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Contractile Function

Resolving zone-specific regulation of cardiac myosin
Shane R. Nelson1�

Cardiac contractility is driven by shortening of ∼2-μm–long, macromolecular assemblies known as sarcomeres. During 
contraction, the motor protein myosin binds to, and exerts force upon actin filaments, utilizing energy from the hydrolysis of 
ATP. When not actively contracting, myosin partition into two subpopulations, distinguished by their basal rates of ATP 
hydrolysis, known as the “Disordered Relaxed” (DRX) and “Super Relaxed” (SRX) states. Additionally, the slower hydrolyzing 
SRX state has been proposed as a sequestered or “reserve pool” of myosin that do not contribute to contraction but can be 
recruited for enhanced contractility in response to external stimuli. Thus, the fraction of myosin in the SRX state is thought to 
reflect the overall regulatory state of the myosin population. In this volume of the Journal of General Physiology, a study by 
Pilagov et al. explores how the SRX state is regulated by phosphorylation or haploinsufficiency of a key regulatory protein, 
Myosin Binding Protein-C (MyBP-C). Surprisingly, they found that perturbations of MyBP-C led to a negligible change in the 
overall abundance of SRX. Instead, they found a rearrangement of SRX myosin throughout the sarcomere – specifically a 
decrease in SRX in regions of the sarcomere that contain MyBP-C and a compensatory increase in SRX in regions lacking MyBP- 
C. Their findings suggest that the influence of MyBP-C extends beyond its immediate vicinity and can simultaneously exert 
both positive and negative effects in a location-specific manner.

Introduction
Contraction of both cardiac and skeletal muscle is driven by 
shortening of ∼2-μm–long, macromolecular assemblies known 
as sarcomeres. These sarcomeres are arranged into long, tandem 
arrays known as myofibrils, which are the contractile organelles 
within muscle cells. Sarcomeres are comprised of interdigitated 
myosin-containing thick filaments and actin-containing thin 
filaments (Fig. 1 A), which slide past each other during con
traction, resulting in shortening of the sarcomere and conse
quently, the whole muscle cell. Myosin is the motor protein that 
converts chemical energy arising from the hydrolysis of ATP 
into the mechanical work of sarcomere force generation and 
shortening. However, analogous to an idling car, myosin con
tinues to hydrolyze ATP at a reduced rate when muscle is not 
actively contracting. This slow, basal rate of ATP hydrolysis is 
commonly known as the “relaxed” rate of ATP hydrolysis. 
However, a conundrum was long known in the field as this 
biochemical rate was far too fast to reconcile with the measured 
metabolic rate of resting muscle (Kushmerick and Paul, 1976). In 
2010, Stewart et al. demonstrated that there are two distinct 
subpopulations of myosin in relaxed muscle—one exhibiting the 
conventional relaxed ATPase rate and another population ex
hibiting a ∼10-fold slower rate, which they termed the “super- 

relaxed” or SRX population. The SRX state was suggested as a 
mechanism for energy conservation in resting muscle, perhaps 
functioning as a “reserve pool” that could be called upon for 
increased mechanical output. Additionally, based on similarities 
with smooth and molluscan myosins, the SRX state was also 
suggested to be correlated with a folded configuration of myosin 
known as the “interacting heads motif” or IHM (Fig. 1 B; Lee 
et al., 2018), and the helical ordering of the myosin heads 
along the thick filament backbone (Dutta et al., 2023; Tamborrini 
et al., 2023). On this basis, the conventional relaxed rate was 
rebranded as the disordered relaxed or DRX rate, as it presum
ably arises from myosin heads that are not in an ordered ar
rangement and that are competent to interact with the thin 
filament. The sequestration of myosin into the IHM/SRX/heli
cally ordered state underpins the emerging theory of a thick 
filament–based mechanism that regulates the number of myosin 
available to bind to the thin filament and generate force and 
motion upon muscle activation, thus potentiating the magnitude 
of each individual contraction. Breakdown of this regulatory 
mechanism has been proposed as the underlying cause of sar
comeric myopathies, such as hypertrophic cardiac myopathy 
(Sarkar et al., 2020; Toepfer et al., 2020). In an earlier issue of 
the Journal of General Physiology, a recent study by Pilagov et al. 

............................................................................................................................................................................
1Department of Molecular Physiology and Biophysics, Larner College of Medicine, University of Vermont, Burlington, VT, USA.

Correspondence to Shane R. Nelson: srnelson@med.uvm.edu

This work is part of a special issue on Myofilament Structure and Function.

© 2025 Nelson. This article is distributed under the terms as described at https://rupress.org/pages/terms102024/.

