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I N T R O D U C T I O N

Hypertrophic cardiomyopathy (HCM) is a primary car-
diac disease inherited in an autosomal dominant fashion 
(Spirito et al., 1997). HCM is the most prevalent cause 
of sudden cardiac death in apparently healthy young 
individuals (Fananapazir and Epstein, 1991), and is esti-
mated to affect about one in five hundred people (Maron  
et al., 1995; Seidman and Seidman, 2001). Globally, mu-
tations in cardiac myosin binding protein C (cMyBP-C), 
encoded by the human cardiac myosin binding protein 
C gene (MYBPC3) gene, are among the most prevalent 
causes of HCM, accounting for 34% of all mutations 
identified (Richard et al., 2003; Olivotto et al., 2008). 
To date, most recognized HCM-causing mutations in 
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cMyBP-C are either frame-shift or splice-site mutations, 
resulting in the translation of a truncated protein. Evi-
dence suggests that mutations of this type adversely affect 
sarcomeric function through a mechanism of haploin-
sufficiency (Niimura et al., 1998; Marston et al., 2009; 
Marston et al., 2012). Though slightly less common than 
truncation mutations, a growing number of HCM-caus-
ing single amino acid substitutions (missense mutations) 
in cMyBP-C have been identified (Olivotto et al., 2008; 
Page et al., 2012). Interestingly, missense mutations  
are frequently associated with early onset HCM (Morita  
et al., 2008), which indicates that missense mutations in 
MYBPC3 may have a profound functional consequence. 
However, the mechanisms through which mutations of 
this type alter sarcomeric function and lead to disease 
remain poorly understood.

The E258K mutation results in a substitution of the 
amino acid lysine for glutamic acid at position 258 in 
cMyBP-C. It is one of the most prevalent disease-causing 

E258K HCM-causing mutation in cardiac MyBP-C reduces contractile 
force and accelerates twitch kinetics by disrupting the cMyBP-C and 
myosin S2 interaction

Willem J. De Lange, Adrian C. Grimes, Laura F. Hegge, Alexander M. Spring, Taylor M. Brost, 
and J. Carter Ralphe

Department of Pediatrics, University of Wisconsin School of Medicine and Public Health, Madison, WI 53705
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(HCM). Although HCM-causing truncation mutations in cMyBP-C are well studied, the growing number of dis-
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in mECT lacking endogenous mouse cMyBP-C through adenoviral-mediated gene transfer. Expression of E258K 
cMyBP-C did not affect cardiac cell survival and was appropriately incorporated into the cardiac sarcomere. Func-
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force amplitude in mECT. Yeast two-hybrid analysis revealed that E258K cMyBP-C abolished interaction between 
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sin S2 by directly disrupting the cMyBP-C–S2 interface, independent of cMyBP-C phosphorylation. Similar to 
cMyBP-C ablation or phosphorylation, abolition of this inhibitory interaction accelerates contractile kinetics.  
Additionally, the E258K mutation impaired force production of mECT, which suggests that in addition to the loss 
of physiological function, this mutation disrupts contractility possibly by tethering the thick and thin filament or 
acting as an internal load.
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may alter cMyBP-C phosphorylation, indirectly disrupting 
the interaction between the N-terminal cMyBP-C and S2 
(Niimura et al., 1998). Whether direct or indirect, disrup-
tion of the cMyBP-C–S2 interaction has been postulated 
to lead to accelerated contractile kinetics and an increase 
in twitch force, resulting from an increased probability 
of cross-bridge formation, similar to that observed after 
cMyBP-C phosphorylation or ablation (de Lange et al., 
2011, 2013).

To explore the effects of the E258K mutation on con-
tractility, we generated murine engineered cardiac tissue 
constructs (mECT) lacking endogenous mouse cMyBP-C 
in which we expressed human WT E258K cMyBP-C 
(knockout [KO] adWT and KO ad258 mECT). Consis-
tent with the hypothesis that the E258K mutation dis-
rupts cMyBP-C interaction with S2, contractile kinetics 
were significantly faster in KO ad258 than in KO adWT 
mECT. Yeast two-hybrid (Y2H) experiments confirmed 
that the E258K mutation decreased the affinity of N-termi-
nal cMyBP-C for myosin S2. The observed acceleration in 
contractile kinetics did not correlate with relevant changes 
in cMyBP-C phosphorylation, which suggests that the 
E258K mutation has a direct effect on the cMyBP-C–S2 in-
teraction. Surprisingly, KO ad258 mECT produced signifi-
cantly less force than KO adWT mECT, which indicates 
that E258K may not cause disease through a simple loss-
of-function mechanism.

M A T E R I A L S  A N D  M E T H O D S

Animals
Ventricular tissue was harvested from 1-d-old homozygous  
cMyBP-C/ mouse pups that were previously generated on the 
E129X1/SvJ background (Harris et al., 2002). Pups were anes-
thetized using inhaled isoflurane before harvesting of ventricu-
lar tissue. This study was approved by the Animal Care and Use 
Committee of the School of Medicine and Public Health at the 
University of Wisconsin-Madison in accordance with the Guide 
for the Care and Use of Laboratory Animals (National Institutes 
of Health Publication No. 85-23).

mutations in MYBPC3, with 39 probands identified in 
11 independent studies (Niimura et al., 1998; Alders et al., 
2003; Nanni et al., 2003; Richard et al., 2003; Van Driest 
et al., 2004; Song et al., 2005; Ehlermann et al., 2008; 
Olivotto et al., 2008; Page et al., 2012). The E258K mu-
tation is highly penetrant, with six out of seven muta-
tion carriers in one well-studied family showing clinical 
symptoms of HCM (Niimura et al., 1998). The pheno
type is often severe with a high incidence of HCM-
related death occurring in carriers of the mutation 
(Niimura et al., 1998; Page et al., 2012). Although HCM 
is often a disease that manifests during adulthood, this 
mutation has also resulted in childhood onset of HCM 
(Morita et al., 2008). The E258K mutation affects the 
last residue of the C1 IgC2 domain, at the junction be-
tween C1 and the MyBPC motif (Fig. 1; Carrier et al., 
1997; Niimura et al., 1998; Ababou et al., 2008; Govada 
et al., 2008).

Phosphorylation of three serine residues in the 
MyBPC motif (S275, S284, and S304) by PKA and other 
kinases (Gautel et al., 1995; Barefield and Sadayappan, 
2010) causes the N-terminal domains (C1-C2) to dissoci-
ate from myosin heavy chain sub-fragment 2 (S2) and/ 
or components of the thin filament (Gruen and Gautel,  
1999; Gruen et al., 1999), thereby increasing the probabil-
ity of cross-bridge formation and accelerating contrac-
tile kinetics (Gruen and Gautel, 1999; Gruen et al., 1999; 
Razumova et al., 2006; Shaffer et al., 2009; Barefield and 
Sadayappan, 2010; Kensler et al., 2011; Sadayappan et al., 
2011). The highly conserved glutamic acid residue at posi
tion 258 of cMyBP-C forms part of a strongly acidic mo-
lecular structure at the junction of the C1 domain thought 
to constitute the MyBPC-C1–S2 interface (Ababou et al., 
2008; Govada et al., 2008). Substitution of this acidic 
residue with a basic lysine residue may weaken or ab-
rogate the interaction between C1 of cMyBPC and S2 
(Ababou et al., 2008; Govada et al., 2008). Alternatively, 
because of the proximity of this mutation to phosphory-
lation sites in the MyBPC motif, the E258K mutation 

