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Myosin binding protein-C (MyBP-C) is a multidomain pro-
tein that regulates muscle contraction. Mutations in MYBPC3,
the gene encoding for the cardiac variant (henceforth called
cMyBP-C), are amongst the most frequent causes of hyper-
trophic cardiomyopathy. Most mutations lead to a truncated
version of cMyBP-C, which is most likely unstable. However,
missense mutations have also been reported, which tend to
cluster in the central domains of the cMyBP-C molecule. This
suggests that these central domains are more than just a passive
spacer between the better characterized N- and C-terminal
domains. Here, we investigated the potential impact of four
different missense mutations, E542Q, G596R, N755K, and
R820Q, which are spread over the domains C3 to C6, on the
function of MyBP-C on both the isolated protein level and in
cardiomyocytes in vitro. Effect on domain stability, interaction
with thin filaments, binding to myosin, and subcellular locali-
zation behavior were assessed. Our studies show that these
missense mutations result in slightly different phenotypes at
the molecular level, which are mutation specific. The expected
functional readout of each mutation provides a valid explana-
tion for why cMyBP-C fails to work as a brake in the regulation
of muscle contraction, which eventually results in a hypertro-
phic cardiomyopathy phenotype. We conclude that missense
mutations in cMyBP-C must be evaluated in context of their
domain localization, their effect on interaction with thin fila-
ments and myosin, and their effect on protein stability to
explain how they lead to disease.

Hypertrophic cardiomyopathy (HCM) is a hereditary dis-
ease that is caused by mutations mainly in genes that encode
for proteins of the sarcomere, the basic unit of the myofibrils,
which mediates muscle contraction. It is assumed to have a
frequency of 1:500 in the human population, and most mu-
tations are seen in the genes encoding for beta-myosin heavy
chain (MYH7) and the cardiac isoform of myosin binding
protein-C, cMyBP-C (MYBPC3) (1). cMyBP-C is a
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multidomain protein of the A-band that was reported to
interact with all three filament systems of the sarcomere: thin
(actin), thick (myosin), and titin (Fig. 1A; for recent review, see
Ref. (2)). The cardiac isoform is composed of eight immuno-
globulin and three fibronectin type three-like domains (termed
CO to C10) with several interspersed regions of a less well-
defined structure (3) (Fig. 1B). The N-terminal third of the
molecule is thought to bind to actin, myosin (subfragments S1
and S2), and the regulatory light chain of myosin (reviewed in
Ref. (4, 5)), whilst the C-terminal third was shown to bind to
titin and myosin (LMM) and to be required for A-band tar-
geting (6, 7). cMyBP-C is involved in the regulation of heart
muscle contractility via regulatory interactions with both the
thin and thick filaments (8, 9). Whilst 60 to 90% of HCM
mutations in MYBPC3 lead to truncated protein that is not
detectable in patient heart samples (10, 11), the remaining are
missense mutations, some of which can be detected in patient
hearts as well as in inbred cat strains that are prone to HCM
(12, 13). The majority of these missense mutations are found
in the middle part of the MyBP-C molecule (domains C3C6;
(11, 12, 14)), the function of which is not very well understood.
Previous studies have shown that cMyBP-C with a missense
mutation fails to restore contractile parameters in engineered
heart tissue from cMyBP-C knockout background despite
being incorporated normally into the A-band, suggesting it
may play a role akin to a poison peptide (15). In feline HCM,
fairly normal incorporation of mutant cMyBP-C (A31P) into
the A-bands was demonstrated with a mutation-specific anti-
body (12). On the other hand, studies on patient hearts see
reduced expression levels down to 80% also of missense
c¢MyBP-C similar to truncated cMyBP-C mutants (E542Q;
R502W; and E258K), making haploinsufficiency a possibility
(10). However, transgenic expression of as little as 40% of
cMyBP-C was able to rescue the phenotype in a cMyBP-C
knockout mouse strain (16), suggesting that the situation
might be more complex and species and mutation site
dependent.

