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Abstract

Rationale: Cardiac myosin binding protein-C (cMyBP-C) is a critical regulator of heart
contraction, but the mechanisms by which cMyBP-C affects actin and myosin are only partly
understood. A primary obstacle is that cMyBP-C localization on thick filaments may be a key
factor defining its interactions, but most /77 vitro studies cannot duplicate the unique spatial
arrangement of cMyBP-C within the sarcomere.

Obijective: The goal of this study was to validate a novel hybrid genetic/protein engineering
approach for rapid manipulation of cMyBP-C in sarcomeres in situ.

Methods and Results: We designed a novel “cut and paste” approach for removal and
replacement of cMyBP-C N’-terminal domains (C0-C7) in detergent-permeabilized
cardiomyocytes from gene-edited “Spy-C” mice. Spy-C mice express a tobacco etch virus protease
(TEVp) cleavage site and a “SpyTag” between cMyBP-C domains C7 and C8. A “cut” is achieved
using TEVp which cleaves cMyBP-C to create a soluble N’-terminal gCOC7 fragment and an
insoluble C’-terminal SpyTag (st)-C8-C10 fragment that remains associated with thick filaments.
“Paste” of new recombinant ()COC7 domains is achieved by a covalent bond formed between
SpyCatcher (-sc) (encoded at the C’-termini of recombinant proteins) and SpyTag. Results show
that loss of gCOC7 reduced myofilament Ca%* sensitivity and increased cross bridge cycling ()
at submaximal [Ca?*]. Acute loss of gCOC7 also induced auto-oscillatory contractions at
submaximal [Ca2*]. Ligation of /COC7-sc returned pCasg and A to control values and abolished
oscillations, but phosphorylated (p)-/COC7-sc did not completely rescue these effects.

Conclusions: We describe a robust new approach for acute removal and replacement of cMyBP-
C in situ. The method revealed a novel role for cMyBP-C N’-terminal domains to damp

Address correspondence to: Dr. Samantha P. Harris, 313 Medical Research Building, University of Arizona, College of Medicine,
1656 E Mabel St., Tucson, AZ 85724, (520) 621-0291, samharris@.arizona.edu.

DISCLOSURES
None.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Napierski et al. Page 2

sarcomere-driven contractile waves (so called “SPOC”). Because phosphorylated (p)-/C0C7-sc
was less effective at damping contractile oscillations, results suggest that SPOC may contribute to
enhanced contractility in response to inotropic stimuli.
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INTRODUCTION

Cardiac myosin binding protein-C (cMyBP-C) is a tunable regulator of heart function that
influences the rate at which myosin force-generating cross-bridges interact with actin.
cMyBP-C is necessary for normal cardiac function and for enhanced contractility in
response to “fight-or-flight” stimuli that speed cross-bridge kinetics through phosphorylation
of cMyBP-C1-3, Conversely, reduced cMyBP-C phosphorylation occurs in heart failure*-%
and mutations in MYBPC3, the gene encoding cMyBP-C, are the most common cause of
hypertrophic cardiomyopathy (HCM)’:8. Although the significance of cMyBP-C to heart
health is now well-established, it remains less certain how cMyBP-C regulates myosin cross-
bridge interactions with actin or how these interactions are altered by phosphorylation or
mutations that cause HCM.
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cMyBP-C is a modular protein composed of 11 folded domains (hamed C0-C10 starting
from the N’-terminus as shown in Fig. 1). An additional “M”-domain, unique to myosin
binding protein-C isoforms, is located between C1 and C2 and encodes serine residues that
are targets of common kinases in multiple signaling pathways®10. Whereas the C8-C10
domains anchor cMyBP-C tightly to thick filaments and determine its characteristic
localization in sarcomere A-bands'112 N’-terminal domains of cMyBP-C (e.g., C0-C1-M-
C2) contain multiple binding sites for both myosin and actin that are dynamically regulated
by phosphorylation13:14, Whereas cMyBP-C interactions with myosin are thought to be
primarily inhibitory1>16, ¢cMyBP-C binding to actin can potently activate actomyosin
interactions by directly shifting the position of tropomyosin to its open state on the thin
filament thereby allowing cross-bridge formation?-19.

A wealth of information on the complex regulatory effects of cMyBP-C on actomyosin
interactions has been obtained through in vitro studies. However, translating /n vitro results
into a complete picture of how cMyBP-C regulates cardiac muscle contraction in working
sarcomeres has proven much more challenging. A primary obstacle is the complexity of the
sarcomere itself, a semi-crystalline array of interdigitating thick and thin filaments wherein
cMyBP-C is an integral component of the thick filaments, albeit with a limited distribution
to 9 discrete stripes spaced 43 nm apart in each ¥2 A-band?%-22, The significance of the
limited occurrence of cMyBP-C remains unclear, but is thought to be a key factor in
determining how cMyBP-C interacts with its binding partners. However, until now most
studies have used truncated proteins such as “C0C2” (C0-C1-M-C2) or “C1C2” (C1-M-C2)
that lack the C’-terminal domains (C8-C10) needed for cMyBP-C localization into
sarcomeres. While these studies are invaluable for defining residues that control cMyBP-C
binding to actin or myosinl’, determining effects of cMyBP-C when it is confined to its
precise position in sarcomeres has remained an ongoing challenge.

