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ABSTRACT: Human cardiac myosin binding protein C (cMyBP-C), a thick filament
protein found within the sarcomere of cardiac muscle, regulates muscle contraction and
is essential for proper muscle function. Hypertrophic cardiomyopathy (HCM), a
genetic disease affecting 1 in 500 people, is the major cause of death in young athletes.
It is caused by genetic mutations within sarcomeric proteins. Forty-two percent of the
HCM-related mutations are found in cMyBP-C. Here we present the nuclear magnetic
resonance-derived structural ensembles of the wild-type cMyBP-C C3 domain and its
HCM-related RS02W mutant. The C3 domain adopts an immunoglobulin-like fold,
and mutation of the exposed ArgS02 to a tryptophan does not perturb its structure,

R502 W502

dynamics, or stability. However, the R502W mutation does alter the predicted
electrostatic properties of the C3 domain. We hypothesize that this mutation, and other HCM-linked mutations found within the
same domain, may directly disrupt the interaction of cMyBP-C with other sarcomeric proteins.

ardiac myosin binding protein C (cMyBP-C) is essential
for the regulation of contractility in cardiac muscle.!
When ¢cMyBP-C is knocked out in mice, the sarcomere still
assembles but the animals show cardiac hypertrophy and
impaired contractile function.” MYBPC3, the gene that encodes
cMyBP-C, is closely linked with hypertrophic cardiomyopathy
(HCM). This genetic disease is caused mostly by mutations
within cardiomyocyte sarcomeric proteins, including cMyBP-
C.> HCM is a leading cause of sudden cardiac death in young
people and athletes, occurring in 0.2% of the general
population.* Approximately 42% of the HCM-related muta-
tions are found in the MYBPC3 gene.s’6 One such mutation,
R502W, first reported in a patient with hypertrophic
cardiomyopathy in 2003 by Richards et al,” lies within the
C3 domain of cMyBP-C. This mutation is caused by a
C10951T nucleotide change within exon 17 of MYBPC3.” The
mechanism of how this and related missense mutations affect
the function of cMyBP-C and subsequently impair contractility
is unclear.
cMyBP-C is located on the thick filaments of vertebrate
cardiac muscle and appears as seven to nine stripes,
approximately 43 nm apart, in the cross-bridging C zones of
the sarcomere.*™'* It is a 130 kDa modular protein, predicted
by sequence analysis to be comprised of eight immunoglobulin-
like (Ig-like) domains and three fibronectin-like domains''
(Figure 1). cMyBP-C has an additional N-terminal domain, CO,
as well as four phosphorylation sites in a mybpc motif and a 28-
residue insert in the CS domain as compared to the skeletal
isoform."> Co-sedimentation experiments and immunofluor-
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escence microscopy of recombinant proteins have revealed that
the C-terminal portion (C7—C10) of cMyBP-C is tethered to
the myosin backbone."*~"> The N-terminal region of cMyBP-C
functions in modulating contractility by interacting with the S2
region of myosin in a phosphorylation-controlled manner.'®"”
Studies have also shown that a (Pro-Ala)-rich sequence within
cMyBP-C interacts with actin'”'® and tropomyosin.'” Thus,
the C1 domain and mybpc motif may also provide a platform
for actin binding’**' A three-dimensional (3D) electron
microscopy reconstruction confirmed that N-terminal frag-
ments of cMyBP-C (CO—C3) lie alongside F-actin.**

In this study, we have determined the three-dimensional
structural ensembles of the cMyBP-C C3 domain and its HCM-
related RSO2W mutant by NMR spectroscopy. We also
investigated their dynamic properties and relative thermal
stabilities. In addition to confirming that the C3 domain adopts
an Ig-like fold, our results show that the substitution of a
positively charged arginine with a hydrophobic/aromatic
tryptophan does not result in any significant perturbations of
its structure, dynamics, or stability. Accordingly, we hypothesize
that the RS02W mutation alters the interactions of the cMyBP-
C C3 domain with its binding partner proteins. This likely
results, in part, from a change in the electrostatic surface of the
cMyBP-C C3 domain due to the mutation. Our research
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Figure 1. Schematic representation of the modular architecture of cMyBP-C. Fibronectin-like domains are shown as gray ovals and immunoglobulin-
like domains as rectangles, with C3 colored red. The four phosphorylation sites within the mybpc motif are shown as red dots, and the (Pro-Ala)-rich
sequence is shown as “pa”. Regions of interaction on cMyBP-C, as reported in the literature, are indicated with horizontal bars and labeled with the

names of the interacting proteins.