In the current study, we decided to investigate the structural
and functional consequences of four HCM-associated variants
(E542Q, G596R, N755K, and R820Q) that are situated in the
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MyBP-C—a failing brake?
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Figure 1. Schematic representation of cardiac MyBP-C (cMyBP-C). A,
cartoon representation of potential interactions of cMyBP-C (blue) with thick
and thin filaments. B, domain organization of cMyBP-C composed of eight
Ig- domains (dark blue) and three Fn3 domains (light blue, interspersed by
linker regions of low complexity). Identified protein interactions are indi-
cated accordingly. C, AlphaFold2 model of the structure of C3C6 with the
investigated missense mutations indicated in color. cMyBP-C, cardiac iso-
form of myosin binding protein-C; Tm, tropomyosin.

central domains C3C6. They were identified using the ClinVar
database and had an allelic frequency of less than 0.01% ac-
cording to the gnomAD database (17, 18). Multidomain con-
structs were expressed recombinantly in Escherichia coli and
subjected to biophysical and biochemical analysis. Multido-
main and full-length GFP-tagged versions were also expressed
in primary cultures of neonatal rat cardiomyocytes (NRCs) and
analyzed for targeting behavior to the sarcomere as well as for
potential disruptive effects on sarcomere structure. Our results
show that these four missense mutations have an effect on
c¢MyBP-C behavior, but that this effect is mutation site specific.
The expected functional consequence of all of them is that
cMyBP-C fails to regulate contraction properly, which will
eventually lead to HCM.

Results

Biophysical characterization of C3C6 WT and missense
variants

To analyze the effect of HCM-causing missense mutations
in the central domains of cMyBP-C on domain stability and
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folding, we generated bacterial expression constructs for the
C3C6 domains (WT) and four variants (E542Q, G596R,
N755K, and R820Q; for modeling of mutated residues on the
domains, see Fig. 1C). All C3C6 constructs were solubly
expressed in E. coli, suggesting that the missense mutations did
not completely disrupt domain folding, which would lead to
protein aggregation in the insoluble fraction (“inclusion
bodies”) (Fig. 2A).

To assess protein stability, differential scanning fluorometry
(DSF) experiments were carried out (Fig. 2B), which revealed
that the melting curves for WT and the N755K and R820Q
variants showed a single transition (Fig. 2B) with almost
identical T, of about 54 °C, suggesting that domain stability is
not affected by these substitutions. In contrast, E542Q and
G596R showed two transitions in the DSF curves, one with a
T,, identical to those measured for the WT protein (T, of
about 54 °C) and a second transition with a markedly reduced
Ty, of 45 °C and 47 °C, respectively (quantified in Fig. 2C).
This suggests that the C3C6 variants E542Q and G596R likely
exist in at least two distinct conformations, or that individual
domains in the multidomain C3C6 construct are not correctly
folded in the presence of the substitutions. Moreover, the high
background fluorescence in the G596R variant (red trace in
Fig. 2B) further indicates that one of the conformations exists
in a partially unfolded state under physiologically relevant
temperatures (237 °C).

Next, we tested for the effects of the variants on protein
aggregation using size-exclusion chromatography—multiangle
light scattering (SEC-MALS, Figs. 3 and S1). WT C3C6
shows a single peak in SEC-MALS with a calculated molecular
weight of about 44 kDa, which is in good agreement with the
calculated molecular weight of about 48 kDa for the C3C6
monomer. In contrast, the R820Q, N755K, and E542Q variants
cause increased aggregation, as indicated by additional shoul-
ders preceding the main peak in the SEC chromatogram.
Integration of the UV absorbance trace suggests that the
aggregated species correspond to about 37%, 24%, and 34% of
the total protein for R820Q, N755K, and E542Q), respectively.
The major aggregate species had a molecular weight of about
87 kDa, consistent with the molecular weight of the dimer
(Fig. S1). However, higher molecular weight aggregates could
also be detected. Strikingly, although G596R likely exists in
two conformations, of which at least one is partially unfolded
according to the DSF experiments, the SEC-MALS analysis
shows a single predominant species with a molecular weight
corresponding to the monomer and very little to no protein
aggregation. Although proteins were equilibrated at room
temperature (RT) for about 2 h prior to SEC-MALS analysis,
time-dependent increase in aggregation cannot be excluded by
the present results.

We have previously shown that the central domains of
c¢MyBP-C can interact with the isolated myosin head domain
(19), and we therefore performed microscale thermophoresis
(MST) binding experiments of either the WT C3C6 or the four
variants and the isolated bovine beta-cardiac myosin S1 frag-
ment (Fig. 4A4). In good agreement with previously published
results, the C3C6 region of cMyBP-C binds bovine beta-
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Figure 2. Effect of missense mutations on C3C6 domain stability. A, expression profiles of WT and HCM variants of C3C6 in bacterial systems. C3C6 is
indicated accordingly. Black arrowhead indicates degradation product. B, top, differential scanning fluorimetry unfolding curves for WT and HCM variants of
C3C6. Please note that G596R shows increased background fluorescence at low temperature (red arrow). Bottom, first derivative of unfolding curves shown
above. G596R and E542Q show an additional transition at lower temperatures (indicated by green and red arrow, respectively). C, summary of measured T,,s.
Data are presented as means + SD, n = 5. Statistical significance between WT and HCM variants was assessed with a one-way ANOVA followed by Tukey's
post hoc test. HCM, hypertrophic cardiomyopathy; S, soluble fraction of bacterial lysate; T, total bacterial lysate.

cardiac myosin S1 with high affinity, as indicated by a steady-
state dissociation constant (K,) in the low micromolar range
(Fig. 4B). Neither N755K nor R820Q had a significant effect on
this interaction. In contrast, E542Q and G596R increased the
affinity for myosin S1 as indicated by decreased K, values.

