UC Davis
UC Davis Previously Published Works

Title
Visualization of cardiac thick filament dynamics in ex vivo heart preparations.

Permalink

bttgs:ééescholarshiQ.orgéucéitemg95b920mg

Authors
Kelly, Colleen
Martin, Jody
Coseno, Molly

Publication Date
2023-12-01

DOI
10.1016/j.yjmcc.2023.10.013

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/95b9p0mw
https://escholarship.org/uc/item/95b9p0mw#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Mol Cell Cardiol. Author manuscript; available in PMC 2024 December 01.

-, HHS Public Access
«

Published in final edited form as:
J Mol Cell Cardiol. 2023 December ; 185:; 88-98. d0i:10.1016/j.yjmcc.2023.10.013.

Visualization of Cardiac Thick Filament Dynamics in ex vivo
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Abstract

Rationale—Cardiac muscle cells are terminally differentiated after birth and must beat
continually throughout one’s lifetime. This mechanical process is driven by the sliding of actin-
based thin filaments along myosin-based thick filaments, organized within sarcomeres. Despite
costly energetic demand, the half-life of the proteins that comprise the cardiac thick filaments is
~10 days, with individual molecules being replaced stochastically, by unknown mechanisms.

Objectives—To allow for the stochastic replacement of molecules, we hypothesized that the
structure of thick filaments must be highly dynamic /in vive.

Methods and Results—To test this hypothesis in adult mouse hearts, we replaced a fraction
of the endogenous myosin regulatory light chain (RLC), a component of thick filaments, with
GFP-labeled RLC by adeno-associated viral (AAV) transduction. The RLC-GFP was properly
localized to the heads of the myosin molecules within thick filaments in ex vivo heart preparations
and had no effect on heart size or actin filament siding /n vitro. However, the localization of

the RLC-GFP molecules was highly mobile, changing its position within the sarcomere on the
minute timescale, when quantified by fluorescence recovery after photobleaching (FRAP) using
multiphoton microscopy. Interestingly, RLC-GFP mobility was restricted to within the boundaries
of single sarcomeres. When cardiomyocytes were lysed, the RLC-GFP remained strongly bound
to myosin heavy chain, and the intact myosin molecules adopted a folded, compact configuration,
when disassociated from the filaments at physiological ionic conditions.

Conclusions—These data demonstrate that the structure of the thick filament is highly dynamic
in the intact heart, with a rate of molecular exchange into and out of thick filaments that is
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~1,500 times faster than that required for the replacement of molecules through protein synthesis
or degradation.
Graphical Abstract
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1. Introduction

Cardiac muscle cells are terminally differentiated after birth [1] and beat continuously
throughout one’s lifetime due to the coordinated contraction of sarcomeres, located within
myofibrils. In an adult mouse heart, each sarcomere must contract ~500 times per minute to
meet metabolic demands. These contractions require myosin molecules, organized in bipolar
thick filaments, to bind actin molecules, organized in interdigitated thin filaments (Fig. 1A).
Due to the importance of these mechanical interactions for cellular and whole heart function,
thick filaments appear to maintain their structural and functional integrity by continually
replacing their components through protein synthesis and degradation [2—3]. However, the
mechanism(s) by which this replacement occurs, while the sarcomere continues to maintain
its contractile function are largely unknown.

Myosin molecules are the most abundant protein complexes in the heart representing 4.3%
of the total mass [4]. Each myosin molecule is a 520-kDa hexamer consisting of two heavy
chains and four light chains. The N-terminus of each heavy chain forms a globular head
decorated with an essential (ELC) and regulatory light chain (RLC) (Fig. 1B). These light
chains play critical roles in maintaining the structural integrity of the head, and transmission
of forces generated when myosin is bound to actin [5]. The central and C-terminal regions of
the two heavy chains dimerize into a long coiled-coil, to form a single myosin molecule [6].

Approximately 300 myosin molecules copolymerize through intermolecular electrostatic
interactions between the coiled-coil tails [7-10] to form each bipolar thick filament (Fig.
1A). We have recently demonstrated that cardiac muscle cells within adult mouse hearts
constantly synthesize new myosin molecules, and these molecules randomly replace those
within preexisting thick filaments [11]. This results in the average half-life of a myosin
molecule being ~10 days /n vivo [11]. This high rate of myosin replacement implies
structural dynamics, which are at odds with elegant studies that demonstrate the structure
of individual thick filaments is highly organized when imaged with electron microscopy
[12, 13]. Yet, /n vitro assays suggest that the electrostatic interactions between myosin
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tails are transient [14-17], which could allow for the exchange of molecules between

the filaments and a small pool of monomers. Moreover, cellular studies demonstrate the
molecular machineries and transcripts required for thick filament protein synthesis and
degradation are located at the boundaries of individual sarcomeres, rather than in some
distal portion of the cell [18, 19]. Taken together, these data support the hypothesis that
new myosin molecules are translated within the sarcomere and the molecules are randomly
exchanged into and out of the thick filaments on an undefined timescale.

To determine whether such exchange happens in an intact heart, and to define the temporal
and spatial aspects of these processes, we replaced a fraction of the endogenous cardiac
myosin regulatory light chain (RLC) in adult mice, with RLC having green fluorescent
protein (GFP) fused to its C-terminus (RLC-GFP). We visualized the localization and
mobility of these molecules in ex vivo heart preparations using two-photon confocal
imaging coupled with fluorescence recovery after photobleaching (FRAP). To determine
whether the RLC-GFP remained bound to the myosin heavy chain when disassociated
from the thick filaments, we lysed the cells and used a combination of biochemical

and biophysical assays to quantify the abundance of soluble myosin and determine the
Stokes radius of the GFP-labeled molecules in the soluble fraction. Together, these data
demonstrate that the structure of the thick filament is highly dynamic in the adult heart,
with individual molecules rapidly exchanging between thick filaments and a soluble pool
of monomers. Unexpectedly, the rate of this exchange is ~1,500 times faster in ex vivo
heart preparations, than that required for the replacement of the molecules by protein
synthesis and degradation /n vivo. These data suggest thick filaments are designed in such
a way to allow for the constant exchange of their structural components to facilitate their
replacement. We propose that these features may be key to molecular housekeeping that
ensures contractile fidelity.

2. Methods

2.1. Animals

FVB-strain mice were obtained from Jackson Laboratory. Mice were cared for and
euthanized in accordance with protocols approved by the University of Vermont Animal
Care and Use Committee.

2.2. AAV design, production and use

Mouse MLC2v was fused in frame with pENN.AAV.cTNT.Pl.eGFP.WPRE.rBG which

was a gift from James M. Wilson (Addgene viral prep # 105543-AAV9; http://n2t.net/
addgene:105543; RRID:Addgene_105543). To construct recombinant chimera, AAV9/
PENN.AAV.cTNT.MLCV2.eGFP.WPRE.rBG was co-transfected along with pAAV2/9.45-
(serotype 2 rep coding sequences, serotype 9.45 cap coding sequences) and pHelper
plasmids (Stratagene) into AAV-293 cells utilizing PEI. The transfected cells were incubated
for 72 hours before the cells were collected and subjected to 3 freeze-thaw cycles and
benzonase treatment. After clarification, the supernatant was overlaid on iodixanol step
gradient of 60%, 40%, 25% and 15% iodixanol in a quick-seal tube. Ultracentrifugation

was carried out at 500,000 xg (70,000 RPM, 1 hour). The 60-40 interface was collected
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(containing the live virus particles) and centrifugally dialyzed and concentrated to
appropriate volumes. AAV stocks were titered for vector genomes by slot blotting (psoralen-
biotin and Brightstar kits from Ambion), and titer confirmed by SDS gel analysis of capsid
protein VP3. AAV titers were 1 X 1013 virus/mL.