To overcome limitations intrinsic to many /n vitro approaches, here we designed a novel
method that fills a methodological gap that merges the speed and convenience of /n vitro
methods with ex vivo approaches that preserve the spatial and stoichiometric relationship of
cMyBP-C in sarcomeres /n situ. As shown in Fig. 1, our novel “cut and paste” method uses a
single gene-edited mouse model (“Spy-C” mice) as a platform for rapid replacement of
genetically encoded cMyBP-C domains (g)C0-C7 with new recombinant (/) N’-terminal
domains at their precise position in sarcomeres /7 situ. Briefly, gene-edited Spy-C mice
express a 20 amino acid insertion between domains C7 and C8 that encodes i) a TEV
protease recognition site (tobacco etch virus protease, TEVp) followed by ii) a SpyTag
(st)?3. Importantly, SpyTag is % of a split protein pair that when combined with SpyCatcher,
the other half of the pair, the two catalyze an instantaneous covalent isopeptide bond. To
achieve cMyBP-C replacement, skinned (Triton X-100 detergent-permeabilized) myocytes
from Spy-C mice are treated with TEVp to cleave and release genetically encoded N’-
terminal (g)C0-C7 domains of cMyBP-C while the C’-terminal SpyTag-C8-C10 fragment
remains anchored to the thick filament2. Next, new recombinant (COC7-sc proteins
encoding SpyCatcher (-sc) at their C’-termini are covalently ligated to the st-C8C10
domains via an instantaneous isopeptide bond formed between SpyCatcher and SpyTag?3.
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Here we report validation of the “cut and paste” approach by demonstrating rapid and
efficient replacement of cMyBP-C N’-terminal domains (/C0-C7) at the position of
genetically encoded cMyBP-C in sarcomeres and show that the method recapitulates effects
obtained using traditional knockout and transgenic mouse models of cMyBP-C.
Furthermore, we show that the “cut and paste” approach revealed a new regulatory role for
cMyBP-C to damp contractile oscillations. Because phosphorylated p-COC7-sc was less
effective at damping contractile oscillations, results suggest that regulation of contractile
waves by cMyBP-C contributes to cardiac contraction during inotropic challenges. Based on
the robustness and ease of use of the “cut and paste” approach, the method should be
broadly applicable to other proteins that have proven difficult or impossible to manipulate in
protein complexes.

METHODS

An expanded Materials and Methods section can be found online in Supplemental Materials.

Data that support the findings of this study are available from the corresponding author upon
reasonable request.

A list of major reagents and their sources can be found in the Major Resources Table in the
Online Supplemental Materials.

Gene-editing and generation of Spy-C mice.

Spy-C mice were created by the GEMM core at the University of Arizona using CRISPR/
Cas9 based gene-editing and Homology Directed Repair. Briefly, Spy-C mice were created
by inserting a 60-nucleotide cassette into the MYBPC3 gene locus (between domains C7
and C8 of the cMyBP-C protein, Fig. 1) using a synthetic single guide RNA injected into
fertilized mouse zygotes (strain C57BL6/NJ). The 60 nucleotide insert encodes i) a TEVp
consensus recognition sequence (ENLYFQG) followed by ii) a SpyTag sequence
(AHIVMVDAYKPTK)23, 3 male Spy-C founder mice were obtained following gene-editing
of zygotes; 2 males (7E and 2G) were homozygous for the insertion and 1 male (1F) was
heterozygous. All 3 founders survived into adulthood, were fertile, and generated progeny
that were maintained as separate lines. All lines produced offspring in expected Mendelian
inheritance ratios (Online Fig. 1). cMyBP-C protein expression and echocardiography was
analyzed independently for each line.

Cut and paste replacement of cMyBP-C N’-terminal domains in permeabilized myocytes.

For batch removal and replacement of cMyBP-C N’-terminal domains in permeabilized
myocytes from HO Spy-C mice, myocytes were prepared as described for force
measurements (see Online Supplemental Materials) and rinsed 3x in fresh relax buffer
without detergents. To remove genetically encoded (g) domains COC7 of endogenous
cMyBP-C, myocytes were incubated with purified recombinant TEVp (20 mM, 30 min at
room temperature) followed by 3 rinses in fresh relax buffer to remove TEVp and gC0C7.
Covalent ligation of new recombinant () cMyBP-C-sc N’-terminal domains (with
SpyCatcher [-sc] encoded at their C’-terminal ends) was achieved by incubating with 20 mM
of the desired recombinant protein for 20 min. In some cases, TEVp treatment was omitted
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and recombinant proteins were directly added to permeabilized myocytes. Excess
recombinant proteins not covalently ligated to SpyTag [st] were removed by 3x washes in
fresh relax buffer without added protein. Myocyte samples were then dissolved in a urea
sample buffer and analyzed by western blotting as described in the expanded Online
Supplemental Materials.

Normal cMyBP-C expression, localization, and cardiac function in Spy-C mice.

Online Fig. I shows that wild type (WT), heterozygous (HT), and homozygous (HO) Spy-C
mice were born in expected Mendelian ratios and there were no significant differences in
cMyBP-C expression across the three different founder lines or genotypes as determined by
western blots of left ventricle (LV) homogenates. cMyBP-C localization visualized by
immunofluorescence staining of cMyBP-C was also similar in WT, HT, and HO myocytes
(Online Fig. I). Cardiac size and morphology appeared normal and there were no significant
differences in heart to body-weight ratios indicating a lack of overt cardiac hypertrophy
(Online Fig. I). Longitudinal echocardiography performed on mice 8-52 weeks of age
showed no consistent differences in either cardiac wall dimensions or functional indices
(Online Figs. 11-111). Active and passive steady state force and Ca2* sensitivity of tension
were also similar in permeabilized myocytes (Online Fig. 1V). Collectively, these data
establish that the TEV/SpyTag insertion in cMyBP-C of Spy-C mice had minimal impact on
cardiac function under resting conditions.