We then assessed the functional effects of HCM variants by
measuring the ATPase activity of isolated bovine beta-cardiac
myosin S1 in the presence of F-actin and C3C6 variants
(Fig. 4C). In excellent agreement with the MST data, both
N755K and R820Q showed no significant change in the
actomyosin ATPase activity compared with WT C3C6 at a
concentration of 10 pmol/l with an acto-myosin ATPase rate
of about 0.5 s™" head™". In contrast, adding either E542Q or
G596R significantly increased the ATPase activity by about
50% and 30%, respectively, suggesting these mutants might act
as a less effective brake.

SASBMB

Cellular characterization of C3C6 WT and missense variants

We then wanted to investigate the behavior of WT and
missense C3C6 in a eukaryotic cellular environment and
therefore generated GFP-tagged expression constructs for all
of them. Initial analysis of expression in transiently trans-
fected COS-1 cells revealed that the constructs were
distributed mostly diffusely throughout the cells, with some
association with actin filaments (data not shown) and that for
WT, E542Q, G596R, and N755K bands with the expected
molecular weight could be detected by immunoblotting
(Fig. S2). To our surprise, no signal could be detected for the
R820Q mutant, despite it expressing well in the bacterial
system. Since COS-1 cells are a simplified experimental sys-
tem, we then went on to study these GFP-tagged multido-
main constructs in transiently transfected primary cultures of
NRCs. Again, no transfected cells were seen for R820Q,
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Figure 3. Effect of missense mutations on protein aggregation. WT and HCM variants of C3C6 were analyzed by size-exclusion chromatography-
multiangle light scattering (SEC-MALS). Traces for light scattering, refractive index, and UV absorbance are shown for each variant in red, blue, and

green, respectively. HCM, hypertrophic cardiomyopathy.

whilst all the other constructs showed a mostly diffuse GFP
signal, which seemed in part more intense along the myofi-
brils (Fig. S3). Previously, it was shown by others that an
interaction site with the thin filament might sit in the central
domains of MyBP-C (20). In order to evaluate a potential
effect of the variants on this more precisely, we analyzed
transiently transfected NRC followed by labeling of the F-
actin cytoskeleton using phalloidin and then quantified the
overlap of the GFP and F-actin signal on confocal micro-
graphs using an algorithm written in Mathematica
(Wolfram). The ratiometric images of these experiments are
presented in Figure 5 and showed interesting differences
between the different missense variants. Whilst N755K
behaved exactly like WT C3C6 and showed association with
the F-actin signal that was clearly more intense than the
signal detected for GFP on its own (green signal in ratio-
metric images), less signal overlap was detected for E542Q
and G596R, with levels only slightly higher than GFP on its

4 | Biol. Chem. (2024) 300(1) 105511

own. This suggests that these two missense variants may have
a decreased ability to interact with the thin (actin) filaments.

The aforementioned experiments already revealed mutation
site-specific effects on C3C6 behavior. We then went on to
study short-term and long-term effects of the expression of
these constructs on myofibril integrity in NRC, as revealed by
staining for endogenous cMyBP-C (using an antibody recog-
nizing C1C2) followed by super-resolution microscopy using
stimulated emission depletion (STED) (Fig. 6). Also at long
term, the GFP signal for C3C6 remained mostly diffuse with
increased signal overlapping with the myofibrils, and there was
no evidence of aggregates (data not shown), as is for example
seen for missense mutations in some isolated titin domains
(21). However, overexpressing C3C6 appeared to cause some
myofibril disarray in the transfected cells, and endogenous
c¢MyBP-C doublets were more disorganized in the STED mi-
croscope. For N755K, this was already evident at 2 days, and
the slight disarray became even more prominent at 8 days,

SASBMB
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Figure 4. Effect of missense mutations on binding to myosin motor domain and actomyosin ATPase activity. A, microscale thermophoresis (MST)
curves for WT and HCM variants of C3C6 binding to isolated bovine beta-cardiac myosin S1. B, summary of determined steady-state dissociation constants
(Ky). C, normalized F-actin-stimulated bovine cardiac myosin S1 ATPase activity in the presence of WT (control) or in the presence of variant C3C6 fragments.
Data are presented as means + SD, n = 3 to 9. Statistical significance between WT and HCM variants was assessed with a one-way ANOVA followed by

Tukey’s post hoc test. HCM, hypertrophic cardiomyopathy.

when also some disarray was seen in the case of the G596R
construct (for quantification, see Fig. S4).

