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ABSTRACT 

Weak, transient protein-protein interactions in the cell are being increasingly 

appreciated, yet characterization of these interactions presents a unique challenge. We 

have used protein engineering techniques, including ER/K α-helical linkers and DNA 

nanotechnology, to characterize G protein-coupled receptor (GPCR) and cardiac myosin-

binding protein C (cMyBP-C) interactions. 

The cellular environment can have a significant impact on GPCR signaling and 

functional selectivity. Our lab has found that GPCR interactions with non-cognate G-

proteins can enhance, or ‘prime’, signaling through the canonical pathway. To investigate 

the impact of non-cognate interactions on signaling in two promiscuous Gi-coupled 

receptors, adenosine type 1 (A1R) and cannabinoid type 1 (CB1), we utilized a variation of 

the Systematic Protein Affinity Strength Modulation (SPASM) approach to observe the 

impact on downstream signaling in live cells. To the C-terminus of intact A1R or CB1, we 

tethered native G-peptides (s-pep, i-pep, and q-pep) derived from the Gα subunit of G-

proteins. We found that i-pep and q-pep enhanced Gi signaling while suppressing Gq 

signaling. This study provides an initial model for the impact of G-peptide interactions in 

Gi-coupled receptors, and highlights the potential of G-peptide interactions to enhance 

receptor specificity. 

cMyBP-C is an important regulator of cardiac muscle contraction and is commonly 

implicated in hypertrophic cardiomyopathy (HCM). However, the mechanism of regulation 

by cMyBP-C remains unclear due to experimental challenges in dissecting these weak, 

transient interactions. In this study we utilized a nanosurf assay, containing a synthetic β-

cardiac myosin thick filament, to systematically probe cMyBP-C interactions with actin and 

myosin. We recapitulated inhibition of β-cardiac myosin HMM nanotube motility by C0-C2 

and C1-C2 N-terminal fragments. Equivalent inhibition of an β-cardiac myosin S1 
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construct suggests the actin-cMyBP-C interaction dominates this inhibitory mechanism. 

We found that a C0-C1f fragment lacking the majority of the M-domain did not inhibit β-

cardiac myosin nanotube motility, confirming the importance of the M-domain in regulatory 

interactions. Release of inhibition by phosphomimetic fragments further highlights the 

importance of the phosphorylatable serines in the regulatory M-domain. These results 

shed light on the mechanism of cMyBP-C and highlight the utility of the nanosurf assay 

for precisely manipulating and defining transient protein interactions.   
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CHAPTER 1: Introduction 

 

1.1. Investigating Transient Protein-Protein Interactions: 

 

Despite their transient nature, many weak protein-protein interactions are essential 

for normal cellular function. Transient protein-protein interactions (TPPIs) are crucial to a 

wide range of biological processes, especially in the regulation of biochemical pathways 

and signaling cascades (Acuner Ozbabacan et al. 2011). Cellular processes involved in 

disease-related pathways are frequently regulated via transient interactions and post-

translational modifications that affect these transient interactions (Perkins et al. 2010). The 

importance of TPPIs as drug targets is also being increasingly appreciated. Therefore, 

understanding TPPIs may contribute to the discovery and development of therapeutics 

targeting these transient interactions. However, due to their unstable nature, weak, 

transient protein-protein interactions can be technically more difficult to study than more 

stable interactions (Perkins et al. 2010). The identification and analysis of TPPIs generally 

requires sensitive and high-resolution experimental methods. Using protein engineering 

techniques, we have worked to identify and characterize diverse TPPIs, refining our 

understanding of TPPI properties on the structural and cellular level. 

Protein complexes have different affinities tailored to their function. Many protein 

constituents are in equilibrium with protein complexes in the cell and exist in a dynamic 

association/dissociation process. The strength, or binding affinity, of the protein-protein 

interaction can be measured with the equilibrium dissociation constant (Kd) (Acuner 

Ozbabacan et al. 2011). The Kd is defined as the ratio between the rate constant of the 

complex dissociation reaction (kd or koff) and the association reaction (ka or kon). As the 

name suggests, if the Kd is high, the complex will tend to dissociate. Therefore, a high Kd 
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describes a weaker protein-protein interaction, while a low Kd is associated with a stronger 

interaction. Transient protein-protein interactions (TPPIs) are defined as those with Kds in 

the millimolar (10-3 M) to micromolar (10-6 M) range (Acuner Ozbabacan et al. 2011). While 

they are known to be essential for cellular function, the vast majority of TPPIs are still 

poorly understood, particularly those with Kds > 10-4 M (Vaynberg et al. 2005). 

While transient protein-protein interactions comprise essential functional roles in 

numerous biological processes, particularly in the dynamic regulation of biological 

networks, the importance of TPPIs in the cell are still being increasingly recognized. There 

is an emerging appreciation for the existence of molecular scaffolds close to which 

biomolecules can be found in high concentrations, making weak interactions between 

proteins possible despite their low affinity (Gibson 2009). Therefore, we have yet to fully 

realize the significance of many TPPIs in the complex context of the cell. By definition, the 

frequency of protein interactions is a function of both the local concentration and the 

affinity of the constituent proteins for one another (Sivaramakrishnan and Spudich 2011). 

TPPIs are not easy to detect or investigate experimentally. Therefore, to stabilize these 

weak interactions and increase our ability to study these TPPIs, one method is to tether 

the two constituent proteins with a linker. Utilizing an encoded ER/K α-helical linker is one 

such approach to modify, and systematically vary, the effective concentration of two 

proteins. 

The genetically encoded ER/K α-helical linker is a modular linker with a polypeptide 

motif composed of repeats of approximately four glutamic acid (E) followed by 

approximately four arginine (R) or lysine (K) residues. The ER/K helices are derived from 

Sus scrofa myosin VI (10 nm) or the Trichomonas vaginalis Kelch-motif protein family (30 

nm) (Sivaramakrishnan and Spudich 2011). The single α-helix can be used to regulate the 

frequency of interaction between two proteins, or between a protein and a peptide at 
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opposite ends of the helix. Regulation of these interactions is important to gain 

mechanistic insight into the cellular processes governed by TPPIs and to understand 

opportunities for pharmacological intervention. In addition, to detect changes in 

concentration or affinity of interacting proteins, ER/K α-helical FRET (Förster or 

fluorescence resonance energy transfer) biosensors were developed (Sivaramakrishnan 

and Spudich 2011; Malik et al. 2013, 2017). FRET is a widely used technique which 

involves the transfer of energy from a donor fluorophore to an acceptor fluorophore. The 

efficiency of this energy transfer is inversely proportional to the distance between the 

fluorophores, which allows one to detect and measure changes in the distance between 

two interacting proteins (Zadran et al. 2012). This approach in combination with the ER/K 

α-helix, termed Systematic Protein Affinity Strength Modulation (SPASM) FRET sensor, 

includes a FRET pair for sensing the frequency of interaction of the protein-protein or 

protein-peptide interaction at alternate ends of an ER/K α-helical linker. Characterization 

of the SPASM technique has revealed that the effective concentration of a bimolecular 

interaction decreases with increasing ER/K α-helix length (Sivaramakrishnan and Spudich 

2011). 

We have used the SPASM technique in the context of protein and cellular 

engineering to study TPPIs in both G-protein-coupled-receptor (GPCR) signaling, as well 

as in the study of molecular motors and cardiac myosin binding-protein C (cMyBP-C) 

(Sandhu et al. 2019; Touma et al. 2020; Gupte et al. 2017, 2019; Malik et al. 2013, 2017; 

Semack et al. 2016). TPPIs are frequently found in signaling pathways, as they allow the 

cell to respond quickly to extracellular stimuli (Acuner Ozbabacan et al. 2011). For 

example, G-protein interactions with GPCRs are, by nature, examples of strong transient 

interactions. Activation of G-proteins by GPCRs is vital to the propagation of signaling 

pathways. In contrast to binary protein-protein interactions, the transient nature of G-
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protein-GPCR interactions have evolved to balance between their specificity and 

promiscuity. We have therefore used SPASM FRET sensors to systematically vary 

interactions between GPCR and either a G-protein or a G-peptide at alternate ends of an 

ER/K linker flanked by donor (mCerulean) and acceptor (mCitrine) fluorophores (Sandhu 

et al. 2019; Touma et al. 2020; Gupte et al. 2017, 2019; Malik et al. 2013, 2017; Semack 

et al. 2016). SPASM is sensitive to measuring weak and dynamic protein-protein 

interactions in cellular conditions (Malik et al. 2013). Using this approach, we can probe 

the stabilization of GPCR conformations that favor interactions with the corresponding G-

protein or G-peptide in live cells. 

We have also utilized ER/K α-helices to engineer interactions between cardiac 

myosin binding-protein C (cMyBP-C) and β-cardiac myosin or thin filaments on a synthetic 

DNA thick filament (Sivaramakrishnan and Spudich 2011; Hariadi et al. 2015). Intrinsically 

disordered regions of proteins are frequent targets of transient protein binding partners 

and regulation by post-translational modifications (PTMs) (Acuner Ozbabacan et al. 2011). 

Cardiac myosin binding-protein C (cMyBP-C) is one such example, containing a less-

structured M-domain which serves as a binding partner with myosin and/or actin and is 

regulated by PTMs including phosphorylation (Gruen and Gautel 1999; Howarth et al. 

2012; S. P. Harris et al. 2004; M. Previs et al. 2015). The phosphorylation functions as a 

“molecular switch”, disrupting cMyBP-C interactions with actin and/or myosin (Michael J. 

Previs et al. 2016; Shaffer, Kensler, and Harris 2009; A. Weith et al. 2012; Gruen, Prinz, 

and Gautel 1999; Nag et al. 2017). The transient, reversible nature of phosphorylation 

allows it to play a major role as a regulator in cMyBP-C interactions (Perkins et al. 2010). 

In order to study  these transient cMyBP-C interactions, we re-created sarcomeric 

architecture by attaching cMyBP-C to β-cardiac myosin synthetic thick filament using ER/K 

helices to promote interactions with actin and/or myosin. 
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1.2. G Protein-Coupled Receptor Interactions with G-proteins and G-Peptides: 

 

G-protein-coupled receptors (GPCRs) are transmembrane molecular sensors that 

are present in nearly all organ systems and mediate a multitude of homeostatic and 

pathologic processes. GPCRs are the largest family of protein drug targets, comprising 

upwards of 40% of pharmaceutical targets and constituting the majority of cardiovascular 

prescriptions (Cherezov, Abola, and Stevens 2010). This is perhaps unsurprising 

considering the central role GPCRs play in maintaining cardiovascular homeostasis 

through regulation of blood pressure, cardiovascular contractility, and chronicity (S. R. 

Foster et al. 2015).  Drugs targeting GPCRs, including beta-blockers, are gold-standard 

therapy for some of the most common maladies presenting in the clinical setting. The 

clinical efficacy of GPCRs derives from the interaction of the transmembrane receptor with 

an intracellular cognate G-protein in response to extracellular ligand, which triggers 

downstream signaling cascades (Oldham and Hamm 2008). Despite a wealth of available 

pharmaceuticals, heart failure remains a leading cause of morbidity and mortality (J. 

Wang, Gareri, and Rockman 2018). In part, this can be attributed to poor mechanistic 

understanding, particularly in the unique pathologic state of heart failure. Signaling in heart 

failure is complicated by an altered cellular environment and differential expression of 

proteins, including G-proteins, all of which may have a significant impact on the patient’s 

response to pharmacotherapy (Feldman et al. 1988; Neumann et al. 1988; Eschenhagen 

et al. 1992; Ping and Hammond 1994). Recent evidence from our lab suggests the non-

cognate G-protein environment may have a regulatory role in ‘priming’ the GPCR to 

undergo a more efficacious interaction with cognate G-proteins (Gupte et al. 2017, 2019). 

With further exploration, this priming phenomenon may be harnessed to reduce receptor 

promiscuity and minimize off-target drug effects. Alternatively, it could be exploited in drug 

screening to identify biased ligands with functional selectivity for a specific G-protein. 
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GPCRs are integral membrane proteins and have a characteristic seven-

transmembrane domain structure. The fundamental role of GPCRs is to transduce 

extracellular stimuli into the cell to trigger downstream signaling pathways. GPCRs are a 

highly diverse superfamily encoded by approximately 800 genes in the human genome 

(Pierce, Premont, and Lefkowitz 2002). The crystal structure of the bovine rhodopsin 

GPCR was the first to be resolved (Palczewski et al. 2000) followed by a structure of the 

β2-adrenergic receptor (Cherezov et al. 2007). Available GPCR structures show a similar 

arrangement of the seven transmembrane α-helices, inserted nearly perpendicular to the 

plasma membrane with an inner pocket where most small-molecule ligands bind (Calebiro 

et al. 2021). The GPCR superfamily is subdivided into six major families based on 

structural similarities, including rhodopsin-like (family A), secretin-like (family B), 

metabotropic glutamate-like (family C), fungal mating pheromone (family D), cAMP (family 

E), and frizzled/smoothened (family F) receptors (Calebiro et al. 2021). G-proteins 

(guanine nucleotide-binding proteins) act as transducers and effectors in response to 

ligand binding. Heterotrimeric G-proteins are composed of Gα, Gβ, and Gγ subunits 

(Figure 1.1) (Pierce, Premont, and Lefkowitz 2002). The Gα subunit of G-proteins 

functions as a GTPase. G-proteins are generally grouped into four families based on their 

Gα subunit: Gs, Gi, Gq, and G12/13. Gs proteins stimulate adenylyl cyclases and cAMP 

production, while Gi proteins generally inhibit adenylyl cyclases and cAMP (Figure 1.2) 

(Calebiro et al. 2021). Gq proteins activate PLC-β, which cleaves the membrane 

phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol 1,4,5-triphosphate 

(IP3) and diacylglycerol (DAG). IP3 then stimulates the release of Ca2+ from intracellular 

stores. Ca2+ and DAG then together activate protein kinase C (PKC). Lastly, the family of 

G12/13 proteins stimulates Rho guanine nucleotide exchange factors (RhoGEFs) (Pierce, 

Premont, and Lefkowitz 2002).  
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GPCR signal transduction 

begins when a ligand binds the 

GPCR. This promotes a 

conformational change and 

reorganization of the cytoplasmic 

region, inducing coupling with the G-

protein. A ternary complex is formed 

between the receptor, ligand, and G-

protein (Figure 1.1a) (Pierce, 

Premont, and Lefkowitz 2002). The 

interaction of the G-protein with the 

activated receptor accelerates the 

dissociation of GDP from the inactive 

G-protein and promotes the 

exchange for GTP, providing energy 

for dissociation of the α-subunit from 

the βγ subunits (Figure 1.1b) 

(Calebiro et al. 2021). The active α-

subunit, as well as the βγ subunits, 

interact with effector proteins which 

amplify the signal through the 

production of signal transduction 

molecules (i.e. cAMP, IP3) that bind 

kinases, initiate phosphorylation 

events, and ultimately regulate target 

enzymes and resulting physiological 

Figure 1.2. Multiplicity of GPCR Signaling. The Gq 

(canonical α1) pathway stimulates the production of 

inositol phosphate (IP3). The Gs (canonical β-

adrenergic) pathway stimulates adenylyl cyclases and 

cAMP production. The Gi (canonical α2) pathway 

inhibits adenylyl cyclases and cAMP. Multiplicity of 

GPCR signaling is common, where a given receptor 

can activate multiple different G-protein pathways in a 

ligand-dependent manner. 

 

Figure 1.2. Multiplicity of GPCR Signaling. The Gq 

(blue; canonical α1) pathway stimulates the production 

of inositol phosphate (IP3). The Gs (red; canonical β-

adrenergic) pathway stimulates adenylyl cyclases and 

cAMP production. The Gi (green; canonical α2) pathway 

a b 

Figure 1.1. GPCR Signal Transduction. a, Ligand 

binding to the GPCR induces coupling with the 

heterotrimeric G-protein containing Gα, Gβ, and Gγ 

subunits. b, Upon dissociation from the GPCR, the 

active α-subunit, as well as the βγ subunits, amplify 

the signal through interaction with effector proteins, 

producing signaling molecules (cAMP, IP3, etc.). 
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responses in the cell. Intrinsic GTPase activity hydrolyzes the GTP to GDP, converting it 

back to an inactive conformation that dissociates from the effector protein and 

reassociates with the βγ subunits (Pierce, Premont, and Lefkowitz 2002). 

GPCRs have canonical signaling pathways with cognate G-proteins through which 

they typically couple. However, multiplicity of GPCR signaling (Figure 1.2) is common and 

promiscuous receptors can activate multiple different G-proteins in a ligand-dependent 

manner, resulting in a range of outputs. This concept is known as functional selectivity 

(also known as biased signaling) (Hermans 2003). While GPCRs have been traditionally 

viewed as linear “on-off” switches, it has become increasingly clear that signaling through 

GPCRs is complex. Rather, GPCRs should be viewed as highly dynamic systems that 

exist in a multitude of functionally distinct conformations with a range of outgoing signals 

(Manglik and Kobilka 2014). Ligands stabilize different subsets of structural 

conformations, eliciting diverse functional responses (diverse secondary messengers 

and/or potency) from a given receptor. As a result of this functional selectivity, GPCRs can 

activate distinct G-proteins or G-protein-independent pathways in a ligand-dependent 

manner (Hermans 2003). This characteristic of GPCR signaling has been proposed to be 

the basis for the development of more selective pharmaceuticals. Functional selectivity is 

also context-dependent, meaning the environment of the cell can influence signaling 

pathways, either through downstream or proximal effects (Calebiro et al. 2021). 

Our lab recently discovered that the G-protein environment can have synergistic 

effects on the receptor (Gupte et al. 2017). As of yet, the functional consequences of 

GPCR interactions with non-cognate G-proteins has remained underappreciated since 

these interactions often do not precipitate G-protein activation (Qin et al. 2011). Further, 

the presence of a single cognate G-protein binding site on the GPCR suggests non-

cognate interactions may competitively suppress canonical signaling. However, in 
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contrast, what we have observed is that some non-canonical G-protein interactions 

actually have the capability to influence or enhance signaling through the canonical 

pathway, a concept which we have termed “GPCR priming” (Gupte et al. 2017, 2019; 

Touma et al. 2020). Through GPCR priming, individual GPCR-G-protein interactions can 

reinforce each other to enhance signaling through canonical downstream second 

messengers. We had previously investigated this phenomenon in Gs-coupled β2-

adrenergic (β2-AR) and dopamine (D1R) receptors, as well as the Gq-coupled V1 

vasopressin receptor (V1R) (Gupte et al. 2017). We have found this priming phenomenon 

to be receptor-specific. Therefore, we were interested to investigate this phenomenon in 

Gi-coupled receptors. To examine the influence of the G-protein environment in the 

promiscuous Gi-coupled adenosine type 1 (A1R) and cannabinoid type 1 (CB1) receptors, 

we utilized a variation of the SPASM technique. 

Efforts to link GPCR-G-protein interactions with downstream signaling outcomes 

in live cells has been difficult due to a range of cellular factors that influence GPCR 

signaling including variations in expression levels and abundance, stoichiometry, and 

spatial localization of GPCRs and G-

proteins (Hermans 2003). To 

overcome these limitations, we utilized 

a variation of the SPASM approach 

(Figure 1.3) to express receptor-G-

protein peptide fusions (Malik et al. 

2017; Touma et al. 2020). This 

provides control over the effective 

concentration of the interaction and 1:1 

stoichiometry inherent in the fusion 

Figure 1.3. Systematic Protein Affinity Strength 

Modulation (SPASM) Sensor Diagram. Gi protein 

shown tethered to a GPCR by an ER/K linker (10-30 

nm) flanked by mCitrine and mCerulean 

fluorophores. The sensor localizes to the plasma 

membrane and can be used to investigate impacts of 

the G-protein environment. 