2.3. Transduction of mice with AAV and euthanasia

Expression of RLC-GFP was induced by the transduction of ~3-month-old mice via retro-
orbital injection with 100 pl of AAV. Based on the measured half-life of the endogenous
RLC [11]. the mice were allowed to replace RLC for 12 + 2 days post-transduction.

Mice were anesthetized with isoflurane and euthanized by cervical dislocation. Hearts

were harvested for protein quantification, protein purification, and/or two-photon imaging.
Photographs were taken for morphological comparison, and heart/body weight ratios (£SD)
were determined for age- and sex-matched FVB wild type (N=3) and AAV-transduced (N=3)
mice and compared using an unpair Student’s t-test.

2.4. Quantification of the abundance of RLC-GFP

To quantify the abundance of the endogenous RLC and RLC-GFP expressed in the hearts of
mice treated with the AAV, small 1-2 mg pieces of left ventricles from FVB wild type (N=4)
and AAV-transduced (N=4) mice were digested with trypsin, and protein abundances were
quantified by label-free liquid chromatography mass spectrometry (LCMS), as previously
described [11]. Briefly, each piece of muscle was mechanically triturated with forceps in

a glass bottom dissection chamber containing 150 pl 0.1% Rapigest SF Surfactant (Waters
Corporation). The proteins were reduced by addition of 0.75 ul 1 M dithiothreitol (DTT),
and heating at 100 °C for 10 min. The proteins were alkylated by adding 22.5 ul of a 100
mM iodoacetamide in 50 mM ammonium bicarbonate, and incubating for 30 minutes in

the dark at ~22 °C. The proteins were cleaved into tryptic peptides by adding 25 pl of 0.2
ug/ul trypsin (Promega) in 50 mM ammonium bicarbonate, and incubating for 18 h at 37
°C. Following the digestion, the samples were dried down by centrifugal evaporation and
reconstituted in 100 ul of a 7% formic acid in 50 mM ammonium bicarbonate solution

to inactivate trypsin and degrade Rapigest (1 h, 37 °C). Samples were dried down once
more and reconstituted in 100 pl 0.1% trifluoroacetic acid (TFA) for further cleavage of
Rapigest (1 h, 37 °C). Samples were dried down a final time, reconstituted in 150 pl 0.1
TFA, centrifuged for 5 min at 18,800 RCF (Thermo, Sorvall Legend Micro 21R), and 125 pl
of the supernatant was removed for analysis by mass spectrometry.

Tryptic peptides were separated via high-pressure liquid chromatography (LC) on an Xselect
HSS T3 column (100 A, 3.5 um, 1 x 150 mm) (Waters Corporation) attached to an UltiMate
3000 ultra-high-pressure liquid chromatography system (Dionex). A 20-uL aliquot of each
sample was injected into 0.1% formic acid in 2% acetonitrile with a flow rate of 100

ul/min. The LC parameters were identical to those previously reported [11]. The LC effluent
was directly infused into a Q Exactive Hybrid Quadrupole-Orbitrap mass spectrometer
(Thermo) through an electrospray ionization source. The instrument was operated in

positive electrospray ionization mode using data dependent MS parameters identical to those
previously reported [11]. Data were collected as Thermo Xcalibur .raw files.

J Mol Cell Cardiol. Author manuscript; available in PMC 2024 December 01.
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To quantify the abundance of RLC relative to myosin heavy chain in each sample, peptides
were identified, and LCMS peak areas were quantified from the .raw files using Thermo
Proteome Discoverer 2.2.0.388 (PD 2.2). The .raw files were searched using Sequest HT
against a Mus musculus database (containing 74,085 sequences, downloaded 02/09/15 from
Uniprot). The database was digested /7 sifico using trypsin, and up to two missed cleavages
were permitted. The search parameters included carbamidomethyl as a variable modification
of cysteine and variable modifications accounting for oxidation (Met, Pro), dioxidation
(Met), and phosphorylation (Arg, Ser, Thr, Tyr).

The relative abundance of RLC to myosin heavy chain was determined from the average
abundance of top 3 ionizing peptides from RLC divided by the average abundance top 3
peptides ionizing peptides shared between MYH6 and MYH?7 in each sample. The average
relative abundances + SD were reported for each group. The fraction of the RLC that
contained GFP fused to it C-terminus was determined by mass balance from the difference
in the abundance of the C-terminal peptide resulting from the digestion of endogenous RLC
in each sample. The average abundance + SD were reported for the AAV-transduced mice.

2.5. Protein preparation for in vitro motility assays

2.6.

Myosin molecules were purified from ~30 mg pieces of ventricular tissue from the apex

of FVB wild type (N=3) and AAV-transduced (N=3) hearts, as previously described [20].
Briefly, mice were euthanized by cervical dislocation, the apex removed, and homogenized
in extraction buffer (300 mM KClI, 150 mM K,;HPO,4, 10 mM NayP,07, 1 mM MgCl,, 2
mM DTT, 1 mM ATP, pH 6.8). Cell debris was pelleted at 65,000 RPM for 1 hr at 4 °C, and
the supernatant was decanted. The supernatant was then diluted 5,000x in 2 mM DTT and
incubated at 4 °C for = 1 hr for myosin filament formation. Myosin filaments were pelleted
at 25,000 RPM at 4 °C for 20 minutes, and solubilized in storage buffer (600 mM KCI, 20
mM Imidazole, 20 mM DTT, pH 6.8) for = 1 hr. Skeletal actin was purified from chicken
pectoralis muscle and labeled with equimolar tetramethyl-rhodamine-phalloidin (TRITC) as
previously described [21].

In vitro motility assays

In vitro matility assays (IVM) were performed as previously described [20]. Briefly, myosin
molecules isolated from the GFP-labeled or unlabeled wild type mouse hearts were diluted
to 100 pg/ml in myosin buffer (300 mM KCI, 25 mM Imidazole, 4 mM MgCI2, 1

mM EGTA, 10 mM DTT) and added to a nitrocellulose-treated flow cell. Assays were
performed in motility buffer (25 mM KCI, 25 mM Imidazole, 4 mM MgCl,, 1 mM EGTA,
10 mM DTT, 1 mM ATP, 1 mM phosphocreatine, ~1 UM creatine phosphokinase, 0.5%
methyl cellulose) at 30 °C. The velocities of TRITC-actin filaments were visualized by
epifluorescence imaging on a custom-built Nikon-based microscope and 200 images were
recorded at a rate of 10 frames/s. Average actin sliding velocities were determined from six
movies from each preparation using Diatrack, an automated tracking program [22]. Both the
mean velocity from the image series £ SD and the frequency distribution of all individual
filaments were graphed using Prism 10. Data were compared using a Student’s test.

