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Abstract:



Myosin binding protein C (MyBP-C) is a multi-domain protein that participates in the regulation of muscle contraction through dynamic interactions with actin and myosin. Three primary isoforms of MyBP-C exist: cardiac (cMyBP-C), fast skeletal (fsMyBP-C), and slow skeletal (ssMyBP-C). The N-terminal region of cMyBP-C contains the M-motif, a three-helix bundle that binds Ca2+-loaded calmodulin (CaM), but less is known about N-terminal ssMyBP-C and fsMyBP-C. Here, we characterized the conformation of a recombinant N-terminal fragment of ssMyBP-C (ssC1C2) using differential scanning fluorimetry, nuclear magnetic resonance, and molecular modeling. Our studies revealed that ssC1C2 has altered thermal stability in the presence and absence of CaM. We observed that site-specific interaction between CaM and the M-motif of ssC1C2 occurs in a Ca2+-dependent manner. Molecular modeling supported that the M-motif of ssC1C2 likely adopts a three-helix bundle fold comparable to cMyBP-C. Our study provides evidence that ssMyBP-C has overlapping structural determinants, in common with the cardiac isoform, which are important in controlling protein–protein interactions. We shed light on the differential molecular regulation of contractility that exists between skeletal and cardiac muscle.
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1. Introduction


Myosin binding protein C (MyBP-C) is a modular protein composed of immunoglobulin (Ig) domains and fibronectin type III (FN3) repeats. It is reported to span between thin and thick filaments [1] while participating in the regulation of actin–myosin association. The N-terminal domains of MyBP-C interact with actin [2,3,4,5,6,7,8], myosin S2 [9,10], and the regulatory light chains [11], while the C-terminal domains are tethered to titin [12] and the myosin rod [13,14,15]. There are three different isoforms of MyBP-C expressed in striated muscles: cardiac (cMyBP-C), fast skeletal (fsMyBP-C), and slow skeletal (ssMyBP-C). Primarily, fsMyBP-C expression is localized to fast skeletal muscle, whereas ssMyBP-C is expressed in both slow and fast skeletal muscle [16]. The expression of cMyBP-C is localized to the heart, where its role as a dynamic regulator of cardiac contractility is established. Mutations in the genes encoding for each MyBP-C isoforms are associated with the development diseases such as distal arthrogryposis and hypertrophic cardiomyopathy. Interestingly, expression of mutant cMyBP-C appears to be associated with the progression of skeletal myopathies, but the molecular basis is poorly understood. Ablation of cMyBP-C leads to increased expression of fsMyBP-C in heart muscle, but its presence does not restore cardiac contractility in heart failure (HF) models [17]. While there seems to be a link between spatial and temporal expression of MyBP-C isoforms in normal and diseased muscles, the functional consequences of isoform switching remain unclear. Certainly, the fact that skeletal and cardiac MyBP-C preferentially interact with their isoform-specific variants of actin and myosin [18] suggests that each protein may be structurally and functionally distinct.



Although skeletal and cardiac MyBP-C isoforms have approximately 50–70% sequence homology at the amino acid level, there are global differences in protein architecture that potentially impact control of contractility. Unlike fsMyBP-C and ssMyBP-C, cMyBP-C has a cardiac specific N-terminal domain denoted C0 and an additional loop in the C5 domain [19,20]. The presence of unique phosphorylation sites in the M-motif of cMyBP-C influences the force and frequency of contraction in the heart. In addition to association with myosin S2, the M-motif of cMyBP-C exerts its regulatory effects through actin [3,21,22,23,24] and calcium-calmodulin (Ca2+-CaM) interactions [25]. The Ca2+-dependent CaM protein kinase (CaMK) covalently modifies S282, which in turn promotes phosphorylation by protein kinase A (PKA) or protein kinase C (PKC) at sites S273 and S302 [8,10]. PKA phosphorylation sites have been identified in ssMyBP-C [26], but phosphorylation in fsMyBP-C is largely uncharacterized. Considerably less is known about the role of phosphorylation in regulating contraction in fast and slow skeletal muscles. However, there is a critical link between Ca2+-signaling and cardiac function that is mediated in part by the interaction of the M-motif with CaM.



