PNAS

PHYSIOLOGY

L)

Check for
updates

Myosin-binding protein H-like regulates myosin-binding protein
distribution and function in atrial cardiomyocytes

. Paola Tonino® ), Kathleen C. Woulfe®
. Jonathan A. Kirk®, Michael J. Previs®, Henk L. Granzier®

David V. Barefield®®’
J. Andrew Wasserstrom'

, Sheema Rahmanseresht®, Thomas S. O'Leary®
, and Elizabeth M. McNally®'

, Hope V. Burnham® @,

Edited by Jonathan Seidman, Harvard University, Boston, MA; received September 1, 2023; accepted October 25, 2023

Mutations in atrial-enriched genes can cause a primary atrial myopathy that can con-
tribute to overall cardiovascular dysfunction. MYBPHL encodes myosin-binding pro-
tein H-like (MyBP-HL), an atrial sarcomere protein that shares domain homology with
the carboxy-terminus of cardiac myosin-binding protein-C (cMyBP-C). The function
of MyBP-HL and the relationship between MyBP-HL and cMyBP-C is unknown.
To decipher the roles of MyBP-HL, we used structured illumination microscopy,
immuno-electron microscopy, and mass spectrometry to establish the localization and
stoichiometry of MyBP-HL. We found levels of cMyBP-C, a major regulator of myosin
function, were half as abundant compared to levels in the ventricle. In genetic mouse mod-
els, loss of MyBP-HL doubled cMyBP-C abundance in the atria, and loss of cMyBP-C
doubled MyBP-HL abundance in the atria. Structured illumination microscopy showed
that both proteins colocalize in the C-zone of the A-band, with MyBP-HL enriched closer
to the M-line. Immuno-electron microscopy of mouse atria showed MyBP-HL strongly
localized 161 nm from the M-line, consistent with localization to the third 43 nm repeat
of myosin heads. Both cMyBP-C and MyBP-HL had less-defined sarcomere localization
in the atria compared to ventricle, yet areas with the expected 43 nm repeat distance were
observed for both proteins. Isometric force measurements taken from control and Mybphl
null single atrial myofibrils revealed that loss of Mybphl accelerated the linear phase of
relaxation. These findings support a mechanism where MyBP-HL regulates cMyBP-C
abundance to alter the kinetics of sarcomere relaxation in atrial sarcomeres.
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Physiological regulation of striated muscle force generation and relaxation is finely tuned
for muscle subtype-specific function by differential expression of sarcomere protein iso-
forms (1-5). In heart muscle, mutations in genes that encode most of the components of
the sarcomere have been linked to cardiomyopathies, most commonly hypertrophic and
dilated cardiomyopathy (HCM and DCM, respectively) (6, 7). HCM mutations that
cause hypercontractile sarcomeres are almost exclusively found in genes that encode sar-
comere proteins (8, 9). In contrast, DCM mutations affect a variety of cellular processes,
with sarcomere mutations generally causing a hypocontractile left ventricle (7, 8).
Mutations that cause cardiomyopathy can also cause atrial dilation and atrial fibrillation
(6, 10), comorbidities that are associated with a worse prognosis (11, 12).

Given the left ventricle’s critical role in generating cardiac output, the mechanisms of
cardiac sarcomere function and dysfunction have focused on protein isoforms that com-
prise and regulate left ventricular sarcomeres. The atria express different sarcomere protein
isoforms that accommodate the distinct hemodynamic requirements of the atria (4, 13).
Atrial myopathy can occur in the context of atrial fibrillation and worsen many types of
cardiovascular disease (14, 15). These data, and others, underscore the importance of
better defining the contribution of atrial-specific dysfunction to the progression and
severity of cardiomyopathies (11, 16-19).

A premature truncation in the MYBPHL gene (Arg255Stop) was previously linked with
atrial dilation, DCM, and atrial and ventricular arthythmias (20), and this allele is present
in approximately 1 in 700 people. Deletion of Mybphl in mice recapitulated the DCM,
atrial dilation, and conduction system dysfunction in both heterozygous and homozygous
Mybphlnull mice (20, 21). MYBPHL encodes myosin-binding protein-H-like (MyBP-HL)
and is highly expressed in mouse atria, sharing domain homology with the carboxy-terminal
domains of cardiac myosin-binding protein-C (cMyBP-C) (20, 21). Truncating mutations
in MYBPC3, which encodes cMyBP-C, result in haploinsufficiency and are a major cause
of HCM (22, 23). In the ventricular sarcomere, when dephosphorylated, cMyBP-C sta-
bilizes the myosin heads in nonforce-generating conformations and acts as a “brake” on
the acto-myosin interaction (24-26). When phosphorylated, cMyBP-C loses its inhibitory
function and potentiates actomyosin interaction (27-30).
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Significance

