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Spatially resolving how cMyBP-C phosphorylation
and haploinsufficiency in porcine and human
myofibrils affect B-cardiac myosin activity

Matvey Pilagov*®, Sonette Steczina?*®, Ateeqa Naim™*@®, Michael Regnier?®, Michael A. Geeves'®, and Neil M. Kad'®

B-cardiac myosin mediates cardiac muscle contraction within the sarcomere by binding to the thin filament in an ATP-
powered reaction. This process is highly regulated on a beat-to-beat basis by calcium interactions with the thin filament, but
also contractile force is highly regulated by controlling the number of myosins available, resulting in a dynamic reserve. Our
goal was to examine the size of this reserve and how it is modulated by cardiac myosin binding protein-C (cMyBP-C). We used
single-molecule imaging to determine myosin activity with high spatial resolution by measuring fluorescently tagged ATP
molecules binding to and releasing from myosins within the cardiac sarcomere. Three myosin ATPase states were detected:
the fastest species was consistent with nonspecific ATP binding to myosin’s surface, and the slower two species were
consistent with the previously identified DRX and SRX states. The former represents myosins in a state ready to interact with
the thin filament, and the latter in a cardiac reserve state with slowed ATPase. We found the cardiac reserve was 46% across
the whole sarcomere in porcine myofibrils. Subdividing into the P-, C-, and D-zones revealed the D-zone has the smallest
population of reserve heads (44%). Treatment with PKA that phosphorylates cMyBP-C led to a 16% reduction of reserve in the
C-zone (where cMyBP-C is found) and a 10% reduction in the P-zone, with an unexpected 15% increase in the D-zone.
Interestingly, the changes in SRX myosin head distribution by PKA phosphorylation of cMyBP-C across each subsarcomeric
zone mirror the changes we identified in human cardiac myofibrils isolated from a hypertrophic cardiomyopathy patient
mutation (MYBPC3-c.772G>A) that exhibits cMyBP-C haploinsufficiency. These results provide novel insights into how the
C-zone functions in both porcine and human B-cardiac myosin-containing thick filaments, revealing a possible compensatory
change in the D-zone upon altered cMyBP-C phosphorylation and/or haploinsufficiency.

Introduction

Cardiac muscle contraction is dynamically regulated to ensure
rapid and constant adaptation to the changing physiological
demands placed on the heart. The fundamental contractile or-
ganelle in cardiac muscle is the myofibril, which is comprised of
a tandem array of sarcomeres. Sarcomeres consist of myosin-
containing thick filaments and actin-containing thin filaments,
both of which are regulated to control the timing and force of
contraction. Thin filament regulation is mediated by calcium
binding to thin filament-associated regulatory proteins and has
been well characterized (Gordon et al., 2000), although some
questions remain. However, our understanding of thick filament
regulation is still being developed. The current view of thick

filament regulation suggests that myosins adopt two biochemi-
cal states under relaxed conditions, one poised to interact with
actin termed the disordered-relaxed (DRX) state, and a second
super-relaxed (SRX) state that constitutes a reserve population
of myosins with significantly reduced ATPase activity (Stewart
et al., 2010; Hooijman et al., 2011; Nogara et al., 2016). The SRX
state is thought to act as a reserve population, recruited when
the heart needs stronger contraction but to save energy when
they are not immediately required.