CaM is composed of two globular lobes connected by a flexible tether. Each N- and C-terminal domain has two EF-hand motifs that coordinate Ca2+ in the presence of saturating intracellular Mg2+ concentrations. In response to ligating Ca2+, the globular domains undergo conformational transitions that expose the hydrophobic pockets necessary for target recognition. CaM exhibits a great degree of conformational plasticity, facilitated by dynamic motion in the linker region. One mode of interaction involves the formation of an extended complex, whereby both lobes of CaM are held apart by binding to protein targets, as is observed in numerous biological systems [27,28]. Alternatively, the lobes of CaM can engage a target protein by collapsing around it in a fashion similar to the complex formed with CaM-dependent kinases [29]. Although there is no single canonical CaM-binding motif, protein targets involved in its interaction typically have hydrophobic and positively charged amino residues involved in CaM recognition. Lu et al. report that CaM mostly associates with the M-motif of cMyBP-C through the insertion of a tryptophan residue into the hydrophobic pockets of Ca2+-loaded CaM. Moreover, basic amino acid residues mapping to the M-motif are conformationally perturbed in the presence of CaM, further supporting the idea that this region is involved in protein–protein association. Comparison of amino acid sequence alignments reveals that M-motif residues are highly conserved in MyBP-C, including the skeletal isoforms, but the structural and functional significance remain to be determined [30].



Based on previous animal model studies [17], skeletal and cardiac MyBP-C are proposed to have functionally disparate roles in regulating contractility, but the molecular and structural bases are unknown. In this study, we use biophysical techniques to structurally characterize slow skeletal MyBP-C (ssMyBP-C). The conformation and protein binding properties of an N-terminal recombinant fragment of ssMyBP-C (ssC1C2) were examined by differential scanning fluorimetry (DSF), nuclear magnetic resonance (NMR) spectroscopy, and molecular modeling. The conformation of ssC1C2 was modulated in the presence of Ca2+-loaded CaM as evidenced by the detection of altered protein thermal stability. NMR binding experiments were performed to demonstrate that site-specific interactions between ssC1C2 and Ca2+-CaM are mediated through hydrophobic surfaces. Using protein homology modeling, we examined the tertiary structure of the M-motif, a region of ssMyBP-C known to be of importance in protein binding. Our findings support that ssC1C2 associates with CaM in a Ca2+-dependent manner through hydrophobic interaction mediated by the M-motif, which may have significance in the differential regulation of skeletal and cardiac muscle contractility.




2. Results


2.1. Analysis of Amino Acid Conservation Provides Clues about Regulatory Functions in MyBP-C Isoforms


Using the CLUSTAL Omega server, we aligned the primary sequences corresponding to the N-terminal fragments of MyBP-C [31]. Analyses of primary structure of amino acid sequences corresponding to the N-terminal domains of MyBP-C revealed that significant amino acid similarities exist between the skeletal and cardiac isoforms (~50%) (Figure 1). Most notably, the regions known to be involved in actin and myosin binding in cMyBP-C domains (C0C2) [2], exhibited the highest degree of amino acid conservation between the isoforms. Overlapping binding determinants for actin and myosin were located in the C1 domain for skeletal and cardiac isoforms, suggesting that ssC1C2 and fsC1C2 associates with cardiac filament proteins in manner similar to that observed for cMyBP-C. Similarly, many amino acid residues in the M-motif of cMyBP-C that are known to experience conformational perturbations in the presence of CaM [25] were also conserved in ssC1C2 and fsC1C2. While other studies report PKA and PKC sites in ssMyBP-C [32], the structural and functional roles of CaMK phosphorylation in skeletal MyBP-C remain to be determined. Using bioinformatics tools, we identified phosphorylation sites for CaMK located at specific regions in the C1 and C2, near the M-motif, of both ssC1C2 and fsC1C2 (Table S1). Interestingly, these predicted phosphorylation sites in ssMyBP-C and fsMyPB-C proteins are proximal to highly conserved actin, CaM, and myosin binding motifs in cMyBP-C. Taken together, these observations suggest that the skeletal proteins might have similar target recognition sites as compared to cMyBP-C and that post-translational modifications within these regions may modulate protein–protein interactions.


Figure 1. Clustal Omega alignments reveal conservation of amino acid residues in the N-terminal regions containing domains C1-C2 consisting of determinants for myofilament protein interaction in MyBP-C isoforms. The amino acid residues for mouse MyBP-C are aligned using Clustal Omega, demonstrating conservation from Jalview (ClustalX coloring). The corresponding domains are illustrated by a green line (C1), a gold line (M-motif), and a purple line (C2). Known regions of actin binding (red boxes), myosin binding (blue boxes), and overlapping CaM/actin binding sites (black line) for cC0C2 are depicted.
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2.2. The Thermal Stability of ssMyBP-C Is Impacted by Ca2+-CaM