Compared to the cardiac
ventricle, there are significant
knowledge gaps in the
sarcomeric mechanisms
responsible for normal atrial
relaxation. The atrial myosin-
binding protein, myosin-binding
protein H-like, was previously
implicated through genetic
studies in cardiomyopathy and
arrhythmias in humans and mice.
We now define the precise
position of myosin-binding
protein H-like within the atrial
sarcomere and identify a
competitive binding relationship
with myosin-binding protein-C.
Loss of myosin-binding protein
H-like also accelerates atrial
myofibril relaxation from
maximal calcium activation under
conditions with high myofilament
phosphorylation. Together, these
data suggest a mechanism where
myosin-binding protein H-like
reduces levels of cMyBP-C in the
atrial sarcomere, thereby
reducing the activating effects

of phosphorylated cMyBP-C.
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The homology of these two myosin-binding proteins suggests
that their functions may be linked and contribute to an atrial-
specific regulatory mechanism, but this relationship has never
been studied. We now demonstrate a competative occupancy
relationship between MyBP-HL and cMyBP-C in the atrial sar-
comere, as well as the functional consequences of disrupting the
stoichiometry of myosin-binding proteins in the atria. This
interrelationship between MyBP-HL and cMyBP-C identifies a
differentiating feature between atrial and ventricular sarcomere
function.

Results

MyBP-HL Binds to the A-band in Atrial Sarcomeres. MyBP-
HL shares homology with the thick filament binding carboxy-
terminal domains of cMyBP-C (Fig. 14) (20). To assess MyBP-
HDs subcellular sarcomere binding properties, we generated and
validated a rabbit polyclonal antibody that recognizes a unique set
of hydrophilic amino acids at the amino-terminus of mouse MyBP-
HL (21). We isolated atrial cardiomyocytes from adult wild-type
mice and used immunostaining and super-resolution structured
illumination microscopy to study sarcomere localization of MyBP-
HL. Immunostaining with a-actinin and MyBP-HL antibodies
shows an A-band doublet pattern of MyBP-HL, interdigitated
between a-actinin stained Z-disks (S Appendix, Fig. S1). The C-
zone is defined as the region of the A-band where three cMyBP-C
molecules bind to the myosin thick filament at nine specific repeats
per half sarcomere that are spaced 43 nm apart (Fig. 1B). We found
that MyBP-HL and cMyBP-C colocalized in the C-zone (Fig. 1C)
and identified that MyBP-HL also occupies additional space closer
to the sarcomere’s central M-line (cMyBP-C doublet distance
across M-line: 359 + 5 nm; MyBP-HL doublet distance: 288 +
7 nm) (Fig. 1 D and E). The MyBP distribution suggests that in
wild-type atrial sarcomeres MyBP-HL might occupy an additional
43 nm repeat of myosin heads closer to the M-line compared to
cMyBP-C. Both MyBPs appear to have a similar lateral boundary,
approximately 1,050 nm at full width of half~-maximal fluorescence
intensity (Fig. 1G). This value agrees with immuno-labeled electron
micrographs showing that the lateral edges of cMyBP-C C-zone
doublets are 1,100 + 2 nm wide (31).

Loss of MyBP-HL Allows cMyBP-C to Occupy Additional Binding
Sites Closer to the M-line. To assess whether cMyBP-C can occupy
the same sarcomere binding sites as MyBP-HL, we evaluated
atrial cardiomyocytes from wild-type and Mybphl heterozygous
and homozygous null mice using structured illumination
microscopy. Costaining for MyBP-HL and cMyBP-C in wild-type
cardiomyocytes showed data consistent with the experiment in
Fig. 1 C-G. Predictably, no MyBP-HL was detected in the Mybphl-
null atrial cardiomyocytes (Fig. 1H). However, cMyBP-C was
still present and showed A-band doublets that were significantly
closer together across the M-line compared to wild-type cMyBP-C
doublets (Fig. 1 7 and /). No significant changes in distance
across the M-line between cMyBP-C doublets were observed in
Mybph! heterozygous cardiomyocytes (Fig. 1 7/ and J). In Mybph!
null sarcomeres, the cMyBP-C doublet distance was ~308 nm,
closer to the 288 nm MyBP-HL doublet distance than the 359
nm cMyBP-C doublet distance observed in wild-type atrial
cardiomyocytes (Fig. 1E), suggesting that cMyBP-C occupies the
medial binding sites normally occupied by MyBP-HL in atrial
sarcomeres. Curiously, the Mybphl heterozygous images showed
a small but significant 34 nm reduction in cMyBP-C full-width
half-max (Fig. 1 K and L), although the biological basis for this

