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Abstract

Rationale: Truncation mutations in the MYBPC3 gene, encoding for cardiac myosin-binding
protein C (MyBP-C), are the leading cause of hypertrophic cardiomyopathy (HCM). Whole heart,
fiber and molecular studies demonstrate that MyBP-C is a potent modulator of cardiac
contractility, but how these mutations contribute to HCM is unresolved.

Objectives: To readdress whether MYBPC3truncation mutations result in loss of MyBP-C
content and/or the expression of truncated MyBP-C from the mutant allele and determine how
these mutations effect myofilament sliding in human myocardium.

Methods and Results: Septal wall tissue samples were obtained from HCM patients
undergoing myectomy (n=18) and donor controls (n=8). The HCM samples contained 40% less
MyBP-C and reduced levels of MyBP-C phosphorylation, when compared to the donor control
samples using quantitative mass spectrometry. These differences occurred in the absence of
changes in the stoichiometry of other myofilament proteins or production of truncated MyBP-C
from the mutant MYBPC3allele. The functional impact of MYBPC3truncation mutations on
myofilament sliding was determined using a total internal reflection microscopy (TIRFM) single
particle assay. Myosin-thick filaments containing their native complement of MyBP-C, and actin-
thin filaments decorated with the troponin/tropomyaosin calcium regulatory proteins, were isolated
from a subgroup of the HCM (n=4) and donor (n=5) heart samples. The maximal sliding velocity
of native thin filaments was enhanced within the C-zones of the native thick filaments isolated
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from the HCM samples, when compared to velocity within the C-zones of thick filaments isolated
from the donor samples. Analytical modeling demonstrated that the 40% reduction in MyBP-C
content was sufficient to enhance the myofilament sliding velocity, as observed in the TIRFM
assay.

Conclusions: HCM-causing MYBPC3truncation mutations result in a loss of MyBP-C content

that enhances maximal myofilament sliding velocities, only where MyBP-C is localized within the
C-zone. These findings support therapeutic rationale for restoring normal levels of MyBP-C and/or
dampening maximal contractile velocities for the treatment of human HCM.

Introduction

Heterozygous truncation mutations in the MYBPC3 gene are the leading cause of
hypertrophic cardiomyopathy (HCM), affecting 1 in 500 individuals (1). The product of the
MYBPC3gene, cardiac myosin-binding protein C (MyBP-C), is a 140-kDa immunoglobulin
protein superfamily member (Fig. 1A), and a key component of the sarcomere, being
parallel arrays of myosin-based thick and actin-based thin filaments, necessary for
myocardial contraction (Fig. 1B). Cardiac MyBP-C is comprised of eleven Ig- or Fn-like
domains, a Pro-Ala linker between CO and C1, and the M-domain, a flexible hinge between
C1 and C2 that contains phosphorylatable serines. MyBP-C’s C-terminal domains tether
MyBP-C to the myosin rod (2) while its N-terminal domains extend away from the thick
filament backbone (3) and interact with actin and/or the myosin head (Fig. 1A). Studies have
demonstrated that MyBP-C’s N-terminal domains are capable of initiating thin filament
sliding at low calcium levels during the early phase of cardiac contraction and modulating
maximal thin filament sliding velocities (4-7). While these mechanistic phenomena have
been observed to occur within the C-zones of native mouse thick filaments (8, 9), similar
studies have not been carried out with thick filaments isolated from human myocardium.
Species dependent differences in MyBP-C’s N-terminal domain interactions (7, 10, 11) and
heartrate, allow for the possibility that the molecular mechanisms of MyBP-C differ in
mouse and human myocardium.

While most human HCM-causing sarcomere gene mutations encode full-length proteins
with single amino acid substitutions, ~90% of MYBPC3 mutations create a premature
termination codon in one allele (12). These heterozygous MYBPC3truncation mutations
were expected to produce mutant MyBP-C that lacks the C-terminal domains necessary for
localization within the thick filament C-zones (Fig. 1C). The majority of evidence suggests
that HCM-causing MYBPC3truncation mutations result in a reduction in MyBP-C content
(13-15) and despite significant efforts, truncated MyBP-C has not been detected in human
myocardium (13-17). Such studies have used staining for total protein content on
acrylamide gels or western blotting with MyBP-C domain specific antibodies. To readdress
whether human MYBPC3truncation mutations result in a reduction in MyBP-C content
and/or the production of truncated MyBP-C, interventricular septal wall myectomy samples
were obtained from a cohort of genotyped HCM patients with MYBPC3truncation
mutations (n=18) and explanted donor controls (n=8). Quantitative mass spectrometry
demonstrated that the HCM samples contained 40% less MyBP-C than the donor controls,
with no detectable expression of truncated MyBP-C. To determine the impact of the
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MYBPC3truncation mutations on actomyosin-based myofilament sliding, native myosin-
thick filaments, containing endogenous levels of MyBP-C, and native actin-thin filaments,
decorated with the calcium dependent troponin/tropomyosin regulatory proteins, were
isolated from a subset of the human heart samples (n=9 samples). The sliding of short, ~250
nm, shards of the native thin filaments, was observed on native thick filaments in areas with
only myosin (thick filament tips) or a mixture of myosin and MyBP-C (C-zones) (Fig. 1C).
The experimental results combined with analytical modeling demonstrate that reduced
MyBP-C content enhances myofilament contractile mechanics within the C-zone of thick
filaments isolated from human HCM hearts with septal wall thickening.

