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Abstract 
 
Background.  Cardiac myosin binding protein-C (cMyBP-C) is an essential 
regulator of heart muscle function that is necessary for both normal 
contraction and for increased contractility in response to inotropic 
stimuli(1-7). Effects of cMyBP-C on contraction are due to dynamic 
interactions of cMyBP-C with both actin and myosin, but the mechanism(s) 
by which cMyBP-C binding to these ligands is modulated are only partly 
understood. Recently, calmodulin (CaM) was shown to bind to cMyBP-C 
in the regulatory M-domain(8, 9) near a conserved actin binding site(10). 
Here we investigated whether CaM competes with actin for binding to 
cMyBP-C and thus whether CaM affects cMyBP-C function. 
Methods. Recombinant N’-terminal domains of cMyBP-C were used in 
pull-down assays, co-sedimentation binding assays, and actin activated 
myosin ATPase assays to determine effects of CaM binding on cMyBP-C.  
Results. In accordance with previous reports, we found that CaM binds to 
N’-terminal domains of cMyBP-C in the presence of Ca2+ (Ca2+/CaM) with 
a binding affinity comparable to cMyBP-C binding to actin (3-10 µM). We 
further show that Ca2+/CaM reduces cMyBP-C apparent binding affinity for 
actin, consistent with the competition between Ca2+/CaM and actin for 
binding to cMyBP-C. Ca2+/CaM also reversed the inhibitory effects of 
cMyBP-C N’-terminal domains on actin activated myosin ATPase rates, 
consistent with reduced cMyBP-C interactions with actin. However, apo-
CaM (calcium-free calmodulin) did not influence the ability of cMyBP-C to 
activate actomyosin ATPase rates at low Ca2+. Phosphorylation of cMyBP-
C by PKA significantly increased its binding to both Ca2+/CaM and apo-
CaM. Phosphorylated cMyBP-C was also a less potent regulator of cross-
bridge cycling in ATPase assays. 
Conclusions. These data demonstrate that Ca2+/CaM competes with actin 
for binding to cMyBP-C and selectively reverses the inhibitory effects of 
cMyBP-C on actomyosin interactions. However, apo-CaM does not 
compete with cMyBP-C binding to actin and does not affect the ability of 
cMyBP-C to activate the thin filament at low Ca2+. Ca2+/CaM may serve as 
additional regulatory mechanism in addition to phosphorylation of cMyBP-
C to regulate its function. These data suggest that Ca2+/CaM is a novel 
modulator of cMyBP-C function that can dynamically tune cMyBP-C 
effects on contraction potentially as [Ca2+]i rises and falls during the time 
course of a single heart beat.   
 
 
Keywords 
cMyBP-C; Ca2+; Calmodulin; Phosphorylation; HCM;  Cross-bridge cycling 
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Introduction 
 
Note: all the general information in 1.1 and 1.2 are cited from the Chapter 
8 and 9 of Human Physiology, From Cells to Systems (7th edition) by 
Lauralee Sherwood. 
 
1.1 Heart and the cardiac cycle 

 The heart is a hollow, muscular organ that lies in the thoracic cavity 

about the midline between the sternum anteriorly and the vertebrae 

posteriorly. Even though it is a single organ, the right and left sides of the 

heart function as two separate pumps in order to pump deoxygenated 

blood to the lungs to be oxygenated and pump oxygenated blood to the 

rest of the body. The right side of the heart is responsible for pulmonary 

circulation, meaning that it carries blood between the heart and lungs to 

produce oxygenated blood. The left side of the heart deals with systemic 

circulation, meaning that it carries blood between the heart and other body 

systems to transport oxygenated blood throughout the body.  

 To suck in and pump out oxygen continuously, the heart performs 

cardiac cycles. A single cardiac cycle equates to one complete cycle of 

diastole and systole. During diastole, the atrioventricular (AV) valves open 

due to pressure difference between ventricles and atria, this causes blood 

to naturally flow from each atrium into their respective ventricles. As this 

happens, blood continues returning to the heart via venous system and 

filling the atria and ventricles, leading to pressure increase in both atria 

and ventricles. Systole then begins with an electrical impulse called an 

action potential (AP) and arrives at the membrane of ventricular cells 

leading to a series of events called “excitation-contraction coupling” which 

ultimately causes the contraction of the ventricles. The pressure increase 

of left and right ventricles caused by muscle contraction will open the 

valves and eject blood from the heart into the systemic and pulmonary 

circulations. When the contraction begins to wane resulting in lower 
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ventricular pressure, this leads to the closure of valves. When pressure 

diminishes below aortic or pulmonary pressure, the cardiac cycle will reset.  

 Normal muscle function requires the coupling of electrical excitation 

of the myocyte membrane (sarcolemma) and contractile mechanisms. 

Contraction of cardiac muscle is triggered by AP sweeping across the 

muscle cell membrane. While skeletal muscle’s AP initiation is dependent 

on chemical input from the nervous system, cardiac muscle has its own 

“pacemaker” cells that generate AP and contraction with autorhythmicity. 

The specialized cardiac cells capable of autorhythmicity lie in specific sites: 

the sinoatrial node (SA node), the atrioventricular node (AV node), the 

bundle of His (atrioventricular bundle), and Purkinje fibers. Compared to 

normal cardiac cells, these autorhythmic cells generate pacemaker 

potential with increased inward Na+ current through “funny” or If channels, 

decreased outward K+ current, and increased inward Ca2+ current by T-

type and L-type Ca2+ channels. In a cardiac cycle, electrical impulses or 

AP initiate at the SA node and propagate through the atrial walls, causing 

the contraction of the atria. The AP then passes through the AV node, 

which exhibits a slower conduction velocity compared to the SA node. The 

delay between atrial and ventricular contraction is necessary for the full 

filling of ventricles. The AP then propagates through the intraventricular 

septum via the bundle of His, which is made of Purkinje fibers. These cells 

are able to very rapidly generate electrical conduction to induce ventricular 

contraction immediately after the signal. The spread of cardiac excitation 

is coordinated to ensure efficient pumping. If for some reason the initial 

engine (SA node) breaks down, the AV node can take over as latent 

pacemakers, although at a lower rate. However, if a breakdown of the 

second engine (AV node) happens, then the SA node will be disconnected 

to the third engine (Purkinje fibers) and the rest of the heart, which leads 

to a complete blockage of the heart exhibiting very limited ventricular rate 

and patients to be comatose. An artificial pacemaker is usually used as a 
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treatment to treat symptoms of patients with abnormally low heart rate due 

to SA node failure or heart block. 

  Unlike neurons or skeletal muscle, Ca2+ plays major role in AP 

curve generation in cardiomyocytes. During phase 2 of the AP curve, Ca2+ 

is driven from outside into the cell and generates a net depolarizing effect 

on membrane potential, which contributes to the characteristic plateau in 

cardiomyocytes. In addition to the role in AP generation, the influx of Ca2+ 

is also the key signal transducer in excitation-contraction coupling. Unlike 

skeletal cells, relatively small amounts of Ca2+ diffuse into the cytosol from 

the extracellular fluid (ECF) across the T-tubule membrane via L-type Ca2+ 

channels during a cardiac action potential. These Ca2+ ions trigger the 

opening of ryanodine Ca2+-release channels in the adjacent lateral sacs of 

the sarcoplasmic reticulum (SR), who release a much larger release of 

Ca2+ into the cytosol from the intracellular stores which is called “Ca2+-

induced Ca2+ release”. This burst of Ca2+ release will activate thin 

filaments and initiate cross-bridge cycling and muscle contraction. This 

extra supply of Ca2+ from sarcoplasmic reticulum counts for 90% of the 

Ca2+ needed for cardiac muscle contraction and removes very slowly, 

contributing to the long period of cardiac muscle contraction (3 times 

longer than the contraction of a single skeletal muscle fiber) and the 

adequate time to eject the blood.  

1.2 The cross-bridge cycle  

 To generate cardiac muscle contraction in response to an AP signal, 

cross-bridge cycles are performed by myosin of thick filaments in every 

sarcomere. In the cross-bridge cycle, the myosin head is energized with 

ATP hydrolysis, splitting ADP and Pi and the released energy is stored in 

the myosin head. After the AP stimulation and Ca2+-induced Ca2+ release 

in cardiac muscle cell, the large amount of Ca2+ binds to troponin on the 

thin filament and generates a conformational change on tropomyosin, 

which moves tropomyosin away from its blocking position to its closed and 
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then open position. This shape change uncovers the binding site on actin 

for the myosin head and allows myosin cross bridges to attach to actin at 

the exposed binding sites. This binding catalyzes ATP hydrolysis by 

myosin in a chemo-mechanical cycle that results in myosin pulling the thin 

filament over the thick filament toward the center of the sarcomere with 

the energy provided by ATP hydrolysis. After the power stroke, the cross 

bridge detaches from actin and restores its previous conformation. When 

the Ca2+ level is maintained to be high, the cycle will go to next round, 

whereas contraction will terminate with thin filaments slide back to their 

original relaxed positions if the AP stops and Ca2+ level goes down. To 

take up Ca2+ back into the sarcoplasmic reticulum when there is no longer 

AP stimulation, the Ca2+-ATPase transporter is activated to actively 

transport Ca2+ back to the SR with the energy provided by ATP hydrolysis.  

