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Hypertrophic cardiomyopathy (HCM) is a common, autosomal dominant disorder primarily character-
ized by left ventricular hypertrophy and is the leading cause of sudden cardiac death in youth. HCM is
caused by mutations in several sarcomeric proteins, with mutations in MYH7, encoding p-MyHC, being
the most common. While many mutations in the globular head region of the protein have been reported
and studied, analysis of HCM-causing mutations in the B-MyHC rod domain has not yet been reported. To
address this question, we performed an array of biochemical and biophysical assays to determine how
the HCM-causing E1356K mutation affects the structure, stability, and function of the B-MyHC rod. Sur-
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Mutation prisingly, the E1356K mutation appears to thermodynamically destabilize the protein, rather than alter
the charge profile know to be essential for muscle filament assembly. This thermodynamic instability
appears to be responsible for the decreased ability of the protein to form filaments and may be respon-
sible for the HCM phenotype seen in patients.

© 2009 Elsevier Inc. All rights reserved.
Introduction have the largest effect of any known mutation on the charge profile

Hypertrophic cardiomyopathy (HCM) is a common autosomal
dominant disease predominantly characterized by hypertrophy of
the left ventricle [1-3]. The prognosis for HCM is often benign,
but a portion of patients die of sudden cardiac death or heart fail-
ure, and HCM is the leading cause of sudden cardiac death in youth
[4]. Mutations in MYH7, the gene encoding B-MyHC, are the most
common cause, representing approximately 30% of all HCM cases
[5,6]. While the majority of these mutations are located in the pro-
tein’s globular head region, approximately 20% are located in the
protein’s long, a-helical coiled-coil rod [7]. Mutations in the myo-
sin rod have been hypothesized to disrupt muscle filament assem-
bly and to cause disease by inducing myofibrillar disarray [7].

To test this hypothesis, we chose to examine how a mutation
associated with HCM affects the structure, stability, and function
of the protein [4]. The mutation chosen was E1356K and is located
in the C-terminal 700 amino acids of the protein known as LMM
(Fig. 1A) [4]. Found in the c position of the coiled-coil heptad re-
peat, this mutation was chosen because it is predicted in silico to

Abbreviations: MyHC, myosin heavy chain; HCM, hypertrophic cardiomyopathy;
LMM, light meromyosin; CD, circular dichroism; SLS, static light scattering; DLS,
dynamic light scattering.
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of the rod (Fig. 1B and C) and exhibits extremely high conservation
across all sarcomeric myosins. Using a variety of assays previously
established for investigating disease-causing mutations in the B-
MyHC rod, our data show that, surprisingly, the E1356K mutation
causes a thermodynamic destabilization of the protein [8,9]. It is
this protein instability, rather than the charge disruption, which
appears to be primarily responsible for the HCM phenotype seen
in patients.

Methods

Protein expression and purification. Wild-type B-MyHC LMM (aa
residues 1231-1938) was cloned into the pUC18 expression vector
and the E1356K mutation was introduced via inverse PCR, verified
by sequencing, and subcloned into the pET 3a expression vector as
described previously (modified pET vector provided by Thompson).
Constructs were transformed into BL-21 cells and protein extrac-
tion and purification were performed as previously described [9].
Briefly, proteins were purified on Ni—-NTA agarose, eluted with
imidazole, and further purified by anion exchange chromatogra-
phy. LMM containing fractions were analyzed via SDS-PAGE for
purity, pooled, and concentrated using Amicon Ultracel 50K centri-
fuge columns.

Circular dichroism measurements. Wild-type and mutant LMM
proteins were dialyzed into 10 mM TES, 300 mM NacCl, 3.5 mM
EDTA, pH 7.3, diluted to approximately 0.3 mg/mL, and reduced
with 1 mM TCEP. Circular dichroism (CD) analysis was performed
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Fig. 1. Position of the E1356K mutation in the -MyHC rod. (A) The globular head
and N-terminal segment of the B-MyHC rod are shown in dark gray. The C-terminal
LMM segment of the rod is shown in light gray, with the relative position of the
E1356K mutation denoted. (B) Relative position of amino acids in the LMM coiled-
coil, denoted a-g. The c position in which the E1356K mutation is found is
highlighted in gray. (C) Charge profile of the myosin rod. The charge profiles of WT
(red) and E1356K (blue) LMM are shown from residues 1340-1390. Mutating
E1356 to a lysine causes a net positive shift in charge. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this paper.)
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using a J-815 spectropolarimeter (Jasco Inc., Easton, MD) with con-
stant N, flushing. All measurements were performed at 4 °C with a
1-mm path length optical cell. Spectra were determined from
240 nm to 200 nm with a 0.1 nm data pitch, a continuous scanning
speed of 100 nm/min, and averaged over five accumulations. Base-
line spectra for buffer were collected in the same manner and sub-
tracted from protein spectra. The spectra were normalized by
mean residue molar ellipticity and percent a-helix was calculated
as previously described [10].