2. Methods (See also: online supplement)

2.1. Human heart tissue procurement

Myocardial tissue was obtained from the interventricular septum of subjects with HCM at
the time of surgical myectomy to treat left ventricular outflow tract obstruction (n=18).
HCM was diagnosed on the basis of standard criteria and in the absence of any cause for
secondary hypertrophy (18). Genetic testing was performed following Clinical Laboratory
Improvement Amendments in certified laboratories using a standard 18 HCM gene panel.
Interventricular septal tissue was obtained from gift of life donor hearts at time of explant
(n=8). Donor hearts were perfused with cardioplegia solution before removal. All tissues
were snap-frozen in liquid nitrogen immediately after excision. Patient demographic and
clinical data were recorded at the time of tissue collection. This study had the approval of
the University of Michigan Institutional Review Board and subjects gave informed consent.

2.2. Mouse heart tissue

Apical tissue was collected from a well characterized mouse knock-in model harboring a
homozygous mutation in MYBPC3that caused C-terminal truncation and a wild-type (WT)
mouse heart. Both mice were of the same age (3 months), sex (male) and strain (FVB) to
minimize biological variability. The animals were euthanized in a carbon dioxide (CO5)
chamber by slow flow of CO, (10-30% of chamber volume per minute) followed by
continued exposure for 15-30 minutes after breathing had stopped. The hearts were excised
and snap-frozen in liquid nitrogen. All animal protocols were approved by the Institutional
Animal Care and Use Committee at University of Cincinnati and were in accordance with
the guidelines listed in the Guide for the Use and Care of Laboratory Animals published by
the National Institutes of Health.

2.3. Quantitative liquid chromatography mass spectrometry

Individual pieces of intact heart muscle (1-2 mg), thick filament preparations and aliquots of
CO0C3 MyBP-C fragment, were solubilized in RapiGest SF Surfactant (Waters Corporation).
The samples were reduced, alkylated and digested with trypsin (Promega). The resultant
peptides were separated by ultra-high pressure liquid chromatography (LC) and analyzed
using a Q Exactive Hybrid Quadrupole-Orbitrap mass spectrometer (MS). Peptide LC peak
areas within each sample were identified and quantified using the Proteome Discoverer 2.2
(PD 2.2) software package with the Minora Feature Detector (Thermo Fisher Scientific)
enabled. Peptide LC peak areas were normalized to account for differences in the amount of
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sample digested and loaded onto the LC column (19, 20). Normalization was achieved by
dividing each peptide LC peak area by the average peptide LC peak area of the top 15
peptides shared between the a- (MYH6) and p-myosin heavy chain (MYH?7) isoforms.
These were the only sarcomeric myosin heavy chain isoforms expressed in the hearts. Data
normalized using peptide LC peak areas from titin (77A) did not differ. The relative
abundance of proteins between sample groups were determined using a pairwise ratio
analysis of the abundances of the top (maximum 15) ionizing peptides produced from the
tryptic digestion of each protein. Relative molar abundances of individual proteins and
protein isoforms were estimated from the average abundance of the top (maximum 3)
ionizing tryptic peptides originating from the cleavage of each protein or protein isoform.
This approach partly accounts for differences in peptide ionization efficiencies and allows
for determination of molar protein abundances (20). Detailed methods for each analysis are
described in the results and online supplement.

2.4. Protein preparation

Myosin-thick filaments, actin-thin filaments and monomeric myosin were isolated from the
human heart samples. A human, truncated MyBP-C N-terminal protein fragment comprised
of the CO to C3 domains (Fig. 1A) was bacterially-expressed. Detailed methodology is
described in the online supplement.

2.5. Fluorescence image acquisition

All filament sliding assays were performed at room temperature (22 + 1°C) using a Nikon
Eclipse Ti-U inverted microscope equipped with a Plan Apo 100X 1.49 N.A. oil emersion
lens for through-the-objective total internal reflection microscopy (TIRFM) or
epifluorescence microscopy as described (8, 9). Briefly, either a 532-nm diode-pumped,
solid-state, 50-mW laser (Lasever Inc.) or Lumen 200-W metal arc lamp (Prior Scientific)
were used for excitation. Images were collected using an intensified high-resolution XR/
Turbo-Z, 10-bit digital camera (Stanford Photonics).