 While the sliding filament theory of muscle contraction is well 

defined, less is known about the function of sarcomeric proteins involved 

in the regulation of contraction. cMyBP-C, as one of the proteins located in 

the sarcomere, is believed to play an essential role in actomyosin 

interactions and cardiac muscle contraction and relaxation. However, the 

mechanisms for its effects are unclear. 

1.3 cMyBP-C  

 Myosin binding protein-C (MyBP-C) was first identified over 45 

years ago as a contaminant that bound tightly to myosin following 

standard methods of purification from muscle(11). Based on the tight 

binding of MyBP-C for myosin, however, soon thereafter it was discovered 

that cMyBP-C could also bind to actin in muscle sarcomeres, and cMyBP-

C bound to thin filaments in positions that overlap with tropomyosin and 

myosin S1 heads(12-14). Since then, it has become clear that cMyBP-C 

binds to both thick and thin filaments through multiple specific interactions 

of its N’-terminal domains and that these interactions exert potent 

activating or inhibitory effects on actomyosin function(3, 15-19).   
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 cMyBP-C is localized to 9 stripes within the inner A-band called the 

C-zone, presenting a discrete and limited stoichiometry within 

sarcomeres(20-22). As shown in Fig. 1, the cardiac isoform of MyBP-C 

(cMyBP-C) is composed of a series of 11 domains numbered C0 through 

C10, with a linker region between C1 and C2 termed the M domain(12, 

23). Its N’-terminal domains including the M domain bind to both actin and 

myosin S2, and its C’-terminus binds to the myosin tail and titin. 

 cMyBP-C is commonly believed to play an essential regulatory role 

in muscle contraction by affecting actomyosin interactions(24, 25). For 

instance, the depletion of cMyBP-C from permeabilized cardiomyocytes of 

knockout mice increased cross-bridge cycle kinetics, the sensitivity of 

sarcomeres to Ca2+, and the rate of force redevelopment(15, 26-29). 

cMyBP-C deficiency (knockout mouse models) also caused systolic and 

diastolic cardiac dysfunction and cardiac hypertrophy(30-34). Mutations in 

MYBPC3, the gene encoding for cMyBP-C, are the most common cause 

of hypertrophic cardiomyopathy (HCM)(35-39).  

 HCM, a condition classically defined by thickening of the left 

ventricle(40),  is one of the most common forms of inherited heart 

diseases, existing in 1 of every 500 people in the United States. Over 

Figure 1. Diagrammatic representation of the domain structure of cMyBP-
C. Ig domains are shown as white rectangles, fibronectin(Fn3)  domains are 
shown as grey rectangles, the proline-alanine rich region is shown as circle, and 
the regulatory M domain is shown as blue hexagon. Ig and fibronectin domains 
are numbered as C0–C10 from the N terminus to the C terminus. The positions 
of the three phosphorylation sites (Ser273, Ser282, and Ser302) in the M domain 
are indicated by the asteroids. The binding sites for actin, myosin S2, light 
meromyosin (LMM), and titin, are indicated by the black lines up or below the 
diagram. 
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1,500 HCM-related mutations have been found so far in more than 11 

genes(41) and more than 40% are found on MYBPC3. The symptoms on 

HCM patients could be asymptomatic including chest pain, heart 

palpitations, low blood pressure and etc. Also, HCM can lead to severe 

heart failure. For example, it is the leading cause of sudden death in 

athletes and adolescents with no prior detection. The high prevalence and 

severity of HCM underscore the necessity of determining how cMyBP-C 

affects contraction through its interactions with actin and myosin.  

 It is not completely defined how cMyBP-C modulates actomyosin 

interactions and muscle contraction. The “tether model” first proposed that 

cMyBP-C limits cross-bridge sliding by tethering the myosin head to the 

thick filaments and away from the thin filaments thereby inhibiting 

actomyosin interactions(42, 43). However, our lab generated another 

leading theory by hypothesizing that interactions between cMyBP-C and 

actin also determine on cMyBP-C’s function. Based on the observations 

that N’-terminal domains of cMyBP-C bound to F-actin in a regular manner 

and competed with both myosin S1 and blocked-state tropomyosin for this 

binding, we proposed that cMyBP-C has dual inhibitory and activating 

effects on actomyosin activity in a Ca2+-dependent manner(12, 19, 44). 

When [Ca2+] is low, N’-terminal domains of cMyBP-C have activating 

effects on the thin filament by displacing tropomyosin from its blocked 

state to its closed/open state(45, 46). At high [Ca2+], inhibitory effects 

become apparent possibly by cMyBP-C competing with myosin heads for 

binding to actin(47, 48).  

 cMyBP-C contains several phosphorylation sites within the N’-

terminus of its M domain (Fig. 1), at which its phosphorylation helps 

regulate the kinetics of cardiomyocyte force generation and muscle 

contraction. The M domain is phosphorylated by numerous kinases in 

response to inotropic stimuli(49-52) and phosphorylation modulates 

cMyBP-C interactions with other sarcomeric proteins including actin and 

myosin(15-19). Binding affinities of cMyBP-C for both myosin and F-actin 
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are reduced following cMyBP-C phosphorylation, leading to inhibition of 

cMyBP-C’s regulatory effects(53-56), which might explain how 

phosphorylation of cMyBP-C modulates cross-bridge kinetics. Among 

these phosphorylation sites in the M domain, Serine-282 is targeted by 

calmodulin-dependent kinase II (CaMKII) and its phosphorylation may be 

necessary for subsequent phosphorylation events responsible by protein 

kinase A (PKA)(57, 58), illustrating one regulatory role of Ca2+/Calmodulin 

on cMyBP-C function and cross-bridge cycling. 

1.4 cMyBP-C and Calmodulin (CaM) 

 It was previously demonstrated by others that the M-domain of 

cMyBP-C binds calmodulin in a Ca2+-dependent manner(8, 9). Because 

the calmodulin binding site was located near the phosphorylation sites and 

near an actin binding site that our lab identified, the observation sparked 

our interest in exploring if CaM exerts regulatory effects on cMyBP-C. 

Calmodulin (CaM) is a highly conserved Ca2+-binding protein that is 

involved in a multitude of signaling pathways within the cell. It contains two 

symmetric globular head domains linked by a flexible linker region. Each 

head domain contains two “EF-hand” motifs, each of which can bind to a 

calcium ion. In response to calcium binding, CaM undergoes a 

conformational change, exposing hydrophobic residues on the surface of 

the protein and allowing it to interact with complementary hydrophobic 

regions on target proteins(59). Its role in muscle cells is complex, including 

Ca2+ control of various kinases to regulate muscle contraction, and 

regulation of Ca2+ pump and release channel on sarcoplasmic 

reticulum(60-64). 

 We hypothesize here that CaM has impacts on cross-bridge cycling 

and cardiac muscle contraction by modulating cMyBP-C’s function. More 

specifically, we propose that CaM directly competes with actin for binding 

to cMyBP-C in order to help synchronize the interactions between cMyBP-

C, myosin and actin, thus regulating cross-bridge cycling during cardiac 
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muscle contraction. Because the M-domain of cMyBP-C appears to be 

largely responsible for its interactions with CaM, we hypothesized that 

phosphorylation in this region would alter these protein-protein interactions 

and affect the regulatory role of CaM in cMyBP-C function by impacting 

the binding affinities between them. 

 This study firstly aims to identify and characterize the interaction 

between cMyBP-C and CaM in vitro and ex vivo. Furthermore, this study 

aims to determine the functional significance of this interaction. CaM 

binding to cMyBP-C potentially serves as a novel layer of regulation for 

cMyBP-C’s effects on cross-bridge cycling by regulating cMyBP-C binding 

to actin. Finally, this study aims to determine the effects of M-domain 

phosphorylation on the interaction between cMyBP-C and CaM, thus 

exploring the relevance between CaM regulation and phosphorylation 

regulation on cMyBP-C. 
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Materials and methods 

2.1. Protein expression and purification 

 Recombinant proteins encoding domains C1C2 (inclusive of C1, 

the M-domain and C2) or C0-C2 (inclusive of C0, the proline–alanine rich 

region, C1, the M-domain and C2) of human and murine cMyBP-C were 

expressed in E.coli. Codon-optimized DNA sequences were inserted into 

the pET-45b(+) expression vector immediately downstream of a His6-tag 

affinity tag that was appended to the	   N’-terminus of cDNA coding 

sequences to facilitate purification of recombinant proteins. Recombinant 

proteins were expressed in BL-21 cells. 50 ml cultures were grown in LB 

media with carbenicillin (100 mg/ml) at 37℃ until the O.D.595 reached 1.00. 

