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Background-—The geometric organization of myocytes in the ventricular wall comprises the structural underpinnings of cardiac
mechanical function. Cardiac myosin binding protein-C (MYBPC3) is a sarcomeric protein, for which phosphorylation modulates
myofilament binding, sarcomere morphology, and myocyte alignment in the ventricular wall. To elucidate the mechanisms by which
MYBPC3 phospho-regulation affects cardiac tissue organization, we studied ventricular myoarchitecture using generalized Q-space
imaging (GQI). GQI assessed geometric phenotype in excised hearts that had undergone transgenic (TG) modification of phospho-
regulatory serine sites to nonphosphorylatable alanines (MYBPC3AllP�/(t/t)) or phospho-mimetic aspartic acids (MYBPC3AllP+/(t/t)).

Methods and Results-—Myoarchitecture in the wild-type (MYBPC3WT) left-ventricle (LV) varied with transmural position, with helix
angles ranging from �90/+90 degrees and contiguous circular orientation from the LV mid-myocardium to the right ventricle (RV).
Whereas MYBPC3AllP+/(t/t) hearts were not architecturally distinct from MYBPC3WT, MYBPC3AllP�/(t/t) hearts demonstrated a
significant reduction in LV transmural helicity. Null MYBPC3(t/t) hearts, as constituted by a truncated MYBPC3 protein,
demonstrated global architectural disarray and loss in helicity. Electron microscopy was performed to correlate the observed
macroscopic architectural changes with sarcomere ultrastructure and demonstrated that impaired phosphorylation of MYBPC3
resulted in modifications of the sarcomere aspect ratio and shear angle. The mechanical effect of helicity loss was assessed
through a geometric model relating cardiac work to ejection fraction, confirming the mechanical impairments observed with
echocardiography.

Conclusions-—We conclude that phosphorylation of MYBPC3 contributes to the genesis of ventricular wall geometry, linking
myofilament biology with multiscale cardiac mechanics and myoarchitecture.. ( J Am Heart Assoc. 2016;5:e002836 doi:
10.1161/JAHA.115.002836)
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G eometric alignment of cardiac myocytes (architectural
phenotype) in the ventricular wall constitutes an

anatomical template upon which myocyte contractility and

electrical conductivity are believed to occur. Accordingly,
altered geometric patterns across the ventricular wall (patho-
logical architectural phenotype) may constitute a novel metric
predictive of pump failure in the setting of cardiomyopathy.
A feature common to many forms of heart failure is
impairment of the regulatory machinery affecting the mechan-
ics1 and spatial organization2,3 of the cardiac sarcomere.
Mutations of the cardiac myosin binding protein-C (MYBPC3),
for example, are associated with congenital and acquired
cardiac disease4–6 characterized by increased left ventricle
(LV) mass and myofibrillar disarray.7 A point of convergence
for multiple signaling events in the cardiac sarcomere is the
MYBPC3 phosphoregulatory locus, believed to affect tissue
myogenesis and pump mechanics.4,8,9 It remains unknown
how changes of sarcomere structure and function create a
functional association with muscular architecture and cardiac
mechanics.

MYBPC3 phosphorylation has been studied in transgenic
(TG) mice, in which 3 phospho-regulatory serine sites
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(Ser-273, Ser-282, and Ser-302) were either mutated to
nonphosphorylatable alanines (MYBPC3AllP�/(t/t)), phenotyp-
ically displaying systolic and diastolic dysfunction as well as
cardiac hypertrophy,8,10 or to phospho-mimetic aspartic
acids (MYBPC3AllP+/(t/t)), displaying a nonpathological phe-
notype.9 These phospho-mutant models were further com-
pared with MYBPC3(t/t), a null TG model in which truncated
MYBPC3 is degraded and unstable.11 TG cross-breeding with
MYBPC3(t/t) background resulted in recovery with phospho-
mimetic MYBPC3AllP+/(t/t), similar to wild-type (WT) cross
(MYBPC3WT/(t/t)), and also conferred capacity to prevent
proteolytic cleavage of MYBPC3 during ischemia-reperfusion
injury, thereby mitigating infarction.9 Conversely, rescue was
not observed with the phospho-ablated MYBPC3AllP�/(t/t)

cross from the pathological phenotype, indicating the
importance of these phospho-regulatory serine sites, and
guiding insight into the role of MYBPC3 in heart failure.8,9,11

The organization of cardiac myocytes within the ven-
tricular wall in the intact heart can be derived with
diffusion-weighted magnetic resonance imaging (DW-MRI)
techniques.12–14 Previous work has demonstrated that the
transmural transition of LV fiber helix angles measured
with DW-MRI emulate the findings of Streeter et al.,13,15

and that these transmural patterns were disrupted post-
MYBPC3 ablation.14 Generalized Q-space imaging (GQI) is a
novel form of DW-MRI, developed to resolve architectural
details in muscular and neural structures with enhanced
subvoxel angular resolution.16 Building on the template of
cardiac architectural patterns,13,14,17 GQI (further described
in Figure S1) was employed to determine the relationship
between constitutive MYBPC3 phospho-regulation and
myoarchitecture. We observed that the loss of MYBPC3
is associated with global impairment of the transmural
distribution of LV fiber helicity, whereas site-specific
ablation of phosphorylation sites constituted a pathological
phenotype characterized by circular-oriented (ie, nonhelical)
fibers. Circular fiber architecture was compared to helically
oriented fibers through a geometric model depicting
ejection fraction (EF), and the output was related to a
loss of mechanical pump function through echocardiogra-
phy. Our goal was to elucidate multiscale links between
genotypic and phenotypic variations of the cardiac sar-
comere, macroscale architectural disarray, and cardiac
mechanics.