2.6. Quantification of native thin filament motion on native thick filaments

The movement of short, ~250 nm, native actin-thin filament shards (Fig. 1C), isolated from
multiple pieces of a single donor heart were quantified on myosin thick-filaments isolated
from 4 HCM (Table S1, Samples A-C and K) and 4 donor heart samples by TIRFM. The
single particle imaging techniques were previously applied to myofilaments isolated from
mouse hearts (8, 9). Briefly, the thick filaments from each human sample were non-
specifically adhered to the surface of a glass flow-cell. The thin filaments were
fluorescently-labeled with TRITC-phalloidin, observed landing on the thick filaments, and
being translocated toward their bare zones using TIRFM (Fig. 1C). Rapid imaging and
Gaussian fitting of the fluorescence allowed for high temporal (8.3 ms) and spatial (20 nm)
resolution of thin filament motion (8, 9). The average fraction of thin filaments moving
(xSEM) on thick filament and thin filament sliding velocities (+SEM) at pCa 4 were
determined from individual experiments. Two independent thick filament isolations and
experiments were performed for each of the 4 HCM (Table S1, Samples A-C and K) and
donor heart samples over the full range of calcium concentrations as described in the online
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supplement. The data were fitted with sigmoidal dose-response curves with variable slopes
and statistical significance was determined by the sum-of-squares F test.

2.7. Modeling of thin filament motion on thick filaments

An analytic model accounting for the thick and thin filament spatial geometries in the assay
(8) was implemented to predict the effect of reduced MyBP-C content on thin filament
sliding velocity along the thick filaments (Fig. 1C), as described in the online supplement.

2.8. Quantification of thin filament motion on monomeric myosin

The movement of actin-thin filaments isolated from the same 4 HCM (Table S1, Samples A-
C and K) and 4 donor heart samples used for the thick filament experiments were quantified
on a surface of depolymerized monomeric myosin by epifluorescence as described in the
online supplement. For each experiment, the myosin was isolated from multiple pieces of a
single donor heart as described in the online supplement. The average fraction of thin
filaments moving (£SEM) and thin filament sliding velocities (+SEM) were determined
from the motion on the depolymerized myosin. Four independent thin filament isolations
and experiments were performed for each of the 4 samples in the HCM and donor groups.
The data were fitted with sigmoidal dose-response curves with variable slopes and statistical
significance was determined by the sum-of-squares F test.

3. Results

3.1. Patient demographic, clinical, and genetic data

Group summaries of demographic and clinical data for the HCM and donor subjects are
shown in (Table 1). Individual MYBPC3 truncating mutations are provided (Table S1). No
subjects were related. Age and gender were not significantly different between the control
and HCM groups. Septal wall thickness and ejection fractions were higher (P<0.05) in the
HCM group when compared to the control group, as expected based on the severity of the
disease and need for septal myectomy.

3.2. Heterozygous MYBPC3 truncation mutations result in a reduction in MyBP-C content
in human HCM myocardium

An average of 11,768 + 238 tryptic peptides were identified and quantified in each of the
human heart samples. The summed abundance of the peptides coming from the thick
filament proteins, thin filament proteins, and titin (Fig. 2A) accounted for 48.0 £ 1.1% and
45.0 + 1.0% of the total summed peptide abundances in the donor and HCM heart sample
groups, respectively. The similarity between HCM and donor groups demonstrated that the
sarcomeric protein content was proportional to the hypertrophy. Therefore, the increase in
septal wall thickness was not merely due to fibrosis.

The donor heart samples contained 11.4 + 0.4 moles of peptides shared between a-and g-
myosin heavy chain isoforms for each mole of MyBP-C, which corresponds to 5.7
molecules of myosin heavy chain for each molecule of MyBP-C. This stoichiometry was
similar to that observed in mouse thick filaments (8) and expectations from structural studies
(21). The relative abundance of MyBP-C (P<0.01) was reduced by 40% in the HCM sample
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group when compared to the control group (Fig. 2A) using a pairwise ratio analysis of the
top 15 ionizing MyBP-C tryptic peptides in each sample. The magnitude of the reduction in
MyBP-C content (24-50% reduction) did not correlate with the location of the MYBPC3
mutation in the individual HCM samples (Fig. 2A). This demonstrated that all of the
truncation mutations examined reduced MyBP-C content to similar levels despite there
being differences in the location of the truncation within the MYBPC3 gene.

3.3. MYBPC3 truncation mutations have minimal impact on the expression of other thick
and thin filament proteins

The relative expression of the other thick and thin filament proteins in the HCM and donor
sample groups (Fig. 2B) and the molar abundance of protein isoforms (Fig. 2C) were
quantified by MS. The lack of difference in the relative abundances of titin, shared myosin
heavy chains and actin between the HCM and donor groups demonstrated that there were no
overall differences in the titin, thick and thin filament stoichiometry (Fig. 2B). Changes in
the relative abundances of a-myosin heavy chain (MYH6, P<0.01), atrial myosin regulatory
light chain (MYL 7, P<0.05), y-tropomyosin (7PM3, P<0.01) and &-tropomyosin (7PM4,
P<0.01) protein isoforms were observed between sample groups (Fig. 2A). Such changes
were consistent with reports from end-stage failing human heart samples (22-24). However,
unlike MyBP-C, which expresses a single isoform in cardiac muscle, a-myosin heavy chain,
atrial myosin regulatory light chain, y-tropomyosin and &-tropomyosin are co-expressed
with other isoforms. The overall abundances of these specific isoforms were <2.5% that of
the major isoform for each protein in the HCM and donor groups (Fig. 2C) when quantified
using the top (maximum 3) ionizing tryptic peptides from each isoform (20). Therefore,
although the changes in relative abundance of the isoforms were significant between groups
(Fig. 2B), the overall abundances (Fig. 2C) suggested that the relative changes would have
minimal impact on the composition of the thick and thin filaments in either group.