Most of the full-length GFP-tagged cMYBP-C mutants
incorporate normally into sarcomeres

As the C3C6 constructs lack the C-terminal domains that
are necessary for integration into the myofibrils (6, 7), we
expressed full-length versions of N-terminally GFP-tagged
cMyBP-C. Since primary cardiomyocytes do not transfect
efficiently, we generated adenoviral constructs that expressed
full-length WT or mutant cMyBP-C and used them to infect
the NRC (Fig. S5). Usually, the stoichiometry of sarcomeric
proteins is under tight control, which results in down-
regulation of the expression of endogenous proteins when
GEFP-tagged versions are expressed with adenovirus (11, 22).
This appeared to be similar for most of our constructs. Only
the N755K variant displayed aberrant behavior, with widely
varying expression levels between different cardiomyocytes
and also some subcellular areas that indicated protein aggre-
gation (Fig. 7). Again, there was no signal detected for the
adenovirus that expressed the full-length GFP-tagged R820Q
variant (Fig. S5), suggesting that a failure to express this variant
as a stable protein is a general phenomenon in eukaryotic cells
and was not just an artifact of the multidomain construct.
Quantification of the GFP signal in infected cells gave similar
results to the transiently transfected cells, with evidence for
overexpression and reduced striated signal for the N755K,
whilst the WT and the other two variants, E542Q and G596R,
were mostly present in a striated pattern (quantified in Fig. S6).

In conclusion, our experiments demonstrate that the
different missense variants have distinct effects on cMyBP-C
function, with some shifting the balance from thin filament
interaction toward myosin binding (E542Q and G596R), whilst
others affect sarcomeric targeting and myofibril structure
(N755K) or stability of cMyBP-C protein in eukaryotic cells
(R820Q).

SASBMB

Discussion

In this work, we show that different missense variants in
the central domains of cMyBP-C have distinct effects on the
behavior and the stability of the molecule. As the modeling in
Figure 1C shows, these mutations sit in different positions on
the Ig and Fn3 domains. The E542Q mutation is located in
the linker region between C3 and C4, whilst both G596R and
N755K reside in terminal loops between two beta-sheets in
C4 and C5, respectively (23). NMR spectroscopy and
unfolding experiments suggested that N755K may have a
destabilizing effect on the loop it sits in, because the lysine is
a bulkier and charged residue (23). The R820Q mutation sits
on the surface on top of the Fn domain C6 and does not seem
to have an effect on the structure of this domain as analyzed
by NMR and small-angle X-ray scattering (24). None of these
missense mutations is expected to dramatically affect the
folding of the Ig domains or Fn3 domains, which is the likely
explanation for why it was possible to express the recombi-
nant multidomain proteins solubly. Whilst no effects on
thermostability were detected for N755K and R820Q, the
E542Q and G596R variants clearly showed two populations,
one with a T,, close to WT, whilst the T,, of the other
population was reduced by about 10 °C, suggesting partially
impaired stability. This is somewhat different to missense
mutations characterized for titin Ig and Fn3 domains that
were analyzed by Rees et al. (21), which were usually found to
be insoluble and to have a thermal stability that was 10 °C
lower than the WT for all the variant proteins. The MyBP-C
variants described here thus seem to have a much milder
phenotype as far as protein folding is concerned. Another
indication for compromised domain folding is the presence of
aggregates that are often clumped around the Z-disc, when
GFP-tagged versions of multidomain or single domain con-
structs are expressed in NRC (21). For most of the missense
variants analyzed here, there was no evidence for pronounced
aggregation in cells and the multidomain constructs localized

J. Biol. Chem. (2024) 300(1) 105511 5
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Figure 5. Some missense mutations can compromise the association with cardiac thin filaments. GFP-tagged C3C6 constructs were transiently
transfected into primary cultures of neonatal rat cardiomyocytes that were then counterstained for F-actin with phalloidin. The images shown are ratio-
metric (as quantified using a Mathematica algorithm), which means that high overlap of the GFP signal with F-actin is depicted in green, whilst low overlap
is shown in blue/purple (see lookup table in bottom right corner; original images are shown in Fig. S3). WT C3C6 and the N755K variant display high spatial
overlap with F-actin, which is significantly decreased for E542Q and G596R, which are similar to GFP on its own (see quantification). Scale bar equals 10 pm.

