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Abstract 

 

A fine balance between contraction and relaxation is crucial for the heart to function properly. 

But often the heart cannot contract with enough force to meet the demands of the body. This 

condition, called systolic heart failure, is the leading cause of death in the modern society. A common 

treatment consists in the administration of positive inotropes, which induce more forceful 

contractions. However, traditional inotropes carry serious adverse effects in the long term. An 

emerging group of therapeutics, called calcium sensitizers, also enhance contraction but without 

posing the risks associated with traditional inotropes. Thus, calcium sensitizers are a promising 

alternative in the search for better therapies for the treatment of heart failure. 

 

Calcium sensitizers act directly on the contractile proteins of the heart muscle. One of these 

proteins, troponin, regulates contraction in a calcium-dependent manner in cardiac and skeletal 

muscle. Troponin is composed of C, I, and T subunits. Troponin C and troponin I associate in the 

presence of calcium to form the regulatory complex that triggers contraction. Modifications to 

troponin, such as mutations, phosphorylation, and its interaction with small molecules, have an impact 

on the relaxation-contraction equilibrium of the heart. It is clear that the interaction of troponin with 

calcium sensitizers favors cardiac contraction. Another modification to troponin that favors 

contractility is the A162H mutation. However, their mechanisms of action are not fully understood. 

Thus, the general purpose of this thesis is to provide insight into the molecular mechanism of 

enhancement of cardiac contraction by these two changes on troponin. 

 

To accomplish this objective I mainly used nuclear magnetic resonance (NMR) spectroscopy to 

characterize the effect of the A162H substitution on cardiac troponin, and the interaction of cardiac 

troponin with several calcium sensitizers. I determined the biochemical and structural details of the 

cardiac troponin C-troponin I (A162H) interaction using NMR spectroscopy. I also investigated these 

details in skeletal troponin I as a means of comparison. In addition, I designed a troponin C-troponin I 

chimera to better study their interaction with small molecules. I screened potential drugs that target 
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the troponin C-I interface using that chimera. I designed and synthesized a covalent calcium sensitizer 

(i9) that binds to troponin C. I carried out the reaction of i9 with troponin in a variety of conditions to 

verify the mechanism by which small molecules sensitize troponin. I also resorted to muscle fibers to 

study its physiologic effect. And because structure dictates function, I determined two independent 

NMR structures of troponin C bound to calcium sensitizers to correlate with the data already gathered. 

 

The main findings of this work indicate that the mechanism of action of the A162H substitution 

consists of an increase in the affinity of troponin I for troponin C, as well as a conformational change of 

troponin I that favors contraction in the context of the thin filament. Another major conclusion of this 

thesis is that effective calcium-sensitizers primarily stabilize of the open conformation of the N-domain 

of troponin C, having an increase in affinity of troponin I for troponin C as a secondary but desirable 

effect. The elucidation of these mechanisms may aid the design of effective therapies that target 

troponin to enhance contraction and bring balance back to the diseased heart. 
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Preface 

 

Most of the research conducted for this thesis is the result of teamwork. The literature review 

in Chapter 1, the final conclusions in Chapter 11, and the ideas for future work in Appendix B are my 

original work. Most of the remaining chapters have been published previously, as detailed in the first 

paragraph of each chapter. The exceptions are Chapter 7 and Chapter 10, which contain unpublished 

data. All the work is presented in the order that attains the best readability of this thesis; thus, 

published material is not in chronological order. In the following paragraphs I detail the author’s 

contributions to each chapter. 

 

In preparing Chapter 2, I was responsible for data collection and result analysis as well as 

manuscript writing including the preparation of figures. Ian M. Robertson, Monica X. Li, and Brian D. 

Sykes were involved in discussion of results and manuscript editing. Brian D. Sykes led the research. 

 

For Chapter 3, I had a major role in the discussion and interpretation of the results. I was also 

involved in manuscript editing. Ian M. Robertson and Peter C. Holmes collected and analyzed the data. 

Ian M. Robertson wrote the manuscript. Olga K. Baryshnikova and Brian D. Sykes developed the pulse 

sequence for the 1H, 13C HCBCGCO NMR experiment (Baryshnikova, O. K. (2008). Cardiomyopathy 

mutations in cardiac troponin C: functional and structural consequences (Doctoral thesis) University of 

Alberta, Edmonton. Canada). Brian D. Sykes led the project. All authors were involved in manuscript 

editing. 

 

In developing Chapter 4, I performed all of the experiments involving the peptide 

cTnI(A162H)144-170 and had a major role in interpretation of results. Ian M. Robertson and Peter C. 

Holmes collected the rest of the data. Ian M. Robertson and I prepared the manuscript and figures. 

Brian D. Sykes directed the research. All authors were involved in manuscript editing. 

 

I performed all of the experiments reported in Chapter 5. I was also responsible for analysis 

and interpretation of the results as well as preparation of the manuscript and figures. Ian M. Roberson 

was involved in troubleshooting during structure determination and discussion of the results. Brian D. 

Sykes guided the research. All three authors helped review and edit the manuscript. 

 

I helped design the cChimera construct reported in Chapter 6. I also performed all the 

experiments, analyzed the results, and wrote the manuscript. Olivier Julien and Brian D. Sykes 

conceived the project and were involved in experimental design, discussion of the results, and 

manuscript editing. 
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Chapter 7 contains unpublished data. Brian D. Sykes and I designed the i9 molecule. Brian D. 

Sykes and I also synthesized i9 with advice from John Corrie. I initially labeled all the proteins with i9 

and determined the structure of cChimera-i9. Esther Joo-Young Lee also assisted in protein labeling 

with i9 and NMR sample preparation. In the laboratory of our collaborator, Dr. Malcom Irving at King’s 

College London, Ian M. Robertson reconstituted the cTnC(C35S)-i9 protein into rat ventricular 

trabeculae and performed Ca2+ titrations. I analyzed the results, and composed the manuscript. Ian M. 

Robertson also helped in manuscript composition. Brian D. Sykes led the research and helped review 

the manuscript. 

 

For Chapter 8 and Chapter 9, Ian M. Robertson and I collected and processed the data, 

analyzed the results, and wrote the manuscript. Brian D. Sykes led the project and was also involved in 

manuscript editing. 

 

The work reported in Chapter 10 has not been published and is the result of a collaboration 

with Drs. Peter M. Hwang at the University of Alberta, Andrew McCammon at the University of 

California San Diego, and Dr. Maurizio Pellecchia at the Sanford-Burnham Medical Research Institute. I 

performed all the experiments reported and analyzed the data. Peter M. Hwang suggested five 

compounds to titrate into cChimera. Steffen Lindert performed in silico screening of the NCI library. 