Methods
The TG model preparations employed in this study, and the
methods associated with the imaging and mechanical assays
used, are described in detail in Data S1. These methods are
briefly summarized below.

TG Models of Cardiomyopathy Associated With
Modifications of MYBPC3
Generation and phenotypic expression in TG mouse lines
expressing modified phospho-regulatory serine sites (Ser-273,
Ser-282, and Ser-302) to nonphosphorylatable alanines
(MYBPC3AllP�) or phospho-mimetic aspartic acids (MYBP-
C3AllP+) has been previously described.4,8,9 MYBPC3(t/t)

(Provided by Drs Christine E. Seidman and Jonathan G.
Seidman, Harvard Medical School, Boston, MA) demonstrated
replacement of myosin and titin binding domains (exon 30) in
MYBPC3 by novel residues and expressed less than 10% of
normal MYBPC3 level.11 The small amount of protein that is
present in these animals was considered truncated and
thereby unstable. Homozygous MYBPC3(t/t) mice displayed a
dilated cardiomyopathy phenotype with contractile dysfunc-
tion, low systolic stiffness, arrhythmia, impaired Ca2+ cycling,
and disordered myofibrils. Mice were in the FVB/N back-
ground and were between 10 and 12 weeks of age. The
present animal experiments were approved by the institu-
tional animal care and use committees at Loyola University
Chicago (Maywood, IL) and followed the policies of the Guide
for the Use and Care of Laboratory Animals published by the
National Institutes of Health.

Echocardiography to Assess Cardiac Mechanics
Cardiac mechanical function and organ morphology were
characterized using a Visual Sonics Vevo2100 echocardiog-
raphy station with an MS550D 22- to 55-MHz transducer
(FujiFilm, Toronto, Canada).18,19 Statistics were performed on
echocardiography data using a 1-way repeat-measure ANOVA
with Tukey’s multiple comparison post-test using Prism
software (version 6.0; GraphPad Software Inc., La Jolla, CA),
with significance defined as P<0.05. Echo parameters were
compared on the basis of ranks (Kruskal–Wallis test) with CIs
for the median of slope differences computed (Wilcoxon rank
sum).

Imaging Cardiac Myoarchitecture With GQI
The theory and methods associated with the use of GQI for
imaging myoarchitecture in humans (in vivo) and rodents
(ex vivo) were previously described.16 Restricted nuclear
magnetic resonance diffusion can be used to resolve
anisotropy at the voxel scale, based largely on the influence
of impediments to random translational motion of protons.20

The net outcome of these measurements is a probability
distribution function (PDF) that displays diffusion in terms of a
three-dimensional (3D) orientation function multiplied by the
quantitative spin density, derived from the Fourier transform
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of diffusion-weighted image data.21 Employing GQI, multiple
gradient pulses were applied with varying orientations and
diffusion sensitivities in order to evaluate signal attenuation in
3D space (Figure S1). Imaging experiments were conducted at
7 Tesla using a Bruker Biospec equipped with a CryoProbe
(Bruker Corp, Billerica, MA) utilizing closed-cycle radiofre-
quency coil refrigeration. MR scanning was accomplished on
thawed mouse hearts (n=3–5 samples for each condition) in
fluorinated oil (Krytox; Dupont, Wilmington, DE) by a multishot
echo planar imaging pulse sequence with the following
imaging parameters, obtained through simulations,16 to
achieve optimal angular separation: 512 gradient directions;
B value of 750 s/mm2; 8 k-space segments; and voxel size of
10091009300 lm, with scan times of �8 hours/sample
depending on the number of slices required to achieve
complete sampling. The resulting PDF was assessed to
discern the orientation and magnitude of the dominant fiber
populations, with 3D directionality of the fiber populations
encoded to a red-green-blue scale. Intervoxel fiber tracts were
constructed employing streamline methods based on the
alignment of the maximal diffusion vectors in the PDF.