Recombinant N-terminal His-tagged ssC1C2 was produced using a T7 expression system and purified with HisTrap columns. CaM was produced and purified as previously described [28]. Following purification, protein samples were visualized by SDS-PAGE and determined to be homogenous. We examined the thermal stability of ssC1C2 in the presence and absence of Ca2+-CaM using DSF experiments. Proteins are subjected to thermal denaturation during DSF, exposing the hydrophobic protein core, which allows for SYPRO Orange dye to interact [33]. Upon binding to hydrophobic environments, the fluorescence of the dye increases relative to the degree of exposed hydrophobic surface area. This permits the protein unfolding to be monitored and the midpoint of this thermal transition is considered to be the apparent melting temperature (Tm). Changes in Tm occur upon ligand or protein–protein binding, which can increase or decrease the thermal stability of proteins depending on the nature of the binding [33,34], are detected as shift changes in peaks. Given that the N- and C-lobes of CaM have exposed hydrophobic patches, high intrinsic fluorescence was observed for Ca2+-CaM free, which precluded determining its Tm (Figure 2a). To monitor complex formation, MyBP-C proteins were combined with CaM in a final molar ratio of [ssMyBP-C:CaM][1.0:0.5]. The ssC1C2 protein exhibited an apparent Tm 52.4 °C in the absence of CaM, but two Tm measurements of 48.7 °C and 58.0 °C were observed in the presence of Ca2+-CaM (Figure 2; see Figure S1 for derivative data), which suggests that interaction with bilobal CaM may impact the structure in multiple ways. Increased thermal stability upon the addition of Ca2+-CaM is indicative of complex formation. However, the decrease in thermal stability suggests that Ca2+-CaM binding might destabilize a region of ssC1C2.


Figure 2. Differential scanning fluorimetry experiments show that ssC1C2 has altered thermal stability in the presence of Ca2+-CaM. Normalized fluorescence versus temperature plots are shown for ssC1C2 (red), ssC1C2/CaM (red dash), and free CaM (yellow) (a). The Tm determined for ssC1C2 in the presence (hatched and pink bars) and absence (solid red bar) of Ca2+-CaM are shown (b).
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2.3. CaM-Induced Conformational Modulation of ssC1C2 Is Ca2+-Dependent and Localized Primarily to the M-Motif


NMR binding experiments were performed to monitor conformational changes in [15N]ssC1C2 in the presence of unlabeled Ca2+-CaM. NMR chemical shift values for [15N]ssC1C2 were similar to those reported in the literature [25,30,35,36,37]. Amide proton nitrogen chemical shift assignments, in particular for indole peaks corresponding to W95, W100, W212, and W286 (W191, W196, W318, and W396 in mouse cMyBP-C), were determined by direct comparison to BMRB accession numbers 6015, 5591, and 17,867. Assessment of 2D 1H-15N spectra for [15N]ssC1C2 free and bound to unlabeled CaM revealed that Ca2+-CaM induced conformational perturbations in numerous peaks (Figure 3a). In particular, M-motif residues V211, W212, E213, K216, N217, A218, Y223, E224, R236, G237, K240, L242, and K243 showed reduced intensities upon the addition of CaM suggesting that Ca2+-CaM interacts with this region. Furthermore, the indole peak for W212, also mapping to the M-motif, experienced significant broadening upon saturation with Ca2+-CaM. After the addition of an excess of CaM, W212 in the M-motif broadened beyond detection while the indole peaks mapping to the C1 (W95 and W100) and C2 (W286) domains did not experience conformational changes. Modest conformational perturbations were detected in residues A253 and A254, suggesting a limited role for the C2 domain in Ca2+-CaM binding. The dissociation constant was determined to be 15–30 µM (data not shown), which is similar to that previously reported [25]. When the binding was repeated in the presence of the Ca2+ chelator EDTA (Figure 3b), no detectable conformational changes were observed in ssC1C2, which suggests that Ca2+ plays a significant role in mediating this interaction. Taken together, the NMR binding studies support that the M-motif of ssC1C2 associates with CaM in a Ca2+-dependent manner.