Lloyd Slivka and Ziming Zhang performed initial NMR screening of the compound library at the 

laboratory of Dr. Pellecchia. 

 

For the work presented in Appendix A, I helped to develop the fluorescence assays used for 

assessing Ca2+ binding with the assistance of summer students Eric Chan and Cathy Qin. Peter M. Hwang 
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CCHHAAPPTTEERR  11 

Introduction 

 

The finest balance must exist between relaxation and contraction of the heart to guarantee 

healthy heartbeat dynamics. But often the heart is unable to relax or contract properly, a condition 

called diastolic or systolic heart failure, respectively. Thus the failing heart cannot pump enough blood 

to meet the oxygen and nutrient demands of the body. Heart failure remains the leading cause of 

death in the world. Various disorders, such as ischemic heart disease and dilated cardiomyopathy, can 

progress to a failing heart. A current treatment to overcome the contractile dysfunction characteristic 

of systolic heart failure consists of the administration of medications (called inotropic agents) that 

induce forceful contractions. But far from real benefits, adverse effects and increased mortality have 

been observed from their use. This reflects the need for better therapies to treat heart failure. 

 

After more than twenty years of remarkable research the molecular mechanism of contraction 

in the cardiac muscle is now better understood. Amongst the multiple players, troponin plays a key role 

in the regulation of muscle contraction. Troponin is a protein complex found on the thin filament that 

leads to contraction in response to a high concentration of ionic calcium (Ca2+) inside the muscle cell or 

cardiomyocyte. Because of its regulatory role, it seems logical to directly target troponin with drugs in 

order to alleviate contractile dysfunction. Instead, all traditional inotropes induce an increase of Ca2+ 

inside the cardiomyocyte. This stimulates troponin indirectly but at the expense of favoring the 

development of arrhythmias and cell death due to Ca2+ overload. Only the novel therapy of Ca2+ 

sensitization has troponin as a central target. Yet, the benefits of the best clinically characterized Ca2+ 

sensitizer, levosimendan, remain controversial since a decrease in mortality was observed in one but 

not confirmed in two subsequent clinical trials. 

 

Structural biology plays an essential role in the investigation of protein-drug interactions. 

However, there is a limited amount of structures of troponin in complex with Ca2+ sensitizers. Although 

these structures shed light into the mechanism of action of Ca2+ sensitizers, there is no single effect on 

troponin that consistently explains sensitization. For example, the binding site on troponin is different 

for different sensitizers. While some seem to rely on enhancing intersubunit interactions in troponin, 

some others weaken those same interactions. The case of levosimendan is even more uncertain since 

the structure of a troponin-levosimendan complex remains elusive. Thus, a unifying principle for Ca2+ 

sensitization is needed to truly take advantage of structural biology in rational drug design. 

 

Despite extensive study of cardiac contraction, our scientific community has not found an 

effective way to enhance the contractility of the failing heart. But perhaps the answer lies on the 
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understanding of the diseased heart. In this regard, the study of ischemic heart disease has brought to 

the attention of health researchers a natural modification on troponin that favors contraction. This key 

change consists of a histidine residue in the skeletal and fetal cardiac isoforms of troponin that 

maintains contraction during myocardial acidosis. The histidine is swapped to an alanine in the adult 

cardiac isoform to favor relaxation and ensure proper diastole. Introducing the histidine in the cardiac 

isoform (A162H substitution) offers tremendous benefits for the diseased heart including retention of 

contraction under acidic conditions. This opens new avenues for potential treatments of contractile 

dysfunction, such as the design of small molecules that mimic the effect of A162H substitution and 

gene therapy that targets troponin. 

 

The development of new therapies to enhance cardiac contraction is in an early stage, ideal for 

introducing innovative alternatives. However the mechanisms of action of the A162H substitution or 

Ca2+ sensitization are not fully understood. This thesis aims to aid both predicaments by providing a 

detailed structural assessment of two modifications of troponin that favor contraction. First, the A162H 

substitution will be examined in order to explain its unique effect on enhancing cardiac performance. 

Then the interaction of troponin with a pair of small molecules will be assessed in order to shed light 

into the mechanism of Ca2+ sensitization. This new knowledge can hopefully be used as a starting point 

for the rational design of small molecules that target troponin to enhance cardiac contraction in the 

diseased heart. It may also provide evidence to support troponin as a target for gene therapy. 

 

To accomplish the purpose of this document the present chapter continues with a brief review 

of troponin (Tn) as a modulator of contraction in response to Ca2+ and Ca2+ sensitizers and lands on the 

research questions to be addressed here. Most of the following chapters have been previously 

published. Chapter 2 to Chapter 5 are dedicated to the biochemical and structural characterization of 

the A162H substitution by NMR spectroscopy. This includes the NMR structure of a cardiac troponin 

complex containing the A162H substitution that provided the final pieces to propose a model of 

contraction enhancement by this particular modification. A more focused view of troponin as a drug 

target is presented in Chapter 6 to Chapter 10. In Chapter 6, I report on the design and 

characterization of cChimera, a hybrid troponin system that provides more information about the 

mechanism of Ca2+ sensitization and serves as a stable target for NMR-based drug screening. Chapter 7 

and Chapter 8, each report on the structure of a drug molecule bound to troponin. Chapter 9 deals 

with the methodology involved in structure determination of protein-ligand complexes by NMR. The 

penultimate Chapter 10 extensively demonstrates the applicability of cChimera in drug screening. 

Finally in Chapter 11, I provide an overarching conclusion that incorporates all of the individual 

publications. Appendix A contains the full versions of other publications in which I have made a 

contribution, and Appendix B contains original ideas for future work.  
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The molecular mechanism of muscle contraction 

 

The muscle is a highly organized tissue with a repeating bundle-in-bundle structure that allows 

the contraction and relaxation of every moving part of the organism. Muscles are formed by fascicles, 

which are bundles of muscle cells or myofibers surrounded by connective tissue. At the same time, 

each myofiber is formed by bundles of myofibrils that contain the contractile proteins. Inside the 

myofibrils, the contractile proteins are organized into sarcomeres, the contractile unit of the muscle 

cell. This repeating arrangement of sarcomeres is what gives skeletal and cardiac muscles their striated 

appearance. The sarcomeres of skeletal muscle are regular and parallel, while those of cardiac muscle 

are branched at irregular angles. However, the structure of the sarcomere and the general mechanism 

of contraction is the same in these muscle types1. Each sarcomere is formed by regular arrangements 

of protein filaments; the thin filaments are mostly composed of actin and attached to the Z-line on 

each side of the sarcomere, the thick filaments are mainly formed by myosin and are attached to the 

middle M-line of the sarcomere (Figure 1.1 A). This arrangement allows the shortening of the 

sarcomere to occur from both sides toward the center when the thin filaments slide past the thick 

filaments1,2. 