Quantitative Analysis of Cardiac Myoarchitecture
The insertion of particular pdfs into user-defined regions of
interest (ROIs) was performed in individual slices and in
multislice arrays using an anisotropy map (DSI Studio).21

Larger ROIs were drawn and positioned in the LV at multiple
transmural depths (ie, endocardium, mid-wall, and epi-
cardium) or in the right ventricle (RV). Multivoxel tract
generation was carried out using a trilinear streamlining
algorithm under Eulerian integration, modified to make use of
multiple fiber orientations.21,22 Myofiber tracts were gener-
ated that intersected ROIs through intervoxel angular coher-
ence at a range of �17.5 degrees as derived from PDF
maxima. This approach has been substantively validated
through correlation with microscopic imaging methods.14,23

Tractography coherence (ie, tract length) was then compared
between MYBPC3WT and MYBPC3 mutants. For this analysis,
the common maximum tract length was identified (50 mm)
and then set as a length constraint to spatially identify the
longest coherent tracts in individual hearts. The longest
coherent tracts were extracted from data sets of normal and
mutant hearts and colored coded on the basis of 3D
orientation. These common maximum tracts were then
overlaid in red onto fibers measured from the respective
heart data sets (overall tract length variation of 2–55 mm;
displayed in silver). Macroscopic cardiac fiber orientation was
analyzed for helix angle as a function of depth of the
myocardium sampled employing TrackVis. For helix-angle
analysis, ROIs were placed transmurally along the depth of the
heart, and helix angle at specific locations was quantified and

plotted for each heart category and samples (n=3–5 hearts
for each genetic type). Relative transmural depth (RTD) was
calculated for each ROI in a sample using the ratio of the
number of ROI positions from the innermost tissue wall
divided by the total number of ROIs required to traverse the
cardiac wall. RTD for each ROI in a sample was consequently
calculated and displayed as a percentage. Statistical compar-
isons were performed employing the t test and ANOVA of the
helical orientation data, and through comparison of slopes
following linear regression. The computed RTD to helix angle
slopes were compared on the basis of ranks (Kruskal–Wallis
test) with CIs for the median of slope differences computed
(Wilcoxon rank sum).

A B

Figure 1. Imaging the myoarchitecture of the typical ventricular
wall with GQI (wild-type mouse). A, GQI tractography depicting the
myoarchitecture of the intact excised mouse heart with direc-
tional color coding (three-dimensional fiber orientation described
by inset). B, Image demonstrating the variably aligned fiber
architecture originating from the base of the heart with helical
alignment of the LV compared to circular fibers aligned in the RV.
Continuity between the LV and RV is shown, where fiber angle
(0 degrees) of the LV mid-myocardium coaligned with fibers of the
RV. GQI indicates generalized q-sampling imaging; LV, left
ventricle; RV, right ventricle.

Table. Cardiac Mechanical Function From Echocardiography

Genotype EF (%) FS (%)

WT 64.2�2.5 34.3�1.9

Null (t/t) 21.6�2.7* 10.0�1.3*

WT/(t/t) 53.4�1.4† 27.2�0.9†

AllP+/(t/t) 54.4�3.9† 28.0�2.7†

AllP�/(t/t) 47.2�1.7*† 23.3�0.7*†

The mean from at least 3 cardiac cycles is displayed �SE with N=5. Echo parameters
were compared on the basis of ranks (ejection fraction, P=0.00078; fractional
shortening, P=0.00088).
Significance was then defined as P<0.05 with asterisk (*) vs MYBPC3WT and dagger (†)
vs MYBPC3(t/t) by 1-way ANOVA using Tukey’s multiple comparison post-test.
Nonparametric CIs for the median of ejection fraction (%) were computed (Wilcoxon rank
sum) in MYBPC3WT with: MYBPC3(t/t), 42.8; MYBPC3WT/(t/t), 10.9; MYBPC3AllP+/(t/t),
11.1; or MYBPC3AllP�/(t/t), 17.2; and fractional shortening (%) in MYBPC3WT with:
MYBPC3(t/t), 24.1; MYBPC3WT/(t/t), 7.6; MYBPC3AllP+/(t/t), 7.3; or MYBPC3AllP�/(t/t), 11.5.
EF indicates ejection fraction; FS, fractional shortening; WT, wild type.
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Analysis of Sarcomere Morphology Through
Electron Microscopy
We analyzed sarcomeric morphology using a Hitachi 7600
transmission electron microscope, equipped with an Advanced
Microscopy Techniques digital camera (Hitachi, Tokyo,
Japan).24 Sections were cut from 2 to 3 mice of mixed sexes,
and 50 to 100 fields were observed for each TG condition.

Methods of geometric analysis were adapted from past studies
of cardiac sarcomere anisotropy25 and morphology.26

Geometric Model of LV Pump Efficiency Derived
From an Analysis of Myofiber Helicity
An analytic model of LV pump efficiency as a function of fiber
helicity was developed based on the method of Grosberg

