University of

'Sl Kent Academic Repository

Mohran, Saffie, Kooiker, Kristina B., Naim, Ateeqa, Pilagov, Matvey, Asencio,
Anthony, Turner, Kyrah L., Ma, Weikang, Flint, Galina, Jiang, Siyao, Zhao, Jing
and others (2025) Myosin Modulator Aficamten Inhibits Force by Altering Myosin’s
Biochemical Activity Without Changing Thick Filament Structure. JACC: Basic

to Translational Science, 11 (1). ISSN 2452-302X.

Downloaded from
https://kar.kent.ac.uk/112501/ The University of Kent's Academic Repository KAR

The version of record is available from
https://doi.org/10.1016/j.jacbts.2025.101449

This document version
Publisher pdf

DOI for this version

Licence for this version
CC BY (Attribution)

Additional information

Versions of research works

Versions of Record
If this version is the version of record, it is the same as the published version available on the publisher's web site.
Cite as the published version.

Author Accepted Manuscripts

If this document is identified as the Author Accepted Manuscript it is the version after peer review but before type
setting, copy editing or publisher branding. Cite as Surname, Initial. (Year) ‘Title of article'. To be published in Title
of Journal , Volume and issue numbers [peer-reviewed accepted version]. Available at: DOI or URL (Accessed: date).

Enquiries

If you have questions about this document contact ResearchSupport@kent.ac.uk. Please include the URL of the record
in KAR. If you believe that your, or a third party's rights have been compromised through this document please see

our Take Down policy (available from https://www.kent.ac.uk/guides/kar-the-kent-academic-repository#policies).



https://kar.kent.ac.uk/112501/
https://doi.org/10.1016/j.jacbts.2025.101449
mailto:ResearchSupport@kent.ac.uk
https://www.kent.ac.uk/guides/kar-the-kent-academic-repository#policies
https://www.kent.ac.uk/guides/kar-the-kent-academic-repository#policies

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 11, NO. 1, 2026
© 2026 THE AUTHORS. PUBLISHED BY ELSEVIER ON BEHALF OF THE AMERICAN

COLLEGE OF CARDIOLOGY FOUNDATION. THIS IS AN OPEN ACCESS ARTICLE UNDER

THE CC BY-NC-ND LICENSE (http://creativecommons.org/licenses/by-nc-nd/4.0/).

ORIGINAL RESEARCH - PRECLINICAL

Myosin Modulator Aficamten Inhibits W
Force by Altering Myosin’s Biochemical
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ABBREVIATIONS
AND ACRONYMS

Afi = aficamten

HCM = hypertrophic
cardiomyopathy

Mava = mavacamten

pCa = negative log of calcium
concentration

P; = inorganic phosphate

SL = sarcomere length
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SUMMARY

We investigated the effects of aficamten on cardiac muscle structure, biochemical activity, and contractile
function. Aficamten does not structurally sequester myosin heads along the thick filament. It inhibits ATPase
activity by decreasing myosin ATPase cycling kinetics, with the emergence of a super slow biochemical
nucleotide turnover. This results in decreased force and calcium sensitivity without altering cross-bridge
cycling. Our myofibril mechanical assay showed inhibition of force with accelerated relaxation. In
engineered heart tissues, while mavacamten and aficamten inhibit cardiac twitch forces, mavacamten
reduces the activation kinetics while both accelerate relaxation. (JACC Basic Transl Sci. 2026;11:101449)
©2026 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ypertrophic cardiomyopathy (HCM), the

most common genetic heart disease with

prevalence of around 1:500, is defined by
left ventricular (LV) hypertrophy that is not attrib-
uted to hypertrophy from another cardiac, metabolic,
or systemic process. It can be accompanied by hyper-
dynamic contraction, outflow tract obstruction, and
impaired ventricular relaxation." A genetic cause is
identified in about 30% to 60% of patients diagnosed
with HCM, and variants in genes encoding for sarco-
meric proteins are among the leading causes.” Mava-
camten (Mava) was recently approved for use in
patients with obstructive HCM because it improved
exercise capacity and LV outflow tract obstruction.**
Mava selectively binds to myosin and inhibits cardio-
myocyte (CM) contractility.>® Studies into the mech-
anism of Mava have demonstrated that it decreases
the rate of inorganic phosphate (Pi) release and stabi-
lizes the OFF state of myosin on the thick fila-
ment.”'® In addition to Mava, a second small
molecule myosin inhibitor, aficamten (Afi), recently
completed a phase 3 clinical trial that showed

improvement in symptoms and functional capacity
in patients with obstructive HCM."

Despite being discovered using a similar myofibril
ATPase assay, Afi has a distinct binding site and
mechanism of action that differs from Mava. A recent
study showed that Afi and blebbistatin share a com-
mon binding site on cardiac myosin that is distinct
from Mava."”” The study used saturating concentra-
tions in biochemical assays to investigate how Afi
impacts myosin function. Their key conclusions
suggest that Afi reduces the rate of actin-activated Pi
release and modestly decreases actin-activated ADP
release from cardiac myosin S1. They also suggest
that Afi stabilizes the weak pre-powerstroke confor-
mation (ADP.Pi), resulting in a loss of force bearing
myosin heads and a reduction in contractility.