 

The thick filament contains the motor protein myosin that interacts with the thin filament to 

form strong cross-bridges and produce contraction. Myosin is formed by two heavy chains, two essential 

light chains (ELC), and two regulatory light chains (RLC). The heavy chains of myosin constitute the 

backbone of the thick filament as they form a coiled-coil along most of their length. The N-terminal 

globular heads of myosin, named subfragment 1 (S1), protrude out of the thick filament at regular 

intervals of 14.3 nm. The S1 heads interact with adjacent actin filaments to generate force. In the 

center of the thick filament, by the M-line, the myosin molecules interact head-to-tail to form a 

bipolar polymer. In this bipolar configuration, the thick filament is competent for shortening of the 

sarcomere from both sides (Figure 1.1 B). The thick filament also contains scaffolding C-, X-, and H-

proteins that hold the myosin bundles together. In addition, the M-protein connects the thick filaments 

together in the M-line, while titin contributes to the elasticity and stability of the sarcomere1,2. 

 

The thin filament is formed by actin, tropomyosin and troponin (Figure 1.1 C), and is the major 

site of regulation of muscle contraction by Ca2+. The backbone of the thin filament is formed by actin 

monomers (globular actin) polymerized into filamentous actin (F-actin) with a double-stranded helical 

structure. Each actin monomer in F-actin has two sub-domains exposed to the solvent available to bind 

myosin. Wrapped around the F-actin helix lays tropomyosin (Tm); a long -helical protein that forms a 

coiled-coil dimer. Each Tm spans seven actin monomers on each side of the F-actin helix. Adjacent Tm 

molecules interact in a head-to-tail configuration along the entire F-actin filament. The overlapping 

regions between contiguous Tm molecules have been shown to be important for binding of Tm and of 
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S1 to actin1-3. The position of Tm on the actin filament changes during the contraction cycle, at low 

cytoplasmic Ca2+ concentrations Tm blocks the myosin-binding sites on actin. Binding of Ca2+ to Tn 

induces a cascade of events that result in the movement of Tm deep in the F-actin groove to expose 

the actin sub-domains that bind myosin and allow cross-bridge formation3. One troponin (Tn) 

heterotrimer binds on the Tm-Tm overlap region and functions as the Ca2+ sensor. Tn regulates the 

association of F-actin to myosin in response to Ca2+ and will be the focus of our discussion in the 

following section. 

 

 

 

Figure 1.1. Schematic representation of the sarcomere. 

A: relative position of thin and thick filaments in the structure of a sarcomere. B: the structure of the 

thick filament showing the coiled-coil structure of myosin (left) and the bipolar configuration of a 

myofilament polymer (right). C: relative localization of tropomyosin and troponin along F-actin in the 

thin filament. (From Sorsa et al. 20041). 

 

In the sliding filament mechanism ATP provides the energy for the cross-bridges to produce 

force. The cross-bridge cycle (Equation 1-1) involves the rapid binding of ATP to actomyosin followed 

by rapid dissociation of actin from myosinATP. Binding of ATP also induces the myosin heads to move 

further along the actin filament. Next, ATP is hydrolyzed to ADP and inorganic phosphate (Pi) that 

remain bound to the myosin head. The myosin head then binds weakly to actin and a small 
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structure of cCTnC∙cTnI14 (residues 128-147) shows a helix spanning residues 134-139 that interacts 

with helices E and H of cCTnC, an extended conformation15 and a –hairpin16 have also been suggested 

for sTnI by other groups. However, a growing number of evidence supports a helical structure for this 

region in sTnI17,18 and cTnI.14,19,20 Finally, the C-terminal region of cTnI is shown as unstructured in the 

NMR structure of cNTnC∙cTnI (residues 147-163)21 and one molecule of the asymmetric unit in the x-ray 

structure of the cTn core domain11, but in the other molecule, this region forms a long helix. 

Fluorescence anisotropy data indicates that this region remains flexible in solution22 suggesting that the 

helix observed in the x-ray structure may be an artifact of crystal packing. 

 

TnT is the largest (31-36 KDa) subunit of Tn and makes the most diverse interactions as it binds 

to TnI, TnC, and Tm. Alternate splicing around the N-terminal site of TnT yields multiple isoforms that 

vary during development. Two fragments named T1 and T2 are distinguished based on digestion by 

chymotrypsin. T1 is the N-terminal fragment and it binds the Tm-Tm overlap regions to confer 

cooperative binding of the myosin heads to the thin filament. T2 is the C-terminal fragment included in 

the x-ray structure of the core domain of cTn where it shows two helices that interact with cTnC and 

cTnI. Helix 1 interacts with the cTnT-binding region of cTnI. Helix 2 makes a coiled-coil interaction 

with the C-terminal side of the cCTnC-binding helix of cTnI, but also interacts with cCTnC4,23. 

 

Troponin as a regulator of contraction 

 

Tn is subject to regulation by Ca2+ binding to TnC and phosphorylation at different sites of the 

TnI and TnT subunits. For the purpose of this document, we will focus mainly on Ca2+ binding to TnC. 

This process is very similar for the skeletal and cardiac muscle but the differences will be clearly 

specified. Its understanding will prepare the reader to appreciate the mechanism of action of Ca2+ 

sensitizers. Another focus point will be phosphorylation on the cardiac specific N-terminal extension of 

cTnC. Regulation by phosphorylation in this region is one of the mechanisms that the heart has evolved 

to favor relaxation and guarantee proper heartbeat dynamics. 

 

The overall structure of the Tn complex remains relatively constant during Ca2+ activation; 

however, the inter-subunit interactions change substantially. Upon Ca2+ release from the sarcoplasmic 

reticulum, the cytosolic concentration of Ca2+ increases by ten-fold. Ca2+ then binds to the regulatory 

N-domain of TnC and promotes the binding of the switch region of TnI to NTnC. However, this process 

occurs in a different manner for cardiac and skeletal muscle. Comparing the structures of sTnC in the 

absence and presence of Ca2+ 24 it is clear that Ca2+ induces a conformational change on sNTnC. Upon 

Ca2+ binding to sites I and II, the B and C helices of sTnC shift away from the N, A, and D helices 

towards an open conformation that exposes a hydrophobic patch to where the switch region of sTnI can 

readily bind. In contrast, in cTnC Ca2+ binding to cNTnC does not induce such a closed-to-open 
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biphosphorylation of S22/S23. It is proposed that the expansion of this helix stabilizes the N-terminal 

extension to weaken interactions with cNTnC12. 