Table 1. Summary of Structural Statistics for the cMyBP-C C3 Domains

summary of restraints
NOE distance restraints
intraresidue
sequential
medium-range (1 < li — jl < 5)
long-range (li —jl > S)
total
dihedral angle restraints
oy
Ramachandran analyses (%)
residues in most favored regions
residues in allowed regions
residues in generously allowed and disallowed regions
violations (average + standard deviation)
distance restraints (A)
dihedral angle restraints (deg)
deviations from idealized geometry
bond lengths (A)
bond angles (deg)
root-mean-square deviation (A)?
backbone atoms (C, N, O)
all atoms (C, N, O)

WT (PDB entry 2MQO0)

RS02W mutant (PDB entry 2MQ3)

471 356

626 384

294 152

1103 520

2494 1412

86, 88 83, 85

92.3 92.6

7.7 7.4

0.0 0.0

0.12 + 0.28 0.06 + 0.21
047 + 1.57 0.31 + 0.82
0.004 0.004

0.6 0.6

0.61 + 0.09 0.80 + 0.12
0.84 + 0.12 1.19 + 0.12

“Pairwise root-mean-square deviation calculated among 10 refined structures for residues 454—538 of the human cMyBP-C C3 domain.

provides a molecular framework for understanding the role of
the RSO02W mutation, and other related mutations, within
cMyBP-C C3 domain linked to cardiomyopathy.

B EXPERIMENTAL PROCEDURES

Cloning and Mutagenesis. A 273 bp DNA fragment,
encoding the C3 region (residues 453—543) of human cMyBP-
C, was amplified from the full-length MYBPC3 cDNA gene.
The polymerase chain reaction (PCR) used the forward primer
5'-GCCATATGCCTGTGCTCATCACGCG-3’ and the re-
verse primer 5'-GCGCGGCCGCTTACTTTTCCTGCACA-
ATGAGCT-3’ that contain the Ndel and NotI restriction sites,
respectively. The PCR product was ligated into the pET28a
vector (Novagen). The resulting construct, denoted as Hiss-C3,
encodes the WT C3 domain of cMyBP-C with a cleavable N-
terminal hexahistidine affinity tag. Subsequent DNA sequencing
(GENEWIZ) confirmed that the C3 insert matched the
sequence reported in the Swiss-Prot database (UniProt entry
Q14896/MYBPC3 HUMAN). The RS02W C3 construct was
made from the WT C3 construct by site-directed mutagenesis
using primers 5-GACCTTCAAATACTGGTTCAAGAAGG-
ACGG-3' and §'-CCGTCCTTCTTGAACCAGTATTTGAA-
GGTC-3'.

Isotopic Labeling and Protein Purification. The
expression plasmids were transformed into Escherichia coli
BL21(ADE3) cells. Uniformly N-labeled Hiss-C3 was ex-
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pressed in M9T medium (200 pg/mL kanamycin) supple-
mented with 1 g/L ""NH,CI (Sigma-Aldrich). Uniformly "C-
and "“N-labeled His;-C3 was expressed in M9T medium
containing 3 g/L ["*C¢]glucose (Sigma-Aldrich) and 1 g/L
NH,CL For both isotopically labeled samples, cultures were
grown at 37 °C to an ODgy, of 0.6 and induced with 1 mM
IPTG. After an overnight incubation, cells were harvested by
centrifugation at 6000g (4 °C) for 7 min and subsequently
lysed using an Avestin Emulsiflex-3C high-pressure homoge-
nizer at 15000—20000 psi for 5 min in S0 mM sodium
phosphate buffer (pH 6.5). The resulting lysate was further
centrifuged at 29000g for 30 min at 4 °C. The supernatant
containing the His¢-tagged proteins was loaded onto a Ni**
affinity column [column volume of S mL (GE Healthcare)],
pre-equilibrated with phosphate buffer. Elution was performed
in five steps with an increasing imidazole concentration (from
100 to SO0 mM, in 100 mM increments). Samples of the
elution fractions were run on a 15% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS—PAGE) gel. Fractions
containing C3 were combined and concentrated to 5 mL using
an Amicon centrifugal filter unit (S kDa cutoff, Millipore). The
Hisg tag was cleaved by adding 10 units (1 unit/uL) of
thrombin and incubating for 6 h. The protein was then further
purified using a size-exclusion chromatography column (HiPrep
26/60 Sephacryl S-100 High-Resolution) on an AKTAprime
system (Pharmacia Biotech). The column was equilibrated with
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50 mM sodium phosphate buffer (pH 6.5) and 100 mM NacCl
and run at a flow rate of 1.0 mL/min. Fractions containing C3
were identified using 15% SDS—PAGE, pooled, and concen-
trated to 10 mg/mL using an Amicon ultracentrifugal filter
device (3 kDa cutoff, Millipore). The final protein
(Pro453—Lys543) with four remnant N-terminal residues,
Gly-Ser-His-Met, resulting from cloning and thrombin
cleavage) is 95 residues in length and has a calculated
molecular mass of 10812 Da and a calculated isoelectric point
of 5.1. The concentration was determined by UV,4, absorption
with a NanoDrop ND-100 spectrophotometer (Thermo
Scientific) using predicted extinction coefficients of 8480 and
13980 M™! cm™ for the WT and RSO02W species,
respectively.”®