Recent high-resolution structural studies have provided
valuable insights into the complex environment of the sarco-
mere (Tamborrini et al, 2023; Dutta et al., 2024). These
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complement classical studies (Craig and Offer, 1976; Tonino
et al., 2019; Bennett and Gautel, 1996) that have used counter-
staining to define regions of the thick filament based on the
presence of cMyBP-C and titin. The P-zone (0-159 nm) is closest
to the M-line (0 nm), the C-zone (160-500 nm) is marked by the
clear presence of nine bands of myosin binding protein-C
(MyBP-C), and the D-zone (501-800 nm) accounts for the
remainder—occupying approximately the last third of the thick
filament (Tonino et al., 2019). Interestingly, despite the use of
compounds thought to promote myosin into a stabilized,
folded-back (interacting-heads motif) state, the D-zone was
not resolved in these structural studies. This suggests that the
ancillary myosin binding proteins could assist in generating
order on the thick filament backbone. Myosin’s biochemical
activity is mediated by load (Linari et al., 2015; Fusi et al., 2016),
by direct calcium binding to both thin and thick filaments (Ma
et al., 2022; Lehman et al., 1973; Bremel and Weber, 1975;
Podlubnaya et al., 1999; Podlubnaya et al., 2000a; Podlubnaya
et al. 2000b), and by phosphorylation (Heling et al., 2020;
Colson et al., 2010; Levine et al., 1996; Ponnam et al., 2019;
McNamara et al., 2019). Phosphorylation affects several pro-
teins in the sarcomere; in particular, rapid phosphorylation
of MyBP-C by protein kinase-A (PKA) (activated by the
B-adrenergic response pathway) has been shown to result in
the derepression of myosin activity (Colson et al., 2010;
Ponnam et al., 2019; Tong et al., 2008; Previs et al., 2016).
Through such a mechanism, the ratio of SRX to DRX myosins in
the myofibril can be altered, which is crucial to changing the
force that can be generated. Both the dynamics of the SRX/DRX
equilibrium (Mohran et al., 2024) and the distribution of the
SRX/DRX states along the thick filament remain unclear.
Consistent with MyBP-C affecting this ratio (McNamara et al.,
2019; McNamara et al., 2016), recent attempts to localize the
distribution of SRX and DRX myosins within the sarcomere
have shown that the SRX state predominates in the C-zone of
skeletal muscle (Nelson et al., 2020; Pilagov et al., 2023) and in
mouse a-cardiac myosin (Nelson et al., 2023). However, to date,
there has been no investigation of the B-cardiac isoform that
predominates in the ventricles of large mammals including
humans and pigs. The pathophysiological importance of under-
standing how phosphorylation affects activity is highlighted by the
observation that cardiac myosin binding protein-C (cMyBP-C) is
one of the two most prevalent locations for mutations associated
with hypertrophic cardiomyopathy (HCM) (Konno et al., 2010).
Disease-specific changes associated with HCM MYBPC3 mutations
have led to reduced cMyBP-C production from one allele and
haploinsufficiency within the thick filament (Carrier et al., 2015;
Barefield et al., 2015; Suay-Corredera and Alegre-Cebollada, 2022;
Pioner et al., 2023; Steczina et al., 2024; Glazier et al., 2019). The
impact of such haploinsufficiency on thick filament regulation has
so far only been studied without spatial resolution, revealing a shift
toward more DRX myosins (Toepfer et al., 2019). Consistent with
this, complete ablation of cMyBP-C in a transgenic rodent model
has been linked to a structural release of myosin heads from the
thick filament backbone (Colson et al., 2007), as well as an en-
hanced biochemical phenotype characterized by a global shift away
from the SRX state (McNamara et al., 2016; Toepfer et al., 2019).
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In this study, we sought to establish the zonal distribution of
DRX and SRX myosins for both porcine- and human heart-derived
myofibrils, with an aim to understand how cMyBP-C alters the
cardiac reserve. To achieve this, we employed a single-molecule
approach to image the ATPase activity of individual myosins
within the myofibrillar lattice under relaxed conditions. For
porcine left ventricular (LV) cardiac myofibrils, we studied
PKA phosphorylation of cMyBP-C, and for human septal myec-
tomy myofibrils, we investigated the HCM mutation (MYBPC3-
€.772G>A) from human patient-derived tissue that results in
cMyBP-C haploinsufficiency. A recent investigation of this HCM
mutation revealed ~30% cMyBP-C haploinsufficiency across three
patients with this mutation (Pioner et al., 2023). Both elevated
cMyBP-C phosphorylation and HCM-linked ¢cMyBP-C hap-
loinsufficiency resulted in prominent zonal effects. Our results
suggest that these alterations to cMyBP-C lead to elevated ATPase
activity in the C-zone and a partially compensatory reduction in
ATPase activity in the D-zone. These findings suggest the possibility
of a negative cooperativity effect along the thick filament, a phe-
nomenon not observed in skeletal muscle (Nelson et al., 2020;
Pilagov et al., 2023), and underscores the value of studying isoform-
specific thick filament regulation with subsarcomeric resolution.

Materials and methods

No live animals were used in these studies. Muscle tissue was
collected in accordance with the U.K. Animals (Scientific Pro-
cedures) Act 1986 and associated guidelines.

Dissection and storage of porcine heart samples

Immediately following excision, the heart of a freshly eutha-
nized adult farm pig was submerged in ice-cold cardioplegic
solution (5.5 mM glucose, 0.5 mM MgSO,, 24 mM KCl, 20 mM
NaHCO3, 109 mM NaCl, 0.9 mM H,NaO,P, 1.8 mM CaCl,, 0.01%
NaNs, pH 7.4). While remaining in solution, LV trabecula sam-
ples were extracted from the heart and cut into ~5-mm-thick
pieces, immediately flash-frozen, and kept at -80°C for long-
term storage.

Dissection and storage of human myectomy samples
Myectomy samples used for this study included HCM sarcomere
mutation-negative cardiac tissue used as control samples (N =2,
37 and 45 years at time of myectomy, males) and HCM sarco-
mere mutation-positive cardiac tissue confirmed via sequencing
to harbor the MYBPC3-c.772G>A mutation (N = 1, 33 years at time
of myectomy, male). Human cardiac tissue samples were isolated
during surgical myectomy to relieve obstruction of the LV out-
flow tract. Tissue was prepared as previously described (Pioner
et al., 2023). Briefly, surgical samples were washed in ice-cold
cardioplegic solution (140 mM glucose, 100 mM mannitol, 10 mM
taurine, 50 mM KH,PO,, 8 mM MgSO,, 10 mM HEPES, 5 mM
adenosine, pH 7.4, with KOH) and then cut into smaller sections to
be flash-frozen and stored long term at -80°C.

Myofibril isolation and fluorescent staining
Myofibril isolations were carried out as previously described in
Pilagov et al. (2023) with adaptations for cardiac tissue. Briefly, a
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single porcine LV trabecula sample or human cardiac tissue
sample was rapidly thawed in chilled Prep buffer (20 mM
MOPS, 132 mM NaCl, 5 mM KCl, 4 mM MgCl,, 5 mM EGTA,
10 mM NaNj, 5 mM DTT, 20 mM 2,3-butanedione monoxime
[BDM], protease inhibitor cocktail [A32965; Thermo Fisher
Scientific], pH 7.1) (Vikhorev et al., 2016) and cut into 2- to 3-
mm-thick strips. Samples were secured to a Sylgard PDMS-
based petri dish with tungsten rods at both ends of the tissue,
and Prep buffer was replaced with Permeabilization buffer
(Prep buffer + 0.5% Triton X-100). Samples were permeabilized
overnight with gentle agitation (4°C) and then rinsed three
times with Prep buffer to remove Triton X-100. Permeabilized
samples were cut down to ~1-mm-thick strips, then homoge-
nized in Prep buffer using a TissueRuptor II at the slowest speed
for 10 s twice with a 1-min rest on ice in between. The con-
centration of myofibril preparations was kept constant by tar-
geting an optical density of ~0.4 at 600 nm at the end of the
preparation.