To validate the mass spectrometry-based approach, the same analytical routine was applied
to triplicate samples from the apex of a mouse heart with a well-characterized homozygous
MYBPC3truncation mutation (25) and a wild-type control (Fig. S1). MyBP-C was nearly
ablated in the MYBPC3 mutant mouse (0.01% of wild-type). Differences (P<0.01) were
observed in the abundances of both a- and g-myosin heavy chain isoforms and skeletal
myosin regulatory light chain isoform (MYL1) in the MYBPC3 mutant mouse samples
when compared to the wild-type mouse samples (Fig. S1A). Whereas the adult human heart
expresses 99% B-myosin heavy chain (Fig. 2C) the wild-type mouse heart expresses 99% a.-
myosin heavy chain (Fig. S1B). The significant changes in the relative abundances of a- and
B-myosin heavy chain isoforms in the mouse samples (Fig. S1A) were indicative of a shift in
expression from 99% a-myosin heavy chain to 39% a.- and 61% pB-myosin heavy chains in
the MYBPC3 mutant heart samples (Fig. S1B). These changes in expression were similar to
findings with standard gel-based methodologies (25, 26).

3.4. Truncated MyBP-C is not expressed from the mutant MYBPC3 allele in HCM hearts at
detectable levels

The genetic sites of truncation within the 18 HCM samples had a broad distribution (amino
acid 257 to 1232) that would produce truncated MyBP-C with masses ranging from 22.5 to
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135.3 kDa (Table S1). All of the truncated MyBP-C products expected from the mutant
MYBPC3allele would lack portions of the C-terminal domain that tether MyBP-C to the
thick filament backbone within the C-zone (Fig. 1). A subset of the truncated MyBP-C
expressed from the mutant M YBPC3 alleles would produce unique C-terminal peptides
when digested with trypsin during the sample preparation for LCMS. To determine whether
these unique peptides were present in the digested HCM samples, a custom database was
generated that contained the unique peptide sequences for the truncated MyBP-C products.
The LCMS data files were searched against the database using SEQUEST and manually
searched using the exact peptide masses and theoretical spectra. None of the unique C-
terminal peptides were found in the analyses.

A second, quantitative mass-balance approach that did not require the identification of the
unique peptides was also used to determine whether truncated MyBP-C is expressed in the
human HCM heart samples. A pairwise peptide abundance ratio analyses was carried out
using 76 MyBP-C peptides identified in each of the HCM and donor heart samples. These
76 peptides covered 68% of MyBP-C’s sequence. The abundance of each tryptic peptide LC
peak area in the HCM samples was divided by the median abundance of the same peptide
LC peak area in the donor sample group. The resultant values for each peptide were then
used to determine a mean N- to C-terminal peptide ratio for each HCM sample. These ratios
were generated from the abundances of tryptic peptides N- (10 to 71 peptides) and C-
terminal (3 to 64 peptides) to the genetic sites of truncation in each sample (Table S1).
Neither the N- to C-terminal ratios for the HCM group mean (Fig. 3A) (1.00 £ 0.05; £SEM)
nor individual HCM samples (Fig S2A; £SD) differed from 1. The large standard error of
mean for the individual measurements (Fig. S2A) was due to the necessary inclusion of
peptides with low ionization efficiencies (Figs. S2B and S2C) and variance in digestion
efficiencies for single samples. This variance was minimized by averaging the individual
ratios for the 18 samples in the HCM group (Fig. 3A).

To validate this approach and determine the limit of detection empirically, the same analytic
routine was applied to tryptic peptides from the digestion of a donor heart sample that was
spiked with aliquots of tryptic peptides from the digestion of a bacterially expressed human
COC3 MyBP-C fragment. A linear increase was observed in the N- to C-terminal ratio (Fig.
3A). The root mean square error being 0.059 was indicative of a <10% limit of detection
(27). This demonstrated that >90% of the tryptic peptides found in the HCM samples were
generated from the digestion of full-length MyBP-C. The expression of the truncated MyBP-
C in the HCM samples at levels below the detection limit of the assay would be <6% that of
full-length MyBP-C in the donor heart samples, because the HCM samples only contain
60% full-length MyBP-C (Fig. 2A).

3.5. Phosphorylation of MyBP-C serine 284/286 was reduced in the human HCM heart

samples

Thick filament samples were solubilized in RapiGest SF Surfactant (Waters Corporation),
reduced, alkylated, digested with trypsin, and analyzed by LCMS. Multiple peptides
containing phosphate on serine 275, 284, 286 or 311 being: ,73RTSPLAGGGR g1,

283l SPDSHEDTGILDFSSLLK 30,
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282R|SpDSHEDTG|LDFSSLLK300’282R|SDSpHEDTG|LDFSSLLKgOO and