Validation of the cut and paste method.

To determine whether cMyBP-C N’-terminal domains can be selectively removed and
replaced in cardiomyocytes from Spy-C mice as hypothesized, we treated permeabilized
myocytes from HO Spy-C mice with TEV protease (TEVp) to remove the genetically
encoded N’-terminal domains of cMyBP-C (gCOC7). Fig. 2A shows that TEVp cleaved
cMyBP-C in HO myocytes from Spy-C mice resulting in loss of the full-length cMyBP-C
band and the appearance of a lower molecular weight band corresponding to the size
expected for gCOC7 (~106 kDa). The gCOC7 band disappeared after rinsing myocytes with
fresh bath solutions demonstrating that the gCOC7 fragment is soluble and can be eliminated
from sarcomeres following cleavage with TEVp (yellow box in Fig. 2A). The remaining st-
C8-C10 band (~45 kDa) was detected using an antibody raised against SpyTag (Fig. 2D)
because the antibody against cMyBP-C preferentially recognizes N’-terminal domains of
cMyBP-C24. Unlike the gCOC7 band, however, the st-C8-C10 band persisted on western
blots even after washing with fresh buffers, as expected if the st-C8-C10 domains remain
adhered to the thick filament following TEVp proteolysis'}12.25 |mportantly, TEVp was
specific for cMyBP-C only in engineered Spy-C myocytes and did not affect cMyBP-C
function in WT myocytes (Fig. 2B, Fig 3) and did not affect other sarcomeric proteins as
visualized by SDS-PAGE (Online Fig. VII). Quantitative proteomics further confirmed that
cMyBP-C was the most significantly affected protein following TEVp treatment in skinned
LV homogenates from HO Spy-C mice and that cMyBP-C was the only sarcomeric protein
with significantly reduced abundance after TEVp treatment (Online Fig. V111, Online Tables
IV, V). These results confirm the high specificity of TEVp for Spy-C cMyBP-C in our
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system and are consistent with high specificity reported for TEVp in a variety of /in vitroand
in vivo systems28.27,

Replacement of gCOC7 with recombinant /COC7-sc was achieved by adding /COC7-sc
directly to myocyte bath solutions after TEVp treatment (Figs 2A, C, D). Spontaneous
covalent ligation of the added recombinant domains was confirmed by the appearance of a
band at the molecular weight predicted for the newly formed /COC7-sc-st-C8C10 complex
(~152 kDa) slightly higher than native cMyBP-C. This new band persisted after washing,
consistent with covalent ligation of /COC7-sc to st-C8-C10 anchored to thick filaments
(Figs. 2A, D).

Fig. 2C shows immunofluorescent localization of cMyBP-C in Spy-C myocytes before
TEVp treatment, after TEVp cleavage and washout of gCOC7, and again after covalent
ligation of /COC7-sc. Results show that the normal doublet pattern of cMyBP-C in each %
sarcomere was lost after TEVp treatment but was restored following ligation of /COC7-sc as
expected if /COC7-sc ligates to st-C8C10 at the position of native cMyBP-C on the thick
filament. Negative control experiments (Fig. 2C, /nse?) showed that addition of /COC7 alone
(without encoded SpyCatcher) did not recapitulate the doublet pattern of cMyBP-C
localization, confirming that the SpyCatcher-SpyTag bond was specifically required for
proper localization of /COC7-sc. To quantify efficiency of /COC7-sc replacement, we
performed ligations with increasing [/COC7-sc] or [p-/C0C7-sc]. Figs. 2D, E shows that the
~152 kDa ligation product increased with [/COC7-sc] until a plateau was reached between
10-30 mM where efficiency was >90% relative to genetic cMyBP-C expression measured
prior to TEVp treatment. Similar ligation efficiencies were obtained for phosphorylated (p)-
/COC7-sc (Online Fig. V). All ligations therefore used 20 mM rCOC7-sc or (p)-/COC7-sc
unless otherwise noted.

In a separate set of experiments, we explored whether the SpyTag sequence in cMyBP-C of
Spy-C mice was recognizable by rCOC7-sc without first cleaving with TEVp. Fig. 2F shows
results from western blots where rCOC7-sc was added directly to permeabilized myocytes
without prior treatment with TEVp. Under these conditions /COC7-sc caused loss of the
native full-length cMyBP-C and appearance of a high molecular weight band migrating
>250 kDa. The latter presumably represents a branched “Y”’-shaped protein formed by
ligating /COC7-sc directly to the SpyTag sequence between C7 and C8 of Spy-C cMyBP-C.
The appearance of this high molecular weight band indicates that the SpyTag sequence is
accessible to SpyCatcher even in uncut cMyBP-C and is consistent with the ability of the
SpyTag antibody to recognize the SpyTag sequence in uncut cMyBP-C from Spy-C
myocytes (Fig. 2D). In principle, accessibility of SpyTag in uncut Spy-C cMyBP-C offers an
opportunity to attach probes in parallel with genetically encoded N’-terminal C0-C7
domains.

Loss of gCOC7 reduces myofilament Ca2* sensitivity of tension and exaggerates transient
force responses in permeabilized Spy-C myocytes.