mostly in a diffuse fashion with increased signal at the
myofibrils, whilst full-length constructs incorporated as a
doublet into the A-band, indistinguishable from endogenous
MyBP-C. Constructs (either multidomain or full length)
bearing the R820Q mutation failed to express at all in
eukaryotic cells. This is puzzling at the moment, since the
modeling suggests that the mutation is unlikely to have any
dramatic effect on domain folding. It sits on the domain
surface and probably affects protein—protein interaction (24).
Currently, the potential interaction partner of cMyBP-C at C6

6 J Biol. Chem. (2024) 300(1) 105511

is unknown, but a closer investigation of the recent cryo-EM
structure of human cardiac thick filaments from the Craig
laboratory suggests that this residue may interact with the
sentinel myosin (25). Impaired protein stability for a missense
mutation in the central domains was reported previously by
Smelter et al. (26) for W792R. Another intriguing possibility
is that the R820Q variant causes mRNA destabilization. In
good agreement, previous reports have shown that about a
third of investigated variants cause protein depletion via al-
terations in mRNA splicing (27).

SASBMB
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Figure 6. Expression of mutant GFP-tagged C3C6 can affect myofibril
structure. STED images of primary cultures of neonatal rat cardiomyocytes
transiently transfected with GFP-tagged C3C6 constructs. The images only
show the signal for endogenous MyBP-C, as visualized by antibodies against
C1 and C2 in the STED mode (the GFP constructs localized in a completely
diffuse fashion). Whilst the WT construct has no effect, some of the mutant
versions (G596R; N755K) lead to myofibril disarray of the endogenous
cMyBP-C doublets, which becomes especially evident after 8 days in culture
(for quantification, see Fig. S4). Scale bar equals 2 pm. cMyBP-C, cardiac
isoform of myosin binding protein-C; STED, stimulated emission depletion.

For both E542Q and G596R mutations, we see similar ef-
fects on the protein behavior, which might be due to their
physical proximity on the three-dimensional structure of the
molecule. There is a slight impairment of thermal stability and
also a shift from thin filament interaction, which appears to be
less efficient, toward increased myosin binding. C3C6 on its
own does bind myosin in vitro (19) but does not integrate into
myofibrils in doublets in cardiomyocytes as the full-length
version would. This is probably because of the lack of
C7C10, which were previously shown to be essential for proper
sarcomeric targeting (6, 7). It was always assumed that the
targeting is due to an interaction of C7C10 with both titin
filaments and the myosin tails; however, very recent structural
evidence on human cardiac thick filaments from the Craig
laboratory shows that actually there is no direct interaction
between the C terminus of MyBP-C and titin (25). The same
structure also suggests that C4 might interact with a blocked
myosin head, which could be the interaction that is affected in
the E542Q and G596R variants.

Judging from our short-term experiments, the majority of
the variants appear to integrate normally into the myofibrils
and do not lead to massive disarray, similar to results reported
by Helms et al. (11) for mutations in the central domains
(R495Q; R502W; F503L; W792R; and R810H), whilst muta-
tions in C10 (L1238P; N1257K) failed to incorporate into
sarcomeres. Only the N755K variant displayed slightly
impaired integration and a minor tendency to aggregate, which
was also seen previously when this mutation was analyzed by
NMR (23).

Taken together, our results suggest that missense mutations
in the central domains of cMyBP-C have site-specific effects on
the protein’s behavior in cells and its function. Whilst some
(E542Q, G596R) appear to shift the balance of ¢cMyBP-C
interaction from actin (thin filament) toward myosin,
another leads to a tendency for protein mislocalization and
overexpression (N755K), whilst others cause decreased protein

SASBMB
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stability (R820Q; W792R; (26)), thereby causing hap-
loinsufficiency (Fig. 8). All these changes can provide an
explanation for cMyBP-C'’s failure to work as a brake and to
regulate contraction properly (8), which will eventually lead to
a HCM phenotype. However, our data also indicate that
additional missense mutations in MYPBC3 will have to be
analyzed carefully for their effects on protein function and
stability and that the prediction of disease-causing variants will
only be straightforward in cases that have obvious conse-
quences for domain folding like demonstrated for some of the
titin domain mutants (21, 28).

Experimental procedures
Recombinant protein expression

A pET6a-His-TEV plasmid containing the C3C6 insert was
transformed into BL21(DE3)RIPL E. coli cells (Agilent), liquid
cultures were grown in Terrific Broth (Sigma), protein
expression was induced by adding 0.1 mM of IPTG (VWR
chemicals), and purification was carried out using a HisTrap
FF column (GE Life Sciences). Protein expression was checked
by immunoblot using a mouse anti-His antibody (Novagen).
Protein containing fractions were pooled, and tobacco etch
virus protease was added at a concentration of 1:50 to remove
the His tag and was then dialyzed against a solution of 25 mM
Hepes, 200 mM NaCl, 1 mM MgCl,, 1 mM DTT, 5% glycerol,
overnight at 4 °C.