 

Figure 1.3. Systematic Protein Affinity Strength 

Modulation (SPASM) Sensor Diagram. Gi protein 

(green) shown tethered to a GPCR (gray) by an ER/K 

linker (10-30 nm) flanked by mCitrine (yellow) and 

mCerulean (blue) fluorophores. The sensor localizes 

to the plasma membrane and can be used to 

investigate impacts of the G-protein environment. 
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construct. Importantly, these sensors localize to the plasma membrane and are functional 

in live HEK293T cells, which allows us to modulate canonical signaling pathways in the 

cell (Malik et al. 2013). A native G-protein peptide is tethered to the C-terminus of the 

intact GPCR by an ER/K α-helical linker flanked by fluorophores used in this study to 

monitor expression and integrity in live cells. G-protein peptides, s-pep, i-pep, and q-pep, 

are derived from the C-terminal α5 helix of their respective Gα subunits, Gαs, Gαi, and 

Gαq.  

The Gα C-terminus, constituting the G-peptides, has been well characterized and 

is a critical component of the GPCR-G-protein binding interface, comprising roughly 76% 

of the atoms making contact at this interface in the β2-AR-Gs crystal structure 

(Rasmussen et al. 2011). The Gα C-terminus inserts itself into a cytosolic groove formed 

in the active GPCR (Rasmussen et al. 2011). The C-terminal α5 helix is also a key 

determinant in G-protein selectivity by GPCRs. The last three residues of this C-terminus 

have been shown to be particularly important for G-protein selectivity (Conklin et al. 1993). 

The Gα C-terminus has been found to be both essential and sufficient for G-protein 

activation by the GPCR (Hamm et al. 1988; Lambright et al. 1994; Rasenick et al. 1994; 

Yang et al. 1999; Oldham and Hamm 2008). We have previously shown that the C-

terminus of either the Gαs or Gαq subunit is sufficient to enhance Gα subunit activation, 

cAMP levels, and signaling potency, suggesting an altered GPCR conformation (Gupte et 

al. 2017). However, the C-terminal α5 G-peptide itself is not activated and does not trigger 

downstream signaling. 

While these G-protein peptides constitute the majority of the G-protein interaction 

with the GPCR, these peptides do not have GTPase activity or bind downstream effectors. 

This approach allows us to study the effects of the G-protein environment on the canonical 

GPCR signaling pathways in the cell by isolating the impacts of G-peptides on 



11 
 

endogenous G-protein interactions and downstream signaling. To quantify impacts on 

downstream signaling, cAMP and IP1 assays can be used. For Gs and Gi pathways, we 

use a bioluminescence-based cAMP assay. The Gs pathway enhances cAMP, while 

cAMP production is inhibited by signaling through Gi (Calebiro et al. 2021). When a 

decrease in cAMP is observed, to differentiate between a reduction in Gs signaling and 

enhancement in Gi activity, one can use pertussis toxin (PTX). PTX covalently modifies 

Gi and prevents its coupling to the GPCR (Calebiro et al. 2021). To characterize impacts 

on downstream signaling through the Gq pathway, the IP1 assay can be used. This assay 

measures the accumulation of IP1 with an HTRF assay, since the IP3 lifetime within the 

cell is very short (less than 30 seconds) before it is transformed into IP2 and IP1. Using 

these downstream assays, we find second messenger signaling is enhanced for select 

GPCR-G-protein pairs in a receptor-specific manner (Gupte et al. 2017; Touma et al. 

2020). 

 

1.3. β-Cardiac Myosin and Cardiac Myosin-Binding Protein C: 

 

Hypertrophic cardiomyopathy (HCM) is the most common inherited cardiovascular 

disease, affecting one in 500 people worldwide, and is the leading cause of sudden 

cardiac death in people under 30 (Maron et al. 1995). Clinically, HCM is characterized by 

a thickened ventricular wall and hyper-contractility, resulting from mutations in sarcomeric 

proteins. Over 300 HCM mutations have been identified in the MYH7 gene encoding β-

cardiac myosin, which is perhaps unsurprising due to the high degree of coordination 

required to convert chemical energy from ATP to the mechanical force-generating lever 

arm swing necessary to propel actin filaments. An additional 350 HCM mutations have 

been identified in the MYBPC3 gene encoding cardiac myosin-binding protein C (cMyBP-
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C) (Spudich 2015; Carrier et al. 2015), an important regulatory protein in the sarcomere. 

However, little is known about the effects of these mutations on the muscle sarcomere. 

Despite much interest in mapping the function of these mutations for pharmaceutical 

development, existing single molecule and in-vitro studies have yielded inconsistent 

results due to limitations in modeling protein ensembles as they exist in the muscle 

sarcomere (Witjas-Paalberends et al. 2014; Tyska et al. 2000; Lowey et al. 2008; Palmiter 

et al. 2000; Nag et al. 2016). Consequently, current therapies for HCM have remained 

largely empiric, alleviating symptoms but failing to treat or modulate the underlying disease 

mechanism. To bridge the gap between single molecule and muscle fiber studies we used 

DNA nanotechnology to reconstitute a DNA nanotube ‘thick filament’. The synthetic thick 

filament transforms our ability to characterize how these mutations impact force production 

by ensembles of myosin motors.  

The sarcomere contains a near-

crystalline array of dimeric myosin at 14.3 

nm intervals assembled into thick 

filaments which interdigitate with thin 

filaments and are responsible for the 

force production in muscle (Kachur and 

Pilgrim 2008) (Figure 1.4a). Each myosin 

molecule has an S1 motor domain 

containing a nucleotide binding pocket, 

actin-binding cleft, and a light chain 

binding region that acts as a swinging 

lever arm (Figure 1.5). When 

proteolytically digested by chymotrypsin 

b 
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a 

 

a 

Figure 1.4. Sarcomere Architecture and Models 

of cMyBP-C Interactions. a, C-zone of the thick 

filament in relation to the thin filament. b, 

Representation of cMyBP-C anchored to the 

myosin-containing thick filament by the C-terminus. 

The cMyBP-C N-terminus interacts with the myosin 

S1, S2, and/or light chain (left). Alternatively (right) 

the cMyBP-C N-terminus can interact with actin. 

 

 

Figure 1.4. Sarcomere architecture and models 

of cMyBP-C interactions. a, C-zone (yellow) of the 

thick filament (red) in relation to the thin filament 

(blue). b, Representation of cMyBP-C (yellow) 

anchored to the myosin-containing thick filament 
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in the tail region, the myosin molecule yields two fragments: heavy meromyosin (HMM), 

composed of S1 and S2 subfragments, and light meromyosin (LMM) (Trivedi et al. 2018). 

A long coiled-coil tail, composed of myosin S2 and LMM regions, is important for 

incorporation into the native thick filament (Ojima et al. 2015). To generate force, myosin 

undergoes a mechanochemical cycle wherein ATP hydrolysis is coupled to a power stroke 

which displaces the thin filament relative to the thick filament (Geeves 2016). In the heart, 

this cycle begins upon calcium release from the sarcoplasmic reticulum. The calcium binds 

troponin, displacing tropomyosin and exposing myosin binding sites on the thin filament. 

The precise structure of the thick filament, coupled with the complex mechanochemical 

coordination within the myosin molecule, makes this system vulnerable to mutations. β-

cardiac myosin is the predominant ventricular myosin isoform in larger mammals, 

including humans, and is implicated in several inherited cardiovascular diseases including 

HCM (Machackova, Barta, and Dhalla 2006).   

While β-cardiac myosin is commonly implicated in HCM, the largest portion of 

HCM mutations actually exists in MYBPC3, encoding cMyBP-C (Carrier et al. 2015). The 

cMyBP-C is located in the C-zone of the sarcomere at a ratio of approximately one 

cMyBP-C to three myosin molecules (Trivedi et al. 2018) (Figure 1.4a). cMyBP-C is a 

long multi-modular structural protein composed of 11 subdomains labeled C0-C10 from 

Figure 1.5. Domain Organization of Myosin and cMyBP-C. cMyBP-C (top) showing domains C0-

C10 from N- to C-terminus. Myosin (bottom) features labeled; S1 and S2 domains together compose 

the myosin HMM.  
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the N- to C-terminus (Schlossarek, Mearini, and Carrier 2011) (Figure 1.5).  The N-

terminus is thought to interact with both actin and the myosin S2 domain, while the C-

terminus of cMyBP-C is thought to primarily bind to the thick filament backbone (A. 

Weith et al. 2012) (Figure 1.4b). The region between the C1 and C2 domains is called 

the M-domain and is thought to be the primary site of interaction for myosin and/or actin. 

The M-domain contains four serines that are thought to be phosphorylated hierarchically 

to disrupt cMyBP-C interactions with actin filaments (Michael J. Previs et al. 2016; 

Shaffer, Kensler, and Harris 2009; A. Weith et al. 2012) or myosin (Gruen, Prinz, and 

Gautel 1999; Nag et al. 2017). Phosphorylation of the M-domain may be a regulatory 

mechanism to control the number of active myosin heads in response to β-adrenergic 

stimulation (Nag et al. 2017). Upwards of 50-60% of β-cardiac myosin exists in a super-

relaxed (SRX) folded-back state associated with slow ATP turnover, wherein the 

proximal myosin S2 tail engages with the myosin S1 motor domain (Hooijman, Stewart, 

and Cooke 2011; Nag et al. 2017; Nag and Trivedi 2021). It has been hypothesized that 

cMyBP-C interactions with myosin may stabilize this SRX state. In contrast, cMyBP-C 

phosphorylation may disrupt this interaction, thereby recruiting active heads from the 

reserved pool of sequestered SRX myosin and increasing the number of actively cycling 

myosin heads (Nag et al. 2017; McNamara, Singh, and Sadayappan 2019). Thus 

cMyBP-C has the capacity to fine-tune muscle contraction, reducing the number of 

myosin heads available for interaction with actin (Nt) and maintaining an equilibrium 

between active and inactive heads. This has been hypothesized as a mechanism that is 

disrupted by HCM mutations in myosin or cMyBP-C, leading to destabilization of the 

myosin SRX with a resulting increase in Nt and hyper-contractility (Nag et al. 2017). 

While it is clear cMyBP-C plays an important role in the pathological phenotype of 

HCM, the baseline physiological mechanism of contractile regulation by cMyBP-C is 



15 
 

complex and remains largely unknown. cMyBP-C has been shown to buffer the effects of 

calcium in the sarcomere. At low calcium, it can act as a “gas pedal”, increasing thin 

filament activation and calcium sensitivity (Michael J. Previs et al. 2016; Mun et al. 2014; 

M.J. Previs et al. 2012). This “gas pedal” effect has been demonstrated experimentally 

with a native thick filament motility assay, where actin filament motility is observed in the 

C-zone of the sarcomere despite low calcium conditions (pCa 9) (M.J. Previs et al. 2012). 

Activation of the thin filament by cMyBP-C at low calcium was also observed in a negative 

stain electron microscopy reconstruction. Even under low calcium conditions, the 

presence of the cMyBP-C N-terminal fragment, C0-C2, appeared to shift the tropomyosin 

to the high calcium position (Mun et al. 2014).  In contrast to the “gas pedal” effects at low 

calcium, at high calcium cMyBP-C can act as a “brake pedal”, decreasing the velocity of 

contraction. This “brake pedal” effect is thought to be due to cMyBP-C N-terminus 

interactions with either myosin or actin, tethering the thick and thin filaments (Figure 1.4b). 

Therefore it has been hypothesized that loss of wild-type cMyBP-C in HCM may result in 

loss of this high calcium “brake pedal”, leading to hypercontractility (Michael J. Previs, 

Michalek, and Warshaw 2014). In order to understand the impacts of HCM on cMyBP-C, 

we must first understand the role of cMyBP-C in contractile regulation, and through which 

binding partners (actin and/or myosin) it accomplishes this regulation. To investigate these 

weak, transient interactions of cMyBP-C, we utilized ER/K linkers with β-cardiac myosin 

synthetic thick filaments to mimic the interactions of cMyBP-C in the native sarcomere.  
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Multi-motor assays, such as 

the in-vitro motility assay, have been 

used to study motor speed and 

processivity, however the assay has 

been limited by variability attributed 

to heterogeneity of the motility 

surface and motor density. 

Likewise, single molecule 

experiments do not capture the 

unique properties of motor 

ensembles (S Walcott, Warshaw, 

and Debold 2012). For instance, a 

single myosin will experience 

resistance from other myosin cross-

bridges simultaneously bound to 

actin, resulting in inter-motor interference and altered function (Hariadi et al. 2015). It is 

therefore essential to study motors in the context of an ensemble to gain a more accurate 

understanding for the functional properties of myosin within the thick filament. Therefore, 

we built a synthetic nanotube that would allow systematic dissection of sarcomeric 

features, yielding a more accurate way to assess ensemble motor function in health and 

disease (Figure 1.6). We previously used the DNA nanotube assay to characterize 

ensembles of myosin V, myosin VI, and β-cardiac myosin S1 (Hariadi and Sommese, 

2015). However we had not yet utilized DNA nanotubes to characterize β-cardiac myosin 

HMM or interactions with cMyBP-C fragments. The length (~5 μm) and diameter (~9 nm) 

of the synthetic nanotube (Figure 1.6) allows us to probe interactions on the scale of a 

native sarcomere (~ 2 μm long, 6-13 nm in diameter). We can then use the synthetic thick 

Figure 1.6. Synthetic Nanotube Thick Filament. Protein 

attachment specificity is achieved by SNAP tags on 

proteins labeling with unique oligo strands that anneal to 

oligo handles on the nanotubes (center) every 14 nm 

which corresponds to the 14.3 nm vertical spacing 

between two adjacent myosin molecules on the native 

filament (left). Inter-protein spacing can be increased to 

28 or 42 nm (right). 
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filament to perform gliding assays with precisely controlled motor populations. Nanotubes 

are attached to a nitrocellulose-coated motility surface in a flow cell by BSA-biotin-

neutravidin. Synthetic thick filaments are then decorated with β-cardiac myosin, with or 

without interdigitated cMyBP-C. Assays are then performed using labeled actin or native 

thin filaments containing troponin and tropomyosin (NTFs). The velocity by which the 

motor population propels actin filaments or NTFs serves as a measure of ensemble 

function. This key method allows us probe protein interactions by precisely controlling 

protein spacing (14, 28, or 42 nm; Figure 1.6, right), type, and stoichiometry on the 

nanotubes. We can therefore use DNA nanotubes to tease apart individual components 

of the sarcomere while simultaneously assessing impacts on the overall ensemble. 

Through this approach, the field will gain much needed insight into the mechanism of 

cMyBP-C, as well as how HCM may be impacting motor ensembles. This will also inform 

future pharmaceutical strategies and may support other potential pharmaceutical targets 

including cMyBP-C interactions.  
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CHAPTER 2: Allosteric modulation of Adenosine A1 and Cannabinoid 1 

Receptor Signaling by G-Peptides 

 

Statement of author contributions: Anja M. Touma (A.T.) and Rabia U. Malik (R.M.) 

contributed equally to the work presented in the following chapter. AT. and R.M. both 

participated in research design, conducted experiments, and performed data analysis. 

R.M. generated initial drafts for Figures 2.1, 2.4, 2.5, and 2.7. Anja M. Touma wrote the 

following manuscript. 

 

2.1. Introduction: 

G protein coupled receptors (GPCRs) have been the most successful class of drug 

targets in clinical medicine, due in part to their widespread distribution and important roles 

in physiology (Insel et al. 2007). The pharmacological success of GPCRs derives from 

their selective coupling to specific heterotrimeric G-proteins, triggering the corresponding 

physiological response. Recent drug discovery efforts have focused on the development 

of allosteric modulators for GPCRs (Conn, Christopoulos, and Lindsley 2009). Allosteric 

modulators have the potential to increase receptor specificity by targeting sequence motifs 

unique to receptor family subtypes and isoforms. Further, allosteric modulators require the 

presence of an orthosteric ligand, providing physiological context-dependent control of 

GPCR signaling (D. J. Foster and Conn 2017). Therefore, compared to orthosteric ligands, 

large doses of allosteric modulators can be administered with a lower risk of target-based 

toxicity (Conn, Christopoulos, and Lindsley 2009). An emerging target site for allosteric 

modulators is the GPCR-G protein binding interface. The GPCR-G protein binding 

interface contains sequence divergent structural elements including three intracellular 
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loops and the GPCR C-tail (Chung 2013). However, the intrinsically disordered nature of 

the loop and C-tail, combined with the potential for binders in these regions to disrupt 

GPCR-G protein coupling has limited efforts to rationally design allosteric modulators that 

target the GPCR-G protein interface (Wakefield et al. 2019). 

In this study, we examine the potential for the G protein  subunit C-terminus (G-

peptide) to serve as an allosteric modulator of GPCR signaling. The G-peptide is a well-

established determinant of GPCR-G protein coupling selectivity (Semack et al. 2016; 

Okashah et al. 2019). The G-peptide interacts at the cytosolic GPCR-G protein interface, 

which is distinct from the orthosteric ligand binding pocket. The GPCR interaction with a 

cognate G-peptide triggers nucleotide exchange in the G subunit (GDP to GTP) resulting 

in G protein activation and downstream signaling. While interactions with non-cognate G-

peptides do not precipitate G protein activation, we have recently shown that non-cognate 

interactions alter receptor conformation resulting in enhanced ligand efficacy (Gupte et al. 

2017, 2019). Previous studies show that while the non-cognate G-peptide interactions are 

transient, the GPCR conformational state persists following dissociation resulting in the 

allokairic modulation (AKM) of downstream signaling (Gupte et al. 2017, 2019). Allokairic 

modulators bind asynchronously with the ligand and rely on the temporal persistence of 

GPCR conformation to exert their influence on orthosteric ligand efficacy (Gupte et al. 

2019). Our previous studies focused on the Gs-coupled β2-adrenergic (β2-AR) and 

dopamine (D1R) receptors, which show enhanced cyclic AMP generation in the presence 

of a non-cognate Gq protein. Likewise, the Gq-coupled V1 vasopressin receptor (V1R) 

shows enhanced IP1 levels in the presence of the non-cognate Gs protein (Gupte et al. 

2017). In this study, we examine the potential for allokairic modulation of two canonical 

Gi-coupled receptors, adenosine type 1 (A1R) and cannabinoid type 1 (CB1) using G-

peptides derived from Gs, Gi, and Gq subtypes.  
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While β2-AR and D1R principally signal through Gs, A1R and CB1 primarily signal 

through Gi. However, A1R and CB1 display signaling through multiple G-proteins with A1R 

signaling through Gi and Gq, and CB1 signaling through Gi, Gq, and Gs (Bonhaus et al. 

1998; Cordeaux, Ijzerman, and Hill 2004; Lauckner, Hille, and Mackie 2005; Chen et al. 