We next assessed effects of gCOC7 removal and replacement on force in permeabilized
myocytes by measuring tension-pCa relationships in individual myocytes before and after
TEVp treatment, and again following ligation with /COC7-sc. Removal of gCOC7 caused a

Circ Res. Author manuscript; available in PMC 2021 March 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Napierski et al.

Page 7

significant rightward shift in CaZ* sensitivity of tension, but had no significant effect on
maximal force at saturating CaZ* (pCa 4.5) or on passive force in the absence of Ca2* (pCa
9.0) (Fig. 3, Online Table I1). Ligation of new /COC7-sc fully reversed the effect on Ca*
sensitivity of tension by inducing a significant leftward shift in CaZ* sensitivity of tension.
However, ligation of phosphorylated /1COC7-sc (p-/COC7-sc) did not reverse the rightward
shift caused by loss of gCOC7. CaZ* sensitivity of tension was not significantly different in
WT myocytes after treatment with TEVp or after incubation with /COC7-sc, indicating
effects of TEVp in HO myocytes were due specifically to removal and replacement of
cMyBP-C and cannot be attributed to non-specific effects on other proteins (Fig. 3, Online
Figs. VII-VIII, Online Tables I, IV-V).

To assess the impact of gCOC7 removal and ligation of /COC7-sc on cross-bridge kinetics
we measured the rate of tension re-development following a release and re-stretch maneuver
(k) before and after digestion with TEVp. Loss of gCOC7 after TEVp treatment increased
the apparent rate of tension recovery at submaximal pCa values near the pCasgg for tension
development, whereas ligation of /COC7-sc reversed these effects and returned A, values to
pre-TEVp values (Fig. 4). However, comparison of ;- values before and after TEVp
treatment was complicated by the presence of force “overshoots” after TEVp treatment in
HO myocytes where force transiently exceeded the steady state force prior to the slack and
stretch maneuver at submaximal [Ca2*] near the pCas for tension development. Overshoots
disappeared after ligation with /COC7-sc, whereas (p)-/COC7-sc reduced but did not
completely eliminate overshoots (Fig. 4). Force overshoots were not observed in WT
myocytes before or after TEVp treatment or after incubation with /COC7-sc (not shown).

Loss of cMyBP-C N’-terminal domains induces sustained spontaneous auto-oscillatory
contractions (SPOC).

Following TEVp digestion and washout of gCOC7 there was a significant increase in the
appearance of spontaneous oscillatory contractions evident as contractile waves propagated
across multiple sarcomeres during constant Ca2* activation (Fig. 5, Online Video I).
Spontaneous Ca2* induced oscillations (referred to as “SPOC™) have been described
previously where SPOC is attributed to intrinsic oscillatory properties of contractile systems
that occur in the absence of other cyclic changes such as Ca2* release from the sarcoplasmic
reticulum (SR)%8-3L, Consistent with this, force oscillations observed here were not
attributable to cyclic changes in [Ca2*] because the SR was removed by detergent
permeabilization with Triton X-100 and oscillations occurred despite constant bath [Ca2*]
(e.g., during activation in a single pCa solution). SPOC was most frequent at intermediate
[Ca?*] near the pCasy for force development, although oscillations were sometimes evident
even in maximal activating solutions at pCa 4.5 (not shown). SPOC was sometimes observed
in WT and HO myocytes before TEVp treatment, but under these conditions SPOC was
transient, lasting only briefly (seconds) during the pre-steady state period when force was
rapidly rising up to a plateau value. By contrast, SPOC persisted for long periods (>45 min)
after TEVp treatment in HO myocytes once force had reached a steady state value at a given
[Ca%*] (Online Video I). Ligation of new /COC7-sc abolished SPOC at all [Ca2*] during
steady state force development (Online Video ). By contrast, PKA phosphorylated p-
/COC7-sc was less effective and did not completely eliminate SPOC (Online Video II).
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However, SPOC following p-/COC7-sc ligation was also long lasting (i.e., sustained for
periods up to 60 minutes, not shown). TEVp treatment and exposure to /COC7-sc had no
effect in WT myocytes (Online Video I11).

The first 4 N’-terminal domains of cMyBP-C rescue functional effects due to loss of gCOC?7.

Because most regulatory effects of cMyBP-C are attributed to its first 4 N’-terminal domains
of cMyBP-C (e.g., COC2 = C0-pal-C1-m-C2), we next determined whether addition of
/C0C2-sc alone was sufficient to rescue changes in force after TEVp treatment. As shown in
Online Fig. VI and Online Table I11, ligation of /COC2-sc increased Ca2* sensitivity of
tension, eliminated force overshoots and eliminated SPOC (Online Video V). However,
unlike full-length /COC7-sc, rCOC2-sc did not return 4, to control values prior to TEVp
treatment so that A values remained elevated even after ligation of /COC2-sc (Online Fig.
V1). By contrast, phosphorylated (p)-/COC2-sc reduced 4, values at submaximal [Ca2*] near
the pCas for force development and caused a small but significant leftward shift in Ca2*
sensitivity of tension. p-/C0C2-sc also eliminated force overshoots (Online Fig. VI, Online
Table I11), although p-rC0C2-sc did not completely eliminate SPOC (Online Video V).
Taken together, these results show that the first 4 N’-terminal domains are sufficient to
confer most of the phosphorylation dependent effects of cMyBP-C on force, but domains
C3-C7 may confer additional regulatory effects on cross-bridge kinetics assessed by Ag.