Acquisition of NMR Data. NMR experiments were
performed on TCI cryoprobe-equipped Bruker Avance III
500 and 600 MHz NMR spectrometers at 25 °C. All samples
consisted of 0.8 mM protein in 50 mM sodium phosphate
buffer (pH 6.5) and 100 mM NaCl with 10% D,O. The spectra
were processed with NMRPipe®* and analyzed using Sparky.*®

Chemical Shift Assignments and Structure Calcula-
tion. Signals from the backbone 'H, '*C, and "N nuclei of the
BC- and "“N-labeled WT and R502W C3 domains were
assigned using the following experiments: ISN/BC HSQC,
HNCO, HN(CA)CO, HNCACB, and HN(CO)CACB.*°
Aliphatic side chain assignments were obtained from 3D
(H)CC(CO)NH-TOCSY, H(CC)(CO)NH-TOCSY, and
HCCH-TOCSY experiments. The aromatic side chains were
assigned using the two-dimensional (HS)CS(CyCS)HS and
(HB)CB(CyCSCe)He experiments.”” Backbone dihedral angles
were predicted from Bea 1Bch B gt PN and BN
chemical shifts with TALOS+>® and used as restraints for
structure calculations. NOE-derived distance restraints were
obtained from simultaneous 3D 'H—'"N/®C—'H NOESY-
HSQC (mixing time of 110 ms)*® and methyl NOESY
spectra.®® The NOESY spectra were partially assigned
manually, followed by automated assignment using CYANA
3.0.%° Structure calculations were performed in seven iterative
cycles. Each cycle yielded 100 structures, and the 10 lowest-
energy structures were taken into the following cycle as the
basis for further spectral assignments and structure calculations.
The 10 lowest-energy structures generated in the final cycle
were then refined with CNS wusing explicit solvent and
molecular dynamics simulations.>® Table 1 shows a summary
of the restraints and structural statistics for both proteins. The
chemical shifts and structural coordinates of the WT C3
domain ensemble have been deposited in the BioMagResData
Bank (accession number 25007) and the Protein Data Bank
(PDB) (entry 2MQO), respectively. The chemical shifts and
structural coordinates of the RS02W C3 domain ensemble have
been deposited in the BioMagResData Bank (accession number
25010) and the Protein Data Bank (entry 2MQ3), respectively.

Backbone Amide °N Relaxation. Amide '*N relaxation
data (T, T,, and heteronuclear NOE) were collected at 25 °C
on the WT and R502W C3 proteins with a 500 MHz NMR
spectrometer.®” Relaxation rate constants were determined by
fitting each set of peak heights to a single-exponential decay.
Errors in the rate constants were determined by Monte Carlo
simulations. The heteronuclear {'H}—!"*N NOE values were
determined from the ratio of peak height versus a control
reference spectrum, and the NOE errors were estimated from
the spectral noise. The global tumbling correlation times and
anisotropic model-free order parameters (S*) were calculated
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from the relaxation data and structural ensembles using
TENSOR2.*

Amide relaxation-compensated N CPMG-HSQC spectra
were collected at 600 MHz. Interleaved spectra at different
CPMG field strengths (vepyg = S0, 100, 200, 400, 600, 800,
and 1000 Hz) were collected in random order with a constant
time delay (T,ys,) of 80 ms.>* Peak volumes, determined using
the autoFit.tcl script of NMRPipe, were used to calculate the
effective transverse relaxation rate R, . = (—1/Tie1ay) In(Vieppia/
V,), where Vipyg and V, are the peak volumes with and
without the CPMG pulse train, respectively.