Here, we provide a comprehensive mechanistic
study on how Afi affects the structural, biochemical,
and contractile function of myosin within the native
sarcomeric structure. By utilizing porcine and human
induced pluripotent stem cell (hiPSC) models for our
assays, we observe how Afi affects cardiac f-myosin

From the *Division of Cardiology, Medicine, University of Washington, Seattle Washington, USA; Center of Translational Muscle
Research, University of Washington, Seattle, Washington, USA; “Center for Cardiovascular Biology, University of Washington,
Seattle, Washington, USA; “Institute for Stem Cell and Regenerative Medicine, University of Washington, Seattle, Washington,
USA; °School of Natural Sciences, University of Kent, Canterbury, United Kingdom; ‘Department of Bioengineering, University of
Washington, Seattle, Washington, USA; 8School of Molecular Biosciences, Washington State University, Seattle, Washington,
USA; "Department of Biology, Illinois Institute of Technology, Chicago, Illinois, USA; ‘Center for Synchrotron Radiation Research
and Instrumentation, Illinois Institute of Technology, Chicago, Illinois, USA; College of Basic Medical Sciences, Dalian Medical
University, Dalian, Liaoning, China; “Department of Anesthesiology and Pain Medicine, University of Washington, Seattle,
Washington, USA; 'Department of Integrative Physiology and Neuroscience, Washington State University, Seattle, Washington,
USA; ™Department of Neurobiology and Biophysics, University of Washington, Seattle, Washington, USA; and the "Department
of Laboratory Medicine and Pathology, University of Washington, Seattle, Washington, USA. *These authors contributed equally

to this work.

The authors attest they are in compliance with human studies committees and animal welfare regulations of the authors’
institutions and Food and Drug Administration guidelines, including patient consent where appropriate. For more

information, visit the Author Center.

Manuscript received May 24, 2025; revised manuscript received November 10, 2025, accepted November 13, 2025.


http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
https://www.jacc.org/author%2Dcenter

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 11, NO. 1, 2026
JANUARY 2026:101449

cross-bridge recruitment and cycling under physio-
logical conditions.

METHODS

The data that support the findings of this study are
available from the corresponding author upon
reasonable request.

ANIMAL USE AND ETHICS. All experiments followed
protocols approved by both the University of Wash-
ington and the Illinois Institute of Technology Insti-
tutional Animal Care and Use Committees according
to the “Guide for the Care and Use of Laboratory
Animals” (National Research Council, 2011). Muscle
tissue was collected in accordance with the United
Kingdom Animals (Scientific Procedures) Act 1986
and associated guidelines. Farm pig hearts or Yuca-
tan mini pigs (Exemplar Genetics) were obtained
immediately after the animal was sacrificed and
rinsed in cold oxygenated Tyrode’s buffer.

MYOFIBRIL SINGLE-MOLECULE IMAGING OF ATP
TURNOVER. Myofibril isolation and flowcell prepa-
ration can be found in the Supplemental Methods.
Flowcells were prepared as described previously™
and connected at one end to a syringe pump (WPI,
AL-1000) and at the other to a 1.5-mL microcentrifuge
tube with holes to allow access of pipette tips. 200 pL
of prepared ©porcine myofibril suspension
(Supplemental Methods) was added to the 1.5-mL
microcentrifuge tube and drawn into the flowcell at
1 mL/min then washed back through at 0.2 mL/min.
To allow adhesion of myofibrils to the PLL-coated
surface, flowcells were incubated on ice for 30 mi-
nutes. Excess nonadherent myofibrils were with-
drawn from the flowcell using 600 pL Prep buffer
(Supplemental Methods) at 10 mL/min.

Myofibrils were incubated with Cy3-ATP buffer
(Prep buffer + 1 pmol/L Cy3-ATP, 500 pmol/L
ATP, 0.5 mmol/L phosphoenolpyruvate (PEP), 2.2 U
Pyruvate kinase) for 30 minutes at room temperature
(RT). Where used, aficamten (MedChemExpress, Cat.
No: HY-139465) solubilized in 100% dimethyl sulf-
oxide (DMSO), was added to the Cy3-ATP buffer and
Chase buffer (Prep buffer + 5 mmol/L ATP, 5 mmol/L
PEP, 22 U Pyruvate kinase) at final concentrations
stated in Figure 1 (final DMSO remained constant at
0.06% v/v). Following this, a single frame was taken
of the myofibril fully saturated with Cy3-ATP, fol-
lowed by a rapid wash with Chase buffer at
10 mL/min. To increase efficiency, flowcells were
mounted onto a custom-built automated stage pro-
grammed to move between user-specified positions
along 1 axis. Between each frame, images from
neighboring myofibrils were taken. Use of this
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automated stage allowed up to 4 myofibrils to be
simultaneously imaged during the 30-minute imag-
ing period. Six to 15 myofibrils were measured at each
condition then rate constants were binned into fast
(0.05-0.005 s7%), slow (0.005-0.0005 s™%), or super
slow (< 0.0005 s™).

All imaging was carried out at RT using a custom-
built oblique angle fluorescent microscope.'* The
sample was illuminated for 15 ms every 5 seconds
using a 561 nm laser (OBIS LS laser, Coherent) to
excite Cy3-ATP, for a total of 30 minutes."”

To extract the rate of fluorescence decay for each
myofibril, an ROI was drawn using ImageJ to
encompass the entire myofibril, and the total in-
tensity profile was extracted over time. These data
were transferred to Microsoft Excel and then fitted to
a triple exponential decay, providing both rate con-
stant and amplitudes.

