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Summary

Mutations in the gene coding for cardiac myosin binding protein-C (cMyBP-C), a multi-
domain (C0-C10) protein, are a major causative factor for inherited hypertrophic
cardiomyopathy. Patients carrying mutations in this gene have an extremely heterogeneous
clinical cause with some progressing to end-stage heart failure. The cause of this variability is
unknown. We here describe molecular modeling of a double mutation in domains C1
(E258K) and C2 (E441K) in a patient with severe phenotype. The 3D structure for the C1-
motif-C2 complex was constructed, with both double and single mutations being introduced
and performed molecular dynamics simulations for 10 ns under physiological conditions. The
results showed that both E258K and E441K in isolation can predominantly affect the native
domain as well as the nearby motif via conformational changes and resulted in an additive
effect when they coexist. These changes involve important regions of the motif such as
phosphorylation sites and potential actin binding region. Moreover, the charge reversal
mutations altered the surface electrostatic properties. Double mutation affecting the
regulatory N-terminal of cMyBP-C has the potential of synergistically interfering with the
binding to neighbouring domains and to other sarcomeric proteins. These effects may account

for the severe phenotype and clinical course observed in our patient.
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Introduction

Hypertrophic cardiomyopathy (HCM) is an inherited heart disease affecting all age
groups, caused by mutations in sarcomeric proteins and most commonly in cardiac myosin
binding protein-C (cMyBP-C) [1] . HCM is a prevalent cause of sudden cardiac death and
heart failure-related disability in the young [2, 3, 4]. Clinical presentation and progression is
extremely variable with some patients rapidly progressing to severe left ventricular
dysfunction and heart failure, occasionally requiring heart transplant [5, 6]. The causes of
disease progression are largely unresolved, with several factors thought to be instrumental
[7]. Complex genotypes including double mutations have been shown to be over-represented
in HCM patients with early symptomatic onset, increased arrhythmic risk and adverse clinical
course, presumably reflecting a gene dosage effect in this disease [8]. However, the
molecular mechanisms responsible for adverse prognosis in HCM patients with double
mutations have not been addressed. Molecular modeling is a powerful tool for studying the
relationship between genotype and phenotype [9, 10, 11, 12]. Therefore, we here describe
modeling of a double mutation in cMyBP-C that is encoded by the gene MYBPC3, which

most often involved in HCM worldwide.

The patient carrying the E258K and E441K mutations was diagnosed with non-
obstructive HCM at 21 years of age due to dyspnea on effort. His echocardiogram at the time
showed asymmetric left ventricular (LV) hypertrophy with maximum septal thickness of 22
mm, normal systolic function (ejection fraction 67%) and moderate diastolic dysfunction
(pseudonormalized pattern). In the following years he developed progressive heart failure
with repeated hospitalizations due to acute pulmonary edema and paroxysmal atrial
fibrillation. At age 40, his LV ejection fraction had dropped to 33%, with restrictive LV
filling pattern; septal thinning occurred due to extensive fibrous substitution of the

myocardium. (Fig. 1). Functional mitral regurgitation developed due to annulus dilatation,



which required surgical correction by valvuloplasty. Due to further worsening of clinical
conditions to NYHA class IV he was evaluated for cardiac transplant, but was not eligible for
listing due to irreversible pulmonary hypertension. A Jarvick ventricular assist device was
implanted, with significant clinical improvement. However, the patient died after four

months, at age 42, of cerebral haemorrage.

The E258K mutation is a pathogenic G>A transition on the last nucleotide of exon 6
which results in a substitution of the amino acid lysine for glutamic acid at position 258 in
cMyBP-C. This is the most studied and prevalent MYBPC3 mutation, with 39 probands
identified in 11 independent studies [13], and occurs in 13% of all HCM patients in Tuscany
[14]. This variant is usually associated with a severe phenotype and a poor prognosis and it is
highly penetrant [1]. Recently Mearini provided for this mutation the first evidence of

successful 5’ trans splicing in vivo [15] .

The E441K is a G>A transition which results in a substitution of the amino acid lysine
for glutamic acid at position 441 in cMyBP-C. This mutation was first described in 2005 by
Seidman et al., (Cardiogenomics) [16] and in 2009 by Marsiglia et al., (JDC 2009) [17] in
compound heterozygosity with E258K. Marsiglia suggested that the combination of the two
mutations might be responsible for severe phenotype, whereas, in isolation, both are capable

of causing the disease, but in its milder form.