Structural and Electrostatic Analyses. The secondary
structural analysis was performed using the MICS program,a'S
combined with manual inspection of the backbone hydrogen
bonding patterns. The root-mean-square deviation (rmsd)
values reported for protein superimpositions were calculated by
pairwise ensemble comparison in PyMol.*” The DALI*® and
FATCAT? servers were used to find proteins with similar
folds. The surface electrostatic analyses were performed with
the adaptive Boltzmann-Poisson solver plug-in*® within
PyMol* using dielectric constants of 2 for protein and 80 for
solvent. The solvent radius was set at 1.4 A. The per-atom
char§e and radius were calculated using the AMBER force
field* within PDB2PQR.*" Default parameters were used in
PDB2PQR, except for the protonation states that were assigned
at pH 6.5 to match the NMR experimental conditions.

Collection and Analysis of Circular Dichroism Data.
Circular dichroism (CD) spectra were collected for both the
WT and RS02W C3 samples as a function of temperature with
a Jasco J-810 spectropolarimeter. The temperature was
controlled using a Peltier thermoelectric system. Purified
proteins (180 uL at a concentration of 15 yM) in buffer [20
mM sodium phosphate (pH 6.5) and 50 mM NaCl] were
loaded into a 0.05 cm path-length quartz cuvette. Spectra,
covering a wavelength range of 198—260 nm, were collected for
the protein samples and buffer controls at 5 °C intervals
between 20 and 70 °C. The samples were incubated at each
temperature for S min before data were collected.

The collection of each set of data was repeated three times
for the WT and R502W mutant. The buffer baseline spectrum
was subtracted from each protein spectrum at each
corresponding temperature to correct for the background
signal. The sets of averaged spectra were deconvoluted into
basis component spectra using the convex constraint algorithm
in CCA+." The sum of the fractions of the component spectra
was normalized to 1 at each temperature. The change in the
fraction of each basis spectrum, contributing to the total CD as
a function of temperature, was used to monitor the transition
between different folding stages. Protein unfolding, depicted by
transitions between the component spectra, was plotted versus
temperature. When the data points were fit with a Boltzmann
sigmoidal curve™™* using GraphPad Prism version 5.00,* the
midpoint unfolding temperatures were estimated.

Figure Preparation. Figures were prepared using PyMol.*
The alignment figure was prepared using CLUSTALW* and
ESPript.*®

B RESULTS

The WT and R502W C3 Domain in cMyBP-C Adopt an
Ig-like Fold. Both the WT and RS02W C3 domains yielded
well-dispersed '*N HSQC spectra (Figure S1 of the Supporting
Information), confirming that they adopt independently folded
structures when excised from the full-length protein. Using
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chemical shift-based dihedral angle restraints and an extensive
set of NOE-derived distance restraints, the structural ensembles
of the proteins were calculated with CYANA 3.0 (Figure 2a and
Table 1). The resulting ensembles are well-defined with
backbone atom rmsd values of 0.61 and 0.80 A between
residues 454—538 of the 10 lowest-energy structures in WT
and R502W C3, respectively.

As expected from sequence analysis, the C3 domain adopts
an Ig-like protein fold. This is a #-sandwich structure composed
of two f-sheets with a Greek key topology (Figure S2 of the
Supporting Information). The two sheets are formed by strands
denoted as ABED and C'CFGG’A’ to maintain consistency
with Ig fold nomenclature (Figure 2b,c). The p-sheets are
antiparallel, except for the parallel arrangement of strand G’
with the short strand A’. Residues 519—522, which are part of
the loop between strands E and F, fold into a short helix. This
secondary structure description is consistent with that predicted
by MICS™ using chemical shifts.

The R502W Mutation Does Not Perturb the C3
Domain Structure. Globally, the structures of the WT and
RS02W C3 domains are highly similar, with a pairwise

Figure 2. NMR-derived structural ensembles of the WT and RS02W
C3 domains. (a) The tertiary structural ensembles of the WT and
R502W C3 domains are shown as main chain line diagrams (green for
carbon, blue for nitrogen, and red for oxygen). The side chains of
RS02 (orange) and WS02 (purple) are also highlighted. (b) The
ribbon diagram presents the overall fold of the WT C3 domains. The
f-strands are shown as arrows in rainbow colors from the N-terminus
(blue) to the C-terminus (red). Two f-sheets are formed by strands
ABED and C'CFGG’A’. (c) The hydrogen bonds between the /-
strands are shown as gray dashed lines in a topology diagram, with the
same coloring as in panel b. The two p-sheets are separated for the
sake of clarity. The start and end residues of each f-strand are labeled.