Then the culture was split to inoculate two 500 ml TB media with 

carbenicillin (100 mg/ml). The media was then automatically induced at 

22.5℃ at 240 rpm overnight. Once the O.D.595 reached 3-6, the culture 

was centrifuged at 6000xg for 10 min, dissolved in 1xPBS with 0.1 mM 

PMSF, and centrifuged at 3000xg for 10 min. Drained pellets were stored 

at -80℃ for future use. 

 Recombinant proteins were purified by resuspending the cell pellet 

in 40 ml Equilibration Buffer (50 mM Tris, 300 mM NaCl and 20 mM 

Imidazole, pH 7.4) with 100x Halt protease inhibitor cocktail (Thermo 

Scientific), 20 µM E64 and EUP, 0.1 µM PMSF and 1 µg/ml PepA. Cells 

were lysed using an EmulsiFlex-C3 high pressure homogenizer (Avestin, 

Inc., 2450 Don Reid Dr.Ottawa, ON, Canada K1H 1E1). After lysing the 

sample was centrifuged at 20,000xg for 20 min at 4℃. Recombinant 

protein expressing an N-terminal 6xHis-tag was purified using a NiNTA 

(Qiagen) affinity column. 6ml NiNTA resin (His60 Ni Superflow from 

Clontech) equilibrated with Equilibration Buffer was mixed with the 

supernatant containing recombinant protein and incubated for 1.5 hr at 4℃. 

The resin with supernatant was poured over the column and the column 

was then washed using 60ml of Wash Buffer (50 mM Tris, 300 mM NaCl 
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and 40 mM Imidazole, PH 7.4) with 100x Halt and 0.25 mM PMSF at a 

rate of 1.0 ml/min. The protein was eluted using the Elution Buffer (50 mM 

Tris, 300 mM NaCl and 300 mM Imidazole, PH 7.4) with 100x Halt and 

0.25 mM PMSF. Fractions containing the purified proteins were run on a 

SDS-PAGE gel to assess their purity, and then were exchanged into 

Concentration Buffer (200 mM KAc, 10 mM MOPS, 3 mM MgCl2, 1 mM 

DTT, PH 7.0), and drop frozen in liquid Nitrogen then stored at -80℃. 

 Myosin was purified from rabbit skeletal muscle using a protocol 

modified from Pollard(65) and Margossian(66). In brief, psoas muscle was 

harvested from the rabbits after euthanasia in a cold environment. In order 

to keep fast twitch white fibers, the meat was cut into chunks and grinded 

after removing connective tissue in the cold room. Every 100 g ground 

muscle was mixed with 300 ml extraction buffer (0.3 M KCl, 0.15 M 

KH2PO4, 1 mM EGTA, 1mM ATP, 1 mM DTT, PH 6.5) and stirred by hand 

for 10 min in the cold room. Then cold ddH2O (4 times volume of the 

extraction buffer) was added and the whole mixture was filtered through 

cheesecloth with cold ddH2O (3 times volume of the extraction buffer) 

added during filtering. The myosin was settled for more than 2 hrs in the 

cold room to form a silky precipitate. The precipitate was then collected 

and centrifuged at 6000 rpm for 10 min at 4℃. 1.2 M cold KCl was used to 

fully dissolve the pellet with gentle mixing and the mixture was then diluted 

to 0.3 M KCl with ddH2O. Actomyosin was removed by 2-hour centrifuge 

at 17,000 rpm. The myosin was then allowed to precipitate overnight in the 

cold room after filtering with glass wool. After precipitation, the pellet was 

dissolved in 20 ml storage buffer (0.5 M KCl, 10 mM NaHPO4, 2 mM 

MgCl2, 1 mM DTT, PH 6.5). The myosin concentration was measured with 

spectrophotometry in conjunction with a Bradford assay. Myosin 50% 

glycerol stock was achieved by adding equal amount of 100% glycerol and 

the mixture was gently rocked overnight at 4℃. Myosin stock was stored 

at -20℃ and used for up to 6 months.  
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 Myosin HMM (heavy meromyosin) was made from myosin stock by 

𝛼-chymotrypsin digestion. 1 ml myosin stock was mixed with 9 ml BED 

solution (0.1 mM NaHCO3, 0.1 mM EGTA, 1 mM DTT, PH 8.0) and 

centrifuged at 16000rpm for 10 min at 4℃. The pellet was dissolved in 540 

𝜇l CHB solution (20 mM Imidazole, 1 M KCl, 4 mM MgCl2, 1 mM DTT, PH 

7.0) and 340 𝜇l BED solution with stirring in 25℃ water bath. Every 1 mg 

𝛼-chymotrypsin (Sigma C3142) was dissolved in 1 ml of 1 mM HCl. 1 mg 

𝛼 -chymotrypsin in HCl was added to myosin. The digestion was 

processed in 25℃ water bath for 10 min with stirring and terminated by 10 

ml stop solution (10 ml BED, 30 𝜇l MgCl2, 10 𝜇l 0.1 M PMSF). The product 

after digestion was kept on ice for 70 min and centrifuged at 13,000rpm for 

30 min at 4℃. The supernatant was kept as HMM product and can be 

used within a week after made. 

 Acetone powder for actin preparation was made from freezing 

rabbit grinded psoas muscle. Every 100 g muscle was mixed with 300 ml 

Gruba-Straub Solutions (0.3 M KCl, 0.1 M KH2PO4, 0.05 M K2HPO4, PH 

6.5) and stirred in the cold room for 20 min. The mixture was then 

centrifuged at 6500rpm for 10 min at 4℃  and the pellet was further 

suspended in Buffer A (0.4% NaHCO3, 0.1 mM CaCl2, 500 ml for every 

100 g muscle) for 30 min at 4℃. The mixture was filtered through 3 layers 

of cheesecloth to obtain the pellet. The pellet was then mixed with Buffer 

B (10 mM NaHCO3, 10 mM Na2CO3, 1 M CaCl2, 100 ml for every 100 g 

muscle) and ddH2O (1000 ml for every 100 g muscle), stirred for 10 min at 

4℃ and filtered through 3 layers of cheesecloth to get residues. 200 ml 

cold acetone was added into residues for every 100 g muscle and the 

mixture was stirred for 30 min at room temperature and filtered through 3 

layers of cheesecloth. This step was repeated 4 times. The final product 

was spread in the hood to dry. The actin acetone powder was stored at -

20℃ before use.  
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 F-actin was purified from acetone powder using a protocol modified 

from Pardee and Spudich(13, 67). In brief, to extract the actin, 20 ml 

Buffer A (2 mM Tris-Cl, 0.2 mM Na2ATP, 0.5 mM BME, 0.2 mM CaCl2) 

was added to each gram of acetone powder and homogenized well with 

polytron on ice. The homogenates was stirred for 30 min at 4 ℃ . The 

product was then centrifuged at 10,000xg for 10 min and 20000xg for 60 

min at 4℃ to get supernatant. For actin polymerization, the supernatant 

solution composition was brought to 50 mM KCl, 2 mM MgCl2, 1 mM 

Na2ATP and assembled for 2 hrs at 4 ℃  with slow stirring. After 

polymerization, solid KCl was added to achieve final concentration 0.6 M 

KCl and the product was stirred for 30 min at 4℃ to remove troponin and 

tropomyosin. The product was then centrifuged at 16000xg for 90 min at 

4℃ and the pellet was washed with 3 ml fresh Buffer A+ (Buffer A + 0.6 M 

KCl, 2 mM MgCl2, 1 mM Na2ATP) and kept on ice for 60 min. Then 15 ml 

Buffer A+ per gram of acetone powder was added to pellet and the 

mixture was homogenized with glass homogenizer and pelleted by 

centrifuging 160,000xg for 90 min at 4℃. The pellet was further washed 

with 2 ml fresh Buffer A on ice for 60 min and then resuspended in 

solution using homogenizer. G-actin product was dialyzed into Buffer A 

using MWCO 12-14 kDa dialysis tubing (2 L buffer each time, 3 times, for 

about 60 hrs in total). The final G-actin concentration was measured by 

Spectrophotometry and the G-actin was run on the gel to assess purity. 

The product was finally polymerized by adding 50 mM KCl, 2 mM MgCl2, 1 

mM Na2ATP, 0.02% NaN3 and F-actin was stored at 4℃ before use. 

 Porcine native thin filament (NTF) glycerol stock used in this paper 

were purified by Dr. Howard White. 