Figure 3. CaM binding is mediated through hydrophobic interaction with primarily the M-motif of ssC1C2. Protein interaction is monitored by comparison of 2D 1H-15N TROSY-HSQC spectra of [15N]ssC1C2 free and bound to unlabeled CaM. Protein interaction is monitored by comparison of 2D 1H-15N TROSY-HSQC spectra of [15N]ssC1C2 free and bound to unlabeled CaM in the presence of 10 mM CaCl2 at 600 MHz. TROSY-HSQC spectra of labeled ssC1C2 (cyan) following the binding with an equimolar amount of Ca2+-loaded CaM (magenta) are superposed (a). Multiple resonances mapping to the M-motif and a few mapping to the C2 domain experience conformational perturbation upon the addition of Ca2+-CaM. Select resonances that experience broadening in the presence Ca2+-CaM and the indole resonances for W100, W212, and W286 are labeled. Overlay of spectra of [15N]ssC1C2 free and bound to unlabeled CaM collected in the presence of 5 mM EDTA at 850 MHz. TROSY-HSQC spectra of labeled ssC1C2 (cyan) following the binding with an equimolar amount of CaM (magenta) are superposed in the absence of Ca2+-saturation (b). The absence of observable chemical shift perturbations suggests that CaM binding to ssC1C2 is Ca2+-dependent.
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The reverse binding experiment was performed where unlabeled ssC1C2 was added to [15N, 13C, 2H]Ca2+-CaM and complex formation was monitored by 1H-15N 2D correlation spectra. Amide proton-nitrogen resonances in [15N, 13C, 2H]Ca2+-CaM shifted or decreased in intensity during ssC1C2 binding. The chemical shift differences were calculated and plotted versus CaM amino acid sequence number (Figure 4a). The following resonances mapping to both the N-terminal and C-terminal domains of CaM experienced significant chemical shift differences in the presence of ssC1C2: S17, L18, F19 D22, D24, V35, I52, D56, D58, M73, Y99, D131, N137, T146. When these residues were colored onto a surface representation of Ca2+-CaM (PDB 1CLL), it is clear that ssC1C2-dependent conformational perturbations are localized to the lobes of CaM (Figure 4b). As predicted, the structural changes occur predominantly in the hydrophobic clefts of CaM, indicating that nonpolar residues, such as methionine, are important in binding ssC1C2. Lu et al. report that cMyBP-C preferentially associates with the C-terminal domain of CaM. More recently, Trewhella and colleagues report that both domains of CaM are involved in interactions with cMyBP-C [38].


Figure 4. The association of ssC1C2 M-motif perturbs both lobes of CaM. Composite amide-proton nitrogen chemical shift differences were calculated between labeled CaM and ssC1C2-bound CaM and plotted versus CaM amino acid residue. The horizontal line is indicative of the average chemical shift difference plus one standard deviation (a). The amino acid residues that experience significant chemical shift perturbations in the presence of ssC1C2 are colored pink on the surface representation of Ca2+-loaded CaM (PDB 1CLL) (b).
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2.4. A Molecular Model Sheds Light on How the M-Motif of MyBP-C Engages Protein Targets


To better understand how the M-motif of ssMyBP-C is folded, we used the SWISS-MODEL to predict 3D structures of this region [39]. The M-motif of mouse cMyBP-C (PDB 2LHU) was used as a template structure. A minimum of 86% sequence coverage was attained and a valid model was chosen based on QMEAN score and PROCHECK analysis [40,41]. Molecular models may be assessed using the QMEAN score, which examines global and local structural qualities. QMEAN scores range from 0 to 1, with a score of 1 being indicative of a high-quality model. The selected ssC1C2 model had a QMEAN score of 0.76, which is considered to be acceptable. In the PROCHECK analysis, the stereochemical quality of a structure was assessed, and we found that the M-motif structure had greater than 90% of residues in the most favored regions, which confirms that the model quality is high. The global fold of M-motif structure for ssC1C2 was similar to the three-helix bundle reported for cMyBP-C (Figure 5a). Both skeletal and cardiac isoforms were comprised of three-helix bundle containing M-motifs and ssC1C2 exhibits similar presentations of exposed charged and nonpolar surface areas (Figure 5b). Furthermore, comparison of M-motif exposed surfaces revealed that positively charged residues such as R236, which have been shown to be involved in CaM and actin binding in cardiac, are conformationally similar in both isoforms. While the M-motif of ssC1C2 has similarities in accessible hydrophobic surface areas, providing further evidence that this region might engage hydrophobic targets such as Ca2+-CaM in a similar way, a slight difference in polar surfaces is noted (Figure 5b). This reflects the presence of N219 in ssC1C2, which is a P residue in C0C2 cMyBP-C (Figure 1 and Table S2). The P is conserved in the human and mouse cardiac isoform, but varies in the skeletal isoforms.


Figure 5. Comparison of M-motif structural features in mouse MyBP-Cs. Ribbon structures of the average solution NMR structure of the M-motif from cMyBP-C (PDB 2LHU) (C0C2) (blue) and the molecular model of the M-motif of ssC1C2 (fuchsia) show the triple helix bundle reported to be involved in actin and CaM interactions (a). The conserved tryptophan residues from the M-motif of each isoform are indicated in yellow and the helices are numbered from α-helix 1(α-1) through α-helix 3(α-3). Electrostatic surface representations of mouse cardiac and skeletal M-motif structures are shown for C0C2 (PDB 2LHU) and ssC1C2 (molecular model) (b). Surfaces are colored according to amino acid type: basic (blue), acidic (red), nonpolar (gray), and polar (yellow). Select amino acid residues W318, R322, R342, K346 for mouse cardiac (blue), which were identified by Lu et al. to be involved in CaM binding to M-motif of cMyBP-C, are labeled. In this study, we found that these key conserved residues labeled W212, K216, R236, K240, and K243 (fuchsia), are also perturbed in ssC1C2 in the presence of Ca2+-CaM.
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3. Discussion