 

Ischemic heart disease 

 

Ischemic heart disease is currently the number one cause of death in the world and it is 

expected to remain this way by 203033. Myocardial ischemia is characterized by reduced or absent 

blood flow to an area of the heart and is usually related to atherosclerotic disease of the arteries. In 

the acute phase, the rupture of the atheromatous plaque leads to the formation of a platelet plug in a 

major vessel. The obstruction deprives the cardiac cells of blood and oxygen which alters the 

metabolism of the myofiber. The obstruction also impedes the washout function of blood and causes 

accumulation of acidic products of metabolism and protons. This intracellular acidosis is the strongest 

determinant of life-threatening ventricular arrhythmias and is directly correlated with contractile 

failure34-36. The reduction in force development during myocardial ischemia is a direct result of 

reduced Ca2+ sensitivity of cTnC in the cardiac myocyte observed when the intracellular pH drops from 

7.4 to as low as 6.237,38. 

 

In contrast, neonatal hearts and skeletal muscle are not sensitive to acidosis. From the early 

70’s it had been known that the mechanical properties of adult and neonatal hearts were different, 

including a remarkable resistance to hypoxia in the immature hearts. In 1986 Solaro et al. suggested 

that such differences may be due to variations in the thin filament structure that occur during 

development, specifically in TnI or TnT39. In fact, the sTnI isoform characteristic of adult slow skeletal 

muscle is expressed in the fetal and neonatal hearts and later replaced by cTnI40. Solaro and coworkers 

also proposed a role for these variations on the pH sensitivity of the thin filament while studying the 

effect of hypercapnic[1] acidosis in adult and neonatal rat hearts41. This established a relation between 

pH-sensitivity and Tn developmental isoforms. 

 

It was later demonstrated that TnI plays a major role in determining the pH sensitivity of the 

muscle fiber. Metzger and collaborators reported that incorporation of sTnI in adult rat cardiac 

myocytes enhances Ca2+-dependent contractility under physiological and acidic (pH 6.2) conditions42. 

Both the Solaro and Metzger groups demonstrated that the region of sTnI that confers resistance to 

acidosis localizes to the C-terminus by incorporating specific cTnI-sTnI chimeras into adult rat cardiac 

myocytes and mouse cardiac fibers43,44. According to the differences in the sequences of sTnI and cTnI 

at the C-terminal region the Smillie group at the University of Alberta reported that an alanine to 

histidine substitution at position 162 of cTnI (the A162H substitution) prevents the drop in Ca2+ 

sensitivity of cTnC at low pH in ATPase assays38. They also showed that the reverse mutation in sTnI 

                                                 
[1] Hypercapnia refers to the accumulation of CO2 and is observed during myocardial ischemia. 
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and S23 was higher in the hearts of mice expressing cTnI A162H45. This could counteract the effect of 

A162H since phosphorylation of S22 and S23 is known to reduce Ca2+ sensitivity. Note that mice 

expressing sTnI show diastolic dysfunction46 as sTnI lacks the N-terminal extension containing the 

phosphorylation sites. However, it was later shown that baseline diastolic function of A164H mice is not 

different from the control group in a model of adrenergic blockade using esmolol as –blocker47. 

 

Although the A162H substitution has been shown to improve cardiac performance in ischemic 

conditions in vitro38, ex vivo and in vivo45, the underlying mechanism is not fully understood. Dargis 

suggested that the more positively charged histidine at low pH may stabilize the cNTnC-cTnI interface 

by interacting with glutamate(s) or aspartate(s) residues in cNTnC38. Day et al.45 added that this 

positive charge could weaken interactions with lysine or arginine residues in actin. In support of the 

first suggestion, the high resolution structure of the sTnC-sTnI complex18 shows close proximity 

between E20 of sTnC and H130 of sTnI (Figure 1.6 A) which suggests that these residues interact in 

skeletal muscle to stabilize the complex at low pH. In contrast, the structures of the cNTnC-cTnI 

complex18,19 show that the homologous residues E19 and A162 are far from each other, with A162 being 

on a presumably flexible region of cTnI (Figure 1.6 B). However, the lack of a high resolution structure 

involving cTnI A162H prevents a full understanding of the benefits of the A162H substitution for the 

failing heart. Elucidation of this structure and the mechanism of contraction enhancement by A162H is 

a major objective of this thesis as it constitutes a first step in the development of new therapies that 

mimic the A162H effect to restore contractile function. 

 

 
 

Figure 1.6. Relative position of H130 and A162 in sTnI and cTnI. 

A: Structure of sNTnC•Ca2+•sTnI (residues 115-131) (PDB ID: 1YTZ) showing the positions of E16, E20 

and H130, the expansion depicts the distances from E16 and E20 to H130. B: The structure of 

cNTnC•Ca2+•cTnI (residues 147-163) (PDB ID: 1MXL) shows the positions of the homologue residues E15 

and E19, the ensemble is shown for the switch peptide and the position of A162 is in red. 
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Inotropic therapy 

 

Inotropic agents constitute a group of medications that increase the strength of muscular 

contractions. Currently the first choice of treatment for patients with heart failure (enalapril), as well 

as its novel competitor (LCZ696), act by inhibiting the angiotensin-converting enzyme, which causes 

vasodilation48. Nonetheless, according to the European Society of Cardiology and the American Heart 

Association, inotropic therapy is indicated for patients with reduced cardiac output and low blood 

pressure. Patients with such characteristics represent 10-15% of all patients admitted for heart failure 

and present severe systolic and diastolic dysfunction. Inotropic therapy is currently the only treatment 

that can improve systolic function in those patients in the short-term. However, most inotropic agents 

are associated with long-term cardiac damage. This highlights the need for improved therapies that can 

offer higher benefit-to-risk ratios49. 