 Phosphorylation of C1C2 or C0C2 was achieved by incubation with 

the catalytic subunit of PKA (Sigma P2645). PKA stock was stored in 50% 

glycerol at a concentration of 400 units per ml. Human C1C2 or C0C2 was 

incubated with PKA 40 units of PKA/mg of  cMyBP-C for 1 hr at room 
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temperature. The reaction mixture was then applied to a nickel-

nitrilotriacetic acid column (Qiagen) to purify phosphorylated C1C2 or 

C0C2 and remove the PKA catalytic subunit. Phosphorylation status was 

assessed by ProQ Diamond staining (Invitrogen).  

2.2. CaM-sepharose pull-down assay 

 Three buffers were utilized in pull-down assays, with free ion 

concentration determined using a custom software package as described 

previously(15, 17). All buffers contained 1.3 mM MgCl2, 1 mM EGTA, 20 

mM imidazole, 10.6 mM KCl, 0.133 M NaCl, and with CaCl2 added 2.28 

mM (pCa3), 0.96 mM (pCa5.7) and 0 mM (pCa10). All buffers were 

brought to PH 7.4 using 1 M Tris-HCl. Note: pCa=-log[Ca2+]. 

 To assess CaM binding by N’-terminal cMyBP-C fragments, 

cMyBP-C recombinant proteins were dialyzed into pCa buffers. 50 µg 

protein was then combined with 50 µl of CaM-sepharose slurry (6.5-7.0 

µM, GE Healthcare) that had been rinsed with ddH2O and then 

equilibrated with the desired pCa buffer. The total volume was brought up 

to 250 µl for a total protein concentration of 5.5-6.0 µM and the reactions 

were incubated while rotating for 30 min at 4℃. After incubation, mixtures 

were centrifuged at 10,000xg for 1 min to pellet the slurry. The 

supernatant was removed and saved as “unbound” fraction. The pelleted 

slurry was washed 3 times using the desired buffer, with the supernatant 

discarded each time. 2X sample buffer was then added to both the 

washed slurry and the supernatant (“bound” fraction and “unbound” 

fractions, respectively), and these were boiled for 5 min. Samples were 

run on a 12% SDS-PAGE gel. Bands were visualized using Coomassie 

Brilliant Blue Stain. 

 To measure the binding affinity of cMyBP-C proteins for CaM, 

saturation binding curves were constructed by combining cMyBP-C 

protein (3 µg) with increasing concentrations of CaM-sepharose beads: 0, 
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1.4, 2.35, 3.5, 7, 14, 21, 35 µM. The total volume was brought up to 250 µl 

using the desired pCa buffer and incubated for 30 min at 4℃. Following 

incubation, each mixture was centrifuged at 10,000xg for 1 min to pellet 

the slurry. 60 µl supernatant in each condition was collected as the 

“unbound” fraction and boiled for 5 min with 12 µl 6X sample buffer. 

Samples were run on a 12% SDS-PAGE gel. Bands were visualized using 

Coomassie Brilliant Blue Stain and quantified using ImageJ software (NIH). 

The relative amount of unbound protein for each condition was calculated 

by normalizing the intensity of each band to the band of 0 µM slurry, thus 

giving the percentage of unbound proteins in each condition. The 

percentage of protein bound was calculated indirectly by subtracting the 

percentage of unbound protein from 100%. The percent bound to the 

beads was plotted as a function of [CaM]. Binding curves were fitted using 

1:1 saturation binding from Graphpad Prism 7 software. 

2.3. CaM-sepharose pull-down assay for endogeneous cMyBP-C 

  Mouse left-ventricle tissue (~20 mg) was broken into small pieces in 

1.5 ml Relax Isolation Buffer (in mM: 6.04 MgCl2, 2.0 EGTA, 139.6 KCl, 

10.0 Imidazole, 5.95 Na2ATP, PH 7.0) using a Polytron. Tissue 

homogenates were centrifuged at 3000xg for 3 min at 4℃. Pellets were 

resuspended in 500 µl lysis buffer (1%NP-40, 50 mM Tris-HCl, 150 mM 

NaCl, PH 7.4, with 50X Halt protease inhibitor) and the mixture was lysed 

using a sonicator. After rotating the mixtures for 30 min at 4℃, the lysates 

were centrifuged at 16,000xg for 15 min, and the supernatant was 

retained as the soluble tissue lysate. Supernatants were then incubated 

with CaM-sepharose 4B slurry (GE Healthcare) in lysis buffer at 4℃ for 1 

hr to remove non-specific bound proteins (pre-clear procedure). 

Sepharose beads without CaM bound were used as a negative control. 

Lysate supernatants after pre-clear were incubated with 200 µl CaM-

sepharose slurry in lysis buffer at 4℃ for 5 hr with either 1 mM Ca2+ or 2 

mM EGTA added to the mixtures. After incubation the beads were washed 
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3 times with appropriate lysis buffer (with Ca2+ or EGTA), mixed with 100 

µl elution buffer (1% NP-40, 50 mM Tris-HCl, 400 mM NaCl, pH 7.4, with 

50X Halt protease inhibitor), and rotated 30 min at room temperature. 

Finally elutes were boiled in 6X loading buffer for 5 min.  

 cMyBP-C eluted from the beads was detected by western blots 

using a rabbit polyclonal antibody that preferentially recognizes epitopes 

near the N-terminus of cMyBP-C (31, 68) with 1:20,000 dilution and an 

HRP-linked anti-rabbit IgG secondary antibody (#7074S Sigma). Bands 

were detected with SuperSignal West Pico Chemiluminescent Substrate 

(#34080 Thermo Scientific) according to manufacturer’s directions. The 

amount of endogeneous cMyBP-C pelleted with beads was quantified by 

ImageJ (NIH, Bethesda, MD) and analyzed by Graphpad Prism 7 software.  

2.4. Co-sedimentation binding assay  

 Recombinant cMyBP-C proteins were dialyzed against co-

sedimentation buffers (in mmol/L: 20 imidazole, 180 KCl, 1 MgCl2, 1 

EGTA, 1 DTT, PH 7.4). Based on the calculation with a custom software 

package as described previously(15, 17), pCa 3.0 co-sedimentation 

buffers contains 2.31 mM CaCl2 and pCa 10.0 buffers contains 0 mM 

CaCl2. pCa=-log[Ca2+]. cMyBP-C fragments were then combined with 

sufficient F-actin, ATP, and DTT to achieve final concentrations of 5 µM, 5 

µM, 1 mM, and 1 mM, respectively, in a total final volume of 50 µl of co-

sedimentation buffer. 10 µM CaM was added in each tube. Reactions 

were equilibrated for 30 min at room temperature. Samples were then 

spun for 30 min at 390,000xg using a TLA 100 rotor at 4°C (Beckman). 

The supernatants were removed from each tube and the pellets were 

gently washed with 50 µl co-sedimentation buffer and dissolved in 100 µl 

of a 1:1 mixture of co-sedimentation buffer to urea/thiourea sample buffer. 

Pellet fractions were loaded onto 10% polyacrylamide gels and run at 

constant 200 V for 50 min. Gels were stained for at least 1 hr in 0.05% 
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Coomassie R-250 staining solution, followed by destaining and drying 

overnight. 

 For quantification, dried gels were scanned to a computer using a 

flatbed scanner and band intensities were measured using the gel 

analysis features of Image J (NIH, Bethesda, MD). The intensity ratio of 

recombinant protein to F-actin in each pellet was converted to a molar 

ratio (mole of cMyBP-C/mole of actin) using standard curves run on each 

gel that contained known amounts of cMyBP-C and actin in mol/mol ratios. 

Standard curves were constructed by adding 40 pmol of actin to each of 7 

tubes followed by addition of increasing amounts of recombinant protein 

(4-40 pmol) to achieve the desired mole ratio. A fixed volume from each 

standard tube (3.5 µl) was loaded onto the gel so that the amount of actin 

varied from 13 to 7.8 pmol across the wells of the standard curve. This 

range was selected to verify that staining intensity was linear over the 

amount of actin (10.6 pmol) loaded in each cosedimentation assay. 

Cosedimentation binding data were plotted versus the total cMyBP-C 

concentration added and fit according to the following equation: 

[Cbound]/[Actin]=Bmax*[Cfree]/(Kd+[Cfree]), where [Cbound] and [Cfree] are the 

bound and free concentrations of cMyBP-C proteins, respectively, [Actin] 

is the total actin concentration, Bmax is the maximal molar binding ratio 

(mole of cMyBP-C protein/mole of actin), and Kd is the dissociation 

constant (µm). Data was fitted using the Microsoft Excel Solver package 

by varying the values of Bmax and Kd and minimizing the sum of squares 

between the actual and predicted binding ratios. Significance was 

calculated using analysis of variance and post hoc Bonferonni t tests. 

Results were considered significant at p < 0.01. 

