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Hypertrophic cardiomyopathy (HCM) is a disease of the myocardium caused by mutations in 

sarcomeric proteins with mechanical roles, such as the molecular motor myosin. Around half of 

the HCM-causing genetic variants target contraction modulator cardiac myosin-binding protein C 

(cMyBP-C), although the underlying pathogenic mechanisms remain unclear since many of these 

mutations cause no alterations in protein structure and stability. As an alternative pathomechanism, 

here we have examined whether pathogenic mutations perturb the nanomechanics of cMyBP-C, 

which would compromise its modulatory mechanical tethers across sliding actomyosin filaments. 

Using single-molecule atomic force spectroscopy, we have quantified mechanical folding and 

unfolding transitions in cMyBP-C domains targeted by HCM mutations that do not induce RNA 

splicing alterations or protein thermodynamic destabilization. Our results show that domains 

containing mutation R495W are mechanically weaker than wild-type at forces below 40 pN 

and that R502Q mutant domains fold faster than wild-type. None of these alterations are 

found in control, nonpathogenic variants, suggesting that nanomechanical phenotypes induced 

by pathogenic cMyBP-C mutations contribute to HCM development. We propose that mutation

induced nanomechanical alterations may be common in mechanical proteins involved in human 

pathologies.

Graphical Abstract
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Hypertrophic cardiomyopathy (HCM) is the most common inherited cardiac muscle disease, 

affecting up to 1 in 200 individuals.2,3 Macroscopically, HCM is characterized by thickened 

left ventricular walls and reduced size of the left ventricular chamber, while at the tissue 

level, HCM myocardium typically shows interstitial fibrosis and fiber disarray (Figure 1a). 

These structural changes occur alongside functional defects such as diastolic dysfunction, 

which can lead to the most severe consequences of the disease including heart failure and 

sudden cardiac death.4–6 Despite encouraging advances,7 currently there are no therapies 
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to revert nor prevent HCM pathogenesis, and clinical management relies on long-term 

palliative treatments and surgical procedures.4,5

The majority of HCM cases are caused by autosomal dominant mutations targeting 

mechanical proteins of the sarcomere, the basic contractile unit of cardiomyocytes (Figure 

1a).5,8,9 In sarcomeres, myosin heads use the energy coming from ATP hydrolysis to 

extend from the myosin backbone in the thick filaments, establish cross-bridges with the 

neighboring actin thin filaments, and generate ∼10 nm power strokes that propel the thin 

filaments past the thick ones, leading to muscle contraction (Figure 1b).4,8,10–12 Cardiac 

myosin-binding protein C (cMyBP-C), a well-known modulator of sarcomere activity, is 

a multidomain protein located in the C-zone of the sarcomere, grouped in nine regularly 

spaced transverse stripes that are 43 nm apart from each other.13 cMyBP-C’s C-terminal 

C8–C10 domains run axially along the thick filament, anchoring cMyBP-C to the myosin 

backbone and titin. The central and N-terminal domains of the protein extend radially from 

the thick filament toward the thin filament located ∼23 nm away (Figure 1).13–19

The regulation of contraction by cMyBP-C occurs through complex and modulatable, but 

incompletely understood, mechanisms involving interactions with partner proteins in the 

sarcomere.15,16,20 For instance, the N-terminal region of cMyBP-C has been shown to 

activate thin filaments and inhibit thick filaments.21 Indeed, recent experiments suggest 

that cMyBP-C promotes a low-activity, super-relaxed state (SRX) of myosin.22 In addition, 

the ability of cMyBP-C to tether thin and thick filaments can result in further mechanical 

modulation. Since the lifetime of the interaction between cMyBP-C and actin filaments is 

on the order of 20–300 ms,23 i.e., at least one order of magnitude longer than myosin power 

strokes,24 contraction is expected to induce substantial mechanical strain on cMyBP-C that 

can contribute to the slowing of actomyosin motion (Figure 1b).25,26 Hence, how cMyBP-C 

tethers respond to a mechanical load27–29 can be fundamental for its modulatory role on 

sarcomere power generation.

MYH7 and MYBPC3, which encode β-myosin heavy chain and cMyBP-C, respectively, 

are the most frequently mutated genes in HCM, accounting for 80% of cases.15,16,18 

The vast majority of pathogenic variants in MYBPC3 result in cMyBP-C truncations that 

induce HCM via reduction in total cMyBP-C content (protein haploinsufficiency).15,26,31–36 

However, other rare MYBPC3 pathogenic mutations only cause single amino acid 

substitutions that result in full-length, mutant cMyBP-C proteins that can incorporate 

into sarcomeres to the same levels as the wild-type (WT) protein.33,37 This includes the 

most frequent mutation in HCM (p.R502W).38 The molecular deficits, or phenotypes, of 

these missense mutations remain largely unexplored. Some of them have been proposed to 

disrupt cMyBP-C interaction with actomyosin filaments39–41 or to induce extensive protein 

destabilization;42,43 however, many HCM-causing missense mutants appear to operate via 
alternative, unidentified mechanisms.44 Prompted by the ability of cMyBP-C to establish 

mechanical tethers that modulate sarcomere contraction (Figure 1b), we hypothesized that 

HCM-causing mutations may perturb the nanomechanics of cMyBP-C, leading to altered 

sarcomere activity. Here, we have used single-molecule force spectroscopy by atomic force 

microscopy (AFM) to test this hypothesis.45 We have found that HCM-causing mutations 
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can affect the mechanical stability and folding rate of the targeted domains, raising the 

possibility that alteration of cMyBP-C nanomechanics contributes to HCM pathogenesis.