J Mol Cell Cardiol. Author manuscript; available in PMC 2024 December 01.
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2.7. Exvivo heart preparation for two-photon imaging

AAV-transduced mice were euthanized (N=4), their left ventricle was splayed open and their
whole heart was pinned to a Sylgard (Dow Corning) coated dish to expose the papillary
muscle. The preparation was immediately covered in 10 mL of Tyrode’s Solution (137 mM
NaCl, 2.7 mM KCI, 1 mM MgCly, 0.2 mM NayHPO4, 12 mM NaHCO3, 5.5 mM glucose,
10 uM ATP, ~1 uM creatine phosphokinase, pH 7.4) for duration of the FRAP experiments.

2.8. Two-photon imaging and FRAP

Imaging was performed using a laser-scanning Zeiss LSM-7 multiphoton system with a
20x Plan Apo 1.0 NA DIC VIS-IR water immersion lens. The sample was excited using

a Coherent Chameleon Vision Il Titanium Sapphire pulsed IR laser set to 900 nm at an
intensity of 8.0 + 1% and gain of 800. An average scan speed of 0.056 s~ was used to
collect images with a 102.5 nm x 102.5 nm pixel size. For the FRAP experiments, the
fluorophores were quenched within 16 random three-dimensional subcellular volumes, being
1-2 um in depth, distributed between eight individual cells, from the four ex vivo heart
preparations. The laser was set to 900 nm, with 26% intensity, and the regions scanned

for 8-10 iterations. Recovery was detected by capturing an image every 30 seconds for 30
minutes. Z-stacks were collected in 1 pum-steps before and after imaging to ensure recovery
was not an artifact due to drift in the Z-axis of the microscope focal plane.

2.9. Two-photon image analysis

Images were viewed and intensities for each pixel of interest (102.5 nm/pixel) were plotted
using Fiji (Image J) [23]. FRAP was determined for 20 individual sarcomeres collected from
4 different heart preparations. The peak intensity was measured as the average intensity
spanning = 307.5 nm from the center of the peak. Fluorescence intensities were normalized
to unbleached sarcomeres in each image to account for photobleaching in the overall field of
view during the experiment. The normalized intensity for each frame within specific regions
of interest (ROI) was determined using Equation 1:

1 prap) = 1 prap - bleach

I 1oy normey =
frap = norm() L srap— pre = L yrap - bieacn

@

in which I,,,,_ ....¢y 1S the normalized intensity of the ROl at time ¢, 1,,,, is the raw intensity
of the RO, I;..,_ »..s IS the raw intensity of the ROl immediately after photobleaching, and
Itrap-pre 1S the raw intensity of the ROI prior to photobleaching. Where indicated, a 3-point
moving average was used for smoothing. The average intensities = SEM were plotted versus
time and fitted with a single exponential regression using Prism 9.2.0. The rate constant,
half-life, and plateau of recovery (z their respective 95% confidence intervals), and the
coefficient of determination (R?) were reported.

To determine whether the rate of RLC-GFP mobility varied along the length of the thick
filaments, we determined the rate constant for the change in fluorescence intensity within
single pixels (102.5 x 102.5 nm) along the longitudinal axis of 4 sarcomeres. These data +

J Mol Cell Cardiol. Author manuscript; available in PMC 2024 December 01.
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SD were fitted with a linear regression and an extra sum-of-squares F test was used to test
whether the slope was significantly different than 0 using Prism 9.2.0.

2.10. Filament polymerization assays

Myosin was extracted from wild type FVVB mouse hearts (N=3) as described for the /in
vitro motility assays. Myosin (~1 mg/ml) was stored in high salt buffer (600 mM KCI,

25 mM imidazole, 1 mM EGTA, 4 mM MgCl,, 6.7 mM DDT, 0.7 mM ATP, 8 ug/ml
phosphocreatine). Purified myosin was then diluted to 0.2 mg/ml in a mixture of high salt
buffer and low salt buffer (25 mM KCI, 25 mM Imidazole, 1 mM EGTA, 4 mM MgCl,,
6.7 MM DDT, 0.7 mM ATP, 8 ug/ml creatine phosphate,) to achieve desired concentrations
of potassium chloride. The myosin was incubated overnight at 4 °C, to allow for filament
formation.

Filaments were separated from soluble myaosin by centrifugation at 13,700 RPM for 30
minutes at 4 °C and decanting of the supernatant. A 10-ul aliquot of 0.1 M BSA was

then added to each supernatant and pelleted fraction for normalization. The samples were
then dried down by centrifugal evaporation. Each sample was resuspended in 75 ul 50 mM
ammonium bicarbonate with the addition of 5 ul 0.1 M DTT and heated for 10 minutes at
100°C. The samples were then treated with 10.4 pl of 0.1 M iodoacetamide for 30 minutes
in the dark at room temperature. A 25-ul aliquot of a 0.2 pg/ul trypsin (Promega) in 50
mM ammonium bicarbonate solution was added to each sample and they were digested
for 18 hours at 37 °C. Following digestion, a 100-pl aliquot of 7% formic acid in 50 mM
ammonium bicarbonate was added to inactivate trypsin, and samples were dried down by
centrifugal evaporation.

The samples were resuspended in 0.1% trifluoroacetic acid (TFA), centrifuged for 5
minutes at 18,800 RCF, and the supernatant was analyzed by liquid chromatography mass
spectrometry (LCMS) as described in Section 2.4, and previously [11, 24]. The .raw files
were searched using Sequest HT against a Mus musculus database (containing 74,085
sequences, downloaded 02/09/15 from Uniprot) including the sequence for bovine serum
albumin, using Proteome Discoverer 2.2.0.388 (PD 2.2). The database was digested /n
sifico using trypsin, and the search parameters were identical to those described in Section
2.4. The relative abundance of each protein of interest was obtained from the average
abundance of the top 3 ionizing peptides divided by the average abundance of the top

3 ionizing peptides from BSA in each sample. The percentage of each protein in the
soluble fraction was defined as the abundance of the protein in the soluble fraction

divided by the summed abundance of the protein in both fractions. The relative abundance
of RLC phosphorylation was measured between fractions from the abundances of the
non-phosphorylated IEGGSSNVFSMFEQTQIQEFK peptide, containing serine 13 and 14,
divided by the average abundance of the top 3 RLC peptides in each sample. Noting, this is
not a quantitative measurement of the absolute abundance of RLC phosphorylation in these
samples. Each experimental condition was carried out with a minimum of three replicates.

J Mol Cell Cardiol. Author manuscript; available in PMC 2024 December 01.
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Microfluidic diffusional sizing (MDS)

Myosin was extracted from AAV-transduced hearts (N=3) as described for the /in vitro
motility assay. Myosin was solubilized in high salt tris buffer (400 mM KCI, 10 mM
Tris, 1 mM DTT, pH 7.4), then diluted in low salt tris buffer (10 mM Tris, 1 mM DTT,
pH 7.4) to achieve desired concentrations of potassium chloride, and incubated overnight
at 4 °C. Samples were also prepared in the presence of 5 mM, 10 mM, or 20 mM
ethylenediaminetetraacetic acid (EDTA) to determine the impact of calcium chelation on
RLC.