Figure 1.  Diagrammatic representation of the domain structure of cMyBP-C. Ig domains are shown as hexagons, fibronectin-domains 
are shown as circles, and regions with a less organized domain structure are shown as light blue filled rectangles. Cardiac-specific re-
gions are shown in red. Ig and fibronectin domains are numbered as C0–C10 from the N terminus to the C terminus. The positions of 
the three physiologically relevant phosphorylation sites (Ser275, Ser284, and Ser304) in the MyBPC motif (M-motif) are indicated by 
the yellow ovals. The position of the E258K mutation in the C1 domain, adjacent to the MyBPC motif is shown above the diagram. The 
binding sites for light meromyosin (LMM), myosin-S2 (S2), and titin, as well as the region essential for correct A-band incorporation and 
the region of N-terminal cMyBP-C implicated in interactions with components of the thin filament, are indicated by the double-headed 
arrows below the diagram.
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primers E258K F, 5-CCAACTTCAATCTCACTGTCCACAAGGC
CATGGGCACCG-3; and E258K R, 5-CGGTGCCCATGGCCT
TGTGGACAGTGAGATTGAAGTTGG-3; to generate pCMV-
MYBPC3E258K. After in vitro mutagenesis, the full-length E258K 
cMyBP-C open reading frame was PCR amplified using PfuUltra 
(Agilent Technologies) according to the manufacturer’s instruc
tions using the following primer sequences: hMYBPC3 C0 
hemagglutinin (HA) F, 5-CACCATGTACCCATACGACGTCCCA
GACTACGCTATGCCTGAGCCGGGGAAG-3; and hMYBPC3 C10R, 
5-TCACTGAGGCACTCGCACCTCCAGG-3. During amplifica
tion, an HA epitope tag was added in-frame with the MYBPC3 cod-
ing region, allowing for subsequent production of N-terminally 
HA-tagged E258K cMyBP-C. The 3,855-bp PCR product thus pro-
duced was subsequently cloned into the pENTR/D-TOPO entry 
vector (Invitrogen) according to the manufacturer’s instructions. 
After characterization by DNA sequencing, the HA-tagged human 
E258K cMyBP-C encoding inserts were subcloned into the pAd/
CMV/V5-DEST adenoviral shuttle vector (component of the Vira
Power Adenoviral Expression System; Invitrogen), using the Gate-
way LR Clonase recombination system (Invitrogen) to form the 
pAd258 plasmid. ad258 adenoviral particles were produced using 
the ViraPower Adenoviral Expression System (Invitrogen), accord-
ing to the manufacturer’s instructions. In brief, the pAd258 plasmid 
was digested with PacI (New England BioLabs, Inc.) to expose the 
left and right viral inverted terminal repeat sequences before trans-
fection into the 293A cells using Lipofectamine 2000 (Invitrogen) 
according to the manufacturer’s instructions. Viral particles were 
harvested from 293A cells by repeated rapid freeze-thaw, 18 d after 
transfection. The crude, low-titer ad258-containing lysates were 
subsequently used to reinfect fresh 293A cells, from which ad258 
was harvested, purified, and titrated according to the manufacturer’s 
instructions (Invitrogen).

mECT construction
cMyBP-C/ neonatal mouse ventricular cells suspended in 
mouse media were rotated at 50 rpm on a gyratory shaker  
(195 mm diameter) for 6–8 h at 37°C and 5% CO2 to allow ag-
gregation of small, uniform clusters of viable cells. For produc-
tion of KO adWT and KO ad258 mECT, cMyBP-C/ cardiac cells 
were transduced with adWT or ad258 at a multiplicity of infection 
(MOI) of 20 during the rotational culture period. After rotational 
culture, 8.0 × 105 CMs were suspended in 83.3 µl mouse media 
and added to 116.7 µl of an mECT matrix mixture consisting of  
66.7 µl 2 mg/ml acid soluble rat-tail collagen type I, pH 3.0, (Sigma-
Aldrich), 8.3 µl 10× MEM (Gibco), 8.3 µl reconstitution buffer 
(200 mmol/liter NaHCO3 [Gibco], 200 mmol/liter Hepes [Sigma-
Aldrich], and 100 mmol/liter NaOH [Sigma-Aldrich]), and 33.3 µl 
Matrigel (BD). 200 µl of the cell/matrix suspension were cast into 
20 mm × 3 mm cylinder constructs using a Flexcell Tissue Train 
silicone membrane culture plate (Flexcell International) and in-
cubated under preprogrammed vacuum conditions for 120 min 
(37°C, 5% CO2) to form cylindrical-shaped mECT constructs that 
were attached at each end to fibrinous tabs. Upon matrix poly
merization, mouse media was added to the mECT within the 6-well 
culture dish. mECT constructs were maintained in culture for 7 d 
with media changes every other day.

Adenoviral transduction of cardiac cells in 2D primary culture
To assess adenoviral transduction efficiency, cMyBP-C/ neo
natal mouse ventricular cardiac cells suspended in mouse media 
were plated in 12-well flat bottom tissue culture plates (Falcon; BD) 
at a density of 2 × 105 CMs per well. CMs were allowed to adhere to 
the surface of the dish for 48 h before transduction with adWT or 
ad258 at MOIs of 0, 5, 10, 20, 50, and 100. The adenovirus-contain-
ing media was removed and replaced with mouse culture media  
24 h after transduction, and cells were cultured for an additional  
48 h before harvesting of RNA or protein.

Isolation of neonatal mouse ventricular cardiac cells
Ventricular cardiac cells were isolated using enzymatic dissocia-
tion as described previously (de Lange et al., 2011). In brief, 
excised ventricular tissue was minced, suspended in 3 mg/ml 
collagenase type II (Gibco) in KG buffer, pH 7.4, and incubated  
at 37°C for 20 min with gentle agitation. KG buffer consisted of:  
127 mmol/liter l-glutamic acid potassium salt monohydrate 
(Sigma-Aldrich), 0.1335% (wt/vol) NaHCO3 (Gibco), 16.5 mmol/
liter d-glucose (Sigma-Aldrich), 0.42 mmol/liter Na2HPO4 (Sigma-
Aldrich), and 25 mmol/liter HEPES (Sigma-Aldrich). Ventricu-
lar tissue was subsequently resuspended and agitated in 0.025% 
trypsin (Gibco) in KG buffer for 10-min intervals until dispersed. 
Cells were pelleted at 200 g and resuspended in mouse culture 
media consisting of: 60.3% high-glucose Dulbecco’s modified 
Eagle medium (DMEM; Gibco), 20% F12 nutrient mix (Gibco) 
supplemented with 1 mg/ml gentamicin (Sigma-Aldrich), 8.75% 
fetal bovine serum (HyClone), 6.25% horse serum (HyClone), 
1% Hepes (Sigma-Aldrich), 1× nonessential amino acid cocktail 
(Gibco), 3 mmol/liter sodium pyruvate (Gibco), 0.00384% (wt/vol)  
NaHCO3 (Gibco), and 1 µg/ml insulin (Sigma-Aldrich). Cell 
suspensions were preplated into P100 cell culture dishes and in-
cubated at 37°C for 45 min to allow preferential attachment of 
nonmyocyte cell populations and enrichment of cardiomyocyte 
population. Cardiac cells remaining in suspension were collected, 
checked for viability by dye-exclusion, counted, and prepared for 
subsequent ECT construction.