Generation of eukaryotic expression constructs

The C3C6 domain of cMyBP-C was amplified from adult
human heart complementary DNA using forward (TTTC
TCGAGTGAGCCCCCTGTGCTCATCACG) and reverse
(TTTGGATCCACGCGTTTAACCGATAGG CATGAAGGG)
primers (Sigma—Aldrich) and cloned into the Xhol and BamH1
restriction sites of a pEGFP-C2 vector (Clontech).

Site-directed mutagenesis of C3C6 constructs

HCM-linked mutations within the C3C6 region were iden-
tified using the ClinVar database (17), and the following primers
were designed to generate these mutations: E542Q: reverse
(CTCCAGCTTCTTTTGCTGCACAATGAGC); G596R:
reverse (GGTGTCCCACATCAGGCGGGTCCACAAACTG);
N755K: forward (GGTCACAGTGAAGAAACCTGTGGGC
GAGG); R820Q: reverse (CAGCCGCATCCACTGGTAGCT
CTTCTTC). The PCR was used to transform ultracompetent
E. coli cells (ThermoFisher Scientific). Isolated DNA was sent
off for sequencing in order to verify the correct mutation had
occurred (Source Bioscience).

DSF

DSF experiments were performed as described previously
(19). Briefly, C3C6 constructs at 1 mg/ml were mixed with 20X
SYPRO Orange (Thermo Fisher Scientific) in PBS containing
1 mmol/l DTT, and 20 pl were transferred in individual wells
of Bio-Rad quantitative PCR plates. Plates were heated from 25
to 95 °C at a rate of 1 °C/min in an MX3005p quantitative PCR

J. Biol. Chem. (2024) 300(1) 105511 7
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Figure 7. With the exception of N755K, all full-length mutant GFP-tagged cMyBP-C versions integrate normally into the A-bands in short-term
cultures. Confocal micrographs of primary cultures of neonatal rat cardiomyocytes that were infected with adenovirus encoding for full-length GFP-
tagged WT or mutant cMyBP-C. GFP signal is shown in the middle column and in green in the overlay, DAPI (4',6-diamidino-2-phenylindole) signal is shown
in the right hand column and in blue in the overlay. Whilst WT, E542Q, and G592R show a homogeneous incorporation into the myofibrils with perfect
doublets, accumulation in the GFP signal and inconsistent expression levels between cells are evident for the N755K mutant (for quantification, see Fig. S6).
Scale bar equals 10 um. cMyBP-C, cardiac isoform of myosin binding protein-C.

machine (Agilent Technologies). Fluorescent emission at
610 nm following excitation at 492 nm was measured, with the
resulting curve defined in Excel, and the T}, was calculated in
GraphPad Prism (GraphPad Software, Inc).

Acto-myosin ATPase activity measurements

Bovine cardiac myosin S1 was prepared from bovine
ventricle as previously described (29). Rabbit skeletal F-actin
was purchased from Cytoskeleton, Inc and prepared for ex-
periments according to the manufacturer’s instructions.

About 20 pl of enzyme mix in buffer A (composition in
mmol/l: 10 Mops, 0.1 EGTA, 1 DTT, pH 7) containing
500 nmol/l bovine cardiac myosin S1, 40 U/ml lactate dehy-
drogenase, and 400 U/ml pyruvate kinase were dispensed into
a black 96-well half area plate (Greiner). C3C6 fragments were
added to each well to a final concentration of 10 umol/l, and
plates were incubated on a plate shaker at 30 °C for 10 min at
2000 rpm. Reactions were started by adding 20 ul substrate
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mix in buffer B (composition in mmol 1"': 4 Mops, 9.1 EGTA,
2 MgCl,, 3 NaN3, 1 DTT, pH 7.0) containing 10 pumol/l F-
actin, 440 mmol/l NADH, 4 mmol/l 2-phosphoenolpyruvate,
and 4 mmol/l ATP. Plates were briefly mixed by shaking at
5000 rpm on a plate shaker and spun down at 3000g for 10 s.
NADH fluorescence intensity was measured for each well
using a ClarioStar Plate Reader for 10 min every 30 s at 30 °C
with the following settings: excitation at 380 nm with a 10 nm
bandwidth and emission at 470 nm with a 24 nm bandwidth.
ATPase activity was extracted by linear regression to changes
in fluorescence intensity and converted to rates by using
standards with defined ADP concentrations.