2010). CB1, the most widely expressed GPCR in the central nervous system, primarily 

signals through Gi producing euphoria and analgesia upon binding tetrahydrocannabinol 

(THC) in the brain (Agarwal et al. 2007; Ibsen, Connor, and Glass 2017). CB1 has also 

been shown to signal through Gq in human embryonic kidney (HEK) 293 cells after 

treatment with WIN55,212-2 (WN) (Lauckner, Hille, and Mackie 2005) and through Gs in 

rat globus pallidus, HEK 293, COS-7, CHO, and 3T3 cells after treatment with WN 

(Bonhaus et al. 1998; Chen et al. 2010; Maneuf and Brotchie 1997). However, the 

physiological effects of CB1 signaling through Gs, Gq, and non-G-protein mediated 

pathways is less clear since there have not been biased ligands identified that specifically 

target these pathways. A1R is another example of a promiscuous receptor that can 

activate different signal transduction pathways in an agonist-dependent manner. A1R is 

ubiquitously expressed and most well known for being antagonized by caffeine, producing 

stimulant effects (Jacobson and Gao 2006). While A1R canonically signals through Gi, 

there is evidence that A1R has a diverse G-protein-activating profile where A1R can adopt 

agonist-specific conformations, arising from small changes in ligand structure, which lead 

to the differential activation of G-proteins including Gi and Gq (Cordeaux, Ijzerman, and 

Hill 2004). This promiscuity of coupling in these canonical Gi receptors allows us to 

examine the allosteric effects of the G-peptide on multiple G-protein signaling pathways.  

The goal of this focused study is to examine the allosteric effects of G-peptides derived 

from three distinct Gα C-termini peptides (Gαs, Gαi, and Gαq) on signaling from two 

promiscuous Gi-coupled receptors (A1R and CB1). The C-termini of three G-proteins, Gαs, 
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Gαi, and Gαq, will be referred to as s-pep, i-pep, and q-pep (or collectively as G-peptides) 

throughout this manuscript. We expressed A1R and CB1 fusions with the s-, i-, or q-pep in 

HEK 293 cells using systematic protein affinity strength modulation (SPASM) and 

monitored the impact on downstream signaling in the cell compared to a construct lacking 

this G-peptide, referred to henceforth as no-pep. We have extensively reported on this 

SPASM technique, which allows systematic control of the intra-molecular interaction 

between a GPCR and a G-peptide (Semack et al. 2016; Gupte et al. 2017; Swanson and 

Sivaramakrishnan 2014; Malik et al. 2017). This technology allows us to directly compare 

the influence of different G-peptides on the cognate G-protein signaling pathways in cells. 

While this is a tethered system, we have shown that these engineered GPCR constructs 

yield similar results to reconstituted systems of GPCR membranes and recombinant G-

proteins with regards to allokairic modulation of G protein activation (Gupte et al. 2017; 

Malik et al. 2017). Hence, despite the synthetic nature of our approach, it provides insight 

into the impact of receptor interactions with G-peptides on downstream signaling. 

To investigate the allosteric effects of G-peptides on Gi-coupled receptors, we used 

N6-Cyclopentyladenosine (CPA) and 5’-N-Ethylcarboxamidoadenosine (NECA) for A1R 

and 2-Arachidonoylglycerol (2-AG) and WIN 55,212-2 mesylate (WN) for CB1. Our current 

study confirms what we previously found in Gs-coupled receptors β2-AR and D1-R, where 

s-pep and q-pep positively modulate canonical Gs signaling (Gupte et al. 2017). cAMP 

response at high concentrations of 2-AG and WN is enhanced by q-pep (~ 30 and 95% 

increase in cAMP, respectively). Likewise, cAMP stimulation by WN at CB1 is enhanced 

by s-pep (~ 40% increase). In contrast, i-pep diminishes cAMP response from CB1 for both 

2-AG and WN (30 and 50% decreases, respectively). At low concentrations of 2-AG, WN, 

and CPA (nM) we observed inhibition of cAMP, associated with signaling through Gi. We 

found that the presence of q-pep or i-pep enhanced canonical Gi signaling in A1R after 
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activation by CPA (~ 35% increase), and in CB1 after activation by WN (~ 700% increase) 

and 2-AG (~ 125% increase), respectively. These findings extend our previously reported 

allosteric effects of G-peptides to Gi coupled signaling (Gupte et al. 2017, 2019). At high 

concentrations of 2-AG, WN, CPA, or NECA (μM), stimulation of inositol phosphate (IP1) 

is observed, associated with signaling through Gq. We found that the presence of different 

G-peptides universally inhibits IP1 signaling through Gq (decreases ranging from 30 to 

65%), with the exception of s-pep (~ 50% increase) on CB1 following activation by WN. 

Taken together, our data provide an extended model for the allosteric effects of distinct G-

peptides on signaling through Gs, Gi, and Gq pathways and highlight the ability of G-

peptides to differentially impact signaling in a receptor and ligand-dependent manner. 

 

2.2. Impact of G-Peptides on A1R and CB1 Signaling 

 

2.2.1. SPASM Sensor Design: 

 

SPASM sensors were developed for two cognate Gi-coupled receptors, adenosine 

A1 receptor (A1R) and cannabinoid type 1 (CB1) (Figure 2.1a). From N to C terminus, each 

SPASM sensor contains a GPCR, mCitrine (to monitor sensor integrity), 10 nm ER/K 

linker, mCerulean (for matching receptor expression), and a 27-amino acid peptide 

derived from the α5-helix at the C-terminus of the Gα subunit (s-pep, i-pep, q-pep, or no-

pep). We chose the 10 nm linker based on previous work, where we found that a shorter 

linker corresponded to a higher effective concentration of the protein interaction (Figure 

2.2, left) (Sivaramakrishnan and Spudich 2011). We had previously shown that a peptide 
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Figure 2.1. Gα peptides differentially impact Gs and Gi signaling in Cannabinoid (CB1) receptors. 
a, SPASM sensors for characterization of second messenger response. Schematics of the A1R and CB1 
GPCR peptide sensors containing C-terminal Gα peptides corresponding to s-, i-, or q- 5α helices 
separated with Gly-Ser-Gly (GSG)4 linkers to ensure rotational freedom. The no-pep (-) construct lacks 
the Gα C-terminal peptide. Forskolin-stimulated cAMP dose response curves of b, CB1 agonist, 2-
Arachidonoylglycerol (2-AG), and c, WIN 55,212-2 mesylate (WN55212-2) in a CB1 no-pep (-) sensor 
(representative curves from N=2 independent biological replicates composed of ≥3 technical repeats 
each). cAMP levels shown in the absence (grey line) and presence (black line) of pertussis toxin (PTX) 
treatment. Ligands potentiate forskolin-stimulated cAMP accumulation at 30 μM, suggesting Gs bias (b 
and c, red dashed lines). 2-AG and WIN 55,212-2 mesylate (WN) inhibit forskolin-stimulated cAMP at 50 
nM and 300 nM, respectively, suggesting Gi bias (b and c, green dashed lines). cAMP levels of tethered 
CB1 sensors after stimulation by forskolin and 30 μM 2-AG (d) or WN (e) (N=5 independent biological 
replicates). f, summary of Gα peptide influence on Gs signaling and cAMP production in CB1. Inhibition 
of forskolin-stimulated cAMP by tethered CB1 sensors after stimulation by 50 nM 2-AG (g) (N=8 
independent biological replicates) or 300 nM WN (h) (N=6 independent biological replicates). i, summary 
of Gα peptide influence on Gi signaling and cAMP inhibition in CB1. GPCR-Gα C-terminal peptide 
sensors are compared with the no-pep (-) control. Results are expressed as mean ±S.E. ****, p<0.0001; 
*, p<0.05. 
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derived from Gαs (s-pep) could enhance Gs signaling through β2-AR, and we confirmed 

this in Figure 2.2 with β2-AR producing a significant increase in cAMP when tethered to 

the s-pep (Sp) by either a 10 or 20 nm linker (Gupte et al. 2017). However, we observed 

no significant increase in cAMP production by β2-AR when tethered to s-pep by a 30 nm 

linker (Figure 2.2). We therefore used a 10 nm linker to tether peptides to GPCRs for 

subsequent experiments, since it appeared that the effective concentrations enforced by 

either a 10 or 20 nm linker were required to modulate signaling. The Gα C-terminal 

peptides have been shown to be essential for activation by the GPCR but do not 

themselves trigger downstream effectors (Semack et al. 2016; Gupte et al. 2017; Hamm 

et al. 1988; Lambright et al. 1994; Rasenick et al. 1994; Yang et al. 1999; Oldham and 

Hamm 2008). In previous studies we have shown the ability of SPASM sensors to be 

expressed and localized primarily to the plasma membrane in HEK 293 cells (Malik et al. 

2013). Our SPASM sensors are therefore designed to modulate the interaction between 

the attached receptor (A1R or CB1) and endogenous G-proteins in cells, allowing one to 

Figure 2.2. Length of Tether and Modulation of Signaling in β2-AR. Left, schematic of Gαs C-
terminal peptide (red) fused to β2-AR via 10, 20, or 30 nm ER/K linkers. Schematic shows effective 
concentration of protein interaction increasing as linker length decreases. Right, relative increase in 
cAMP production after isoproterenol (ISO) stimulation of 30, 20, and 10 nm β2-AR-s-pep (Sp) 
sensors compared to a β2-AR sensor lacking peptide (-). Results are represented as percent 
change from β2-AR no-pep (-) and expressed as mean ±S.E.M. *, p<0.05. N=9 technical repeats 
from 3 independent biological replicates. 
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study the impact of the tethered Gα peptides on canonical GPCR signaling (Malik et al. 

2017). SPASM A1R and CB1 constructs lacking a C-terminal peptide (no-pep) were used 

to measure background cAMP and IP1 levels and for characterization of ligand dose 

response. 

 

2.2.2. Impact of Gα C-terminal Peptides on cAMP Response: 

 

Impact of Gα C-terminal peptides on cAMP response in the Cannabinoid (CB1) Receptor: 

Cells expressing the CB1 sensor display potentiation of forskolin-stimulated cAMP 

accumulation with signaling dominated by Gs in response to 30 μM of the CB1 agonists 2-

Arachidonoylglycerol (2-AG) (Figure 2.1b, red dashed line) or WIN 55,212-2 mesylate 

(WN) (Figure 2.1c, red dashed line) (Bonhaus et al. 1998; Chen et al. 2010). 

Representative dose response curves with untransfected HEK 293 cells are shown in 

Figure 2.3 with stimulation by 2-AG (Figure 2.3, green) or WN (purple). We observed no 

potentiation of forskolin-stimulated cAMP accumulation in untransfected HEK 293 cells in 

response to a range of 2-AG and WN concentrations (Figure 2.3), suggesting any 

potentiation of forskolin-stimulated cAMP accumulation can be attributed to transfected 

CB1 receptors rather than endogenous receptors in the HEK 293 cells. CB1 appeared to 

inhibit forskolin-stimulated cAMP accumulation with signaling dominated by Gi in response 

to 50 nM 2-AG (Figure 2.1b, green dashed line) or 300 nM WN (Figure 2.1c, green dashed 

line). To characterize Gi signaling in CB1, dose response curves were performed for both 

2-AG and WN (Figure 2.1b and 2.1c, respectively) in the presence (black lines) or absence 
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(gray lines) of pertussis toxin (PTX). cAMP levels increased in response to PTX treatment 

in 2-AG-stimulated CB1 (Figure 2.1b, black line), indicating that cAMP inhibition in the 

absence of PTX is likely due to signaling through Gi. 2-AG or WN can be used at high 

concentrations (30 μM, Figure 2.1b and 2.1c, red dashed lines) to characterize the impact 

of peptides on cAMP stimulation and Gs signaling (Figure 2.1d and 2.1e) and at low 

concentration (50 or 300 nM, Figure 2.1b and 2.1c, green dashed lines) to characterize 

cAMP inhibition and signaling through Gi in CB1 (Figure 2.1g and 2.1h).  

We examined the allosteric modulation of Gαs, Gαi, and Gαq peptides on forskolin-

stimulated cAMP accumulation in the promiscuous Gi-coupled receptor, cannabinoid type 

1 (CB1). SPASM sensors with s-, i-, or q-pep fusions, in addition to a no-pep control (-), 

were expressed in HEK 293 cells as shown previously (Malik et al. 2013). Cells expressing 

the CB1 sensors were treated with high concentrations (30 μM) of 2-AG (Figure 2.1d) or 

Figure 2.3. cAMP Stimulation by Endogenous HEK 293 Cell Receptors. Representative 
forskolin-stimulated cAMP dose response curves of untransfected HEK 293 cells shown after 
stimulation by A1R agonists, CPA (blue) and NECA (pink), or CB1 agonists, 2-AG (green) and WN 
(purple). Results expressed as ±S.E.M. from 3 technical replicates. 
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WN (Figure 2.1e) to stimulate cAMP production through the Gs pathway (Figure 2.1b and 

2.1c). The q-pep sensor was found to increase signaling through Gs in CB1, as evidenced 

by a significant increase in cAMP levels (Figure 2.1d and 2.1e, blue bars). This finding in 

a Gi-coupled receptor extends our previous results where q-pep exhibited enhanced 

signaling in the Gs pathway in Gs-coupled receptors (Gupte et al. 2017). S-pep sensors 

also increased signaling through Gs in CB1 after stimulation by WN (Figure 2.1e, red bar). 

In contrast, the presence of i-pep inhibited Gs signaling in CB1 after stimulation by 2-AG 

or WN, decreasing cAMP levels (Figure 2.1d and 2.1e, green bars). These findings are 

also summarized in the schematic (Figure 2.1f) with q-pep (blue) and s-pep (red) 

stimulating Gs signaling and i-pep (green) inhibiting signaling through Gs. 

Gα peptides affected signaling through Gi-mediated inhibition of forskolin-

stimulated cAMP accumulation in CB1. To target Gi signaling, HEK 293 cells expressing 

CB1 SPASM sensors were treated with low concentrations of 2-AG (50 nM) or WN (300 

nM), conditions resulting in cAMP inhibition (Figure 2.1b and 2.1c). The i-pep increased 

the inhibition of cAMP production after stimulation by 2-AG (Figure 2.1g, green bar) 

compared to the no-pep (-) sensor. Treatment with WN leads to an increase in Gi signaling 

with q-pep but not with i-pep (Figure 2.1h, blue bar). The agonist-dependent enhancement 

of Gi signaling by both i-pep and q-pep is summarized in the schematic (Figure 2.1i). 

 

Impact of Gα C-terminal peptides on cAMP inhibition in the Adenosine (A1R) Receptor: 

Cells expressing the A1R no-pep (-) sensor display Gi-mediated inhibition of 

forskolin-stimulated cAMP accumulation after stimulation by 50 nM of the A1R agonist, N6-

Cyclopentyladenosine (CPA) (Figure 2.4a, green dashed line). Pertussis toxin (PTX) 

treatment inhibits Gi signaling, allowing for differentiation between the Gs- and Gi-
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mediated effects on cAMP (Mangmool and Kurose 2011). cAMP levels increased in 

response to PTX treatment in CPA-stimulated A1R (Figure 2.4a, black line), indicating that 

cAMP inhibition in the absence of PTX is likely due to signaling through Gi. To characterize 

the impact of different Gα peptides on Gi inhibition of forskolin-stimulated cAMP 

accumulation in a promiscuous Gi-coupled receptor, cells expressing the different A1R 

peptide sensors at equivalent levels were treated with 50 nM of CPA resulting in cAMP 

inhibition, dominated by Gi (Figure 2.4b). The i-pep and q-pep both increased signaling 

through Gi in A1R after stimulation by CPA, as evidenced by a significant increase in cAMP 

inhibition (Figure 2.4b, green and blue bars, respectively). To address potential variability 

in individual sensor response, for each experiment equivalent sensor expression was 

verified using fluorescence measurements (see methods) and data for all four peptide 

sensors were collected together (Figure 2.5). This phenomenon is summarized in a 

schematic (Figure 2.4c) showing the presence of i-pep (green) and q-pep (blue) increasing 

signaling through Gi and inhibiting cAMP. 

Figure 2.4. Characterization of cAMP Modulation in Adenosine Receptor (A1R) by SPASM 
Sensors. Forskolin-stimulated cAMP dose response curves of a, A1R agonist, N6-
Cyclopentyladenosine (CPA). cAMP levels shown in the absence (grey line) and presence (black line) 
of pertussis toxin (PTX) treatment. 50 nM CPA inhibits forskolin-stimulated cAMP, suggesting Gi bias 
(a, green dashed line).  b, Inhibition of forskolin-stimulated cAMP by tethered A1R peptide sensors 
after stimulation by 50 nM CPA. c, Summary of Gα peptide influence on Gi signaling and cAMP 
inhibition. GPCR-Gα C-terminal peptide sensors are compared with the no-pep (-) control. Results are 
expressed as mean ±S.E. ***, p<0.001; **, p<0.01. N=8 independent biological replicates. 
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Figure 2.5. Experimental Replicates of cAMP Modulation in Adenosine receptor (A1R) by 
SPASM Sensors. Inhibition of forskolin-stimulated cAMP by tethered A1R peptide sensors, s-, i-, 
and q-pep, normalized to no-pep (np) control, after stimulation by 50 nM CPA. Each independent 
experiment (total of n=8 experiments) is represented by a separate color. For each experiment, 
data for all four peptide sensors were collected together.  

 

Figure 2.6. cAMP Stimulation by Endogenous HEK 293 Cell Receptors and Adenosine Receptor 
(A1R). cAMP levels of untransfected HEK 293 cells (gray bars) and HEK 293 cells transfected with 
A1R (black bars). cAMP levels shown after stimulation by 0.5 μM forskolin (fsk) alone (left), 0.5 μM fsk 
+ 30 μM CPA (middle), and 0.5 μM fsk + 30 μM NECA (right). Conditions with (+) antagonists were 
pre-treated with 100 nM of the A2AR selective antagonist, SCH 442416 (SCH), and 1 μM of the A2BR 
selective antagonist, PSB 1115 (PSB). Results are expressed as mean ±S.E.M. *****, p<0.00001; **, 
p<0.01. N=3 independent biological replicates. 
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Despite the potentiation of forskolin-stimulated cAMP accumulation at high 

concentrations of CPA (Figure 2.4a), the cAMP accumulation appears to be the result of 

stimulation of endogenous HEK 293 cell receptors rather than Gs signaling through A1R 

receptors. Untransfected HEK 293 cells treated with 30 μM CPA showed higher 

potentiation of forskolin-stimulated cAMP accumulation than was seen with HEK 293 cells 

transfected with A1R (Figure 2.6). Under the same conditions, pre-treatment with 100 nM 

of the A2AR selective antagonist, SCH 442416 (SCH), and 1 μM of the A2BR selective 

antagonist, PSB 1115 (PSB), resulted in complete inhibition of cAMP production. The 

slight decrease in forskolin-stimulated cAMP accumulation in cells transfected with A1R 

without antagonist pre-treatment can likely be attributed to increased Gi signaling by 

transfected A1R receptors. We performed the same control experiments with 

untransfected HEK 293 cells treated with 30 uM NECA and found equivalent potentiation 

of forskolin-stimulated cAMP accumulation as compared to A1R-transfected cells (Figure 

2.6). Pre-treatment with A2AR and A2BR selective antagonists, SCH and PSB, did not 

change cAMP accumulation in untransfected cells. However, pre-treatment with SCH and 

PSB in A1R-transfected cells reduced cAMP accumulation by 50%. In both cases, 

treatment with either 30 μM CPA or NECA appears to increase forskolin-stimulated cAMP 

accumulation due to endogenous receptors in the HEK 293 cells. A representative dose-

response curve shows potentiation of forskolin-stimulated cAMP accumulation in 

untransfected HEK 293 cells in response to a range of CPA and NECA concentrations 

(Figure 2.3). We therefore could not characterize the impact of Gα peptides on Gs 

signaling in A1R. 
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2.2.3. C-terminal Gα Peptides Inhibit IP1 Signaling in A1R and CB1: 

 

C-terminal Gα Peptides Inhibit Gq Signaling from Promiscuous Receptors: 

Previous work from our lab suggests that the effect of non-canonical G-proteins on 

IP1 signaling are more receptor-specific (Gupte et al. 2017).  We found that Gs enhances 

IP1 production and signaling through Gq in the vasopressin receptor (V1A-R) but not the 

α1 adrenergic receptor (α1-AR) (Gupte et al. 2017). In the current study we examined the 

impact of Gα peptides on Gq signaling and IP1 production in A1R and CB1 receptors. A 

dose-response study of NECA (Figure 2.7a, black line) and CPA (gray lines) with A1R no-

pep (-) sensors revealed maximum IP1 signal at 100 μM ligand (blue dotted line). To rule 

out Gβγ-dependent PLC-β activation, we performed IP1 dose response assays in the 

absence (Figure 2.7a, dark gray line) and presence (light gray line) of pertussis toxin (PTX) 

treatment. Regardless of CPA concentration, no reduction in IP1 production was observed 

in PTX-treated cells compared to untreated cells, suggesting the observed IP1 production 

is due to A1R signaling through the PTX-insensitive Gq pathway. Additionally, to rule out 

Gq signaling through endogenous HEK 293 A2BR receptors, IP1 levels were assessed in 

untransfected HEK 293 cells after stimulation by 100 μM CPA or NECA (Figure 2.8). 