The structure of cMyBP-C contains 11 globular domains including eight
immunoglobulin (Ig)-like domains and three fibronectin (Fn)-like domains, termed CO—C10
[18]. The double mutation in our patient was located in domains C1 (E258K) and C2
(E441K), for which 3D structures are available. The domains, C1 and C2 are connected
through a linker region also known as motif (m), for which the 3D structure is unknown.

However, a partial 3D structure of mouse cMyPB-C motif is available [19]. The complex,



C1-m-C2 is reported to be a region responsible for phosphorylation, and for the regulation of
the molecular mechanisms of muscle contraction, via its interaction with actin and myosin
[20]. This modeling study on C1-m-C2 provides a plausible molecular explanation of the

double mutation in the patient with severe phenotype.



Methods

Cell culture and transfection

The rat embryonic, heart derived cardiomyoblast cell line, H9c2 were obtained from
American Type Culture Collection (ATCC, Manassas, VA). Cells were cultured in Dulbecco
modified Eagle medium (DMEM, GIBCO, Carlsbad, CA, USA) supplemented with heat-
inactivated 10% fetal bovine serum (FBS; Gibco, MD) and antibiotics (100 units/ml
penicillin, 100 pg/ml streptomycin) in a water-saturated atmosphere of 5% CO2 at 37 °C. For
transient transfection of GFP tagged WT and mutant MYBPC-3 (E258K, E441K & E258K-
E441K; GeneArt Gene Synthesis, Life Technologies, CA), cells were transfected in
OptiMEM with Lipofectamine reagent 2000 (Invitrogen, Carlsbad, CA) as per the

manufacturer’s instructions.

Western blotting analysis

To perform Western blot analyses, cells were lysed in RIPA buffer after 36 h of transfection.
Protein concentrations were determined, using the Bradford reagent (Bio-Rad), and resolved
on NUPAGE 4-12% Bis-Tris gel (Life Technologies, CA), transferred to polyvinylidene
difluoride (PVDF) membranes, and probed with respective antibodies. A 1:500 dilution of the
primary antibody was used to probe for MYBPC-3 and 1:2000 for anti-GFP (Sigma-Aldrich).
Anti-B-actin (1:5000; Sigma-Aldrich) was used to normalize for equal amounts of proteins
and calculate the relative induction ratio. Peroxidase-conjugated respective secondary
antibodies were used to label the proteins and detected using ECL reagent and Bio-Rad

Quantity One (CA) system.

Statistical analysis



Data analysis was performed using Origin 7.0 (OriginLab, Northampton, MA). Statistical

comparisons were made using Student’s t test. Experimental values are expressed as means +

SEM.

Building Structure for the Motif

The 3D structural data of the domains C1 (pdb ID: 2V6H) [21] and C2 (pdb ID: 1PD6) [22]

were obtained from the protein data bank (www.rcsb.org). There are no structures available

for human cMyBP-C motif. Thus, the amino acid sequence of the motif was taken from
Uniprot for model building, and the I-TASSER (iterative threading assembly refinement) [23]
was utilized to generate the models of the motif, using the multiple-threading method. The
top 5 models with reliable structural properties were selected for quality assessment via
Ramachandran analysis, and the structure with the most favourable regions (98.8% in the
favourable region and 1.2% (1 residue) in the disallowed region) was selected for the

complex construction after energy minimization.

Construction of the Complex C1-m-C2

The complex of C1-m-C2 was generated by molecular docking, using ClusPro [24]. A set of
40 structures were generated for the complex and the model with lowest energy, highest
affinity score and most reliable electrostatic properties was selected for further study. This
complex was energy minimized to remove constrains using the parameters as stated in the

molecular dynamics (MD) simulation section.

Four systems were developed from the complex, C1-m-C2 for the MD simulations. These
include the complex (i) without mutations (WT), (ii) double mutation, (iii) E258K in domain

C1 (E258K) and (iv) E441K in domain C2 (E441K). Discovery studio (DS) [25] v3.5 was


http://www.rcsb.org/

used to introduce mutations to the complexes as performed by Krishnamoorthy et al., 2011

[26].