In this study, we provide the first known evidence demonstrating that Ca2+-CaM interacts with the M-motif of ssC1C2. We performed DSF and NMR experiments to examine the interaction between ssC1C2 and Ca2+-CaM. We found that ssC1C2 experiences conformational changes in the presence of CaM as evidenced by distinct thermal transitions measured using DSF. Our DSF experiments found that in the presence of Ca2+-CaM, there are both stabilizing and destabilizing binding events occurring, as evidenced by the measurement of two Tm values. These findings might be explained by the differential interactions occurring between ssC1C2 and the N- and C-lobes of Ca2+-CaM. For example, it is possible that association with Ca2+-CaM stabilizes a region of ssC1C2 at or near the M-motif, which would increase the thermal stability. However, binding CaM might promote a structural rearrangement in ssC1C2 that favors unfolding, which would result in reduced thermal stability. Interestingly, Michie and Trewhella report on the modular nature of the M-motif, the C2 domain, and the flexible tether connecting these regions of cMyBP-C [38]. In that same study, they indicate that the tri-helix bundle of the M-motif undergoes changes in helical content, including destabilization of helices in the M-motif, and tertiary organization upon Ca2+-CaM association. However, their data support the idea that stabilizing interactions involving insertion of W318 (W322 in Human cMyBP-C) into the hydrophobic cleft of Ca2+-CaM occur. Our findings in the current study of ssC1C2 are in good agreement with the observations that Ca2+-CaM binding induces both stabilization and destabilization within the modular regions of N-terminal cMyBP-C. We propose that, in the presence of Ca2+-CaM, these conformational changes result from either direct intermolecular association with ssC1C2 or indirectly through allosteric mechanisms, common regulatory mechanisms by which modular proteins function.



Our NMR binding studies revealed that the M-motif of ssC1C2 engages in site-specific interactions with the hydrophobic lobes of CaM. In the presence of ssC1C2, we found conformational perturbations in the hydrophobic clefts of Ca2+-CaM, indicating its involvement in multi-domain interactions with CaM. We observed conformational perturbation largely localized to the M-motif of ssC1C2 in the presence of CaM, while residues mapping to the C1 and C2 domains remain unchanged. Most notably, we found that W212, which broadens beyond detection in the presence of Ca2+-CaM, is most likely involved in site-specific hydrophobic interactions occurring between these proteins. The Ca2+-CaM-induced exchange broadening of residues mapping to the M-motif of ssC1C2 is likely the consequence of highly dynamic interactions at the binding interface. This exchange broadening phenomenon and conformational fluctuations have been reported in other muscle proteins [42,43]. The NMR observation of conformational plasticity in the M-motif and the C2 linker in ssC1C2 is also consistent with our DSF data showing partial destabilization in the ssC1C2/CaM complex as evidenced by the lowered Tm. Our structural modeling supports that ssC1C2 has an exposed hydrophobic surface area consisting of W212 which would provide a binding surface for Ca2+-CaM. The M-motif W212 is conserved across isoforms and species (Figure 1 and Table S2), which further indicates its importance in MyBP-C structure and function. Moreover, our NMR studies revealed no detectable conformational perturbations in ssC1C2 in the presence of CaM and EDTA, which is in agreement with reports of Ca2+-dependent interaction between CaM and cMyBP-C [25]. This is likely the result of a reduction in hydrophobic surface area in CaM in the presence of EDTA, which disrupts W212 association, further emphasizing the importance of hydrophobic binding in this system. In ssC1C2, the W212R mutation was identified in distal arthrogryposis patients [44]. While the W212R mutant protein localized to the sarcomere, it was predicted to result in dysfunctional regulation of contractility in these patients [44]. Based on our findings, we predict that the M-motif of ssC1C2 may be capable of switching between CaM, actin, and myosin interactions, which would allow it to be an important mediator in interpreting Ca2+ signaling in muscle.



Our work provides compelling evidence that ssC1C2 interacts with CaM in a Ca2+-dependent manner. It is possible that interaction with Ca2+-CaM facilitates recruitment of CaMK to this region. Because Ca2+-CaM has a moderate affinity for MyBP-C, it would be possible to rapidly reverse this interaction in the muscle so that Ca2+-CaM may activate CaMK and promote phosphorylation in this region, which may facilitate its dynamic interaction with other muscle regulatory proteins. This finding is significant because it provides justification for pursuing more detailed studies into the role of CaMK and Ca2+-CaM in molecular regulation of skeletal contractility. Previously, CaMK phosphorylation was shown to modulate cMyBP-C conformation, which plays a role in normal contractile function [8]. Lu et al. demonstrated the M-motif of cMyBP-C contains the molecular determinants for Ca2+-CaM binding and its association is not phosphorylation-dependent [25], suggesting that another mechanism must account for CaM’s dissociation. However, the conformation of cMyBP-C has been shown to be affected by its phosphorylation state [45], which is directly linked to functional adaption in muscles.