A FB C
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J

Figure 2. Architectural phenotype associated with constitutively impaired MYBPC3 phosphorylation was
mapped with directionality (A through E) and helix angle (F through J). Simulated fibers with variable helix
angle (A), demonstrating the effect of helicity on increased Z-transmission over a fixed radius cylinder;
circular fibers transmitted in X-Y directions (red-green), whereas greater helix angle increases Z
transmission (blue). The inset sphere in (A) describes the color coding in three dimensions. MYBPC3WT (WT;
B and C) was compared with the phospho-ablation mutation, MYBPC3AllP�/(t/t) (AllP�/(t/t); D and E), in
terms of myoarchitecture derived with GQI tractography. Coherence was displayed in terms of fiber
architecture (B and D) by overlaying long tracts (tract length, 50 mm; red) selected from the overall cardiac
tract dataset (silver background). Long tracts are displayed (C and E) with directional color coding
(described in A) to discriminate fiber orientation. Helix angle progression in fiber models (F), encoded as
purple 60 degrees, blue 30 degrees, green �30 degrees, and yellow �60 degrees. Transverse sections
through the LV wall were encoded to helix angle (as in F). MYBPC3WT (G and I) and MYBPC3AllP�/(t/t) (H and
J) are compared; inset figures (G and H) provide the section locations colored red with the complete
transverse in silver. LV sections are rotated toward the viewer (I and J), enabling visualization of the
endocardium wall (labeled as Endo). The MYBPC3AllP�/(t/t) phenotype displayed dominant circular fiber
alignment (blue and green colors approaching 0 degres) with abrupt transition to vertical fibers at the
endocardial and epicardial walls (H and J). Scale bars are represented throughout with a relative size of
1 mm. GQI indicates generalized q-sampling imaging; LV, left ventricle; RV, right ventricle; WT, wild type.
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et al., where EF is related to energy expenditure (nondimen-
sionalized work).27 This model considers a cylinder with n=4
fibers, under the constraints of either circumferential or
helical fiber geometry. A combined model, incorporating both
circular and helically aligned fibers, was developed, assuming
that circular and helically aligned fibers are equally weighted
and that these fibers do not interact mechanically (eg, they
slide past one another without resistance).

Results

Normal Cardiac Myoarchitecture Derived Through
GQI
We employed GQI to track the myoarchitecture of excised
MYBPC3WT mouse hearts (Figure 1A). Through this approach,
we observed that the LV possessed helical fibers with a
prototypical transmural distribution, with fiber angulation
ranging from �90/+90 degrees, whereas the RV principally
displayed largely circularly oriented fibers (Figure 1B). We
further examined these patterns by reducing the number of
tracts to display a “wire-frame” outline of the myoarchitecture
(Figure S2), confirming LV helical fiber patterns, with RV
circular fibers inserting into the LV. Tracking these insertions,
we identified intravoxel crossing branch points present in the
wall of the septum (S) and at the interface of the LV and RV,
with a close-up view of this branch point. The demonstrated
LV and RV fiber coalignment at the point of the mid-
myocardium is further described in Figure S3, implying whole-
heart functional connectivity.

Effect of the Constituitive Modification of
MYBPC3 Phosphorylation on Cardiac
Myoarchitecture
We compared cardiac morphology and function for TG mice
using echocardiography, as shown in Table. The MYBPC3WT,
along with the phospho-mimetic MYBPC3AllP+/(t/t), demon-
strated a normal anatomic and mechanical phenotype,
whereas the MYBPC3AllP�/(t/t) and the homozygous
MYBPC3(t/t) TG models displayed moderate and severe
reduction of cardiac mechanics, respectively.

We performed a phenotypic comparison ofMYBPC3AllP�/(t/t)

andMYBPC3WT hearts in relation to an architectural template of
fiber orientation and helix angle employing GQI (Figure 2).
Intervoxel fiber coherence was depicted with selection of long
(50 mm) tracts. In so doing, the transmural variation of fiber
tract helicity in MYBPC3WT was substituted by a loss of helicity
in the MYBPC3AllP�/(t/t) and conversion to a set of circularly
orientated fiber tracts, similar to those observed in MYBPC3WT

mouse RV. This resulted in red and green encoded X-Y
orientated fibers (Figure 2E) and a loss in the blue-color

Z-transmitting fiber orientations, as observed in MYBPC3WT

(Figure 2C), and modeled by reducing the helix angle over
parametric equations (Figure 2A). Helicity loss in the
MYBPC3AllP�/(t/t) mutant was confirmed by mapping helix
angles in the transverse section of the LV with rotations
displayed to enable visualization of the transmural wall
(Figure 2G through 2J). MYBPC3AllP+/(t/t) hearts analyzed
employing models of long-tract coherence, fiber orientation,
and LV transmural helix angle (Figure S4) were equivalent to
MYBPC3WT, with long coherence tracts distributed throughout
the heart from apex to base, established coalignment between
the LV and RV, and the subtle difference of thickening at the
mid-myocardium of the LV. The MYBPC3(t/t), a homozygous
mutation resulting in unstable protein targeted for degradation,
displayed minimal organ-scale architectural organization and
abnormal transmural helical transitions (Figure 3). Architec-
tural analysis depicted myofiber tracts that traversed the heart
in a coiled manner, without a consistent transmural pattern.
Interestingly, the effective absence of MYBPC3 protein was
associated with formation of local helical transitions, as
observed in the transverse section of the LV wall (Figure S5),
and at various locations throughout the LV wall.