5335

backbone rmsd of 1.37 + 0.12 A between their structural
ensembles for residues 454—538 (Figure 3). Residue 502 is in
the second position on strand D, and its backbone carbonyl and
amide form hydrogen bonds with IleS13 (second to the last
residue on strand E). Locally, substitution of ArgS02 with
tryptophan also did not perturb the structure of this sheet. In
the WT protein ensemble, the side chain of Arg502 is not well-
defined, adopting a range of conformations caused by the lack
of any measurable distance restraints (Figure 3). Similarly, in
the RS02W mutant ensemble, the hydrophobic side chain of
Trp502 also adopts a range of solvent-exposed orientations,
again because of the lack of measurable restraints. Consistent
with these minimal perturbations in the NMR-derived
structural ensembles, the amide 'HY and N chemical shift
differences between the WT and RS02W C3 domains are
localized around position 502 (Figure S3 of the Supporting
Information). Together, these data indicate that the RS02W
mutation does not alter the function of cMyBP-C through a
large scale conformational change within the C3 domain itself.

The R502W Mutation Does Not Perturb the C3
Domain Dynamics. To characterize the nanosecond to
picosecond dynamic properties of the WT and RS02W C3
domains, amide "N T, T,, and heteronuclear NOE relaxation
data were collected for both proteins at 25 °C using a 500 MHz
NMR spectrometer. From the T,/T, ratios, global isotropic
tumbling correlation times of 6.0 & 0.03 and 5.7 + 0.02 ns were
determined for the WT and RS02W mutant C3 domains,
respectively. These correlation times are consistent with those
expected for an 11 kDa protein*” and thus confirm that both
isolated C3 domains are monomeric.

The "*N NOE values are very sensitive to the subnanosecond
time scale motions of the "N—"H" bond vector and report on
the local dynamics of the associated amino acid. In the mutant
protein, the "N NOE value of the Trp502 indole *N*' is 0.47
+ 0.01, whereas that of the buried Trp486 is 0.70 + 0.01. The
substantially lower >N NOE value indicates that the side chain
of Trp502 in the RS02W C3 domain is relatively mobile. This is
expected from its solvent-exposed position and its multiple
conformations in the structural ensemble caused by a lack of
experimental distance restraints.

Figure 3. Structural superimposition of the WT and RS02W C3
domains. Structural ensemble of the WT C3 domain (blue lines)
overlaid on that of the RS02W C3 domain (red lines). The region in
the proximity of the RS02W mutation is also shown in an expanded
view, with the side chains of RS02 (orange) and WS02 (purple) shown
as sticks. Hydrogen bonds between strands E and D are depicted as
black dashed lines.

dx.doi.org/10.1021/bi500784g | Biochemistry 2014, 53, 5332—-5342
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Figure 4. Backbone dynamics of the cMyBP-C C3 domains from amide "*N relaxation analysis. Plots of N NOE (top) and order parameter (S*)
values (bottom) vs residue number are shown for the WT (blue) and RS02W (red) mutant C3 domain. Lower N NOE and S* values, as seen for
residues near the N- and C-termini and in the C’'—D loop, are indicative of faster subnanosecond time scale backbone motions. Residue 502 is
identified with an asterisk. The secondary structures identified in the 3D structures are mapped on top (arrows for f-strands and a rectangle for a
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The full sets of *N relaxation data for the main chain amides
of both proteins were fit according to the anisotropic model-
free formalism.’® A comparison of these order parameters, as
well as heteronuclear NOE values, indicates that both WT and
RS02W C3 domains exhibit very similar nanosecond to
picosecond time scale motions (Figure 4). In each case, amides
in f-strands are well-ordered, whereas those at the termini and
in loop regions are somewhat more flexible. The most notable
of the latter group are residues in the C'—D loop, which also
show higher rmsd values in the structural ensembles calculated
for each protein (Figure 2a).

As a sensitive probe of millisecond to microsecond time scale
conformational exchange, the two proteins were investigated
using N amide relaxation dispersion measurements.>> These
studies revealed no conformational exchange for the WT or
RS02W C3 domain (data not shown). This is consistent with
the model-free analysis in which the SN T, data for most
amides were fit without the need for an additional T, exchange
contribution. Collectively, these relaxation measurements
demonstrate that substitution of ArgS02 with tryptophan
does not markedly change the dynamic properties of the C3
domains across a wide time scale range.