X-RAY DIFFRACTION. Wild type Yucatan mini-pig
hearts were provided by Exemplar Genetics LLC.
Permeabilized tissue preparation and beamline
specifications were performed as previously
described.'® X-ray diffraction experiments were per-
formed at the BioCAT beamline 18ID at the Advanced
Photon Source, Argonne National Laboratory."”
Skinned muscle preparations were mounted in a
custom rig. The muscle was incubated in a customized
chamber with the solution temperature at 28 °C. The
sarcomere length (SL) of the muscles was set to 2.3 um
by measuring the diffraction pattern of the fiber uti-
lizing a helium-neon laser (633 nm). X-ray fiber
diffraction patterns were collected in pCa 8.0 solution
in the absence or presence of 50 pmol/L of Afi. Fibers
were incubated for 15 minutes in 50 pmol/L Afi before
imaging. Analysis of x-ray diffraction images were

done as described previously.®'°

DEMEMBRANATED TISSUE MECHANICS. Tissue
preparation and solutions are described in the
Supplemental Methods.

Isometric force and rate of tension redevel-
opment. Porcine LV tissue was permeabilized over-
night at 4 °C in a 50% glycerol relaxing solution with
1% Triton X-100. Permeabilized LV strips were
dissected to ~120 x 600 pum and mounted between a
force transducer (Aurora Scientific, model 400A) and
a motor (Aurora Scientific, model 315C) using
aluminum T-clips (Aurora Scientific).’® The tissue
was stretched to an SL of ~2.3 um for each experi-
ment. Experiments began in a relaxing solution with
pCa (= —log;o[Ca®"]) of 8.0, then moved through a
pCa curve from 6.0 to 4.5 in physiological solution
(pH 7.0) at 21 °C with 3% dextran. Experiments
were done in 3 groups of untreated (no drug [ND]),


https://doi.org/10.1016/j.jacbts.2025.101449
https://doi.org/10.1016/j.jacbts.2025.101449
https://doi.org/10.1016/j.jacbts.2025.101449
https://doi.org/10.1016/j.jacbts.2025.101449

Mohran et al

Mechanism of Aficamten in Cardiac Muscle

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 11, NO. 1, 2026

JANUARY 2026:101449

FIGURE 1 Increasing Concentration of Afi Results in the Emergence of a Very Slow ATPase State
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(A) Experimental protocol used, showing region analyzed (in box) for single-molecule ATP imaging (left) and example tracing of normalized fluorescence in absence
(blue) or presence (orange) of 30 umol/L aficamten (Afi) (right). (B) The percentage of all rate constants in the fast, slow, or super slow state at each concentration of
Afi shows the emergence of the super slow state at 1 umol/L Afi and above. The data is presented as the percentage of each rate at each concentration of Afi. Chi-
square analysis was used to test for significant changes in the populations across concentrations. (C) To calculate the Kq4 of 2.21 (+ 0.76) pmol/L (orange dashed line),
all fast and slow state percentages at each concentration were combined and fit to a weak binding equation (S/[K+S]). 6-15 myofibrils were measured at each
concentration of Afi, then rate constants were binned into fast (0.05-0.005 s~ ), slow (0.005 — 0.0005 s~ "), or super slow (<0.0005 s 7).

1 pmol/L Afi, or 1 pumol/L Mava (MedChemExpress).
The tissue was incubated in relaxing conditions with
or without compound for 2 hours at RT before
experimentation. During experimentation, tissues
were allowed to reach stead-state force (F) at each
pCa. F-pCa curves were collected with custom code
using LabView software version 9.0.1 (National In-
struments) and fit to the Hill equation in GraphPad
Prism version 10.5.0 (GraphPad Software). The rate of
tension redevelopment (krg) was measured at each
pCa with a 15% slack and restretch.

Sinusoidal Llength-perturbation analysis of
viscous modulus. Permeabilized porcine myocar-
dial strips (~180 x 700 pm) were mounted between a
piezoelectric motor (P841.40, Physik Instrumente)

and a strain gauge (AE801, Kronex) using aluminum
T-clips. Each strip was lowered into a 30-uL droplet of
relaxing solution (pCa 8.0) maintained at 28 °C. SL was
then set to 2.3 um, and the solution was exchanged
with activating solution (pCa 4.8). Sinusoidal length
perturbations of 0.125% myocardial strip length (clip-
to-clip) were applied at multiple frequencies from
0.125 to 250 Hz to measure the complex modulus as a
function of frequency.”’ The complex modulus de-
scribes viscoelastic myocardial stiffness which arises
from the change in stress (= force per cross-sectional
area) divided by the change in muscle length that
is in-phase (= elastic modulus) and out-of-phase
(= viscous modulus) with the oscillatory length
change at each discrete frequency.
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The viscous modulus at pCa 4.8 was fit to a poly-
nomial to extract the maxima and minima fre-
“dip
frequency” describes force-generating events and
cross-bridge recruitment while the “peak frequency”
describes cross-bridge distortion events and cross-
bridge detachment rate.”””* These characteristic

quencies for each condition, where the

“dip” and “peak” regions of the viscous modulus
were used to assess the effects of Afi and Mava on
cross-bridge cycling kinetics under maximal Ca®"-
activated conditions.