We performed a quantitative analysis of myocardial helix
angle as a function of transmural depth through the use of a

A

C D

B

Figure 3. Myoarchitectural phenotype associated with the abla-
tion of MYBPC3. GQI architectural analysis was performed in
transgenic (TG) MYBPC3(t/t) hearts in which unstable MYBPC3
protein is truncated and targeted for degradation. These hearts
demonstrated a high degree of disorder at the organ scale and an
absence of transmural helical progression. Long tracts (A; shown in
red with overall dataset in silver) display fiber coherence with
disorder (B; directional color-code for B is inset). Analysis of helix
angle in LV sections demonstrated helical progression that varied
greatly throughout the wall, with the dominant presence of near-
zero angle circular fibers (C and D; helical angle encoding inset in
D). Inset in (C) is the location of the transverse LV section (red) with
respect to an entire transverse LV section (silver) through the
mouse hearts. LV indicates left ventricle; RV, right ventricle.
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“pin-wheel” display that depicted the entire array of helix angles
froma single view oriented in the endocardium (Figure 4). Using
this method, we observed fiber angle progression in MYBPC3WT

hearts with a smooth transition and consistent presence of
transmural helices from �90/+90 degrees, along with an
equivalent transition in MYBPC3AllP+/(t/t), albeit at a slightly

reduced degree of helix angle progression. In contrast,
MYBPC3AllP�/(t/t) hearts displayed an abnormal helix angle
progression, with the mid-myocardium exhibiting horizontal
fiber orientations (approximately circular with a helix angle of 0
degrees) and abrupt transitions. Quantification of the null
phenotype, MYBPC3(t/t), demonstrated helical architectural

AA

DD

II
JJ

HH

FF

CCBB

EE

GG

Figure 4. Quantification of helix angle transition in MYBPC3WT and MYBPC3 (TG) variants. Helix angle was
quantified through placement of regions of interest (ROIs) throughout the LV (MYBPC3WT in A through D;
WT), with demonstrated helix angle transition patterns (B, E, and G) and quantification in multiple hearts (C,
F, and H). The smooth transition of +90/�90 degrees from endocardium to the epicardium (Epi) was
demonstrated (A through D in WT) with myofibers (in A) rotating around the central axis (close-up shown in
B). Quantification of helix angle with ROIs at percentile depths (blue dots) in LV is shown with the mean data
(gray line) and 90% CI (black dotted lines). The LV wall is shown in side view (in D) with the location of the
epicardium. Quantification of helix angles was carried out in transgenic hearts in (E through H). The
phospho-mimetic MYBPC3AllP+/(t/t) mutation was similar to the MYBPC3WT, with continuous helical
transitions, and no significant alterations (E and F; labeled AllP+/(t/t)). In the phospho-ablated
MYBPC3AllP�/(t/t) mutation, disruption of overall helical patterns resulted with abrupt transitions between
vertical and circular fiber elements (G and H; labeled AllP�/(t/t)); significant alterations in helix angle
measurements were found at the endocardium (0–33% wall depth) with P=0.0006 and 0.036 vs MYBPC3WT

or MYBPC3AllP+/(t/t), respectively (by Student t test). I, Null (MYBPC3(t/t)) phenotype demonstrated
architectural disarray, with irregular circular and helical progression (quantified in J). Scale bar size is 1 mm
in part (A and D) and 200 lm in (B, E, G, and I). LV indicates left ventricle; RTD, relative transmural depth;
WT, wild type.
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disarray, and a loss in transmural helical transitions. Linear
regression was performed to estimate transmural helix angle
progression, along with statistical comparison of the data sets

(Figure 5). We observed that the straight-line slope of the null
phenotype displayed a propensity toward the central mean,
with reduced helicity. Employing the Student t test, MYBPC3(t/t)

helical transitions were significantly reduced compared to
MYBPC3WTandMYBPC3WT/(t/t) (Figure 5A).WithMYBPC3AllP+/(t/t),
helical transitions were significantly reduced, as mediated
through the increased presence of circular-oriented fibers
at the mid-myocardium, compared to MYBPC3WT and
MYBPC3AllP�/(t/t) (Figure 5B).

Sarcomere Morphology as the Basis for
Architectural Disarray
Genetic modifications of MYBPC3 were related with sarcomere
ultrastructure utilizing electron microscopy (EM). Figure 6A
depicts a schematic of myofilament elements of the cardiac
sarcomere with respect to MYBPC3. Morphological features of
the cardiac sarcomere analyzed were the aspect ratio (width to
length ratio) and shear angle measured at the M-line
(Figure 6B). Using this method of analysis, we observed
morphologic differences between TG variants and MYBPC3WT

(representative EM shown in Figure 6C). Using violin plots of
morphological differences (Figure 6D), we observed that
MYBPC3WT and MYBPC3WT/(t/t) had normal aspect ratios,
whereas tMYBPC3AllP+/(t/t) demonstrated reduced sarcomere
length, and MYBPC3AllP�/(t/t) and null MYBPC3(t/t) demon-
strated increased width, each resulting in reduced aspect
ratios. MYBPC3AllP�/(t/t) and null MYBPC3(t/t) mutants demon-
strated significantly increased sarcomere shear angles,
whereas MYBPC3WT/(t/t) was structurally similar to MYBPC3WT,
and MYBPC3AllP+/(t/t) was significantly decreased.