 

Traditional inotropic agents 

 

The adverse effects observed at long term are directly related to the mechanism of action of 

traditional inotropic agents. Arrhythmias, myocardial ischemia and necrosis are the most common 

harmful effects of inotropic therapy50. Phosphodiesterase 3 (PDE3) inhibitors and -agonists increase 

cyclic adenosine monophosphate (cAMP) and induce PKA-dependent phosphorylation of Ca2+ handling 

proteins including phospholamban. Phosphorylation of phospholamban activates the sarcoendoplasmic 

reticulum Ca2+-ATPase (SERCA) that pumps Ca2+ into the sarcoplasmic reticulum (SR). This in turn can 

result in Ca2+ overload of the SR and spontaneous release of Ca2+ into the cytoplasm that trigger 

arrhythmias. Inhibitors of the Na+/K+-ATPase also result in an increase of the concentration of 

intracellular Ca2+ 51,52. Thus, all of these positive inotropes pose a risk of Ca2+ toxicity to the 

mitochondria and consequently of cell death. In addition, they all show no improvement in mortality51. 

Therefore, medications that act by a different mechanism to enhance cardiac muscle contraction are 

necessary. 

 

Alternative inotropes that are currently under investigation act by a variety of different 

mechanisms. These include SERCA2a activators, ryonidine recepetor (RyR) stabilizers, and Na+/K+-

ATPase inhibitors which still are Ca2+ mobilizers. However, they alter Ca2+ homeostasis in a more 

balanced manner; for example, istaroxime has a dual mechanism of action: while it inhibits the Na+/K+-

ATPase to increase intracellular Ca2+ and improve systolic function, it also inhibits PDE3 which 

stimulates Ca2+ uptake by SERCA to improve relaxation. However, their effects on mortality are still to 

be determined49,51. Other novel groups of inotropes under investigation are cardiac myosin activators 

and Ca2+ sensitizers which do not influence Ca2+ mobility. 
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Bepridil has been shown to enhance Ca2+ binding to cNTnC in skinned muscle fibers53. In the 

absence of cTnI three bepridil molecules can bind cTnC54. In the x-ray structure of cTnC bound to 

bepridil55 there are three bepridil molecules. The structure has both domains of cTnC bound to each 

other by their hydrophobic cavities with the bepridil molecules in between the domains. Two of the 

bepridil molecules seem to be more superficial on the cNTnC-cCTnC interface. The third molecule is 

bound deeper into the hydrophobic cleft of cNTnC which is in the open conformation. However, in the 

presence of cTnI only one molecule binds to cNTnC with an estimated affinity of ~140 µM56. This 

indicates that cTnI blocks the other two bepridil binding sites. The NMR structure of cNTnC bound to 

the switch region of cTnI (residues 147-163) and bepridil57 shows one bepridil molecule bound deep in 

cNTnC. In this structure cNTnC is also in the open conformation; however, cTnI is slightly shifted away 

from the hydrophobic cleft compared to the cNTnC∙cTnI complex21. This is correlated with a decrease 

in the binding affinity of cTnI to cNTnC from 154 ± 30 µM to 550 ± 50 µM in the presence of bepridil. 

The affinity of bepridil for cNTnC is also decreased in the presence of cTnI from 23 ± 5 µM to 80 ± 15 

µM57. Thus, bepridil increases Ca2+ binding by stabilizing the open conformation of cNTnC despite 

reducing cTnI binding. 

 

Levosimendan is the best characterized Ca2+ sensitizer clinically but not structurally. It is a Ca2+ 

sensitizer approved for clinical use in Europe, Asia, South America and Australia58. Unlike other 

inotropes, levosimendan enhances cardiac contractility without increasing oxygen consumption, 

intracellular cAMP, or cytosolic Ca2+ concentrations at clinically relevant doses58,59. Administration of 

levosimendan also presents vasodilator, anti-ischemic, and cardioprotective effects58,60. At high 

concentrations levosimendan inhibits PDE3, but its positive inotropic effect is mainly due to its 

interaction with cTnC61. In the absence of cTnI, levosimendan has been shown to bind both domains of 

cTnC62,63. Nevertheless, in the presence of the cCTnC and cNTnC binding regions of cTnI, levosimendan 

binds only to the N-domain with an estimated affinity of 200 µM64. To date there is no three-

dimensional structure of levosimendan in complex with cNTnC and cTnI due to the short lifetime of this 

complex. Instead structural studies using x-ray scattering estimate that the binding site is close to the 

D/E linker between the domains of cTnC1. In addition, it has been found that cysteine 84 of cNTnC is 

essential for levosimendan binding since mutation of this residue to serine abolishes their interaction65. 

Binding of levosimendan to cNTnC does not affect the affinity for Ca2+ but stabilizes the cNTnC∙Ca2+ 

complex that initiates contraction66. 

 

Dfbp-o is an analogue of levosimendan that also induces Ca2+ sensitization on rat cardiac 

trabeculae. Dfbp-o binds to cNTnC with an affinity of 820 ± 190 µM which is increased to 380 ± 80 µM in 

the presence of the switch region of cTnI (residues 147-163). Importantly, dfbp-o enhances the binding 

of cTnI to cNTnC from 130 ± 10 µM to 60 ± 10 µM. In the NMR structure of cNTnC bound to cTnI 

(residues 147-163) and dfbp-o, cNTnC is in the open conformation67. The position and orientation of 
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cTnI is not changed compared to cNTnC∙cTnI on the structure of the core domain of cTnC11. This is an 

important difference with the structure of bepridil which has cTnI shifted away. Dfbp-o localizes to the 

hydrophobic cleft of cNTnC with the biphenyl moiety making multiple hydrophobic contacts with 

residues deeper in the cleft. The more hydrophobic part of dfbp-o contains an ether and a carboxylate 

group that make electrostatic interaction with solvent exposed residues toward the surface of cNTnC. 

Indeed the interaction between the negative carboxylate group of dfbp-o and arginine 147 of cTnI was 

proposed to be responsible for the enhanced binding of cTnI to cNTnC67. Thus the Ca2+ sensitizing 

effects of dfbp-o rely on stabilization of the open conformation of cNTnC and favorable interactions 

between cTnI and dfbp-o. 

 

EMD-57033 increases the Ca2+ sensitivity of force development in skinned muscle fibers without 

altering Ca2+ mobilization68,69. Its Ca2+ sensitizing effect is stereospecific. EMD-57033 is the (+) 

enantiomer of a racemate. The (-) enantiomer, EMD-57439, has only PDE-3 inhibitory effects but no 

Ca2+ sensitizing activity. In contrast to bepridil, levosimendan, or dfbp-o, EMD-57033 binds to the C-

domain of cTnC with a KD of ~10 µM. The NMR structure of EMD-57033 bound to cCTnC70 shows key 

interactions between the chiral methyl group of the drug and cCTnC that explain the stereospecificity 

of its binding. EMD-57003 is displaced completely by the cCTnC-binding region of cTnI (residues 34-71) 

but not by the inhibitory region (residues 128-147) since a stable cCTnC∙cTnI(128-147)∙EMD-57033 

ternary complex can be formed71,70. It has been suggested that EMD-57033 weakens the interaction of 

cTnI (residues 34-71) with cCTnC to enhance the binding of the C-terminal region and enhance the 

apparent Ca2+ sensitivity72. Then, EMD-57033 has a different mechanism of action compared to other 

Ca2+ sensitizers but it is more probable that this involves an effect on the myosin-actin interface than 

direct binding to cTnC. 