RESULTS AND DISCUSSION

Selection of Pathogenic and Nonpathogenic cMyBP-C Variants.

Following strict assignment of pathogenicity based on clinical and epidemiological data,44 

we selected four pathogenic missense mutations (p.R495Q, p.R495W, p.R502Q, and 

p.R502W) and two nonpathogenic variants (p.G507R and p.A522T) targeting cMyBP-C. 

The variants are located in exon 17 of the MYBPC3 gene, which together with exon 

16 codifies for the C3 domain of cMyBP-C (Supplementary Text S1; Figure 2).46 

Many HCM missense mutations cluster in C3,37,44 but no protein interactors have been 

described for this domain, as expected from its location far from the anchoring points 

of cMyBP-C to actomyosin filaments.47,48 Hence, mutations targeting C3 are arguably 

not predicted to affect cMyBP-C interactions, which is in agreement with the normal 

sarcomere localization of missense mutant cMyBP-C proteins in HCM myocardium.33,37 

In addition, the high-resolution structure of C3 is known, which can help interpret the 

effects of the mutations (Figure 2).30 We first verified that the pathogenic mutations do not 

induce RNA splicing defects or extensive protein structural destabilization, two classical 

protein haploinsufficiency drivers linked to pathogenicity in 45% of cMyBP-C missense 

mutations.44

Preservation of normal RNA processing in p.R495Q and p.R502W mutations has been 

observed before using human myocardial biopsies.33,50 In the case of mutation p.R502Q, 

no RNA splicing alteration has been detected using the leukocyte fraction of human blood 

samples44 and mini-gene constructs,51 two more readily available biological sources that 

provide results in excellent agreement with those obtained using myocardial samples.44 

Using the former method, we studied RNA splicing of mutant p.R495W and also sought 

additional validation that p.R495Q and p.R502W do not induce RNA splicing alteration. 

We amplified by RT-PCR the region between exons 15 and 21 of MYBPC3 mRNA and 

observed that amplification of WT and mutant samples results in ∼700 bp bands, as 

expected (Supplementary Figure S1a; Supplementary Text S1). Preservation of canonical 

RNA splicing in the mutants was further confirmed by Sanger sequencing, which allows 

the detection of the variants in heterozygosis and the visualization of the correct 16/17 and 

17/18 exon–exon boundaries (Supplementary Figure S1b).

To examine mutant protein stability, we did far-UV circular dichroism (CD) experiments 

using recombinant domains (Supplementary File S1; Supplementary Figure S2a). In 

agreement with previous reports, we found that WT and mutant domains have highly 

similar CD spectra showing a minimum at 215 nm, typical of β-structure-containing 

proteins (Supplementary Figure S3a).30,44,52 The only substantial difference was found in 

the spectrum of R502W, which displays a lower CD signal at 230 nm (Supplementary 

Figure S3b). Since the high-resolution structures of WT and R502W C3 are very similar,30 

we interpret this change as originating from the absorption of the extra tryptophan in the 

mutant.53 To explore if mutations induce structural destabilization, we examined the stability 

of the mutant domains at increasing temperatures by tracking the CD signal at 215 nm 
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(Supplementary Figure S4a). The temperature at the midpoint of the denaturing transition, or 

melting temperature (Tm), informs about the thermal stability of the domain. All mutations 

retain close-to-WT thermal stability (Supplementary File S1; Supplementary Figure S4b). 

The maximum drop in Tm was 5.3 °C for mutant R502Q; however, this limited decrease 

in thermal stability can also be found in nonpathogenic missense variants targeting C3 and 

therefore cannot explain the pathogenicity of the mutation.44

To confirm our observation that mutations do not induce extensive protein thermodynamic 

destabilization, we aimed at determining equilibrium thermodynamic parameters. However, 

thermal denaturation of C3 variants was largely irreversible, as indicated by non-native 

CD spectra obtained after ramping down the temperature to 25 °C (Supplementary Figure 

S3). Hence, to estimate the free energy (ΔG) of unfolding, we undertook urea-induced 

denaturation experiments, in which reversibility of protein unfolding transitions is generally 

favored.54 At 25 °C, urea concentrations over 4 M induced evident and largely reversible 

changes in the CD spectra of WT and mutant C3 domains (Supplementary Figures S5, S6a). 

We estimated ΔG of unfolding from the analysis of CD signals at 217 nm at increasing 

urea concentrations (Supplementary Figure S6b–h). Taking into account that the unfolding 

transition for some domains was not 100% reversible, we consider measured ΔG values 

as apparent (ΔGapp). ΔΔGapp (ΔGapp(WT) – ΔGapp(mutant)) at 25 °C was close to zero 

for all mutant domains, providing further evidence that pathogenic mutations do not cause 

destabilization of C3 (Supplementary Table S1; Supplementary Figure S6i,j). We obtained 

similar results at 37 °C, although limited spectral differences between folded and unfolded 

states at this temperature challenge accurate estimation of ΔGapp (Supplementary Figures 

S7, S8). In summary, none of the pathogenic variants studied in this report induce extensive 

protein destabilization, as determined using both thermal and chemical denaturation assays. 

These results are in agreement with largely preserved half-life and sarcomere localization of 

mutants R495Q and R502W in primary cardiomyocytes.37

Mechanical Stability of Mutant cMyBP-C Domains.