Discussion
We demonstrate a multiscale conceptualization of heart
failure through depiction of structural associations linking
MYBPC3 phospho-regulation with the morphology of the
cardiac sarcomere and whole-organ myoarchitecture. We
specifically studied whether loss of MYBPC3 phosphorylation
attributed to the conversion of Ser-273, Ser-282, and Ser-302
to the nonpolar amino acid, alanine, a modification associated
with cardiomyopathy and impaired mechanical function
in vivo,8 or complete deletion of the MYBPC3 protein through
the MYBPC3(t/t) (null) mutation, affects myofiber organization
in the walls of ventricles. Utilizing GQI, we observed that
MYBPC3AllP�/(t/t) mouse hearts display a unique form of
architectural disarray, characterized by loss of predicted
transmural variation of fiber helicity, a loss in LV and RV
myocardial coalignment, the exaggerated presence of circular-
oriented fibers, along with altered sarcomere shear angle and
aspect ratio. The replacement of these same serine residues

Figure 5. Comparison of cardiac fiber helicity between wild-
type (WT) and transgenic (TG) models. Mean data obtained from
helix angle quantification by region of interest (ROI) analysis
were compared with a linear regression. A, MYBPC3WT and
MYBPC3WT/(t/t) had similar slopes (�145.42 and �145.29),
whereas reduced slope of the null MYBPC3(t/t) mutation
(�97.91) indicated loss in helicity and the increased presence
of circular fibers. B, MYBPC3WT had a similar slope to
MYBPC3AllP+/(t/t) (�140.17), whereas MYBPC3AllP�/(t/t) had a
reduced slope (�85.191), demonstrating a more circular fiber
orientation, because a greater slope implies progression through
helix angles. Regression lines from MYBPC3WT or MYBPC3AllP+/(t/t)

intersected with MYBPC3AllP�/(t/t) at 61.83% and 54.13% wall
depth, respectively, implying similarity at the mid-myocardium,
where circular fibers are normally present. Significance of the
computed relative transmural depth (RTD) to helix angle slopes
was determined on the basis of ranks (P=0.00036). Comparisons
were carried out for each respective cardiac genotype employing
the Student t test, with significant difference in MYBPC3AllP�/(t/t)

of P=0.0032 and 0.034 vs MYBPC3WT or MYBPC3AllP+/(t/t),
respectively; comparing the MYBPC3(t/t) genotype, P=0.00016
and 0.0044 vs MYBPC3WT or MYBPC3WT/(t/t), respectively.
Nonparametric CIs for the median of slope differences were
computed in (A) with MYBPC3WT vs MYBPC3WT/(t/t), 1.815; or
MYBPC3(t/t), 47.686; and in (B) withMYBPC3WT vsMYBPC3AllP�/(t/t),
65.873; or MYBPC3AllP+/(t/t), 7.01. Large deviations coincided with
statistical significance in both the t test and unpaired Wilcoxon
rank test (MYBPC3WT vs MYBPC3(t/t) or MYBPC3AllP�/(t/t)). WT
indicates wild type.
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with charged aspartic acids conversely generates a phospho-
mimetic condition (MYBPC3AllP+/(t/t)), which displays non-
pathological myoarchitecture.

The observed losses of myofiber helicity in MYBPC3AllP�/(t/t)

and MYBPC3(t/t) hearts allowed for the emergence of a more
disordered pattern in the LV, which may be associated with

altered torsional mechanics and reduced z-direction contrac-
tion.27,29,30 Contraction of the LV is characteristically asso-
ciated with rotation relative to the base apex axis, resulting in
twisting displacement, an action based on the shortening of
helically aligned fibers.31 Circularly aligned fibers achieve
cardiac ejection through a well-defined work function related

A

C

D

B

Figure 6. Comparison of sarcomere morphology in transgenic (TG) variants. A, Diagram of proposed
structure of the cardiac sarcomere, displaying the hypothesized role of MYBPC3 in associating the thick and
thin filaments, adapted from James and Robbins.28 B, Geometric components measured include the aspect
ratio (width-to-length ratio [W:L]) and the shear angle (h) at the M-line. C, Representative transmission
electron micrographs from TG variants demonstrating differential geometric features; scale bar size of
500 nm is consistent in all images. D, Measurements of aspect ratio (W:L) with violin plots; MYBPC3AllP+/(t/t),
MYBPC3AllP�/(t/t), and Null MYBPC3(t/t) demonstrated abnormal sarcomere aspect ratios (respective W:L
mean values of 595�58:1325�50 nm, n=92; 637�89:1662�51 nm, n=105; and 672�57:1636�34 nm,
n=60), whereas MYBPC3WT and MYBPC3WT/(t/t) aspect ratios were statistically similar (respective W:L mean
values of 547�71:1699�41 nm, n=120; and 688�91:1844�40 nm, n=80). Abnormal sarcomere aspect
ratios were attributed to significantly increased widths with MYBPC3AllP�/(t/t) and Null MYBPC3(t/t) compared
to MYBPC3WT,whereas MYBPC3AllP+/(t/t) sarcomeres displayed significantly decreased lengths. As deter-
mined by shear angles, MYBPC3WT and MYBPC3WT/(t/t) had statistically equivalent phenotypes, whereas the
MYBPC3AllP�/(t/t) and Null MYBPC3(t/t) demonstrated significant increases. Shear angles with MYBPC3AllP+/(t/t)