Thermal denaturation monitored by CD,,,. Protein thermal stabil-
ity was measured by CD at 222 nm during temperature-induced
protein denaturation from 4 °C to 90 °C. Data were collected at
1 °C intervals at a scan rate of 60 °C per hour. To determine transi-
tion thermodynamics, the change in mean residue ellipticity as a
function of temperature was modeled using a non-linear least
squares algorithm that assumes the two-state transition of mono-
mer from a folded to an unfolded state with no change in heat
capacity between the folded and unfolded forms [11]. The fraction
folded at any given temperature was calculated using a model sim-
ilar to one which we have previously described, but because the
heat capacities of the folded and unfolded states are assumed to
be equal, AC, was fixed at zero in all models described here [9].

Static light scattering. The self-assembly of wild-type and mu-
tant protein was measured in real-time by 90° light scattering
using a PTI QM-2000-6SE fluorescence spectrometer (Photon Tech-
nology International, Birmingham, NJ) essentially as described pre-
viously [9]. Briefly, measurements were taken for buffer without
salt (10 mM TES, 3.5 mM EDTA, 1 mM TCEP, pH 7.3) for 2 min to
obtain a baseline for scattering, at which point an equal volume
of 400 nM protein in 10 mM TES, 300 mM NacCl, 3.5 mM EDTA,
1 mM TCEP, pH 7.3 was added, diluting the buffer to 150 mM NacCl
and allowing for self-assembly at a final protein concentration of
200 nM. Reactions were allowed to proceed to completion
(40 min) before 5 M NaCl was added to return the NaCl concentra-
tion to 300 mM. Data were analyzed using Kaleidagraph (Synergy
Software, Reading, PA) with background buffer scattering sub-
tracted from each reading.

Paracrystal formation and visualization. Paracrystals of wild-type
and mutant protein were formed by dialyzing 100 pg of protein
into 10 mM bis-Tris propane, 100 mM NaCl, 3.5 mM EDTA, pH
7.3, and imaged using a Phillips CM10 TEM at 80 kV as previously
described [9].
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Fig. 2. The E1356K mutation alters the thermal stability but not the secondary structure of LMM. (A) Far-UV CD spectra of WT (black) and E1356K (gray) LMM were obtained
from 250 nm to 200 nm. WT and E1356K LMM both display nearly identical, canonical a-helical structures, with characteristic minima at 208 nm and 222 nm. (B) The a-
helical secondary structure of LMM was monitored by 0,5, during thermal denaturation. Measured 05, data (black) were fit to a theoretical model of protein denaturation
(gray) over the range of the thermal transition to derive thermodynamic parameters. (C) Residuals for the fit of the theoretical model to the measure data are calculated as the
difference between the two at each point. Residuals are around zero, indicating our model fits well and shows no systematic deviation.
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Results

The E1356 residue of LMM is located in the c position of the
o-helical heptad repeat. Because amino acids in the ¢ position of
LMM are typically responsible for mediating electrostatic inter-
actions between adjacent coiled-coils, we hypothesized the
charge reversal associated with the E1356K mutation would
destabilize the interactions between coiled-coils but not disrupt
the secondary structure of the a-helix. To test this, we obtained
far-UV CD spectra for both WT and E1356K LMM to determine
secondary structure. Both WT and E1356K protein displayed
nearly identical, canonical o-helical spectra, with each showing
characteristic minima at 208 nm and 222 nm (Fig. 2A, Table 1).
E1356K had a calculated a-helical content of 89.1%, similar to
the 91.5% a-helix seen for WT LMM, and suggesting E1356K
does not have a significant effect on the secondary structure of
the protein (Table 1).