MYOFIBRIL MECHANICS. Myofibril activation and
relaxation measurements were performed on a
custom setup as previously described.?>:?® Myofibrils
were isolated from LV porcine tissue using a tissue
homogenizer for 10 seconds. Myofibrils were then
plated onto the custom setup and were mounted
between a glass force transducer and an inflexible
motor arm. A dual photodiode system measured
myofibril force by recording needle deflection. The
force transducer needle stiffness measured
7.98 um/uN. A double-barreled glass pipette deliv-
ered relaxing (pCa = 8.0) and activating (4.5) solu-
tions to the isolated myofibril using a rapid switching
technique. Activation and relaxation data were
collected at 21 °C and fitted as previously described.?®

hiPSC DIFFERENTIATION AND ENGINEERED HEART
TISSUE CASTING. Differentiation of WTC11 hiPSCs
into CMs is detailed in the Supplemental Methods. To
cast hiPSC-CMs into engineered heart tissues (EHTSs),
500,000 21-day-old lactate-purified WTC11 hiPSC-
CMs were mixed with 50,000 HS27a (human
marrow stromal cells®”), 5 mg/mL fibrinogen (Sigma),
and 3 unit/mL thrombin (Sigma) then cast onto wells
with PDMS postarrays.?® Gelation occurred over the
following 1.5 hours, then tissues were moved to a
fresh 24-well plate with RPMI + B27 + insulin + 5 g/L
aminocaproic acid (Sigma) and stored at 37 °C. Media
was changed every 2 to 3 days while the tissue com-
pacted and matured.

INTACT TWITCH ASSAY. EHTs were cut off posts
2 weeks after casting (35 days postinducement of
cardiomyocyte differentiation) and moved into a dish
containing DMEM/F12 (Gibco) continuously bubbled
with 95% 0,/5% CO, to maintain physiological pH
and mounted between 2 platinum omega clips. The
EHT was then mounted into the Intact Muscle
Chamber System (IonOptix) and perfused with
DMEM/F12 supplemented with CaCl, (final
Ca?" = 1.8 mmol/L) continuously bubbled with 95%
0,/5% CO,. EHTs were electrically paced at 1 Hz,
maintained at ~32 °C and allowed to contract
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isometrically throughout the experiment. EHTs were
given 15 minutes to stabilize, during which time
optimal length was set to where the total amplitude
of the twitch no longer increased. Drug titrations
were performed with 0.01% DMSO (ND), then 1 and
2 pmol/L Afi or 0.5 and 1 pmol/L Mava with
15 minutes incubations at each concentration. For
each condition, 30-second traces were recorded and
analyzed using IonWizard software (IonOptix).

STATISTICAL ANALYSIS. We used GraphPad Prism
version 10.5.0 (GraphPad Software) for data presen-
tation and statistical analysis unless otherwise
stated. The data are presented as mean + SEM. All
data was tested for normality using the D’Agostino
and Pearson test, except for the EHT parameters,
which used the Shapiro-Wilk test because of lower n
values. For porcine isometric permeabilized tissue
mechanics and myofibrils, we used an ordinary 1-way
analysis of variance with Tukey’s post hoc test for
multiple pairwise comparisons. For viscous modulus
measurements, IBM SPSS Statistics version 29.0.1.0
(171) was used. Nested linear mixed-effect models
were utilized for the minimum or maximum fre-
quency parameters determined from polynomial
curves fit from the viscous modulus. Treatment was
considered the fixed effect with biological replicate
(pig) as the random effect in which technical repli-
cates were nested. Post-hoc analysis used the Fisher
least significant difference test. For x-ray diffraction
and EHT twitch analysis, we used paired 2-tailed
Student’s t-tests. For in vitro motility, we used
2-way analysis of variance with Sidak’s post hoc test.
A P value <0.05 was
cally significant.

considered statisti-

RESULTS

AFI INHIBITS ATPase ACTIVITY WITHOUT STRUCTURALLY
SEQUESTERING MYOSIN HEADS ON THE THICK FILAMENT.
To understand the effect of Afi on ATPase activity, we
assessed the decay of fluorescently labeled ATP (Cy3-
ATP) in permeabilized porcine cardiac myofibrils as
myosin cycles and releases Cy3-ADP (Figure 1A). Ex-
periments were performed on relaxed myofibrils af-
ter infusion with Cy3-ATP and Afi at concentrations
ranging from 0 to 30 pmol/L for 30 minutes. This was
followed by a wash-out of Cy3-ATP with unlabeled
ATP (with Afi) and 30 minutes of stroboscopic imag-
ing to image the decay in fluorescence intensity. The
intensity was then fit to a multiexponential decay to
extract multiple rate constants and their relative
amplitudes (Figure 1A). For each myofibril, the
resultant rate constants were classified as 1 of 3 ATP
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FIGURE 2 50 pmol/L Afi Minimally Affects Thick Filament Structure in Relaxed Porcine Tissue
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(A) Representative x-ray diffraction patterns before (no drug [ND]; left) and after (aficamten [Afi]; right) incubation in 50 pmol/L Afi. Afi
does not affect the (B) intensity ratio (I4,1/11,0) or the (C) radius of the cross-bridge center of mass (Rm), suggesting that myosin heads are not
moving toward or away from the thick filament backbone because of Afi. The spacing of the (D) third-order of myosin-based reflection (Sys)
and (E) sixth-order of myosin-based reflection (Sye) are not changed. The intensity of the (F) third-order myosin-based reflection (ly3) and
(G) first-order myosin-based layer line (Iy.11) slightly decrease after Afi incubation, suggesting that Afi causes some disorder in the myosin
heads. N = 13 tissues samples were prepared and measured. Paired Student's t-tests were performed for each measurement. All data is
presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

turnover states (fast, slow, super slow). Figure 1B and
Supplemental Figure S1 show that as the concentra-
tion of Afi increases, the population of myosin heads
in the fast state decreases, with the emergence of a
super slow state at 1 umol/L Afi. Interestingly, the
population in the slow state seems to only minimally
decrease with increasing Afi. To plot a binding
isotherm for Afi, we combined the fast and slow
states, which represents myosin heads not in the

super slow ATPase state, and fit a weak binding
equation (S/[K+S]) to calculate a Kgq of 2.21 +
0.76 umol/L (Figure 1C). This is in the same range as
was seen by Hartman et al.>®