Finally, because cMyBP-C is subject to proteolytic cleavage during cardiac stress causing
loss of a ~29 kD N’-terminal fragment (i.e., “COC1f”, containing the first 2 N’-terminal
domains of cMyBP-C and the first 17 amino acids of the M-domain32:33, we next
investigated whether loss of the ~29 kDa fragment affected force or SPOC activity. As
shown in Online Fig. VI, ligation of a recombinant protein that lacked the COC1f fragment
(i.e. “mDfC2C7-sc”) did not rescue the rightward shift in Ca2* sensitivity after TEVp
treatment and did not eliminate force overshoots or damp SPOC (Online Table I11, Online
Video VI). Similar results were obtained following addition of p--mDfC2C7-sc (Online Fig
VI, Online Table I1). Addition of the ~29 kD fragment alone (#COC1f-sc) also had no effect
on Ca?* sensitivity or on force overshoots (Online Fig. VI) and SPOC activity (Online Table
I11, Online Video VII). These results show that proteolytic cleavage of cMyBP-C N’-
terminal domains reduces the contractile effects of cMyBP-C N’-terminal domains and
diminishes the damping effects of cMyBP-C on SPOC.

DISCUSSION

Results from this study establish a novel “cut and paste” approach for rapidly manipulating
cMyBP-C in permeabilized myocytes from genetically engineered Spy-C mice. Results
show that the method is robust, thus filling a methodological gap between /n vitro
biochemical assays that are expedient but lack spatial and mechanical constraints and ex
vivo approaches that preserve cMyBP-C localization in sarcomeres but that are time
consuming and costly. Validation of the new method included recapitulation of effects on
cross-bridge kinetics reported for traditional cMyBP-C knockout models!®. However, the
ability to remove and replace cMyBP-C rapidly in the absence of secondary remodeling
effects revealed a previously unrecognized role for cMyBP-C to damp oscillatory
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contractions in a phosphorylation dependent manner. Implications of these findings are that
regulated oscillatory contractions may contribute to enhanced relaxation kinetics in response
to inotropic stimuli, whereas dysregulation of oscillatory contractions may contribute to
contractile dysfunction under conditions of cardiac stress or in diseases related to cMyBP-C.
Application of the cut and paste approach described here further suggests that the method
may be broadly applicable to other proteins that are difficult or impossible to manipulate
using traditional methods.

Success of the cut and paste approach was facilitated by 3 conditions. First, the 20 amino
acid insertion encoding the TEVp consensus site and SpyTag sequence had little or no
obvious impact on cardiac function in Spy-C mice under resting conditions (Online Figs. -
I11). The absence of an overt phenotype simplified data analysis because results could be
interpreted without confounding factors arising from cardiac remodeling. However, even if
Spy-C mice had shown a phenotype different than WT mice, the cut and paste method could
still be useful because each myocyte served as its own control, allowing for repeated
measure study designs. Second, selective cleavage of cMyBP-C in Spy-C myocytes by
TEVp was rapid and complete, requiring only a brief incubation for complete digestion of
Spy-C cMyBP-C without significant loss of other sarcomeric proteins (Fig. 2, Online Figs.
VII-VIII, Online Tables IV-V). Third, the SpyTag sequence (st) between domains C7 and
C8 of ctMyBP-C of Spy-C myocytes was easily accessible to recombinant proteins encoding
the cognate SpyCatcher (sc) allowing rapid and specific ligation of added proteins at the
position of native cMyBP-C.

The ability to manipulate cMyBP-C in sarcomeres /n situ using the cut and paste approach
thus overcomes a major limitation of most previous studies that typically used partial
cMyBP-C N’-terminal proteins such as COC2 in force assays, hamely the inability to restrict
exogenous proteins exclusively to positions normally occupied by native cMyBP-C. Thus,
despite the profound effects of recombinant cMyBP-C N’-terminal domains to increase
myofilament Ca2* sensitivity in a variety of assays34-36, it has remained an open question
whether cMyBP-C N’-terminal domains exert activating effects when properly localized in
sarcomeres /n situ. Results from the current study resolve this question by showing that
removal of gCOC7 after TEVp treatment caused a significant rightward shift in tension-pCa
relationships (Fig. 3) as expected if gCOC7 indeed sensitizes myofilaments to Ca2* when
properly localized in sarcomeres. The rightward shift was most apparent in mice that had
been given propranolol to blunt adrenergic responses prior to sacrifice*37:38, The latter
suggests that cMyBP-C phosphorylation reduces Ca2* sensitizing effects of the N’-terminal
domains in concert with Tnl phosphorylation following b-adrenergic stimuli23%. We directly
confirmed Ca2* sensitizing effects of N’-terminal domains by showing that ligation of
/COC7-sc induced a leftward shift in Ca2* sensitivity, whereas phosphorylation blunted this
effect (Fig. 3). Furthermore, we showed the first 4 N’-terminal domains of cMyBP-C (i.e.,
COC2 = C0-pal-C1-M-C2) are sufficient to increase Ca2* sensitivity of tension (Online Fig.
V1), in agreement with previous 7 vitro studies using truncated COC2 or C1C234:36,

Effects of N’-terminal domains to increase Ca2* sensitivity of tension are consistent with
results from traditional cMyBP-C knockout models which also showed trends towards
decreased Ca?* sensitivity in the absence of cMyBP-C*#0. However, others reported either no
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change or increased Ca?* sensitivity in myocytes from knockout mice#142, Because changes
in Ca2* sensitivity may be modest (as reported here following acute TEVp treatment),
differences may reflect differences in mouse models or other experimental conditions.
Another possibility is that activating effects of cMyBP-C N’-terminal domains may be less
apparent under isometric conditions than during isotonic or auxotonic shortening. For
example, activating effects of N’-terminal domains may be most relevant during the
shortening phase of systole to offset shortening induced deactivation of the thin filament* as
seen in cMyBP-C in knockout mice?3.