The results in the previous section show that the selected pathogenic MYBPC3 missense 

mutations preserve RNA splicing and protein stability, and thus it is unlikely that they 

cause HCM through classical protein haploinsufficiency. Most probably, these mutants 

are incorporated into the sarcomere but fail to provide proper functionality.33,37,55 Since 

cMyBP-C tethers are subject to mechanical force in the sarcomere (Figure 1b), we used 

AFM to examine whether mutations alter the mechanical stability of the C3 domain 

(Figure 3). We first produced polyproteins consisting of eight repetitions of the WT or the 

mutant C3 domains (Supplementary File S1; Supplementary Figure S2b). Using AFM, these 

polyproteins were subject to 40 pN/s increasing pulling force while monitoring their length 

in a buffer solution at physiological pH (7.2) and ionic strength (150 mM NaCl). Mechanical 

unfolding of a C3 domain within the polyprotein results in the extension of the polypeptide 

by 24–25 nm. The presence of multiple such unfolding steps fingerprints successful single

polyprotein recordings (Figure 3a).49 We measured the force at which mechanical unfolding 

occurs in the 40 pN/s force ramp for hundreds of WT and mutant domains (Supplementary 

File S2) and built distributions of unfolding forces (Figures 3b, 4a; Supplementary Figure 

S9). We found that the mean unfolding force (⟨Fu⟩) of the WT C3 domain is 90.6 pN, 

Suay-Corredera et al. Page 6

ACS Nano. Author manuscript; available in PMC 2022 June 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in agreement with previous measurements on cMyBP-C multidomain constructs.27,29 All 

pathogenic and nonpathogenic variants induce slight mechanical destabilization under our 

experimental conditions, as indicated by lower mean unfolding forces (Figure 3c; Table 1). 

However, this destabilization may not hold under physiological force regimes, as elaborated 

below.

Experimental ⟨Fu⟩ values are a consequence of the underlying free energy landscapes and 

the specific pulling conditions. Extrapolation of AFM data to alternative ranges of forces 

can be achieved using models that consider how the energy landscape is shaped by the 

applied mechanical force. We have done so by fitting our data to Bell’s model (Figure 4a; 

Supplementary Figure S9).56,57 According to this model, the rate of mechanical unfolding 

(r) is dependent on force (F) according to

r = r0 eFΔx/kbT
(1)

where r0 is the rate of unfolding at zero force, Δx is the distance to the transition state 

of the mechanical unfolding reaction, kb is the Boltzmann constant, and T is the absolute 

temperature. Fits show that both pathogenic and nonpathogenic mutations can affect r0 

and/or Δx, therefore altering the mechanical behavior of C3 domains in a force-dependent 

manner (Figure 4b,c; Table 1). Using the parameters obtained from the fits, we estimated 

mechanical unfolding rates at low forces, which are challenging to probe experimentally 

using AFM but can be relevant in the context of cMyBP-C function in the sarcomere. This 

analysis showed that R495W domains unfold significantly faster than WT counter-parts at 

forces below 40 pN, whereas the rest of the mutants behave very similarly to WT, including 

control, nonpathogenic variants (Figure 4d).

In addition to the higher unfolding rate at low forces, the mechanical behavior of R495W 

was also characterized by an unfolding force distribution showing a tail at high forces 

(Supplementary Figure S9). The reasons for this behavior, which has been observed before 

in metalloproteins,59,60 may result from alternative unfolding pathways in the mutant. To 

investigate the molecular origin of the peculiar mechanical properties of mutant R495W, 

we ran atomistic molecular dynamics (MD) simulations. In Supplementary Figure S10a we 

show force extension plots for three independent runs for WT and R495W C3 domains. 

In all curves we found a similar force peak at ∼700 pN. As expected, the rupture forces 

in the simulations were notably higher than experimental values due to the many orders of 

magnitude higher loading rates in the computational unfolding.61 In most of the trajectories 

we also found an earlier event resulting in a lower force peak. These rupture processes 

correspond to the breaking of the mechanical clamp characteristic of the Ig-like fold 

(Supplementary Figure S10b).62,63 Specifically, the hydrogen bonds formed between the 

A and B/G β-strands are broken first, resulting in the low force peak, and those between the 

A′ and G strands come second and are the main determinants of the mechanical strength 

of the domain observed experimentally.62 We show snapshots taken from one WT trajectory 

illustrating the different steps in the mechanical unfolding of WT C3 in Supplementary 

Figure S10c. The events captured by this trajectory resemble observations for both the WT 

and the mutant domain in all replicates. Hence, although we detect a tendency to lower 

unfolding forces in R495W (WT: 729 ± 54 pN; R495W: 619 ± 29 pN; errors are standard 
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error of the mean (SEM), p = 0.15; two tailed unpaired t test), no noticeable changes in 

the mechanical unfolding pathways of WT and R495W were observed. We could detect no 

interaction between residue 495 and the mechanical clamp either, so taking into account all 

evidence from the simulations, we consider highly unlikely that the R495W mutation causes 

major changes in the mechanical unfolding mechanism of C3. An alternative possibility 

is that the mechanical changes induced by the mutation are mediated by subtle allosteric 

rearrangements. This type of coupling may be challenging to capture in MD simulations, 

due to the weak cooperativity of classical force fields.64

Mechanical Folding in Missense Mutants of cMyBP-C.

To determine the ability of the different C3 domains to refold following mechanical 

unfolding, we did unfolding–quench–probe experiments (Figure 5a).65 In these experiments, 

proteins are first pulled in a force ramp to high forces (unfolding pulse). Then, force is 

relaxed to 0 pN, at which domains can regain the folded state (quench pulse). Finally, 

in the probe pulse, the protein is pulled back to high forces. Unfolding steps in the 

probe pulse report on domains that refolded during the quench pulse. To obtain folding 

fractions, the number of unfolding events in the probe and unfolding pulses are compared. 