In fact, phosphorylation of myofibrillar proteins is a well-known mechanism for modulating skeletal and cardiac muscle activity, including MyBP-C. In skeletal muscles, CaMK2 activity is affected by cellular [Ca2+], which provides a conduit for fine-tuning Ca2+-responsiveness through Ca2+-CaM-dependent interactions, but the molecular targets are not completely characterized [46]. Phosphorylation-induced modulation of troponin structure in cardiac muscle provides a molecular switch by which the force and frequency of muscle contraction is controlled [47,48,49,50,51,52]. In previous studies, we have shown that protein kinase A (PKA) phosphorylation of S273, S282, S302, S307 in mouse MyBP-C are critical to the regulation of normal muscle function [8,53]. Phosphorylation of cMyBP-C was demonstrated to modulate its association with actin [54]. A region of importance in phosphorylation-dependent modulation of motility is the N-terminal region of the M-motif [55]. In addition to PKA, both protein kinase C (PKC) [56] and CaMK2 phosphorylation of cMyBP-C [57] were demonstrated to influence muscle contraction. There is evidence that phosphorylation of the N-terminal region in ssMyBP-C may be critical in skeletal muscle health and disease. In ssMyBP-C, site-specific phosphorylation sites at residues S6 and T84 have been identified as functionally important [26,32], but the role of phosphorylation in fsMyBP-C remains to be determined. Based on the importance of phosphorylation in muscle structure and function, we wanted to look for predicted phosphorylation sites in skeletal MyBP-C, in particular those that might be near the CaM binding site we found in ssC1C2. We used the Group-based Prediction System V3.0 (GPS) software [58] to examine ssC1C2 and fsC1C2 protein sequences for CaMK phosphorylation sites. We found that CaMK phosphorylation sites are predicted at residues S55, T92, T125, T166, S252, S296, S316, and S333 in ssMyBP-C and at positions T81, T110, and S250, and S294 in fsMyBP-C (Table S1). We used GPS to identify known CaMK phosphorylation sites at positions S328, S402, S423, and S440 C0C2. In agreement with other studies, we identified similar CaMK sites that were previously reported in cMyBP-C [53]. These data suggest that functionally relevant CaMK phosphorylation sites are likely to be found in ssMyBP-C and fsMyBP-C. However, more solution structure studies are needed to better understand whether or not phosphorylation of skeletal MyBP-C modulates its target binding.



The current evidence in the field supports that MyBP-C proteins have overlapping structural determinants that modulate target recognition. Even though ssMyBP-C, fsMyBP-C, and cMyBP-C proteins preferentially associate with myofilament proteins in an isoform-dependent manner, these homologous proteins retain the core determinants necessary for myofibrillar association [10,18,59,60]. Conserved amino acid residues in regions mapping to actin and myosin binding sites suggests that MyBP-C proteins share common determinants for interactions with key myofilament proteins (Table S2). Overlapping regions of myosin and actin interaction in N-terminal MyBP-C strongly suggest that it alternates between thin and thick filament binding during the contraction cycle [4]. Dynamic movement between thin and thick filament association would require that MyBP-C’s structure be extended in such a way so as to permit it to traverse this conformational space in muscle fibers. Jefferies et al. demonstrated that N-terminal fragments of cMyBP-C, in particular C0C2, are elongated in solution, which would be consistent with the ability to switch between thin and thick interactions. In addition to MyBP-C, other muscle proteins, such as the troponin complex, are known to modulate the force–frequency relationship in muscles by alterations in global conformation propagated through overlapping protein–protein binding motifs. In response to Ca2+-signaling, troponin I alternates between actin and troponin C association, and its interaction with these proteins can be modified by changes cardiac troponin I structure [47,48,52]. Conformational transitions of muscle proteins in response to Ca2+-flux and hormonal stimulation are key regulatory features of fine-tuning muscle performance.



Conformational plasticity has also been reported for MyBP-C. The N-terminal region has been reported to switch between actin and myosin binding, which underscores its regulatory importance in muscles. Hypertrophic mutations in the M-motif (R322Q, E334K, V338D, and L348P in human) are known to impact function and organization of the sarcomere [61]. Corresponding mutations in ssC1C2 (K216Q and E224K) differentially altered sarcomeric localization and regulatory functions of this protein [44]. In a recent report, Michie et al. determined that the C-terminal region of the M-motif and the N-terminal region of the C2 domain are critical in CaM association [38]. In this study we also found that the M-motif is conformationally perturbed in the presence of Ca2+-CaM, with modest changes in residues mapping to the C2 linker region occurring. We found that K216, R236, K240, and K243 in the M-motif and A254 in the C2 linker are perturbed in the presence of Ca2+-CaM. These findings are significant because a number of mutations mapping to M-motif and the region connecting it to C2 in both skeletal and cardiac MyBP-C have been identified as pathogenic in humans, emphasizing that it likely plays a critical role in muscle regulation. Our findings are in agreement with the proposal that this region of MyBP-C is likely involved in dynamic interactions that utilize switching between CaM, actin, and myosin association as a means by which to modulate contractility. Taken together, these data hint that highly conserved structural determinants are present in skeletal and cardiac isoforms of MyBP-C, which are necessary for maintaining core muscle functions, but structural variations outside of these conserved regions may provide the basis for unique isoform-specific features that participate in controlling structure and function is a tissue-dependent manner.