MD simulations of the Complexes

The GROMACS simulation package (v4.5.4) [27,28] was used to perform the MD
simulations, with explicit water and physiological conditions. The systems were solvated
using the SPC3 [29] water model in a 0.8 nm cubic box, with applied periodic boundary
conditions in all directions. The required counter ions were added to neutralize the systems.
The resulting systems contained ~50,000 atoms. The systems were energy-minimized using
the steepest descent algorithm with a tolerance of 2000 kJ/mol/nm, and the resulting
structures were used as the starting structures for MD simulations by applying GROMOS96
force field [30]. Van der Waals and electrostatic interactions were observed with a twin range
cut-off of 0.8 nm (long-range) and 1.4 nm, respectively. The LINCS algorithm [31] was
employed to constrain the lengths of all the bonds, and the SETTLE [32] to constrain the
geometry of the water molecules. After energy minimization the structures were pre-
equilibrated for 100 ps. This was followed by 10 ns of production MD simulations with a
time-step of 2 fs, at constant temperature (300 K), pressure (1 atm) and number of particles,
without any position restraints [33]. The trajectories of the simulations were collected at
every 5 ps for various quantitative analyses using GROMACS tools. The interactions at the
interface of the complexes were analysed using Ligplot [34]for the representative structures
that are obtained by utilizing cluster analysis in GROMACS. In addition, structural analyses

were carried out using DS and PyMOL (www.pymol.org).

Electrostatic Surface Calculation

Studying electrostatic properties could reveal key intra and inter-molecular interactions,

which provide information for structure-function relationships [35, 36]. Thus, here we used


http://www.pymol.org/

the Delphi module of the DS to calculate the surface electrostatic potential for the WT and
the mutants. The charges for the structures were applied using the Delphi force field and the
mapping of surface electrostatic potential was done by solving the Poisson-Boltzmann

equation.
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Results

Stability of expressed mutant proteins in mammalian cells

It is important to examine the expression and stability of the single and double point
mutations as a recent study showed complexity in the expression of point mutations [37]. To
determine the effect of E258K, E441K and double mutation (E258K-E441K) on protein
stability, we transfected H9C2 cells with WT or single or double mutation of MYBPC3
constructs tagged with GFP. Single mutations and double mutation had no effect on MyBP-C
protein level when compared with WT. Similarly, no significant changes were observed in 3-
actin levels (Fig. 2a). Quantification showed that there was no significant difference in
MYBPC3 protein level between WT and mutant transcripts (Fig. 2b). Collectively, these
results suggested that both single and double mutations did not affect the MYBPC3 protein
level. However, to understand the structural consequences of the expressed mutant proteins,

here we have used molecular modeling.

Structural Features of the Modelled Motif

We used the available partial 3D structure of the cMyBP-C motif [pdb ID: 2LHU] as a
primary template to model the structure of human cMyBP-C motif. The structure of the C-
subdomain of the motif was resolved recently from mouse, with 3 helices. The remaining 2
helices at the N-subdomain have not been resolved [19]. In Fig. 2a, our model shows a
plausible complete structure of a human cMyBP-C motif, composed of 5 helical structures as
suggested previously, and a small helix that connects the subdomains N and C. The model
also shows suitable positioning of the LAGGGRRIS loop at the N-terminal, in the vicinity of
the sites of phosphorylation. This signature loop is specific to cardiac isoforms, and its
arrangement close to the sites might be required to regulate the site specific phosphorylation

[38]. Furthermore, the motif provides four accessible phosphorylation sites that are known;
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Ser275, Ser284, Ser304 and Ser311 [38], and a well exposed potential binding site
LK(R/K)XK for actin [22] at the vicinity of the C-terminal. The observed structural features
of the motif that correlates with the literature suggest that the constructed model is

biologically reasonable.

The C1-m-C2 complex was constructed using molecular docking method (Fig. 2b). This WT
complex was further used to produce the mutated complexes. Both the mutations, E258K
from domain C1 and E441K from domain C2, are located at the C-terminal of the relevant

domains, where the former mutation is adjacent to the functionally important motif.

Structural Deviation of Protein Complexes in Dynamics

The trajectory-based analyses were applied to understand the overall structural deviation of
the systems during dynamics. The root mean square deviation (RMSD) was calculated for the
Ca atoms with respect to the initial structures throughout the MD simulations (Fig. 3a). The
result showed that the WT and double mutation retained around 0.45 nm, though each
followed a slightly distinct pattern. The behaviour of the systems with single mutation was
entirely different. E258K slightly deviated after 8 ns by reaching 0.6 nm, whereas E441K
reached 0.8 nm approximately at 4 ns. The deviation of individual domains was also
calculated via RMSD with reference to the initial structure, which indicated that domains C1
and C2 were stable with average RMSD of 0.3 nm. However, the motif deviated more than
0.4 nm in all systems (Fig. 3b). These results show that the increase in the overall structural
deviation might be due to both flexibility of the motif and effect of the mutations. Although
this result provides overall stability of the complexes, further analyses required to understand

the structural properties of this complex.
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Conformational Changes of the Domains

To examine the conformational changes due to the mutations, a representative snapshot was
taken for each complex using the cluster analysis within the GROMACS package. In this
analysis, 2000 structures from 10 ns of each simulation were used to make different clusters,
from which a representative structure was in turn selected from a top cluster with the highest
number of recurrent structures, and subjected to further structural analyses. Each domain was

analysed individually, to understand the structural consequences of the mutations.