Folding rates (rf) were estimated by measuring folding fractions at different quench times. 

Compared to WT, R502Q shows a 13× increased rf. The remaining pathogenic mutations 

and nonpathogenic variants do not cause significant changes in folding rate (Figure 5b,c; 

Supplementary Figure S11; Table 1).

cMyBP-C Nanomechanical Phenotypes in Context.

It has been proposed that HCM mutations lead to increased sarcomeric output and myocyte 

hypercontractility.22,66–68 Indeed, mavacamten, an inhibitor of myosin motor activity, is 

able to prevent development of HCM in mouse models69 and also shows beneficial 

effects in clinical trials.7 Many HCM-causing mutations in myosin affect directly the 

mechanochemical cycle of the protein, resulting in enhanced force generation.70,71 In 

addition, the proportion of low-activity SRX myosin heads is decreased in HCM myocytes 

devoid of cMyBP-C but is normalized upon treatment with mavacamten.22,72,73 The 

emerging unifying view is that, regardless of the specific mutation, HCM is primarily a 

mechanical disease at the molecular level; however, it remains unknown how missense 

mutations in the central region of cMyBP-C can lead to hypercontractility.74 In this work we 

have studied several pathogenic mutations targeting the central C3 domain of cMyBP-C, the 

region of the protein with the highest number of HCM-causing missense mutations.15,37,44 

We verified that our variants do not induce classical protein haploinsufficiency drivers 

specifically associated with other HCM mutations (Supplementary Figures S1, S4).44 Hence, 

these variants trigger HCM by yet-to-identify molecular mechanisms.

The modulatory mechanisms of cMyBP-C on contraction are complex and far from 

being completely understood. While the C8–C10 C-terminal domains of cMyBP-C 

play a structural role providing strong anchorage to the thick filament, the C0–C2 N

terminal fragments can bind both actin filaments and myosin globular heads, resulting in 

sophisticated control of their activity through direct mechanical load (Figure 1b) or via 
conformational changes that are dependent on phosphorylation and calcium levels.16 In 
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this highly intricate regulatory landscape, several possibilities can be envisioned by which 

altered cMyBP-C nanomechanics, as detected here for R495W and R502Q mutants (Figures 

4d, 5c), can perturb sarcomere function.

Let us first consider a purely mechanical scenario. Current models on cMyBP-C modulation 

of sarcomere contraction state that the central region of the protein is subject to end-to

end mechanical force that results in a viscous drag slowing actomyosin motion (Figure 

1b).16,23,25–27,75,76 This drag force depends on cMyBP-C stiffness. If we assume that five 

cMyBP-C domains bridge radially the thick and thin filaments,13 using the freely jointed 

chain (FJC) model of polymer elasticity,77 we can predict that the force experienced by 

cMyBP-C tethers increases by >250% during a 10 nm myosin power stroke (4.4 nm contour 

length, Lc, per domain, and 20 nm Kuhn length, Lk) (Figure 6).78 This force is expected to 

decrease to less than pre-power-stroke values if a cMyBP-C domain mechanically unfolds 

in the process (Lc = 0.4 nm per amino acid, 90 amino acid domain size, Lk = 1.32 nm 

for unfolded polypeptide regions).78 According to our AFM data, this low-force state is 

up to 66% more frequent in mutant R495W (Figure 4d), which is expected to reduce the 

average viscous load generated by mutant cMyBP-C. We speculate that the higher speed 

of folding detected for R502Q could alter other steps of the mechanochemical cycle of 

actomyosin filaments, for instance by generating more mechanical work during relaxation.79 

It is important to stress that force estimates in Figure 6 are highly dependent on the specific 

geometry of cMyBP-C tethers and on the mechanical parameters considered. Although 

the model exemplifies how cMyBP-C viscous load can be reduced by mechanically labile 

domains, the exact forces experienced by cMyBP-C in the sarcomere, which so far remain 

unknown, may differ from the values shown in Figure 6.

The interaction of N- and C-terminal domains of cMyBP-C with several sarcomeric proteins, 

resulting in modulation of their activity, is well documented.16 The possibility exists that 

the central domains of cMyBP-C transitorily participate in those binding reactions or 

have yet unidentified binding partners. Hence, as described in mutants targeting N- and 

C-terminal domains,40,80,81 mutations in central domains of cMyBP-C could also interfere 

with binding reactions either directly or allosterically. Indeed, we have proposed that 

hampered interaction of cMyBP-C with the mesa region of myosin can lead to sarcomere 

hypercontractility and HCM.68 In this regard, we have found that the C3 domain of 

cMyBP-C binds myosin sS1 with an affinity that is comparable to that of C0C2-sS1 

interaction (Supplementary Figure S12, see Methods). This unexpected observation raises 

the possibility that mutations in C3 perturb the interaction between cMyBP-C and myosin, 

altering the number of myosin heads available for force generation as recently observed for 

myosin R403Q.82 Furthermore, we speculate that the mechanical unfolding of cMyBP-C 

central domains could result in the reinforcement or disarming of binding sites, similarly 

to other proteins under mechanical load such as titin and talin.65,83 In this scenario, 

altered mutant cMyBP-C nanomechanics would also cause perturbations of the interaction 

landscape of cMyBP-C.