MST experiments

MST experiments were performed on a Monolith NT.115
instrument (NanoTemper) in interaction buffer containing
20 mmol/l Mops (pH 7), 1 mmol/l MgCl,, 50 mmol/l KCl,
1 mmol/l DTT, and 0.05% (v/v) Tween-20. Myosin S1 was
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Figure 8. Proposed mechanisms for how different missense mutations
in cMyBP-C lead to HCM. Depending on their position along the molecule,
missense mutations in MyBP-C can either shift the balance of interaction
with thin filaments and myosin (e.g., E542Q; G596R), lead to protein mis-
localization and aggregation (N755K), or decrease protein stability (R820Q
in this study; W792R in Ref. (26), indicated with an asterisk). cMyBP-C, cardiac
isoform of myosin binding protein-C; HCM, hypertrophic cardiomyopathy.

labeled with Alexa 647-NHS (Molecular Probes, Inc; Thermo
Fisher Scientific) according to the manufacturer’s instructions.
All proteins were either gel-filtered into and/or extensively
dialyzed against interaction buffer. Titration experiments were
performed with a fixed concentration of 50 nmol/l of Alexa
647-labeled myosin S1 in premium capillaries.

SEC-MALS

SEC-MALS experiments were performed in PBS on an
Agilent 1260 Infinity II HPLC coupled to a SEC Analytical
Column 5 pm 500 A (WYATT Technologies) and DAWN
MALS detector (WYATT Technologies).

COS-1 cells

COS-1 cells (30) were negative for mycoplasma, grown as
described previously and transiently transfected in 35 mm
culture dishes using Escort IV (Sigma) (31). For immunoblots,
COS-1 cells were lysed in loading buffer (3.7 M urea,
134.6 mM Tris [pH 6.8], 5.4% SDS, 2.3% NP-40, 4.45% beta-
mercaptoethanol, 4% glycerol, and 6 mg/ml bromophenol
blue) following a PBS wash. The cell lysate was then boiled for
2 min and run on a precast 4 to 20% SDS-PAGE gel (Generon).
After overnight wet blot transfer onto a nitrocellulose mem-
brane (GE Life Sciences) and Ponceau Red (Sigma) staining,
the membrane was blocked for 1 h on a rotator at RT in 5%
skimmed milk (Sainsbury’s) in low salt (LS) buffer (0.9% NaCl;
0.1% Tween-20; 9 mM Tris base [pH 7.4]). The membrane was
then incubated in primary antibody solution (Mouse anti GFP;
Roche or Rabbit anti all actin isoforms; Sigma) in 3% milk/LS
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for 1 h at RT on a shaker. The membrane was washed three
times for 5 min in 3% milk/LS and then incubated in secondary
antibody solution (horseradish peroxidase—rabbit antimouse
immunoglobulins; DAKO; horseradish peroxidase—goat anti-
Rabbit immunoglobulins; Calbiochem) on a shaker at RT for
1 h. The membrane was washed three times 5 min in LS and
afterward incubated in Clarity Western Enhanced Chem-
iluminescence solution (ECL, Bio-Rad). The membrane was
then developed using a Bio-Rad gel imaging machine.

NRCs

Primary cultures of NRCs were isolated and cultured as
described previously (31). For immunofluorescence staining,
NRCs were washed with PBS and then fixed with 4% para-
formaldehyde/PBS (Agar Scientific) for 10 min. Cells were
then permeabilized with 0.2% Triton X-100 in PBS for 5 min,
followed by a primary monoclonal mouse antibody against
myomesin (32) and afterward incubation with counterstain
solution consisting of Cy3-conjugated goat anti-mouse im-
munoglobulins (Jackson Immunochemicals), 4/,6-diamidino-
2-phenylindole (Sigma), and Alexa Fluor 633 phalloidin
(ThermoFisher) diluted in 1% bovine serum albumin/Tris-
buffered saline in a humid chamber on a tilting table at RT
for 1 h. Cells were washed three times for 5 min in PBS and then
mounted using Lisbeth’s mounting medium (0.1 M Tris—HCl/
glycerol and 50 mg/ml n-propyl-gallate at pH 9.5). Samples
were imaged on a SP5 confocal microscope (Leica) using a 63/
1.4 numerical aperture oil immersion lens and 405 blue diode,
argon, and helium neon lasers as described previously (31).