For fluorescent tagging of Z-disks, isolated myofibrils were
incubated for 1.5 h at 4°C on a rotator with 11 nM anti-a-actinin
mouse antibody (A7811; Sigma-Aldrich), 5.5 nM Alexa 488 goat
anti-mouse IgG (A11001; Thermo Fisher Scientific), and 1 mg/ml
bovine serum albumin, to avoid nonspecific antibody binding.

Imaging conditions

Microfluidic imaging chambers were constructed and coated
with 15 pg/ml >300 KDa poly-L-lysine (PLL, Sigma-Aldrich) on
the day of imaging as described previously (Pilagov et al., 2023)
and rinsed with 100 pl Prep buffer. Fluorescently tagged myofi-
brils were pipetted into the imaging chamber and incubated for
30 min at 4°C to allow adhesion of myofibrils to the PLL-coated
surface. Excess nonadherent myofibrils were flushed out with
two washes of 100 pl No BDM Buffer (Prep buffer without BDM)
with a 1-min rest at 4°C in between. Finally, 100 pl Imaging buffer
(No BDM Buffer plus 1-15 nM Cy3-ATP, 3.27-5 mM ATP, and
2 mM Trolox) was added to the flow chamber and allowed to
equilibrate for 10 min prior to imaging. Cy3-ATP was synthesized
and kindly provided by Dr. C.P. Toseland (University of Sheffield,
Sheffield, UK) (Toseland and Webb, 2011). To ensure no Cy3-ADP
contamination, the nucleotide was enzymatically regenerated
into Cy3-ATP prior to the experiments, as described previously
(Pilagov et al., 2023). All solutions were gently flowed into the
imaging chamber at ~100 pl/min to prevent dislodging of myo-
fibrils from the surface.

PKA treatment

A subset of porcine cardiac myofibrils were treated for 1 h at 4°C
on a rotator with 62.5 U/pl of cAMP-dependent protein kinase,
catalytic subunit (P600S; New England Biolabs), NEBuffer for
protein kinases (B6022S; New England Biolabs), and 200 pM
ATP. PKA treatment was carried out at a lower temperature and
for longer than recommended to prevent degradation of
myofibrils.

Image acquisition
Images were acquired at 21°C on a custom-built oblique angle
fluorescent microscope as described previously (Desai et al.,
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2015). For excitation of the Cy3-ATP, a 561-nm diode OBIS LS
laser (Coherent) was used at 20 mW and the Alexa 488 anti-
a-actinin was excited with an Oxxius 488-nm laser at 18 mW.
Images were captured using a Hamamatsu Orca-Flash V.20
sCMOS camera. To prevent fluorescence photobleaching, myofi-
brils were located using bright-field microscopy. Photobleaching
was also ameliorated during image acquisition via the use of
stroboscopic illumination as previously described (Pilagov et al.,
2023). Stroboscopic illumination resulted in a six-frame repeat
pattern consisting of five sequential, 200-ms 561-nm laser Cy3-
ATP frames with a dark period of 1,800 ms. The sixth frame
was a 200-ms 488-nm illumination during the 1,800-ms dark
period of the fifth 561-nm laser cycle to capture an image of the
Z-disks. Each sample was imaged for 30 min producing 1,000-
frame videos comprised of the Z-disk and Cy3-ATP frames. To
prevent ADP and Cy3-ADP accumulation, chambers were used
for no longer than 1 h.

Data analysis
To extract the spatiotemporal data of Cy3-ATP binding events,
analysis was carried out using a series of custom-written scripts.
Firstly, a Python script divided the 1,000-frame video into two
videos, one containing all the ATP frames and the other con-
taining all the Z-disk frames. TrackMate, an Image] plugin
(Tinevez et al., 2017; Ershov et al., 2022), was utilized for au-
tomated tracking and super-localization of fluorescent Cy3-ATP
and Z-disks. The following parameters were used to run
TrackMate: estimated object diameter for the Laplacian-of-
Gaussian detector: 390 nm; linking and gap-closing distances:
100 nm; and gap-closing max frame: 5 frames. All videos were
manually checked against the TrackMate output to ensure
correct track assignment. If myofibril drift was identified
across the duration of a video, this was corrected using a star-
map approach (Descriptor_based_registration, 2015, https://
github.com/fiji/Descriptor_based_registration) prior to event
tracking. Annotated Scripts are available (see Data availability).
TrackMate provided super-localized X- and Y-positions of
Cy3-ATP events and their durations, which were then extracted
to Microsoft Excel for further analysis. Based on our previously
described method (Pilagov et al., 2023), Z-disk images were used
to correct any tilt and as fiducial markers to locate Cy3-ATP
positions to zones of the A-band. Spatial precision for both
Z-disk and Cy3-ATP events was as follows: X—68.2 nm,
Y—135.4 nm and X—28.1 nm, Y—38 nm, respectively (Gelles
et al., 1988). Cy3-ATP events were binned into three zones of
the A-band: P-zone (0-159 nm), C-zone (160-500 nm), and
D-zone (501-800 nm) (Tonino et al., 2019). All distances are given
from the M-line, which was estimated as the midpoint between
adjacent Z-disks and assumes the A-band is centrally and sym-
metrically located in the sarcomere. Events outside indicated
areas of the A-band were excluded when plotting and fitting
cumulative frequency graphs of Cy3-ATP events as per-
formed previously (Pilagov et al., 2023). Cy3-ATP events were
plotted as cumulative residence time histograms for both zon-
ally separated events (P-, C-, and D-zones) and events across
the whole thick filament (denoted as “all zones” data). Cumu-
lative residence time histograms were fitted using least squares
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regression (Solver, Microsoft Excel) to three exponentials
(A = Aje™® + Ajelt + Aze®t), Where A is the amplitude of the
numbered phase, k is the rate constant of the numbered phase,
and t is time. To determine the optimal number of exponentials
required to fit these data, an error analysis on the residuals was
performed, looking for residuals that showed no systematic
differences and possessed a small amplitude (see Fig. S1). For
accurate fitting within the subsarcomeric zones, we used two
constraints based on the fitting of the all zones data: the sum of the
zonal events was constrained to within 20% of that determined for
the all zones data, and the rate constants per zone were permitted
to vary within 20% of the all zones rate constants. Based on our
previous study (Pilagov et al., 2023), the three fitted exponentials
corresponded to: (1) nonspecific association of Cy3-ATP with
myosin (USaj et al., 2021; Amrute-Nayak et al., 2014), (2) Cy3-ATP
turnover association with myosin in the DRX state, and (3) Cy3-
ATP turnover association with myosin in the SRX biochemical
state. Errors for cumulative residence time histogram fits were
determined by performing a 1,000-sample bootstrapping with
replacement routine using Microsoft Excel. The same constraints
on the rate constants as described above were imposed, including
for the all zones data. From this distribution of fitted parameters,
the 95% confidence intervals (CIs) were calculated. All fitted rate
constants are shown in Table S1.