307 TPRDSpKLEAPAEEDVWEILR3,¢, where p is phosphate, were identified in MS/MS
fragmentation spectra. All four of these sites were within the M-domain and no other
phosphorylation sites were identified in other regions of MyBP-C. Phosphate could be
assigned to serine 284 and 286 in the MS/MS fragmentation spectra (Fig. S3), as previously
reported in failing hearts (28). However, manual interrogation of the MS/MS spectra
suggested that the fragmentation pattern with phosphate on serine 284 (Fig. S3A) was nearly
identical to that with phosphate on serine 286 (Fig. S3B). Therefore, the position of
phosphate was not precisely localized in the analyses and possibly only exists on serine 284
as previously reported for kinase-treated bacterially expressed fragments (29). Another
phosphorylation site, being serine 304 has also been observed within the M-domain of
mouse MyBP-C (8) and kinase-treated bacterially expressed fragments by mass
spectrometry (29). Four phosphorylation sites have been observed in human HCM heart
samples by phosphate affinity SDS-PAGE (30). However, the short 393DSpFR306 OF
302RDSpFR3p6 tryptic phosphopeptides containing serine 304 were not detected in any of
the analyses.

The abundance of phosphorylation at each site was determined by mass-balance from the
loss in abundance of the non-phosphorylated peptides in each sample, as previously
described (8). Ratios were generated from peptide LC peak areas of the corresponding non-
phosphorylated peptides in the human heart and bacterially expressed human COC3 MyBP-
C samples. Noting that the bacterially expressed COC3 samples were fully
dephosphorylated. Phosphorylation of serine 275 was increased while serine 284/286 was
decreased in the HCM samples when compared to the control group (Fig. 3B). The decrease
in phosphorylation of serine 284/286 was consistent with previous studies (14, 30).

3.6. Maximal myofilament sliding velocities are enhanced within the C-zone of native
thick filaments isolated from HCM heart samples

To determine the impact of MYBPC3truncation mutations on actomyosin function at the
myofilament level, native myosin-thick filaments were mechanochemically isolated from 4
HCM (Table S1, Samples A-C and K) and 4 donor human heart samples. Neither the
average MyBP-C content in the 4 HCM samples (63 + 5%) nor the myosin heavy chain to
MyBP-C molar ratio in the 4 donor samples (11.3 + 0.7) differed from the group means (60
+ 2% and 11.4 £+ 0.4). Native actin-thin filaments were isolated from pieces of a single donor
heart sample, fluorescently-labeled with TRTC-phalloidin and fragmented to produced ~250
nm shards (8). The short native thin filaments were observed sliding on the thick filaments
(Fig. 1C) with TIRFM as previously described for mouse filaments (8, 9). At high calcium
levels (pCa 4) the average number of thin filaments observed sliding on thick filament
isolated from HCM (28 + 5) and donor (29 + 6) hearts in each experiment, did not differ. In
both groups, the fraction of thin filaments moving decreased sigmoidally in a calcium
dependent manner (Fig. 4A). This demonstrated that calcium tightly regulated myosin’s
access to actin, as expected for actin filaments decorated with the troponin and tropomyosin
calcium regulatory proteins (31). The overall calcium sensitivity (pCasg) was slightly
decreased (P<0.05) on thick filaments isolated from the HCM heart samples when compared
to those from donor control samples (Fig. 4A).
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At maximal calcium levels (pCa 4), the majority of the thin filament motion on the thick
filaments isolated from the donor (86%, Fig. 4B) and HCM samples (71%, Fig. 4C) was
characterized by two distinct phases of velocity. In both sample groups, the second phase of
velocity was slower, indicative of motion within the thick filament Czone (Fig. 1C), as
demonstrated using mouse thick filaments (8, 9). While the velocity on the tips of the thick
filaments (Fig. 1C) isolated from the donor and HCM heart samples was similar between
groups, the velocity within the C-zone was enhanced (P<0.01) on thick filaments isolated
from the HCM samples when compared to those isolated from donor samples (Fig. 4D).
This demonstrated that the functional impact of the MYBPC3truncation mutations in the
HCM heart samples was localized to the thick filament C-zone.

To determine whether the differences in myofilament function in the HCM and donor heart
samples were restricted to the thick filament C-zone, native thin filaments were isolated
from pieces of the same 4 HCM (Table S1, Samples A-C and K) and 4 donor heart samples.
The native thin filaments were fluorescently-labeled with TRITC-phalloidin and observed
sliding on surface coated with randomly oriented monomeric myosin molecules isolated
from pieces of a single donor heart. Both the fraction of filaments moving (Fig. 5A) and
their sliding velocities (Fig. 5B) increased sigmoidally with calcium concentration. Neither
calcium sensitivity (pCasp), the fraction of filaments moving, nor velocity over the range of
calcium concentrations tested differed between groups. This demonstrated that the native
thin filaments isolated from the HCM and donor hearts were functionally equivalent in the
myofilament sliding assay.