Truncating mutations in cMyBP-C that cause HCM result in normal levels of mutant mRNA 

but no detectable truncated polypeptide in the myocardium, probably due to its degradation 

by cellular protein quality control systems, such as the ubiquitin/proteasome system 
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(UPS). Beyond insufficient mechanical modulation in cMyBP-C-deficient myocardium, the 

exhaustion of these protein control systems can also contribute to the pathogenesis of 

HCM.84–87 Since mechanical destabilization results in increased protein unfolding, a well

known trigger of the UPS,88 it is possible that nanomechanical destabilization of cMyBP-C 

missense mutants can result in activation of protein quality control systems.

CONCLUSIONS

Our single-molecule experiments show that pathogenic missense mutations in cMyBP-C 

can induce mechanical destabilization and alteration in the mechanical folding properties 

of the targeted domain. We propose that these nanomechanical phenotypes, which are not 

found in nonpathogenic variants, can perturb the function of cMyBP-C in the sarcomere by 

several mechanisms, potentially contributing to HCM pathogenesis. Similar nanomechanical 

phenotypes may be also found in pathogenic mutations targeting other proteins with 

mechanical roles, such as titin,89 talin,90 filamin,91 lamin,92 and α-catenin.93 Future studies 

will investigate the prevalence of nanomechanical phenotypes in other cMyBP-C mutations, 

as well as their impact in low-force transitions that are now amenable for experimental 

observation94 and in the mechanical output of mutant actomyosin filaments.26

METHODS

Human Samples.

The procurement of human samples was achieved following the principles outlined in 

the Declaration of Helsinki according to a project approved by the Comitéde Ética de 

Investigación of Instituto de Salud Carlos III (PI 39_2017) and by the Ethics Committee of 

the Naples University Federico II “Carlo Romano” (Protocol number 157/13).

Selection of Mutants.

Nonpathogenic variants have allele frequencies that are incompatible with HCM 

prevalence.44 The four pathogenic mutations are enriched in HCM patients with respect 

to control population and have been found in multiple families cosegregating with the 

disease (criteria PS4 and PP1 of pathogenicity by the American College of Medical 

Genetics, respectively), as retrieved from the Health in Code (HIC)-Mutations database. 

HIC-Mutations encompasses information about >155 000 individuals from thousands of 

articles in the literature as well as from HIC clinical reports.

Analysis of RNA Splicing.

Leukocytary fractions from venous blood were treated with Trizol (Thermo Fisher 

Scientific) to extract total RNA. Then, cDNA was obtained by retro-transcription of 

total RNA with random primers and Superscript IV VILO Master Mix (Thermo Fisher 

Scientific). To amplify the region spanning MYBPC3 exons 15 through 21, we used 

primers MyBPC forward (5′-CAAGCGTACCCTGACCATCA-3′) and MyBPC reverse 

(5′-GGATCTTGGGAGGTTCCTGC-3′). To avoid amplification of genomic DNA, the 

annealing region of the reverse primer targets the exon 20/21 junction (Supplementary 

Text S1). The resulting PCR amplification products were purified using the Qiaquick PCR 
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purification kit (Qiagen). Finally, the purified fragments were sequenced using the Sanger 

method. We consider that standard RNA processing is not altered when electropherograms 

allow the unambiguous reading of the expected WT MYBPC3 cDNA sequence at the 

junction between exons 16, 17, and 18. Since patients carry mutations in heterozygosis, a 

double peak corresponding to the WT and mutant base was detected at the variant position, 

as expected.

Protein Expression and Purification.

The production and purification of the (C3)8 polyproteins was done as reported 

before,49 except for the case of nonpathogenic variants, which were also expressed 

by overnight induction of BLR(DE3) E. coli cultures with 0.4 mM isopropyl β-D-1

thiogalactopyranoside, at 18 °C and 250 rpm agitation. Mutations were introduced by PCR. 

Polyprotein-coding mutant cDNAs were obtained by an iterative cloning strategy using 

BamHI, BglII, and KpnI restriction enzymes, as described.95,96 To produce monomeric 

C3 domains, the corresponding cDNA was cloned in a custom-modified pQE80L plasmid 

using BamHI and BglII restriction enzymes. Sanger sequencing was performed on all 

final expression plasmids. Monomers and mutant polyproteins were purified following the 

same protocol as for wild-type (C3)8,49 which includes two rounds of purification using 

nickel-based affinity and size-exclusion chromatographies. In this final step, elution was 

carried out in 10 mM Hepes, pH 7.2, 150 mM NaCl, and 1 mM EDTA for polyproteins, 

while monomers were generally recovered in 20 mM NaPi, pH 6.5, and 63.6 mM NaCl 

(CD buffer). SDS-PAGE analysis was carried out to evaluate the purification process 

and to identify the purest and highest concentrated fractions. Proteins were stored at 

4 °C. For chemical denaturation, size-exclusion chromatography was done in 50 mM 

ammonium bicarbonate pH 7, and resulting samples were freeze-dried using a VirTis 

BenchTop K lyophilizer (40–100 mTorr, >12 h). To conduct chemical denaturation and 

renaturation experiments, proteins were reconstituted in CD buffer including appropriate 

urea concentrations. When needed, protein reconstitution was followed by concentration 

using Amicon-Ultra 0.5 mL centrifugal filter unit 3 K (Sigma) to reach suitable protein 

concentrations. Alternatively, protein samples were not freeze-dried but buffer-exchanged 

using Amicon-Ultra devices. The motor domain of human β-cardiac myosin expressed 

recombinantly as a single-headed short S1 construct (sS1) was used for binding experiments 

(see below). The sS1 construct with an eight-residue PDZ-binding affinity clamp motif at 

the C-terminus (sS1-AC) was coexpressed with FLAG-tagged human essential light chain 

in murine myoblast cells (C2C12) using adenoviral vectors. As described previously,97 

sS1-AC was purified using FLAG affinity chromatography followed by anion-exchange 

chromatography. The cMyBP-C C0C2 fragment was purified as described before.68

Circular Dichroism.