Just prior to MDS measurements, samples were centrifuged at 13,700 RPM for 30 minutes
at 4 °C. The supernatants were retained and the filament-containing pellets were discarded.
A 3.5-4-pL aliquot of soluble myosin was loaded on a microfluidic chip (Fluidic Analytics,
Cambridge, UK) for MDS analysis [25]. The MDS measurements were performed at

room temperature on a Fluidity One-M Serum (Fluidic Analytics, Cambridge, UK) using

a 488 nm LED with the size range set at 2-20 nm and a viscosity setting of 1. The

MDS device uses a proprietary microfluidic chip with two channels: one channel, the
sample channel, contains the fluorescently labeled myosin sample, while the other channel,
auxiliary channel, contains tris buffer with matching potassium chloride concentration. Due
to specific channel size and flow rates, low Reynolds numbers can be achieved as a result
of laminar flow, allowing particles to move into the auxiliary stream by diffusion only. The
rate of diffusion depends on the size of the species. At the end of the diffusion chamber,
the streams are split and the fluorescence of both the diffused and undiffused material

is measured. The ratio of fluorescence signals in the two channels is used to calculate

the hydrodynamic size of the fluorescently labeled species. Thus, MDS provides the mass-
average hydrodynamic size of the labeled species in the sample using the Stokes-Einstein
Equation:

kT
T 6rnrn

D

@

in which D is the diffusion coefficient, k;, is Boltzmann’s constant, T is the temperature,
n is the viscosity of the solution, and r, is the hydrodynamic radius. The average Stokes
radii measured across concentrations of potassium chloride were then fit to the Arrhenius
equation (Eq. 3) using linear extrapolation to determine free energy of unfolding and the
fraction folded at each salt concentration:

K, = e—A4G + mx/RT

©)

in which K., is the equilibrium constant, AG is the free energy of unfolding (in kcal/mol),
m is the slope of the curve at the transition between the folded and unfolded state, x is the
molarity of potassium chloride, R is the ideal gas constant (0.199 kcal-K=1-mol1), and T is

J Mol Cell Cardiol. Author manuscript; available in PMC 2024 December 01.
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the temperature (in K). Differences in hydrodynamic radii under different conditions were
determined using an unpaired Student’s T-test.

3. Results

3.1. GFP-labeled RLC (RLC-GFP) replaces a fraction of endogenous RLC and has no
effect on actin sliding.

To examine the mechanism(s) by which individual molecules exchange into and out of
thick filaments within sarcomeres in intact hearts, we labeled myosin regulatory light chain
(RLC) with a fluorescent tag. An adeno-associated virus (AAV) was designed using the TnT
promoter to express cardiac myosin regulatory light chain (RLC) with a green fluorescent
protein (GFP) fused to its C-terminus. Adult mice (~3 months of age) were transduced with
the AAV, and the mice were allowed 12 + 2 days to replace the endogenous RLC by protein
synthesis and degradation. Neither the morphology (Fig. S1A) nor the heart/body mass ratio
for the AAV transduced hearts (4.35 £ 0.25 mg/qg) differed (p=0.40) when compared to

age- and sex-matched wild type FVB hearts (4.76 + 0.70 mg/g). The abundance, function,
and localization of the RLC-GFP within the AAV transduced hearts were quantified using
multiple approaches.

To quantify the abundance of the RLC-GFP expressed, small 1-2 mg pieces of left ventricles
were digested with trypsin, and protein abundances were quantified by label-free liquid
chromatography mass spectrometry (LCMS). The average abundance of the top 3 ionizing
peptides resulting from the digestion of RLC was determined relative to those from the
digestion of myosin heavy chain. These apparent relative abundances of RLC did not differ
between the four AAV transduced and four wild type control mice (0.73 + 0.07 to 1 myosin
heavy chain, versus 0.72 £+ 0.04 to 1 myosin heavy chain, respectively). However, 22 +

7% (SD) of the endogenous RLC was replaced with RLC-GFP in the transduced mice,

as measured from the difference in the abundance of the C-terminal peptide, generated
from the digestion of the endogenous RLC in each sample. These data demonstrate that
RLC-GFP replaced a significant fraction of the endogenous RLC while retaining the native
stoichiometry of RLC observed in wild type mice.

Next, we tested whether having GFP fused to the C-terminus of RLC impacted actin
filament sliding using an /n vitro motility assay. Myosin molecules were isolated from ~30
mg pieces of the left ventricle of three AAV-transduced and three wild type mouse hearts.

In each experiment, myosin was deposited onto the surface of a flow-cell, and the average
velocity of tetramethyl-rhodamine-labeled actin filaments sliding over these molecules was
determined using epifluorescence microscopy (1 mM ATP, 30 ° C). Neither the sliding
velocity (Figs. 1C, S1B) nor the fraction of actin filaments moving (86 + 6 vs. 89 +

5%) differed on the myosin isolated from the AAV-transduced or wild type mouse hearts
(P=0.987 and P=0.667, respectively). These data demonstrate that the GFP-tag had no effect
on actin filament sliding, as measured in the /7 vitro motility assay.

J Mol Cell Cardiol. Author manuscript; available in PMC 2024 December 01.
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3.2 RLC-GFP is localized to the heads of myosin molecules within thick filaments.

To determine whether the RLC-GFP was properly localized within the heart, the papillary
muscle of ex vivo heart preparations was imaged using two-photon confocal microscopy
(Fig. 1D inset). At low magnification (1,190 nm / pixel), GFP labeling was visible within the
boundaries of cardiomyocytes deep within the papillary muscle (Fig. 1D, Movie S1). Dark
regions were present in these images that corresponded to structural features such as nuclei
and intercalated disks (Fig. 1D). At high magnification (102.5-nm pixel size), dark striations
were visible along the longitudinal length of cells (Figs. S1A) or as shown along the x-axis
of Fig 2A. This spacing was consistent with the localization of Z-discs between neighboring
sarcomeres in relaxed cardiac muscle cells [26].

To further define the distribution of the RLC-GFP within single sarcomeres, the bands in
fluorescence intensity along the longitudinal axis of multiple myofibrils were averaged (Fig.
2B). The average fluorescence plot profile was characterized by a peak with two subtle
maxima (Fig. 2B — dashed line). The width of this peak at half-maximal intensity was
~1.6-um, being similar in length to the length of native, striated muscle thick filaments (1.65
um, [27]). The small dip in fluorescence in the center of the peak (Fig. 2B — arrow) was
indicative of the 170 nm bare zone of the thick filament [27], which is devoid of myosin
heads (Fig. 1A). These features indicate that RLC-GFP is properly incorporated into the
thick filaments within the sarcomere.