2.5. Actin activated ATPase assay 

 ATPase assays were performed with 0.3  µM HMM, 5  µM rabbit 

skeletal F-actin (or native thin filaments, NTF), 2  µM cMyBP-C N-terminal 

fragments and 10 or 30  µM CaM. HMM was obtained from rabbit skeletal 
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myosin by digestion with 𝛼-chymotrypsin(69) as described before. Porcine 

native thin filaments (from Dr. Howard White Lab) were prepared in 

storage solution (5 mM MOPS, 2 mM MgCl2, PH 7.0) before use. Three 

buffers were utilized, with free ion concentrations determined using a 

custom software package as described previously(15, 17): 2x pCa3 (4.03 

mM CaCl2), 2x pCa5.7 (0.96 mM CaCl2) and 2x pCa10 (0 mM CaCl2). All 

2x buffers contained (in mM) 4.04 MgCl2, 20 imidazole, 2 EGTA and 

proper amounts of NaCl to achieve ionic strength 15.8 mM and PH 7.4. A 

total volume was brought to 230 µl in each tube with half of the volume to 

be 2x pCa buffer to achieve proper [Ca2+] (pCa=-log[Ca2+]) and with all 

other components properly added (water, DTT, cMyBP-C, actin or NTF, 

HMM). ATPase activity was measured following addition of 1  mM ATP to 

start the reaction and reactions were quenched with stop solution (3.3% 

SDS, 0.12 M Na-EDTA, PH 7.4) at three time points. Phosphate 

production in each reaction was determined via colorimetric assay as 

described (70, 71). In brief, the color production was achieved by ferrous 

sulfate and ammonium molybdate. The absorbance of each cuvette was 

read at 550 nm and the absorbance values were plotted as a function of 

phosphate concentration on the curve. The ATPase rate was calculated 

from the slope of each curve and expressed as µM Pi/µM HMM/min.  
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Results 

3.1. CaM binds to cMyBP-C in a Ca2+-dependent manner 

 It was previously reported that CaM binds the M-domain of cMyBP-

C in the presence of Ca2+(8, 9). To confirm these findings and determine 

whether CaM binds to the M-domain at a [Ca2+] similar to that found in 

cardiac myocytes during a twitch, we firstly applied a basic pull-down 

assay using CaM-conjugated sepharose with human C1C2 (containing the 

C1, M, and C2 domains of cMyBP-C, hC1C2) to capture proteins bound to 

the beads (Fig. 2). We performed the assays at low (pCa 10), intermediate 

and physiological (pCa 5.7), and high (pCa 3) [Ca2+] here. Results shown 

in Figure 2 confirmed that hC1C2 binds to CaM in a Ca2+ dependent 

manner with robust binding occurring at saturating [Ca2+] (pCa 3) and rare 

binding occurring in the absence of Ca2+ (pCa 10). Results further show 

that significant binding occurs at an intermediate [Ca2+] (pCa 5.7). 

Sepharose beads without CaM were used here as negative control. Little 

or no hC1C2 bound to negative control beads and we conclude that non-

specific binding of hC1C2 to the surface of the beads was low. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   

 

 

 Then we 

sought to characterize the binding affinities between N’-terminal cMyBP-C 

and CaM at various Ca2+ levels. We performed hC1C2 pull-down assays 

with a gradient amount of CaM sepharose to plot binding curves at low 

CaM 
beads 
	  	  
Ctrl 

	  	  pCa	  3	  	  	  	  	  	  pCa	  5.7	  	  	  	  	  pCa	  10 

 

Figure 2. Pull-down assays of hC1C2 with CaM-conjugated sepharose 
beads at different Ca

2+
 levels. Representative gel bands (coommassie blue 

staining) of hC1C2 protein captured by CaM-conjugated beads (6.5-7.0 µM) 
at pCa 3, pCa 5.7 and pCa 10 . pCa=-log[Ca

2+
]. Control beads that have same 

matrix but without CaM were used here as negative control. More details of 
the procedures are described under “Material and methods”. 
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(pCa 10), intermediate (pCa 5.7), and high (pCa 3) [Ca2+]. Unbound 

fractions of hC1C2 with each concentration of CaM sepharose applied 

were quantified on the gel (Fig. 3A) and subtracted from basal control (0 

µM CaM beads) to get bound fractions’ percentage, which was further 

used to plot 1:1 ratio saturation binding curves (Fig.  3B). The Kd value of 

each curve was calculated and shown in Table 1. The value at high [Ca2+] 

(pCa 3) was consistent with values previously reported(8), and CaM still 

bound to hC1C2 at physiological [Ca2+] (pCa 5.7) with binding affinity 

comparable to that at pCa 3 (16.8 ± 6.5 and 11.2 ± 3.4 µM, respectively). 

However, the binding affinity value between CaM and hC1C2 was high 

(larger than 200 µM), indicating a very weak binding between them in the 

absence of Ca2+ (pCa 10). 

 

 

 

 

 

Figure 3A. Pull-down assays of hC1C2 domains with titrated CaM-
conjugated sepharose beads at different Ca2+ levels. 
Representative gel bands show the unbound human N’-terminal cMyBP-
C domains (hC1C2), indirectly indicating the amounts of captured 
hC1C2 by a gradient concentration of CaM-conjugated beads (0 to 35 
µM) at pCa 3, pCa 5.7 and pCa 10 conditions. pCa=-log[Ca2+]. Each 
band was quantified by ImageJ Software and data were used to make 
binding curves to derive dossociation constants (Kd). 

pCa	  3 

pCa	  5.7 

pCa	  10 

	  CaM(uM)	  	  	  	  0.00	  	  	  	  1.40	  	  	  2.45	  	  	  3.50	  	  7.00	  	  14.00	  21.00	  	  35.00 
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 Next, we assessed binding affinities using C0C2 which includes all 

the N’-terminal domains of cMyBP-C. Binding affinities were significantly 

higher when the entire N’-terminus of human cMyBP-C (hC0C2) was used 

for binding assays at both pCa 3 and pCa 5.7 (Table 1). More interestingly, 

the CaM binding at pCa 10 was significantly stronger with hC0C2 than 

hC1C2 (with value 26.7 ± 6.4 µM compared to > 200 µM). These 

suggested that C0 domain and PA region play important role in enhancing 

Figure 3B. Pull-down assays of various N-terminal cMyBP-C domains with 
titrated CaM-conjugated sepharose beads at different Ca2+ levels. 
Representative binding curves of hC0C2 (left) and mC0C2 (right) with titrated 
CaM in pCa 3 (red), pCa 5.7 (blue) and pCa 10 (green) buffers. The bound 
percentage of C1C2 under each condition was plotted and fitted with 1:1 binding 
curve using GraphPad Prism 7 software, and shown with binding affinity values 
(Kd). Values represent mean ± S.D. (error bars). N value equals to 8, 4, 3, 
respectively. The Kd values calculated here are presented in Table 1. 
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N’-terminal cMyBP-C interaction with CaM under both Ca2+ and non-Ca2+ 

conditions. 

 Because the binding site for CaM occurs in a sequence of the M-

domain that is highly conserved across species(35), we next investigated 

whether N’-terminal domains of mouse cMyBP-C also bind CaM. With Kd 

value similar to that of hC0C2, mouse C0C2 (mC0C2) also bound to CaM 

in a Ca2+ dependent manner (Table 1). The finding that N’-terminal 

domains from both mouse and human cMyBP-C bind to CaM indicates a 

conserved binding interaction within the regulatory M-domain of cMyBP-C.  

 

 

 

 

 

KD ± S.D. (µM)  
pCa 3.0 pCa 5.7 pCa 10.0 

hC1C2 (n=8) 11.2 ± 3.4 16.8 ± 6.5 > 200* 

phosphorylated 
hC1C2 (n=4) 

3.7 ± 0.4+++ 10.9 ± 1.1* 37.7 ± 2.2* 

hC0C2 (n=4) 5.0 ± 0.8++ 7.0 ± 1.3+ 26.7 ± 6.4*+ 

phosphorylated 

hC0C2 (n=3) 
1.8 ± 0.2+++ 4.9 ± 0.6++ 12.7 ± 3.3*+ 

mC0C2 (n=3) 3.5 ± 1.0+++ 3.3 ± 0.7++ 10.3 ± 0.8*+ 

Table 1. Binding affinities (Kd) of cMyBP-C recombinant N’-terminal 
fragments binding to Ca2+/CaM determined from the binding curves of pull-
down assays (Figure 3). Kd values were calculated from each experimental repeat 
and the numbers in the table represent mean ± S.D. under each condition. Multiple 
comparison test: *p < 0.001 compared to pCa 3 condition with same cMyBP-C 
fragment (in each row); +p < 0.05, ++p < 0.01 and +++p < 0.001 compared to hC1C2 
fragment (no phosphorylation) under same pCa condition (in each column). 
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 We also tested the binding properties of phosphorylated N’-terminal 