Effects of cMyBP-C N’-terminal domains to accelerate cross bridge cycling (4) at
submaximal [Ca2*] following TEVp treatment (Fig. 4) are also in good agreement with
studies in knockout mice#1:4445 However, &, force traces observed here after removal of
gCOC7 showed force “overshoots” where force transiently exceeded steady state force
measured prior to the maneuver especially at intermediate pCa values closest to the pCasgg
for force development (Fig. 4). Ligation of /COC7-sc returned &g to control values and
eliminated the overshoots, but phosphorylated p-rCOC7-sc was less effective and reduced,
but did not abolish overshoots. Phosphorylation dependence of overshoots may thus be
similar to PKA-induced force overshoots seen in slow skeletal muscle*6 where overshoots
were attributed to transient increases in filament compliance leading to compliant re-
alignment of actin binding sites to allow increased numbers of myosin heads to temporarily
bind to the thin filament4748, Because binding of N’-terminal cMyBP-C domains to actin
can reduce thin filament torsional flexibility#®:50 similar mechanisms may apply here.

Loss of gCOC7 using the cut and paste approach further revealed a novel role for cMyBP-C
to damp oscillatory contractile waves. Spontaneous oscillatory contractions (so-called
“SPOC”) have been described in skinned skeletal and cardiac muscles where SPOC is
characterized by alternating cycles of slow sarcomere shortening followed by rapid
relaxation and sarcomere re-lengthening3%:51, SPOC thus differs fundamentally from
sustained isometric contraction in the presence of constant activating [Ca2*] by the
occurrence of repetitive cycles of sarcomere relaxation (e.g., sarcomere “give” compare
Online Video I, /eft panel prior to TEVp treatment to middle panel after TEVp treatment).
Our finding that /oss of cMyBP-C induces SPOC is thus in good qualitative agreement with
studies showing cMyBP-C extends the duration of systolic ejection and slows
relaxation#43:5253 |f so, loss of cMyBP-C may directly speed the inter-sarcomeric fast
phase of relaxation® by promoting sarcomere “give” causing multiple cycles of relaxation
even during conditions of constant [Ca2*] (Fig. 6). cMyBP-C thus appears to play a critical
role in coupling contraction and relaxation to the rise and fall of Ca?* as previously
suggested®, potentially by preventing premature relaxation during Ca2* activation or the
shortening phase of systole when [Ca2*] is falling®3. Conversely, loss of cMyBP-C appears
to uncouple contraction/relaxation by inducing premature sarcomere relaxation and giving
rise to oscillatory SPOC behavior even during steady Ca2* activation (Fig. 6). The overall
effect may be analogous to stretch activation effects in asynchronous insect flight muscles
which undergo multiple cycles of contraction and relaxation once a threshold level of
activating [Ca%*] is achieved®6:57. If so, then increased thin filament torsional flexibility (as
suggested above to account for force overshoots) provides a testable mechanism by which
cross-bridge energy could be elastically stored and released across multiple sarcomeres®8:59,
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Because SPOC was completely damped by ligation of unphosphorylated /COC7-sc, but not
by phosphorylated p-rC0C7-sc (compare Online Videos I and I1), results imply that SPOC
(and/or the underlying processes that give rise to it) is regulated by cMyBP-C
phosphorylation. Until now SPOC was not considered to be under any specific regulatory
control. However, the current results suggest that SPOC may contribute to increased cardiac
contractility during b-adrenergic signaling. Theoretically, advantages of increased SPOC
under conditions of increased inotropic drive could include mechanical acceleration of intra-
and inter- sarcomere relaxation kinetics resulting in increased energetic efficiency®#60. Inter-
sarcomere propagation of SPOC across Z-disks of adjacent sarcomeres®® could also more
broadly impact mechano-chemical signaling8:62 or provide mechanical-electrical feedback
to influence SR Ca2* release or action potential propertiesé3:64. Conversely, dysregulation of
SPOC could contribute to cardiac dysfunction and arrhythmogenesis in HCM patients with
cMyBP-C haploinsufficiency8®, under cardiac stress that results in proteolysis and loss of
cMyBP-C N’-terminal domains32, or in heart failure where cMyBP-C phosphorylation is
reduced®. The novel cut and paste approach described here should be useful in testing these
new hypotheses of cMyBP-C function as well as in defining the role of SPOC in cardiac
contractility during health and disease.
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Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

The authors thank Drs. Thomas Doetschman and Teodora Georgieva for creating the Spy-C mice founder lines at
the UArizona GEMM core and Dr. Mark Howarth (Oxford University) for generous assistance with SpyCatcher/
SpyTag system. We thank Dr. Sabine J. van Dijk for assistance in establishing the Spy-C mouse colony.

SOURCES OF FUNDING
This work was supported by American Heart Association 17IRG33411051 and National Institutes of Health

HL080367 and HL140925. A research award from the Precision Mouse Modeling Core at UArizona College of
Medicine provided support for creation of the Spy-C mice.