In addition to assessing the biochemical inhibition
of myosin ATPase activity by Afi we utilized small
angle x-ray diffraction to assess the impact on thick
filament structure. Previous studies have shown that
myosin modulators can significantly affect the


https://doi.org/10.1016/j.jacbts.2025.101449

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 11, NO. 1, 2026
JANUARY 2026:101449

position of myosin and the organization of the thick
filament structure.'®'® Paired x-ray diffraction im-
ages were collected under relaxed conditions (pCa
8.0) with ND and in the presence of 50 pmol/L Afi
(Figure 2A, Supplemental Table 1). Measures of the
equatorial reflections showed no significant differ-
ence in the lattice spacing (d;,) (Supplemental
Figure S2) or intensity ratio (I,,/I,,,) (Figure 2B).
Quantification of the radius of the center of mass of
the myosin heads (Ry,) (Figure 2C), which describes
the average distance of the myosin heads from the
thick filament, also showed no significant difference
in the presence of Afi. These results show that in
saturating conditions, Afi does not induce changes to
the sarcomere interfilament spacing or the position
of the myosin heads relative to the thick and thin
filaments. Additional assessment of the axial spacing
from the third-order myosin-based meridional
reflection (Sy3) (Figure 2D) and the sixth-order
myosin-based meridional reflection (Sye) (Figure 2E)
showed no change in the presence of Afi. These
spacing measurements indicate that Afi does not
induce any structural change in position between the
myosin crowns (Sys) or alter the thick filament
backbone (Sy6) in @ manner typically associated with
strain and mechano-sensing.

Interesting, both the intensity of the first-order
myosin-based layer line (Iypr;) (Figure 2F) and
third-order myosin based meridional reflection (Iys)
(Figure 2G) in the presence of Afi decreased by 10.5%
compared with ND paired controls. The decrease in
Inpr: and Iy describes a reduction in the number of
quasi-helically ordered myosin heads on the thick
filament.

Both the equatorial and meridional results with Afi
are different from those described by Anderson et al
and Ma et al (Supplemental Table 2) for Mava.”-'®
They reported that Mava significantly shifts the
radial position of myosin toward the thick filament
backbone and increases the helical ordering of the
myosin crowns. These structural modulations caused
by Mava, coupled with the ATPase inhibition, result
in significantly inhibited actomyosin interaction and
sarcomeric contractility.

AFl INHIBITS CONTRACTILE FORCE WITHOUT
ALTERING CROSSBRIDGE CYCLING KINETICS IN
PERMEABILIZED PORCINE TISSUE. To assess how
the biochemical and structural effects of Afi affected
cardiac contractility, we first examined steady-state
force production, calcium sensitivity, and myosin
cycling kinetics in permeabilized porcine tissue.
Figure 3A shows the concentration dependence of the
time required to reach steady state inhibition by Afi.
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At higher Afi concentrations, such as those used for
the ATP turnover (Figure 1) and x-ray diffraction
(Figure 2) experiments, force is fully inhibited after
10 minutes. To perform functional measurements of
contractility, the remaining steady-state force mea-
surements were performed at sarcomere length of
2.3 um after a 2-hour incubation either in the absence
of drug (ND; 0.1% DMSO) or in the presence of
1 pumol/L Afi or Mava. Afi and Mava had similar
inhibitory effects for isometric contraction mea-
surements (Figures 3B to 3F). Both drugs shifted the
force-pCa relationship to the right (Figure 3B), with
significantly decreased maximal calcium activated
force (Figure 3C) and calcium sensitivity of force
(pCaso) (Figure 3D). There were no changes in the Hill
coefficient (Figure 3E), suggesting no changes in
cooperativity of contractile activation. There were
also no changes in cross bridge cycling kinetics as
determined by the rate of tension redevelopment
(ktr) (Figure 3F).

Viscous modulus was measured in maximally

activating conditions sweeping frequencies from
0.125 to 100 Hz to assess steady state crossbridge
attachment and detachment. The overall magnitude
of the viscous modulus decreased (Figure 3G), which
is consistent with a decrease in the number of
strongly bound cross bridges. The horizontal posi-
tions of the minimum and maximum frequencies
indicate differences in cross bridge kinetics caused
by cross bridge attachment and detachment rates,
respectively. The dip in the modulus-frequency
relationship (minimum viscous modulus) was shif-
ted toward a lower frequency for Mava but not Afi
(Figure 3H), suggesting that the rate of crossbridge
attachment decreased only for Mava. No frequency
shifts were observed for the peak viscous modulus
values (Figure 3I), indicating no change in rate of
crossbridge detachment.
AFI INHIBITS FORCE GENERATION AND ACCELERATES
RELAXATION KINETICS IN ISOLATED MYOFIBRIL
PREPARATIONS. The utilization of subcellular myofi-
bril preparations allows for the measurement of force
and kinetics during the transition states between
activation and relaxation. To switch the myofibril be-
tween maximal activation (pCa 4.5) and relaxation
(pCa 8.0) solutions we utilize a rapid solution switch-
ing method with a double-barreled pipet. Represen-
tative traces in Figure 4A show the normalized force
relationship during myofibril activation and relaxa-
tion in the presence of ND, 1.0 pmol/L Afi, or
0.5 pmol/L Mava.