Phosphoprotein gels

Precast 4-20% gradient Tris-glycine gels (XP04205BOX; In-
vitrogen) were used to separate cardiac sarcomere proteins of
interest. The ladder used was PageRuler Plus Prestained Protein
Ladder (26619; Thermo Fisher Scientific). Samples were boiled for
5 min with standard SDS sample loading buffer prior to loading.
Gels were stained with Pro-Q Diamond Phosphoprotein Gel Stain
(P33300; Thermo Fisher Scientific) to determine the phospho-
rylation level of cMyBP-C. Gels were subsequently stained with
Coomassie gel dye to quantify the total protein per sample.
Phosphorylation of cMyBP-C was calculated as a relative change in
phosphorylation normalized to loading using the cMyBP-C band
from the Coomassie gel. Pro-Q gels were imaged using Syngene G:
BOX Chemi XX6 set to Pro-Q imaging setting (green lamp, 605-nm
filter), and Coomassie was imaged using a white light setting.

Statistics

Accuracy for TrackMate super-resolved events for both Cy3-
ATP events and Z-disks was established using variance from
fixed points in the image as described previously (Gelles et al.,
1988; Pilagov et al., 2023). For rate constant amplitudes derived
from the cumulative residence time histogram fits, significance
was determined as nonoverlap of 95% CI and indicated by as-
terisks (*). n is the number of Cy3-ATP attachments for the re-
spective zone. N equals the number of biological replicates.

Online supplemental material

Fig. S1 shows residual and cumulative frequency graphs for
determining the optimal number of fitted exponentials. Fig. S2
shows distribution of sarcomere lengths for PKA-treated porcine
cardiac myofibrils. Table S1 provides the fitted parameters and
errors.
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Results
Imaging fluorescent ATP lifetimes in relaxed myofibrils

The sarcomere consists of interdigitated thick and thin filaments
flanked by a-actinin-containing Z-disks (Fig. 1 A). To determine
where in the relaxed sarcomere myosin is actively turning over
ATP, we first imaged the positions of the Z-disks as fiducial
markers (Fig. 1, A and B). This was achieved using a fluo-
rescently tagged anti-a-actinin-containing antibody (Fig. 1 B,
magenta). From such images, we measured sarcomere length by
using super-localization analysis (see below); this information
was used to select myofibrils with a sarcomere length above 1.7
pm (Fig. 1 C). This ensured that only myofibrils in a clearly re-
laxed state were used for further analysis.

To determine the activity of individual myosins, attachment
durations of Cy3 fluorescently labeled ATP (Cy3-ATP) were
measured, previously shown to have no impact on myosin’s
activity (Pilagov et al., 2023; Toseland and Webb, 2011; Usaj
et al., 2021). A ~10%-fold excess of nonfluorescent ATP (3.27-5
mM) was used to ensure that the myofibril remained relaxed
throughout the experimental duration. However, given that
observation times were ~30 min, it was necessary to include
ongoing corrections to the positions of the fiducial markers.
Therefore, for every five Cy3-ATP imaging frames, an image of
the Z-disks was taken to realign the video. During each Cy3-ATP
frame (Fig. 1 B), the position of every fluorescent ATP was
tracked and super-localized using the Image]J plugin, TrackMate.
The attachment duration for each bound Cy3-ATP was derived
from the video analysis to enable the assignment of Cy3-ATP’s
bound lifetime to its location within the sarcomeric A-band.
Using the whole thick filament as a starting point, all the life-
times were combined together as a cumulative residence time
histogram (Fig. 1 D, “untreated” data). As with our previous
observations in skeletal muscle (Pilagov et al.,, 2023), three
populations best described the observed decay. These three
populations fitted to lifetimes consistent with nonspecific ATP
binding (1.4 s [95% CI (L1, 1.5)]; described in Usaj et al. [2021],
Amrute-Nayak et al. [2014]), the DRX state (11.9 s [95% CI (9.8,
12.6)]), and the SRX state (284.3 s [95% CI (167.5, 317.5)]); these
lifetimes were photobleach-corrected as described previously
(Pilagov et al., 2023). The same imaging and analysis pipeline
was used for both porcine cardiac myofibrils and human cardiac
myofibrils.