Generation of human WT MYBPC3-expressing 
adenovirus (adWT)
Generation of adWT was previously described in detail (de Lange 
et al., 2011). In brief, full-length human MYBPC3 cDNA in pCMV-
SPORT6 (pCMV-MYBPC3) was obtained from Thermo Fisher 
Scientific. The full-length cMyBP-C open reading frame was sub-
sequently PCR amplified using PfuUltra (Agilent Technologies) 
according to the manufacturer’s instructions using the following  
primer sequences: hMYBPC3 C0 Myc F, 5-CACCATGGAACAAAAA
CTTATTTCTGAAGAAGATCTGATGCCTGAGCCGGGGAAG-3; 
and hMYBPC3 C10R, 5-TCACTGAGGCACTCGCACCTCCAGG-3. 
During amplification, a Myc epitope tag was added in-frame with 
the MYBPC3 coding region, allowing for subsequent production of 
N-terminally Myc-tagged WT cMyBP-C. The 3,855-bp PCR product 
thus produced was subsequently cloned into the pENTR/D-TOPO 
entry vector (Invitrogen) according to the manufacturer’s instruc-
tions. After characterization by DNA sequencing, the Myc-tagged 
human cMyBP-C encoding inserts were subcloned into the pAd/
CMV/V5-DEST adenoviral shuttle vector (a component of the 
ViraPower Adenoviral Expression System; Invitrogen), using the 
Gateway LR Clonase recombination system (Invitrogen) to form 
the pAdWT plasmid. adWT adenoviral particles were produced 
using the ViraPower Adenoviral Expression System (Invitrogen), 
according to the manufacturer’s instructions. In brief, the pAdWT 
plasmid was digested with PacI (New England BioLabs, Inc.) to 
expose the left and right viral inverted terminal repeat sequences 
before transfection into the 293A cells using Lipofectamine 2000 
(Invitrogen), according to the manufacturer’s instructions. Viral 
particles were harvested from 293A cells by repeated rapid freeze-
thaw, 18 d after transfection. The crude, low-titer adWT-containing 
lysates were subsequently used to reinfect fresh 293A cells, from 
which adWT was harvested, purified, and titrated according to the 
manufacturer’s instructions (Invitrogen).

Generation of human E258K MYBPC3-expressing 
adenovirus (ad258)
In vitro mutagenesis was performed on pCMV-MYBPC3WT 
(Open Biosystems) using the QuikChange II site-directed mu-
tagenesis kit (Agilent Technologies) according to the manu-
facturer’s instructions, using the following E258K mutagenesis 
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for 5 min, then briefly washed in cold 1× PBS and lysed in RIPA 
isolation buffer. KO adWT and KO ad258 mECT were cut in half; 
one half was treated with dobutamine as described, the other half 
was placed immediately in RIPA buffer for protein isolation. Ly-
sates were also prepared from ex vivo dobutamine-treated hearts 
excised from neonatal and 5-wk-old WT mice. Protein lysates were 
electrophoresed using precast 4–20% Criterion Gels (Bio-Rad 
Laboratories; 30 µg for lysates from cells in 2D culture and mECT, 
1 µg for hearts). After electrophoresis, proteins were transferred 
to Immobilon-FL membranes (EMD Millipore) using standard 
techniques. Membranes were subsequently blocked for 1 h with 
Odyssey blocking buffer (LI-COR Biosciences) before overnight 
hybridization with primary specific antibodies. Membranes were 
incubated with a goat anti–cMyBP-C polyclonal antibody diluted 
at 1:200 (sc-50115; Santa Cruz Biotechnology, Inc.) that was able 
to detect both human and mouse cMyBP-C. Additionally, the 
three phosphorylation sites of cMyBP-C were detected with rab-
bit anti–phospho-Ser275, -Ser284 (ALX-215-057-R050; Enzo Life 
Sciences), and -Ser304 polyclonal antibodies diluted at 1:1,000 
(anti–phospho-Ser275 and -Ser304 were provided by S. Sadayappan, 
Loyola University, Chicago, IL). Glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH), used as a loading control, was detected 
with a rabbit anti-GAPDH polyclonal antibody diluted at 1:2,000 
(G9545; Sigma-Aldrich). Primary antibodies were subsequently 
visualized by incubating the membranes for 1 h in donkey anti–
goat IgG (Alexa Fluor 546; Life Technologies) or goat anti–rab-
bit IgG (Alexa Fluor 647; Life Technologies) immunofluorescent 
secondary antibodies diluted at 1:10,000 using a ChemiDoc MP 
imaging system (Bio-Rad Laboratories) according to the manu-
facturer’s instructions.

Immunohistochemistry
For immunohistochemistry, mECT constructs were rinsed  
1 × 1 min in 0.1 mol/liter KCl to relax the sarcomeres and then 
1 × 1 min in 1× PBS, pH 7.6, before being fixed in Dent’s fixative 
(80% methanol:20% DMSO) for 2 h at 4°C. Constructs were then 
dehydrated in methanol series and stored at 20°C for at least 24 h 
and up to 1 wk. For sectioning, fixed constructs were warmed to 
room temperature, transferred directly to xylenes, and allowed to 
equilibrate for 5 min before being placed in paraffin and main-
tained at 60°C for 90 min. They were subsequently embedded in 
fresh, hot (68°C) paraffin in disposable plastic molds and allowed 
to cool before being sectioned at 8 µm on a microtome (RM2165; 
Leica), mounted on Superfrost Plus glass sides (Thermo Fisher 
Scientific), and dried overnight on a flattening plate at 37°C. 
After drying, slides were heated to 68°C for 1 h, placed 2 × 5 min  
in xylenes, rehydrated through ethanol series to water, and rinsed 
twice in 1× PBS. Blocking to minimize nonspecific binding of  
antibodies was performed in 1× PBS, pH 7.6, containing 5%  
(vol/vol) sheep serum, 2 mg/ml bovine serum albumin, and 
0.1% (vol/vol) Tween 20. Sections were incubated with 1:200 anti-
cMyBPC rabbit polyclonal antibody (Harris et al., 2002) and anti-
tropomyosin (CH-1) monoclonal IgG1 antibody (Developmental 
Studies Hybridoma Bank), 1:200 anti-cMyBPC rabbit polyclonal 
antibody (Harris et al., 2002) and 1:200 anti-Myc Tag mouse mono-
clonal IgG1 antibody (MMS-150R; Covance), or 1:200 anti-cMyBPC 
rabbit polyclonal antibody (Harris et al., 2002) and 1:200 anti-HA 
Tag rat IgG1 monoclonal antibody (11867423001; Roche) in PBS 
containing 0.1% (vol/vol) Tween 20 (PBST). After rinsing 2 × 2 min  
in PBST, sections were incubated in the dark with appropriate 
Alexa Fluor 488 and 568 antibodies (Molecular Probes) at a con-
centration of 1:200 in PBST. All antibody incubations were per-
formed for 1 h at room temperature. After rinsing 2 × 2 min in 
PBST, sections were coverslipped using warmed ProLong Gold 
Antifade Reagent with 4,6-diamidino-2-phenylindole (DAPI). Im-
aging was performed using a fluorescent microscope (ECLIPSE 
90i; Nikon) using a 40× oil-immersion objective lens and 405, 488, 

Mechanical testing of mECT
Isometric force generated by mECT was measured using protocols 
similar to those described previously (Tobita et al., 2006; de Lange 
et al., 2011). In brief, each mECT construct was transferred from 
the culture dish to a model 801B small intact fiber test apparatus 
(Aurora Scientific) in Krebs-Henseleit buffer (119 mmol/liter 
NaCl, 12 mmol/liter glucose, 4.6 mmol/liter KCl, 25 mmol/liter 
NaHCO3, 1.2 mmol/liter KH2PO4, 1.2 mmol/liter MgCl2, and 
1.8 mmol/liter CaCl2, gassed with 95% O2/5% CO2, pH 7.4). 
mECT constructs were attached with sutures between a model 
403A force transducer (Aurora Scientific) and a model 322C 
high-speed length controller (Aurora Scientific). mECT were per-
fused with 24°C Krebs-Henseleit buffer at a rate of 1 ml/min, and 
field stimulation was initiated at 2 Hz (2.5 ms, 12.5 V). The longi-
tudinal length of each construct was increased stepwise until maxi-
mal twitch force (Fmax) was achieved. mECT were then equilibrated 
for 10–20 min or until a stable level of passive tension was achieved 
while being paced at 2 Hz. The pacing frequency was increased  
to 4 Hz and the temperature of the perfusate in the chamber was 
adjusted to 37°C before force measurements were made at stimu-
lation frequencies of 6 Hz and 9 Hz. Data from force measure-
ments were analyzed and averaged using IonWizard 6.0 software 
(IonOptix). For each stimulation frequency, the forces of 80 to 
160 successive contractions were collected and averaged. Contrac-
tion data were exported to Excel (Microsoft) and the magnitude 
and kinetics of force generation were calculated.