Switching between pCa 8.0 and pCa 4.5 did not
significantly affect the exponential rate (kacr) of
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FIGURE 3 Afi and Mava Inhibit Force, Calcium Sensitivity, and Viscous Modul
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(A) The time required for full force inhibition by Afi decreased as the concentration of Afi increased. After 2-hour incubation in ND, 1 umol/L
Afi, or 1 umol/L mavacamten (Mava), (B) the force-pCa relationships were shifted rightward for both drugs because of decreases in (C)
maximal calcium-activated force and (D) calcium sensitivity. (E) The Hill coefficient and (F) maximal calcium-activated rate constant of
tension redevelopment (ki) were not affected. (G) Viscous moduli values were plotted against frequency to assess cross-bridge binding and
kinetics. At maximal activation, both drugs decreased moduli values across much of the frequency range (H) The dip frequency (minimum
viscous modulus) and (1) peak frequency (maximum viscous modulus) were not affected by Afi, but the dip frequency was shifted lower for
Mava suggesting slower cross-bridge attachment rate. 8-11 tissues samples from 3 different pigs were prepared and measured for each
condition. 1-way analysis of variance with Tukey's post hoc test was used for isometric tension analyses. For viscous modulus, nested linear
mixed-effect models were utilized with post hoc Fisher least significant difference test. All data is presented as mean + SEM. *P < 0.05,

**p < 0.01, ***P < 0.001. Abbreviations as in Figure 2.

force generation in the presence of either Afi or Mava
(1.10 + 0.02 and 0.79 + 0.08 s™') compared with
untreated controls (1.01 & 0.08 s™') (Figure 4C). Inter-
estingly, however, Afi and Mava results were signifi-
cantly different (P = 0.033) from each other, where Afi
was slightly but not significantly elevated and Mava
was slightly reduced. In addition to the activation

kinetics, we observed that both Afi and Mava signifi-
cantly inhibited the maximally activated force (37.6 +
2.8 and 37.5 + 2.9 nN/um?) of the isolated porcine
cardiac myofibrils compared with untreated controls
(76.7 + 3.0 nN/um?) (Figure 4B).

Upon the rapid transition from activating to
relaxing solution, we observed a biphasic relaxation
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FIGURE 4 Afi and Mava Inhibit Maximal Calcium-Activated Force and Slow Relaxation Kinetics in Isolated Myofibrils
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as in Figures 2 and 3.

relationship that consists of both an initial linear
“slow phase” and exponential “fast phase” of relax-
ation as the force returns to baseline. The linear rate
constant from the slow phase of relaxation (krgr siow)
describes the rate of cross-bridge detachment.?®
Previous studies have shown this rate constant value
is independent of the Ca®" dissociation from
troponin.?' The duration of the slow phase (trgr siow)s
however, depends on the time of thin filament
deactivation which is dependent on the properties of
thin filament regulatory proteins (troponin and
tropomyosin) and the calcium concentration during
activation. The final component of myofibril relaxa-
tion is the exponential rate constant (kgrgr fast) that

measures the rapid return of force to baseline. This
measurement characterizes multiple different inter-
sarcomere dynamics and involves both active and
passive properties that enable the sarcomeres to
relax.’'

Afi significantly accelerated kggp fast (21.9 £ 0.9 57
compared with Mava (14.8 + 1.0 s™*) and to ND (11.3 +
0.4 s7') (Figure 4D). Both Afi and Mava significantly
increased Kgrgr siow (1.10 £ 0.01 and 1.12 + 0.06 s7)
compared with ND (0.40 + 0.03 s~ ") (Figure 4E). Both
compounds also significantly decrease trgr,siow
(45.1 + 0.9 and 48.6 + 3.3 ms) compared with ND
(78.1 + 1.8 ms) (Figure 4F). These significant effects of
Afi on myofibril relaxation kinetics were very
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FIGURE 5 Afi and Mava Decrease Tension Index in a Concentration-Dependent Manner Primarily Through Changes in Peak Tension in
Engineered Heart Tissues
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(A) Average twitch traces of paired experiments (ND vs Afi or ND vs Mava) were normalized to EHT cross-sectional area. (B) Peak twitch
tension was inhibited by both Afi and Mava leading to (C) negative tension index values for both drugs. (D) Time to peak tension (TTp) was
longer for Mava but not Afi. (E) Time to 50% relaxation (RTso) was shorter for both Afi and Mava, and (F) time to 90% relaxation (RTgo) was
only shorter for Afi. 6-8 EHTs were matured and measured. Paired Student's t-tests were performed for each EHT. All data is presented as

mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations as in Figures 2 and 3.

interesting given the lack of differences in kg or
viscous modulus frequencies.