Previous studies using electron or super-resolution fluorescence microscopy demonstrate
that myofibrils run in parallel along the axial length of the cells [28, 29]. Therefore, with
sufficient resolution there should be gaps in the fluorescence intensity along the y-axis of
the striations in Fig 2A. Yet these gaps were not always readily visible by eye, even in

these high magnification images. To define the orientation of adjacent myofibrils, average
fluorescence intensity profiles were generated along the y-axis of the striations (Fig. 2D).
Minima were observed in fluorescence intensity profile every 1-2 um (Fig. 2E) due to the
physical separation of the myofibrils. To confirm the physical separation between myofibrils
(Fig. 2F), two-photon images were collected near the edges of the heart preparation, where
cells were arranged axially to the imaging plane (Fig. S1B). Puncta of fluorescence, being
1-2 um in diameter, were observed in these cross-sectional images. These dimensions were
consistent with the width of myofibrils in cardiac muscle cells [28, 29]. Together, the
fluorescence profiles collectively demonstrate that the RLC-GFP is highly localized A-bands
within relaxed sarcomeres, located within myofibrils arranged in parallel.

3.3. Fluorescence recovery was not observed after photobleaching whole sarcomeres.

To determine whether the localization of the RLC-GFP is static or dynamic in the cardiac
muscle cells, the fluorophores within 16 random three-dimensional subcellular volumes,
being 1-2 um in depth, were irreversibly photobleached with a high-intensity laser, and
fluorescence recovery after photobleaching (FRAP) was monitored for 30 minutes with
two-photon confocal imaging (Figs. 3—4, Movies S2-S3). Average fluorescence intensity
profiles were generated for regions of interest (ROI) along the x- and y-axes of these
images. These profiles were first used to define the localization and orientation of individual

J Mol Cell Cardiol. Author manuscript; available in PMC 2024 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kelly et al.

Page 11

sarcomeres within the images, as demonstrated in Fig. 2. The profiles were then used to
define the portion of the cell that had been photobleached.

Within two of the 16 photobleached regions, the volume appeared to capture the entire
contents of the sarcomere. An example of this is demonstrated in Fig. 3A-E and illustrated
in Fig. 3F. The fluorescence intensity profiles generated from this region of the cell suggest
it contains five myofibrils organized in parallel (labeled I-V in Fig. 3D), that each contains
three sarcomeres (labeled 1-3 in Fig. 3E). Photobleaching (Fig. 3B) resulted in the loss of
fluorescence from all the RLC-GFP molecules within four sperate sarcomeres (sarcomeres
2 and 3 in myofibrils 11 and I1). This loss is demonstrated by the red lines in Fig. 3D-E.
Under these conditions, no FRAP occurred in any of these sarcomeres within 30 minutes
after photobleaching, as demonstrated by the grey lines in Fig 3D-E).

Importantly, when a bleached sarcomere (sarcomere 2) was adjacent to an unbleached
sarcomere (sarcomere 1) within a myofibril (myofibrils Il and I11), the RLC-GFP did not
move from the unbleached sarcomere into the bleached sarcomere within 30 minutes.
Similarly, when a bleached sarcomere (sarcomere 2) was adjacent to an unbleached
sarcomere (sarcomere 2) in parallel myofibrils (myofibrils 1l and 1), the RLC-GFP did not
move from the unbleached sarcomere into the bleached sarcomere within 30 minutes. The
lack of FRAP when the entire volume of the sarcomere was photobleached demonstrated
that: (a) the RLC-GFP is irreversibly photobleached, (b) myosin does not exchange between
sarcomeres separated by Z-discs, (c) myosin does not exchange between neighboring
myofibrils, being separated by sarcoplasmic reticulum and mitochondria, and (d) the
synthesis of new RLC-GFP molecules is not detected in the ex vivo heart preparations.

3.4. RLC-GFP was highly mobile within the confines of a single sarcomere.

To determine whether the localization of the RLC-GFP is static or dynamic within the
boundaries of a single sarcomere, FRAP was quantified in the three-dimensional volumes
in which only a portion of a sarcomere was irreversibly photobleached. An example of this
is demonstrated in Fig. 4 and Movie S3. The photobleached region in Fig. 4B—C marked
with a yellow asterisk is analogous to the region shown in Fig. 3, in which the vast majority
of the RLC-GFP within each sarcomere is photobleached and there is no FRAP within

30 minutes. In contrast, the photobleached region marked with the red asterisk in Fig. 4B
demonstrated rapid FRAP. This region contained two myofibrils arranged in parallel, that
each contained three sarcomeres. These six sarcomeres were partially photobleached along
their longitudinal axis.

The region of interest (ROI) highlighted in these images (Fig 3A-D), was selected for
quantification of FRAP (Fig. 3E). This ROI contained two sarcomeres, from the neighboring
myofibrils, and a portion of the RLC-GFP within each sarcomere was photobleached along
their longitudinal axes. Within the photobleached portion of these sarcomeres, FRAP was
observed within minutes and the fluorescence intensity in the non-bleached portion of the
same sarcomere decreased (Fig. 4D-E). These data demonstrate that the localization of the
RLC-GFP molecules was highly mobile within the confines of the sarcomere, as illustrated
in Fig. 4F.
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To determine the rate of RLC-GFP mobility within single sarcomeres and the fraction of
molecules that were mobile, FRAP was quantified from 20 partially bleached sarcomeres
from four different ex vivo whole heart preparations (Figs. 4G, S2). The average relative
intensities were plotted versus time, and the data were fitted with a single exponential
equation (Fig. 4G). This curve yielded a rate constant of 0.14 (+ 0.13 to 0.16) min™?,
half-life of 4.8 (+ 4.3 to 5.5) minutes, and plateau of 0.70 (+ 0.67 to 0.73) with R2 being
0.996. These data demonstrate the RLC-GFP is highly mobile within the confines of a single
sarcomere, with FRAP occurring from the exchange of molecules in thick filaments from
one region of the sarcomere, with those from another region of the same sarcomere.

RLC-GFP motility may be greater at the tips of the thick filaments.

To determine whether the rate of RLC-GFP mobility varied along the length of the thick
filaments, we quantified the change in fluorescence intensity in single pixels (102.5 x 102.5
nm) along the longitudinal axis of 4 sarcomeres (Fig. 5A). Nearest to the center of the
sarcomere, the rate constant of recovery was 0.23 + 0.09 min~1. Within the C-zone (180-530
nm from the M-line), where the thick filament contains myosin, MyBP-C, and titin, the

rate constants were nearly identical to those near the M-line. Nearest the tips of the thick
filaments, where the myosin heads are less densely packed [30], the rate constants appeared
to increase up to 0.37 + 0.11 min~1. If the rate constants were independent of position along
the length of the thick filament these data should be well-fitted by a linear regression with a
slope equal to 0. However, these data were not well fitted with a linear regression (R2=0.50)
and the slope of the fit was significantly (P=0.033) greater than 0 (Fig. 5A, dashed line).
These data collectively demonstrate that exchange occurs along the entire length of the thick
filament but there may be an increase in the rate of exchange toward the tip of the thick
filaments.

3.6. RLC-GFP remained tightly bound to myosin heavy chain which adopted a folded
and/or compact confirmation when disassociated from the thick filament.