alteration is unclear.
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MyBP-HL and cMyBP-C Demonstrate a Competitive Stoichio-
metry. The observation that the loss of MyBP-HL allowed
cMyBP-C to bind to the medial portion of the C-zone raised the
question of whether these two proteins compete for binding sites
throughout the C-zone. We used immunoblotting on sarcomere
protein fractions from human and mouse atria and ventricles to
determine whether atria have less cMyBP-C normalized to total
myosin than the ventricle. If MyBP-HL binds sites in the atria
beyond the nine 43 nm ¢cMyBP-C sites previously established in
ventricular sarcomeres, we would expect no alteration in cMyBP-C
levels between the chambers (32). In both species, the level of
cMyBP-C was significantly less abundant in the atria (41% mouse,
48% human) compared to the ventricles (100%) (Fig. 2 A and B).

Immunoblotting of total atrial protein from Mybphlwild-type,
heterozygous, and homozygous null mice showed that as MyBP-HL
levels decreased, cMyBP-C levels increased normalized to total
myosin content (Fig. 2C), such that complete loss of MyBP-HL
resulted in approximate doubling of cMyBP-C levels. To assess the
inverse of this relationship, we performed immunoblotting on total
atrial protein from a mouse model with a Mybpc3 truncating muta-
tion that results in no cMyBP-C protein (Mybpc3""?) (33, 34). We
also used a mouse line with a wild-type Mybfc_? transgene expressed
on the somatic truncating ]\4}/5[%3({ O allele background
(W—A@bpcﬁ’—Tg(do). This model (WT—Mybpﬁ—Tg(d[)) expresses
approximately 15-fold more Mybpc3 mRNA than nontransgenic
wild-type mice, but this does not result in increased levels of
cMyBP-C in the ventricle of these mice due to the defined stoichi-
ometry of cMyBP-C in the sarcomere (35). We used strain-matched
wild-type nontransgenic mice (NTG) as controls. Compared to
NTG controls, we found an approximate doubling of MyBP-HL
levels in the absence of cMyBP-C in the atria of Mybpe3“"Y mice
and a reduction of MyBP-HL in atria of mice with transgenic
overexpression of wild-type cMyBP-C (Fig. 2D).

To assess the stoichiometry of these myosin-binding proteins
more quantitatively, we used mass spectrometry to measure the
molecular abundance of MyBP-HL and MyBP-C relative to myo-
sin heavy chain in the atria of Mybphl wild type, heterozygous,
and homozygous null mice. In ventricular sarcomeres, each
half-thick filament is composed of 306 myosin heavy chain mon-
omers and 27 molecules of cMyBP-C for an 11:1 ratio of
myosin:cMyBP-C. Three cMyBP-C molecules are found per nine
myosin dimers that compose one 43-nm repeat of myosin heads
in the C-zone (Fig. 1B) (26). The mass spectrometry data demon-
strated that wild type mice have 45% as much cMyBP-C in the
atria compared to the ventricle. We confirmed that as the abun-
dance of MyBP-HL decreases in the Mybphl heterozygous and
homozygous null mice, the abundance of cMyBP-C increases
while the stoichiometry of total myosin-binding proteins relative
to myosin is maintained (Total MyBP molecules/half-sarcomere:
WT 27.1 + 3.1, Het 26.7 + 0.5, and Null 27.5 + 2.8. Mean =
SD) (Fig. 2E). These data demonstrate that MyBP-HL and
c¢MyBP-C can bind the same sites per half-thick filament in the
atria (Fig. 2F).