MTT assay
To establish whether expression of E258K cMyBP-C in mouse car-
diac cells adversely affected cell survival, cMyBP-C/ cardiac cells 
were transduced with adWT and ad258 in 2D culture at MOIs of 0, 
5, 10, 20, 50, and 100. The virus was removed and the media was 
changed after 24 h. After an additional 48 h in culture, the media 
was changed and an equal volume of 2 µg/ml 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT; Sigma- 
Aldrich) diluted in 1× PBS was added to cells. Cells were subse-
quently incubated for 30 min at 37°C, after which an equal volume 
of cell lysis buffer (20% [wt/vol] SDS [Sigma-Aldrich] and 50% 
[vol/vol] dimethyl formamide [Thermo Fischer Scientific], pH 4.7) 
was added. Cell lysates were incubated at room temperature for 
3–4 h, whereafter optical densities at 550 nm were measured.

RNA extraction
Total RNA was extracted from cardiac cells transduced with adWT 
or ad258 at MOIs of 0, 5, 10, 20, 50, and 100 in 2D culture and KO 
adWT or KO ad258 mECT using standard protocols. In brief,  
tissue/cells were homogenized in TRIZOL reagent (Invitrogen) 
according to the manufacturer’s instructions. After addition of  
an appropriate amount of chloroform (Sigma-Aldrich), mixing, 
incubation, and centrifugation according to the TRIZOL reagent 
protocol, the RNA containing aqueous phase was collected and 
treated with DNaseI (RNase-free DNase set; QIAGEN) for 1 h. 
RNA was subsequently purified using the RNeasy mini kit (QIA-
GEN) according to the manufacturer’s instructions.

DNA extraction
Genomic DNA was extracted from KO adWT or KO ad258 mECT 
using standard protocols. In brief, tissues were homogenized in 
TRIZOL reagent (Invitrogen). After phase separation and RNA 
extraction from the aqueous phase, DNA was extracted from the 
interphase according to the manufacturer’s instructions.

Protein analysis
Total protein lysates were prepared from adWT and ad258 2D 
cell cultures and mECT. In brief, cMyBP-C/ cardiac cells in 2D 
culture transduced with adWT or ad258 were incubated in 37°C 
mouse media with and without 5 µM dobutamine (Hospira Inc.) 
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and ad258. Figs. S2–S4 show immunofluorescent histology of KO 
adWT and KO ad258 ECT confirming appropriate incorpora-
tion of exogenous human cMyBP-C into the mouse sarcomere. 
Fig. S5 shows the phosphorylation status of Ser275, Ser284, and 
Ser304 in monolayer cMyBP-C/ cardiomyocytes transduced 
with adWT and ad258. Fig. S6 show the phosphorylation sta-
tus of Ser284 in KO adWT and KO ad258 mECT, as well as in 
WT neonatal and adult mouse hearts. Detailed data regarding 
mECT twitch force production and cMyBP-C phosphorylation 
depicted in Figs. 4, 5, and S5 are provided in Tables S1 and S2. 
Online supplemental material is available at http://www.jgp.org/ 
cgi/content/full/jgp.201311018/DC1.

R E S U L T S

Macroscopic properties of KO adWT and KO ad258 mECT
KO adWT mECT were produced by transducing neona-
tal cMyBP-C/ cardiac cells (lacking endogenous mouse 
cMyBP-C) with adenovirus encoding WT human cMyBP-
C at an MOI of 20 before generation of mECT. Using this 
approach, we previously showed that mECT expressed 
amounts of cMyBP-C comparable to WT mECT with 
appropriate incorporation into the mouse sarcomere; 
and furthermore that expression of human cMyBP-C 
effectively rescued contractile abnormalities caused by 
ablation of mouse cMyBP-C in mECT (de Lange et al., 
2011). KO ad258 mECT were similarly generated using 
adenovirus encoding human cMyBP-C into which the 
E258K missense mutation was introduced by in vitro mu-
tagenesis. For the generation of both KO adWT and KO 
ad258 mECT, neonatal cMyBPC/ cardiomyocytes were 
transduced at an MOI of 20 before generation of mECT. 
Spontaneous contraction in both KO adWT and KO 
ad258 mECT began in an uncoordinated manner on the 
second day after mECT construction and transitioned to 
coordinated contraction by day 4. Spontaneous contrac-
tion rates were similar in KO adWT and KO ad258 mECT 
(4.6 ± 0.3 Hz and 5.1 ± 0.2 Hz for KO adWT and KO  
ad258 mECT, respectively; P = 0.16). During 7 d in culture, 
mECT diameter decreased from the mold width of 3 mm  
to 1 mm as the construct formed and compacted. Al-
though KO adWT and KO ad258 mECT remodeled 
similarly and appeared indistinguishable by gross in-
spection, KO ad258 mECT were marginally but signifi-
cantly narrower than KO adWT mECT (974 ± 24 nm vs. 
1,097 ± 41 nm; P = 0.018). The absence of hypertrophy 
in our model may reflect that we use neonatal cardio-
myocytes isolated from cMyBP-C–null newborn mice that 
have yet to develop the hypertrophy that develops later  
(de Lange et al., 2013). The acute expression of the 
E258K mutation on this background provides the op-
portunity to evaluate the contractile phenotype, free of 
remodeling. Although we cannot predict how our mECT 
would behave over a long period, the lack of overt hy-
pertrophy is consistent with data suggesting that 40% of 
patients with mutations in cMyBP-C present without hy-
pertrophy (Niimura et al., 1998).

and 568 nm to excite DAPI and Alexa Fluor dyes, respectively. 
Images were acquired using NIS-Elements software suite (Nikon).