cMyBP-C to CaM at various [Ca2+] levels. Typically C1C2 or C0C2 is un-

phosphorylated following expression in bacteria(72). Here hC1C2 and 

hC0C2 protein were treated with PKA and their phosphorylation status 

was confirmed by ProQ staining (Fig. 4). Phosphorylated hC1C2 bound to 

CaM significantly stronger than unphosphorylated hC1C2 at pCa 3 (3.7 ± 

0.4 µM compared to 11.2 ± 3.4 µM, p < 0.001, Table 1). At pCa 5.7 level, 

the binding affinity of phosphorylated hC1C2 was also larger (but not 

statistically significantly) than that of un-phosphorylated hC1C2 (10.9 ± 1.1 

µM compared to 16.8 ± 6.5 µM). Interestingly, the affinity significantly 

increased from 200 µM to 37.7 µM in the absence of Ca2+ (pCa 10) when 

we phosphorylated hC1C2. Similar to phosphorylated hC1C2, 

phosphorylated hC0C2 has a significantly higher binding affinity compared 

to unphosphorylated hC1C2 at all three pCa levels. However, 

phosphorylated hC0C2 bound stronger than phosphorylated hC1C2 under 

every pCa condition, which might be due to the presence of C0 domain 

and PA region. These results showed that phosphorylation of N’-terminal 

cMyBP-C positively contributed to its binding to CaM under both Ca2+ and 

non-Ca2+ conditions, and phosphorylation and N’-terminal region (C0 and 

PA) can work cooperatively to strength the interaction between cMyBP-C 

and CaM. 
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 To determine whether native cMyBP-C also binds CaM, we 

performed pull-down assays using cardiac homogenates from mouse left 

ventricles (Fig. 5). Full-length cMyBP-C was identified in pull-down 

fractions captured by CaM-sepharose beads in the presence of Ca2+ 

indicating that endogenous cMyBP-C also binds calmodulin. However, 

binding was also evident in buffers containing EGTA suggesting that 

native cMyBP-C also binds apo-CaM, although the binding here was 

significantly less than that under Ca2+ condition. This is possibly because 

Figure 4. hC1C2 before and after PKA treatment in different pCa buffers. 1 mg 
hC1C2 was treated with 40 units of PKA at room temperature for 1 hour to achieve 
phosphorylation. hC1C2 protein before and after PKA treatment in pCa 3, 5.7 and 10 
buffers was run on the gel and phosphorylation status was determined by ProQ 
Diamond staining (top). Protein loading and overall protein quality was shown with 
Coomassie Blue staining (bottom). This confirmed that hC1C2 purified from 
bacteria typically was not phosphorylated initially and after PKA treatment it 
became phosphorylated.  
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of other of putative apo-CaM binding sites located on other domains than 

M-domain.  

 

3.2. CaM binding to cMyBP-C competes with binding to F-actin and 

reduces functional effects of cMyBP-C 

 

Figure 5. In vitro pull-down assay of endogenous cMyBP-C from mouse 
ventricular tissue with CaM-conjugated beads. Assays were performed under 
high Ca2+ and EGTA (no Ca2+) conditions and with beads that have same matrix but 
lack CaM as negative control. (A) Western blot showed native cMyBP-C bound to 
CaM under high Ca2+ condition with no binding under EGTA condition. 1, CaM 
beads/Ca2+; 2, Control beads/Ca2+; 3,CaM beads/EGTA; 4, Control beads/EGTA. 
Naked beads as control showed some non-specific binding of cMyBP-C on the bead 
surface. (B) Quantification of pull-downs from A. Values represent mean ± S.D. 
(error bars). n = 3. Multiple comparison test: **p < 0.01, ***p < 0.001, ****p < 
0.0001.  

Figure 6. Summary of co-sedimentation binding assays showing average 
dissociation constants (Kd) values of hC1C2 binding to F-actin in the presence 
and absence of Ca2+ and CaM . The experiments were done at high Ca2+ (pCa 3), 
high Ca2+ plus CaM (pCa 3 + CaM), and low Ca2+ plus CaM (pCa 10 + CaM). 
pCa=-log[Ca2+]. 5 µM hC1C2 was mixed with 5 µM F-actin with or without 10 µM 
CaM in each condition. The amount of hC1C2 pelleted with F-actin under each 
condition was quantified to make co-sedimentation binding curves. A specific Kd 
value was derived from each binding curve and the average Kd values are shown 
here. Error bars exhibited as ± SEM. n = 9, pCa 3; n=9, pCa 3 + CaM; n=5, pCa 10 
+ CaM. Multiple comparison tests: ** denotes p < 0.05.  
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Figure 7. Regulatory effects of hC1C2 with or without CaM on ATPase 
activities in unregulated and regulated ATPase assays. Experiments were done in 
unregulated (6A) or regulated (6B) assays under three Ca2+ conditions (pCa 3, pCa 
5.7 and pCa 10). pCa=-log[Ca2+]. Actin-activated myosin ATPase rates were 
obtained with CaM (10 and 30 µM), hC1C2 (2 µM), or with both. 5 µM F-actin or 
NTF and 0.3 µM HMM were considered as basal control conditions. ATPase 
activities were measured as described under “Material and methods” and rates were 
normalized to control reactions containing only HMM and F-actin or NTF (except 
pCa 10 condition in regulated system). N values are stated in Table 2. Bars represent 
means ± S.D. Multiple comparison test: ****p < 0.001. 



	   30	  

The CaM binding site in the M-domain of cMyBP-C is predicted to 

overlap with a binding site that we had previously identified for actin(12-

14). We therefore next investigated whether binding of Ca2+/CaM impacts 

the interaction between N’-terminal cMyBP-C and F-actin in co-

sedimentation assays. Kd values of hC1C2 with F-actin in the presence or 

absence of Ca2+ and CaM in co-sedimentation binding assays were 

summarized here (Fig. 6). At high Ca2+ (pCa 3), Ca2+/CaM increased the 

apparent Kd of hC1C2 for actin, indicating reduced binding affinity 

between the two proteins. Actin binding affinity of hC1C2 was unaffected 

by CaM in the absence of Ca2+ (pCa 10). These results demonstrated that  

CaM effectively competes with cMyBP-C binding to actin but only in the 

presence of Ca2+.  

 To determine whether binding of CaM to cMyBP-C affects the 

ability of cMyBP-C N’-terminal domains to influence actomyosin function, 

we next assessed effects of CaM in unregulated ATPase assays using F-

actin (without troponin or tropomyosin attached) and HMM (Fig. 7A and 

Table 2). Results showed that compared to basal condition (5 µM F-actin 

and 0.3 µM HMM), 2 µM hC1C2 significantly reduced ATPase rates by 

more than 80% as previously reported (44) under all three pCa conditions. 

By contrast, CaM (10 or 30 µM) alone had no effect on actin activated 

ATPase assays either in the presence or absence of Ca2+. However, when 

added together CaM in the presence of Ca2+ (pCa 3 and pCa 5.7) 

significantly reduced the inhibitory effects of hC1C2 on ATPase activity. 

Effects were dose dependent because 10 µM CaM only partially reversed 

the inhibitory effects of hC1C2, whereas 30 µM CaM completely reversed 

the inhibitory effects of hC1C2 on ATPase activity. Effects of CaM to 

rescue ATPase activity were Ca2+ dependent because CaM added in the 

absence of Ca2+ (pCa 10) failed to reverse the inhibitory effects of hC1C2 

on ATPase rates. This is consistent with reduced binding of CaM to the M-

domain in the absence of Ca2+. 
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Whereas hC1C2 inhibits ATPase activity catalyzed by F-actin, 

hC1C2 has both activating and inhibitory effects when native thin filaments 

(NTF, F-actin + troponin and tropomyosin) are used to confer Ca2+ 

regulation to actomyosin interactions as mentioned previously. To 

determine whether CaM influences either the inhibitory or activating 

effects of hC1C2 on thin filaments, we next measured actomyosin ATPase 

rates catalyzed by NTF (Fig. 7B and Table 2). Again, CaM alone did not 

affect Ca2+-regulated ATPase rates under any condition. However, as 

observed for F-actin (Fig. 7A), CaM in the presence of Ca2+ (pCa 3 and 

pCa 5.7) significantly reduced the ability of hC1C2 to inhibit ATPase rates 

catalyzed by NTF. By contrast, the activating effects of hC1C2 that occur 

at low Ca2+ (pCa 10) were unaffected by CaM. hC1C2 alone had less 

inhibitory effects on ATPase rate in the presence of NTF than F-actin, but 

10 µM CaM fully rescued inhibitory effects in the presence of Ca2+. When 

increasing [CaM] from 10 µM to 30 µM, we saw similar inhibitory effect on 

hC1C2, which still fully reversed hC1C2’s influence on actomyosin 

function.  