To determine whether the stoichiometry of RLC and myosin heavy chain is conserved when
disassociated from the thick filaments, thick filament proteins were purified from ~30 mg
pieces of wild type heart ventricles (N=4), depolymerized with high ionic conditions, and
then repolymerized by lowering the ionic conditions (4 °C). These processes resulted in the
generation of ionic strength-dependent filamentous and soluble fractions of thick filament
proteins. The relative abundance of RLC, ELC, and myosin heavy chain were identical
within the soluble and filamentous fractions under all conditions (Fig. S3A). These data
suggest RLC, ELC, and myosin heavy chain remains tightly bound together, presumably as
single myosin molecules, when dissociated from the thick filaments. Under the experimental
conditions tested, 100% of the molecules remained soluble at high ionic conditions (>250
mM KCI), and only 20% of them were soluble at 150 mM KCI (Fig. 5B).

The LCMS analyses identified peptides containing both single and dual phosphorylation
of serine 13 and 14 on the RLC in both the soluble and filamentous fractions. To
determine whether the level of phosphorylation affected RLC solubility, the abundance

of non-phosphorylated RLC peptide was determined relative to the average abundance of
the top 3 RLC peptides in each sample (Fig. S3B). The non-phosphorylated peptides were
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distributed equally between the fractions (Fig. S3B), which demonstrates that the formation
of thick filaments in not dependent on RLC phosphorylation, under these experimental
conditions.

To further define whether the RLC-GFP remained bound to the heavy chain in the soluble
fraction, we repeated these experiments with thick filament proteins isolated from the
GFP-transduced heart ventricles (N=4), and determined the Stokes radius of the RLC-GFP
in the soluble fraction using microfluidic diffusional sizing (MDS). If the RLC-GFP was
dissociated from the myosin heavy chain, the Stokes radius was predicted to be ~3.1 nm
[31]. However, the Stokes radii ranged from 12.0 £ 0.9 nm at the lowest ionic conditions, to
18.2 £ 0.8 nm at the highest concentration of KCI (Fig. 5C). These data demonstrate that the
Stokes radii were much larger than that predicted for RLC-GFP and they were dependent on
ionic conditions.

To determine whether the large Stokes radii were an artifact of the MDS assay, the
experiments were repeated with the addition of 5-20 mM ethylenediaminetetraacetic acid
(EDTA), a divalent ion chelator which allows for the release of the RLC-GFP from the
myosin heavy chain [32]. Under these conditions, there was a significant drop (p < 0.01)

in the Stokes radii in the presence of EDTA at each of the ionic conditions examined (Fig.
5D), when compared to the radii in the absence of EDTA. Interestingly, the radii measured
by MDS in the presence of EDTA (6.4-10.7 nm) were also significantly larger than the ~3.1
nm radius predicted for the RLC. These data imply that only a fraction of the RLC-GFP
remained disassociated from the myosin molecules in the presence of EDTA, under these
experimental conditions.

4. Discussion

We recently demonstrated that the half-life of the thick filament proteins in adult mouse
heart ventricles is ~10 days and the mechanism involves the stochastic replacement of
individual molecules rather than intact thick filaments [11]. These data support a seminal
hypothesis by Dr. Brenda Russell/Eisenberg suggesting that myosin molecules are translated
at the boundaries of sarcomeres, and randomly inserted into thick filaments [33]. In order

to define the spatial and temporal aspects of this replacement, we sought to label newly
synthesized myosin molecules with a fluorophore and visualize their localization within
thick filaments in intact cardiac muscle using two-photon microscopy. We designed an
adeno-associated virus (AVV) to express myosin regulatory light chain (RLC) with green
fluorescent protein (GFP) fused to its C-terminus, as labeled myosin heavy chain was too
large to fit in an AAV vector. Transduction of adult mice resulted in the partial replacement
of the endogenous RLC with the RLC-GFP that was properly localized to the head region of
myosin heavy chain and did not affect the ability of myosin to translocate actin filaments /n
vitro.

Having GFP fused to RLC within the thick filaments enabled us to quantify the extent of
the mobility of the RLC within ex vivo heart preparations using fluorescence recovery after
photobleaching (FRAP). In the experiments, multiple areas within single cells deep within
the papillary muscle were photobleached and FRAP was analyzed. The RLC-GFP mobility
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was dependent on the size of the photobleached area, with no mobility being observed when
all the RLC-GFP molecules within a sarcomere were photobleached (Fig. 3, and region
noted with yellow asterisk in Fig. 4). When coupled with our previous report which defined
the half-life of RLC in mice of similar age being ~10 days [11], the lack of recovery
demonstrated that RLC-GFP could not diffuse through the Z-discs discs of neighboring
sarcomeres, or between myofibrils located in parallel. This observation seems reasonable
considering the Z-discs flanking the ends of each sarcomere, and sarcoplasmic reticulum
and/or mitochondria separating myofibrils, would present significant physical barriers for
diffusion. However, it is possible that such mobility may occur over a longer timescale or
between immature sarcomeres in cellular assays.

Other groups have applied FRAP to quantify the mobility of myosin heavy chain, or

other sarcomeric proteins such as titin, in skeletal and/or cardiac muscle cells /n vitro.

In these reports, large regions of the cells were photobleached which encompassed many
sarcomeres within many myofibrils. FRAP appeared to occur homogenously within these
regions in hours, suggesting that the localization of these proteins was also mobile [34-38].
Interestingly, these studies did not report the rate of protein synthesis in their model systems.
Therefore, it is unclear if FRAP resulted from the replacement of photobleached molecules
with newly synthesized molecules or from the movement of these molecules through these
physical boundaries on a longer timescale. Regardless of the mechanism, all these studies
suggest the structure of the sarcomere is highly dynamic.

In contrast to these earlier studies, we focused most of our analyses on single sarcomeres

in which only a fraction of the RLC-GFP molecules had been photobleached. An example
of this scenario was demonstrated in the photobleached region of Fig. 4B—C that was
marked with a red asterisk. This region contained two myofibrils running in parallel,

in which a portion of each myofibril was photobleached along their longitudinal axes.

The region of interest (ROI) in Fig. 4A-D contained two sarcomeres organized within

these neighboring myofibrils. The fluorescence intensity in the photobleached portion of
each sarcomere increased as the fluorescence intensity in the unbleached portion of the
sarcomeres decreased (Fig. 4D-E). This phenomenon was contrasted to that observed in the
lower photobleached region of Fig 4B—C marked with a yellow asterisk, which demonstrated
no FRAP. The presence of these two distinctively different photobleached regions within the
same image series demonstrated the FRAP is not an artifact due to drift in the Z-axis of the
microscope focal plane.

The vast majority of the RLC-GFP was bound into the A-band of the sarcomere (Fig. 2B).
Therefore, we interpreted the reciprocal changes in the fluorescence intensity in partially
bleached sarcomeres to result from the release of molecules from the thick filament into a
cytoplasmic pool of monomers, diffusion of these molecules in the space between filaments,
and reincorporation of the molecule into a new site (illustrated in Fig. 4F). This observation
is consistent with pioneering work by Josephs and Harrington that suggested an equilibrium
exists between filamentous and soluble myosin [14].