 

W7 is a calmodulin antagonist that inhibits the maximum ATPase activity and Ca2+ sensitivity of 

skeletal and cardiac muscle fibers73. It was shown to bind specifically to cTnC and not to 

tropomomyosin, actin or myosin74. In the absence of cTnI, W7 can bind to both domains of cTnC as 

shown by widespread chemical shift perturbations in NMR titrations75. But in the presence of the 

cCTnC-binding, inhibitory, and switch regions of cTnI it can only bind to the N-domain with a KD of ~500 

µM75. However, W7 causes a ~13-fold decrease in the binding affinity of cTnI (residues 147-163) for 

cNTnC from 154 ± 30 µM to 2000 ± 50 µM. The NMR structure of the cNTnC∙cTnI∙W7 complex76 shows W7 

binding in the hydrophobic groove of cNTnC in a similar way to other drug molecules that bind cNTnC. 

cNTnC is also in the open conformation accommodating both the drug and cTnI. In the structure cTnI is 

shifted away from cNTnC compared to the orientation observed in the x-ray structure of the core 

domain of cTnC. The naphthalene ring of W7 accommodates deeper into cNTnC than the aminohexyl 

tail which points to the solvent. From the structure, a repulsive interaction between the positively 

charged NH3+ group of W7 and arginine 147 of cTnI was correlated with the decrease in cTnI binding by 
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W7. This is similar to the effect of bepridil, which also decreased cTnI binding, but is contrary to the 

effect of dfpb-o, which increased cTnI binding due to attractive electrostatic interactions. Then W7 

may decrease Ca2+ sensitivity by perturbing the association of the switch region of cTnI to cNTnC. 

 

The reader can now appreciate that stabilization of the cTnC states that promote contraction 

are the main effects of Ca2+ sensitizers. The cNTnC•Ca2+ complex, the open state of cNTnC, and 

binding of the switch region of cTnI, all promote contraction. However, no single combination of such 

events seems to be definitive to cause sensitization. In all cases, even for the desensitizer W7, the 

open conformation of cNTnC is observed in the ternary structure of the drug bound to cNTnC•cTnI 

(switch region), except for levosimendan for which no structure is available. But, whereas Ca2+ binding 

is directly increased by bepridil, it is not by levosimendan. In addition, enhanced binding of cTnI is 

promoted by dfbp-o, and decreased by bepridil and W7, but the latest causes desensitization. 

Therefore, this thesis aims to provide more information to clarify the mechanism of action by which 

this group of drugs act on troponin. 
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This chapter begins the journey of discovering the mechanism behind the A162H substitution. It 

describes the interaction between the relevant troponin subunits C and I in the presence of A162H — 

namely, the pH dependence of the strength of binding and the determination of the acid dissociation 

constant (pKa) of A162H by NMR spectroscopy. Finally, these factors interconnect to reveal 

electrostatic interactions facilitated by protonated H162. A version of this chapter has been previously 

published: Pineda-Sanabria et al. (2013) Cardiovascular Research. 97: 481-489. 

 

Introduction 

 

Ischemic heart disease accounts for almost half of the deaths caused by cardiovascular diseases 

worldwide, which is the number one cause of death1. Ischemia results from reduced blood flow to the 

cardiac cells that deprives them of oxygen and causes accumulation of ions and products of 

metabolism; this results in the reduction of force, the increase of arrhythmias and ultimately cell 

death. The fall in force during myocardial ischemia is caused by the reduced Ca2+ sensitivity of the 

contractile protein troponin C2 (cTnC), as the pH in the heart muscle falls from normal values of 7.4 to 

values of 6.2 or lower3. In contrast to cardiac muscle, the force development of skeletal muscle is not 

compromised in an acidic environment. The explanation of this difference in sensitivity to acidosis has 

been the object of investigation in a number of studies4-7 and it was found that the thin filament 

protein, troponin I (TnI), plays a major role in the underlying mechanism. 

 

TnI forms part of the troponin complex, which regulates contraction in a Ca2+ dependent 

manner. In the cardiac system, the switch region of TnI comprising residues 147 to 163 interacts with 

the N terminal, Ca2+ binding domain of troponin C (cNTnC); this association causes the dissociation of 

cTnI from actin and the movement of tropomyosin that exposes the myosin binding sites on actin 

leading to cross bridge formation and generation of force7,8. Amongst the differences in sequences 
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between skeletal and cardiac troponin I isoforms (sTnI and cTnI, respectively), a single residue was 

identified9 to be responsible for the change in sensitivity under acidic environment: H130 in the slow 

(ssTnI) and fast skeletal isoforms. ssTnI is the major isoform in fetal and neonatal hearts, but it is 

replaced by adult cTnI shortly after birth7; it is also present in adults in slow-twitch muscles like the 

soleus muscles. 

 

The A162H substitution in the adult isoform of cTnI has been studied at different levels of 

biological organization to probe its effects on cardiac performance. It has been shown that the A162H 

substitution restores the Ca2+-sensitivity at pH 6.5 to that at pH 7 in a reconstituted human cardiac 

troponin-tropomyosin actomyosin system, and that the reverse mutation, H130A, in sTnI reduces Ca2+-

sensitivity to that of the cardiac system at low pH9. Using a transgenic mouse model, it was 

demonstrated ex vivo that the histidine substitution A164H, corresponding to human A162H, causes 

retention of contractility after exposure to ischemia mimetic solution in membrane intact adult cardiac 

myocytes and improves diastolic performance of isolated hearts after perfusion with acidic buffer. In 

an in vivo animal model, transgenic A164H mice showed more resistance to hypoxic and ischemic 

challenges maintaining contractility and improving survival compared to non-transgenic mice10, 11. 

 

Different molecular mechanisms have been proposed for the improvement in myocardial 

performance by the cTnI A162H substitution. One suggests that the increased positive charge of the 

histidine during intracellular acidosis leads to stronger interaction with glutamate or aspartate residues 

in cTnC9, or to weaker interactions with arginine or lysine residues in actin, or a combination. The 

other proposes the direct enhancement of sarcomeric Ca2+ activation as basal and peak Ca2+ levels are 

lower in A164H transgenic myocytes10. The interaction of cNTnC with sTnI, naturally containing H130, 

has been studied by nuclear magnetic resonance (NMR) spectroscopy. It was shown that H130 makes 

electrostatic interactions with cNTnC at low pH12 and computational analysis predicted that the 

electrostatic interaction between cTnC and sTnI is four times stronger than the interaction with cTnI13. 