Because we saw the ability of hC1C2 and hC0C2/mC0C2 differed 

from each other on binding to Ca2+/CaM in pull-down assays, we sougnt to 

test if Ca2+/CaM behaved differently in affecting different fragments’ 

function (Table 2). Results showed similar inhibitory effects of all three 

fragments on ATPase activity. At pCa 3, CaM had stronger effects on 

reversing inhibitory effects of hC0C2 and mC0C2 than reversing hC1C2’s, 

Table 2. Summary data for effects of cMyBP-C domains and CaM on ATPase 
activities at different Ca2+ levels. Control condition is the basal ATPase rate from 
0.3 µM HMM and 5 µM F-actin (unregulated) or NTF (regulated) assays.  All 
ATPase rates after adding cMyBP-C or CaM were normalized to basal rates under 
control conditions. Each ATPase rate value represents as means ± S.D. Wild-type 
cMyBP-C fragments (un-phosphorylated) were used except indicated in the table. F-
actin instead of NTF was used except indicated in the table. N values were stated in 
each bracket.   
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with no change at pCa 5.7. Moreover, CaM lost its ability to inhibit hC0C2 

and mC0C2 in the absence of Ca2+ (pCa 10), which is similar to what we 

saw in the use of hC1C2.  

  Phosphorylation on M-domain significantly reduces the functional effects 

of cMyBP-C’s N’-terminal domains on cross-bridge cycling(53-56). We 

therefore measured ATPase assays using phosphorylated hC1C2. 

Results (Table 2) showed that phosphorylated hC1C2 (2 µM) had less 

inhibitory effects on ATPase activity compared to unphosphorylated 

hC1C2 at all pCa levels (3, 5.7 and 10). 10 µM CaM was able to almost 

fully rescue the inhibition of ATPase rate caused by phosphorylated 

hC1C2 under pCa 3 and pCa 5.7 conditions, but not under pCa 10 

conditions. We also applied phosphorylated hC0C2 and saw similar 

results. phosphorylated hC0C2 had similar inhibitory effects as 

phosphorylated hC1C2 and 10 µM CaM was also able to almost fully 

recover the ATPase rate inhibition in the presence of Ca2+. These results 

show that Ca2+/CaM has inhibitory effects on both phosphorylated and 

unphosphorylated N-terminal domains of cMyBP-C.  

Taken together, these results demonstrated that Ca2+/CaM 

effectively competes with actin for binding to the M-domain of cMyBP-C 

and thus can reduce inhibitory effects of N’-terminal cMyBP-C that are 

mediated through binding to actin. By contrast, the ability of cMyBP-C’s 

N’-terminal fragments to activate thin filaments at low Ca2+ is unaffected by 

CaM presumably because apo-CaM has reduced binding affinity for the 

M-domain. Phosphorylation of cMyBP-C strengthens the interaction with 

CaM, suggesting that Ca2+/CaM and phosphorylation may work together 

to modulate cMyBP-C function.  
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Discussion 
 
The main finding from this work is that Ca2+/CaM can influence the 

ability of cMyBP-C to modulate actomyosin interactions probably by 

competing with actin for binding to the M-domain of cMyBP-C. Specifically, 

we found that Ca2+/CaM competes with actin for cMyBP-C binding and 

reduces the inhibitory effects of N’-terminal domains of cMyBP-C in the 

presence of Ca2+. By contrast, apo-CaM did not compete for binding of N’-

terminal domains to actin in the absence of Ca2+ and had no effect on the 

ability of cMyBP-C N’-terminal domains to activate ATPase rates at low 

Ca2+. Phosphorylation of cMyBP-C on its M-domain might further promote 

CaM binding and Ca2+/CaM is able to modulate function of both 

phosphorylated and un-phosphorylated cMyBP-C. The significance of 

these findings is that Ca2+/CaM may be a novel modulator of cMyBP-C M-

domain interactions with its target ligands. Because [Ca2+]i rises and falls 

during a single twitch, Ca2+/CaM may contribute to the dynamic regulation 

of cMyBP-C interactions with the thin filament on the timescale of a single 

heart beat. 

Our results demonstrate that the effects of Ca2+/CaM occur at [Ca2+] 
similar to that found in cardiomyocytes (pCa 5.7) during a twitch and that 

native endogenous cMyBP-C in cardiomyocytes can also bind to 

Ca2+/CaM. Together these data suggest that interactions of Ca2+/CaM with 

cMyBP-C may be physiologically relevant in contracting myocytes. 

However, it should be noted that while the binding affinities reported here 

and previously(8) for Ca2+/CaM interactions with N’-terminal cMyBP-C are 

similar to those for N’-terminal cMyBP-C binding interactions with actin 

and myosin(13), they are still significantly lower than binding affinities of 

CaM for most of its known ligands within the cell(73). For instance, the 

binding affinity of CaM for RyR2 is in the nanomolar range(74) rather than 

the micromolar range reported for hC1C2. Furthermore, the concentration 

of free CaM in muscle cells is estimated to be low (50-75 nM, 1% of total 
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[CaM])(60, 75). The low free [CaM] combined with a relatively low binding 

affinity of Ca2+/CaM for cMyBP-C N’-terminus could thus limit Ca2+/CaM 

interactions with cMyBP-C in the cell and argue for caution in inferring 

physiological relevance of Ca2+/CaM interactions with cMyBP-C. 

Nonetheless, it has been reported that specific regions on N’-terminal 

cMyBP-C show higher affinity (nanomolar) with Ca2+/CaM(9), suggesting 

that these regions may become exposed and bind Ca2+/CaM in the 

endogeneous full-length cMyBP-C. Also, CaM is thought to be 

sequestered in microdomains near its target ligands. Sequestration of 

CaM contributes to its low free concentration but effectively raises its local 

concentration near its target proteins(76). Because we showed that native 

cMyBP-C in myocytes also binds apo-CaM (Fig. 5), it is plausible that 

cMyBP-C can also sequester CaM within the sarcomere as initially 

suggested by Lu et al(8). Those authors suggested that pre-positioning of 

CaM by cMyBP-C could localize CaM for efficient activation of Ca2+/CaM 

dependent kinase II (CaMKII), which phosphorylates cMyBP-C. The idea 

that a pool of CaMKII is localized near cMyBP-C is supported by 

observations that a Ca2+/CaM-dependent kinase activity co-purified with 

cMyBP-C isolated from myocardium(77). Our results are thus consistent 

with a scaffolding role for cMyBP-C and CaM. However, our new findings 

that Ca2+/CaM can modulate cMyBP-C function suggests that it has 

additional direct effects similar to effects of Ca2+/CaM to modulate activity 

of cardiac Na+ channels(78) and RyR2(79). 

The sequence identity between mouse and human cMyBP-C is 

overall about 89%(80). Among N’-terminal regions, C1, M and C2 domain 

show 90%, 91% and 96% identity, respectively. Thus it is expected that 

mC1C2 may have similar effects as hC1C2 due to the high identity 

between them. hC0C2 and mC0C2 show 84% sequence similarity to each 

other, with the difference mainly arising from C0 domain (81% identity) 

and Pro-Ala rich region (46% identity). A large number of proline and 

alanine residues in the Pro-Ala rich region varies significantly between 
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different species and that the number correlates directly with mammalian 

body size and inversely with heart rate. Thus, systematic sequence 

differences in the Pro-Ala rich region of cMyBP-C may contribute to 

observed functional differences in human versus mouse cMyBP-C 

isoforms and suggest that the Pro-Ala region may be important in 

matching contractile speed to cardiac function across species(81). From 

the pull-down assays and ATPase assays we did see some differences 

between hC0C2 and mC0C2. The data suggested that Ca2+/CaM has 

slightly stronger inhibitory effects on mC0C2 than on hC0C2, which is 

consistent with the results that mC0C2 has slightly higher (not significant) 

binding affinity to CaM than hC0C2 under both Ca2+ and no Ca2+ 

conditions. These differences might be mainly contributed from the 

species-specific differences of pro-ala rich region and C0 domain. A 

bigger difference in binding was measured between hC1C2 and hC0C2. 

Ca2+/CaM showed a relatively weaker interaction with hC1C2 than hC0C2 

with an about 2-fold Kd difference. More interestingly, CaM in the absence 

of Ca2+ has very weak or rare interaction with hC1C2 with Kd larger than 

200 µM but has relatively strong binding to hC0C2 with Kd about 26.7 µM. 