Regardless of pre-treatment with 1 μM of the A2BR selective antagonist PSB 1115 (PSB), 

significant IP1 production occured in A1R transfected cells but not in untransfected HEK 

293 cells, suggesting IP1 production resulted from Gq signaling through A1R and not 

endogenous A2BR (Figure 2.8). A1R SPASM sensors with tethered s-, i-, or q-pep, in 

addition to a no-pep (-) sensor lacking a peptide, were expressed in HEK 293 cells to 

equivalent levels. IP1 assays were performed with each of the A1R sensor constructs after 

stimulation by 100 μM CPA (Figure 2.7b, left) or NECA (right). Constructs containing the 
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s-pep, i-pep, or q-pep inhibited IP1 production regardless of ligand, as summarized in the 

schematic (Figure 2.7c). 

 To examine the impact of the Gα peptides on Gq signaling in a second 

promiscuous receptor, CB1, we first performed assays to identify the optimal concentration 

of ligand to use for characterization. A dose-response study of WN (Figure 2.7d, black 

line) and 2-AG (gray lines) on CB1 no-pep (-) sensors revealed maximum IP1 signal at 

Figure 2.7. Gαq and Gαi Peptides Inhibit Signaling through Gq. a, IP1 dose response curve of A1R 
agonists, CPA (gray lines) (representative curves from N=2 independent biological replicates 
composed of ≥3 technical repeats each) and NECA (black line) (N=3 technical repeats), with A1R-no-
pep (-) sensor. IP1 levels shown in the absence (dark gray line) and presence (light gray line) of 
pertussis toxin (PTX) treatment. 100 μM CPA or NECA stimulate IP1 (a, blue dashed line). b, IP1 
signal from A1R after stimulation by 100 μM CPA (left) (N=3 independent biological replicates) or 
NECA (right) (N=4 independent biological replicates) in the presence of different Gα C terminal 
peptides compared to no-pep (-) control. c, summary of Gα peptide influence on Gq signaling and IP1 
production in A1R. d, IP1 dose response curve of CB1 agonists, 2-AG (gray lines) (N=5 independent 
biological replicates) and WN (black line) (N=4 independent biological replicates), with CB1-no-pep (-) 
sensor. IP1 levels shown in the absence (dark gray line) and presence (light gray line) of pertussis 
toxin (PTX) treatment. 100 μM 2-AG or WN stimulate IP1 (d, blue dashed line).  e, IP1 signal from CB1 
Gα C terminal peptide sensors after stimulation by 100 μM 2-AG (left) or WN (right) compared to no-
pep (-) control (N=3 technical repeats). f, summary of Gα peptide influence on Gq signaling and IP1 
production in CB1. Results are expressed as mean ±S.E. ****, p<0.0001; ***, p<0.001; **, p<0.01. 
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100μM ligand (blue dotted line). To rule out Gβγ-dependent PLC-β activation, we 

performed IP1 dose response assays in the absence (Figure 2.7d, dark gray line) and 

presence (light gray line) of pertussis toxin (PTX) treatment. Regardless of 2-AG 

concentration, no reduction in IP1 production was observed in PTX-treated cells compared 

to untreated cells, suggesting the observed IP1 production is due to CB1 signaling through 

the PTX-insensitive Gq pathway. An IP1 assay was performed on HEK 293 cells 

expressing SPASM sensors with s-, i-, or q-pep fusions, in addition to a sensor lacking a 

peptide no-pep (-), after stimulation by 100 μM 2-AG (Figure 2.7e, left) or WN (right). 

Consistent with A1R, the i-pep and q-pep inhibited signaling through Gq in CB1, as 

evidenced by reduction of IP1 signal (Figure 2.7e, green and blue bars, respectively). The 

Figure 2.8. IP1 Production by Endogenous HEK 293 Cell Receptors and Adenosine Receptor 
(A1R). IP1 levels of untransfected HEK 293 cells (gray bars) and HEK 293 cells transfected with A1R 
(black bars). IP1 levels shown after stimulation by 100 μM CPA (left), and 100 μM NECA (right). 
Conditions with (+) antagonist were pre-treated with 1 μM of the A2BR selective antagonist, PSB 1115 
(PSB). Results are expressed as mean ±S.E.M. N=9 independent biological replicates. 
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s-pep significantly enhanced signaling through Gq after stimulation by 100 μM WN (Figure 

2.7e, right, red bar). The influence of i-pep, q-pep, and s-pep on Gq signaling and 

subsequent IP1 production in CB1 is summarized in the schematic (Figure 2.7f). We have 

summarized these findings in a model in Figure 2.9, highlighting how Gα C-terminal 

peptides differentially influence signaling in each of these promiscuous receptors. 

 

 

Figure 2.9. Model of Gα Peptide Influence on GPCR-G Protein Signaling. Inset, SPASM sensor 
with attached peptide (x-pep) shown next to G-protein containing C-terminal Gα peptide (x-pep). 
Above, model of Gα peptides (s-pep, i-pep, or q-pep) that modulate Gs (red arrow), Gi (green inhibitory 
arrow), or Gq (blue arrow) signaling pathways in CB1 or A1R receptors after stimulation by different 
agonists. Q-pep and s-pep enhance Gs signaling. Q-pep and i-pep enhance Gi signaling while 
inhibiting Gq signaling.  
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2.3. Summary and Discussion: 

 

In this study we demonstrate the allosteric modulation of two Gi-coupled receptors, 

A1R and CB1, using peptides derived from the C-terminus of the Gα subunit (G-peptides). 

G-peptides derived from Gαi and Gαq (i-pep and q-pep) enhance agonist-dependent 

cAMP inhibition, demonstrating their function as positive allosteric modulators of Gi-

coupled signaling. In contrast, i-pep and q-pep suppress agonist-dependent IP1 levels 

suggesting that they function as negative allosteric modulators of Gq-coupled signaling. 

Taken together with our previous studies focused on Gs-coupled receptors, our findings 

reinforce the potential of G-peptides to allosterically modulate signaling from class A 

GPCRs (Gupte et al. 2017, 2019). While allosteric modulation of GPCR signaling has 

gained prominence to address the need for receptor specificity, efforts have mainly 

focused on allosteric sites adjacent to the orthosteric ligand binding pocket and lipophilic 

molecules that target transmembrane helices (Conn, Christopoulos, and Lindsley 2009). 

In contrast, here we use as G-peptides as probe molecules to demonstrate allosteric 

modulation through the GPCR-G protein binding interface.  

The two Gi coupled receptors (CB1 and A1R) examined in this study have also been 

reported to signal to varying degrees through other G proteins (Bonhaus et al. 1998; 

Cordeaux, Ijzerman, and Hill 2004; Lauckner, Hille, and Mackie 2005; Chen et al. 2010; 

Maneuf and Brotchie 1997). While traditionally described as a Gi-coupled receptor, it has 

been demonstrated that A1R can couple to Gs and Gq in response to CPA or NECA, 

suggesting A1R can adopt agonist-specific conformations arising from small differences in 

ligand structure leading to differential G-protein activation (Cordeaux, Ijzerman, and Hill 

2004). However, previous studies emphasize A1R signaling through Gi and contradict 

signaling through Gs (Freissmuth, Schutz, and Linder 1991; Jockers et al. 1994). Our data 
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suggest any apparent Gs signaling by A1R, measured by potentiation of forskolin-induced 

cAMP production, cannot be distinguished from activation of endogenous A2AR or A2BR 

receptors by A1R agonists. We saw significantly higher potentiation of forskolin-induced 

cAMP production in untransfected HEK 293 cells compared to A1R-transfected HEK 293 

cells in response to CPA, suggesting CPA is likely stimulating endogenous Gs-coupled 

receptors (Figure 2.6). Further investigation revealed A2AR and A2BR specific antagonists 

could inhibit this potentiation of cAMP in untransfected cells, suggesting any potentiation 

of forskolin-induced cAMP production likely resulted from stimulation of endogenous A2AR 

or A2BR receptors. Therefore, we could not independently examine A1R signaling through 

the Gs pathway. The A2BR receptor is also known for signaling through Gq, however 

control experiments confirmed Gq signaling likely occurred through A1R and not A2BR 

since no significant IP1 production was seen in untransfected HEK 293 cells (Figure 2.8). 

In accordance with a previous studies, we confirmed CB1 did indeed signal through Gs, 

as no significant potentiation of forskolin-induced cAMP production was observed in 

untransfected HEK 293 cells stimulated by the CB1 agonists 2-AG or WN (Figure 2.3) 

(Bonhaus et al. 1998; Chen et al. 2010; Maneuf and Brotchie 1997). We therefore used 

CB1 to examine the impact of G-peptides on Gs signaling, with findings consistent with our 

previous report for the Gs selective β2-AR receptor (Figure 2.1 d-f) (Gupte et al. 2017). 

Our data contrast with previous studies that report inhibition of GPCR signaling by 

native cognate G-peptides (Gilchrist et al. 1999, 2001; Gilchrist, Li, and Hamm 2002). In 

these studies, minigene vectors were used to overexpress cognate G-peptides in cells at 

arbitrarily high concentrations, in order to identify and selectively inhibit cognate G protein 

engagement with the receptor. Accordingly, we have previously shown that high 

concentrations of cognate G-peptides (100 μM s-pep) can competitively inhibit signaling 

from Gs-coupled receptors (Gupte et al. 2017, 2019). In contrast, we find that non-cognate 
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G-peptides can bind weakly to the receptor and serve as positive allosteric modulators 

(Gupte et al. 2017, 2019). While no significant positive allosteric effects were noted in 

studies with minigene vectors encoding non-cognate G-peptides, these could be attributed 

to the variation and/or lack of control in expression since saturating levels would result in 

inhibition (Gilchrist et al. 1999, 2001; Gilchrist, Li, and Hamm 2002). To alleviate the 

confounding effects of G-peptide concentration, we used the SPASM constructs to provide 

equivalent effective concentrations of distinct G-peptides across different receptor-ligand-

pathway combinations. Further, the ER/K linker in the SPASM sensors provides an 

effective concentration of approximately 10 μM (Swanson and Sivaramakrishnan 2014), 

which is significantly lower than our previously reported threshold for competitive inhibition 

by cognate G-peptides. Using this technology, we observe differential effects of G-

peptides on distinct pathways emerging from the same receptor. Specifically, while both 

i-pep and q-pep augment Gi mediated cAMP inhibition, they suppress IP1 accumulation 

downstream of Gq activation. Given that sensor expression levels were matched between 

cAMP and IP1 assays and the ER/K linked G-peptides (i-pep and q-pep) are presented at 

equal effective concentrations, it is unlikely that inhibition of Gq signaling stems from a 

simple competitive inhibition mechanism. Instead, the differential effects of G-peptides 

likely stem from the dynamic conformational landscape of GPCRs (Nygaard et al. 2013; 

Sandhu et al. 2019). 

We propose a model wherein transient interactions with G-peptides alter receptor 

conformation. The receptor does not form a stable ternary complex with the G-peptide and 

therefore at low concentrations (10 μM) does not interfere with the kinetics of the receptor-

cognate G protein interaction (Gupte et al. 2019). However, the altered receptor 

conformation triggered by G-peptide binding impacts ligand efficacy for cognate G protein 

activation, resulting in positive or negative allosteric modulation of downstream responses. 
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The inability of the G-peptides, especially those derived from non-cognate G proteins, to 

form stable interactions with the receptor has been previously observed in A1R-Gi fusions 

(Waldhoer et al. 1999). The lack of stable ternary complex formation with non-cognate G 

proteins has been suggested as a kinetic proofreading mechanism to prevent non-cognate 

GPCR-G protein coupling (Waldhoer et al. 1999). Nonetheless, we have previously shown 

that both cognate and non-cognate G-peptide interactions influence receptor conformation 

(Gupte et al. 2019). Transient interactions of the G-peptide at the cognate G protein 

binding site on the receptor stabilize a distinct receptor conformational state. This 

conformational state persists following G-peptide dissociation enabling increased efficacy 

of subsequent cognate G protein coupling and enhanced downstream signaling (Gupte et 

al. 2019). Given that the G-peptide and cognate G protein share the same binding site, 

albeit staggered in time, we propose that the G-peptides function as allokairic modulators 

(AKMs) of cognate GPCR signaling. Allokairy is an established concept in enzymatic 

reactions, wherein increased substrate concentrations can increase maximal reaction 

rates, especially if the substrate stabilizes a distinct active enzyme conformation (Hilser, 

Anderson, and Motlagh 2015). AKMs can bind asynchronously with the orthosteric ligand 

and rely on temporally persistent conformational states of the enzyme to exert their effects 

(Gupte et al. 2019). G peptides as AKMs provide access to the entire GPCR-G protein 

interaction interface for allosteric modulation, without necessarily competing with cognate 

G protein coupling. Targeting the GPCR-G protein interface offers the potential to enhance 

receptor specificity, especially given the three intrinsically disordered loop regions with 

considerable isoform specific sequence homogeneity. 

 

 

 



39 
 

2.4. Materials and Methods: 

 

Reagents and buffers: 

5’-N-Ethylcarboxamidoadenosine (NECA), pertussis toxin (PTX), and forskolin 

were purchased from Sigma-Aldrich. 2-Arachidonoylglycerol (2-AG), N6-

Cyclopentyladenosine (CPA), WIN 55,212-2 mesylate (WN), SCH 442416 (SCH), and 

PSB 1115 (PSB) were purchased from Tocris. cDNA encoding Gαi2 isoform 1, Gαq, and 

the long splice variant of Gαs were acquired from GE (Open Biosystems). Human A1R 

was acquired from DNASU Plasmid Repository. Mus musculus CB1 was acquired from 

transOMIC technologies. DNA transfection reagents X-tremeGENE HP and Mirus-LT 

DNA were purchased from Roche and Mirus, respectively. Buffer A is Phosphate 

Buffered Saline (PBS pH 7.4; GibcoTM), 800 μM ascorbic acid, and 0.2% dextrose (w/v). 

Buffer B (Stimulation Buffer 2; Cisbio) is 10 mM HEPES, 1 mM CaCl2, 0.5 mM MgCl2, 

4.2 mM KCl, 146 mM NaCl, 5.5 mM glucose, 50 mM LiCl2, pH 7.4. 

Molecular cloning: 

For mammalian HEK 293 expression, all GPCR and Gα constructs were cloned 

into a PCDNA5/FRT vector (ThermoFisher). GPCR sensors were cloned with a modular 

scheme. Each GPCR sensor contained (from N- to C-terminus): a full length GPCR (A1R 

or CB1), mCitrine, 10 nm ER/K linker, mCerulean, and a Gα subunit C-terminal peptide 

corresponding to Gαs, Gαi, Gαq, (s-pep, i-pep, or q-pep, respectively) or a control 

peptide (no-pep), consisting of repeating (Gly-Ser-Gly)4 residues. A (Gly-Ser-Gly)4 linker 

was inserted between all protein domains as part of the primer sequence to allow for 

free rotation between domains. All sensors also contained either an N-terminal HA-tag or 

a His-tag. All constructs were confirmed by sequencing. 
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Mammalian cell preparation and sensor expression: 

HEK293T-Flp-In (HEK293T, ThermoFisher) cells were cultured in DMEM media 

(ThermoFisher) supplemented with 10% FBS (v/v) (Millipore Sigma), 4.5 gL−1 D-glucose, 

1% Glutamax (ThermoFisher), 20 mM HEPES, pH 7.5 at 37 °C in a humidified 

atmosphere at 5% CO2. HEK293T cells were plated onto 6-well tissue culture treated 

plates at ~30% confluence. Cells were transfected 16–20 h later with X-tremeGENE HP 

DNA transfection reagent. Transfection conditions including the amount of DNA (1.4–4 

μg DNA + 4.2–6 μl reagent) and the length of transfection (control no-pep sensors: 18–

24 h; sensors containing s-, i-, or q-pep: 22–32 h) were optimized to consistently yield 

equivalent levels of sensor expression across different conditions. Where indicated, 12 h 

after transfection, cells were incubated with 100 ng ml-1 PTX for 16 h. Experiments were 

conducted at 60–80% transfection efficiency (evaluated on a Nikon tissue-culture 

microscope enabled with fluorescence detection using 20x and 40x magnification). At 

the time of the experiment, 60–90% of transfected cells expressed predominantly 

plasma membrane localized sensor with minimal localization to the intracellular 

compartments. Sensor integrity, localization, and sensor expression were tracked for all 

experiments to ensure consistency. Each experiment was performed at equivalent 

sensor expression and matched O.D. of the cell suspension using the following steps. 

Cells were first resuspended by gentle pipetting into their original media, spun down 

(350 g, 3 min), and washed once with Buffer A or B for cAMP or IP1 assays, respectively. 

Subsequently, cells were resuspended in an appropriate volume of the same buffer to 

reach a 0.3 O.D. measured at A600 nm. Sensor expression was measured by mCitrine 

fluorescence. mCitrine fluorescence was held within 1.6–2.4 × 106 counts-per-second 

(cps) for a cell O.D. of 0.3. Sensor integrity was confirmed by measuring the mCitrine 

(Horiba Fluoromax-4; excitation 490 bandpass 8 nm; emission range 500–600 bandpass 
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4 nm; emission maximum 525 nm) to mCerulean fluorescence ratio (excitation 430 

bandpass 8 nm; emission range 450–600 bandpass 4 nm; emission maximum 475 nm). 

Experiments were conducted at mCitrine to mCerulean fluorescence ratio of 1.7–2.1. 