Point-spread Function Modeling Suggests that MyBP-HL
Occupies One Additional 43-nm Repeat Toward the Center
of the Atrial Sarcomere Compared to cMyBP-C. We wanted to
determine whether MyBP-HL localizes closer to the M-line than
cMyBP-C due to MyBP-HL binding preferentially to myosin
repeat # 3 (the medial-most repeat where cMyBP-C binds in
ventricular sarcomeres) or whether MyBP-HL can bind to an
additional medial 43-nm myosin repeat (i.e., repeat # 2). We
generated a model in which the ¢cMyBP-C and MyBP-HL
molecules were spaced along each half of the thick filament
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Fig. 1. MyBP-HL localizes to the C-zone of atrial sarcomeres. (A) Protein domain schematic showing the similarities between the thick filament binding regions
at the carboxyl terminus of MyBP-HL and cMyBP-C. The MyBP-HL antibody recognizes the MyBP-HL unique domain. (B) Schematic of a ventricular half-sarcomere
illustrating the known cMyBP-C binding localization to nine repeats, spaced 43 nm, at every third level of myosin heads. (C) Structured illumination microscopy
on isolated atrial cardiomyocytes stained with MyBP-HL (red) and cMyBP-C (green) shows that MyBP-HL co-localizes with the C-zone pattern of cMyBP-C but also
occupies space closer to the M-line (Scale bar, 10 um). (D) Schematic of a fluorescence intensity trace along one sarcomere showing A-band doublet patterns.
The distance across the M-line was calculated at the points between the 50% vales of the left and right peaks and the nadir of the fluorescence trace at the
M-line (blue line) and the full-width of the fluorescence trace was calculated at the half-maximum fluorescence value (FWHM, pink line). (E) Averaged intensity
plots of MyBP-HL and cMyBP-C localization over six sarcomeres. (F) Quantification of the doublet distance across the M-line shows MyBP-HL doublets have less
distance between them compared to cMyBP-C doublets. (G) Full-width at half max fluorescence intensity shows no difference in the lateral boundary of the
MyBP-HL and cMyBP-C doublets. N = 62 sarcomeres. * = P < 0.05 by Student's ¢ test. (H) Structured illumination microscopy images of permeabilized isolated
atrial cardiomyocytes from WT, heterozygous, and homozygous Mybph/ null mice stained for cMyBP-C (green) and MyBP-HL (red). Magnified region indicated
with dashed line box (Scale bar, 10 um). (/ and /) Quantification of the doublet distance of cMyBP-C in each genotype showing reduced M-line distance of cMyBP-C
in Mybphl null sarcomeres. (K and L) The full-width at half maximal intensity showing a smaller cMyBP-C C-zone width in heterozygous sarcomeres. * = P < 0.05
by One-Way ANOVA vs. WT; # = P < 0.05 vs. Null.

with three MyBP molecules per 43 nm repeat. The position and ~ C-zone repeats (43 nm myosin repeat # 3—11) per half sarcomere
number of molecules within each repeat were iteratively adjusted ~ (Fig. 1B and SI Appendix, Fig. S2A4) (32, 36). A point-spread
to best-match reference confocal images. The molar abundance of ~ function was used to model the fluorescence intensity trace of this
MyBP-HL and cMyBP-C was taken from the mass spectrometry  distribution (S Appendix, Fig. S2A, green line). The result was in
data (Fig. 2E) and used to define relative abundance of the good agreement with measured fluorescence intensity traces from
proteins across the thick filament. We first modeled ventricular ~ confocal images of ventricular cardiomyocytes immunostained
cardiomyocytes with 27 molecules of cMyBP-C across nine  for cMyBP-C. We extended this analysis to wild-type atrial
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Fig.2. MyBP-HL and cMyBP-C have an inverse stoichiometry. (A) Western blot
HL enriched and cMyBP-C reduced in the atria compared to ventricle; N = 4 a

of atrial and ventricular total protein from nonfailing human hearts shows MyBP-
tria, 3 ventricles. (B) Western blot of wild-type mouse atrial and ventricular total

protein lysate to detect total myosin heavy chain, cMyBP-C, and MyBP-HL shows the atrial enrichment of MyBP-HL, as well a reduction in cMyBP-C levels in the
atria; N = 5. (C) Western blot using total atrial protein lysates from WT, heterozygous, and homozygous Mybph!/ null mice shows an increase in cMyBP-C levels
as MyBP-HL is reduced; N = 4. (D) Western blot of total atrial protein lysates from wild-type nontransgenic controls, mice lacking cMyBP-C (Mybpc3 t/t), and mice

with a transgenic overexpression of wild-type cMyBP-C (Mybpc3 t/t/WT-Tg) sho

ws that MyBP-HL levels increase or are reduced in an inverse relation to cMyBP-C

levels; N =3 WT, 3 t/t, 4 WT(t/t). (E) Mass spectrometry analysis of total atrial protein from WT, heterozygous, and homozygous Mybph/ null mice shows an inverse
stoichiometric relationship between MyBP-HL and cMyBP-C, with both protein signals normalized to total myosin content; N = 3. Dashed line at 27 molecules

(i.e., full MyBP complement). (F) Schematic of potential inverse stoichiometric

cardiomyocytes (SI Appendix, Fig. S2B). We modeled MyBP-
HL occupying one additional 43-nm myosin repeat (repeat # 2).
We further used this model to simulate reduced and abolished
distribution of MyBP-HL in the heterozygous and homozygous
Mybphl null mice (S Appendix, Fig. S2 C and D). In this model,
MyBP-HL occupies an additional 43 nm repeat closer to the M-
line than cMyBP-C in WT atrial sarcomeres, but this additional
repeat is occupied by cMyBP-C in the absence of MyBP-HL.
However, cMyBP-C does not bind to 43 nm repeat # 2 in the
ventricle, making it unlikely to be able to replace MyBP-HL at
this location in the atria (32).