Nonstandard Abbreviations and Acronyms:

gCoC7 endogenous (genetically encoded) N’-terminal domains CO to C7 of
cardiac myosin binding protein-C

rCoC7 exogenous (recombinant) N’-terminal domains CO to C7 of cardiac
myosin binding protein-C

(p)-rCcocC7 phosphorylated recombinant N’-terminal domains CO to C7 of
cardiac myosin binding protein-C

sC SpyCatcher

st SpyTag

TEVp tobacco etch virus protease
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NOVELTY AND SIGNIFICANCE
What Is Known?

. Cardiac myosin binding protein-C (cMyBP-C) is a critical regulator of heart
contraction, but the mechanisms by which cMyBP-C affects processes which
could alter cardiomyopathies only partly understood.

Cardiac myosin binding protein-C (cMyBP-C) is critical for “fight-or-flight”
responses, while mutations in cMyBP-C (MYBPC3) cause hypertrophic
cardiomyopathy (HCM).

. Transgenic mouse models established that “fight-or-flight” stimuli
phosphorylate cMyBP-C, increase myosin cross-bridge kinetics, and speed
diastolic relaxation.

. Approaches that complement transgenic models are needed to understand the
molecular mechanisms by which cMyBP-C regulates contraction.

What New Information Does This Article Contribute?

. We designed a novel “cut and paste” method to remove and replace cMyBP-C
in muscle sarcomeres /in Situ.

. Loss of cMyBP-C caused spontaneous oscillatory contractions (“SPOC”) that
were damped by replacement with unphosphorylated cMyBP-C, but
phosphorylated cMyBP-C was less effective.

. Results suggest a new role for cMyBP-C phosphorylation in regulating
mechanical oscillations with implications for cross-bridge kinetics, inter-
sarcomere dynamics, and mechano-electrical signaling.

A major challenge in understanding how cMyBP-C regulates contraction is that the
spatial distribution of cMyBP-C in sarcomeres is limited and cannot be duplicated in
most cell-free systems while transgenic models that preserve cMyBP-C localization are
costly and time consuming. Here we designed a novel system to remove and replace (“cut
and paste”) cMyBP-C at its native position in permeabilized myocytes from “Spy-C”
mice. The method requires only minutes to test functional effects of cMyBP-C carrying
any desired mutation or modification. Loss of cMyBP-C using the new method induced
spontaneous oscillatory contractions (SPOC) that were damped by cMyBP-C
replacement. Results reveal a new role for cMyBP-C in regulating mechanical force
oscillations that have the potential to impact cross-bridge cycling kinetics, inter-
sarcomere kdynamics, and mechano-electrical feedbac
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Figure 1. A “cut and paste” method for replacing N’-terminal domains of cMyBP-C in situ.
Top, cMyBP-C consists of 11 folded domains numbered CO to C10 starting at the N’-

terminus of the molecule plus an additional “M”-domain unique to MyBP-C proteins
between C1 and C2. Gene-edited Spy-C mice express a modified cMyBP-C with a TEV
protease (TEVp) recognition site (light blue rectangle) and a SpyTag (orange rectangle)
inserted between domains C7 and C8. (1) CUT: TEVp treatment of detergent-permeabilized
homozygous (HO) Spy-C myocytes releases genetically encoded (y)C0-C7. (2) PASTE:
New recombinant (/)C0-C7-sc domains (green) (encoding any desired modification such as
point mutations, deletions, fluorescent probes) are added to the bath where they are
covalently attached to st-C8C10 on the thick filament via a spontaneous bond formed
between SpyCatcher and SpyTag. Figure created with BioRender.com.
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Figure 2. Validation of the cut and paste method for rapid removal and replacement of cMyBP-C
N’-terminal domains.

A) Western blot of LV homogenates probed with an antibody to cMyBP-C before and after
TEVp treatment and after covalent bond formation with /COC7-sc. Uncut cMyBP-C is
visible as a band (green) in the untreated lane (/eff). After TEVp treatment the gCOC7
proteolytic fragment (yellow box) can be removed by washing with fresh solutions. Newly
ligated rCOC7-sc-st-C8C10 protein is visible as a band (green) in lanes with added rC0C7-
sc. Excess (un-ligated) rCOC7-sc is visible as a lower molecular weight band (green) below
cMyBP-C. a-actinin (red) served as a loading control. B) Control experiment showing a
western blot of cMyBP-C in WT myocytes before and after TEVp treatment and after
addition of /COC7-sc. WT cMyBP-C was not cleaved by TEVp and addition of /COC7-sc
did not affect the native (WT) cMyBP-C band. C) Immunofluorescence staining showing the
normal doublet (green) pattern of cMyBP-C staining in HO myocytes (/eft panel), loss of
green doublets after TEVp treatment (middle panel), and reappearance of doublets after
ligation with rCOC7-sc (right panel). Control experiments showed TEVp had no effect on
the doublet pattern of cMyBP-C localization in WT myocytes (/nset, middle panel) and
addition of rCOC7 (without SpyCatcher) did not restore cMyBP-C doublets (/nset, right
panel). D) Representative western blots showing ligation efficiency of /COC7-sc in TEVp
treated LV homogenates from HO Spy-C mice. 7op, Homogenates were probed with an
antibody against cMyBP-C. Middle and bottom panels, western blots of LV homogenates
probed with a custom antibody against SpyTag. The SpyTag antibody recognized SpyTag in
cMyBP-C prior to TEVp treatment (/midd/e panel, green band in left untreated lane) and also
recognized SpyTag in the smaller st-C8C10 (~35 kDa) fragment after TEVp treatment
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(bottom panel). However, the SpyTag antibody did not recognize SpyTag in the ligated
/COC7-sc-st-C8C10 protein after covalent bond formation with SpyCatcher (note the
absence of green cMyBP-C bands in the middle panel in all TEVp treated + /COC7-sc
lanes). E) Summary data from western blots as in D to quantify efficiency of rCOC7-sc
ligation. The cMyBP-C/a-actinin ratio in each lane was normalized to the cMyBP-C/a-
actinin ratio in the untreated lane. > 90% ligation was achieved relative to uncut cMyBP-C
when [/COC7-sc] was > 5 pM. F) Addition of /COC7-sc to HO myocytes without first
treating with TEVp resulted in the appearance of a high MW band (> 250 kDa) consistent
with formation of a branched (“Y”-shaped) cMyBP-C (right lane).
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Figure 3. Tension-pCa relationships in WT and HO myocytes before and after treatment with
TEVp, and after ligation with rCOC7-sc or phosphorylated rCOC7-sc (p-rC0C7-sc).