Y2H analysis
We performed Y2H analysis to study the effect of the E258K muta-
tion in the C1 domain of cMyBP-C on its ability to interact with 
either the distal portion of myosin S2 or cardiac actin. Y2H was 
preferred over other biochemical analysis because it allows expres-
sion of distinct protein domains (a necessity in the current study 
given the size of cMyBP-C and MyHC, and the existence of mul-
tiple interactions between these proteins) in a eukaryotic system 
that is more likely to support appropriate domain folding than 
bacterial or in vitro expression systems used to express domains 
for techniques such as coimmunoprecipitation. Furthermore, it 
should be noted that interactions between N-terminal cMyBP-C 
and S2 and/or actin have been well-established using both Y2H 
and multiple other biochemical techniques. The C1C2 region 
of human cMyBP-C was PCR amplified using PfuUltra (Agilent 
Technologies) according to the manufacturer’s instructions from 
both pCMV-MYBPC3WT and pCMV-MYBPC3E258K using the follow-
ing primers: cMyBPC pGBK C1FIn-Fusion, 5-CATGGAGGCCGAAT
TCATGCCCATTGGCCTCTTCGTGA-3; and cMyBPC pGBK 
C2RIn-Fusion, 5-GCAGGTCGACGGATCCCTAGGGCTCTTTAAA
GAGCT-3. The 126 distal amino acids of S2 of human  myosin 
heavy chain were PCR amplified using PfuUltra (Agilent Tech-
nologies) according to the manufacturer’s instructions, amplified 
from pDONR-MYH7 using the following primers: MYH7 GAD 
S2FIn-Fusion, 5-GGAGGCCATGGAATTCATGCCGCTGCTGAAGA
GTGCAG-3; and MYH7 GAD S2RIn-Fusion, 5-CGAGCTCGATGG
ATCCCTATTTGGCCAGTGTCAGCTCCAG-3. Full-length human 
 cardiac actin (ACTC1) was amplified from human cardiac cDNA 
using the following primers: ACTC1 GAD FIn-Fusion, 5-GGAGGCC
AGTGAATTCATGTGTGACGACGAGGAGAC-3; and ACTC1 GAD 
RIn-Fusion, 5-CGAGCTCGATGGATCCTTAGAAGCATTTGCGG
TGGAC-3. The WT and E258K C1C2 PCR products were cloned 
into pGBKT7 using the In-Fusion HD cloning kit (Takara Bio 
Inc.) according to the manufacturer’s instructions. The S2 and 
ACTC1 PCR products were similarly cloned into pGADT7. The 
plasmids thus generated were sequenced before transformation 
into the Y2HGold (pGBKT7-C1C2WT/E258K, as well as control bait 
constructs) or Y187 (pGADT7-S2, pGADT7-ACTC1 as well as con-
trol prey construct) yeast strains (Takara Bio Inc.) according to 
the manufacturer’s instructions. After yeast mating between bait-
containing Y2HGold and prey-containing Y187 yeast, diploid yeast 
colonies were selected on dropout selection media lacking leucine 
and tryptophan plates. We subsequently assayed for activation of 
the HIS3 and ADE2 nutritional reporter genes by sequentially 
plating diploid yeast colonies on dropout selection media lacking 
leucine, tryptophan, and histidine (TDO) and on dropout selec-
tion media lacking leucine, tryptophan, histidine, and adenine 
(QDO) plates. Growth on selection media was assessed and re-
corded 7 d after plating on respective media. Additionally, diploid 
yeast were subjected to liquid culture quantitative -galactosidase 
assays using ONPG as a substrate according to the manufacturer’s 
instructions (Takara Bio Inc.). All Y2H assays were performed at 
least three times from individual diploid yeast colonies.

Statistical analysis
IBM SPSS software (version 21) was used to perform statistical 
analysis. Student’s t tests were used for two way comparisons, 
while one-way ANOVA with Tukey’s test correction for post-hoc 
analysis was used for multiple comparisons. All error bars indicate 
SEM. Statistical significance was set at P < 0.05.

Online supplemental material
Fig. S1 show DNA, RNA, and protein content in cMyBP-C/ 
mECT and monolayer cardiomyocytes transduced with adWT 

http://www.jgp.org/cgi/content/full/jgp.201311018/DC1
http://www.jgp.org/cgi/content/full/jgp.201311018/DC1
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et al., 2011). To confirm this finding and to assess the 
effect of E258K cMyBP-C on cell survival, 2D monolayer 
cultures of mouse neonatal cMyBP-C/ cardiac cells 
were transduced with adWT and ad258 at MOIs of 0, 5, 
10, 20, 50, and 100. Cardiac cell number and viability 
were assessed by both total RNA yield/105 cells and the 
MTT viability assay, and showed no significant differences 
between cardiac cells transduced with either virus at an 
MOI of up to 100 (Fig. 2 A and Fig. S1 A), which suggests 
that neither the virus nor expression of E258K cMyBP-C 
adversely affect cardiac cell survival. Because these data 
agreed with observations in similar experiments with 
the adWT virus (de Lange et al., 2011), KO adWT and 
KO ad258 mECT were produced from KO cardiac cells 
transduced at an MOI of 20 during the gyration culture. 
We subsequently assessed expression levels of human 
cMyBP-C in KO adWT and KO ad258 mECT and com-
pared it to the levels of endogenous mouse cMyBP-C in 
untransduced WT mECT. Our data show equivalent ex-
pression levels of cMyBP-C between these three groups, 
confirming appropriate cMyBP-C levels in KO adWT and 
KO ad258 mECT (Fig. 2, B and C).

We subsequently assessed the effect of expression of 
human WT and E258K cMyBP-C on cardiac cell survi
val in mECT using several complimentary approaches. 
Total DNA, RNA, and protein content were similar in 
KO adWT and KO ad258 mECT (Fig. S1, B–D). These 
findings suggest that expression of human WT or E258K 
cMyBP-C does not adversely affect cardiac cell survival 
in mECT and are consistent with those of a previous 
study in which we demonstrated that transduction of 
cardiac cells with either adWT or a control virus did not 
affect cardiac cell viability (de Lange et al., 2011).

Immunohistochemical staining of KO adWT and 
KO ad258 mECT with cMyBP-C antibody show that all 
mouse cardiomyocytes present in the sections express 
human cMyBP-C, indicating transduction efficiency at 
or near 100%. Furthermore, similar to the WT human 
cMyBP-C (de Lange et al., 2011), E258K human cMyBP-C  
incorporates appropriately into the C-zone of the car-
diac sarcomere as indicated by the characteristic doublet 
immunofluorescence pattern surrounding the sarcomeric 
M-line with no visual evidence of protein accumulation 
in other cellular compartments (Fig. 3, A and B; and 
Figs. S2–S4).

The effect of the E258K cMyBP-C on twitch  
force production
To determine the impact of E258K cMyBP-C on cardiac 
contractility, twitch force production was measured in 
KO adWT and KO ad258 mECT according to methods 
described previously (de Lange et al., 2011, 2013). FMax 
produced by KO ad258 mECT was reduced by >80% 
compared with KO adWT mECT (Fig. 4, A and C; and 
Table S1). This was in marked contrast to previous data 
in which cMyBP-C/ mECT demonstrated an 80% 

Effect of E258K cMyBP-C expression in cardiac cells  
and mECT
We previously demonstrated that transduction of car-
diac cells with adWT or a scrambled control adenovirus 
at an MOI up to fivefold higher than used in these ex-
periments did not adversely affect cell survival (de Lange  

Figure 2.  Expression of WT and E258K cMyBP-C in cardiomyo-
cytes and mECT. (A) Effect of adenoviral transduction on car-
diac cell viability in neonatal mouse cMyBP-C/ cardiac cells in 
monolayer culture, transduced with adWT (blue bars) and ad258 
(red bars) at MOIs of 0, 5, 10, 20, 50, and 100 as assessed by an 
MTT assay. (B) Western blot showing total cMyBP-C protein lev-
els in WT, KO adWT, and KO ad258 mECT. (C) Densitometric 
quantification of cMyBP-C protein levels in WT, KO adWT, and 
KO ad258 mECT. The arrow in A indicates an MOI = 20 used to 
transduce mECT. *, P < 0.05 (one-way ANOVA with a Tukey’s 
post-hoc test; n = 3). Error bars indicate SEM.