3.7. Reduction in MyBP-C content enhances myofilament sliding velocities within the C-

Zzone

An analytic model was implemented to determine whether a 40% reduction in MyBP-C
content was sufficient to enhance myofilament sliding velocities within the C-zone. The
model accounted for geometrically constrained perturbations in the mechanical interactions
between the 250 nm thin filaments and ensembles of myosin and MyBP-C molecules that
interact with the thin filament as it slides along the thick filament (Fig. S4A) (8). The model
recapitulated the two phases of velocity (2.1 pm/s, fast, 0.9 um/s, slow) observed on the
thick filaments isolated from the donor heart samples (Fig. S4B). Reduction of MyBP-C
content by 40% in the model enhanced the second phase of velocity (Figs. S4B and S4C, 0.9
to 1.4 um/s) to the speed observed in the C-zone of thick filaments isolated from the HCM
heart samples (Fig. 4D, 1.4 um/s). This supported that the 40% reduction in MyBP-C
content in the thick filaments isolated from the HCM heart samples was sufficient to
enhance maximal myofilament sliding velocities within the C-zone.

4. Discussion

Mechanistic studies using mouse model systems have enriched our understanding of the
structure and function of MyBP-C, but why heterozygous MYBPC3truncation mutations
result in human HCM remains unresolved. Species-dependent differences in MyBP-C’s
domain specific interactions (7, 10, 11) and rates of actomyosin contraction, raise the
possibility that MyBP-C’s function may differ in mouse and human myocardium. Despite
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such differences, our findings suggest that MyBP-C plays similar mechanistic roles in the
modulation of myofilament sliding in mice and humans.

A quantitative mass spectrometry based approach was used to demonstrate that HCM
causing heterozygous truncation mutations in the MYBPC3 gene result in a 40% reduction
in MyBP-C content (Fig. 2A) in adult diseased myocardium. This was consistent with
reports from other groups for similar cohorts of patients (13-15) but differed from a report
by Helms ef al. (17) using western blot analysis. This reduction in MyBP-C content appears
to be restricted to samples with MYBPC3truncation mutations rather than a product of
adverse hypertrophic remodeling (13, 15, 17). The lack of significant difference in MyBP-C
content in a similar cohort of HCM and donor heart samples reported by Helms et al. (17)
may have arose from the use of GAPDH for normalization or from noise associated with
western blot analysis. Major strengths of the MS approach are the lack of protein
fractionation in the MS preparation and the use of peptides shared between the a- and -
myosin heavy chain isoforms for normalization. The approach ensures that all of the MyBP-
C expressed within the heart samples is detected in the analyses, regardless of localization,
and its content is determined relative to that of myosin, to which MyBP-C is strongly bound
in the sarcomere (Fig. 1). The narrow, 24-50%, distribution in reduction of MyBP-C content
in each of the HCM samples regardless of position of the MYBPC3 mutation (Fig. 2A),
suggests these findings can be extrapolated to other MYBPC3truncation mutations that
cause HCM. It should be noted that mice with heterozygous M YBPC3 mutations
demonstrate minimal, or no loss in MyBP-C content or the development of cardiac
hypertrophy (32-34), unless challenged with transverse aortic constriction (34). Due to the
lack of access to cardiac tissue from healthy individuals carrying similar MYBPC3
mutations, it is unknown whether carriers have reduced MyBP-C content or the reduction
occurs with the progression of HCM.

The 40% reduction in MyBP-C content observed in the HCM hearts occurred without
detectable expression of truncated MyBP-C from the mutant MYBPC3 gene. The lack of
detectable truncated MyBP-C suggests that either no protein is synthesized from the mutant
MYBPC3allele, perhaps through nonsense mediated mMRNA decay, or alternatively, the
protein is synthesized but susceptible to rapid degradation. Based on the limit of detection in
the MS assay (Fig. 3A), if truncated MyBP-C were expressed in the HCM myocardium, the
concentration would be <0.4 pM, assuming 80 pM myosin within cardiac muscle tissue (35)
and 11.4 to 1 ratio of myosin to MyBP-C. High levelsof expression of truncated MyBP-C
fragments have profound effects on cardiac myocyte contractility (36) and cardiac structure
and function (37). However, infusion of 1 uM exogenous COC2 MyBP-C fragment into
skinned human ventricular myocytes had no effect on calcium sensitization or maximal
force generation at 2.3 um sarcomere lengths (36). Low, ~7% or ~0.5 uM, expression of a 29
kDa MyBP-C N-terminal fragment in transgenic mouse hearts had no pathological effect on
cardiac morphology, structure or function (37). These results collectively suggest the small
amount of truncated MyBP-C, possibly expressed in the HCM hearts at levels below the
detection limit of the MS assay, would have minimal to no effect on human cardiac structure
or function.
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To determine the impact of the reduction in MyBP-C content on actomyosin-based
myofilament sliding, native myosin-thick filaments containing MyBP-C, and native actin-
thin filaments containing troponin/tropomyosin, were isolated from the a subset of the
human heart samples. Sliding of these filaments was examined in a single particle
biophysical assay. The MyBP-C content in the 4 HCM samples was reduced (63 + 5%) to a
level similar to the group mean (60 + 2%). Replicate myofilament isolations and biophysical
measurements over the entire range of calcium were performed on each sample to account
for analytical variability. The ~40% reduction in MyBP-C content in the thick filaments
from the HCM heart samples resulted in a slight (P < 0.05) decrease in calcium sensitivity
for the fraction of thin filaments sliding when compared to those isolated from donor
controls (Fig. 4A). MyBP-C’s ability to enhance calcium sensitivity within the C-zones of
mouse thick filaments was previously demonstrated to result from the binding of MyBP-C’s
N-terminal domains to the actin thin filament, resulting in the displacement of tropomyosin
at submaximal calcium levels (9). In vitro studies demonstrate that human MyBP-C’s N-
terminal domains are also capable of displacing tropomyosin to sensitize the thin filament to
calcium, albeit utilizing different MyBP-C N-terminal domains (7, 11). Thus, the link
between the ~40% loss of MyBP-C content in the HCM hearts and decrease in calcium
sensitivity (Fig. 4A) suggests that MyBP-C likely plays similar roles in mouse and human
myocardium, aiding in thin filament activation at low calcium levels.