 

cAMP assays: 

HEK293T cells expressing indicated sensor were harvested 28–32 h post transfection 

(XtremeGENE HP) to assess cAMP levels using the bioluminescent cAMP Glo assay 

(Promega). Cells were gently suspended in their original media, counted using a 

hemocytometer, and spun down (350 g, 3 min). Cells were resuspended in an 

appropriate volume of Buffer A to reach 4 × 106 cells mL-1 density. Cell suspensions 

were aliquoted into 384-well opaque plates (5 μL per well). Where indicated, cells were 

pre-incubated with 100 nM of the adenosine type 2A receptor (A2AR) selective 

antagonist, SCH 442416 (SCH), and 1 μM of the adenosine type 2B receptor (A2BR) 

selective antagonist, PSB 1115 (PSB) in 10 μM forskolin for 15 min at 37 °C. Cells were 

incubated with CPA or NECA (for A1R) or 2-AG or WN (for CB1) for 15 min with 10 μM 

forskolin at 37 °C. Subsequently, cells were lysed and the protocol was followed 

according to the manufacturer’s recommendation (Promega). Luminescence was 

measured using a microplate reader (SpectraMax M5e, Molecular Devices). cAMP 

levels were evaluated by subtracting relative luminescence units (RLUs) in the absence 

and presence of agonists. Each experiment was performed in quadruplicate and 

independently repeated at least three times (N > 3). For experiments involving 

comparisons between multiple sensors, equivalent sensor expression was first verified 

using fluorescence measurements (see previous section) and data for all four sensors 

were collected together (Figure 2.5). 
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IP1 assays: 

HEK293T cells expressing the indicated sensor were harvested 28–32 h post 

transfection (XtremeGENE HP) to assess IP1 levels using the IP-One HTRF assay kit 

(Cisbio). Cells were gently suspended in their original media, counted using a 

hemocytometer, and spun down (350 g, 3min). An appropriate volume of Buffer B 

(StimB buffer) was added to reach 3×106 cells mL−1 density. Where indicated, cells were 

pre-incubated with 1 μM of the A2BR selective antagonist, PSB 1115 (PSB) for 30 min at 

37 °C. Cells were incubated with 100 μM of CPA or NECA (for A1R) or 100 μM of 2-AG 

or WN (for CB1) at 37 °C for a total incubation time of 30 or 120 min. The manufacturer’s 

protocol was modified to achieve a high signal to noise ratio as follows: 70 μL of 

suspension was incubated for one hour with 2 μL IP1 conjugated to d2 dye diluted in 13 

μL of lysis buffer (Cisbio) and 2 μL terbium cryptate-labeled anti-IP1 monoclonal antibody 

also diluted in 13 μL of lysis buffer. 80 μL of each reaction suspension was then 

transferred and split between 4 wells (20 μL/well) on a 384-well opaque plate. IP1 

spectra were collected by exciting samples at 340 nm (bandpass 15 nm). Emission 

counts were recorded from 600–700 nm using a long pass 475 nm filter (FSQ GG475, 

Newport). Raw IP1 signal was calculated as the ratio of fluorescence emissions at 

665nm and 620nm. Data were corrected by subtracting the untransfected IP1 ratio from 

cells expressing transfected sensor. Data are presented as a change in IP1 ratio 

following drug treatment. Each experiment included four repeats per condition and was 

independently repeated at least three times (N>3).  
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Statistical Analysis: 

Data are represented as mean values ±S.E.M. All experiments were repeated for at 

least three independent trials, with 3–6 technical repeats per condition (N>3). Statistical 

analysis was performed using GraphPad Prism 7.0c (Graphpad Software, Inc.). To 

assess significance across experimental repeats, pooled or un-pooled data underwent 

subsequent pairwise ANOVA analysis. Tukey’s post hoc test was performed to assess 

significance when evaluating comparisons between multiple conditions with p-values 

*p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001; *****p≤0.00001.  
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CHAPTER 3: Dissecting β-Cardiac Myosin and Cardiac Myosin-Binding Protein 

C Interactions using a Nanosurf Assay 

 

3.1. Introduction: 

 

Cardiac myosin-binding protein C (cMyBP-C) is a large, multidomain thick filament-

associated sarcomeric protein that modulates cardiac muscle contractility by tuning the 

speed and efficiency of contraction and relaxation (M.J. Previs et al. 2012; Moss, 

Fitzsimons, and Ralphe 2015; S. P. Harris, Lyons, and Bezold 2011). Despite almost 50 

years since its discovery (Starr and Offer 1971; Offer, Moos, and Starr 1973), the 

mechanisms by which cMyBP-C modulates contractility, including its binding partners 

and the associated regulatory mechanisms, are not completely understood. The 

importance of cMyBP-C in regulating contraction was first appreciated in the 1990s 

when two mutations in MYBPC3, the gene encoding cMyBP-C, were shown to cause 

hypertrophic cardiomyopathy (HCM), a heritable heart condition characterized by left 

ventricular hypertrophy and diastolic dysfunction (Bonne et al. 1995; Watkins et al. 

1995). Since then, over 350 MYBPC3 mutations have been identified in HCM patients, 

and it has become the most prominent gene linked to HCM (Carrier et al. 2015). The 

discovery of these mutations- including nonsense, frameshift, and missense mutations 

distributed across the protein- have provided substantial motivation towards 

understanding the role of cMyBP-C in the sarcomere (S. P. Harris, Lyons, and Bezold 

2011). However, despite this increased interest and established importance of cMyBP-C 

in regulating contraction, the mechanisms by which cMyBP-C regulates contraction have 

largely remained elusive due to experimental challenges in studying the complex, 

transient, weak interactions of cMyBP-C within the sarcomere. 
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Existing studies suggest that cMyBP-C modulates cardiac muscle contractility by 

sensitizing the thin filament to calcium, while slowing shortening velocity through 

interactions with actin and/or myosin (M.J. Previs et al. 2012; Mun et al. 2014; Heling, 

Geeves, and Kad 2020; S. P. Harris 2021). cMyBP-C exists in two regions of the muscle 

sarcomere A-band, in 7-9 stripes spaced 43 nm apart. This aligns with the 43 nm helical 

myosin head repeat on the thick filament (Flashman et al. 2004; Luther et al. 2008; M.J. 

Previs et al. 2012; Lee et al. 2015). cMyBP-C contains 11 subdomains, named 

sequentially C0-C10, and is anchored to the thick filament backbone at its C-terminus by 

a high-affinity LMM myosin binding site in C10 (Figure 3.1a) (Okagaki et al. 1993; 

Alyonycheva et al. 1997). The N-terminus extends away from the thick filament and 

engages in regulatory interactions with myosin and/or actin (M.J. Previs et al. 2012; 

Heling, Geeves, and Kad 2020; Luther et al. 2011; Rahmanseresht et al. 2021). The 

cardiac isoform contains a regulatory cMyBP-C motif or M-domain between C1 and C2 

domains, which co-sedimentation assays have established to be the primary interacting 

region for myosin S2 (Gruen and Gautel 1999; Howarth et al. 2012; S. P. Harris et al. 

2004; Ratti et al. 2011; Pfuhl and Gautel 2012). Studies with actin have found that the M-

domain, as well as the C0, C1, and C2 domains, interact with actin (S. P. Harris et al. 

2004; Kensler, Shaffer, and Harris 2011; S. P. Harris et al. 2016; M. Previs et al. 2015; 

Risi et al. 2021). The N- and C-terminal cMyBP-C interactions to the thin and thick 

filaments, respectively, may tether the two filaments thus functioning as a brake on 

shortening velocity at high calcium concentrations (M.J. Previs et al. 2012; Luther et al. 

2011). In contrast, at low calcium concentrations, cMyBP-C appears to enhance 

contractility by sensitizing the thin filament to calcium (M.J. Previs et al. 2012; Michael J. 

Previs et al. 2016; Mun et al. 2014). While these studies have established multiple 

modes of cMyBP-C regulation of muscle function, their relative significance in regulating 

actomyosin motility is still a matter of debate. Additionally, cMyBP-C function itself may  



46 
 

 

Figure 3.1. Flexibility in the Nanosurf Assay allows cMyBP-C Interactions with Actin and/or 
Myosin. a, Schematic of cMyBP-C domains C0-C10 containing the M-domain in the linker region 
between the C1 and C2 domains and the N-terminal fragments used, including C0-C2, C0-C1f, and C1-
C2. b, Diagram showing lengths of representative cMyBP-C N-terminal fragments, C0-C2 (left, yellow; 
~15 nm) and C1-C2 (right, yellow; ~9 nm) and recombinant human β-Cardiac myosin HMM (center, 
brown; ~60 nm) with C-terminal GFP attached to the nanotube (red) via GFP nanobody-SNAP. All 
proteins are attached to the nanotube via a SNAP protein labeled with oligo (~12 nm) complementary 
to the nanotube DNA handle. C0-C2 is shown with an encoded ER/K linker (left; 10 or 30 nm). Total 
approximate lengths of bound proteins are listed: C0-C2 + 30 nm ER/K (~57 nm), β-Cardiac myosin 
(~72 nm), and C1-C2 without an ER/K (~21 nm). c, Diagram depicting spatially staggered interaction 
sites on the actin filament (green) and possible cMyBP-C interactions with both actin (left, right C0-C2 
fragments) and myosin S2 (center C0-C2 fragment). 
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be regulated as the M-domain contains four serines that are thought to be 

phosphorylated hierarchically to disrupt cMyBP-C interactions with actin filaments 

(Michael J. Previs et al. 2016; Shaffer, Kensler, and Harris 2009; A. Weith et al. 2012) or 

myosin (Gruen, Prinz, and Gautel 1999; Nag et al. 2017). Thus, phosphorylation of the 

M-domain may be a regulatory mechanism to control the number of active myosin heads 

in response to β-adrenergic stimulation (Nag et al. 2017). 

The complex interactions of cMyBP-C with actin and myosin have made in vitro 

assessment of cMyBP-C challenging. Some in vitro motility studies have demonstrated 

inhibition of actomyosin motility by a variety of cMyBP-C N-terminal fragments (A. Weith 

et al. 2012; M.J. Previs et al. 2012; Razumova et al. 2006). However, mechanistic 

interpretation of these assays is limited by a lack of control over protein stoichiometry 

and orientation. Likewise, single molecule and solution assays do not capture the unique 

architecture of motor ensembles or cMyBP-C interactions as they exist in the sarcomere. 

To overcome these limitations, we utilized DNA nanotechnology to build a synthetic 

nanostructure that would allow systematic in vitro dissection of sarcomeric interactions, 

with control over protein type, stoichiometry, and spacing (Hariadi et al. 2015). Ten-helix 

DNA nanotubes were engineered with protein attachment strands every 14 nm 

corresponding to the 14.3 nm vertical spacing between two adjacent myosin molecules 

on the native thick filament as in the sarcomere (Figure 3.2a) (Hariadi et al. 2015). With 

expressed myosin linked to the nanotube, these nanotubes can then be attached to a 

surface so that actin filament gliding assays can be performed with precisely controlled 

molecular motor populations, yielding a more accurate and interpretable way to assess 

ensemble motor function in health and disease. We have validated this approach with 

high duty-ratio myosins V and VI, which spend a large portion of their ATPase cycle 

strongly bound to actin in the force generating state (Hariadi et al. 2015). However, using 
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the S1 fragment of β-cardiac myosin on DNA nanotubes (Hariadi et al. 2015), due to its 

very low duty ratio (~0.05) (Uyeda, Kron, and Spudich 1990; D. E. Harris and Warshaw 

1993), very low actin-landing rates were observed, thus limiting the utility of this assay to 

compare and contrast the impact of different cMyBP-C domains or sarcomeric mutations 

on actomyosin motility. 

In this study, we overcame the low duty ratio limitation by combining the DNA 

nanotube assay with the standard in vitro motility surface assay into one, which we refer 

to as the “nanosurf” assay. We used this assay to examine the potential binding partner 

and mechanical interactions between β-cardiac myosin and cMyBP-C when placed in 

spatially defined patterns on DNA nanotubes. By this approach, we initially characterized 

the motile properties of β-cardiac myosin HMM and S1 fragments using both actin and 

calcium-activated regulated thin filaments. Consistent with our previous results for 

myosin V, VI, and β-cardiac myosin S1, we found no significant differences in mean 

actin or regulated thin filament velocities when β-cardiac myosin HMM or S1 was spaced 

at 14 nm versus 28 nm on the nanotube (Hariadi et al. 2015). Using β-cardiac myosin 

HMM spaced at 28 nm intervals, cMyBP-C N-terminal fragments were interdigitated on 

the nanotube. We found that the incorporation of C0-C2 or C1-C2 fragments (Figure 

3.1a) significantly inhibited actin or regulated thin-filament velocity 4-6 fold. Interestingly, 

we saw similar inhibition using a β-cardiac myosin S1 construct lacking the S2 region 

thought to interact with cMyBP-C. These results suggest that the interaction between 

cMyBP-C and actin may have a greater contribution to the inhibitory effects of cMyBP-C 

compared to the myosin interaction. In addition, we found a 3-fold proportional reduction 

in this inhibition using a phosphomimetic C0-C2 fragment, where the four 

phosphorylatable serines in the M-domain were replaced with aspartic acids, highlighting 

the regulatory importance of this domain. Further, we did not see inhibition of 
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actomyosin motility with a C0-C1f fragment lacking the majority of the M-domain (Figure 

3.1a), further establishing the importance of this domain. Taken together, the nanosurf 

assay recapitulates the slowing of actomyosin motility by cMyBP-C. We have therefore 

established the β-cardiac myosin synthetic thick filament as a tool for precisely 

manipulating the spatially dependent interactions of cMyBP-C, thereby helping define 

the dynamic equilibrium of binding partner interactions that are critical to the modulatory 

capacity of cMyBP-C within the muscle sarcomere. 

 

 

3.2. Nanosurf Assay 

 

3.2.1. Characterization of Nanosurf Motility Assay: 

 

We previously highlighted the use of synthetic nanotube thick filaments as a tool 

to characterize the behavior of ensembles of myosin motor proteins (Hariadi et al. 2015). 

Our previous study primarily utilized two different highly processive unconventional 

myosins, V and VI. We did report an initial characterization of nanotube motility with 

recombinant β-cardiac myosin S1, demonstrating proof-of-concept of this assay for 

muscle myosins. However, the broader application of this assay to cardiac myosin was 

limited by the infrequent actin gliding events, consistent with the low duty ratio of cardiac 

myosins (Figure 3.2b). Therefore, in this study we developed the ‘nanosurf’ assay, with 

myosin present on both the nanotube and the surrounding coverslip surface (Figure 3.2c). 

The presence of myosin on the coverslip surface recruits actin filaments to the surface 

and greatly increases the probability that a motile actin filament will encounter and travel 

onto a nanotube. The previous format of the assay, with myosin restricted to the nanotube, 
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exhibited only a few actin filaments per camera field-of-view (Figure 3.2b). In contrast, the 

nanosurf assay provides about a two order-of-magnitude increase in motile events along 

DNA nanotubes during the ~2 min data acquisition time (Figure 3.2c). To distinguish 

motility surface filaments from those gliding on the DNA nanotube (i.e. nanotube motility), 

analysis of nanotube motility events were limited to actin filaments that travel across the 

coverslip surface and then turn sharply to glide across the nanotube (Figure 3.2c 

schematic, green arrow). In comparison, analysis of actin filament movement solely on the 

motility surface (i.e., nano-surface motility) was limited to that not in the vicinity of a 

Figure 3.2. Optimization of Human β-Cardiac Myosin HMM Nanosurf Assay. a, Schematic of the 
β-cardiac myosin synthetic thick filament assay with recombinant human β-Cardiac myosin HMM 
(brown) with C-terminal GFP attached to the nanotube (red) via GFP nanobody-SNAP labeled with 
complementary oligo to the nanotube DNA handle (inset). Nanotubes are attached to the 
nitrocellulose-coated (blue) coverslip (orange) via BSA-biotin-neutravidin (black X’s) b, Schematic of 
standard nanotube assay within a flow cell with motor bound to nanotubes only and nanotubes 
attached to a coverslip surface blocked with BSA (top). Field of view at 1000x (bottom left) and 
kymograph (bottom right) for standard nanotube assay with β-cardiac myosin HMM showing the low 
landing rate of actin filaments on the nanotube surface. c, Schematic (top) of nanosurf assay with 
motor bound to both the nanotubes and the coverslip surface and actin (green) can be observed 
gliding from the coverslip surface onto the nanotube (green arrow). Field of view at 1000x (bottom left) 
and kymograph (bottom right) for nanosurf assay with β-cardiac myosin HMM showing a higher 
landing rate for actin filaments on the nanotube surface. d, Velocities of F-actin (left) and regulated 
thin filaments (middle) with β-cardiac myosin HMM and regulated thin filaments with β-cardiac myosin 
S1 (right) on a standard in vitro motility surface (light grey), on the coverslip surface in the nanosurf 
assay (nano-surface; dark grey), and on the nanotubes in the nanosurf assay (red). Mean velocities 
represented as μm·s-1 ± SE. N = 132-390 filaments from 3-5 independent protein preparations per 
condition. 
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nanotube. In the nanosurf assay, the velocity of an F-actin filament traveling along a 

nanotube, with an ensemble of human β-cardiac myosin HMM spaced at 14 nm intervals 

(0.30 ± 0.01 μm·s-1; n=132 pooled filaments from four independent protein preparations), 

is similar to the velocity of an F-actin filament traveling across the human β-cardiac myosin 

HMM coated coverslip surface (nano-surface; 0.31 ± 0.01 μm·s-1; n=139 filaments from 

four protein preparations). However, these velocities were significantly lower than those 

obtained, using matched β-cardiac myosin preparations, using a standard in vitro motility 

surface gliding assay (Figure 3.2d “surface”, light grey; 0.57 ± 0.01 μm·s-1; n=390 

filaments). Hence, to account for any surface effects on actin gliding speeds, all future 

comparisons are made using matched nanosurf assays with equivalent assay conditions. 

These trends were also observed with fully activated (pCa 5), calcium-regulated, native 

thin filaments with either β-cardiac myosin HMM and or β-cardiac S1 (data from three 

independent protein preparations of each subfragment) (Figure 3.2d). With β-cardiac 

myosin HMM, thin filaments had an in vitro motility surface velocity of 0.93 ± 0.01 μm·s-1 

(n=300 filaments), a nano-surface velocity of 0.65 ± 0.01 μm·s-1 (n=206 filaments), and a 

nanotube velocity of 0.61 ± 0.01 μm·s-1 (n=206 filaments). The increased velocity for thin 

filaments when compared to F-actin (Figure 3.2d), regardless of the myosin subfragment, 

has been described previously (Fraser and Marston 1995). With β-cardiac myosin S1, the 

regulated thin filaments had an in vitro motility surface velocity of 1.91 ± 0.01 μm·s-1 

(n=359 filaments), a nano-surface velocity of 1.55 ± 0.02 μm·s-1 (n=270 filaments), and a 

nanotube velocity of 1.42 ± 0.02 μm·s-1 (n=270 filaments). In contrast, the average velocity 

of F-actin filaments in a standard in vitro motility surface assay with β-cardiac myosin S1 

was 1.24 ± 0.01 μm·s-1 (n=360 filaments), once again demonstrating slower velocities 

associated with F-actin when compared to activated thin filaments. Taken together, these 

data provide baseline motility conditions for the nanosurf assay and establish the nanosurf 

assay as a robust method to study β-cardiac myosin ensembles. 
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3.2.2. Motor Spacing Does Not Impact β-Cardiac HMM Motility: 

 

Next, we examined the impact of β-cardiac myosin motor spacing on actin gliding 

speeds. In our previous study with myosin V, myosin VI, and β-cardiac myosin S1, in a 

standard nanotube assay, we found no significant differences in nanotube ensemble 

velocity when myosin was spaced at 14 nm compared to 28 nm (Hariadi et al. 2015). Using 

the nanosurf assay with human β-cardiac myosin HMM or S1 spaced at either 14 nm or 

28 nm intervals (Figure 3.3a,b), the velocities of either F-actin or regulated thin filaments 

traveling on nanotubes were quantified (Figure 3.3c). With HMM, we found no significant 

difference between F-actin velocities (data from five independent protein preparations) at 

14 nm (0.30 ± 0.01 μm·s-1; n=162 filaments) versus 28 nm (0.32 ± 0.01 μm·s-1; n=143 

filaments), as visually represented in the kymographs in Figure 3.3d. Similarly, there was 

no significant difference in regulated thin filament velocities at pCa 5 with human β-cardiac 

myosin HMM or S1 (data from three independent protein preparations of each 

Figure 3.3. Motor Spacing Does Not Impact β-Cardiac HMM Motility. Schematic of the synthetic 
thick filament with nanotube motor spacing of 14 nm (a) or 28 nm (b). c, Velocities of F-actin (left) and 
regulated thin filaments (middle) on nanotubes decorated with β-cardiac myosin HMM or regulated thin 
filaments on nanotubes decorated with β-cardiac myosin S1 (right) at 14 or 28 nm spacing in the 
nanosurf assay. d, Kymographs of F-actin filaments (green) traveling on a nanotube (red) with β-
cardiac myosin HMM at 14 nm (left) or 28 nm (right) spacing. Mean velocities represented as μm·s-1 ± 
SE. N = 143-270 filaments from 3-5 independent protein preparations per condition. Comparisons were 
performed using Student’s t-test. n.s. = not significant. 
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subfragment). With the HMM spaced at 14 nm versus 28 nm, regulated thin filament 

velocities were 0.61 ± 0.01 μm·s-1 (n=206 filaments) and 0.62 ± 0.01 μm·s-1 (n=175 

filaments), respectively. With S1 spaced at 14 nm versus 28 nm, regulated thin filament 

velocities were 1.42 ± 0.02 μm·s-1 (n=270 filaments) and 1.40 ± 0.02 μm·s-1 (n=240 

filaments), respectively. These data indicate that 28 nm spaced myosins on nanotubes 

can be used with  interdigitated cMyBP-C so that any effects of cMyBP-C on actin filament 

velocities cannot be attributed to myosin density/spacing on the nanotube. 