Adenovirus constructs and infection

A pAd vector containing the full-length human cMyBP-C
tagged at the N terminus with GFP was generated by Vector-
Builder. Human embryonic kidney 293 cells were transiently
transfected with the pAd full-length cMyBP-C DNA using Lip-
ofectamine 3000 (ThermoFisher). The infection was allowed to
continue until 80% cytopathic effect was seen and then
adenovirus-containing cells were harvested and then underwent
three times freeze—thaw cycles (-80 °C for 30 min followed by 37
°C for 15 min). The cell lysate was then centrifuged at 3000 RPM
for 15 min, and the supernatant was taken and stored at —80 °C.
To generate missense mutants, the full-length human cMyBP-C
gene was amplified out of the pAd vector using forward
(caattctctaaggaaatacttaaccATGGTGAGCAAGGGCGAG) and
reverse (gtctagatatctcgacggatcctaTCACTGAGGCACTCGCAC)
primers (Sigma—Aldrich) and cloned into a pENTR vector
(ThermoFisher). Site-directed mutagenesis was then carried out
on the pENTR full-length cMyBP-C construct using the primers
described previously. Mutant pAd full-length ¢cMyBP-C con-
structs were then propagated in human embryonic kidney
293 cells. For adenovirus titration, the AdEasy viral titer kit
(Agilent Technologies) was used according to the manufacturer.
NRCs were infected with WT adenovirus at a dilution of 1:100,
and mutant constructs were added at an equivalent dilution
based on the infectious units calculated via titration. Cells were
incubated for 24 h at 37 °C, 5% CO,, and then either SDS samples
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were made for immunoblot analysis to determine protein
expression levels (as aforementioned), or cells were fixed and
immunostained for confocal microscopy as described previously.

STED microscopy

NRCs were transiently transfected with GFP-tagged C3C6
constructs using Escort III (Sigma) as described previously (31)
and then fixed and permeabilized as aforementioned. Immu-
nostaining was carried out using primary antibodies against
mouse antisarcomeric alpha-actinin (Sigma) and rabbit anti
MyBP-C (a generous gift from Prof Mathias Gautel, Kings
College London) and secondary antibody/counterstain solu-
tion (Cy3-goat anti-mouse, catalog no.: 115-165-146; Jackson
Immunochemicals) and Atto 647N-goat anti-rabbit (Sigma).
Cells were mounted using 70% glycerol/PBS according to the
antibody manufacturer instructions. Samples were imaged
using a STEDYCON (Abberior) attached to a Leica TCS SP5
confocal microscope equipped with 594 nm and 640 nm
excitation lasers and a 775 nm depletion laser using a 100x/
numerical aperture 1.4 oil immersion lens. Images were
recorded at a pixel size of 20 nm.

STED image analysis

STED images along with their respective metadata-containing
text files were imported into Mathematica 12.2. The images were
then transformed using a fast Fourier transform and converted to
absolute magnitude to give a 2D spectrogram. The original image
was multiplied by a Gaussian kernel with the same image di-
mensions to reduce edge artifacts. An inverse fast Fourier trans-
form was then applied to this to produce a 2D cepstrogram. This
shows a linear series of bands emanating from the center of the
spectrogram with a spacing that is the same as the original image.
The cepstrogram was then rotated so that the major axis of the
signal was horizontal. The cepstrogram was then further trans-
formed using a radon transform, which shows distance of signal
versus angle/direction. This has the benefit of smearing any
background noise to give a cleaner signal. A line scan through the
middle of the radon transform was then taken to visualize in-
tensity as a profile plot. These profiles were used to calculate the
average sarcomere length (the major nonzero peak in the profiles).
These plots were then normalized to take account of slight vari-
ations in sarcomere length and the mean and standard deviations
calculated for each mutant and control. Images of cells displaying
good MyBP-C localization produced profiles that had two further
intensity peaks corresponding to the MyBP-C signal positioned
between the two major peaks in the profile. This was accentuated
by removing the baseline signal using the Difference of Gaussians
approach (similar to background subtraction as commonly used
in image processing). It was then possible to extract the intensity
of the first MyBP-C peak as a measure of signal integrity. It was
found that this peak was the best indicator for this.

Image processing and image analysis

Figures were compiled using Adobe Photoshop software.
NRCs were transiently transfected with either GFP alone or a
GEFP-tagged WT C3C6 containing plasmid, immunostained for
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F-actin, and images were taken using a confocal microscope.
Mathematica 11.3 software was then used to calculate the
arctangent of the intensities in the red channel compared with
those in the green channel and normalized to a linear scale of
0 to 1, with values close to zero (red pixels) indicating F-actin
alone, values close to one (purple/dark blue) indicating the
GFP-tagged C3C6 containing construct alone, and values
around 0.5 (green/cyan) indicating the presence of both with
similar intensities (A). Image] was then utilized to determine
the percentage of the cell that was green.

Data availability

All data are within the article (main figures and supporting
information); original files (data measurements; full-length gels
and blots; Mathematica algorithm) are available upon request.
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