Although E1356K LMM appears to be properly folded, the muta-
tion could destabilize the coiled-coil [9]. To determine if this is the
case, the stability of WT and E1356K LMM was monitored from
4°C to 90 °C and the thermal denaturation of each was modeled
to obtain thermodynamic parameters (Fig. 2B and C, Table 1).
E1356K LMM shows a thermal midpoint of unfolding that is de-
creased by 0.4 °C relative to WT protein, though the thermal stabil-
ity at physiological temperature is even more telling. E1356K LMM
has a AAG at 37 °C of —0.66 kcal mol~!, and AH and AS are both
decrease by over 19% (Table 1). These results suggest that under
physiologically relevant conditions, E1356K LMM is less thermody-
namically stable than WT.

To determine if the decreased stability of E1356K LMM affects
the ability of the protein to self-assemble, we utilized static light
scattering to follow the process in real-time. Both WT and
E1356K LMM were diluted from high salt buffer to low salt buf-
fer to initiate filament assembly, and the reaction was monitored
by 90° light scattering (Fig. 3). The majority of WT LMM assem-
bled within the first 12 min, though E1356K LMM did not
assemble to the same extent. Initial rates of assembly were sim-
ilar for both proteins, but after approximately 9 min self-assem-
bly of E1356K LMM began to plateau, whereas WT LMM
continued to assemble. This difference in late-stage assembly
led E1356K LMM to assemble to only approximately 80% of
WT LMM.

We next sought to determine if the E1356K mutation affects the
morphology or structure of protein assemblies by visualizing para-
crystals, which are well-ordered assemblies of LMM that provide
an established model for thick filament formation. Paracrystals
formed from E1356K LMM had a periodicity of 14.4 nm, similar
to the 14.0 nm periodicity seen for WT, and the 14.3 nm axial spac-
ing seen for muscle fibers in vivo (Fig. 4A, Table 2). These differ-
ences are not statistically significant, suggesting that packing into
filaments is not affected by the E1356K mutation. To further char-
acterize filament morphology, molecular sizing experiments were
performed by dynamic light scattering (DLS). DLS showed unas-
sembled protein has a hydrodynamic radius of 22 nm, whereas fil-
aments of WT LMM have hydrodynamic radii of 29,500 nm.
E1356K LMM forms filaments with hydrodynamic radii of
25,200 nm, a difference which cannot be confirmed as statistically
significant (Fig. 4B).

Table 1
Biophysical data for LMM proteins.
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Fig. 3. E1356K LMM does not form filaments as well as WT LMM in real-time self-
assembly assays. The baseline amount of 90° light scattering in no salt buffer was
obtained for 120 s. An equal volume of WT LMM (black) or E1356K LMM (gray) was
then added, diluting the sample to 150 mmol/L NaCl and 200 nmol/L protein to
initiate self-assembly. The reaction proceeded for 40 min before the addition of
5 mol/L salt to return the buffer to 300 mmol/L NaCl and demonstrate reversibility.
The intensity of 90° light scattering is plotted in arbitrary units with respect to time.

Discussion

HCM is a common genetic disease, and MYH?7 is the gene in
which HCM mutations are most often identified. However, despite
the fact that mutations in the rod domain of B-MyHC may account
for up to 20% of MYH7-related cases of HCM, no characterization of
these mutations had been performed [4]. Here we present the first
work to understand the pathogenicity of an HCM-causing mutation
in the B-MyHC rod using techniques which we have previously uti-
lized to characterize other disease-causing mutations in this region
of the protein [8,9]. E1356K was chosen as a model mutation be-
cause it is predicted computationally to severely affect the charge
distribution governing thick filament assembly. Our data suggest
that for this mutation, reversing the charge of a single amino acid
will destabilize the protein. This protein cannot form filaments as
well as WT protein, and may help explain how this mutation leads
to the clinical phenotype present in patients.