CD experiments were conducted in a Jasco J-810 spectropolarimeter. To obtain CD spectra, 

protein fractions at 0.1–0.5 mg/mL were tested in CD buffer, and signal was recorded 

every 0.2 nm at a speed of 50 nm/min. Data were collected with standard sensitivity (100 

mdeg). Four different scans were performed for each construct, which were later averaged 

to obtain the final spectra. The baseline contribution of the CD buffer was subtracted from 

all protein spectra (including those in the presence of urea, see below), which were finally 
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normalized according to protein concentration. Protein concentrations were estimated from 

A280 measurements considering theoretical extinction coefficients according to ProtParam 

Tool (Supplementary File S1).98 To examine thermal stability, protein samples were heated 

at 30 °C/h from 25 to 85 °C using a Peltier temperature controller while recording CD signal 

at 215 nm (0.5 °C data pitch). The recorded CD signal changes as the protein denatures and 

unfolds, and the melting temperature (Tm) was calculated by performing a sigmoidal fitting 

to the denaturing curves using IGOR Pro (Wavemetrics). A 0.1 cm path-length cuvette was 

used in these thermal denaturation experiments, resulting in 370–400 V dynode voltage 

signals. Chemical denaturation was investigated by progressively adding urea to the protein 

samples to a final concentration of 5.8–6.5 M while recording CD spectra.54 With that aim, 

an 8 M urea stock was prepared in CD buffer. Urea solutions were used on the same day 

they were prepared or stored at −80 °C for no longer than 24 h. Due to urea addition, protein 

samples were diluted from 0.5–0.8 mg/mL to 0.1–0.2 mg/mL at the end of the titration. 

To accommodate this decrease in protein concentration, both 0.1 and 0.2 cm path-length 

cuvettes were used. To improve signal-to-noise ratio, normalized CD spectra were smoothed 

by means of a binomial algorithm using IGOR Pro (Wavemetrics). Chemical denaturation 

curves were obtained by plotting the CD signal at 217 nm at increasing urea concentrations 

since this wavelength shows the largest differences between folded and unfolded spectra. 

Denaturation curves were then fitted to eq 2, which considers that ΔG of unfolding is 

linearly dependent on the concentration of urea:99

f x = Y n + mnx + Y u + mux e− ΔG + mx /RT

1 + e− ΔG + mx /RT (2)

where x is the urea concentration; Yn and Yu are the native and unfolded CD signals 

in the absence of urea, respectively; mn and mu consider the dependence of the CD 

signals with urea concentration for the native and unfolded states, respectively; m is the 

slope determining ΔG variation with urea concentration; R is the gas constant; and T is 

the absolute temperature. For simplicity, we considered mn and mu as zero, which is in 

agreement with the CD signal plateaus observed at low and high urea concentrations in 

most of the denaturing curves. Fitting of denaturation curves was done using IGOR Pro 

(Wavemetrics). To study the reversibility of the unfolding reaction, first we induced the 

denaturation of the protein samples in the presence of high urea concentrations of 5.8–6.4 

M. From this starting point, CD buffer was progressively added so that the urea was diluted 

to a final concentration of around 0.7 M. Hence, protein concentration decreased during the 

titration from 0.6–0.8 mg/mL to 0.06–0.09 mg/mL. As in the denaturation experiments, 0.1 

and 0.2 cm path-length cuvettes were used depending on protein concentration. To track the 

renaturation process, CD spectra were processed as explained above for the denaturation 

transitions.

Single-Molecule Atomic Force Spectroscopy.

Single-molecule AFM experiments were done in an AFS force-clamp spectrometer (Luigs & 

Neumann).45 1–20 μL of a 0.04–1.5 mg/mL solution of the purified polyprotein in 10 mM 

Hepes, pH 7.2, 150 mM NaCl, and 1 mM EDTA buffer were deposited onto a gold-coated 

coverslip (Luigs & Neumann). We used silicon nitride MLCT cantilevers (Bruker AFM 
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Probes), with a reflective 60 nm gold coating on their back side. These cantilevers were 

calibrated using the thermal fluctuations method.100 Typical spring constants were in the 

range of 15–20 pN/nm. Single polyproteins were picked up by pressing the cantilever onto 

the gold surface at a contact force of 500–2000 pN for 0.8–2 s and subject to a 40 pN/s 

linear increase in force until their detachment. During this stretching, the length of the 

polyprotein is measured and unfolding events are detected as specific stepwise increases 

in extension. The mechanical unfolding of C3 domains results in steps of 24–25 nm; only 

traces containing two or more unfolding events and with detachment forces >175 pN were 

analyzed.49 Traces where the fingerprint was interrupted by unidentifiable events were 

discarded. Unfolding forces were recorded in at least three different experiments performed 

with different cantilevers. Only experiments with low laser interference (peak-to-peak height 

in baseline force–extension traces lower than 25 pN) were included in the analysis of 

unfolding forces.45 Mean unfolding forces were obtained from Gaussian fits to histograms 

of unfolding forces. Some of the unfolding data for WT C3 have also been included in a 

technical report.49 Distributions were also fit to Bell’s model of protein unfolding under a 

force ramp to get the value of the unfolding rate at zero force, r0, and the distance to the 

transition state, Δx.56 For folding experiments, we programmed a force regime consisting 

of two ramps separated by a quench pulse. To quantify folding rates, we calculated folding 

fractions at different quench times. The bootstrap method was used to estimate standard 

errors of the mean for the folding fractions.58 Time courses of folding were fit to an 

exponential function:

Fr t = R 1 − e−rft
(3)

where Fr(t) is the folding fraction as a function of time, R is the maximum folding fraction, 

and rf is the folding rate. Fits considered that the folding reaction was complete at 40 

s. Values of R < 1 in the folding of Ig domains are common and are due to misfolded 

states that are highly dependent on experimental conditions.65,101 Hence, we focused on 

folding rate, which is a more robust molecular parameter. Analysis was done in IGOR Pro 

(Wavemetrics).