Using the lifetimes to identify the populations of myosin
activity, we were able to calculate the percent population of SRX
myosins in the sarcomere. The amplitudes of each phase pro-
vided the starting point for estimating the populations. During
single-molecule imaging, faster ATP cycling events will be ob-
served more frequently than slower turnover events; therefore,
amplitudes were scaled against the observed rate constant to
correct for this rate-induced artifact. To achieve this, the ratio of
the rate constants (DRX/SRX) was multiplied by the SRX am-
plitude to calculate a corrected SRX population as previously
described (Pilagov et al.,, 2023). Once corrected, the percent
population of SRX for untreated porcine myofibrils was 46.2%
(95% CI [50.8, 42.9]) across the thick filament (the nonspecific
population of ATP events was not included in these calcu-
lations). To identify whether there were differences in the

Journal of General Physiology
https://doi.org/10.1085/jgp.202413628

620z AInF 60 U0 Jesn Jusy JO Ausienun Aq ypd-gzog L ¥20Z dbl/068916 L/8Z9¢€ L ¥2028/G/LS L /4pd-ejoe/dbl/Bio sseidny/:dpy wouy papeojumoq

40f11


https://doi.org/10.1085/jgp.202413628

JGP

A C 30 Sarcomere Length Distribution in Porcine Cardiac Myofibrils
Thin Filament 25 .
’ \
20 I 12 \
> . I Untreated
Q
$15 4 I — — -Untreated Fit
> - - — Lower Limit Cutoff
(]
& 10
Z-disc 51
0 4
P O P P P O P P PO LSS
PR PR LLP L LSS SO
- NN N R R O O - Sl S el wl
Alexa 488-anti a-actinin ® Cy3-ATP Sarcomere Length (nm)
Iy
B D 2000 4 O Untreated
z = = Untreated Fit
- o c
Alexa 488 anti-a-actinin Cy3-ATP g O PKA
T — - =PKA fit
@200
(¥ 8y
[}
2
5 T T
=1 =8k,
£ 20 A %
1000 Nm 3 D~ oSz~
: iy
= [l
O
2 T . T "
0 50 100 150 200
Time (s)

Figure 1. Single-molecule tracking of fluorescently labeled ATP turnover in porcine cardiac myofibrils. (A) Schematic representation of a single sar-
comere. P-, C-, and D-zones of the thick filament are labeled accordingly. Alexa 488-labeled a-actinin is denoted in magenta, while Cy3-ATP binding to the
thick filament is represented as cyan circles. (B) Enlarged section of a representative porcine cardiac LV myofibril as observed following the overlay of 561-nm
illuminated Cy3-ATP (cyan) and 488-nm illuminated a-actinin-containing Z-disks (magenta). (C) Distribution of sarcomere length for untreated porcine
myofibrils with a mean of 1.82 um + 0.04 SD (N = 3 pigs, 647 sarcomeres) at 21°C. Distribution of sarcomere lengths for PKA-treated samples can be found in
Fig. S2. The red dotted line indicates the threshold for the smallest sarcomere that was analyzed for all datasets. (D) Cumulative residence time histograms
showing the distribution of ATP attachment event durations in untreated porcine cardiac myofibrils (circles; N = 3 pigs, n = 3,638 events) and PKA-treated
porcine cardiac myofibrils (squares; N = 3 pigs, n = 1,463 events). Dashed lines show triple-exponential fits. Note the frequency axis is plotted on a

logarithmic scale.

distribution of DRX and SRX myosins along the thick filament,
we binned the super-resolution information provided by
TrackMate into the P-, C-, and D-zones (Fig. 2 and Table 1). We
observed similar percent populations of SRX in the P- and
C-zones (56.7% [95% CI (58.7, 54.6)] and 53.7% [95% CI (56.3,
51.6)], respectively); however, the D-zone had a significantly
lower percentage of myosins in the SRX state (44.1% [95% CI
(47.6, 40.1)]). These results highlight that a more nuanced view
of myosin activity within the sarcomere is critical for studies of
the thick filament.

With an understanding of the untreated porcine cardiac
myofibril established, we then used PKA to reproduce the effects
of B-adrenergic stimulation of cardiac muscle. The main targets
for PKA are cMyBP-C, cTnl, and Titin (Yamasaki et al., 2002;
Kriiger and Linke, 2006; Ahmed and Lindsey, 2009). Using the
Pro-Q phosphorylation gel stain, we found that treatment with
PKA led to a statistically significant, 2.5-fold increase in phos-
phorylation of cMyBP-C (Fig. 3). cTnl was also phosphorylated
after PKA treatment; however, because cTnl does not impact the
system under relaxed conditions, we did not study it further.
Examining the change in percent SRX by fitting the cumulative
residence time histogram (Fig. 1 D) for Cy3-ATP lifetimes re-
vealed PKA phosphorylation had no significant effect on myosin
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activity when measured across all zones (46.2% versus 46.3%
[95% CI (52.7, 41.7)]). However, more detailed analysis of the
distribution of myosin activity (see Fig. 2 and Table 1) within the
sarcomere thick filament indicated, relative to untreated myofi-
brils, the absolute SRX population after PKA phosphorylation was
significantly reduced by 16.3% in the C-zone (to 37.4% [95% CI
{43.8, 31.3}]), consistent with PKA phosphorylating cMyBP-C
and derepressing myosin activity. A significant decrease in the
absolute SRX population was also identified in the P-zone (to
46.5% [95% CI {53.3, 39.3}]). Surprisingly, the absolute popu-
lation of SRX significantly increased by 14.9% in the D-zone (to
59.0% (95% CI [73.9, 50.1]), compensating for the decreases in
the P- and C-zones. These results explain the lack of a change in
the SRX population across the whole sarcomere between un-
treated and PKA phosphorylated myofibrils.