 

3.2.3. C0-C2 Inhibits β-Cardiac HMM and S1 Nanotube Motility: 

 

We used the nanosurf assay as a tool to investigate the possible role of cMyBP-C 

in the sarcomere. The cMyBP-C protein contains 11 domains, C0-C10, with the N-terminal 

domains C0-C2 thought to be most critical for its regulatory interactions with actin and 

myosin (Figure 3.4a) (M.J. Previs et al. 2012; Heling, Geeves, and Kad 2020; Luther et al. 

2011; Rahmanseresht et al. 2021). Further, the M-domain linker between the C1 and C2 

domains contains 4 phosphorylatable serines that, once phosphorylated in response to 

adrenergic stimuli, may modulate cMyBP-C’s impact on cardiac contractility (Michael J. 

Previs et al. 2016; Shaffer, Kensler, and Harris 2009; A. Weith et al. 2012; Gruen, Prinz, 

and Gautel 1999; Nag et al. 2017). Hence, the C0-C2 N-terminal fragment was used to 

simulate the influence of the full-length cMyBP-C. Human β-cardiac myosin spaced at 28 

nm intervals (Figure 3.4b, myosin only) on the nanotube was interdigitated with C0-C2, 

also at 28 nm intervals, (Figure 3.4b, +C0-C2) containing either no ER/K α-helical linker, 

a 10 nm ER/K α-helical linker, or a longer 30 nm ER/K α-helical linker to potentially 

facilitate cMyBP-C interactions with both actin and myosin (Figure 3.1b,c). As shown in  
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Figure 3.4. C0-C2 Inhibits β-Cardiac HMM and S1 Nanotube Motility. a, Schematic of cMyBP-C 

domains C0-C10 with the M-domain (red triangles) containing 4 phosphorylatable serines in the linker 

region between the C1 and C2 domains and the N-terminal fragment used, C0-C2. C0-C2 schematic 

(right) shown with the encoded ER/K linker and SNAP tag. b, Schematics of synthetic thick filaments 

with β-cardiac myosin HMM bound to oligo a’ at 28 nm intervals (myosin only, top) and interdigitated 

C0-C2 containing M-domain, bound to oligo b’ (bottom). c, Velocities of F-actin and regulated thin 

filaments on nanotubes decorated with β-cardiac myosin HMM (left) or β-cardiac myosin S1 (right) 

bound to oligo a’ alone versus myosin +C0-C2 containing a 30 nm ER/K bound to oligo b’ in the 

pattern shown (inset). d, Mean velocities of F-actin filaments on nanotubes decorated with β-cardiac 

myosin HMM only versus β-cardiac HMM nanotubes with interdigitated C0-C2 (inset) containing no 

ER/K helix, a 10 nm ER/K helix, or a 30 nm ER/K helix. e, Kymographs of F-actin filaments (green) 

traveling on a nanotube (red) with β-cardiac myosin HMM only versus cardiac nanotubes with 

interdigitating C0-C2 containing no ER/K helix, a 10 nm ER/K helix, or a 30 nm ER/K helix. Mean 

velocities represented as μm·s-1 ± SE. N = 82-514 filaments from 3-8 independent protein 

preparations per condition. Significance calculated using Student’s t-test or one-way ANOVA where 

appropriate. Significance is denoted as ***P ≤ 0.001. 
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Figure 3.4c, when C0-C2 with a 30 nm ER/K linker was present on a nanotube decorated 

with β-cardiac myosin HMM (data from eight independent protein preparations), ensemble 

velocity of F-actin was reduced 4-fold from 0.29 ± 0.01 μm·s-1 (n=211 filaments) to 0.07 ± 

0.002 μm·s-1 (n=389 filaments). Likewise, with the presence of C0-C2, regulated thin 

filament velocity at pCa 5 on β-cardiac myosin HMM nanotubes (data from three 

independent protein preparations) was reduced 6-fold from 0.60 ± 0.02 μm·s-1 (n=171 

filaments) to 0.10 ± 0.003 μm·s-1 (n=223 filaments). These effects are comparable to a 

previously reported ~ 5-fold decrease in actin gliding speeds in a standard in vitro motility 

assay with chicken skeletal muscle myosin and cMyBP-C adsorbed at high concentrations 

(0.4 µM) (A. Weith et al. 2012). We found no significant impact of the ER/K linker or linker 

length on the inhibitory capacity of C0-C2, as all C0-C2 ER/K constructs inhibited F-actin 

nanotube motility ~4-fold (Figure 3.4d; data from n=82-389 filaments pooled from 3-8 

independent protein preparations), as visually represented in the kymographs in Figure 

3.4e. Together, these studies demonstrate the robust use of the nanosurf assay to 

recapitulate the effects of cMyBP-C on actomyosin motility. 

To distinguish between cMyBP-C effects being imparted through its interaction 

with actin and/or myosin, we utilized nanotubes decorated with β-cardiac myosin S1, 

which lacks the S2 domain that has been implicated as the primary cMyBP-C interacting 

region in myosin (Gruen and Gautel 1999; Howarth et al. 2012; S. P. Harris et al. 2004; 

Ratti et al. 2011; Pfuhl and Gautel 2012). β-cardiac S1 and HMM displayed similar velocity 

inhibition with the C0-C2 fragment (Figure 3.4c). Specifically, the presence of C0-C2 with 

β-cardiac S1 (data from three independent protein preparations) reduced F-actin velocity 

almost 4-fold (0.59 ± 0.01 μm·s-1 to 0.16 ± 0.01 μm·s-1; n=180 and 267, respectively) and 

regulated thin filament velocity almost 6-fold (1.01 ± 0.01 μm·s-1 to 0.18 ± 0.01 μm·s-1; 

n=450 and 514, respectively). These data suggest that C0-C2 interactions with actin, 



56 
 

rather than myosin S2, are the primary determinant of its effects on actin gliding speed in 

the nanosurf assay. The significance of C0-C2-actin interactions is also evident in the 

extent of actin recruitment to nanotubes. When the C0-C2 fragment was attached to the 

nanotubes without motor, it pulled more F-actin filaments (237.0 filaments per field of view 

± 37 standard deviation; Figure 3.5a) onto nanotubes than motor in the absence of C0-C2 

(146.7 filaments per field of view ± 22 standard deviation; Figure 3.5b). In contrast, 

undecorated nanotubes alone did not pull down actin filaments. The presence of both C0-

C2 and β-cardiac myosin HMM on nanotubes yielded greater actin recruitment on 

nanotubes than either of them alone (326.7 filaments per field of view ± 116 standard 

deviation; Figure 3.5c).  Robust actin recruitment to nanotubes was still seen by C0-C2, 

even when the surface was blocked in the standard nanotube assay (Figure 3.5d).

 

Figure 3.5. cMyBP-C C0-C2 N-terminal Fragment Recruits Actin onto Nanotubes.  a-c, We examined 
actin (green) recruitment onto nanotubes (red) in the nanosurf assay. Nanotubes were labeled with a, C0-
C2 only (containing 30 nm ER/K, with fragments spaced at 28 nm intervals), b, β-cardiac myosin HMM 
only (myosin spaced at 28 nm intervals), or c, β-cardiac myosin HMM + C0-C2 (C0-C2 contained 30 nm 
ER/K; myosin was spaced at 28 nm intervals and interdigitated with C0-C2 for a final spacing of 14 nm 
between myosin and C0-C2 proteins). The top panels in a-c show the field of view at 1000x with selected 
enlargements shown in the bottom panels. d, Actin recruitment was also examined using standard 
nanotube assay blocking conditions and nanotubes labeled with C0-C2 + 30 nm ER/K. 
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3.2.4. cMyBP-C M-Domain Essential for Inhibition 

 

cMyBP-C M-domain Phosphorylation and Structurally Dependent Inhibition of β-Cardiac 

Myosin HMM and S1 Nanotube Motility: 

To investigate the role of individual cMyBP-C domains in the inhibition of actomyosin 

motility, we examined alternative N-terminal fragments, C0-C1f and C1-C2 in our nanosurf 

assay (Figure 3.6a). The C0-C1f fragment contains the C0 and C1 domains, as well as 

the first 17 amino acids of the M-domain (Figure 3.6a). This segment of the M-domain 

contains several arginine residues proposed to be essential for cMyBP-C interaction(s) 

resulting in actomyosin inhibition (Figure 3.6b, left, inset) (A. Weith et al. 2012; Bhuiyan et 

al. 2012). However, it lacks the four phosphorylatable serines found in the M-domain 

(Figure 3.6a) (A. Weith et al. 2012; A. E. Weith et al. 2012). The C1-C2 fragment contains 

the C1 and C2 domains, as well as the entire M-domain linker region between C1 and C2. 

Using the nanosurf assay, human β-cardiac myosin spaced at 28 nm intervals on the 

nanotube was interdigitated with either C0-C1f (Figure 3.6b, left), C1-C2 (Figure 3.6b, 

right), or C0-C2, each spaced at 28 nm. The presence of C0-C1f did not significantly 

impact F-actin or thin filament motility driven by either β-cardiac myosin HMM or S1 

(Figure 3.6c; data from n=100-274 filaments pooled from 3-4 independent protein 

preparations). In contrast to C0-C1f, the C1-C2 fragment was as inhibitory of F-actin and 

thin filament motility as C0-C2 (Figure 3.6d). Specifically, both C1-C2 and C0-C2 reduced 

F-actin velocity on β-cardiac myosin HMM nanotubes ~ 4-fold, and reduced thin filament 

velocity on β-cardiac myosin S1 nanotubes ~8-fold (Figure 3.6d, e; data from n=90-270 

filaments pooled from 3-4 independent protein preparations).  These data are consistent 

with similar inhibitory effects observed with the addition of C1-C2 or C0-C2 to a standard 

in vitro motility assay (A. Weith et al. 2012; Razumova et al. 2006). 
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The C1-C2 fragment contains the entire M-domain, including the phosphorylatable 

serines (S273, S282, S302, S307) that regulate cardiac contractility. Hence, we generated 

phospho-null (Ser to Ala) and phospho-mimetic (Ser to Asp) C0-C2 and C1-C2 N-terminal 

fragments (Figure 3.6f), as previously reported for the C0-C3 fragment (M.J. Previs et al. 

2012; A. E. Weith et al. 2012). Mass spectrometry suggests that our insect-cell expressed 

N-terminal fragments are not phosphorylated (data not shown). The phospho-null C0-C2 

and C1-C2 fragments inhibited thin filament velocity over β-cardiac myosin S1 nanotubes 

to a similar extent as unmodified fragments (Figure 3.6g; data from n=240-270 filaments 

pooled from three independent protein preparations). However, the phospho-mimetic C0-

C2 and C1-C2 mutants exhibited less inhibition (Figure 3.6g), as previously reported for 

the identical phosphomimetic substitutions in the C0-C3 fragment used in the in vitro 

motility assay (M.J. Previs et al. 2012; A. E. Weith et al. 2012). These results highlight the 

Figure 3.6. cMyBP-C M-domain Essential for Inhibition of β-Cardiac Myosin HMM and S1 
Nanotube Motility. a, Schematic of cMyBP-C domains C0-C10 containing the M-domain (red 
triangles) in the linker region between the C1 and C2 domains and the N-terminal fragments used, 
including C0-C2, C0-C1f, and C1-C2. The four phosphorylatable serines in the M-domain are 
represented by red triangles (S273, S282, S302, S307). b, Schematics of synthetic thick filaments with 
β-cardiac myosin HMM bound to oligo a’ at 28 nm intervals and interdigitated C0-C1f (left) or C1-C2 
(right) containing the entire M-domain, bound to oligo b’. C0-C1f (inset) contains the first 17 amino 
acids of the M-domain including several arginine residues (R266, R270, R271) oriented away from the 
actin filament. c, Velocities of F-actin on nanotubes decorated with β-cardiac myosin HMM (left) and 
either F-actin (middle) or regulated thin filaments (right) on nanotubes decorated with β-cardiac myosin 
S1. β-cardiac nanotubes were either labeled with the motor alone or interdigitated with C0-C1f or C0-
C2 containing 30 nm ER/K helices. d, Velocities of F-actin on nanotubes decorated with β-cardiac 
myosin HMM (left) and regulated thin filaments on nanotubes decorated with β-cardiac myosin S1 
(right) versus β-cardiac nanotubes with interdigitated C1-C2 or C0-C2 containing 30 nm ER/K helices. 
e, Kymographs of F-actin filaments (green) traveling on a nanotube (red) with β-cardiac myosin HMM 
alone versus cardiac nanotubes with interdigitating C0-C1f, C1-C2, or C0-C2. f, Schematic of cMyBP-
C domains C0-C10 with the M-domain (red triangles) containing 4 phosphorylatable serines in the 
linker region between the C1 and C2 domains mutated to alanines (phospho-null) or aspartic acids 
(phospho-mimetic) within the C0-C2 and C1-C2 N-terminal fragments. g, Mean nanotube velocities of 
regulated thin filaments on nanotubes decorated with β-cardiac myosin S1 and interdigitating phospho-
null or phospho-mimetic C0-C2 (left) or C1-C2 (right) containing 30 nm ER/K helices. h, Schematic of 
β-cardiac myosin (brown) synthetic thick filament with cMyBP-C N-terminal fragment (yellow) bound to 
actin (green), functioning as a tether between thick and thin filaments and reducing velocity. Mean 
velocities represented as μm·s-1 ± SE. N = 90-410 filaments from 3-4 independent protein preparations 
per condition. Significance was calculated using Student’s t-test. Significance is denoted as *P ≤ 0.05, 
***P ≤ 0.001. 
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importance of the phospho-serines in regulating cMyBP-C mediated inhibition of β-cardiac 

myosin function. 

 

3.3. Summary and Discussion: 

 

In this study, we utilized DNA nanotechnology to recapitulate the sub-structure of the 

cardiac sarcomere, by creating an artificial myosin thick filament with incorporated 

cMyBP-C. Using nanotube thick filaments comprised of spatially-defined recombinant 

human β-cardiac myosin subfragments with and without interdigitated cMyBP-C N-

terminal fragments, we characterized the velocity of either F-actin or regulated thin 

filaments as a means of defining the mechanical effect of actomyosin/cMyBP-C 

interactions. Using an assortment of cMyBP-C N-terminal fragments, our results suggest 

that the binding of cMyBP-C to actin may underly the inhibitory effect of cMyBP-C on 

actomyosin motility over nanotubes (Figure 3.6h) and that the cMyBP-C M-domain is 

crucial to this inhibition. Further, phosphomimetic cMyBP-C fragments, displaying 

diminished inhibition of thin filament velocity on nanotubes, demonstrate the established 

modulatory role of M-domain phosphorylation on cMyBP-C function (M.J. Previs et al. 

2012; Shaffer, Kensler, and Harris 2009; Barefield and Sadayappan 2010; Michael J. 

Previs et al. 2016). Together, these results establish the nanosurf technology as a model 

system for dissecting protein interactions in the sarcomere. 

 

The Nanosurf Assay: 

The nanosurf assay described here overcomes a key limitation of our previously 

reported standard nanotube assay, where only myosin-labeled nanotubes exist on the 
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coverslip surface (Hariadi et al. 2015). While the standard nanotube assay is well suited 

to study high duty ratio motors, which readily recruit actin filaments from solution and 

display abundant motility, the use of low duty ratio, β-cardiac myosin nanotubes is 

limited by infrequent engagement of actin filaments from the surrounding solution (Figure 

3.2b). To overcome this challenge, we seeded β-cardiac myosin subfragments at a 

sufficient density on the surface to which the nanotubes were attached (see Methods) so 

that the coverslip surface myosin recruited actin filaments from solution, which then 

encountered the neighboring nanotubes, substantially enhancing the frequency of 

nanotube motile events (Figure 3.2c). The actin gliding speeds on nanotubes and the 

surrounding surface are indistinguishable, however, these speeds are significantly 

reduced compared to that observed in the standard in vitro motility assay (Figure 3.2d). 

These data suggest that the surface conditions and/or the mode of myosin attachment 

likely contribute to the lower speeds in the nanosurf assay. Specifically, the addition of 

flexible joints, associated with the myosin attachment strategy (see Methods), may 

reduce the efficient transfer of myosin displacements to the actin filament, leading to 

slower velocities. Hence, we focused on motility comparisons between conditions only 

within the nanosurf assay. In addition, similar flexibility by the addition of a variable 

length ER/K α-helical linker to the cMyBP-C fragment ensured that cMyBP-C on the 

nanotube was spatially free to interact with β-cardiac myosin and/or actin filaments 

(Figure 3.1b,c). Interestingly, the ER/K α-helical linker was not essential for the observed 

cMyBP-C effects on actin filament motility, as constructs lacking the ER/K α-helical linker 

demonstrated equivalent inhibition. Overall, the multiple rotational elements in the 

myosin and cMyBP-C attachment, combined with myosin’s access to numerous sites 

along the actin filament (Figure 3.1c), yields significant conformational freedom without 

limiting protein-protein interactions. 
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cMyBP-C Modulates Actin Filament Motility on Cardiac Myosin Nanotubes: 

The molecular basis for cMyBP-C’s role in modulating cardiac contractility in vivo has 

relied on in vitro solution and motility studies that defined the capacity of cMyBP-C to 

slow thin filament velocity and to sensitize the thin filament to calcium (M.J. Previs et al. 

2012; A. Weith et al. 2012; Razumova et al. 2006; Inchingolo et al. 2019; Michael J. 