Molecular Dynamics Simulations.

To explore the conformational dynamics of the mechanical unfolding of WT and R495W 

C3, we ran atomistic MD simulations in explicit solvent. In the case of WT, we used as 

starting point the first structural model of the experimental NMR structure of C3 (2mq0).30 

Since the structure of the mutant is not available, we generated it from the WT structure 

using the swapaa command implemented in Chimera.102 For both systems we followed 

identical simulation protocols. First we put the protein at the center of a simulation box with 

30 nm in its longest dimension and 6 nm length in the other two dimensions. The protein 

was then solvated with ∼35 000 water molecules and Na+ and Cl− ions were introduced 

to enforce electroneutrality at a ∼0.1 M ion concentration. The boxes were then energy 

minimized and equilibrated using a 100 ps NVT simulation with position restraints in the 

protein heavy atoms, followed by a 200 ps NPT run to equilibrate the density. Starting 

from the last snapshot of this simulation, we ran three independent pulling simulations 

with a 10−5 nm/ps pulling speed for the separation between the N- and C-termini in the 
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longest box dimension and a harmonic force constant of 1000 kJ/(mol·nm2). The equations 

of motion were integrated using a leapfrog stochastic dynamics integrator using a time 

step of 2 fs. Electrostatics were calculated using the particle-mesh Ewald method103 and a 

real-space 1.2 nm cutoff. Simulations were performed using the CHARMM36m force field 

and the modified version of the TIP3P water model.104–106 All simulations were performed 

using the Gromacs software package (versions 2018 and 2020).107 For the analysis of the 

simulation runs, we combined the suite of Gromacs analysis programs with the MDtraj 

Python library.108

Binding Assays by Microscale Thermophoresis.

The possibility of a direct interaction between myosin and C3 was investigated using 

microscale thermophoresis (MST) measurements, a technique that readily captures the 

interaction between cMyBP-C and myosin sS1.68 C3 protein was prepared in a buffer 

containing 10 mM Tris-HCl (pH 7.5), 4 mM MgCl2, 1 mM EDTA, 1 mM DTT, and 50 

mM KAc. C3 was fluorescently labeled via its His-tag using a commercially available 

His-tag labeling kit following the manufacturer’s protocol (NanoTemper Technologies). A 

detailed method of determination of binding affinity of two proteins using MST has been 

previously described.68 Briefly, unlabeled sS1-AC was titrated into a fixed concentration 

of fluorescently labeled C3 protein (84 nM). The experiment was carried out in a buffer 

containing 10 mM Tris-HCl at pH 7.5, 4 mM MgCl2, 1 mM EDTA, 1 mM DTT, 50 mM 

KAc, 1 mM ATP, and 0.05% Tween-20. Sixteen different concentrations of sS1-AC were 

prepared by serial dilution and mixed with fluorescently labeled C3 to generate a full 

binding isotherm. The mixture was incubated in the dark for 30 min at 23 °C. Samples 

were then loaded into NT.115 premium-treated capillaries (NanoTemper Technologies) and 

mounted in a Monolith NT.115 apparatus (NanoTemper Technologies) for data acquisition. 

C3 fluorescence was measured using a red LED (excitation 605–645 nm; emission 680–

685 nm) at 45% excitation power; an IR laser was used at 60% power. All data were 

acquired at 23 °C. Data analysis was carried out with NT Affinity Analysis software 

(NanoTemper Technologies), which derives binding isotherms from the raw fluorescence 

traces. Following the same protocol, C0C2-sS1 binding isotherms were also set up for 

reference. Two independent measurements from two different preparations of C0C2, C3, and 

sS1 proteins were carried out.

Statistics.

Unless indicated otherwise, statistical significance of the differences in parameters between 

WT and mutant domains were inferred from 83% confidence intervals, which were 

estimated using IGOR Pro (Supplementary File S1, Table 1). No overlapping intervals 

suggest that the null hypothesis can be rejected with p < 0.05.109,110

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Overview of the mechanical role of cMyBP-C in the sarcomere. (a) Comparison of a 

healthy heart and an HCM counterpart, which shows thicker left ventricular walls and 

reduced left ventricle volume. Inset: Schematics of the sarcomere, whose contraction relies 

on actin-based thin filaments that glide over myosin-containing thick filaments thanks to 

myosin power strokes. cMyBP-C (in yellow) is located in the C-zone, a part of the A-band 

of the sarcomere. The M-line and the Z-line structures, which arrange filaments supporting 

sarcomere organization, are also shown.1 (b) cMyBP-C tethers are subject to mechanical 

force during a 10 nm myosin power stroke. Interfilament distance is indicated.
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Figure 2. 
cMyBP-C variants tested in this report. The variants target the C3 central domain of cMyBP

C. Inset: The variants, which induce single nucleotide substitutions in MYBPC3 exon 17, 

are presented using both cDNA and protein nomenclatures. Variants are colored according 

to their pathogenicity (red: pathogenic mutations; green: nonpathogenic variants). MYBPC3 
exons 16 and 17 code for the C3 domain, and the position of their acceptor (a) and donor 