The R502W Mutation Does Not Affect the Thermal
Stability of the C3 Domain. To investigate potential stability
changes induced by the RSO2W mutation, the heat-induced
denaturations of the WT and mutant were monitored using
circular dichorism (CD) spectroscopy. Sets of spectra were
collected over a temperature range from 20 to 70 °C (Figure
S5a). With an increase in temperature, the minima of the spectra
started at 217 nm (characteristic of f-sheets) and moved
toward 200 nm (characteristic of random coils). This provides
evidence that the C3 domain, mainly composed of f-sheets,
was unfolding and losing its secondary structure as the
temperature increased.
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Using a convex constraint algorithm,42 the collected sets of
spectra were then deconvoluted into basis components. Two
basis components (Figure Sb) were obtained, which suggests
that the WT and RSO2W mutant both unfold in a
predominantly global two-state transition. Upon obtaining the
two basis components, we can interpret the spectrum collected
at each temperature as the sum of fractions of each basis
component. As the temperature changed from 20 to 70 °C, the
fraction of one basis component decreased while the other
increased.

The percentage of unfolding, depicted as the percentage of
transition from one basis component spectra to the other as a
function of temperature, is shown in Figure Sc. Data of both the
WT and the RS02W mutant fit well to Boltzmann sigmoidal
curves. The unfolding profiles of the two proteins overlap
closely (within the error range), with midpoint unfolding
temperatures of 56.8 + 2.0 °C for WT C3 and 554 + 1.5 °C
for mutant C3. This demonstrates that the R502W mutation
did not have a significant impact on the overall thermal stability
of the C3 domain.

The R502W Mutation Alters the Predicted C3 Domain
Surface Charge. A comparison of the calculated Boltzmann—
Poisson electrostatic features of the WT and RS02W mutant
C3 domains reveals a marked change in the surface charge
induced by the RS02W mutation (Figure 6). In WT C3, the
side chains of Arg470, Lys48S, Arg495, Arg502, Lys504, and
LysS0S contribute to a large positively charged surface. This
stands in contrast to the net negative charge on the remainder
of the protein surface. Upon mutation of Arg502 to tryptophan,
the size of the positively charged patch is reduced significantly.
Such an electrostatic change could alter the interaction of the
cMyBP-C C3 domain with a complementary charged partner
protein.

dx.doi.org/10.1021/bi500784g | Biochemistry 2014, 53, 5332—-5342
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Figure S. Temperature-induced unfolding of the C3 domain monitored by CD. (a) CD spectra of the WT C3 domain collected as a function of
temperature. (b) Two deconvoluted basis component curves determined by the convex constraint algorithm for the WT C3 domain. Open squares
correspond to the folded state and black squares correspond to unfolded state. The RS02W C3 domain has spectra and basis component curves
similar to those of the WT. (c) Data points of the fraction unfolded vs temperature follow Boltzmann-weighted sigmoidal curves, with R* values of
0.97 and 0.98 for the WT (round box) and RS02W (square box) C3 domains, respectively. Each point on the plot (displayed with error bars) is an

average of three experimental replicates.

wild-type R502W mutant

Figure 6. Electrostatic properties of the cMyBP-C C3 domain. Surface
representations of the WT and RS502W C3 domain, colored by
electrostatic potential (negative, red; positive, blue) as calculated using
default settings within the APBS®® plug-in in PyMol.*” The proteins
are shown in the same orientation and rotated 180° along the long axis
in the small insets. The residues that contribute to the positively
charged patch are labeled.

B DISCUSSION

The C3 Domain Belongs to the Immunoglobulin-like
Family. Using NMR spectroscopy, we have shown that the
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isolated C3 domain of cMyBP-C adopts an Ig-like fold. This
was not unexpected as, along with seven other domains within
cMyBP-C, the C3 domain was predicted by sequence analysis
to be Ig—like.11 Indeed, this fold, which is composed of seven to
nine antiparallel f-strands arranged in a Greek key p-
sandwich,”' has been reported in numerous proteins, including
many non—immunoglobulins.52 Strands B, C, E, and F are
defined as the common core of Ig-like proteins>> (Figure S2 of
the Supporting Information). When compared with those of
other Ig-like proteins, the lengths of the noncore strands and
surrounding loops are highly variable, but these core strands are
well-conserved.>> Figure S4 of the Supporting Information
shows a structural alignment of the C3 domain with six other
proteins that are highly structurally similar. In this figure, the
similarities of the core strands of the C3 domain to those of
other Ig-like proteins can be clearly seen.