AFlI DECREASED THE TENSION TIME INTEGRAL
PRIMARILY THROUGH INHIBITION [IN FORCE
PRODUCTION IN INTACT EHTs. To determine how
all the reductionist preparation results integrate to
alter physiological contractile function, we compared
how Afi and Mava impact twitch tension and kinetics
in intact EHTs made from hiPSC-CMs. At 21 days post
differentiation, hiPSC-CMs were cast onto PDMS
posts along with stromal cells in a fibrin gel and then
allowed to compact and mature for 2 weeks. On day
14 postcasting, EHTs were cut from the posts,
secured between 2 platinum omega clips, and
mounted between a force transducer and motor arm.
Average twitch tension normalized to ND (0.01%
DMSO) was inhibited in the presence of Afi and Mava

(Figure 5A and Supplemental Table S3), although
higher concentrations of Afi (2 pmol/L) were required
to reach similar levels of inhibition compared with
Mava (1 pmmol/L) (Figure 5B). The substantial de-
creases in force led to negative tension index values
(Figure 5C), which has been shown to be predictive of
hypocontractility at the whole-organ level.”°>* Time
to peak tension (TTp) (Figure 5D) was significantly
longer for Mava but not changed for Afi. Time to 50%
relaxation (RTs,) (Figure 5E) and time to 90% relax-
ation (RTq,) (Figure 5F) were significantly shorter for
Afi, while only RT;, was shorter for Mava.

DISCUSSION

In this study, we investigated the biophysical and
biochemical mechanisms underlying the ability of
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aficamten (Afi) to reduce cardiac contractility. Afi, a
second-in-class, myosin-specific small molecule in
phase 3 clinical trials, has demonstrated functional
improvements comparable to the FDA-approved
mavacamten (Mava) in patients with obstructive
HCM."-33 Recent findings by Hartman et al*° revealed
that Afi significantly inhibits Pi release and may
reduce ADP release rate constants in purified myosin
S1 in unloaded conditions, consistent with pre-
powerstroke (M.ADP.Pi) modeling. Building on
these findings, we explored how Afi modulates
myosin structural organization and sarcomeric
contractility under load at myofibril and tissue levels.

Using a porcine cardiac model that expresses
B-myosin, we found that Afi significantly reduces the
number of myosin heads available to interact with
actin and produce force. Interestingly, there was an
increased population of low ATPase activity myosin
and emergence of a super slow ATPase activity pop-
ulation with increasing Afi in the absence of the
structural changes monitored by x-ray diffraction.
This suggests that impaired ATPase activity can be
achieved without structural sequestration. Our re-
sults also suggest Afi induces significant acceleration
of relaxation kinetics in conditions of permeabilized
myofibrils and intact EHTs. By first utilizing the
myofibril platform, the significant acceleration in
relaxation kinetics can be attributed to direct mod-
ulation of the sarcomere as we isolate crossbridge
cycling kinetics by controlling the exposure duration
and concentration of Ca®?' to the thin filament.
Transitioning into EHTs, we still observe accelerated
relaxation that transcends the increased system
complexity by introducing both myofibril and non-
myofibril components of cellular regulation
including Ca®?' handing and multiple levels of
compliance within the tissue.

THE POOL OF RECRUITABLE MYOSIN CAN BE
AFFECTED BY BIOCHEMICAL AND/OR STRUCTURAL
MODULATION. The biochemical ATPase states (SRX
and DRX) and thick filament structure (ON and OFF)
have often been thought to be interchangeable.
However, recent studies have provided strong evi-
dence suggesting that these biochemical and struc-
tural measurements are uncoupled under different
conditions.>*3> Structural assessments of Mava
bound to B-myosin have shown that it increases the
formation of head-to-head and head-to-tail com-
plexes in the thick filament.?%3” These alterations to
the myosin head structure caused by increased af-
finity of inorganic phosphate to myosin (M.ADP.Pi)
lead to increased myosin crown organization along
the thick filament backbone that can be measured by
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structural imaging techniques such as x-ray diffrac-
tion' and cryo-em.>® The induced head-head struc-
tural interaction also increases the inhibitory
effect of Mava as shown by the significant decrease
in K; between isolated B-myosin S1 and HMM
protein preparations (K;, 1.76 and 0.32 pmol/L,
respectively).>*

In contrast to Mava, Afi does not induce changes in
the myosin crown organization or position with
respect to the thick filament, suggesting that Afi
achieves ATPase inhibition through alternative
mechanisms. Molecular modeling and compound
competition experiments'” show that Afi binds in the
same region of myosin as blebbistatin and requires
the same M.ATP — M.ADP.Pi transition state to
bind.?® This binding state complicates performing
reductionistic assays to assess actomyosin affinity
and ADP release kinetics as these require rigor (A.M.)
conditions before mixing with nucleotide. Utilization
of the modified Cy3-ATP nucleotide replacement
assay enabled us to introduce Afi to myosin in the
presence of ATP, allowing the compound to bind
before performing nucleotide replacement assays.
This technique allows us to perform compound
titration curves and validate the emergence of the
super slow state, a compound induced nucleotide
replacement rate 10x slower than the described
0.002 s ' SRX state observed with saturating
30 umol/L Mava utilizing the same technique.'” This
inhibited population increased in prevalence at
greater compound concentrations and maintained a
saturating rate constant value of constant value of
~0.0002 s~ !, consistent with the rate constant
observed in high concentrations of Afi by Hartman
et al.?® They also found that Afi binds between the
upper and lower 50 kDa domains of myosin, same as
the blebbistatin binding pocket.'” This could explain
how a similar slowing of ATP turnover occurred in
the presence of high concentrations of blebbistatin.>”
This was attributed to the stabilization of switch 2 in
myosin heads to limit phosphate release.?® Future
studies could determine if a similar mechanism oc-
curs with Afi. Overall, these results show that Afi
causes greater inhibition of the enzymatic activity of
myosin compared with Mava®’ without inducing
large-scale changes in myosin crown organization or
positions relative to the thick filament backbone.