HCM-linked cMyBP-C haploinsufficiency enhances the DRX
population of myosin heads specifically in the C-zone

Using the same high-resolution single-molecule methods, we
also analyzed the distribution of myosin activity within myofi-
brils isolated from human surgical myectomy samples that were
either mutation-negative for HCM (“mutation neg control”) or
mutation-positive for HCM (MYBPC3-c.772G>A) (Fig. 4 A). There
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Figure 2. Subsarcomeric resolution of myosin activity reveals cMyBP-C phosphorylation reduces SRX in the P- & C-zones, compensated for by an
increase in the D-zone. Cy3-ATP turnover rates were calculated as an average across all zones of the sarcomere, as well as individually for the P-, C-, and
D-zones. The Cy3-ATP turnover rates per zone were used to calculate the relative population amplitude of SRX myosin heads based on triple-exponential fits.
Data were collected from untreated porcine myofibrils (N = 3 pigs, n = 3,638 events) or myofibrils treated with 62.5 U/pl of PKA (N = 3 pigs, n = 1,463 events).
Data are shown as the mean and 95% Cl errors. Significance was calculated using bootstrap analysis and indicated by *. Table 1 provides the values used in the
graph. PKA phosphorylation affects the distribution of SRX and DRX in porcine myofibrils.

was no significant difference in average sarcomere length be- consistency with our above results from untreated porcine
tween the two groups (mutation neg control =1.74 + 0.11um SD, myofibrils. The percent population of SRX myosins in human
MYBP(C3-c.772G>A = 1.75 + 0.10 um SD). A cumulative residence  control myofibrils was 51.3% (95% CI [54.7, 47.8]) across the
time histogram was used to fit both datasets (Fig. 4 B), and the entire thick filament, and not significantly different from por-
cumulative frequency decay was described again by three- cine. Subdividing our tracked ATP binding lifetimes into the P-,
exponential fits. For the mutation-negative control, the rela- C-, and D-zones revealed 48.0% (95% CI [52, 43.5]) SRX in the
tive populations of SRX myosin heads revealed remarkable P-zone, 63.4% (95% CI [80.3, 55.3]) SRX in the C-zone, and 36.2%

Table 1. Values for the percentage change in the SRX population across the thick filament for untreated and PKA-treated porcine cardiac myofibrils,
as plotted in Fig. 2
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% SRX
[ C D All zones
Untreated [95% Cl] 56.7 [58.7, 54.6] 53.7 [56.3, 51.6] 44.1 [47.6, 40.1] 46.2 [50.8, 42.9]
n 714 1,183 1,741 3,638
PKA [95% CI] 46.5 [53.3, 39.3] 37.4 [43.8, 31.3] 59.0 [73.9, 50.1] 46.3 [52.7, 41.7)
n 224 528 711 1,463
Absolute A SRX (%) [95% Cl] -10.3 [-3.4, -17.4] -16.3 [-9.5, -22.8] 14.9 [30.5, 5.3] 0.1[7.4, -6.1]

Measured values for the percentage SRX are given in bold and 95% Cl in square brackets. The absolute difference in SRX as a result of PKA treatment relative
to untreated myofibrils is given in the bottom row. The number of events (n) are shown in italics for each area of the thick filament and include nonspecific ATP
binding events.
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Figure 3. Quantification of cMyBP-C phosphorylation after PKA treatment of porcine cardiac myofibrils. Protein was isolated from PKA-treated
myofibrils and compared with untreated myofibrils. (A) Samples were run on a 4-20% gradient SDS-PAGE gel and stained with Pro-Q Diamond Phospho-
protein Gel Stain (right) followed by Coomassie blue stain (left) to quantify total protein. (B) Densitometry analysis was performed on the cMyBP-C Pro-Q
bands normalized to the same band in the Coomassie gel, and cMyBP-C treatment with PKA results in a ~2.5-fold increase in phosphorylation relative to the
untreated group (N = 1, n = 2). Data shown are the mean + SEM. Significance was calculated with a one-tailed t test, *P = 0.025. Source data are available for

this figure: SourceData F3.

(95% CI [43.2, 29.1]) SRX in the D-zone (Fig. 4 C and summarized
in Table 2).

Above, we have shown that elevated cMyBP-C phosphoryl-
ation increases myosin activity in the thick filament. cMyBP-C
haploinsufficiency has previously been shown to also increase
myosin activity (McNamara et al., 2016; Toepfer et al., 2019);
therefore, we used our spatially explicit single-molecule ap-
proach to investigate the effects of cMyBP-C haploinsufficiency
caused by a HCM-linked mutation in MYBPC3 (MYBPC3-c.772G>A)
(Pioner et al., 2023). When averaged across the entire thick
filament, there was no statistical significance as a result of the
HCM mutation in the absolute percentage of SRX heads com-
pared with mutation-negative control samples (44.2% versus
51.3% [95% CI {54.7, 47.8}]), respectively, Fig. 4 C). However,
when our Cy3-ATP imaging results were analyzed by sub-
sarcomeric zones of the thick filament, more nuanced differences
emerged. Compared with the mutation-negative control myo-
fibrils, myofibrils with the MYBPC3-c.772G>A HCM mutation
exhibited a significant 19% absolute decrease in SRX myosins in
the C-zone (63.4-44.3% [95% CI {50, 39.5}]) accompanied by a
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significant 16% absolute increase in SRX myosins in the D-zone
(36.2-52.2% [95% CI {58.5, 47.8}]) (Fig. 4 C). These zonal
changes were not accompanied by a statistically significant
change to the SRX population in the P-zone. The opposing
changes between the C- and D-zones in the presence of this
MYBPC3 HCM mutation help explain why no significant change
was observed across the entire thick filament when compared
to the mutation-negative control samples. However, the
similarity in the compensatory change from the D-zone in the
human mutation and porcine PKA-treated myofibrils pro-
vides two examples of negative cooperativity along the thick
filament.