Electron Microscopy of MyBP-HL Immunolabeled Sarcomeres
Reveals a Unique Sarcomere Binding Pattern. To resolve the
sarcomere localization of MyBP-HL, we used immunolabeled
electron micrographs to identify the myosin repeats where MyBP-
HL is localized. The localization of myosin-binding proteins

40f8 https://doi.org/10.1073/pnas.2314920120

binding of cMyBP-C and MyBP-HL in a half sarcomere.

within the sarcomere have been established using immunolabeled
electron micrographs in skeletal muscle and cardiac ventricles (32,
36). Immunolabeling with the MyBP-HL antibody on wild-type
mouse atrial tissue shows enrichment in the C-zone of the A
band (Fig. 3 A and B). Costaining with the titin 1103 antibody
delineated the A/I band junction (Fig. 34). The distance between
1103 bands is 1,650 nm, and this distance was used to calibrate the
measurements and evaluate the sample shrinkage over a range of
sarcomere lengths (87 Appendix, Fig. S3 A and B) (37). Intensity
traces of the MyBP-HL staining pattern showed a prominent peak
in the medial portion of the A-band with a 322-nm distance
between these peaks or 161 nm from peak to M-line (Fig. 3 C
and D). This is the known distance from the center of the M-line
to 43 nm myosin repeat # 3 (31, 36). The MyBP-HL stained
region in each half of the A-band was 365 + 5 nm wide (Fig. 3E).

Immunolabeled electron micrographs of mouse ventricle tissue

stained with the cMyBP-C C5-C7 antibody produces the 43 nm

pnas.org
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Fig.3. Myosin-binding proteins are distributed throughout the C-zone in the atria. (A) Immuno electron microscopy from wild-type mouse atria costained with
MyBP-HL antibody and the titin A/ band junction 1103 antibody and (B) staining with MyBP-HL antibody alone (Scale bar, 500 nm). (C) Intensity trace across one
sarcomere stained with MyBP-HL antibody. (D) The prominent medial MyBP-HL peaks were separated by 322 nm across the M-line, or 161 nm from peak to
M-line. (F) The MyBP-HL stained region on each side of the A-band measured 365 + 5 nm wide. (F) Representative IEM of mouse ventricular tissue stained with
cMyBP-C (C5-C7) antibody shows clear 43 nm repeating pattern. (G) Micrograph of wild-type atrial tissue stained with cMyBP-C (C5-C7) does not delineate clear
43 nm repeating pattern. (H) Micrograph of wild-type atrial tissues costained with cMyBP-C (C5-C7) and MyBP-HL antibodies produces dense staining in the
A-band but does not delineate clear axial repeats. (/) Schematic of the protein domains of cMyBP-C and MyBP-HL with the location of the epitope recognized by
the respective antibodies. Scale is approximate. Immuno electron micrographs of wild-type mouse atrial tissue stained with the cMyBP-C C5-C7 antibody (G) or
MyBP-HL antibody (B) shows C-zone localization but without the characteristic strong axial repeats observed in the ventricle (F). (J-L) Despite no strong 43-nm
axial repeats throughout the C-zone, some areas of the filaments in the C-zone had periodic staining regions with an average distance between peaks of 42.5
+ 1.6 nm with cMyBP-C staining and 40.7 £+ 1 nm with MyBP-HL staining, which were not significantly different. N = distances between 24 cMyBP-C adjacent

repeats, 45 MyBP-HL adjacent repeats. Student’s t test.

repeating pattern (Fig. 3F). Staining atrial tissue with either the
MyBP-HL antibody (Fig. 3B) or the cMyBP-C C5-C7 antibody
alone (Fig. 3G) did not produce clear regular repeats like those
observed in the ventricle (Fig. 3F). Because neither myosin-binding
protein alone showed clear repeating patters, we investigated
whether costaining with MyBP-HL and cMyBP-C would pro-
duce clear 43-nm repeats in atrial tissue. The costained micro-
graph showed dense staining in the C-zone, but no clear pattern
emerged (Fig. 3H). The lack of clear 43-nm repeats with this
costaining may be due to the location of the epitopes for these
antibodies. The cMyBP-C C5-C7 antibody recognizes three cen-
tral domains of cMyBP-C, each roughly four nm in diameter that
can enter the interfilament space, and the MyBP-HL antibody
recognizes a 50 amino acid amino terminal domain of MyBP-HL
(Fig. 31). If MyBP-HL and ¢cMyBP-C bind at the nine myosin
repeat sites along the sarcomere randomly, the spatial offset of
antibody binding to the two proteins may result in loss of the
coherent 43 nm repeat pattern between adjacent thick filaments.
However, MyBP-HL and ¢cMyBP-C randomly occupying the
myosin-binding protein sites on the nine myosin repeats in the
C-zone should, by chance, result in some thick filaments having
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the same myosin-binding protein occupying several consecutive
binding sites. Examination of the atrial sarcomeres stained only
for cMyBP-C or MyBP-HL revealed occasional instances of labe-
ling that had a 43-nm repeating periodicity (Fig. 3 / and K).
Quantification of intensity plots taken along these dense regions
revealed regularly spaced peaks that were separated by 40.7 + 1
nm for MyBP-HL and 42.5 + 1.6 nm for cMyBP-C, which was
not significantly different between the two myosin-binding pro-
teins (Fig. 3L).