STUDY LIMITATIONS. One limitation of the Cy3-ATP
experiments was the inability to perform the myofi-
bril biochemical assessments under load. The current
system does not allow for the myofibrils to be lifted
and cannot be stretched to longer sarcomere lengths
such as the 2.3-pm sarcomere length that was
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utilized for the x-ray diffraction and contractility
experiments. Few publications have performed
biochemical ATP turnover experiments utilizing
permeabilized CMs. Future work in our group aims to
address this limitation and better understand how
stretch can impact myofibril nucleotide
cycling kinetics.

BIOCHEMICAL INHIBITION DOES NOT SIGNIFICANTLY
AFFECT THE CROSSBRIDGE KINETICS OF MYOSIN HEADS
ACTIVELY CYCLING DURING CONTRACTION. Unregu-
lated in vitro motility results suggest that Afi reduces
the number of myosin heads available to interact
with actin without incurring significant drag associ-
ated with a decrease in fraction moving
(Supplemental Figure S3, matching results by Hart-
man et al®*®). In our steady-state and dynamic
contractility experiments, this reduction in available
myosin resulted in inhibited force generation. Steady
state permeabilized fiber experiments yield no sig-
nificant differences in cooperative activation (ny),
myosin cycling kinetics during tension re-stretch
(ktr), or viscous modulus (myosin attachment and
detachment frequencies) at the experimental 2.3-pm
sarcomere length. Interestingly, myofibril contractile
kinetics show that Afi significantly decreases the
duration of thin filament deactivation (trgr,siow) and
accelerated both the slow and fast phases of relaxa-
tion of maximally activated myofibrils back to resting
baseline. These significant changes in relaxation ki-
netics are interesting caused by the lack of change in
myosin cycling kinetics observed in steady state kg
and viscoelastic measurements, which suggest no
significant changes in the load-dependent ADP
release rate of myosin heads that are actively cycling
and interacting with actin. With Afi inducing signifi-
cant changes to relaxation kinetics, we hypothesize
that the accelerated relaxation kinetics observed in
the myofibrils are induced by a reduced pool of
actively interacting myosin heads with actin during
the transition from high to low calcium solutions.

IMPLICATIONS OF MODULATING CONTRACTILITY
THROUGH BIOCHEMICAL AND STRUCTURAL INHI-
BITION. By biochemical inhibition, Afi decreases the
pool of myosin heads that can interact with actin,
reducing the capacity of contractility without struc-
turally sequestering heads along the thick filament
backbone. Unlike Mava, this mechanistic pathway
preserves the recruitment of myosin heads to actin
during activation as illustrated by the lack of signif-
icant changes in the steady-state fiber viscous
modulus dip-frequency, steady state kqr, the myofi-
bril kacr rate constant values, and the TT, EHT
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assessment. These differences, however, raise ques-
tions regarding how the biochemical and structural
modulation of myosin may impact the ability to re-
cruit myosin under varying external conditions. As
presented by Ma et al,* the structural and functional
cardiac relationships to inotropic interventions like
Ca’*, increased chronotropy, length-dependent acti-
vation, and B-adrenergic stimulation are persevere in
the presence of Mava. These significant findings help
describe how Mava increased maximum exercise ca-
pacity in patients with obstructive HCM*' and a
subset of nonobstructive HCM patients.** In future
studies, it will be important to see how the
biochemical inhibition of Afi affects cardiac reserve
and if the compound can preserve these relationships
like Mava.

CONCLUSIONS

Our study shows that the main mechanism of Afi in-
hibition is through inhibition of myosin S1 head ac-
tivity that reduces the number of myosin heads that
bind and cycle during contraction. This reduction on
recruitable myosin is achieved without the structural
sequestration of the myosin heads on the thick fila-
ment backbone, a significant difference to the
mechanistic pathway described for Mava. This
finding distinctly decouples the association of
biochemical SRX state from the structural ON/OFF
states as a mechanism for cardiac muscle inhibition.
It also confirms the emergence of an even slower rate
of ATP turnover as Afi increases in concentration.>’
Afi does not significantly impact the steady-state
cycling kinetics of the myosin heads engaging in
contraction and can effectively induce a hypo-
contractile phenotype in treated cardiac muscle.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The develop-
ment and success of Afi in clinical trials provides a positive
outlook for patients with HCM. Afi and Mava reduce cardiac
contractility by different mechanisms of action, which opens the
possibility for other small molecules that can also be effective in
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APPENDIX Foran expanded Methods section
as well as supplemental figures and tables,
please see the online version of this paper.


http://refhub.elsevier.com/S2452-302X(25)00402-4/sref27
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref27
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref28
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref28
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref28
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref28
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref28
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref29
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref29
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref29
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref29
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref29
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref30
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref30
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref30
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref30
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref30
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref31
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref31
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref31
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref31
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref32
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref32
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref32
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref33
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref33
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref33
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref33
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref33
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref34
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref34
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref34
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref34
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref35
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref35
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref35
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref35
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref36
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref36
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref36
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref36
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref37
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref37
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref37
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref37
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref37
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref38
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref38
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref38
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref38
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref39
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref39
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref39
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref39
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref40
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref40
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref40
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref40
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref40
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref41
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref41
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref41
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref41
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref42
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref42
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref42
http://refhub.elsevier.com/S2452-302X(25)00402-4/sref42