http://www.jgp.org/cgi/content/full/jgp.201311018/DC1
http://www.jgp.org/cgi/content/full/jgp.201311018/DC1
http://www.jgp.org/cgi/content/full/jgp.201311018/DC1
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2011; Fraysse et al., 2012) in conjunction with an anti
body detecting total cMyBP-C (Fig. 5 and Table S2).
 Baseline phosphorylation levels of Ser275 were similar 
in KO adWT and KO ad258 mECT. Dobutamine stimu-
lation significantly increased phosphorylation at Ser275 
in KO adWT as expected; however, in the KO ad258 
mECT, the magnitude of the increase was significantly 
decreased (Fig. 5 A). Although we were able to show 
baseline phosphorylation of Ser284 in neonatal and 
adult WT mouse hearts (Fig. S4), we were unable to de-
tect baseline or dobutamine-induced phosphorylation 
of this residue in KO adWT or KO ad258 mECT (Fig. 5 B).  
Phosphorylation of Ser304 was not significantly affected 
by the presence of the E258K mutation under nonstim-
ulated conditions, whereas dobutamine-mediated phos-
phorylation of this site was marginally decreased in KO 
ad258 mECT (Fig. 5 C). Similar results were obtained 
when baseline and dobutamine-induced phosphoryla-
tion were assessed in neonatal cardiac cells grown and 
transduced in monolayers, which indicates that the ob-
served phosphorylation of each of these residues was  
not influenced by the ECT configuration (Fig. S5 and 
Table S2). Together, these data suggest that the phosphory
lation status of the KO ad258 mECT does not account  
for the observed acceleration in contractile kinetics be-
cause a decrease in PKA-mediated phosphorylation of 
these residues should slow, rather than accelerate, con-
traction kinetics.

increase in twitch force production compared with WT 
and KO adWT mECT (de Lange et al., 2011). Further-
more, time from electrical stimulation to FMax (CT100) 
was significantly shortened in the KO ad258 compared 
with KO adWT mECT, which indicates faster twitch ki-
netics in KO ad258 mECT (Fig. 4, B and D; and Table S1).  
Time from FMax to 50% twitch force decay (RT50) was re-
duced by 25% in KO ad258 mECT (Fig. 4, B and E; 
and Table S1), which indicates accelerated kinetics dur-
ing the initial phase of relaxation compared with KO 
adWT mECT. These kinetic changes brought about by 
expression of E258K cMyBP-C were strikingly similar 
to those previously observed in cMyBP-C/ mECT, in 
which cMyBP-C ablation caused 18% and 24% decreases 
in CT100 and RT50, respectively, compared with WT and 
KO adWT mECT (de Lange et al., 2011). Time from 
50–90% twitch force decay (RT50–90) was unaffected or 
marginally prolonged by the presence of the E258K mu-
tation (Fig. 4, B and F; and Table S1).

Effect of the E258K mutation on phosphorylation  
of cMyBP-C
Because phosphorylation of cMyBP-C has been rec-
ognized to accelerate contractile kinetics, we assessed 
the effect of the E258K mutation on phosphorylation 
of human cMyBP-C. Phosphorylation status was deter-
mined in KO adWT and KO ad258 mECT using three 
phospho-serine–specific antibodies (Sadayappan et al., 

Figure 3.  Immunohistochemical analysis 
of a KO ad258 mECT. Red, -Tropomyosin; 
green, cMyBP-C; blue, nuclei stained with 
DAPI. B shows a higher magnification of 
the boxed area in A and shows the char-
acteristic doublet staining pattern caused 
by appropriate incorporation of mutant 
human E258K cMyBP-C into the C-zone 
of the mouse sarcomere.

http://www.jgp.org/cgi/content/full/jgp.201311018/DC1
http://www.jgp.org/cgi/content/full/jgp.201311018/DC1
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ability of yeast to grow on minimal selection media lack-
ing leucine, tryptophan, histidine, and adenine (QDO). 
Robust growth, resulting from activation of the HIS3 and 
ADE2 nutritional reporter genes, was noted when positive 
control 53-BD and T-AD fusion peptides were expressed 
(Fig. 6 A). Additionally, consistent with the known dimer-
ization of myosin S2 (Blankenfeldt et al., 2006), coex-
pression of S2-BD and S2-AD also resulted in growth 
(Fig. 6 B). Coexpression of unfused BD and AD peptides 
did not result in reporter gene activation, as indicated by 
lack of growth on QDO selection media (Fig. 6 C). Coex-
pression of unfused BD and S2-AD, or C1C2WT/C1C2E258K-
BD and AD, did not result in growth on QDO selection 
media (Fig. 6, D–F), which suggests that S2-AD, C1C2WT-
BD, and C1C2E258K-BD do not auto-activate expression of 

Effect of the E258K mutation on the C1C2–S2 interaction
The effect of the E258K missense mutation on the in-
teraction between N-terminal cMyBP-C and myosin S2 
was tested using a Y2H interaction assay. In these tests, 
either WT human C1C2 (C1C2WT) or human C1C2 into 
which the E258K missense mutation was engineered  
(C1C2E258K) were fused to the GAL4-DNA binding do-
main (C1C2WT/C1C2E258K-BD). The 126 distal amino 
acids of myosin S2 were also expressed as a fusion pep-
tide with the GAL4 activation domain (S2-AD). Addition-
ally, as myosin S2 is known to form coiled-coil dimers  
(Blankenfeldt et al., 2006), we also expressed an S2-BD 
fusion peptide. Coexpression of BD and AD fusion pep-
tides was achieved through yeast mating, and selection for 
interaction between fusion peptides was assessed by the 

Figure 4.  Effect of the E258K cMyBP-C on 
twitch force production. (A and B) Absolute 
(A) and normalized (B) averaged force traces 
of KO adWT (blue line) and KO ad258 (red 
line). (C) FMax produced. (D) Contraction 
time from electrical stimulus to FMax (CT100). 
(E) Relaxation RT50. (F) Relaxation RT50–90. 
Blue bars, KO adWT mECT; red bars, KO 
ad258 mECT. *, P < 0.05 vs. WT (Student’s 
t test; KO adWT n = 11, KO ad258 n = 13). 
Error bars indicate SEM.
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nutritional reporter genes. Coexpression of C1C2WT-BD 
and S2-AD fusion peptides resulted in robust growth on 
QDO selection media, which indicates a strong interaction 
between C1C2WT and S2, resulting in robust activation of 
the HIS3 and ADE2 nutritional reporter genes (Fig. 6 G). 
In contrast, no growth was observed when C1C2E258K-BD 
and S2-AD were coexpressed (Fig. 6 H), which suggests 
that the C1C2E258K is unable to interact with myosin-S2.

To quantitate the interaction, we performed quantita-
tive -galactosidase assays on diploid yeast coexpressing 
C1C2WT-BD and S2-AD fusion peptides or C1C2E258K-BD 
and S2-AD fusion peptides to assess activation of the LacZ 
reporter gene. Although coexpression of C1C2WT-BD and 
S2-AD fusion peptides resulted in robust color develop-
ment, coexpression of C1C2E258K-BD and S2-AD fusion 
peptides did not (Fig. 6 I). Collectively, these results sug-
gest that in our ECT system, the E258K missense mutation 
dramatically weakens or abolishes the interaction between 
the C1 domain of cMyBP-C and myosin S2. This finding 
provides experimental data supporting the previously pro-
posed hypothesis that was based on the location of this 
mutation within cMyBP-C and the expected residue 
charge change (Ababou et al., 2008; Govada et al., 2008).