 

This study examines the underlying interactions in the cardiac cTnC-cTnI interface that dictate 

myocardial improvement by the A162H substitution. We use NMR spectroscopy to study the interaction 

of Ca2+-saturated cNTnC with the switch peptide region of cTnI containing the A162H substitution under 

normal and acidic conditions, and a longer version containing the native histidine at position 171, 

downstream from H162. Our results show that the presence of H162 increases the affinity of cTnI for 

cNTnC at pH 7 and the increase is further enhanced at pH 6. To determine the interactions responsible, 

we determined the acid dissociation constant (pKa) for glutamate residues in cNTnC. The results show 

that E15 and E19 exhibit deviations in their pKa profiles, E15 has a shifted pKa and E19 shows biphasic 

pKa curves, and both residues display a common high pKa value that indicates an electrostatic 
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interaction with H162. H171 does not have the same effect as H162, because H171 is too far away to 

form salt bridges with E15 or E19. 

 

Experimental procedures 

 

Materials and sample conditions 

 

Human [15N]-cNTnC and [15N, 13C]-cNTnC proteins were purified from Escherichia coli strains as 

previously described14. Two switch cTnI peptides were independently titrated into cNTnC•Ca2+ at both 

normal (pH 7) and acidic (pH 6) conditions: 1) the mutated peptide (cTnI144-170 A162H) and 2) the native 

peptide (cTnI144-173). Both synthetic peptides were obtained from GL Biochem Ltd. (Shanghai, China); 

the sequences are shown in Table 3.1. In the present study we used a version placing H162 in a middle 

position to avoid having A162H in a highly flexible C-terminal region. 

 

All the NMR samples were 500 µL in volume and consisted of 100 mM KCl, 10 mM imidazole, 10 

mM CaCl2, 10 mM DTT and 0.25 mM 2,2-dimethyl-2-silapentane-5-sulfonate-d6 sodium salt (DSS-d6) as 

NMR internal reference. The initial concentration of cNTnC for each titration was determined by NMR 

spectral integration15. All the NMR experiments were acquired in a 500 or 600 MHz Varian Inova 

spectrometers at 30 °C. The 1D spectra were processed using VNMRJ v.2.21B (Varian Inc.) and the 2D 

spectra were processed with the NMRPipe16 suite and analyzed with NMRViewJ17. 

 

cTnI titrations into cNTnC•Ca2+ 

 

For all titrations, [15N]-cNTnC was Ca2+ saturated and a stock solution of the cTnI peptide of 

interest was prepared fresh in deuterated dimethyl sulfoxide (DMSO-d6); by the end of each titration, 

the addition of DMSO-d6 did not exceed 10% of the sample volume. The concentration of each cTnI 

stock solution was determined by NMR spectral integration analysis relative to the DSS-d6 standard. The 

pH was kept constant and adjusted with 1M NaOH or 1M HCl as needed. 

 

For the titration of mutated cTnI peptide into cNTnC at pH 7, a 5.79 mM stock solution of 

cTnI144-170 A162H was added in aliquots into a 72 µM cNTnC sample. The concentration of cTnI144-170 

A162H at each titration point was 0, 12, 103, 158, 212, 317, 418 and 656 µM. For the titration at pH 6, 

the initial cNTnC concentration was 126 µM, the cTnI144-170 A162H stock concentration was 3.7 mM, and 

the concentration of mutated peptide at each point was 0, 7, 22, 44, 65, 100, 149, 215 and 342 µM. 

 

For the titration of the native cTnI peptide, the initial concentrations of cNTnC at pH 7 and pH 

6 were 146 and 160 µM, respectively; the cTnI144-173 stock concentrations were 4.83 mM and 3.77 mM, 
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by using xcrvfit for monophasic curves and Wolfram Mathematica for biphasic curves as previously 

described12. The spread of the mean indicates the standard deviation (SD) of the fit. 

 

Results 

 

pH dependent affinities of cTnI144-170 A162H and cTnI144-173 for cNTnC•Ca2+ 

 

The sequence comparison of the two peptides used in this study is shown in Table 2.1. The first 

peptide is the wild-type cardiac sequence with a naturally occurring histidine at position 171; the 

second a slightly shorter version without H171 but, with alanine 162 mutated to histidine. In order to 

determine the affinities of the peptides for cNTnC, and to map the changes in binding under acidosis, 

we performed titrations of each into Ca2+ saturated cNTnC at pH 7 and pH 6 and monitored these 

titrations using 2D 1H, 15N correlation NMR spectroscopy. We used calcium saturating conditions since 

calcium association to cNTnC is necessary for cTnI147-163 switch peptide binding21. At low Ca2+ 

conditions, resembling diastole, weak or no binding at all is expected for the switch peptide. 

 

Table 2.1. KD ± SE for the binding of the native and mutated cTnI peptides. Residues corresponding 

to the switch region of TnI are underlined and residues under investigation are bold. 

Peptide Sequence 
KD (μM) 

pH 7 pH 6 

 144          154      162       171   

cTnI144-173 RRVRISADAMMQALLGARAK ESLDLRAHLK 200 ± 24 395 ± 39 

cTnI144-170 A162H RRVRISADAM MQALLGARHK ESLDLRA 40 ± 11 10 ± 3 

 144        154     162    170   

 

Figure 2.1A depicts the NMR CSP for a selected group of backbone NHs of cNTnC upon binding of 

cTnI144-170 A162H under normal and acidic conditions; the spectra showing all of the backbone NHs are 

shown in the supplementary material (Supplementary Figure 2.1). The chemical shift assignments are 

as reported previously22. The peptide-induced spectral changes are virtually identical under the two 

sets of conditions. We have used an extended version of the cardiac switch peptide in this study; 

however the residues experiencing CSP in cNTnC and the direction of such changes are the typical 

for switch peptide binding and consistent with those observed for shorter versions22,23; for example, 

large perturbations for residues L29, G34, G42, E66, G68, T71 and D73 were observed. These large 

changes were expected since these amino acids are located in the hinge regions of cNTnC which are 

responsible for the closed to open structural transition24. The linear fashion of the perturbations is 

characteristic of a one-to-one binding stoichiometry. 
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Figure 2.1. Titration of cTnI144-170 A162H into cNTnC at different pH values. 