Loss of MyBP-HL and Increased cMyBP-C Causes Faster Relaxation
in Atrial Myofibrils. We performed isometric force—calcium
relationship measurements in permeabilized atrial and ventricular
cardiomyocytes to assess the functional consequences of the altered
stoichiometry of myosin-binding proteins. Peak isometric specific
force was not significantly different between atrial and ventricular
cardiomyocytes from wild-type mice (S/ Appendix, Fig. S4A4). Wild-
type atrial cardiomyocytes showed a significant increase in the calcium
sensitivity of force development compared to ventricle (S/ Appendix,
Fig. S4B). Comparisons of wild-type and Mybphl homozygous null
atrial cardiomyocytes showed no significant change in peak specific
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force or calcium sensitivity of force development (Fig. 4 A and B).
In ventricular cardiomyocytes, cMyBP-C has been shown to affect
the rate of myofibril contraction and relaxation (27, 38). We assessed
the kinetics of contractile function in single myofibrils from WT
and Mybphl homozygous null mouse atria. Myofibrils underwent
activation, tension redevelopment after rapid stretch and slack, and
relaxation (Fig. 4C). Myofibril relaxation is illustrated with the slow
linear phase of relaxation (REL, LIN) and the fast exponential phase
(REL, EXP) marked (Fig. 4D). The myofibrils showed no significant
changes in maximal tension or the rate of force development and
redevelopment (Fig. 4E). However, Mybphl homozygous null
myofibrils did show significantly faster rates of the linear relaxation
phase with concomitantly shortened durations of the linear relaxation
phase compared to wild-type myofibrils.

The faster rate of relaxation in Mybphl null myofibrils suggests
that additional cMyBP-C within atrial myofibrils favors the acti-
vating effects of cMyBP-C resulting in faster cross-bridge cycling.
Because phosphorylated ¢MyBP-C mediates these activating
effects, we assessed cMyBP-C phosphorylation at serine 273, 282,
and 302 with immunoblotting. Importantly, we used the same
samples prepared for the myofibril studies. While the ratio of
phosphorylated cMyBP-C to total cMyBP-C was not changed
between groups, because cMyBP-C levels were significantly
increased in Mybphl null atria, absolute levels of phosphorylated
cMyBP-C are also increased (SI Appendix, Fig. S5).

Discussion

Atrial dysfunction is a comorbidity in HCM, DCM, and many
other conditions (6, 10-12, 14, 15, 17). The sarcomeric mediators
of atrial dysfunction have not been well understood. Here, we define
an interrelationship between two myosin-binding proteins, MyBP-
HL and cMyBP-C, within the atrial sarcomere, demonstrating that

these two proteins compete for the same binding sites within the
C-zone and maintain a stoichiometry of 27 myosin-binding pro-
teins per half-thick filament. This interrelationship indicates that
myosin regulation in the atrial sarcomere is mediated by cMyBP-C
and MyBP-HL. The finding that loss of MyBP-HL hastens the
linear phase of myofibril relaxation suggests that MyBP-HL alters
the off-rate of myosin (39, 40). The shift in atrial relaxation seen
in the absence of MyBP-HL could reflect a primary atrial defect
from loss of MyBP-HL and/or the increased cMyBP-C content in
the atria. Currently, primary atrial myopathies are still a nascent
concept, and our understanding of the genes that are highly
enriched in atrial cardiomyocytes and their atrial-specific function
is incomplete (6, 14, 16). The human atrial sarcomere differs from
the ventricular sarcomere in both myosin heavy-chain and light-
chain content, which likely impacts how MyBP-HL regulates myo-
filament function.

Myosin-binding Protein Localization. Our modeling of cMyBP-C
and MyBP-HL distribution supports the hypothesis that both
myosin-binding proteins are distributed equally throughout the
nine 43-nm myosin repeats that comprise the C-zone, except for
MyBP-HL that exclusively binds the medial myosin repeat # 3.
In the absence of MyBP-HL, cMyBP-C can occupy medial repeat
# 3. The ability of cMyBP-C to bind to this medial site in the
absence of MyBP-HL suggests that MyBP-HL is not binding to
a novel repeat (i.e., myosin repeat # 2), as cMyBP-C does not
bind repeat # 2 in the ventricle (32). This was confirmed by the
ultrastructural data, as MyBP-HL staining showed its strongest
and medial-most peak 161 nm from the M-line where 43 nm
myosin repeat # 3 is located (37). The highly homologous skeletal
muscle protein MyBP-H was shown to localize to 43 nm myosin
repeat # 3 in rabbit psoas muscle (36). Our current finding of
MyBP-HL binding preferentially to repeat # 3 in mouse atria
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Fig. 4.