Conformational changes were observed in all three mutated systems when they were
compared with WT (Fig. 4). In the double mutation, near mutational spots, the C-terminal of
domain C1 and domain C2 showed significant conformational changes (Fig. 4a), which are
greater than that are observed in E258K and E441K (Fig. 4b and c). However, the motif in
the double mutation displayed minimal conformational shift compared to its shift in the
single mutant systems. Systems with single mutation, E258K and E441K, showed that they
could largely affect their native domain, C1 and C2 respectively (Fig. 4b and 4c). These
results indicate that the single mutations studied here predominantly affect their native
domains as well as the nearby motif. When they co-exist, they are likely to have an additive

effect on the complex.

Structural Deviations at the Functionally Important Regions of the Motif

Interestingly, conformational changes were noticed in the mutated systems on the key regions
of the motif including phosphorylation sites (Ser275, Ser284, Ser304 and Ser311), the cardiac
specific loop LAGGGRRIS (reported as a regulator of phosphorylation) (Fig. 5) and the

potential actin binding site (Fig. 6) LKRLK. The systems with double mutation and E441K
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largely affected the sites of phosphorylation and the cardiac specific loop by shifting the co-
ordinates of the relevant residues. It is important to note that the exposed Ser284 of WT was
buried in the double mutation and in the E441K (Fig. 5b and d), whose phosphorylation is
reported to be a prerequisite for phosphorylation of rest of the sites. Surprisingly, in E258K,
minimal effects were observed at these sites (Fig. 5¢). The linker between the subdomains N
and C of the motif displayed flexible behaviour in all the mutant systems. The mutations also
induced prominent shifts on the backbone of the residues of the actin binding sites at the C-
terminal of the motif (Fig. 6). Again, both the double mutation and E441K in isolation induce
maximal shift. Altogether, the structural shifts on the key regions of the motif indicate that
the both double mutation and E441K induce severe changes on these sites compare to
E258K. These changes might affect the binding of the C1-m-C2 to myosin S2 and actin also

could impact phosphorylation.

Interactions at the Protein-protein Interface

Studying the interactions at the interface of the Cl-motif and motif-C2 is essential to
understand their complex structural organization for the function. The inter-domain

interactions of C1-motif and motif-C2 are listed in table 1.

The interactions at the interfaces of WT shown that Cl-motif has 27 interactions (10
hydrogen bonds and 17 hydrophobic interactions), while in contrast, motif-C2 has 29 inter-
domain contacts (7 hydrogen bonds and 22 hydrophobic interactions). This suggests that in
the C1-m-C2 complex, the motif might have slightly stronger affinity towards C2 than C1.
Double mutation decreased both hydrogen bonds and hydrophobic interactions between C1
and motif, compared to WT. Strikingly, at the interface of motif and C2, double mutations

increased the number of hydrogen bonds from 7 to 14, whilst there was a reduction of
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hydrophobic interactions from 22 to 12. In the single mutation systems, hydrogen bonds are
also decreased at the C1-motif interface compared to WT, but hydrophobic interactions are
maintained. At the motif-C2 interface of the single mutants, we also observed a dramatic
increase of hydrogen bonds (from 7 to 15) and a decrease of hydrophobic interactions (from
22 to 14). These variations in the interaction patterns indicate that the conformational changes
induced by mutations in the C1-m-C2 could disturb the formation of native interface between

the domains.