Discussion

Cardiac muscle contraction is controlled on a beat-to-beat basis
by the release and sequestration of calcium ions. However, the
heart also requires a more nuanced response to external factors
such as load and B-adrenergic stimulation. These affect both the
timing of contraction and the force produced. Myosin motors
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Figure 4. MYBPC3-c.772G>A mutation alters regulation of the thick filament by accelerating ATP turnover in the C-zone of the sarcomere. (A) Representative
image of a human cardiac myofibril illustrating 561-nm illuminated Cy3-ATP (cyan) and 488-nm illuminated a-actinin-containing Z-disks (magenta). (B) Normalized
cumulative residence time histogram for all ATP binding events across the entire thick filament for mutation-negative control (squares; N = 2, n = 1,161 events) and
MYBPC3-¢.772G>A human ventricular myofibrils (circles; N = 1, n = 1,813 events). Dashed lines describe the cumulative exponential fits for both datasets. Cumulative
frequency, y axis, is plotted on a logarithmic scale. (C) Percentage of myosin heads quantified to be in the SRX biochemical state in mutation-negative control human
myectomy myofibrils and HCM MYBPC3-c.772G>A human myectomy myofibrils. The plot includes all zones and subsarcomeric zones of the thick filament. Data are

shown as the mean and 95% Cl errors, with significance calculated using bootstrap

generate force in the extremely dense environment of proteins
arranged along the thick and thin filaments within cardiac
myofibrils. By altering myosin’s ability to interact with actin, the
level of force can be modulated. This is thick filament regulation,
and is thought to occur through myosin occupying either a DRX
state with a greater, or a SRX state with a lower, probability of
interacting with actin. These states are characterized by their
ATPase activities, with the DRX state being more catalytically
active than the SRX state. The precise conformational nature

analysis and indicated by *. Table 2 provides the values used in the graph.

and location of these myosin states along the thick filament are
not yet known. The results from this study show that PKA
phosphorylation of cMyBP-C and ¢cMyBP-C haploinsufficiency
release heads from the lower activity state preferentially in the
cMyBP-C-containing C-zone of the sarcomere. Under both
conditions, the D-zone alters its SRX population to compensate,
suggesting potential negative cooperativity between the adja-
cent zones. Such an observation was not seen in skeletal muscle
(Nelson et al., 2020; Pilagov et al., 2023), suggesting that cardiac

Table 2. Values for the percentage change in the SRX population across the thick filament for the MYBPC3-c.772G<A mutation and a mutation

negative control in human cardiac myofibrils, as plotted in Fig. 4

% SRX

P C D All zones
Mut neg control [95% Cl] 48 [52, 43.5] 63.4 [80.3, 55.3] 36.2 [43.2, 29.1] 51.3 [54.7, 47.8]
n 285 341 535 1,161
MYBPC3-¢.772G<A [95% CI] 40.8 [53.5, 31.1] 44.3 [50, 39.5] 52.2 [58.5, 47.8] 44.2 [50, 37.8]
n 404 591 818 1,813
Absolute A SRX (%) [95% Cl] -7.2[6.4, -18.2] -19.2 [-9, -38.4] 16 [24.7,7.2] -71[-03, -14.7]

Measured values for the percentage SRX are given in bold and 95% Cl in square brackets. The absolute difference in SRX as a result of PKA treatment relative
to untreated myofibrils is given in the bottom row. The number of events (n) are shown in italics for each area of the thick filament and include nonspecific ATP

binding events.
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ventricular muscle from both porcine and human sources may
possess modified mechanisms of thick filament regulation.
Importantly, these results also highlight the necessity of studying
thick filament regulation using high-resolution methods pro-
vided by single-molecule, subsarcomeric imaging.

cMyBP-C phosphorylation reduces myosin activity in the
D-zone and derepresses in the C-zone

B-adrenergic stimulation leads to the activation of PKA, which
has a few known targets in the sarcomere. One of these, cMyBP-
C, has three to four primary serine phosphorylation sites in the
N-terminal M-domain but also elsewhere (Jia et al.,, 2010;
Ponnam et al., 2019; McNamara et al., 2019; Doh et al., 2022;
Mamidi et al., 2017; Kooij et al., 2013), which are thought to
affect the interactions of cMyBP-C with both myosin and actin
(Mamidi et al., 2017; McNamara et al., 2019; Shaffer et al., 2009).
In this study, we report that across the thick filament there is no
overall change in the DRX population of myosins after PKA
treatment. This result is unexpected since there is evidence
showing an increase in myosin activity as a result of phospho-
rylation (Tong et al., 2008; Stelzer et al., 2007). The main dif-
ference is the effect of load, which is thought to differentially
alter the activity of myosins along the thick filament (Brunello
et al., 2020). This is in accord with this study where we found
that when analyzed by zone, the thick filament’s C-zone ex-
hibited a large increase in DRX myosins, consistent with phos-
phorylation of cMyBP-C derepressing the ATP turnover rates of
myosin, due to reduced interaction between cMyBP-C and myosin
(Colson et al., 2008; McNamara et al., 2019). This effect of PKA
phosphorylation in the C-zone was accompanied by a decrease
in myosin activity in the D-zone. Such a negatively cooperative
response from the D-zone effectively rebalances the energy
consumption across the whole thick filament. The origin of this
cooperativity was unexpected and suggests additional un-
known mechanisms of myosin regulation exist in the D-zone.
However, in reverse, positive cooperativity has been seen in
previous single-molecule studies of mouse cardiac muscle ex-
pressing a-myosin (Nelson et al., 2023). Similarly, in our recent
single-molecule study of PKA phosphorylation using rabbit fast
skeletal myofibrils (Pilagov et al., 2023), we also found a posi-
tively cooperative response between the two zones. Together,
these results suggest that the B-cardiac system, present in both
porcine and human cardiac myofibrils, behaves distinctly from
other isoforms, a question that is of considerable importance to
address in future studies. One possible origin of cooperativity
is the physical interaction between myosin crowns along
the thick filament backbone as suggested by high-resolution
structural studies (Tamborrini et al., 2023; Dutta et al., 2024;
Chen et al., 2024). However, alternative mechanisms for medi-
ating cross-talk between the C- and D-zones must also be con-
sidered. One such factor could be titin phosphorylation (Yamasaki
et al., 2002; Kriiger and Linke, 2006; Hamdani et al., 2017), which
may play a role in changing the ratio of DRX to SRX myosins
within regions of the thick filament. PKA phosphorylation of titin
reduces passive muscle tension (Yamasaki et al., 2002; Kriiger
and Linke, 2006) through the unfolding of the elastic N2B-
cardiac unique sequence (N2Bus) region of titin, proximal to