Previs et al. 2016; Mun et al. 2014). More importantly, the cMyBP-C N-terminal domains 

encompassing C0-C2 within these assays were sufficient to recapitulate the function of 

whole cMyBP-C (M.J. Previs et al. 2012; A. Weith et al. 2012; Shaffer, Kensler, and 

Harris 2009; Kensler, Shaffer, and Harris 2011). However, the importance of 

stoichiometries and spatial relations between myosin and cMyBP-C within the native 

thick filament are lost in the standard in vitro motility assay, where monomeric myosin is 

non-specifically adhered to the motility surface with free floating cMyBP-C or its 

fragments in solution. Therefore, the use of native thick filaments from mouse cardiac 

tissue that maintained the myosin to cMyBP-C stoichiometry and spatial relations was 

critical to confirming that both thin filament slowing and calcium sensitization are 

mediated by cMyBP-C, but only within the thick filament C-zone where cMyBP-C 

resides. However, the native thick filament assay does not lend itself to systematic 

perturbations to the myosin or cMyBP-C for molecular structure-function studies due to 

the high cost of animal model design. The nanosurf assay fills this need by allowing the 

stoichiometry and spatial relations between myosin and cMyBP-C to be defined and by 

the relative ease in expression of human β-cardiac myosin and cMyBP-C fragments that 

decorate the nanotube surface. In fact, here we report a 1:1 ratio of human β-cardiac 

myosin HMM or S1 to various cMyBP-C N-terminal fragments spaced 14 nm apart and 

that the cMyBP-C N-terminus does inhibit thin filament motility on the nanotube surface. 
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We observed that slowing of F-actin or fully activated thin filament velocity by the C0-

C2 N- terminal fragment was structurally localized to the C1-C2 domains, with the M-

domain linker between C1 and C2 being a critical component (Figure 3.6d). The 

importance of the M-domain is emphasized by phosphomimetic replacement of four 

serines within the M-domain that reduce the observed slowing of thin filament velocity, 

as reported previously (M.J. Previs et al. 2012; A. E. Weith et al. 2012). To further 

characterize this regulatory domain, we utilized the C0-C1f fragment, which contains 

only the first 17 amino acids of the M-domain but lacks the four phosphorylatable serines 

(A. Weith et al. 2012; A. E. Weith et al. 2012). Interestingly, a previous study showed 

inhibition of thin filament velocity by C0-C1f in a standard in vitro motility assay, and it 

was proposed that several C-terminal arginine residues in this fragment may be 

particularly important for this inhibition (Figure 3.6b, inset) (Bhuiyan et al. 2012; A. Weith 

et al. 2012). The inability of the C0-C1f to slow thin filament velocity in our nanosurf 

assay (Figure 3.6c), despite the presence of several C-terminal arginine residues (Figure 

3.6b, inset), further supports the importance of the entire M-domain. A potential source 

for this discrepancy is the weaker binding of C0-C1f to actin that manifests only when 

high concentrations of this fragment are used in the standard in vitro motility assay (A. 

Weith et al. 2012). 

In vitro, both actin and myosin-binding have been described for the cMyBP-C N-

terminus (Luther et al. 2011; Rahmanseresht et al. 2021; Gruen and Gautel 1999; S. P. 

Harris et al. 2004; Ratti et al. 2011; Kensler, Shaffer, and Harris 2011; S. P. Harris et al. 

2016; M. Previs et al. 2015; Risi et al. 2021). Whether one or both of these binding 

partner interactions is responsible for the modulatory capacity of cMyBP-C is still a 

matter of debate. The myosin S2 domain was the first structural element identified in 

cMyBP-C binding (Gruen and Gautel 1999). Using the β-cardiac S1 fragment, which is 
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devoid of the S2 segment, on the nanotubes, substantial slowing of actin gliding speeds 

in the presence of the C0-C2 and C1-C2 fragments remained (Figure 3.6d). Although we 

cannot rule out binding of these fragments to the myosin regulatory light chain (Ratti et 

al. 2011) or to a yet defined region of the motor domain (Nag et al. 2017), the 

preponderance of data both here and in the literature (Rahmanseresht et al. 2021; M.J. 

Previs et al. 2012; Mun et al. 2014; Luther et al. 2011; Kensler, Shaffer, and Harris 2011; 

S. P. Harris et al. 2016; M. Previs et al. 2015; Risi et al. 2021; Michael J. Previs et al. 

2016; Shaffer, Kensler, and Harris 2009) suggest that the cMyBP-C inhibitory effect in 

vitro may in large part be due to its interaction with actin. In fact, recent in vivo super-

resolution data suggest that the cMyBP-C N-terminus in mouse myocardium resides 

predominantly near the thin filament regardless of the muscle’s active state and that only 

when activated would the myosin head domain being in close enough proximity to 

interact with the cMyBP-C terminus (Rahmanseresht et al. 2021). The slowing of thin 

filament velocity may arise, in part, due to drag forces imposed by cMyBP-C binding and 

tethering the thin filament to the nanotube (Colson 2019), thereby slowing actomyosin 

kinetics (Greenberg, Shuman, and Ostap 2014; Sung et al. 2015). In addition, cMyBP-C 

may be competing with myosin for binding sites on actin, thus reducing the number of 

force generating motors, as suggested previously (Sam Walcott, Docken, and Harris 

2015; S. P. Harris et al. 2016; Inchingolo et al. 2019; Saber et al. 2008). 

 

Conclusion: 

In conclusion, we have established the DNA synthetic thick filament nanosurf 

assay as a robust tool for the characterization of β-cardiac myosin and cMyBP-C 

interactions, mimicking sarcomeric architecture. We have recapitulated actomyosin 

inhibition by cMyBP-C N-terminal fragments on recombinant human β-cardiac myosin 
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DNA nanotubes and begun to dissect the mechanisms underlying contractile regulation 

by cMyBP-C. Our results emphasize the importance of the M-domain and its 

phosphorylation in regulating actomyosin motility. Our study also highlights the role of 

cMyBP-C N-terminal interactions with actin in regulating motility and suggests the actin-

cMyBP-C interaction is the dominant interaction underlying actomyosin inhibition by 

cMyBP-C. Taken together, our results support a model where cMyBP-C tethers the thick 

and thin filaments at high calcium, imposing drag, and slowing thin filament velocity. 

Future studies can build on this foundation to examine other aspects of contractile 

regulation, including external load, on cMyBP-C function. 

 

 

3.4. Materials and Methods: 

 

 

DNA Nanotube and Benzyl-Guanine Oligonucleotide Preparation: 

Cy5-labeled ten-helix DNA nanotubes composed of 40 single-stranded DNA tiles 

with 14 or 28 nm spacing between single-stranded protein binding handles were 

prepared with biotin strands for surface attachment using an annealing protocol as 

previously described (Hariadi et al. 2015). The nanotube DNA handles at 14 or 28 nm 

are designed to anneal to DNA strands bound to a SNAP protein encoded with the GFP 

nanobody. The SNAP protein binds benzyl-guanine treated DNA oligos. To prepare the 

benzyl-guanine oligo, benzyl-guanine NHS ester (BG-GLA-NHS; New England Biolabs, 

Ipswich, MA) was covalently linked to C6-amine oligonucleotides (with or without Cy3 

modification, C6-amine-Cy3-a’ or C6-amine-a’). This was accomplished by incubating 

0.17 mM C6-amine-a’ or C6-amine-b’ with 11.6 mM BG-GLA-NHS in 0.1 M sodium 
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borate, pH 8.5 at 37°C for ~4 hours with rotation. The BG-labeled oligonucleotide was 

then purified twice through Illustra G-50 micro columns (GE Healthcare, 

Buckinghamshire, UK) equilibrated in 2 mM Tris, pH 8.5 since the primary amine reacts 

with any unreacted benzyl guanine. The final BG-labeled oligonucleotide concentration 

was determined by measuring Cy3 absorbance (for BG-Cy3-a’ or BG-Cy3-b’) or by 

estimating the concentration of single-stranded DNA (for BG-a’ or BG-b’) using a 

NanoDrop spectrophotometer (NanoDrop OneC, ThermoFisher, Waltham, MA).  

 

GFP Nanobody–SNAP and Cardiac Myosin Binding-Protein C (cMyBP-C)-SNAP 

Preparation: 

The DNA sequence for the GFP-nanobody was generated and synthesized by 

Genewiz (South Plainfield, NJ) as previously described (Sommese et al. 2016). The 

SNAP-tagged GFP nanobody construct contained from N- to C-terminus: the GFP 

nanobody, a flexible (Gly-Ser-Gly)2 linker, the SNAP tag for oligonucleotide labeling, and 

both FLAG and 6xHis purification tags. N-terminal fragments (C0-C2, C0-C1f, or C1-C2) 

of the Mus musculus cardiac myosin-binding protein C cDNA were cloned into pBiex-1 

and engineered with a C-terminal SNAP-FLAG-6xHis. C0-C2 and C1-C2 phospho-null or 

phospho-mimetic constructs were created by mutating S273, S282, S302, and S307 to 

alanines or aspartic acids, respectively. For cMyBP-C constructs containing a linker, 

either a 10 nm ER/K α-helical linker (derived from Sus scrofa’s Myosin VI) or a 30 nm 

linker (derived from the Kelch-motif family protein, Trichomonas vaginalis), as previously 

characterized and described, were inserted between the cMyBP-C C-terminus and the 

N-terminus of the SNAP (Sivaramakrishnan and Spudich 2011; Swanson and 

Sivaramakrishnan 2014; Malik et al. 2017). Gly-Ser-Gly repeats were inserted between 

each element to ensure rotational flexibility. The C0-C2 and C1-C2 fragments contained 
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all structural elements within and including their respective domains, notably including 

the M-domain between C1 and C2. The C0-C1f fragment contained the C0 and C1 

domains with the respective unstructured pro-ala rich linker region, as well as the first 17 

amino acids of the M-domain, as described previously (A. Weith et al. 2012). The 

proteins were then transiently transfected (pBiex-1; Escort IV, Sigma-Aldrich, St. Louis, 

MO) into Sf9 cells, expressed, and affinity purified similarly to previously published 

protocols (Rai et al. 2021; Sommese et al. 2016). Briefly, cells were lysed at 72 h in lysis 

buffer: 0.5% IGEPAL, 4 mM MgCl2, 200 mM NaCl, 7% sucrose, 20 mM Imidazole (pH 

7.5), 0.5 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol (DTT), 1 μg/ml 

phenylmethylsulfonyl fluoride (PMSF), 10 μg/ml aprotinin, and 10 μg/ml leupeptin. 

Lysates were centrifuged (176,000g, 4°C, 25 min) in a TLA 100.4 rotor (Beckman 

Coulter, Brea, CA) and bound to anti-FLAG M2 affinity resin (Sigma-Aldrich, St. Louis, 

MO) at 4°C. The FLAG resin was washed with wash buffer: 20 mM imidazole, 150 mM 

KCl, 5 mM MgCl2 ,1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 μg/mL PMSF, 10 μg/mL 

aprotinin, and 10 μg/mL leupeptin, pH 7.4. To label the SNAP tag, GFP nanobody or 

cMyBP-C fragments bound to anti-FLAG resin were incubated with excess (>10 μM) 

BG-oligonucleotide in wash buffer overnight at 4°C with rotation. BG-oligonucleotide-

labeled SNAP proteins bound to resin were again washed with wash buffer and eluted 

using 0.2 mg/mL FLAG peptide (Sigma-Aldrich, St. Louis, MO) overnight at 4°C with 

rotation. To confirm labeling, proteins were loaded onto a 10% SDS gel followed by 

Coomassie staining. The protein was stored in 50% glycerol (v/v) at -20°C. 

 

Recombinant Human β-cardiac Myosin Preparation: 

The human β-cardiac myosin cDNA (AAA51837.1) was purchased from Thermo 

Fisher Scientific, Waltham, MA. PCR amplification was used to subclone the M2β-HMM 
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fragment containing the first 25-heptads of the proximal S2 region (1-1016) into a 

pshuttle vector (a gift from Dr. Don Winkelmann). A GCN4 leucine zipper was added 

after the S2 region to promote dimerization which was followed by an eGFP tag at the C-

terminus. An N-terminal FLAG tag was also included for purification. Similarly, an M2β-

S1 (1-842) construct with a C-terminal eGFP tag and N-terminal FLAG tag was 

generated and subcloned into a shuttle vector provided by Vector Laboratories, 

Burlingame, CA. Recombinant adenovirus was generated as previously described to 

express M2β-HMM-eGFP in C2C12 cells (Swenson et al. 2017). Vector Laboratories 

produced the initial recombinant adenovirus of M2β-S1-eGFP. High-titer adenovirus was 

produced by a method developed in the Winkelmann laboratory (Liu et al. 2015; Q. 

Wang, Moncman, and Winkelmann 2003) and as previously described (Swenson et al. 

2017; Winkelmann et al. 2015). For expression of β-cardiac myosin eGFP, C2C12 cells 

(typically 20-30, 145 mm diameter plates) were differentiated and infected with 

recombinant adenovirus (5 x 108 PFU/ml) diluted into differentiation media as described 

previously (Swenson et al. 2017). The cells were harvested on day 10 and myosin eGFP 

was purified by FLAG affinity chromatography as described. The eluted M2β-HMM-

eGFP or M2β-S1-eGFP was then ammonium sulfate precipitated and dialyzed into 

MOPS20 buffer overnight at 4°C. M2β-HMM-eGFP and M2β-S1-eGFP was assessed for 

purity by coomassie stained SDS-polyacrylamide gels and concentrations were 

determined by eGFP absorbance (488 = 55,000 M-1cm-1) or Bradford assay using BSA 

as a standard.  

Actin and Reconstituted Regulated Thin Filament Preparation: 

For assays with F-actin, actin was purified from rabbit skeletal muscle using an 

acetone powder method (Pardee and Spudich 1982). The actin concentration was 

determined by absorbance at 290 nm (ε290= 2.66 x 104 M-1·cm-1). A molar equivalent 
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of tetramethylrhodamine (TRITC) phalloidin (MilliporeSigma, Burlington, MA) was added 

to stabilize and fluorescently label the F-actin. Calcium-regulated native thin filaments 

were prepared from mouse ventricular tissue and TRITC-labeled as described previously 

(Mun et al. 2014). 

Standard In Vitro Motility Surface Assay: 

Flow chambers were created using tape placed ~3 mm apart on a glass slide to 

adhere coverslips coated with 0.1% collodion in amyl acetate (Electron Microscopy 

Sciences, Hatfield, PA). For standard gliding assays with β-cardiac myosin eGFP, 

myosin was attached to coated coverslips through GFP nanobody with an encoded 

SNAP protein bound to oligonucleotides annealed to single-stranded DNA nanotube 

handles (Sommese et al. 2016). Briefly, GFP nanobody SNAP was incubated in flow 

chambers at ~0.5-1 μM for 4 minutes. Excess GFP nanobody SNAP was washed out, 

and the surface was incubated with assay buffer (AB: 20 mM Imidazole, pH 7.5, 25 mM 

KCl, 4 mM MgCl2, 1 mM EGTA, 1 mM DTT) and BSA (AB.BSA: AB + 1 mg/mL BSA) for 

2 minutes. Finally, human β cardiac myosin at ~0.6-0.8 μM was incubated on the surface 

for 4 minutes and washed out with AB.BSA (for experiments with regulated thin 

filaments, flow cell was washed with pCa 5 buffer containing an appropriate CaCl2 

concentration calculated using Max Chelator from UC-Davis). The final actin imaging 

solution was added containing tetramethylrhodamine (TRITC) phalloidin-labeled 

(Invitrogen, Waltham, MA) F-actin (or regulated thin filaments in pCa 5 buffer), 0.1% 

methylcellulose, 2 mM ATP, 1 mM phosphocreatine, 0.1 mg/mL creatine-

phosphokinase, 45 µg/mL catalase, 25 µg/mL glucose oxidase, and 1% glucose. Flow 

cells were imaged at 1000x magnification on a Nikon (Tokyo, Japan) TiE microscope 

equipped with a 100x 1.4 NA Plan-Apo oil-immersion objective, 1.5x magnifier, Nikon 

Perfect Focus System, mercury arc lamp, Evolve EMCCD camera (512 pixel x 512 pixel; 
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Photometrics), and Nikon NIS-Elements software. All in-vitro motility assays were 

performed at room temperature (20-23°C). 

Standard Nanotube Assay: 

The standard nanotube assay, previously reported and characterized (Hariadi et 

al. 2015), was presented for comparison in Figure 3.2b. At room temperature (20-23°C), 

nanotubes were attached to the coverslip surface coated with 0.1% collodion in amyl 

acetate (Electron Microscopy Sciences, Hatfield, PA) using biotinylated-BSA at 0.1 

mg/mL in AB (AB: 20 mM Imidazole, pH 7.5, 25 mM KCl, 4 mM MgCl2, 1 mM EGTA, 1 

mM DTT) incubated for 4 minutes. Excess biotin-BSA was washed out and the surface 

was incubated with AB.BSA (AB + 1 mg/mL BSA) for 2 minutes. Next, neutravidin at 0.1 

mg/mL in AB.BSA was incubated for 4 minutes. AB.BSA was added to wash out excess 

neutravidin. Nanotubes were added at 2–5 nM concentration in AB.BSA.nt (AB.BSA + 

5–10 nM random DNA nucleotide mix to reduce non-specific interactions) and incubated 

for 4 minutes. Excess nanotubes were washed out of the chamber with AB.BSA.nt.  For 

attachment of β-cardiac myosin with eGFP, GFP nanobody SNAP at ~0.5-1 μM in 

AB.BSA.nt was incubated in flow chambers for 4 minutes. Excess GFP nanobody SNAP 

was washed out, and the surface was incubated with AB.BSA.nt for 2 minutes. Human 

β-cardiac myosin at ~0.6-0.8 μM was incubated on the surface for 4 minutes and 

washed out with AB.BSA.nt. The final actin imaging solution was added containing 

sheared tetramethylrhodamine (TRITC) phalloidin-labeled (Invitrogen, Waltham, MA) F-

actin (sheared to ensure actin filament lengths are shorter than ~5 μm nanotubes), 0.1% 

methylcellulose, 2 mM ATP, 1 mM phosphocreatine, 0.1 mg/mL creatine-

phosphokinase, 45 µg/mL catalase, 25 µg/mL glucose oxidase, and 1% glucose. For 

each flow cell, the actin channel was imaged as above at 0.5-3 second intervals for 2-3 
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minutes. For each actin video, several nanotube images were acquired of the same field 

of view for overlay.  

Nanosurf Assay: 

Flow chambers were created with nitrocellulose-coated coverslips as described 

above. At room temperature (20-23°C), nanotubes were attached to the coverslip using 

biotinylated-BSA at 0.1 mg/mL in AB (AB: 20 mM Imidazole, pH 7.5, 25 mM KCl, 4 mM 

MgCl2, 1 mM EGTA, 1 mM DTT) incubated for 4 minutes. Excess biotin-BSA was 

washed out, and the surface was incubated with AB for 2 minutes. Neutravidin at 0.1 

mg/mL in AB was incubated for 4 minutes. AB was added to wash out excess 

neutravidin. Nanotubes were added at 2–5 nM concentration in AB.nt (AB + 5–10 nM 

random DNA nucleotide mix) and incubated for 4 minutes. Excess nanotubes were 

washed out of the chamber with AB.nt.  For attachment of β-cardiac myosin with eGFP, 

GFP nanobody SNAP at ~0.5-1 μM in AB.nt was incubated in flow chambers for 4 

minutes. Excess GFP nanobody SNAP was washed out with AB.BSA.nt (AB.nt + 1 

mg/mL BSA), and the surface was incubated with AB.BSA.nt for 2 minutes. For assays 

with cMyBP-C, N-terminal fragments at ~0.2-0.6 μM in AB.BSA.nt were incubated for 4 

minutes, then washed out before the flow cell was incubated with AB.BSA.nt for 2 

minutes. Finally, human β-cardiac myosin at ~0.6-0.8 μM was incubated on the surface 

for 4 minutes and washed out with AB.BSA.nt (for experiments with regulated thin 

filaments, flow cell was washed with pCa 5 buffer containing an appropriate CaCl2 

concentration calculated using Max Chelator from UC-Davis). The final actin imaging 

solution was added, as described in the standard nanotube assay above. For each flow 

cell, the actin and nanotube channels were imaged as described above. Nanotubes with 

Cy3-labeled oligonucleotides incorporated into the annealing protocol and annealed to 

protein binding sites were imaged and used as a labeling control for Cy3-labeled 
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cMyBP-C fragments. Nanotubes were imaged and the Cy3 and Cy5 intensities were 

quantified by manually selecting individual nanotubes using ImageJ and normalizing the 

Cy3 intensity by the corresponding Cy5 intensity for each detected pixel.  