In summary, we have shown that in solution ssC1C2 has distinct conformation and thermal stability in the presence and absence of Ca2+-CaM. We believe that this is the first report indicating that ssC1C2 interacts with Ca2+-CaM by associating with the M-motif, a finding that is relevant given that this region of cMyBP-C is known to contain the core components necessary for actin, myosin, and CaM interactions. Using NMR binding studies, we show that site-specific interaction occurs between the M-motif of ssC1C2 and Ca2+-CaM in a manner that is similar to cMyBP-C, which suggests that Ca2+-CaM-regulated phosphorylation of MyBP-C may also be relevant in skeletal muscle function. Based on these observations, we propose that a critical link between Ca2+-signaling and phosphorylation-induced modulation of contractility may exist for skeletal isoforms of MyBP-C as well. Other studies demonstrate that PKA and PKC phosphorylation of ssMyBP-C impacts normal and diseased states [26,32], but considerably less is known about the role of CaMK-dependent phosphorylation of MyBP-C in skeletal muscle. Current studies in our lab are focused on determining the structural mechanisms of interaction between N-terminal MyBP-C and muscle associated proteins such as actin, myosin, and CaM and what potential role Ca2+ has in modulating these interactions. We are using biophysical and biochemical techniques to examine how unphosphorylated and phosphorylated MyBP-C N-terminal fragments associate with myofibrillar proteins. An improved understanding of the molecular mechanisms by which ssMyBP-C, fsMyBP-C, and cMyBP-C regulate muscle contraction offers the potential to develop novel therapeutic and diagnostic approaches to treat muscle diseases.




4. Materials and Methods


4.1. Recombinant Protein Expression and Purification


The mouse gene encoding for ssC1C2 (domains C1C2 for slow skeletal MyBP-C; Uniprot Q6P6L5) was cloned into the pET-28a+ vector (EMD Millipore, Burlington, MA, USA) and recombinant proteins were overproduced in Escherichia coli BL21(DE3) cells (Lucigen, Middleton, WI, USA). Briefly, the transformed cells were inoculated in Luria-Bertani (LB) media with the appropriate antibiotic selection and grown at 37 °C with shaking (250 rpm). When the optical density (OD600) reached 1.0–1.5, recombinant protein expression was induced with the addition of isopropyl-1-thiogalactopyroside (IPTG) and growth was continued for 20 h at 15 °C. Stable isotope enrichment of ssC1C2 was achieved using the protocol described above, except the cells were grown in M9 media supplemented with 15NH4Cl (1.0 g/L) or 15NH4Cl and [13C6]-glucose. Recombinant MyBP-C proteins were extracted from cell pellets by sonication in the presence of a lysis buffer containing 500 mM NaCl, 20 mM imidazole, 20 mM Tris-HCl pH 8.0, 5 mM 2-mercaptoethanol (βME), and 1 mM phenylmethanesulfonylfluoride (PMSF). N-terminal fragments of MyBP-C were resolved using HisTrapTM HP Nickel-Sepharose resin (GE Healthcare, Little Chalfont, UK). The isoforms were eluted from columns with increasing concentrations of imidazole. Recombinant proteins were identified as homogenous as analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Samples containing MyBP-C were dialyzed against 1X phosphate buffered saline (PBS) supplemented with 1.0 mM tris(2-carboxyethyl)phosphine (TCEP). Protein concentrations were calculated by Bradford assay and UV-absorbance at 280 nm based on molecular extinction coefficients for each recombinant MyBP-C.



Stable isotope-labeled and unlabeled CaM were expressed, purified, and quantified as previously described [28]. ApoCaM was prepared by dialyzing purified recombinant proteins against 4 L of buffer containing 250 mM NaCl, 20 mM EDTA, 20 mM EGTA, 20 mM Hepes pH 7.3, and 1 mM PMSF. Following preparation, the metal bound state of CaM was monitored by 1H-NMR.