As expected, mutating E1356 to lysine did not have any detect-
able effect on the secondary structure of LMM. Both WT and
E1356K LMM display canonical a-helical spectra and have a similar
calculated percentage of a-helix. The mutation did, however, affect
the stability of the protein. Thermal melts show that E1356K has a
decreased T, compared to WT LMM, a AAG at 37°C of
—0.66 kcal mol ™!, and a corresponding AH and AS which are both
decreased by nearly 20% from WT. Together, these data suggest
that under physiological conditions E1356K LMM is much less sta-
ble than WT protein. Amino acids in the heptad c position are
thought to be important for forming the ionic interactions between
coiled-coils necessary for filament formation. Our data imply that
by reversing the charge of an amino acid at this position the pro-

Construct [0]222 (deg cm? dmol 1) a-Helix (%) T (°C) AGapp37 (kcal mol™1) AH (kcal mol1) AS (kcal mol~1 K1)
Wild-type —31,422 91.5 509 —-3.04 —-71.1 -0.220
E1356K -30,674 89.1 50.5 —2.38 -57.4 -0.177
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Fig. 4. Paracrystals formed by E1356K LMM are morphologically indistinguishable from paracrystals formed by WT LMM. (A) WT and E1356K LMM were dialyzed overnight
at 4 °C ainto a low salt crystallization buffer (10 mmol/L bis-Tris propane, 100 mmol/L NaCl, 3.5 mmol/L NaCl, pH 7.3) to induce paracrystal formation. Paracrystals were then
adsorbed onto carbon mesh grids and electron micrographs were recorded at a magnification of 92,000x. Image manipulate software was used to obtain paracrystal
periodicity measurements which, to reduce noise, were taken over the range of several striations and divided by the number of striations to obtain an average periodicity per
paracrystal. (B) WT and E1356K paracrystals are similar in size. WT and E1356K LMM were self-assembled in a manner similar to 90° light scattering experiments. Reactions
were carried out at a final concentration of 150 mmol/L NaCl and 200 nmol/L protein, and were allowed to proceed for 45 min at room temperature before molecular sizing
experiments were performed. As a control, the hydrodynamic radius of WT LMM was determined prior to assembly and is denoted as native.

Table 2

LMM paracrystal parameters.
Construct Striations (nm) +[— n
Wild-type 14.0 0.44 20
E1356K 144 0.68 15

tein becomes destabilized, even though we are unable to detect
any perturbation to the structure of the individual o-helices.

The destabilization of E1356K LMM appears to have an effect on
the protein’s function as well. Results from 90° light scattering
show E1356K LMM is able to self-assemble at a rate similar to
WT LMM, but the reaction truncates at a level 20% lower than seen
with WT protein. Data from molecular sizing experiments show
that filaments being formed by E1356K LMM are similar in size
to those formed from WT LMM, suggesting that in 90° light scatter-
ing experiments, fewer assemblies are being formed rather than
smaller assemblies. Electron microscopy of WT and E1356K LMM
paracrystals also suggests that E1356K LMM is able to form fila-
ments with normal ultrastructure, as each displays periodicity sim-
ilar to the expected 14.3 nm.

Our data suggest that the E1356K mutation in B-MyHC causes
HCM by destabilizing the coiled-coil. This destabilized protein is
then unable to form filaments as well as WT protein (though the fil-
aments that do form appear indistinguishable from WT filaments)
which may lead to myofibrillar disarray in vivo. While it is not com-

pletely unexpected that altering a charge change in the c position of
the LMM coiled-coil could destabilize the dimeric unit, it is surpris-
ing that this appears to be the primary molecular phenotype. It
should be noted, however, that the change in charge profile could
still be responsible for the assembly defect detected by SLS, and that
the thermodynamic instability may act cooperatively with this
charge-based phenotype to affect the stability of the sarcomere.

An additional possibility is that the E1356K mutation may alter
the interaction of LMM with chaperones or myosin rod-associated
proteins. While many of the proteins known to interact with the
myosin rod, such as MyBP-C, MyBP-H, Myomesin, and Titan, are
not thought at present to interact with the E1356K residue, and
no chaperones are known to interact with the MyHC tail, much re-
mains to be learned about the ultrastructure of the sarcomere and
this is an intriguing hypothesis which cannot be entirely dis-
counted [12-14].

Although further characterization of this mutation with cell
based in situ systems and in vivo models will be necessary to fully
dissect how the molecular phenotype seen here leads to disease,
and future studies of additional HCM mutations in the rod are war-
ranted, the characterization provided here is an important first
step in understanding HCM mutations in the rod region of B-MyHC.
Taken together with reports describing B-MyHC rod mutations in-
volved with other diseases such as myosin storage myopathy,
MPD1 distal myopathy, and dilated cardiomyopathy, characteriza-
tion of the E1356K HCM mutation adds to a growing body of data
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which should lead to a more complete understanding of the path-
ogenesis associated with mutations in the B-MyHC rod [8,9].
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