Mouse MyBP-C’s ability to enhance calcium sensitivity and the displacement of
tropomyosin from the blocked position on the actin filament under physiological conditions
were shown to be increased by MyBP-C dephosphorylation (9, 38, 39). The human HCM
samples were dephosphorylated on serine 284/286. Thus, MyBP-C dephosphorylation was
anticipated to increase the effective concentration of MyBP-C in the thick filaments isolated
from the HCM samples. While dephosphorylation of serine 284/286 may have partially
restored MyBP-C’s activating potential at the lowest calcium levels (pCa 7 and 6.75) under
pathological conditions, the 40% loss in MyBP-C content in the HCM samples still resulted
in an overall loss in calcium sensitivity (Fig. 4A).

Previous studies have demonstrated significant increases in calcium sensitivity of force
production for skinned fibers isolated from a similar cohort of HCM heart samples when
compared to fibers from donor samples (14) and in engineered heart tissues with MyBP-C
truncation mutations (40). It is important to note that the myofilament-sliding assay
measures different biophysical mechanics than those probed in the force assays (41). The
myofilament assay probes mechanochemical motion generation from a small number of
myosin molecular motors and the velocity reaches a maximum at physiological calcium
concentrations (9). Force in the skinned fiber assays (14) and engineered heart tissues (40)
only begin to rise at a calcium concentration (pCa 6 or greater) that produces ~75% of the
maximal myofilament sliding velocity. Unlike velocity, force continues to rise at higher
calcium concentrations due to an increasing number of myosin cross-bridges attaching to the
thin filament (41). Moreover, a reduction in MyBP-C content in a similar cohort of human
samples with MYBPC3truncation has been demonstrated to reduce the fraction of myosin
molecules in the super-relaxed state (15). Disruption of this super-relaxed state may increase
the effective concentration of myosin molecules within the thick filament that are available
for binding to actin. This may enhance the calcium sensitivity of force production in the
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muscle fibers lacking MyBP-C. Such biophysical phenomena are not detected in the
myofilament sliding assay used in the current study.

At maximal calcium levels (pCa 4) the thin filament displacement trajectories were
characterized by two distinct phases of velocity (Fig. 4B and C) as demonstrated for mouse
thick filaments (8, 9). The average velocity within the C-zones of the HCM thick filaments
was enhanced when compared to that in the C-zones of the donor thick filaments (Fig. 4D).
Analytical modeling demonstrated that a 40% reduction in MyBP-C content within the C-
zone of the thick filaments was sufficient to enhance the thin filament sliding velocity to that
measured in the C-zone of the thick filaments isolated from the HCM heart samples (Fig.
4D). Previous studies have shown that calcium ablates the ability of phosphorylation to tune
mouse MyBP-C’s function (39), so the effect of dephosphorylation of MyBP-C serine
284/286 in the HCM hearts was expected to have no effect on this measurement. The strong
agreement between the measured and predicted C-zone sliding velocities (Fig. 4D)
suggested that calcium would have a similar effect on human MyBP-C, because the change
in velocity was solely dependent on MyBP-C content. It was not surprising that the thin
filament sliding velocities on the tips of the thick filaments isolated from the HCM and
donor samples did not differ (Fig. 4D) because there were no other significant changes in the
overall composition of the thick filaments (Fig. 2C). Although post-translational
modifications of thin filament proteins such as phosphorylation were not quantified in the
MS assay, neither calcium sensitivity nor the maximal sliding velocity differed for thin
filaments sliding on monomeric myosin in the absence of MyBP-C (Fig. 5). To our
knowledge, no other reports have demonstrated differences in the function of native thin
filaments isolated from similar cohorts of human heart samples. The similarity in the native
thin filament structure and function suggest that the M YBPC3 mutations do not have
significant secondary effects on thin filament remodeling.

In summary, MYBPC3truncation mutations reduce MyBP-C content and enhance maximal
thin filament sliding velocity within the thick filament C-zone. The effect of MyBP-C cannot
be compensated by MyBP-C dephosphorylation to increase its molecular potency. These
findings are consistent with studies showing that other HCM-associated sarcomere gene
mutations enhance contractility (42, 43). These data support a rationale for developing
therapies directed toward restoring normal levels of MyBP-C (44-46), dampening
contractile velocities (47) or enhancing MyBP-C’s activity in the presence of high levels of
calcium.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

. MYBPC3truncation mutations are the leading cause of hypertrophic
cardiomyopathy (HCM) but the effects of these mutations on MyBP-C
content and myofilament contractility are unresolved.