Effect of the E258K mutation on C1C2–actin  
binding affinity
Although disruption of the cMyBP-C–S2 interaction ad-
equately explains the accelerated kinetics observed in KO 
ad258 mECT, it does not explain the reduction in twitch 
force. We hypothesized that the E258K mutation may  
increase the affinity for N-terminal cMyBP-C for actin, 
because in addition to interacting with S2, the same sur-
face of cMyBP-C at the C1:MyBPC motif interface hous-
ing the E258K mutation is also implicated in actin binding 
(Bhuiyan et al., 2012). To test this hypothesis, we per-
formed Y2H analysis by coexpressing either C1C2WT-BD 
or C1C2E258K-BD with human  cardiac actin fused to the 
GAL4 activation domain (ACTC1-AD). Robust growth, 
resulting from activation of the HIS3 and ADE2 nutri-
tional reporter genes, was noted when positive control 
53-BD and T-AD fusion peptides were expressed (Fig. 6 I),  
while coexpression of S2-BD and S2-AD also resulted in 
growth (Fig. 6 J). Coexpression of ACTC1-AD and either 
unfused BD or 53-BD did not result in growth on QDO 
selection media (Fig. 6, K and L), which suggests that the 
ACTC1-AD does not auto-activate expression of nutri-
tional reporter genes. Interestingly, although coexpres-
sion of C1-C1WT-BD and ACTC1-AD resulted in relatively 
modest growth (Fig. 6 M), coexpression of C1-C1E258K-BD 

Figure 5.  Effect of the E258K mutation on phosphorylation of 
cMyBP-C in mECT. (A–D) Phosphorylation of Ser275 (A), Ser284 
(B), and Ser304 (C) in cMyBP-C/ KO adWT and KO ad258 mECT. 
In A–C, the top Western blot rows show immunofluorescence after 
hybridization with the specific phospho-serine antibody and a goat 
anti–rabbit fluorescent secondary antibody, the middle rows show 
immunofluorescence after hybridization with a total cMyBP-C and 
a donkey anti–goat fluorescent secondary antibody, and the bottom 
rows show the dual fluorescence overlay, with the phospho-serine 
fluorescence in red and the total cMyBP-C fluorescence in green. In  
all cases, phospho-serine and total cMyBP-C migrated at 150 kD. 

(D) GAPDH (migrating at 37 kD) was used as an additional 
loading control for the same samples. +, mECT treated with 5 µM 
dobutamine 5 min before cell harvest; , mECT not treated with 
dobutamine. The bar graphs show densitometric quantification of 
the Ser275 and Ser304 Western blots. *, P < 0.05 (one-way ANOVA 
with a Tukey’s post-hoc test; n = 6). Error bars indicate SEM.
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previous study in which we showed that expression of WT 
human cMyBP-C in nonremodeled mECT lacking endog-
enous mouse cMyBP-C restored contractile function (de 
Lange et al., 2011), in the current experiments we exclu-
sively expressed the E258K mutant allele to establish the 
impact of this mutation on mechanical function. Expres-
sion of cMyBP-CE258K resulted in significantly accelerated 
twitch kinetics and reduction in force production com-
pared with our control mECT expressing human WT 
cMyBP-C. Our data indicate that accelerated twitch kinet-
ics result from the abrogation of an inhibitory interaction 

and ACTC1-AD resulted in more robust growth. These 
results suggest that the charge reversal brought about by 
the E258K mutation increases the affinity of N-terminal 
cMyBP-C for actin, independent of its effect on the cMyBP-
C–S2 interaction.

D I S C U S S I O N

The objective of this study was to establish the effect of the 
HCM-causing E258K mutation on cardiac contractility 
and to define the underlying mechanisms. Similar to a 

Figure 6.  Effect of the E258K mutation on the interactions of N-terminal cMyBP-C with myosin S2 and cardiac actin. (A–H) Y2H 
interaction tests between the WT and E258K C1-C2 region of human cMyBP-C and the 126 distal amino acids of human myosin S2.  
(A) pGBKT7-53 × pGADT7-T (positive control of a robust interaction). (B) pGBKT7-S2 × pGADT7-S2 (positive control of a relatively 
weak interaction). (C) pGBKT7 × pGADT7 (negative control). (D) pGBKT7 × pGADT7-S2 (negative control). (E) pGBKT7-C1C2WT × 
pGADT7 (negative control). (F) pGBKT7-C1C2E258K × pGADT7 (negative control). (G) pGBKT7-C1C2WT × pGADT7-S2 (interaction 
of interest). (H) pGBKT7-C1C2E258K × pGADT7-S2 (interaction of interest). (I–N) Y2H interaction tests between the WT and E258K 
C1-C2 region of human cMyBP-C and  cardiac actin (ACTC1), as well as their appropriate control interaction tests. (I) pGBKT7-53 × 
pGADT7-T (positive control of a robust interaction). (J) pGBKT7-S2 × pGADT7-S2 (positive control of a relatively weak interaction).  
(K) pGBKT7 × pGADT7-ACTC1 (negative control). (L) pGBKT7-53 × pGADT7-ACTC1 (negative control). (M) pGBKT7-C1C2WT × pGADT7-
ACTC1 (interaction of interest). (N) pGBKT7-C1C2E258K × pGADT7-ACTC1 (interaction of interest). Yeast were grown on minimal 
selection media lacking leucine, tryptophan, histidine, and adenine. (O) Quantitative -galactosidase assay performed in diploid yeast 
containing pGBKT7-C1C2WT × pGADT7-S2 (blue bar) and pGBKT7-C1C2E258K × pGADT7-S2 (red bar). n = 3. Error bars indicate SEM.
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phosphorylation of these sites in the MyBPC motif is pri-
marily associated with a decreased affinity for S2 (Gruen 
and Gautel, 1999; Gruen et al., 1999), an interaction 
abolished by the presence of the E258K mutation, de-
creased PKA-mediated phosphorylation of these resi-
dues is most likely inconsequential to the C1C2–S2 
interaction. Surprisingly, we failed to detect phosphory-
lation of Ser284 in cultured neonatal cardiac cells or 
mECT at either baseline or after dobutamine stimula-
tion. This intriguing finding requires further investiga-
tion, as phosphorylation of Ser284 is thought to be  
a prerequisite for phosphorylation of Ser275 (Gautel  
et al., 1995) and Ser304 (Gautel et al., 1995; Sadayappan 
et al., 2011).

Collectively our phosphorylation data and Y2H data 
suggest a model in which the E258K mutation abol-
ishes the C1C2–S2 interaction by altering the intrinsic 
binding properties of C1C2 (Ababou et al., 2008). The 
importance of the glutamic acid residue at position  
258 cMyBP-C is supported by its 100% conservation 
among species and among the MyBP-C isoforms (Govada 
et al., 2008). The glutamic acid residue at position  
258 of WT human cMyBP-C forms part of an acidic 
patch on the surface of the C-terminal end of the C1 
domain that constitutes the MyBPC-C1–S2 interface 
(Fig. 7; Ababou et al., 2008; Govada et al., 2008). E258 
is thought to form a hydrogen bond with T857 of myosin  
(Fig. 7 A), and the importance of this bond is indicated 
by the fact that the chemical shift perturbation at this 
residue as a result of S2 binding is among the highest 
of any residues in the C1 domain (Ababou et al., 2008). 
It is therefore plausible that the charge reversal brought 
about by the E258K may, in addition to abolishing this 
one hydrogen bond, also cause a repulsion between the 
C1 binding surface and myosin S2. Furthermore, as the 
binding site for the C2 domain has been mapped to  
the region directly adjacent to E258 (E258 in C1 inter-
acting with T857 of S2 and D431 in C2 interacting with 
R858; Ababou et al., 2007, 2008), a charge reversal in 
this region may destabilize the whole C1C2–S2 interac-
tion. Although the present study is the first to show that 
the E258K mutation abolishes the C1C2–S2 interac-
tion, abolition or weakening of this interaction as a  
result of HCM-causing mutations in cMyBP-C and myo-
sin S2 is not unprecedented (Gruen and Gautel, 1999; 
Ababou et al., 2007, 2008). Another example can be 
found with the charge reversal caused by the E924K 
mutation in S2 abolishing its interaction with N-termi-
nal cMyBP-C (Gruen and Gautel, 1999). Additionally, 
the myosin S2 E846K, R870H, and cMyBP-C (C1) D228N 
mutations severely weakened the interaction (Gruen 
and Gautel, 1999; Ababou et al., 2007, 2008). Finally, 
introduction of negative charges through phosphoryla-
tion of serine residues 275, 284, and 304 in the MyBPC 
motif cause a repulsion of the C1C2–S2 interaction 
(Gruen et al., 1999).

between cMyBP-C C1C2 and myosin S2, independent  
of cMyBP-C phosphorylation. Although previous studies 
have shown that HCM-causing mutations at the C1C2–S2 
interface in either cMyBP-C or -myosin heavy chain can 
cause a weakening or abolition of this interaction, this 
is the first study that directly correlates this mechanism 
with changes in contractility.