Pilagov et al.
Single-molecule imaging of porcine and human B-cardiac myofibrils

JGP

the Z-disk. Since we did not physically extend myofibrils during
the single-molecule experiments, we observed sarcomere lengths
of ~1.76 pm for both untreated and PKA-treated porcine myofi-
brils (Fig. S2), resulting in near-complete overlap and loss of the
I-band. Therefore, even though the N2Bus region of titin is located
toward the Z-disk, this is where the D-zone would reside in our
preparations, raising the possibility of an interaction between
these proteins. In either case, investigations of the relative abun-
dance of the DRX and SRX states in the zones of cardiac A-band
require investigation in B-cardiac models engineered to possess
mutations that directly address these potential mechanisms.

A cMyBP-C-depleting HCM mutation also results in opposing
zone-specific changes that offset the energy deficit
The critical role of cMyBP-C in maintaining native thick fila-
ment regulation is underscored by the fact that 40% of patho-
genic/likely pathogenic HCM mutations occur in the MYBPC3
gene (Marian, 2021). For many MYBPC3 HCM mutations, their
impact is manifested as a reduction in the amount of cMyBP-C
(i.e., haploinsufficiency), which disrupts the regulation of cross-
bridge cycling (Carrier et al., 2015; Barefield et al., 2015; Glazier
et al., 2019; Suay-Corredera and Alegre-Cebollada, 2022; Pioner
etal., 2023; Steczina et al., 2024). By analyzing human myofibrils
from a patient with a haploinsufficiency-causing HCM mutation
and comparing them with myofibrils from mutation-negative
control patients, we have been able to directly assess how the
HCM mutation alters myosin states across the thick filament.
When the native stoichiometry of sarcomeric proteins is
disrupted by the MYBPC3-c.772G>A HCM mutation, significant
acceleration of myosin ATPase activity was seen in the C-zone.
In contrast, the D-zone saw a decrease in myosin activity mir-
roring the results from porcine cardiac myofibrils following PKA
treatment. This may indicate that the energy usage imbalance
created by the mutation leads to mitigating changes in the thick
filament. Notably, human myectomy tissue with the MYBP(C3-
¢.772G>A mutation exhibited significantly reduced cMyBP-C
phosphorylation levels compared with donor tissue samples
(Pioner et al., 2023). This suggests that despite compensation by
the heart to offset increased myosin activity, cMyBP-C hap-
loinsufficiency predominates and requires changes in the D-zone
as well. As discussed above, this negatively cooperative re-
sponse between the two adjacent zones appears to be specific
to B-myosin heavy chain-expressing cardiac tissue and the root
of this adaptive response will be explored in future studies.

Conclusions

This study provides new insights into the zone-specific regula-
tion of myosin activity in B-myosin heavy chain-expressing
cardiac tissue, highlighting the substantial influence cMyBP-C
has on myosin activity. Using high-resolution, single-molecule
imaging, we demonstrated that both PKA-induced phosphoryl-
ation of cMyBP-C and cMyBP-C haploinsufficiency exercise their
effects by increasing myosin activity primarily in the C-zone.
Our results have also shown a compensatory decrease in myosin
activity in the D-zone of the sarcomere under both conditions of
altered cMyBP-C, which suggests a unique negative cooperativ-
ity mechanism not observed in skeletal or mouse cardiac muscle.
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These findings emphasize the distinct regulatory properties of
B-cardiac myosin compared with other isoforms, with potential
implications for understanding the pathophysiology of MYBPC3-
linked HCM and the development of targeted therapies.

Data availability

Data are available from the authors upon reasonable request.
Coding of custom scripts is available here: https://github.com/
Kad-Lab/Myofibril-phosphorylation.
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Figure S1. Residual and cumulative frequency graphs for determining the optimal number of fitted exponentials. (Left) In this example, untreated all
zones data are shown (squares) fitted to an increasing number of exponentials (dashed lines). (Right) For the corresponding fit, we show the residuals (fitted
values minus data values). A larger amplitude on the y axis means a poorer fit, and it can be seen that the amplitudes decrease as the number of fitted
exponentials increases. However, a clear deviation from the data is seen (arrows on left graphs) and the systematic noise (arrows on right graphs) remains until
three exponentials are used. In the latter case, the maximum noise after fitting is <0.5%.
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Figure S2. Distribution of sarcomere lengths for PKA-treated porcine cardiac myofibrils. Histogram of the distribution of sarcomere lengths for PKA-
treated myofibrils fitted to a Gaussian distribution (dotted line) provides a mean and SD 1,766 + 38.5 nm.
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