gerontol. Ser. A Biol. Sci. Med. Sci. 57 B232–B238 ISSN 1079-5006
120Martin A F 1981 J. Biol. Chem. 256 964–8 ISSN 0021-9258
121Russell B, Motlagh D and Ashley W W 2000 J. Appl. Physiol. 88 1127–1132 ISSN 8750-7587
122Toyama B H and Hetzer M W 2013 Nat. Rev. Mol. Cell Biol. 14 55–61 ISSN 1471-0072
123Ross J F and Orlowski M 1982 J. Bacteriol. 149 650–653 ISSN 0021-9193
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129Karlsson J, Nordesjö L O, Jorfeldt L and Saltin B 1972 J. Appl. Physiol. 33 199–203 ISSN 8750-7587
130Achten J, Venables M C and Jeukendrup A E 2003 Metabolism 52 747–752 ISSN 00260495
131Lehninger A L, Wadkins C L, Cooper C, Devlin T M and Gamble J L 1958 Science (80-. ). ISSN 00368075
132Schatz G 1967 Angew. Chemie Int. Ed. English 6 1035–1046 ISSN 0570-0833
133Murray B and Rosenbloom C 2018 Nutr. Rev. 76 243–259 ISSN 0029-6643
134Kaya M, Tani Y, Washio T, Hisada T and Higuchi H 2017 Nat. Commun. 8 16036 ISSN 2041-1723
135Woody M S, Winkelmann D A, Capitanio M, Ostap E M and Goldman Y E 2019 Elife 8 ISSN 2050-084X
136Kappenstein J, Ferrauti A, Runkel B, Fernandez-Fernandez J, Müller K and Zange J 2013 Eur. J. Appl. Physiol. 113 2769–2779 ISSN

1439-6319
137McMahon S and Jenkins D 2002 Sport. Med. 32 761–784 ISSN 0112-1642
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