These suggest an essential role of C0 and pro-ala rich region in the 

interaction of both Ca2+/CaM and apo-CaM. This hypothesis is also 

supported by some other previous studies. For instance, human C0C1 has 

found to Increase Ca2+ sensitivity of tension in permeabilized trabeculae, 

and the human pro-ala rich region is able to activate filament motility in the 

absence of Ca2+(80). Also, C0 has been shown to compete with myosin 

S1 head for binding to F-actin and effectively inhibit actomyosin 

interactions(45). More interestingly, our results showed that M-domain 

phosphorylation and the presence of N’-terminus (C0 domain and PA 

region) can work cooperatively to strength cMyBP-C binding to CaM since 

phosphorylated hC0C2 further increased the binding affinity compared to 

phosphorylated hC1C2. 
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When applying phosphorylated hC1C2 and hC0C2 in pull-down 

assays, we found that phosphorylation of the M-domain increased the 

binding of hC1C2 and hC0C2 to both Ca2+/CaM and apo-CaM. This result 

is different from the findings in previous report(8), which stated that the 

Ca2+/CaM interaction with cMyBP-C M-domain was phosphorylation-

independent. In our pull-down assay, the binding affinity of hC1C2 to CaM 

increased at all three pCa levels (significantly higher under pCa 3 and pCa 

10, higher but not significant under pCa 5.7) after PKA-treated 

phosphorylation. And this finding was further supported by phosphorylated 

hC0C2. However, the previous study utilized pseudo phosphorylated 

C1C2 (i.e. C1C2EEE a phosphomimic hC1C2 fragment that substituted 

glutamates for serines at the three phosphorylation sites) rather than PKA 

phosphorylated hC1C2.  They found that the phosphomimic bound to 

Ca2+/CaM in a very similar fashion and with an affinity comparable with 

that of the wild-type C1C2. However, their Kd values reported of wild-type 

hC1C2 and C1C2EEE with Ca2+/CaM were 13.5 ± 2.5 µM and 6.6 ± 1.7 

µM. The difference was not statistically significant as they defined, but 

shows the same trend for increased affinity as our data using PKA 

phosphorylated hC1C2. 

The ability of N’-terminal domains of cMyBP-C to bind actin and 

either activate or inhibit actomyosin interactions is well established as 

previously described. However, it is unclear how cMyBP-C interactions 

with actin influence cardiac contraction and whether these interactions are 

dynamically regulated. For instance, activating effects of cMyBP-C were 

proposed as a compensatory mechanism to eliminate spatial 

heterogeneities during Ca2+ activation within the sarcomere(82). On the 

other hand, because knockout of cMyBP-C caused a shortening of the 

systolic ejection period(27), it is possible that activation of the thin filament 

by cMyBP-C is important for prolonging the activation of the thin filament 

near the end of systole at a time when [Ca2+]i is already declining. While it 

is plausible that cMyBP-C affects both these processes, our current 
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findings are more consistent with the latter. That is, cMyBP-C activating 

effects may be most prominent during late systole when [Ca2+]I is declining 

because Ca2+/CaM binding would also be expected to be decreasing. 

Without competition from Ca2+/CaM cMyBP-C could bind to actin and 

maintain thin filament activation. At the same time, activating effects of 

cMyBP-C should be minimal at the beginning of systole as [Ca2+]i rises 

and Ca2+/CaM binding prevents interactions of cMyBP-C with actin.  

The functional significance of the inhibitory effects of cMyBP-C on 

actomyosin interactions is less certain. As described before, cMyBP-C 

competitively inhibits actomyosin ATPase rates, potentially through direct 

steric block of myosin S1 heads binding to the thin filament. One 

possibility is that the block of myosin heads by cMyBP-C enhances 

cardiac relaxation by preventing re-attachment of myosin heads. At first 

glance this by itself would seem counter-productive to the proposed 

activating effects of cMyBP-C on the thin filament at the end of systole. 

However, it is possible that both effects occur sequentially such that thin 

filament activation dominates when sarcomeres are shortening whereas 

as sarcomeres re-lengthen upon relaxation inhibitory effects of cMyBP-C 

prevail to speed relaxation. In this scenario mechanical strain could bias 

binding and the differential effects of the N’-terminal domains of cMyBP-C 

on the thin filament(83). Regardless, reversal of cMyBP-C inhibitory 

effects by binding of Ca2+/CaM at the beginning of systole as Ca2+ rises 

could augment force and increase power output as the heart develops 

pressure and begins ejection. 

The finding that Ca2+/CaM modulates the inhibitory effects of 

cMyBP-C by competing with actin for binding to the M-domain adds to an 

increasingly complex and dynamic picture of the regulation of contraction 

by cMyBP-C. Direct modulators of cMyBP-C function now include 

phosphorylation, Ca2+, and Ca2+/CaM. For instance, cMyBP-C is the target 

of multiple kinases in diverse signaling pathways that phosphorylate 

cMyBP-C to modulate systolic and diastolic function(84). Phosphorylation 
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exerts its effects on cMyBP-C by apparently decreasing its binding to both 

of its targets in the sarcomere, myosin or actin(85, 86). Phosphorylation 

may neutralize electrostatic charge interactions or reduce binding site 

accessibility by conformational change in the M-domain that causes the 

M-domain to be more compact. Interestingly, the structural effects of 

phosphorylation on cMyBP-C were reversed by Ca2+, suggesting that the 

effects of phosphorylation also could be modulated within the time-course 

of a twitch(56). We also reported previously that Ca2+ increases binding of 

cMyBP-C to thin filaments, which were attributed to Ca2+ induced 

movement of tropomyosin on the thin filament promoting binding of 

cMyBP-C(45, 46).  

The flexibility and different conformations of the N’-terminal 

domains of cMyBP-C depending on phosphorylation status or [Ca2+] lends 

support to the additional possibility that mechanical force could also 

influence the conformation of cMyBP-C N’-terminal domains and thus 

could modulate interactions with binding partners. For instance, binding 

affinity of the M-domain for Ca2+/CaM was significantly increased (< 1 µM) 

by a short linker sequence connecting the M-domain to C2 compared to 

the binding affinity of C1C2 for Ca2+/CaM(9). If the linker between the M-

domain and C2 becomes exposed by mechanical stretch as during 

sarcomere relengthening, then it is an intriguing possibility that Ca2+/CaM 

binding is mechanically regulated. If so, then Ca2+/CaM has the potential 

to couple the ability of cMyBP-C to bind actin not only to dynamic changes 

in cell Ca2+ but also to dynamic changes in sarcomere length. In support 

of such a scenario, binding sites for CaM on myosin VI also become 

accessible upon extension of folded helixes(87).   

In summary, we demonstrate that Ca2+/CaM binds to cMyBP-C and 

competes with actin for binding to cMyBP-C. By reducing binding to actin, 

Ca2+/CaM may dynamically modulate effects of cMyBP-C that are 

mediated through the thin filament. In particular, we show the inhibitory 

effects of cMyBP-C N’-terminal domains on actomyosin interactions are 
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attenuated by Ca2+/CaM, while the ability of cMyBP-C to bind actin and 

activate the thin filament at low Ca2+ is unaffected. Furthermore, 

phosphorylated cMyBP-C has a higher binding affinity for Ca2+/CaM and 

Ca2+/CaM has inhibitory effects on both phosphorylated and 

unphosphorylated cMyBP-C. Together these data suggest that Ca2+/CaM 

and phosphorylation can work together to dynamically increase force 

generation and power output at the onset of systole as [Ca2+]i rises while 

maintaining activation of the thin filament at the end of systole as  [Ca2+]i 
falls. 

 

 

Future experiments 
 

To extend this finding about Ca2+/CaM regulation of cMyBP-C, 

future experiments include the addition of more pCa conditions in pull-

down assays, co-sedimentation assays, ATPase assays and other future 

techniques. The present three pCa conditions simply reflect three 

representative [Ca2+] levels: high and non-physiological [Ca2+], 

intermediate [Ca2+] that is closer to physiological and low or no [Ca2+]. 

However, these three conditions are still limited in their ability to 

completely express the characteristics of the interaction and regulation 

between CaM and cMyBP-C. In future work, pCa curves utilizing a 

gradient of intermediate pCa conditions will be included. 

More techniques will be involved to further support our findings. To 

further confirm the endogeneous binding between CaM and cMyBP-C, 

immunofluorescence, co-IP, the yeast two-hybrid system and Forster 

Resonance Energy Transfer (FRET) would be considered. To further 

identify the functional regulation of Ca2+/CaM to cMyBP-C, we would apply 

in vitro motility assays and force measurement experiments. 
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We are also interested in testing CaM regulation on purified full-

length cMyBP-C. Our lab has successfully purified full-length cMyBP-C 

from bacteria and insect expression systems, and it would be exciting to 

see how Ca2+/CaM binds to full-length cMyBP-C rather than its N’-

terminus and how Ca2+/CaM regulates the effects of full-length cMyBP-C 

on cross-bridge cycling.  

We have partially characterized the role of M-domain 

phosphorylation on Ca2+/CaM regulation. In the future we would like to 

completely understand the role of cMyBP-C phosphorylation on how it is 

regulated by Ca2+/CaM. Furthermore, we are interested in testing if HCM-

related variants on cMyBP-C would be another factor on CaM regulation. 

Several HCM mutations (such as E330K, L348P) would be tested since 

our previous studies show that these mutations are able to either enhance 

or depress the interaction between cMyBP-C and actin. It would be 

straightforward to test these two mutations in functional experiments since 

our lab already has mouse models carrying these mutations on hand.  
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