Loss of Mybphlincreases relaxation kinetics. (A) Calcium-isometric force relationship of permeabilized isolated atrial cardiomyocytes from wild-type and

Mybphl homozygous null hearts. N = WT: 5 mice, 16 cells; null: 4 mice, 13 cells. (B) Relative force traces from permeabilized isolated atrial cardiomyocytes from
wild-type and Mybphl homozygous null hearts. N = WT: 5 mice, 16 cells; null: 4 mice, 13 cells. (C) Representative trace of single myofibril force measurements
from WT and homozygous Mybphl null atria. The trace shows kinetics of force activation (k,cr), redevelopment (ky), and relaxation of WT and Mybph/ myofibrils.
(D) Expanded traces of myofibril relaxation showing the time and rate of the short linear phase (tge, inears Kret, near) @nd the exponential phase (kg gxp) OF
relaxation. () Quantification of the single myofibril data. N = WT: 7 mice per group, averaged from 3 to 6 fibers per mouse. Null: 9 mice, averaged from 3 to 6

fibers per mouse. * = P < 0.05 by Welch’s t test.
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suggests that MyBP-H and MyBP-HL are skeletal and cardiac
isoforms of H protein.

Functional Implications of MyBP-HL Regulating cMyBP-C Abun-
dance. We show that MyBP-HL can regulate cMyBP-C abundance
and, to a lesser extent, localization in atrial sarcomeres. The
foreshortened MyBP-HL lacks the elongated amino terminus found
in cMyBP-C that regulates actomyosin binding and contractility
(41, 42). Therefore, MyBP-HL can exert a functional effect
by statically attenuating the ability of cMyBP-C to regulate the
sarcomere. Functions for cMyBP-C include facilitating homogenous
contraction across the sarcomere (43) and promoting sensitization
of thin filaments to calcium (29, 30). Dephosphorylated cMyBP-C
slows crossbridge attachment rates and promotes the super-relaxed
state of myosin, reducing rates of tension development (24).
Whether MyBP-HL has any other intrinsic regulatory function
remains to be determined.

We found that atrial myofibrils without MyBP-HL have faster
linear relaxation rates and shorter linear relaxation times. The linear
phase of force decay is mediated by the off-rate of myosin heads from
actin (i.e., crossbridge detachment rates) (40, 44). Phosphorylated
cMyBP-C accelerates crossbridge detachment rates and overall accel-
erates cross bridge cycling (27, 28). Loss of cMyBP-C or transgenic
overexpression of constitutively phosphorylated cMyBP-C in ven-
tricular cardiomyocytes also showed accelerated rates of myosin
detachment compared to wild-type cMyBP-C (28). Levels of phos-
phorylated to total cMyBP-C were not different between wild-type
and Mybphl null myofibrils, but the increased abundance of
cMyBP-C and therefore increased abundance of phosphorylated
cMyBP-C in the Mybph! null myofibrils may be sufficient to account
for the faster linear relaxation rate. Importantly, myofibril relaxation
was measured by changing from maximal activating calcium to dias-
tolic calcium levels. Phosphorylated cMyBP-C has a more profound
effect on accelerating relaxation at lower, more physiological calcium
concentrations (45). Therefore, the difference between wild-type
and Mybphl null atrial myofibrils is likely larger at lower activating
calcium concentrations.

Phosphorylated cMyBP-C not only accelerates linear relaxation
but also accelerates overall crossbridge cycling rates (27, 28). In
the myofibrils from Mybphl null atria, we do not observe a corre-
sponding acceleration in the rate of tension redevelopment that
would be expected. While a trend toward accelerated rate of ten-
sion redevelopment exists in our data, additional experiments
specifically controlling for cMyBP-C phosphorylation, potentially
with genetic models of cMyBP-C phosphorylation mutants, may
be necessary to explain this observation.