The accelerated twitch kinetics, as indicated by ab
breviation of the time to peak twitch force development 
and the initial phase of relaxation in KO ad258 mECT, 
were strikingly similar to those previously reported in 
both mECT, in which cMyBP-C was absent, and WT 
mECT treated with dobutamine (de Lange et al., 2011, 
2013). The proposed mechanism responsible for accel-
erated kinetics in either the absence of cMyBP-C or in 
the presence of maximally phosphorylated cMyBP-C is 
the loss of the inhibitory interaction between the C1C2 
region of cMyBP-C and myosin S2 (Gautel et al., 1995; 
Gruen et al., 1999). Loss of this inhibitory interaction 
results in an increased probability of cross-bridge forma-
tion between the thick and thin filaments (Hofmann  
et al., 1991; Weisberg and Winegrad, 1996; Colson et al., 
2008, 2010, 2012). We therefore postulated that the 
E258K mutation may constitutively reduce the strength 
of the interaction between the C1C2 region of cMyBP-C 
and myosin S2. Our Y2H analysis supports this hypothe-
sis, revealing that although C1C2WT readily interacts with 
myosin S2, C1C2E258K is unable to do so. The eukaryotic 
yeast-based assay was chosen for these experiments over 
in vitro or bacterial-based expression systems and coim-
munoprecipitation because of the increased likelihood 
of appropriate posttranslational modifications, protein 
folding, and S2 dimerization, which might impact the 
C1C2–S2 binding affinity.

Based on the localization of the E258K mutation in 
close proximity to physiologically relevant phosphory
lation sites in the MyBPC motif (Ser275, Ser284, and 
Ser304; Gautel et al., 1995), Niimura et al. (1998) postu-
lated that this mutation may adversely affect MyBP-C 
phosphorylation. Because phosphorylation of these sites 
causes dissociation of C1C2 from S2 (Gautel et al., 1995; 
Gruen et al., 1999), hyperphosphorylation of cMyBP-
CE258K could explain the observed acceleration of con-
tractile kinetics in the intact cardiomyocyte. Our finding 
that baseline phosphorylation, using phospho-specific 
antibodies (Copeland et al., 2010; Sadayappan et al., 
2011; Fraysse et al., 2012), of the three physiologically 
relevant serine residues in the MyBPC motif was not el-
evated by the presence of the E258K mutation argues 
against the hypothesis that C1C2–S2 interaction is abol-
ished as a result of baseline hyperphosphorylation of 
cMyBP-CE258K. Dobutamine stimulation increased phos-
phorylation levels of Ser273 and Ser304 in both KO 
adWT and KOad258 mECT. The magnitude of increased 
phosphorylation of Ser275 and Ser304 were, however, 
significantly blunted by the E258K mutation. Because 
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more importantly, found that the interactions between 
the N terminus and either S2 or actin are mutually  
exclusive (Lu et al., 2011; Bhuiyan et al., 2012). Fur-
thermore, lysine residues in N-terminal cMyBP-C are 
essential to facilitating its interaction with actin (Bhui-
yan et al., 2012). As the E258K mutation introduces an 
additional lysine residue at this interface, it is possible 
that this mutation may strengthen the cMyBP-C–actin 
interaction. A high-affinity interaction between N-termi-
nal cMyBP-C and the thin filament could potentially ex-
plain the dramatic reduction in twitch force produced 
by KO ad258 mECT, as cMyBP-CE258K would effectively 
act as a leash tethering thick and thin filaments or im-
pose an internal load on contraction. This interaction is 
suggested by our Y2H data, which shows greater interac-
tion between the C1C2 domain and actin in the E258K 
mutant versus WT. Though Y2H analysis was previously 
used to study the C1C2–S2 interaction (Bhuiyan et al., 
2012), caution should be used when interpreting this 
data, as the polymerization status of actin Y2H fusion 
peptides are unclear.

It is important to note that the experimental approach 
used in this study involved adenoviral mediated gene 
transfer to express equivalent amounts of full-length WT 
or E258K MYBPC3 cDNA in cardiac cells and mECT. 

Another important finding of this study is the negative 
impact that the E258K mutation has on twitch force  
amplitude. Reduced force production could potentially 
stem from the negative force–velocity relationship in 
cardiac muscle that has been previously reported (Gao 
et al., 1996; McDonald et al., 1998; Hiranandani et al., 
2006). However, data showing that cMyBP-C ablation  
results in increased twitch force production in mECT 
(de Lange et al., 2011) and increased power output in 
skinned fibers (Korte et al., 2003) argues against this 
mechanism as the sole determinant of the decreased 
twitch force produced by KO ad285 mECT. Addition-
ally, we show that the reduction in force production of 
KO ad258 mECT is not caused by cell death, protein ac-
cumulation, or misincorporation. An alternative mecha-
nism for the decreased twitch force in KO ad258 mECT 
is that the E258K mutation facilitates or strengthens in-
teraction with other proteins in addition to abrogating 
the C1C2–S2 interaction. Although controversial, the 
same N-terminal cMyBP-C domains that interact with S2 
also have the ability to interact with F-actin (Razumova 
et al., 2006; Shaffer et al., 2009; Kensler et al., 2011; Lu 
et al., 2011; Rybakova et al., 2011; Bhuiyan et al., 2012). 
Recent studies showed significant overlap between the 
actin and S2 binding sites in N-terminal cMyBP-C and, 

Figure 7.  Model of the interaction 
between cMyBP-C C1-C2 and the dis-
tal 126 aa of S2. (A) Detailed view of 
the interactions of C1 and S2. C1 is 
shown in blue and S2 is shown in red. 
Important side chains in the interac-
tion are colored by atom type (carbon, 
green; oxygen, red; nitrogen, blue), 
and amino acid labels are colored by 
protein. Amino acids at the C1–S2 
interface that, when mutated, are im-
plicated in the pathogenesis of HCM 
are underlined, and the position of 
the cMyBP-C E258K mutation is high-
lighted by the arrow. (B) Diagrammatic 
representation of the proposed orienta-
tion of the C1C2 region of cMyBP-C on 
S2. Domains C1 and C2 of MyBP-C are 
shown in orange and the MyBPC-motif 
in gray. The three phosphorylation 
sites in the linker are shown in purple, 
residues in the MyBPC-motif mutated 
in HCM are shown in yellow with la-
bels, and charged residues are colored 
according to their charge. S2 is shown 
with solvent-accessible surface colored 
by a simple electrostatic potential with 
the N terminus on the left (hidden by 
C1) and the C terminus on the right. 
Reproduced from Ababou et al. (2008) 
with permission from Elsevier.
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body of work that supports the application of various 
configurations of engineered cardiac preparations as 
efficient and cost-effective alternatives to genetically 
modified animal models to study the functional effects 
of relatively rare HCM-causing missense mutations.
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