To further define the temporal aspects of FRAP, the analyses were expanded to several
partially bleached sarcomeres (N=20) in multiple ex vivo heart preparations (N=4). The
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RLC-GFP FRAP was well fitted by a single exponential (R2=0.996) and reached a plateau
within minutes (Fig. 4G). The half-life of this process (t1/2=4.8 min) is similar to that
reported for the exchange of myosin molecules between synthetic thick filaments in vitro,
where 50% of the molecules were exchanged in <10 min [17], but faster than that previously
reported for myosin heavy chain in cellular assays [34-36]. The plateau of the average
exponential was 70 (67 to 73%) of the initial intensity (Fig. 4G). Our assay did not have the
spatial resolution to quantify the exact volume of each sarcomere photobleached, but if we
assume ~30% of the RLC-GFP molecules in each sarcomere were photobleached and 100%
of the molecules are mobile, then 70% of the initial fluorescence intensity would remain.
Such mobility is supported by the reciprocal relationship between the change in position of
the photobleached and fluorescent RLC-GFP (Fig. 4D-E).

While all of the RLC-GFP in the thick filaments appeared mobile, the rate of mobility

was not homogenous along the length of the sarcomere (Fig. 5A). At the center of the
sarcomere, the tails of myosin heavy chain are packed in an antiparallel arrangement and
interact with M-line proteins [39]. In the C-zones, the tails of myosin heavy chain interact
with both MyBP-C and titin [40, 41]. Despite these differences, similar rates of recovery
were observed in these regions (Fig. 5A). In contrast, there appeared to be an increase in
the rate of recovery within the tips of the filaments, located closest to the Z-discs of the
sarcomere (Fig. 5A). This trend suggests that either the RLC-GFP or intact myosin may
more readily exchange into and out of the tips of the filaments where the myosin molecules
are less densely packed [30]. These data were supported by our previous report in which
we demonstrated that myosin molecules initially depolymerize from the tips of the filaments
when the cells are skinned and exposed to ionic solutions [11]. This was also supported by
Ichimura et al., which demonstrated faster exchange of myosin heavy chain at the tips of
filaments in intact skeletal muscle cells [42]. Taken together, these data imply the structural
arrangement of the RLC-GFP at the tips of the cardiac thick filament may be the most
dynamic.

The fluorescent label in the FRAP experiments was fused to the RLC, and therefore the
mobility could have been due to the exchange of RLC molecules between myosin heavy
chains or the exchange of whole myosin molecules between filaments. The FRAP data
were well-fitted (R2=0.996) by a single exponential and therefore are likely the result of

a single process. To distinguish between mechanisms, we isolated myosin molecules and
took advantage of the established ionic strength-dependence of myosin filament formation
[43] to determine whether the stoichiometry of RLC to myosin heavy chain was similar
between thick filaments and soluble molecules. At the lowest ionic conditions (150 mM
KCI), approximately 20% of the RLC, essential light chain, and myosin heavy chain were
found in the soluble fraction. This was similar to that observed for skeletal muscle myosin
observed /n vitro polymerization assays [17]. Most importantly, the abundances of RLC,
essential light chain, and heavy chain were equimolar in each fraction (Fig. S3A). These
data suggested that the light chains were likely bound to the soluble heavy chains.

To confirm whether the conserved ratio of RLC to myosin heavy chain in the soluble
fraction was indicative of the RLC being bound to the heavy chain, the Stokes radius of
the RLC-GFP was measured using microfluidic diffusional sizing (MDS). Noting, MDS
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relies on fluorescence detection to determine the radius of the labeled protein. The radius
of the RLC-GFP was ionic strength dependent (Fig. 5C) but being much larger than the

3.1 nm radius predicted for RLC-GFP under all experimental conditions [31]. At the lowest
ionic strength tested (150 mM KCI, Fig. 5C), only 20% of the myosin was soluble (Fig.
5B) and the Stokes radius (12.0 £ 0.9 nm) of the soluble myosin was similar to the 12.5

nm determined for folded (10S) smooth muscle myosin molecules [44, 45]. At higher ionic
conditions (600 mM KCI), where nearly all the myosin was soluble (Fig 5A), the Stokes
radius (18.2 = 0.8 nm) was similar to the 18.5 nm radius of extended (6S) smooth muscle
myosin [44, 45]. These radii suggested that the RLC-GFP were likely bound to intact
myosin molecules.

The radii measured across ionic conditions were fitted with a sigmoidal curve using a
derivation of the Arrhenius equation to predict the distribution of myosin molecules in the
folded (Fig. 5C, inset) versus extended confirmation, and the free energy associated with
unfolding. Half of the myosin was predicted to be in the folded conformation at 327 mM
KCI, and > 90% of molecules folded at < 200 mM KCI. The free energy of unfolding was
determined to be 3.4 kcal/mol. This is approximately half of the energy required to disrupt
the beta sheet interactions required to unfold a stable Ig domain, like the 127 domain of titin
[46, 47] and was comparable to the energy required to unfold a weaker Ig domain, like A164
or 183 [47-49]. These data suggest that the compact structure is very stable at physiological
ionic strengths without competing interactions.

The radii of the RLC-GFP only appeared smaller, when the soluble myosin was incubated
with EDTA to weaken the binding between the RLC and myosin heavy chain [32]. Even
under these non-physiological experimental conditions the range of values (6.4-10.7 nm)
was significantly larger than the 3.1 nm radius predicted for RLC-GFP. These data suggest
that a mixture of RLC bound to myosin heavy chain and free RLC exists in the presence of
EDTA.

In the absence of EDTA at more physiological ionic conditions, the 12.5 nm radius
suggested cardiac muscle myosin molecules adopt a similar conformation to 10S smooth
muscle myosin. This conformation is stabilized by intramolecular interactions between
segments of the coiled-coil tail to keep it in an inactive state [50, 51]. It has long-been
established that phosphorylation of the smooth muscle RLC disrupts this folded state and
promotes the extended, 6S conformation [44, 45, 52]. However, the structural transition
between the folded and extended state for cardiac muscle myosin does not appear

driven by the phosphorylation of the RLC because phosphorylated RLC was distributed
equally between the soluble and filamentous fractions (Fig. S3B). Therefore, the folded
configuration of cardiac myosin may be a thermodynamically driven process due, in part, to
electrostatic interactions between segments in the highly charged tail. Structural studies of
thick filaments and sarcomeres demonstrate that specific intermolecular interactions between
regions of the tail are essential for the formation of the thick filament backbone [10, 40,
41]. It is likely that similar interactions occur between these regions within the same tail, to
stabilize the folded conformation of cardiac muscle myosin.
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While our findings suggest that soluble cardiac myosin adopts a folded, presumably inactive
state while in the cytosol, many questions remain if folding could drive the exchange of
myosin molecules into and out of thick filaments or if the RLC exchanges on the timescale
of the FRAP experiments. In support of the former, smooth muscle cells contain a significant
population of soluble myosin in the folded, 10S conformation [53]. While phosphorylation
and extension of the myosin monomers is typically associated with filament formation [44,
45, 52], molecules in the folded, 10S configuration can assemble into filaments in vitro [45,
53]. This relationship between myosin folding and filament formation appears to be highly
dynamic in smooth muscle cells and the rate of exchange /n vitrois even faster than that
observed in our experiments [54]. Therefore, it is possible that myosin filaments share this
mechanism of exchange in striated [34-36], smooth [54], and even non-muscle systems [55].