were significantly reduced compared to MYBPC3WT or MYBPC3(t/t). WT indicates wild type.
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to reduction of the inner chamber radius, whereas helically
aligned fibers achieve a change of z-oriented length through
twisting motion.27 In order to demonstrate the effect of fiber
helicity on cardiac output, we present an analytical model
(Figure 7), predicting that helically aligned fibers (represented
with HA=45 degrees) are more efficient in terms of energy
expenditure (dimensionless work) than circularly aligned
fibers (HA=0 degrees; n=4 fibers per model) for achieving
high LV EF percentages. Two combined models were also
developed that embody more-realistic conditions, including:
(1) 50% circular fibers and 50% helical fibers (HA=45 degrees)
and (2) 25% of circular fibers combined with a mixture of
helical fibers (HA=30, 45, and 60 degrees). Using this
analysis, we demonstrate that the second combined model
is more energy efficient, generally consistent with the
MYBPC3WT, MYBPC3WT/(t/t), and MYBPC3AllP+/(t/t) animal
models, whereas the first combined model, generally consis-
tent with the MYBPC3AllP�/(t/t) and MYBPC3(t/t) TG models,
displays a loss of helicity and a loss of energy efficiency.

The chain of events associating specific modifications of
MYBPC3 phosphorylation with sarcomere morphology and
myoarchitectural patterns that emerge during organogenesis

is currently unknown. The modifications of MYBPC3 phos-
phorylation studied in this report are likely to affect dynamic
binding involving MYBPC3 and several myofilament proteins
present in the cardiac sarcomere, along with various physi-
ological factors.32–34 MYBPC3 extends perpendicular to the
long axis of the thick filament by the N-terminal domain.
C-terminal domains C7 to C10 are believed to be associated
with titin binding,35 whereas the C10 domain may specifically
be associated with binding of the myosin thick filament.36

MYBPC3 possesses phosphorylation sites at Ser-273, Ser-
282, and Ser-302 in the protein M domain that are targeted
by protein kinase A (PKA),37,38 protein kinase C,39 Ca2+/
calmodulin-dependent protein kinases II,40 protein kinase D,41

and ribosomal s6 kinase.42 In vitro studies show that PKA
phosphorylates Ser-273, Ser-282, and Ser-302, in a region of
the N-terminus (C1-M-C2 domains) that binds to actin43 and
the S2 segment of myosin44–48 close to the lever arm domain.
Dephosphorylation of MYBPC3 may promote tight interaction
with myosin S2, whereas phosphorylation may abolish this
interaction.44 In vitro studies suggest that the ability of PKA to
phosphorylate Ser-273 and Ser-302 is markedly reduced
when Ser-282 is mutated to alanine, thus reducing subse-
quent phosphorylation.37,40 Deletion or alanine mutation of
Ser-282 decreased total MYBPC3 phosphorylation,40 whereas
in vitro studies demonstrated that sequential phosphorylation
(Ser-282 followed by Ser-302) may play a role in myofilament
protein interactions.49 Modified phosphorylation of MYBPC3
may also affect sarcomere mechanics such that myosin
molecular motors, comprising the thick filaments, can interact
with the thin filaments to generate force and motion.50 Such
models predict that MYBPC3 is required to ensure rapid,
uniform force development within the sarcomere during the
early portion of the systolic phase of cardiac contraction,50 a
capacity that would be reduced or lost in association with
MYBPC3 haploinsufficiency.51 In contrast, MYBPC3 dephos-
phorylation, as observed in failing human hearts,52,53 may
sensitize the thin filament’s activation state, hypersensitizing
cardiac cells toward impaired cardiac relaxation and
decreased ventricular filling; reduced ventricular filling limits
stretch, thus further decreasing force generation through
Frank–Starling mechanisms.50

Acknowledging observations reported here, and past
MYBPC3 knowledge, we hypothesize that MYBPC3 acts as a
switchable scaffold in the sarcomere, providing structural
stability when phosphorylated (Figure 8) and allowing struc-
tural instability when dephosphorylated. In the phospho-
mimetic mutation, reduced myosin binding4 and enhanced
thick and thin filament cross-bridge kinetics10,43 stabilize the
sarcomere during force generation (Figure 8A). In the phos-
pho-ablation mutation, enhanced myosin binding and reduced
cross-bridge kinetics10 destabilize the sarcomere (Figure 8B).
MYBPC3 thus constitutes a tunable structural and mechanical