Changes on the Surface Electrostatic Properties

Surface electrostatic properties of the representative structures showed changes in the surface
charge at the mutated spots, as the native residues were negatively charged glutamic acids
which were mutated with positively charged lysines (Fig. 7). This change in the mutational
spots affects their neighbouring regions. In addition, mutation-induced conformational shifts
cause changes to the electrostatic properties at the front and rear side of the mutated
complexes. It is worth noting that in the WT complex, the roof of the cMyBP-C motif creates
an elevated surface with a distribution of negatively charged residues. By contrast, in the
double mutation and in E258K, the C1 domain shows an additional elevation that is
positively charged on its surface due to the mutation. As suggested by earlier studies [21,22],
this might interfere with the native affinity of C1 and the motif towards their binding
partners, myosin or/and actin. In E441K, due to severe conformational changes, the elevated
shape of the motif on the top of the complex is flattened. The observed changes to the surface
charge and shape of the complex reveal that the reverse charge mutations can impact

profoundly on the electrostatic properties of C1-m-C2.
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Discussion

This modeling study on the complex C1-m-C2 suggests possible structural consequences of
the severe HCM phenotype associated with double mutation in the gene coding for cMyBP-
C. In MD simulations, the mutations have been shown to produce distinctive and
considerable changes on the sites of phosphorylation, potential binding regions of actin and
myosin. These sites are affected through modifications of the complex conformation,

interface and charge reversal on electrostatic properties at surface.

Several studies have shown that truncation mutations in MYBPC3 diminish the cMyBP-C
protein level and cause hypertrophic cardiomyopathy through haploinsufficiency [39, 40, 41].
However, MYBPC3 missense mutations, including E258K, cause a more malignant form of
HCM through disruption of sarcomeric function than MYBPC3 haploinsufficiency [37, 42,
13]. Marston et al., showed that E258K mutation marginally reduced the protein level in
myocardium [39]. Our data showed that both single and double mutations unlikely affected
the protein level and may supports the concept that haploinsufficiency may not be the

primary mechanism of disease progression in HCM.

Multiple phosphorylation sites on cMyBP-C suggest its role in normal cardiac function.
Mutations in these sites reduce contractile function [38, 43, 44, 45]. In addition, it has been
suggested that phosphorylation of Ser284 in humans (Ser282 in mouse) is a prerequisite for
phosphorylation of Ser275, Ser 304 and Ser311 [38, 45]. This study provides a structural
insight into the mutational effect on the phosphorylation sites. The drastic conformational
shift on the sites, and in particular the burial of Ser284, and the deviation of the cardiac
specific loop due to double mutations (as well as E441K in isolation), might affect normal
cardiac function. The mutation E258K is located near to Ser304 however it was not affecting

any site of phosphorylation severely. This suggests that the E258K mutation might affect the
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binding of C1 to S2 of myosin directly by changes on surface electrostatic properties [13, 21,
22]. This is in agreement with the observations of our previous study on E258K [10].

However, the effects of mutations on the sites of phosphorylation have to be validated.

Ca2+ signalling-based energy depletion is one of the possible mechanisms that causes HCM
[7, 46], which found to be regulated by the normal phosphorylation in the motif [47]. The
mutations induced changes revealed here on the sites of phosphorylation appear that it could

influence Ca2+ signalling and energy supply for contractile function.

In vitro studies such as Immunofluorescence and yeast-two-hybrid, suggest that C1-m-C2
interacts with S2 of myosin to regulate phosphorylation and cross-bridge kinetics [21, 22, 48,
49]. Here, the interaction pattern at the interfaces revealed that the native C1-m and m-C2 is
predominately built with hydrophobic interactions and a few hydrogen bonds. This native
pattern was altered by the mutations studied, which could impact the normal functionality of

the complex.

The biochemical or biophysical analyses and yeast-two-hybrid experiments [50, 51, 52]
reported that the domain C1, motif and/or C1-m-C2 complex interacts with actin mainly via
lysine residues [53]. The mutated systems appear to severely affect the backbone of the
residues of potential actin binding site LKRLK [19] in the motif. This indicates that the
interaction between residues of the motif and actin could be based on electrostatic properties.
Thus, the charge reversal mutations (single or double) studied here can induce modifications
to the surface electrostatic properties via conformational changes on the binding site, and

consequently interfere its interaction with actin [54, 55].
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Conclusions

In the contractile apparatus, cMyBP-C has to bind with both thick and thin filament systems
that are involved in organizing sarcomeric structure and cross-bridge regulation. In which, the
N-terminal of cMyBP-C, C1-m-C2 also plays a key role. This modeling study explains the
importance of conservation of conformational specificity, interface and electrostatic
properties to the native structural organization of C1-m-C2 for its key functions. This type of
structural conservation is affected considerably when E258K and E441K coexist, potentially
impacting normal phosphorylation and binding with both myosin and actin. The studied
mutational effects might lead to severe phenotype observed in our patient. It is hoped that

these observations will help to identify future therapeutic targets for HCM.
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