A) Normalized tension-pCa curves measured in WT myocytes before (circles) and after
TEVp (squares) treatment and after incubation with /COC7-sc (diamonds). /nset, bars show
average pCasgg values under each condition (N=5, n=11). B) Normalized tension-pCa curves
measured in HO myocytes before and after TEVp treatment and after incubation with
1COC7-sc. /nset, bars show average pCagg values under each condition (N=5, n=7). C)
Normalized tension-pCa curves measured in WT myocytes before and after TEVp treatment
and after incubation with p-rCOC7-sc (triangles). /nset, bars show average pCasgg values
under each condition (N=4, n=4). D) Normalized tension-pCa curves measured in HO
myocytes before and after TEVp treatment and after incubation with p-/COC7-sc. /nset, bars
show average pCasg values under each condition (N=7, n=8). *** p< 0.0005.
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Figure 4. Rates of tension redevelopment (ki) and force overshoots in WT and HO myocytes
before and after treatment with TEVp and after ligation with rCOC7-sc or phosphorylated
rCOC7-sc (p-rC0C7-sc).

A) Representative trace of motor position showing A protocol. After steady state force was

reached in a given pCa solution, myocytes were slackened by 20% for 20 ms followed by a
brief (1 ms) 5% overstretch before returning to their starting length. B) Representative force
traces from the same HO myocyte before and after TEVp treatment and following ligation
with /COC7-sc. Note the appearance of a force “overshoot” following TEVp treatment
(dashed'trace). C) Schematic diagram describing calculation of force overshoots where Ptg
is the maximum overshoot and Py is the isometric force in a given pCa solution. D)
Summary A, data for WT myocytes showing no significant difference in 4 before or after
TEVp treatment or after incubation with /COC7-sc (N=5, n=11). E) Summary 4, data for
HO myocytes before and after treatment with TEVp and after ligation with /COC7-sc (N=5,
n=7). F) Summary A, data for HO myocytes before and after treatment with TEVp and after
ligation with p-/COC7-sc (N=7, n=8). G) Force overshoots (Ptq) before TEVp, after TEVp,
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and after treatment with /COC7-sc in WT myocytes expressed as a percentage over steady
state force (Py) (N=5, n=11). H) and I) Force overshoots (Ptg) in HO myocytes expressed as
a percentage of steady state force (Py) before TEVp, after TEVp, and after ligation with
1COC7-sc (N=5, n=7) or p-rCOC7-sc (N=7, n=8), respectively. Before TEVp vs. After
TEVp: *p< 0.05; **p< 0.005, After TEVp vs. After ligation # p< 0.05; ## p< 0.005.
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Figure 5. Contractile oscillations in HO myocytes after TEVp treatment recorded during steady
state force activations.

A) Representative force traces from a single HO myocyte before TEVp treatment, after
TEVp treatment, and after ligation of /COC7-sc. Traces were arbitrarily shifted along the Y-
axis for clarity. Force traces after TEVp treatment showed variations in steady state force
due to underlying oscillatory contractions visible in contracting myocytes (see Online Video
1). B) PIVLab image analysis of a contracting HO myocyte to represent force oscillations as
changes in vector direction (black arrows) over time (inset, 1, 2, 3, 4) (see also Online Video
1). White boxed region indicates area chosen for analysis in C. C) Results of speckle
tracking analysis using Tracker 5.0.7 of 4 speckles in the white boxed region shown in B
was performed and average displacement was plotted over time. Individual sarcomeres and
contiguous groups of sarcomeres showed organized wave-like oscillations when activated at
a constant pCa.

Circ Res. Author manuscript; available in PMC 2021 March 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Napierski et al. Page 24

Coupled Uncoupled

(synchronous) LOREII AL E (asynchronous/
cMyBP-C phosphorylation .
oscillatory)

SN\ =

[Ca”] [Ca

1 contraction: 1 relaxation >7 contraction: >1 relaxation

2+]

Figure 6. cMyBP-C normally inhibits sarcomere relaxation leading to coupled contraction,
whereas loss of cMyBP-C uncouples contraction and leads to SPOC.

Left, cMyBP-C normally prevents premature sarcomere relaxation, causing contraction and
relaxation to be coupled to an increase or decrease in [Ca2*], respectively. Right, loss of
cMyBP-C and/or phosphorylation of cMyBP-C accelerates sarcomere relaxation, leading to
oscillatory cycles of contraction and relaxation even when [Ca%*] is constant. Figure created
with BioRender.com.
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