Rockefeller University Press https://doi.org/10.1085/jgp.202513838 1 of 4
J. Gen. Physiol. 2025 Vol. 157 No. 6 e202513838

D
ow

nloaded from
 http://rupress.org/jgp/article-pdf/157/6/e202513838/1949537/jgp_202513838.pdf by guest on 02 D

ecem
ber 2025

https://orcid.org/0000-0002-3032-6314
mailto:srnelson@med.uvm.edu
https://rupress.org/pages/terms102024/
https://doi.org/10.1085/jgp.202513838
http://crossmark.crossref.org/dialog/?doi=10.1085/jgp.202513838&domain=pdf


(2025) explores the regulation of myosin’s SRX state in human 
and porcine cardiac muscle. Their data suggest the presence of a 
previously undescribed mechanism of anti-cooperative regula
tion within this muscle, such that changes favoring activation 
in one region are offset by a commensurate repression in a 
neighboring region.

Factors that regulate SRX include thick filament strain, 
temperature, ionic strength, regulatory light chain phospho
rylation, and myosin-binding protein C (MyBP-C). MyBP-C has 
garnered particular attention, as mutations in this protein are 
linked to a large proportion of cases of familial hypertrophic 
cardiomyopathy (Tardiff, 2005). Present in both skeletal and 
cardiac muscle, MyBP-C has a distinctive distribution within 
sarcomere, present in 9–11 “stripes”, spaced 43-nm apart within 
a select region of the thick filament of each half of the myosin 
thick filament (Fig. 1 A). This region, known as the C zone, 
contains both myosin and MyBP-C in a 3:1 M ratio and is flanked 
by a smaller P zone on one side and a larger D zone on the other, 
both of which contain myosin, but not MyBP-C.

The SRX state was first described using a nucleotide chase 
assay to examine the rate of ATP turnover, specifically the ap
parent rate of ADP release (Stewart et al., 2010). This assay has 
since been adapted to myofibrils (Walklate et al., 2022), thick 
filaments (Gollapudi et al., 2021), and even recombinant myosin 
(Anderson et al., 2018). An alternative single-molecule approach 
to measure the SRX state has been pioneered by the Kad group, 
as well as our own (Pilagov et al., 2023; Nelson et al., 2020). This 

approach examines the residence time of single molecules of 
fluorescent ATP as they are taken up and hydrolyzed in isolated 
myofibrils. These residence times provide a measure of the rates 
of product release from myosin heads, but with the added ad
vantage of high spatial precision for each individual nucleotide 
turnover event, allowing the proportions of SRX and DRX to be 
mapped within a sarcomere.

Previous studies found that the more central region of the 
thick filament contains a higher proportion of myosin seques
tered in the SRX state than the more distal regions, suggesting 
that the ends of myosin thick filaments are biochemically more 
active and potentially more available for force-generating in
teractions with the thin filament upon muscle activation. Ad
ditionally, these prior studies have indicated a critical role of 
MyBP-C in regulation of the SRX state in muscle. In the cur
rent study, Pilagov and colleagues have extended their prior 
studies to examine two key perturbations of MyBP-C in human 
and porcine cardiac muscle.

Experimental findings
The first perturbation was treatment with PKA, a protein kinase 
that is activated by β-adrenergic stimulation, leading to en
hanced muscle contractility (Stelzer et al., 2007). MyBP-C is a 
key target of PKA, with 3–4 specific phosphorylation sites near 
the N-terminus, as well as others in the central domains of the 
protein (Jia et al., 2010). Upon phosphorylation of MyBP-C by 
PKA, the authors unexpectedly saw no net change in the overall 

Figure 1. Myofibrils, sarcomeres, and myosin. (A) The organization of the thick and thin filaments within a sarcomere. Callout shows one half of a thick 
filament with the P, C, and D zones. (B) Myosin in the SRX and DRX states and the associated structural states. (C) The arrangement of SRX myosin may 
determine the availability of individual myosins for binding to the thin filament. This determines the extent of tension along the thick filament, which in turn may 
regulate availability of other SRX myosin.
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abundance of SRX myosin. However, they did find a redistri
bution of where SRX myosin was located within the sarcomere. 
Within the C zone, they saw a decrease in SRX abundance, 
consistent with repression of MyBP-C activity by phosphoryla
tion. Unexpectedly, this was offset by a commensurate increase 
in SRX abundance within the D zone, resulting in no net change 
in overall SRX abundance.

As MyBP-C phosphorylation represses MyBP-C activity, Pi
lagov et al. then extended the study to samples of human cardiac 
muscle that were heterozygous for a MyBP-C–truncating mu
tation, which leads to a ∼30% reduction in total MyBP-C ex
pression (Pioner et al., 2023). Here, they observed much the 
same result—no change in the overall SRX abundance, but a 
shift in where SRX myosin are located, from predominantly in 
the C zone in normal myocardium to predominantly in the D 
zone of the mutant samples.

These results are surprising because a change in SRX within 
the C zone upon MyBP-C perturbation is perhaps expected, as 
this is the region where MyBP-C is found. However, as both of 
our groups (Nelson et al., 2023; Pilagov et al., 2023) and the 
current study (Pilagov et al., 2025) have shown, effects of MyBP- 
C perturbations extend throughout the sarcomere, even to re
gions that do not contain MyBP-C, such as the D zone. These 
findings suggest communication along the thick filament, where 
changes in the regulatory state of one region are conveyed 
throughout the thick filament. Interestingly, those prior studies 
found that deletion, truncation, or phosphorylation of MyBP-C 
led to a reduction in SRX content in both the C and D zones, 
resulting in the entire thick filament shifting to the more active 
DRX state. In contrast, this new study shows changes in opposite 
directions between the C and D zones, suggesting that commu
nication along the thick filament may be more nuanced than 
previously thought.