Overall, these studies identify that the atrial sarcomere contains
two different myosin-binding proteins that compete for the same
binding sites within the C-zone. Loss of MyBP-HL increases levels
of cMyBP-C and accelerates the rate of linear relaxation in atrial
myofibrils. This may be due to the ability of phosphorylated
cMyBP-C to accelerate crossbridge cycling, and MyBP-HL is
expected to reduce this effect, resulting in prolonged detachment.
‘The contribution of atrial relaxation to normal cardiac physiology
and in cardiomyopathy is relatively unexplored. Therefore, there is
minimal context to speculate on the consequence of MyBP-HL
statically slowing the linear rate of relaxation at the whole organ
level. The physiology of early atrial relaxation is fascinating, as the
atria do not experience isovolumic relaxation periods like the ven-
tricles. Because of this, some atrial sarcomeres may remain in a
force-generating state when the tissue begins to lengthen. Regulation
of this early relaxation period may provide a physiological benefit
for atrial function. Future work measuring hemodynamic function
in control and Mybphl null atria would shed light on the relevance
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of atrial relaxation to whole organ function. These data also provide
a strong rationale for evaluating the effect of cardiomyopathy caus-
ing mutations in MYBPC3 on atrial function, as the presence of
MyBP-HL may mitigate or exacerbate these effects.

Materials and Methods

Animal Use. All experiments using mice were performed on male and female ani-
mals between 10 and 14 wk of age. The Mybph/ null mouse model was obtained
from the Knock-Out Mouse Project and is maintained on a C57/Bl6-J background
and have been previously described (20). All procedures were approved by the
Institutional Animal Care and Use Committee at Northwestern University.

Human Tissue Sample. Deidentified samples from post-mortem nonfailing
human donor hearts that were not used for transplant were used for this study.

Superresolution Microscopy. Atrial cardiomyocytes were isolated and immu-
nostained as previously described and covered in the data supplement (21).
Superresolution microscopy was performed using a Nikon Structured Illumination
Microscopy imaging platform in the Nikon Imaging Center in Northwestern
University's Center for Advanced Microscopy. The microscope was fitted with
a 100x oil objective (NA 1.49) and 488-nm and 561-nm wavelength lasers
were used forimaging. All images were acquired and processed using the Nikon
Elements software. Fluorescence intensity traces were measured and annotated
in Microsoft Excel to measure distances between fluorescent peaks.

Quantitative Mass Spectrometry. The number of MyBP-HLand MyBP-C mol-
ecules per half of a thick filament in the atria of Mybphl wild-type, heterozygous,
and homozygous mice was estimated by quantitative mass spectrometry. Methods
forsample preparation is provided in supplementary methods. The LC peak area
of the top MyBP-HL peptide (Q5FW53; TSHQQEAGSPSLQLLPSIEEHPK) and aver-
age LC peak area of the top three cMyBP-C peptides (Q3UIKO; VAGASLLKPPVVK,
IAFQHGVTDLR, VIDVPDAPAAPK; SD = 6.5%) were divided by the average LC peak
area of the top 3 myosin heavy-chain peptide (EAEASLEHEEGK; SD = 8.5%) to
estimate the relative molar abundance of each protein. Only the LC peak area for
the most abundant MyBP-HL peptide was used due to the high degree of variance
between the top three peptides (SD = 49%), as could be expected from a lower
molecular weight protein that produces a limited number of tryptic peptides.
The number of MyBP-HL and MyBP-C molecules per half of a thick filament was
estimated from these ratios assuming that there are 153 myosin molecules or 306
monomers of myosin heavy chain per half of a thick filament. This assumes nine
myosin molecules existin 17 helical repeats, spaced every 43 nm along each half
of the thick filament. The mean number of MyBP-HLand MyBP-C molecules and
SDs were determined from the three biological and two instrumental replicates
from the tissue from the Mybphl wild-type, heterozygous, and homozygous mice.

single Myofibril Force Measurements. Buffer composition is described
in the data supplement. Myofibril mechanical function was assessed using
the fast solution switching method as described (39, 46). For each measure-
ment, a small bundle of myofibrils (average diameter of 6.72 um and average
length of 43.2 um) were mounted between a calibrated cantilever force probe
(10.317 pm/pN) and a microtool attached to a motor that produces rapid length
changes at 15 °C in relaxing solution (pCa 9.0). Myofibril length was set at
~2.0 um. Mounted myofibrils were activated and relaxed by rapidly translating
the interface between two flowing streams of pCa 4.5 full activating calcium
concentration solution and pCa 9.0 relaxation solution. Data were collected and
analyzed using customized LabView software and defined as follows: resting
tension (mN/mm?), myofibril basal tension in fully relaxing condition; maximal
tension (mN/mm?), maximal tension generated at full activating calcium acti-
vation (pCa 4.5); the rate constant of tension development following maximal
calcium activation (kuc); the rate constant of tension redevelopment following
a release-restretch applied to the activated myofibril (ki) (47); duration of early
slow force decline measured from onset of solution change to the beginning
of the exponential force decay (tye, near)i the rate constant of the first linear
phase of relaxation (kgg | near); and the rate constant of the final exponential
phase of force decline (kpey, neag)-

Data, Materials, and Software Availability. Complete mass spectrometry data
set is available publicly on Barefield Lab Database (48).
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