(d) splicing sites in the cDNA sequence is indicated. The ribbon diagram presents the 

immunoglobulin (Ig)-like fold of the C3 domain, in which several β-strands arrange in a 

Greek key β-sandwich (pdb code 2mq0).30 The side chains of the residues targeted by the 

variants are highlighted.
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Figure 3. 
Characterization of the mechanical stability of WT and mutant C3 domains by single

molecule force spectroscopy by AFM. (a) Left: cMyBP-C tethers experience end-to-end 

mechanical force during the contraction of actomyosin filaments in systole. The position 

of the C3 domain within cMyBP-C is indicated. Right: The mechanical properties of a 

(C3)8 polyprotein are measured using single-molecule AFM. In these experiments, a single 

polyprotein is tethered between a cantilever and a moving piezo actuator, and its length 

is recorded while a linear increase in force is applied. Unfolding events are detected as 

step increases in the length of 24–25 nm.49 (b) Cumulative probability of unfolding with 

force for WT (n = 1033 unfolding events) and R502Q domains (n = 1254 unfolding events) 

during a 40 pN/s force ramp. (c) Mean unfolding forces in force-ramp experiments, as 

obtained from Gaussian fits to distributions of unfolding forces (see also Table 1). Error bars 

correspond to 83% confidence intervals. Bars are colored according to the pathogenic status 

of the mutation (pathogenic, red; nonpathogenic, green).
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Figure 4. 
Characterization of r0 and Δx parameters of WT and mutant C3 domains according to Bell’s 

model. (a) Distributions of unfolding forces obtained for WT and R502Q domains in a 40 

pN/s force ramp. Distributions were fit to Bell’s model56 (solid lines), and the resulting rate 

of unfolding at zero force, r0, and distance to the transition state, Δx, are indicated. (b, c) 

r0 and Δx values for WT and mutant C3 domains (see also Supplementary Figure S9 and 

Table 1). Error bars correspond to 83% confidence intervals. Bars are colored according 

to the pathogenic status of the mutation (pathogenic, red; nonpathogenic, green). (d) Force 

dependency of rates of unfolding, r, according to Bell’s model (red: pathogenic, green: 

nonpathogenic). 83% confidence intervals are indicated as shaded areas.
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Figure 5. 
Characterization of mechanical folding of WT and mutant C3 domains. (a) Representative 

trace of mechanical refolding experiments by AFM. A single (C3)8 polyprotein is subject to 

an unfolding pulse; then force is quenched to 0 pN, and finally the protein is pulled again 

to high forces in a probe pulse. Folding fractions are calculated comparing the number of 

unfolding events in the probe and the unfolding pulses. In the example shown, 5 out of 

7 domains refolded during the quench pulse. (b) Folding fractions of WT and R502Q C3 

domains at different quench times. Lines are exponential fits to the data. Error bars are SEM 

estimated by bootstrapping58 (n ≥ 56 and n ≥ 86 unfolding events for all WT and R502Q 

data points, respectively). (c) Mechanical folding rates for WT C3 and its mutants, obtained 

from exponential fits to refolding data (see also Supplementary Figure S11 and Table 1). 

Error bars are 83% confidence intervals. Bars are colored according to the pathogenic status 

of the mutation (pathogenic, red; nonpathogenic, green).
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Figure 6. 
Model of mechanical modulation by cMyBP-C tethers and the influence of domain 

unfolding. FJC-estimated increase in force generated by a fully folded cMyBP-C tether 

(black) during a myosin power stroke. If one of the domains of cMyBP-C unfolds, force is 

reduced (orange). The model considers a radial distribution of domains C3–C7,13 and that 

anchoring C2 and C8 domains (not shown for simplicity) are located at the center of the thin 

and thick filaments, respectively, so that they contribute half their diameter to bridge the 23 

nm interfilament space.19 The increase in cMyBP-C length during a myosin power stroke 

was estimated using the Pythagorean theorem considering a 10 nm power stroke.12 In the 

graph, we also considered that cMyBP-C can dissociate from actin sites at a slower rate than 

that of myosin power strokes. Mutation R495W increases the rate of mechanical unfolding 

of C3, whereas R502Q leads to faster C3 folding at low forces.
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Table 1.

Nanomechanical Properties of WT and Mutant C3 Domains
a

variant pathogenic variant ⟨Fu⟩ (pN) r0 (s−1) Δx (nm) rf (s−1)

R495Q yes 89.0 ± 0.6 0.009 ± 0.001 0.25 ± 0.01 0.28 ± 0.14

R495W yes 87.7 ± 2.4 0.020 ± 0.004 0.21 ± 0.01 0.11 ± 0.03

R502Q yes 85.0 ± 0.3 0.011 ± 0.002 0.25 ± 0.01 2.1 ± 0.8

R502W yes 87.6 ± 0.2 0.012 ± 0.002 0.23 ± 0.01 0.08 ± 0.02

G507R no 87.6 ± 0.5 0.009 ± 0.001 0.25 ± 0.01 0.17 ± 0.10

A522T no 79.3 ± 0.3 0.009 ± 0.001 0.28 ± 0.01 0.14 ± 0.04

WT 90.6 ± 0.3 0.012 ± 0.002 0.22 ± 0.01 0.16 ± 0.06

a
Errors are 83% confidence intervals from the fits used to calculate the mechanical parameters. If these intervals do not overlap, differences are 

considered statistically significant (see Methods). ⟨Fu⟩, mean unfolding force; r0, unfolding rate at zero force; Δx, distance to the transition state; 

rf, folding rate.
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