Actin Trajectory Analysis: 

Actin trajectories were analyzed using the ImageJ MTrackJ plug-in. Actin movies 

were corrected for any drift with the TurboReg plug-in. Actin and nanotube channels 

were merged, and movies were analyzed to identify actin-nanotube gliding events with 

filaments that move along DNA nanotubes for at least 4 frames (~1 sec). For the β-

cardiac myosin nanosurf assay, to clearly quantify filaments traveling on the nanotubes, 

we quantified velocities of the filaments that were first traveling on the coverslip surface, 

encountered a nanotube, and then turned sharply to glide across the nanotube. We 

recorded the velocity of the filament while it was on the nanotube surface as the 

nanotube velocity and the velocity of the filaments traveling on the surrounding coverslip 

surface in the nanosurf assay as nano-surface velocity.  

Statistical Analysis: 

Data are represented as mean values of pooled filaments ± SEM using n=82-514 

filaments per condition. Experiments were independently conducted at least three times 

from 3-8 independent protein preparations per condition. Statistical analysis was 

performed using Origin 9 (OriginLab Corporation, Northampton, MA). Statistical 

significance was calculated for individual experiments using paired Student’s t test. Data 

were pooled for each condition and paired or unpaired Student’s t tests were conducted 

to evaluate significance. One-way ANOVA with a Tukey’s posttest was performed to 

assess significance when evaluating comparisons between multiple conditions (Figures 

3.4d, 3.6c, and 3.6d) with P values *P ≤ 0.05 and ***P ≤ 0.001.  
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CHAPTER 4: Conclusions 

 

4.1. Project Summary 

 

4.1.1. Impact of G-peptides on Canonical GPCR Signaling: 

 

In conclusion, we have used protein engineering techniques, including SPASM and 

the incorporation of ER/K α-helices, to characterize the impact of weak, transient 

interactions in the G-protein environment on canonical GPCR signaling. GPCR priming 

appears to be another layer of regulation to the classic GPCR ternary-complex model, 

with impacts on signaling multiplicity and functional selectivity. Previous work from our lab 

has demonstrated this priming effect between non-cognate Gq protein and β2-adrenergic 

and Dopamine receptors, resulting in increased cAMP corresponding to increased 

signaling through the cognate Gs pathway (Gupte et al. 2017, 2019). This phenomenon 

has also been demonstrated for non-cognate Gs protein on the canonical Gq-coupled 

receptor, vasopressin.  However, the α1-adrenergic receptor did not exhibit priming, 

suggesting it is receptor-specific (Gupte et al. 2017). This study investigating the impact 

of the G-protein environment in CB1 and A1R receptors provides a framework for how 

priming occurs in promiscuous Gi and Gq-coupled receptors. These results have 

implications for the development of functionally selective ligands for A1R and CB1. The 

ability to develop functionally selective therapies would be particularly pertinent for CB1, 

which signals through the Gi pathway producing euphoria and analgesia upon THC 

binding (Agarwal et al. 2007; Ibsen, Connor, and Glass 2017). The physiological effects 

of CB1 signaling through Gs, Gq, and non-G-protein mediated pathways are unclear due 

to the lack of biased ligands targeting these pathways. The development of functionally 
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selective ligands would allow for the exploration of any therapeutic benefit of these 

pathways while potentially mitigating the euphoric effects.   

Further studies will be needed to characterize priming in other receptors and to resolve 

the mechanism of priming. Our group has previously shown that non-cognate Gα peptides 

exhibit more shallow binding compared to cognate interactions (Semack et al. 2016). 

Additionally, we contributed data to a complementary study which suggests non-cognate 

G-proteins interface with latent intracellular GPCR cavities but dissociate due to weak and 

unstable interactions. Further, we found that these cavities could be tuned by mutagenesis 

or evolved to alter G-protein selectivity (Sandhu et al. 2019). Priming may be particularly 

significant with the emerging concept of signal compartmentalization where the signal 

output can vary based on the cellular context (Calebiro et al. 2021). Interestingly, studies 

on intact cells and tissues have noted the existence of spatial compartmentalization in 

receptor signaling with the possibility of locally higher concentrations of signaling 

molecules, including G-protein signaling at intracellular sites (Calebiro et al. 2021). 

While these non-cognate interactions may be weak, transient interactions that do not 

precipitate G-protein activation, our study confirms these interactions can have a 

significant impact on canonical signaling in multiple G-protein pathways (Gupte et al. 2017, 

2019; Touma et al. 2020). The mechanism of priming is still being understood, however 

data from our lab supports a sequential mechanism of interaction at the cognate site. 

Using SPASM FRET sensors, our group found that Gα C-terminal peptides altered the 

conformation of the prototypical Gs-coupled β2-AR receptor (Gupte et al. 2019). We found 

that this primed conformation persisted for approximately 90 seconds and led to enhanced 

cognate G-protein activation and downstream signaling. Our studies provide evidence that 

the GPCR-G-protein interaction may be a valuable target for functionally selective drugs 

to tune therapeutic response to target specific GPCR signaling pathways. 
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4.1.2. Characterizing Sarcomeric Interactions with the Nanosurf Assay: 

 

We have established a nanosurf assay for the characterization of β-cardiac myosin 

ensembles. The synthetic thick filament mimics the protein interactions in the native 

sarcomere, allowing us to probe the cMyBP-C interactions essential for contractile 

regulation. We had previously used a nanotube assay to characterize myosin V and VI, 

which spend a large portion of their ATPase cycles bound to actin (Hariadi et al. 2015). β-

cardiac myosin, however, operates in muscle ensembles, and therefore individual motors 

spend only a small percentage of the ATPase cycle bound to actin (Uyeda, Kron, and 

Spudich 1990; D. E. Harris and Warshaw 1993). To improve the poor actin-landing rate 

associated with β-cardiac myosin in the traditional nanotube assay, we created the 

nanosurf assay by combining traditional surface gliding assays with nanotube assays. 

With β-cardiac myosin loaded on both the nanotube and the surrounding surface, an 

enhanced actin landing rate also increased the probability of motile events on nanotubes. 

We characterized the nanosurf assay and found that increasing the spacing of β-cardiac 

myosin on synthetic thick filaments from 14 nm to 28 nm intervals did not impact thin 

filament motility. We could therefore increase β-cardiac myosin spacing and incorporate 

cMyBP-C. 

The structure of the β-cardiac myosin nanosurf assay creates the ideal architecture to 

mimic cMyBP-C interactions with actin and/or myosin in the sarcomere. For the first time, 

we incorporated cMyBP-C N-terminal fragments with β-cardiac myosin on a DNA 

nanotube. We recapitulated inhibition by cMyBP-C N-terminal fragments, C0-C2 and C1-

C2, with both β-cardiac myosin S1 and HMM. Myosin HMM contains the myosin S2 region 

that is thought to interact with the myosin S1 motor domain, forming an auto-inhibited 

super-relaxed (SRX) state (Nag et al. 2017). cMyBP-C is thought to interact with the 
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myosin S2, stabilizing the SRX. Therefore, inhibition of β-cardiac myosin HMM nanotube 

motility by cMyBP-C fragments may be due to interaction with actin or the myosin S2, by 

stabilizing the auto-inhibited SRX. Myosin S1, however, lacks this S2 region and therefore 

cannot form the SRX. Yet, myosin S1 nanotube motility is also inhibited by cMyBP-C 

fragments. This suggests that inhibition of β-cardiac myosin nanotube motility by C0-C2 

and C1-C2 fragments in our nanosurf assay may be due to cMyBP-C interaction with actin 

rather than myosin. This agrees with recent in vivo super-resolution data suggesting the 

N-terminus of cMyBP-C is positioned predominantly near the thin filament 

(Rahmanseresht et al. 2021). These results are consistent with many other studies 

suggesting the cMyBP-C inhibitory effect in vitro may be due in large part to its interaction 

with actin (M.J. Previs et al. 2012; Mun et al. 2014; Luther et al. 2011; Kensler, Shaffer, 

and Harris 2011; S. P. Harris et al. 2016; M. Previs et al. 2015; Risi et al. 2021; Michael J. 

Previs et al. 2016; Shaffer, Kensler, and Harris 2009). 

To determine which cMyBP-C domains are critical for this inhibition, we utilized a 

shorter C0-C1f N-terminal fragment which was previously characterized as the minimally 

sufficient fragment required for actomyosin inhibition in a standard surface gliding assay 

(A. Weith et al. 2012). The C0-C1f fragment contains the first 17 amino acids of the M 

domain, including several C-terminal arginine residues. However, the C0-C1f fragment 

does not include the four phosphorylatable serines present in the full M-domain. A 

previous study concluded that the C-terminal arginine residues in C0-C1f were likely 

sufficient and responsible for actomyosin inhibition (A. Weith et al. 2012). In our nanosurf 

assay, however, we did not observe inhibition of β-cardiac myosin nanotube motility by 

C0-C1f. This may be due to the precise positioning of the C0-C1f fragment and orientation 

of the C-terminal arginine residues on the nanotube. However, it appears that the entire 

M-domain is crucial for β-cardiac myosin inhibition in our nanosurf assay. Partial release 



77 
 

of cMyBP-C inhibition by phosphomimetic fragments also highlights the regulatory 

capability of the phosphorylatable serines in the M-domain. In summary, the nanosurf 

assay is an effective tool to mimic and dissect cMyBP-C interactions on a β-cardiac myosin 

synthetic thick filament. These transient interactions present a unique challenge, and this 

approach can be readily used to dissect numerous other weak, transient protein 

interactions. 

 

 

4.2. Future Directions 

 

 

4.2.1. G-Peptides in GPCR Signaling: 

 

While our studies demonstrate modulation of signaling through G-peptides, in many 

cases the impacts of the G-peptides were modest. Future studies can design mutations 

in G-peptides to improve selectivity and efficacy of GPCR signaling. Generation of 

mutations would initially focus on the C-terminus of the G-peptides. It has been 

established that the last three residues of this C-terminus are important for G-protein 

selectivity (Conklin et al. 1993). Our group has previously identified three hot spot 

residues in Gαs and Gαq peptides that contribute to selective interactions in the β2-AR 

and vasopressin V1AR receptors (Semack et al. 2016). In addition, we have found that 

the intracellular β2-AR cavity can be tuned by mutagenesis to alter G-protein selectivity 

(Sandhu et al. 2019), further highlighting our ability to enhance selectivity at the GPCR-

G-protein interface. However, potential hot spot residues for selectivity may be different 
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for CB1 and A1R compared to β2-AR. Mutant G-peptides can be screened with CB1 and 

A1R using multiple downstream assays (i.e. cAMP, IP1). This approach would help 

identify which peptides enhance or eliminate priming in these promiscuous Gi-coupled 

receptors, and which features or residues in these G-peptides may be key determinants 

for selectivity and efficacy. Peptidomimetics could also be screened alongside G-

peptides. Peptidomimetics mimic the G-peptides but are unnatural so they cross the cell 

membrane and can be potentially used directly as therapeutics. Identifying G-peptides or 

peptidomimetics with impacts on one particular G-protein pathway would be particularly 

useful for identifying mechanisms of selectivity. 

In addition to screening G-peptides, future studies could also screen CB1 ligands for 

differential effects. Finding ligands that selectively enhance Gi or Gq, or selectively 

impact priming, could help us understand how functionally selective ligands impact this 

mechanism. Understanding the characteristics of selective CB1 ligands, and their impact 

on priming, could aid in the development of functionally selective therapeutics targeting 

CB1. Screening peptides, peptidomimetics, and ligands for selectivity will help us 

understand the basis for G-protein selectivity, which is a crucial component to resolving 

the mechanisms of GPCR priming (Gupte et al. 2017, 2019). Our long-term goal is to 

elucidate the mechanisms by which GPCR interactions with non-cognate G-proteins 

modulate signaling through cognate G-proteins, which will be a critical step toward 

understanding how the cellular environment contributes to drug efficacy. The ability to 

enhance the selectivity of therapeutics would be a powerful tool to reduce harmful side 

effects from signaling through multiple G-protein pathways. 
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4.2.2. Characterizing β-cardiac myosin and cMyBP-C with Nanosurf Assay: 

 

Future work can continue to optimize aspects of the nanosurf assay. Our 

characterization of the nanosurf assay revealed a reduced nano-surface velocity which 

we attributed to the BSA-biotin and neutravidin used to attach nanotubes to the motility 

surface. It is unclear if the presence of these elements on the coverslip surface impacts 

motility on the nanotubes. The nanosurf assay does not currently have the optical 

resolution to determine if actin filaments are traveling exclusively on nanotubes, on the 

motility surface parallel to nanotubes, or if filaments traveling on nanotubes are interacting 

with surface elements. Significant slowing of filaments on C0-C2 and C1-C2 decorated 

nanotubes compared to the surrounding nano-surface suggests the interaction is specific 

to the nanotube. Nonetheless, the similar nanotube and nano-surface velocities observed 

in the cardiac myosin-only nanosurf assay make it difficult to resolve. Future studies and 

enhanced technology will be required to ensure filaments are traveling on the nanotube in 

the nanosurf assay. 

Our nanosurf data suggests cMyBP-C interactions with actin are the dominant 

contribution towards inhibition of β-cardiac myosin nanotube motility by cMyBP-C 

fragments. Given the many studies reporting myosin-cMyBP-C interactions, it is surprising 

that there is apparently no significant contribution from the myosin S2 interaction with 

cMyBP-C on nanotube motility inhibition (Gruen and Gautel 1999; Howarth et al. 2012; S. 

P. Harris et al. 2004; Ratti et al. 2011; Pfuhl and Gautel 2012; Nag et al. 2017). The role 

of myosin-cMyBP-C interactions in our assay is therefore unclear and can be a topic for 

future study. The current format of the assay lacks the resolution to observe interactions 

between cMyBP-C and myosin. Hence, this limits interpretation of the relative 

contributions of actin and myosin interactions in cMyBP-C regulation. A potential approach 
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to address this challenge would be the use of FRET to directly visualize interactions on 

the nanotube and correlate them to the effects on motility. FRET sensors can be placed 

between C0-C2 and myosin S2 on the nanotube. While the reach and conformational 

flexibility enabled by the DNA linkers and ER/K α-helices should enable interactions 

between cMyBP-C and β-cardiac myosin, a FRET assay would provide direct evidence 

for potential S2-cMyBP-C interactions.  

To further characterize the S2-cMyBP-C interaction, we can generate mutations in 

β-cardiac myosin that are implicated in HCM and have been hypothesized to disrupt this 

interaction. E924K and R870H are two HCM mutations in the β-cardiac myosin S2 that 

have been shown to abolish or reduce the interaction with the cMyBP-C fragment, C1-C2 

(Gruen and Gautel 1999). By investigating the impact of these mutations in our nanosurf 

assay, we can further clarify the role of the S2-cMyBP-C interaction. Although less likely, 

there is some evidence that cMyBP-C may also interact with another part of the myosin, 

for example the RLC (Ratti et al. 2011) or the S1 motor domain (Nag et al. 2017). HCM 

mutations in β-cardiac myosin S1 that lie along the putative ‘myosin mesa’ binding 

interface with cMyBP-C, such as R453C, R249Q, or H251N, substantially weaken the 

auto-inhibitory SRX interaction between the myosin S1 motor domain and the myosin S2 

proximal tail (Nag et al. 2017). We could investigate how these HCM mutations may also 

disrupt the myosin-cMyBP-C interaction and the impacts on ensemble function, leading to 

hyper-contractility. As a negative control for the myosin-cMyBP-C interaction, protein 

spacing on the nanotube can be increased from 14 to 28 nm to ablate the myosin-cMyBP-

C interaction. Further investigation of the ‘myosin mesa’ may support a unified mechanism 

by which mutations in both β-cardiac myosin and cMyBP-C result in the HCM phenotype, 

affirming the importance of this protein interface as an emerging target for small molecule 

therapeutics. 
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In addition to HCM mutations in the myosin mesa, future studies can also utilize the 

nanosurf assay to investigate the structural mechanisms and impact of HCM mutations 

in other parts of the β-cardiac myosin motor. Using the nanosurf assay, we have 

recapitulated many elements of the native sarcomere without the high cost of animal 

model design. With the relative ease of expressing recombinant human β-cardiac 

myosin, we can incorporate β-cardiac myosin HCM mutants on synthetic thick filaments. 

Many currently unresolved questions in HCM would benefit from ensemble studies, 

including the question of how allelic imbalance in HCM contributes to disease 

phenotype. The existence of mixed mutant and wild type motor populations in most HCM 

cases has made the correlation between genotype and disease phenotype more difficult 

(Tripathi et al. 2011). The majority of HCM mutations in β-cardiac myosin are missense 

mutations, resulting in incorporation into the sarcomere and disruption of normal 

sarcomeric function (Marsiglia and Pereira 2014). Most HCM patients are heterozygous 

for these mutations, which should result in about 50% incorporation of mutant protein in 

the sarcomere (Tyska et al. 2000). However due to allelic imbalance, the relative ratio of 

mutant to wild-type (WT) myosin can range from less than 20% to upwards of 70% of 

motors. Studies have shown the fraction of mutated protein varies depending on the 

specific HCM mutant, and that it correlates with both disease severity and the extent of 

functional changes at the sarcomeric level (Tripathi et al. 2011; Witjas-Paalberends et al. 

2014). DNA nanotubes uniquely enable the precise manipulation of defined motor 

populations. To understand how WT and mutant motor populations contribute to altered 

sarcomeric function in allelic balance, different ratios of mutant to WT motors can be 

patterned onto a synthetic thick filament. Increasing the population of mutant motors 

may have a non-linear, disproportional impact on ensemble velocity. Initially, this effect 

could be examined with the well-characterized HCM mutation, R403Q, near the actin-

binding interface. However, there are numerous other β-cardiac HCM mutations that 
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would be good candidates for investigation of allelic imbalance. We can also dissect the 

effects of altering other parameters including stiffness of connection, load, and spacing 

of myosin on the nanotube. Overall, this approach would provide insight as to how allelic 

imbalance may be contributing to pathogenicity in HCM and would help establish 

connections between genotype and disease phenotype. 

The nanosurf assay is also the ideal approach to investigate the impact of HCM 

mutations in cMyBP-C, and haploinsufficiency, on contractile function. The majority of 

HCM mutations in MYBPC3 are frameshift mutations resulting from deletions or insertions, 

leading to a truncated protein with no function. Therefore the HCM disease mechanism in 

cMyBP-C may be the result of haploinsufficiency, where the protein is not incorporated 

into the sarcomere (Marsiglia and Pereira 2014). Loss of wild-type cMyBP-C in 

haploinsufficiency may result in loss of the high calcium “brake pedal” effect, leading to 

hypercontractility (Michael J. Previs, Michalek, and Warshaw 2014). Using the nanosurf 

assay, we could investigate how alterations in cMyBP-C density and pattern, mimicking 

cMyBP-C HCM-associated haploinsufficiency, impacts ensemble function. Experiments 

could also be performed at a range of calcium concentrations with regulated thin filaments 

to better understand how alterations in cMyBP-C density impact thin filament activation. 

Our current assays have focused on the role of cMyBP-C N-terminal domains C0-C2, 

however additional cMyBP-C domains could also be incorporated to potentially alter 

cMyBP-C interactions. Overall, the controlled environment of the synthetic thick filament 

will uniquely enable the characterization of HCM mutations, particularly in the context of 

allelic imbalance and cMyBP-C haploinsufficiency. Our long-term goal will be to elucidate 

the mechanisms by which HCM mutations modulate sarcomeric function, which will be a 

crucial step toward the development of small molecule therapeutics.  
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