Like other Ig-like proteins, the C3 domain has three buried
hydrophobic residues in its protein core, one from each of core
strands B, C, and F.>* In the cMyBP-C C3 domain, these are
Phe473 on strand B, Trp486 on strand C, and Tyr525 on
strand F. Also, in classical Ig domains, a disulfide bridge exists
across the f-sandwich, formed between strands B and F.*'
However, this feature is not conserved in Ig-like proteins.>* In
the case of the cMyBP-C C3 domain, two cysteines are
juxtaposed in strands B (Cys475) and F (Cys528). However,

dx.doi.org/10.1021/bi500784g | Biochemistry 2014, 53, 5332—-5342
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B. taurus

P. alecto

T. chinensis
R. norvegicus
M. musculus
C. griseus

H. glaber

G. gallus

X. laevis

C. mydas

A. mexicanum

Figure 7. HCM-related mutations mapped onto the cMyBP-C C3 domain and cross-species alignment. (a) Positions of HCM-related mutations
(R458H, G490R, G490V, R495G, R495Q, R502Q, R5S02W, Lys504 deletion, GSO7R, GS523W, and ES42Q) within the cMyBP-C C3 domain
mapped onto the WT C3 structure (gray ribbon) as pink spheres. (b) Sequence alignment of C3 domains, with invariant residues in red boxes,
similar residues in red text, and stretches of amino acids that are similar across the group of sequences in blue boxes. The NMR-derived secondary
structure of the WT' ¢cMyBP-C C3 domain is shown above the alignment, which follows the Homo sapiens C3 sequence numbering. ArgS02 is
identified with a black arrowhead, and the remaining mutated residues in panel a are marked with white arrowheads. The protein sequences and the
list of HCM-related mutations were acquired from the Swiss-Prot database:*® H. sapiens (Q14896), Canis familiariz (Q2Q1LP6), Bos grunniens
(L8IEYS), Bos taurus (QOVDS6), Pteropus alecto (LSKZ62), Tsuga chinensis (L9JEW3), Rattus norvegicus (P56741), Mus musculus (Q3TF37),
Ceanothus griseus (G3GYK6), Heterocephalus glaber (GSBPC6), Gallus gallus (E1C7T3), Xenopus laevis (Q90X86), Chelonia mydas (M7BYNS), and
Ambystoma mexicanum (Q90233).

rather than pointing at each other, their side chains point in the The R502W Mutation May Disrupt Protein—Protein
Interaction of the C3 Domain. The WT and RS02W C3
domains are highly similar in terms of their structure (Figure
3), dynamics (Figure 4), and thermal stability (Figure S). This
confirmed from their highly diagnostic *C” chemical shifts.>® strongly suggests that the functional consequences of the

same direction, preventing them from forming a disulfide

bridge. The reduced states of Cys475 and Cys528 were

5338 dx.doi.org/10.1021/bi500784g | Biochemistry 2014, 53, 5332—5342



Biochemistry

mutation do not arise via disruption of the structural integrity
of the domain or through conformational rearrangements
leading to allosteric effects. Rather, the mutation may directly
alter the interactions of the C3 domain with cMyBP-C binding
partners.

Cross-species alignment of the cMyBP-C C3 domain shows
an overall high level of residue conservation, with Arg502 being
invariant (Figure 7b). Furthermore, this arginine residue has
been considered as a mutation “hot spot” because both R502Q_
and R502W mutations are related to HCM.” Our structural
investigations suggest that Arg502 may play an important role
in the proper functioning of the cMyBP-C C3 domain by
contributing to an intermolecular interface.

Comparison of the electrostatic features of the WT and
R502W mutant C3 domains shows that a large positively
charged area on the surface of the protein is altered by the
R502W mutation (Figure 6). Residues Arg470, Lys48S, Arg495,
Arg502, Lys504, and LysS0S form this positively charged patch
on an otherwise negatively charged protein. The RS02W
mutation reduces this positively charged patch and thus could
disrupt electrostatically guided protein interactions between the
C3 domain and its protein binding partners. In addition, the
mutation could eliminate direct interactions of the domain with
such a partner via arginine-mediated salt bridges and hydrogen
bonds.