. Hearts from HCM patients with heterozygous M YBPC3truncation mutations
had reduced MyBP-C content and truncated MyBP-C was not expressed from
the mutant MYBPC3allele at detectable levels.

. Reduced MyBP-C content in the HCM hearts enhanced the sliding velocity of
native thin filaments on native thick filaments isolated from HCM hearts, only
where MyBP-C is localized within the thick filament C-zones.

. These data support therapeutic rationale for restoring normal levels of MyBP-
C content and/or dampening maximal contractile velocities for the treatment
of human HCM.
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Fig. 1.
MyBP-C within the cardiac muscle sarcomere. (A) MyBP-C being comprised of eleven

immunoglobulin- (oval) or fibronectin-like (square) domains, a Pro-Ala linker between CO
and C1, and a flexible hindge between C1 and C2 containing four potential phosphorylation
sites (i.e. M-domain). Binding partner interactions shown below. (B) Interdigitating myosin-
thick and actin-thin filaments form the sarcomere. MyBP-C is localized to the C-zones. (C)
A ~250 nm thin filament sliding along one-half of a thick filament, as observed in the single
molecule TIRFM assay.
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Fig. 2.
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Abundances of sarcomeric contractile proteins in HCM and donor control samples. (A)

Relative abundance of MyBP-C in the individual HCM samples when compared to the

donor control group by pairwise analysis using the top 15 ionizing peptides in the MS data.
Blue dashed line indicates the group mean. (B) Relative abundances of sarcomeric proteins
in the HCM samples when compared to the donor control group by pairwise analysis from
the top (maximum 15) ionizing peptides. *P<0.01; TP<0.05. (C) Relative protein isoform
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abundances calculated from the averages of the top (maximum 3) ionizing peptides for each
protein isoform in the HCM and donor sample groups.
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Fig. 3.

anntification of the abundance of truncated MyBP-C and phosphorylation in the human
heart samples. (A) Red data point (:SEM) is the grouped HCM N- to C-terminal MyBP-C
peptide ratio determined from peptides N- and C-terminal to the first amino acid altered by
each MYBPC3 mutation in the HCM samples. Black data points are N- to C-terminal
peptide ratios generated from donor controls samples spiked with increasing concentrations
of a bacterially expressed human COC3 MyBP-C protein fragment. (B) Percent
phosphorylation determined for serines 275, 284/286 and 311 in the HCM and donor
samples. *P<0.01
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Fig. 4.

Thin filament motion on thick filaments isolated from HCM (n=4) and donor (n=4) heart
samples. (A) Fraction of thin filaments moving on thick filament isolated from the donor
(black; pCasp=6.6+0.1) and HCM heart samples (red; pCasp=6.3£0.1) versus calcium
concentration. The pCasg differed, P<0.05. (B and C) Displacement versus time traces for
thin filaments sliding on thick filament isolated from (B) donor and (C) HCM heart samples
at pCa 4 demonstrating 2 phases of velocity (n=15 filaments). (D) Average + SEM velocities
of thin filaments sliding on the tips and within the C-zones of thick filaments isolated from
donor (black, n=50 filaments) and HCM (red, n=57 filaments) heart samples. Thick filament
tip and C-zone velocities predicted from an analytical model using donor heart data with a
theoretical 40% reduction in MyBP-C content. *P<0.01
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Fig. 5.

Motion of thin filaments isolated from HCM (n=4) and donor (n=4) heart samples on
monomeric myosin isolated from a single donor heart sample. (A) Fraction of thin filaments
moving and (B) sliding velocities versus calcium concentration.
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Table 1.

Patient-specific demographic and clinical data.

Page 24

Patient group Age Gender (% male) | Septal thickness (mm) | LV ejection fraction (%) LV outflow tract gradient
(mmHg)

HCM (n=18) 41+3 44 254+3% 73+2% 76+9

Donor (n=8) 52+6 38 10+0.6 65+2 N/A

*
P<0.05 for difference between HCM and donor groups.

J Mol Cell Cardiol. Author manuscript; available in PMC 2020 February 01.



	Abstract
	Introduction
	Methods (See also: online supplement)
	Human heart tissue procurement
	Mouse heart tissue
	Quantitative liquid chromatography mass spectrometry
	Protein preparation
	Fluorescence image acquisition
	Quantification of native thin filament motion on native thick filaments
	Modeling of thin filament motion on thick filaments
	Quantification of thin filament motion on monomeric myosin

	Results
	Patient demographic, clinical, and genetic data
	Heterozygous MYBPC3 truncation mutations result in a reduction in MyBP-C content in human HCM myocardium
	MYBPC3 truncation mutations have minimal impact on the expression of other thick and thin filament proteins
	Truncated MyBP-C is not expressed from the mutant MYBPC3 allele in HCM hearts at detectable levels
	Phosphorylation of MyBP-C serine 284/286 was reduced in the human HCM heart samples
	Maximal myofilament sliding velocities are enhanced within the C-zone of native thick filaments isolated from HCM heart samples
	Reduction in MyBP-C content enhances myofilament sliding velocities within the C-zone

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Table 1.