Questions remain about whether the FRAP in the intact hearts resulted from the exchange of
myosin molecules between thick filaments and/or exchange of RLC between heavy chains.
Regardless, the results provide the first demonstration that the structure of the thick filament
is highly dynamic in ex vivo heart preparations and the mobility of the components is
restricted to the boundaries of the sarcomere. Surprisingly, the rate of exchange was ~1,500
times faster than that required to replace the RLC or myosin heavy chain through protein
synthesis and degradation [11]. Interestingly, the molecular machinery required for protein
replacement are localized at the periphery of the sarcomere [18, 19]. Therefore, this rapid
exchange may be an intrinsic design feature of the sarcomere that allows for the continual
movement of parts and pieces, allowing for “on-site” protein replacement while supporting
contractile function [2]. Future studies will be targeted at understanding how this rate of
exchange ultimately affects the generation of contractile force and motion and/or the rate

of replacement of these proteins. It is possible that disease related mutations in contractile
proteins such as myosin or myosin-binding protein C, and/or drugs targeted at perturbing
myofilament mechanics affect these processes.

While the use of two-photon microscopy to image intact ex vivo heart preparations brings
us a step closer to visualizing the mobility of proteins within a single sarcomere /n vivo,
the hearts are non-contractile in our current manuscript. However, we do not have the
technical expertise to stabilize the whole heart enough to keep the sarcomeres of interest
in focus, while the heart is beating. It is possible that contractility may enhance or perturb
intracellular mobility.

Secondarily, although our data demonstrate that the structure of the thick filament is
dynamic, our label was fused to the regulatory light chain located on the myosin head.
Although we have used /n vitro assays to provide evidence that suggests the RLC-GFP
remain tightly bound to the heavy chain, we cannot fully negate that FRAP may result from
the RLC exchanging off and onto the myosin heavy chain. In the MDS experiments, the
myosin molecules diffuse through a microfluidic chamber for 5 seconds, being shorter than
the timescale of the observations in the FRAP assay. Albeit, if the RLC were exchanging
between the heavy chains on a slower timescale, the MDS assay would not detect this
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exchange. Future studies are aimed at using a CRISPER based approach to directly GFP-
label the heavy chain in mouse /n vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Cardiac myosin molecules are highly organized within large macromolecular
complexes.

. This organization appears to be highly dynamic in intact adult mouse
myocardium.

. Individual molecules adopt a folded configuration when dissociated from
filaments.

. Myosin filaments are designed to allow for the exchange of their components.
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Organization and characterization of GFP-labeled RLC in the heart. (A) Illustration of the
organization of myosin molecules within thick filaments in a sarcomere. (B) Illlustration

of a single cardiac myosin molecule, containing two heads and a long coiled-coil tail.
Localization of the essential (ELC) and regulatory (RLC) light chains indicated. (C) Average

velociti

es + SD of actin filaments sliding on myosin isolated from hearts of FVB wild type

and AAV-transduced mice in an /n vitro motility assay. (D) RLC-GFP fluorescence observed
within cardiomyocytes in an intact ex vivo heart preparation using two-photon microscopy.
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Pixel size=1.2 x 1.2 ym, brightness and contrast were adjusted. Inset is an image of the ex
vivo heart preparation used for imaging.
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Fig. 2.

Lc?calization of RLC-GFP within single sarcomeres. (A) RLC-GFP observed in striations
with high magnification (102.5 x 102.5 nm per pixel). Three regions of interest (ROIs)
shown. Scale bar is 1 um. (B) Fluorescence-intensity distribution profiles along the x-axes
of the ROIs in A. Dashed line is the average intensity. Arrow indicates a dip in fluorescence
intensity in the center. (C) Illustrative model of A. (D) The same image as A, with ROI for
E. (E) Fluorescence-intensity distribution profile along the y-axis of the ROl in D. Arrows
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indicate dips in fluorescence intensity between myofibrils. (F) Illustrative model of D. Note:
the brightness and contrast of the images in A and D were adjusted.
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Fig. 3.

Phgotobleaching the entire volume of a sarcomere inhibits fluorescence recovery.
Fluorescence images collected (A) prior to, (B) immediately after, and (C) 30-minutes

after photobleaching the entire contents of multiple sarcomeres. Dashed boxes indicate the
regions of interest (ROIs) for D and E. Scale bars are 2 um. (D) Fluorescence-intensity
distribution profile (smoothed with 3-pt moving average) along the y-axis of the yellow ROI
in A-C, being indicative of five myofibrils in parallel. (E) Fluorescence-intensity distribution
profile (smoothed with 3-pt moving average) along the x-axis of the white ROl in A-C,
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being indicative of three sarcomeres in series within a myofibril. (F) lllustrative model to
represent A-E. ROIs are indicated by dashed boxes. Sarcomeres 2 and 3 within myofibrils
I11 and 1V have been photobleached and no fluorescence recovery is observed within 30
minutes. Note: the brightness and contrast of the images in A-C were adjusted.
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Fig. 4.
Rapid fluorescence recovery occurs when photobleaching a portion of a single sarcomere.

Two-photon images taken (A) prior to, (B) immediately after, and (C) 15 minutes after
photobleaching two different regions within a cardiac muscle cell in a papillary muscle
(photobleached regions indicated with red and yellow asterisks in B and C). Regions

of interest (ROIs) for D-F shown. Scale bars are 2 um. (D) The ROI indicated in A-C
contains two sarcomeres in parallel 0, 5, and 10 minutes after photobleaching. The red
arrows indicate the redistribution of localization of the bleached and unbleached fluorescent
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molecules within these sarcomeres. (E) Fluorescence-intensity distribution profile along the
y-axis of the ROl shown in A-D (smoothed with 3-pt moving average). (F) Hlustrative model
of the redistribution of molecules within the ROI. ROI is indicated by dashed box. (F)
Average fluorescence intensity £ SEM versus time for 20 sarcomeres, fitted with a single
exponential. Red dashed line indicates the change in fluorescence prior to and immediately
after photobleaching. Note: the brightness and contrast of the images in A-D were adjusted.

J Mol Cell Cardiol. Author manuscript; available in PMC 2024 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kelly et al.

Page 30
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Fig. 5.

anntification of RLC-GFP dynamics within thick filaments and whole myosin molecules.
A) The rate constant of FRAP within ~100 nm regions across the length of a half-thick
filament as illustrated. Dashed line is the fit of a linear regression to all the rate constants.
(B) Impact of ionic strength of the fraction of RLC, ELC and myosin heavy chain organized
in filaments. Average abundances + SEM were fitted with sigmoidal equilibrium curves. (C)
Average hydrodynamic radius £ SEM of RLC-GFP across a range of potassium chloride
concentrations. Inset - fraction of whole myosin molecules estimated to be the extended
confirmation by fitting with Eq. 3 (D) Average hydrodynamic radius + SEM for RLC-GFP
at 175, 300, 400 mM potassium chloride across EDTA concentrations.
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