cMyBP-C has been shown to interact with various proteins
within the sarcomere. In its C-terminal region, domains C7—
C10 bind to titin and light meromyosin (LMM)." In its N-
terminal region (CO—C2 domains), the mybpc motif reaches
out to interact with S2 of myosin in a phosphorylation-
dependent manner,"” while domains CO and C1 and the (Pro-
Ala)-rich motif may bind to myosin and/or actin,'®*"*>3%%7
The domain of interest in this study, the C3 domain, lies in the
central region (C3—C6), which may be required for the
flexibility of the N-terminal region, allowing it to interact with
myosin S2 or actin. Because of its proximity to the N-terminal
domains of cMyBP-C, the C3 domain may also be in contact
with either of these potential partners, interacting with myosin
or actin, at binding interfaces different from that of the N-
terminal region. The C3 domain may also interact with myosin
or actin during a different stage of the contraction cycle than
that of the N-terminal region. The neighboring C2 domain is
highly structurally similar to C3, and it has been shown to bind
to myosin S2 in NMR monitored titration experiments and
molecular modeling studies.”® Similar to what we have
proposed for the RS02W mutation in the C3 domain, the
modeling suggests that the key interactions are between polar
amino acids and that HCM-related mutations (i.e., E301Q in
C2 and R870H in S2) would disrupt these electrostatic
interactions.

Actin is a negatively charged protein at physiological pH, and
positively charged residues from a number of actin interactin
partners have been implicated in actin-binding interfaces.*~*
For example, one of the Ig-like domains in the C-terminal
region of paladin has been shown to bind to actin in co-
sedimentation assays.”> We thus hypothesize that the positively
charged patch on the C3 domain, to which Arg502 and five
other residues contribute, may enhance an electrostatic
interaction between cMyBP-C and actin. If so, the RS02W
mutation would disrupt this interaction, which could lead to the
altered regulation of contractility in cardiac muscle and
ultimately HCM. Our preliminary studies using isothermal
titration calorimetry and surface plasmon resonance did not
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detect any binding between the isolated C3 domain and actin.
However, it is possible that additional components of cMyBP-C
are required for the postulated association with actin.

Other Hypertrophic Cardiomyopathy-Related Muta-
tions in the C3 Domain. Eleven known mutations associated
with HCM are in the C3 domain of cMyBP-C: R458H, G490R,
G490V, R495G, R495Q, R502Q, RS502W, Lys504 deletion,
GS07R, G523W, and ES542Q. The positions of these mutations
are mapped on the structure of the C3 domain and indicated
within the cross-species sequence alignment (Figure 7). In each
case, the side chains of all these residues are on the protein
surface exposed to the solvent. As elaborated below, these 11
HCM-related mutations likely perturb electrostatically guided
protein—protein interactions or, in the case of glycine
substitutions, the proper folding of the C3 domain.

Several of these HCM-related mutations change conserved
residues (Arg49S, ArgS02, and Lys504) that are positioned
within the positively charged patch (Figure 6). This further
highlights the importance of this surface in mediating protein—
protein interactions and suggests a common mechanism for the
disruption of function by these mutations. R458H and E542Q,
which are not in the positively charged patch, may also
contribute to the charge-mediated interactions of C3. Similar
examples can be seen with mutations such as E258K and
D228N in the C1 domain® and E301Q in the C2 domain,”® all
of which are HCM-related mutations and result in a change in
the electrostatics of the protein surface.

The other observed HCM-linked mutations occur at glycine
residues that are located within loop regions of the protein
[e.g., Gly490 in the C—C’ loop, GlyS07 in the D—E loop, and
Glys23 in the E—F loop (Figure SS of the Supporting
Information)]. Gly490 is the third residue within a type II -
turn, in which the third residue is generally a glycine. Gly507 is
part of a type I S-turn, sitting at the second residue position.
Flanked by a short helix (residues 519—522) and strand F
(residues 524—529), GlyS23 is within a region with a high
degree of curvature (defined as a “bend”), which means that the
angle between the backbone of the residues before and after the
bend has a directional change of >70°>® These glycines are
presumably required for proper folding, and thus, the HCM-
linked mutations at these sites may disrupt the structure of the
C3 domain.

H CONCLUSION

We have characterized in detail the WT and RS02W C3
domains of human cardiac myosin binding protein C. The
RS502W mutation does not affect the conformation, dynamics,
or thermal stability of the C3 domain. However, the RS02W
mutation reduces the size of a positively charged surface area on
the protein. Electrostatic interactions occur between many
sarcomeric proteins, and mutations that affect their surface
charges have been shown to disrupt their interactions and
possibly contribute to HCM. RS02W appears to be one of the
mutations that can impair the important electrostatic
interactions of the C3 domain. Further research into the
binding affinity and specificity of cMyBP-C with other
sarcomeric proteins will provide more insight into these
potential interactions and contribute to our understanding of
the disease mechanisms of HCM.
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