The authors suggest that a key difference in this study may lie 
in the isoform of myosin that is expressed. There are two ge
netically and biochemically distinct myosin isoforms present in 
the hearts of adult mammals. The α-myosin heavy chain is 
predominant in most rodent species, including mice—the most 
used model system for these studies. However, humans and pigs 
predominantly express β-myosin heavy chain in their hearts. 
The findings here may suggest that cardiac β-myosin behave 
very differently in this regard than skeletal or cardiac α-myosin.

Knowledge gaps in the field
In the model of thick filament regulation described by Linari 
et al. (2015), myosin near the tip of the thick filament (i.e., the 
D zone) are the most available and first to bind the thin filament 
upon muscle activation. Forces generated by these first myosins 
create tension along the thick filament (Fig. 1 C), proportionally 
freeing more centrally located heads from their sequestered 
state and making them available to bind the thin filament and 
contribute more force. Thus, the number of myosin available to 
contribute to a contraction can be modulated in response to 
mechanical demands (Wang et al., 2024). In agreement with this 
model, we (Nelson et al., 2020; Nelson et al., 2023) and Pilagov 
et al. (2023) show that myosin nearest the thick filament tip, 
i.e., those in the D zone, show the lowest fraction of SRX of the 

sarcomere, suggesting that they are the most available for 
binding to the thin filament to generate force and motion. 
However, the new findings of Pilagov et al. present a conun
drum, as PKA treatment leads to enhanced contractility (Stelzer 
et al., 2007), which would suggest an overall reduction in SRX 
content. However, this is not what they found. Perhaps the key 
lies in the arrangement of the SRX myosin, as they found that 
upon phosphorylation or a reduction in the total amount of 
MyBP-C, those “sentinel” myosin near the thick filament tip 
become more repressed (i.e., increased SRX content), while more 
centrally located myosin become more activated (i.e., reduced 
SRX content). This may serve to preserve sarcomere energetics 
while blunting the force sensitivity of the thick filament as D 
zone heads would not be expected to sense tension on the thick 
filament if they are located distally to the force-generating 
crossbridges (Fig. 1 C).

The relationship between the helically ordered/structural 
IHM state and the biochemical SRX state remains unclear. Cir
cumstantial evidence suggests that they are highly correlated if 
not equivalent—the sarcomeric C zone has a high degree of 
helical order with myosin heads in IHM (Dutta et al., 2023; 
Tamborrini et al., 2023). This region also demonstrates the 
highest proportion of the slower, SRX rate of product release 
(Nelson et al., 2020; Nelson et al., 2023; Pilagov et al., 2023). 
Many authors use the terms IHM and SRX interchangeably. 
However, there are many reports of SRX content in preparations 
of single-headed myosin S1 (Anderson et al., 2018; Gollapudi 
et al., 2021), which cannot adopt the IHM, as it has a single 
myosin head with no coiled-coil domain. More recent studies 
have called these findings into question (Cail et al., 2025; 
Mohran et al., 2024). In a study combining both biochemical and 
structural measures, Chu et al. (2021) concluded using soluble 
myosin that IHM-like folded structures lead to but are not re
quired for SRX-like biochemical rates.

Finally, are SRX and DRX myosin in an equilibrium? Various 
perturbations have been shown to rapidly change the number of 
myosin in the SRX state, suggesting that individual myosins 
must be able to exist in either state. However, absent such a 
perturbation, do myosin exchanges between SRX and DRX 
states? Such an exchange must be slower than the apparent SRX 
rate for that rate to be observed at all (Walklate et al., 2022; Cail 
et al., 2025). As distinct subpopulations have not been described 
for any other step in the myosin ATPase cycle, perhaps myosin 
must exit the SRX state to bind a subsequent ATP, effectively 
“exiting” the SRX state with each complete hydrolytic cycle. 
Alternately, perhaps myosin remains in an SRX state for mul
tiple ATPase cycles? That is to say that when Pilagov et al. report 
that 46% of myosin are in the SRX state, does that mean that 46% 
of myosin are locked into this state under the given conditions, 
or are myosin freely exchanging between SRX and DRX states, 
such that the 46% estimate is more of a steady-state average?

In conclusion, this recent study from the Kad group re
inforces the role of MyBP-C in regulation of the myosin thick 
filament. They found that perturbations to MyBP-C led to 
changes in SRX abundance throughout the sarcomere, extending 
even to regions that are devoid of MyBP-C. Additionally, they 
describe a redistribution of SRX, with sarcomeric C and D zones 
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changing in opposite directions, instead of a global change. This 
suggests more nuanced role for thick filament regulation by 
MyBP-C than previously appreciated.
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