Figure 7. Modeling mechanics from LV wall geometry in the
normal and pathological heart. A model of LV energy expenditure
(nondimensionalized work) vs ejection fraction was developed
with consideration of fiber geometry on a cylindrical shell (n=4
fibers in each model).27 Circular fibers work through radial
constriction (Inset I), and the related work function is shown in
blue. A representative model of helix angle energy expenditure is
shown in green with HA of 45 degrees and where the ejection
fraction is related to contraction of cylinder length through
twisting (Inset II). Helical fibers demonstrated greater efficiency,
in terms of energy expenditure, compared to circular fibers,
particularly at higher ejection fractions. Combined models in red
are weighted as in case 1: 50% circular fibers are shown and 50%
helical fibers (HA=45 degrees); or case 2: equal weighting of
circular fibers (25%) combined with helical fibers (HA=30, 45, and
60 degrees). Case 2, a model of normal myoarchitecture, is more
efficient for achieving higher EF, whereas with case 1, a model of
pathological loss in helicity, and efficiency is reduced. EF
indicates ejection fraction; HA, helix angle; LV, left ventricle.

DOI: 10.1161/JAHA.115.002836 Journal of the American Heart Association 9

Cardiac Architecture and MYBPC3 Taylor et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



scaffold within the sarcomere.43,50 Incorporating previous
observations, such as the effects of altered myofilament
proteins on cross-bridge interactions,32,34 myosin packing,54

myofibrillar stiffness,55 and myocyte contractility,56 in addi-
tion to other possible developmental and mechanical alter-
ations associated with heart failure, such as the formation of
fibrous or calcified noncontractile tissues,8 a model emerges
linking MYBPC3 phosphoregulation with sarcomere morphol-
ogy and organ-scale myoarchitecture. The current study,
linking changes of MYBPC3 phosphorylation with sarcomere

structure and alignment of cardiac myocytes distributed
across the ventricular wall, depicts the previously unexplored
phenomenon of multiscale architecture in the failing heart
(Figure 8C). Varied fiber layer alignment across the ventricular
wall may furthermore affect the compatibility of displacement
fields between these layers, for example, through torsional
shear that acts to minimize the transmural gradient of fiber
stretch,29 or through transmural strain matching57,58 and
interlayer stretch activation.59 Though it is expected that
interlayer shear stress in the MYBPC3WT heart is minimal, it is

A

C

B

Figure 8. Mechanisms by which MYBPC3 phospho-regulation affects sarcomere stability and cardiac
myoarchitecture. We hypothesize that phosphorylation of MYBPC3 results in reduced myosin binding and
enhanced thick and thin filament cross-bridge kinetics, thus stabilizing the sarcomere during force
generation (A; in MYBPC3 M-domain labeled in green [+]). In the dephosphorylated state, enhanced myosin
binding with reduced cross-bridge kinetics destabilizes the sarcomere (B; in M-domain labeled as red [�]).
For transgenic animals, the phospho-mimetic mutation (MYBPC3AllP+/(t/t)) sarcomere is constitutively
stabilized, whereas in the phospho-ablation mutation (MYBPC3AllP�/(t/t)), the sarcomere is constitutively
destabilized. The destabilized sarcomere leads to the misshapen sarcomere (measured as high shear angle
and increased sarcomere width), whereas phosphorylation stabilizes the sarcomere shape (low shear angle
and reduced sarcomere length). In other cases, native MYBPC3WT or MYBPC3WT/(t/t) can be switched
between phosphorylation states, whereas the MYBPC3(t/t) null mutation is constitutively destabilized,
because of the truncation and loss of MYBPC3. C, Sarcomere morphology affects multiscale cardiac
myoarchitecture. Voxel-scale myocyte organization is measured with the diffusional probability distribution
function (PDF) in GQI. Muscle fiber alignment between voxels results in coalignment between multiple PDF,
as represented by tracts. Destabilization of sarcomere morphology leads to disarray, measured as altered
PDF shape, along with the loss of coherence between multiple aligned myocytes, and thus losses in LV
transmural myofiber helicity are observed with GQI in tractography. GQI indicates generalized q-sampling
imaging; LV, left ventricle.
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possible that MYBPC3AllP�/(t/t) hearts exhibit significant shear
stress, resulting in intersheet deformation, remodeling, and
hypertrophy.60,61

We conclude that the loss of MYBPC3 phosphorylation, an
effect believed to alter interactions of MYBPC3 with thick and
thin filament proteins, results in a profound alteration of
sarcomere morphology and a loss of tissue architectural
integrity defined at the meso scale through GQI. The absence
of architectural control affected by variations of MYBPC3
phosphorylation results in development of architectural
disarray in the ventricular wall and may contribute to
impairments in torsional mechanics that underlie heart
failure.
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