4.2. Differential Scanning Fluorimetry (DSF) Experiments


For DSF analyses, stock solutions ssC1C2 and CaM were suspended at 20 µM in 1X PBS supplemented with 1.0 mM TCEP. A master mix was prepared by adding 50 µL of protein (5 µM final concentration), 2 µL of SYPRO® Orange (final concentration was 5×), and the volume was adjusted to 200 µL using buffer solution supplemented with tris(2-carboxyethyl)phosphine and 1 mM CaCl2. For protein complexes, master mix samples consisting of 5 µM of ssC1C2 was combined with 2.5 µM of CaM in the presence of 5× SYPRO orange. All samples of free ssC1C2 and CaM-containing MyBP-C mixtures were incubated for 1 h at room temperature. Allotments of 40 μL were loaded into 96-well 0.2 mL thin-wall PCR plates and sealed with iCycler optical quality sealing tape (BioRad, Hercules, CA, USA). Three independent measurements were collected in triplicate for each reaction on a Bio-Rad, Hercules, CA, USA iCycler iQ Real-Time Detection System. Thermal denaturation experiments were performed from 25 °C to 95 °C (0.5 °C/min using 5 s equilibration intervals) with fluorescence excitation and detection at 490 to 575 nm respectively, with the HEX filter. Fluorescence data were normalized over the temperature range with respect to differences in molar ratios. The midpoint for each MyBP-C thermal transition was calculated by taking the first order derivative of the melt curve for each independent measurement (see Figure S1 for derivative data). The average Tm and standard deviation were calculated for ssC1C2 in the presence and absence of Ca2+-CaM.




4.3. Nuclear Magnetic Resonance Spectroscopy (NMR)


NMR experiments were performed on Bruker Avance (Bruker BioSpin, Billerica, MA, USA) III 600 MHz and 850 MHz spectrometers equipped with conventional 5-mm probes. Two-dimensional (2D) Heteronuclear Single Quantum Coherence (1H-15N-HSQC) or Transverse Relaxation Optimized (1H-15N TROSY-HSQC) spectra were collected for all samples at 298 K. For NMR analyses, a sample consisting of [15N]ssC1C2 or [15N, 13C]ssC1C2 was suspended in NMR buffer composed of 1X PBS buffer supplemented with 1.0 mM TCEP and 10% 2H2O at a final concentration of 130 µM–500 µM in the presence of 10 mM CaCl2 or 5 mM EDTA. The backbone chemical shift assignments for stable isotope-labeled ssC1C2 were determined in part by direct comparison to the previously known values (BMRB accession numbers 17,867, 11,212 and 5591). The following suite of triple-resonance experiments were used to confirm assignments: 15N edited NOESY-HSQC, CβCαCONH, HNCA, TROSY-HNCO, and TROSY-HNCA [28]. Samples of [15N, 13C, 2H]Ca2+-CaM were also suspended at 130 µM in NMR buffer in the presence of 10 mM CaCl2. Based on our previous NMR studies [28], the chemical shifts for [15N, 13C, 2H]Ca2+-CaM were readily assigned in the current NMR buffer. NMR data were processed using NMRPipe [62] and analyzed using Sparky [63].



For NMR binding experiments, 2D 1H-15N-HSQC or TROSY-HSQC spectra of free [15N, 13C]ssC1C2 and free [15N, 13C, 2H]Ca2+-CaM were separately collected. NMR binding studies were performed by adding allotments of unlabeled CaM to [15N, 13C]ssC1C2 to a final CaM:ssC1C2 molar equivalent of [1.5:1.0] in the presence of 10 mM CaCl2 or 5 mM EDTA. Following addition, samples were mechanically mixed, incubated at ambient temperature, and 2D 1H-15N correlation spectra were collected. In the reverse experiment, samples consisting of [15N, 13C, 2H]Ca2+-CaM were analyzed for ssC1C2 binding by NMR. The interaction of [15N, 13C, 2H]Ca2+-CaM with unlabeled ssC1C2 was monitored after addition ssC1C2 to a final molar ratio of [15N, 13C, 2H]Ca2+-CaM:ssC1C2] at [1:1]. Changes in NMR spectra were monitored by measuring peak intensities and the calculation of amide-proton nitrogen chemical shift differences, which were determined as described [28].




4.4. Homology Modeling and Bioinformatics


Protein homology models were generated for the M-motif of ssMyBP-C using the SWISS-MODEL Workspace [39]. The amino acid sequences corresponding to the M-motif of ssMyBP-C were used as the target, and mouse template structures (PDB 2LHU) were used for tertiary structure prediction. The quality of each model was estimated based on QMEAN scores [40] followed by PROCHECK evaluation using the PBDsum server [41]. The amino acid sequences of mouse C0C2, fsC1C2, and ssC1C2 were aligned using CLUSTAL Omega [31]. To examine protein sequences for putative phosphorylation sites, we used the GPS 3.0 software [58].
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