A: An expanded region of the overlay of 2D 1H,15N correlation NMR spectra of cNTnC•Ca2+ acquired 

during the titration of cTnI144-170 A162H at pH 7 (left) and 6 (right). The first point of the titration is 

represented with multiple contours and consequent additions of peptide by single contours. Arrows 

indicate the direction of the CSP. B: Global fitting for residues of cNTnC that experienced large CSP 

upon addition of cTnI144-170 A162H at pH 7 (circles) and 6 (crosses). 

 

Global fitting of the most perturbed residues (Figure 2.1B) results in a dissociation constant of 

40 ± 11 µM for binding of cTnI144-170 A162H under normal conditions and 10 ± 3 µM for binding under 

acidic conditions. The results indicate that the presence of H162 in cTnI stabilizes the cTnC-cTnI 

interaction by a factor of 4. In order to investigate if the naturally occurring H171 plays a similar role 

in stabilizing this interaction, we determined the dissociation constants for the binding of a slightly 

longer, native cardiac switch peptide (cTnI144-173) at the two different pH values. The CSP of the amide 

NHs for these titrations are shown in Supplementary Figure 2.2 along with their respective fitting 

curves and the results are summarized in Table 2.1. The affinity of the native cardiac peptide at pH 6 

is roughly half of its affinity at pH 7. Thus the presence of H162 in the mutated peptide makes binding 

at pH 7 tighter than that of native peptide at pH 7 by a factor of 5 and 20 times tighter than that of 

native peptide in acidic conditions. These observations are in agreement with those made at cellular 
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and organ level for the cTnI A164H studies performed in transgenic mice, where the beneficial effects 

of the substitution are evident at both normal and acidic conditions, but much more at acidic pH10. An 

acidic environment improves binding of the mutated peptide by a factor of 4, this is comparable to a 

3.6 improvement on binding for the skeletal isoform in acidic conditions12. 

 

Determination of pKa of aspartate and glutamate residues of cNTnC•Ca2+ 

 

The observed pH-dependent change in affinity of the mutated peptide suggests that 

protonation of H162 at the lower pH is important to the binding affinity. To investigate whether 

residues on cNTnC•Ca2+ are involved in electrostatic interactions with this histidine, we used three NMR 

experiments (1D 1H, 2D 1H, 15N correlation, and the 2D carboxyl 1H, 13C correlation) to determine the 

pKa of aspartate and glutamate residues of cNTnC•Ca2+ in the cNTnC•Ca2+•cTnI144-170 A162H and the 

cNTnC•Ca2+•cTnI144-173 complexes. In both cases, cNTnC was Ca2+ saturated and excess peptide was 

used to assure saturation of the cNTnC•Ca2+. pKa’s can be obtained from 2D 1H, 15N correlation spectra 

by tracking the CSP of the amide NHs as a function of the pH; backbone hydrogen atoms located in non-

titratable residues can be sensitive to and indicative of intramolecular hydrogen bonding between 

carboxylate groups and backbone amide protons25,26. However, the carboxyl group chemical shift is a 

more direct indicator of the pKa because it is the group that is being ionized (or protonated). The 2D 

carboxyl 1H, 13C spectrum correlates the aliphatic protons with the carboxyl carbon of glutamate and 

aspartate residues of cNTnC. The distribution of glutamate and aspartate residues in cNTnC is depicted 

in Supplementary Figure 2.3. We focused on E19 and E15, as they are the closest negatively charged 

residues (<3 and <10 Å, respectively) to H130 in the homologous sTnI structure, and E55 as a control 

since it is far away. 

 

Figure 2.2 shows the CSP of the backbone NH’s of E19 and E55 (panels A and B) and the 

carboxyl groups (panel C) of E15, E19 and E55 in cNTnC•Ca2+ when bound to cTnI144-170 A162H. The 1H 

and 15N resonances of E55 show a linear behavior of CSP typical for a single dissociation event. E19, on 

the other hand, shows an unusual curved change in the amide proton shift as the pH changes (Figure 

2.2B), which indicates a dependence on two different acid dissociation events. E15 is located in a 

highly overlapping region in the 1H, 15N correlation spectra, and cannot be reliably tracked (Figure 

2.2A). In the 2D carboxyl 1H, 13C spectra (Figure 2.2C) the indication of two dissociation events is not 

obvious for E19 but is revealed in the fitting of the data (see below). One of the gamma hydrogen 

atoms of E15 moves earlier in the titration, reflecting a higher pKa than the typical for a glutamate 

residue (see fitting below). E55 shows linear CSP with the pH variations characteristic of a single 

dissociation event. 
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Figure 2.2. pH titration of cNTnC•Ca2+•cTnI144-170 A162H. 

Overlay of regions from the 2D 1H,15N correlation (A, B) and 2D carboxyl1H,13C correlation (C) NMR 

spectra acquired during the pH titration of the cNTnC•Ca2+•cTnI144-170 A162H complex. Arrows indicate 

the direction of CSP as the pH decreases from dark to light purple. Residues E15, E19 and E55 are 

labeled. E15 in the 2D 1H, 15N correlation spectra is located in a highly overlapping region (green dot in 

A). 

 

The same sets of experiments were repeated for the native complex, cNTnC•Ca2+•cTnI144-173. In 

this case, E15, E19 and E55 all show linear CSP on their proton, nitrogen and carbon resonances 

(Supplementary Figure 2.4) indicative of single protonation events for each of these residues. These 

results imply that the unusual behavior of E19 and E15 in the A162H complex are directly linked to the 

presence of H162, and provide evidence for an interaction being formed between H162 and E15 and 

E19. In order to address this possibility further, the pKa values of each residue were calculated. 

 

The 1H, 15N, and 13C NMR chemical shifts of the NH, CH2, and CO atoms in the 2D spectra were 

fitted to monophasic or biphasic pKa curves, depending on whether one or two titration events were 

observed. The results for the native and A162H complexes are shown in Figure 2.3. Reference pKa 
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values for glutamate residues are estimated to range from 4.3 to 4.5 in oligopeptides and from 4.1 to 

4.6 in proteins27. The observed pKa for E55 in this study was typical, always fit with a single pKa, and 

remained constant in the presence or absence of H162 (4.6 ± 0.04 versus 4.5 ± 0.14). The pKa of E15 

was also always fit with a single pKa, and not significantly altered (from 4.10 ± 0.38 to 4.55 ± 0.30)[1] by 

the presence of H162. However, the H 2 resonance of E15 showed a pKa value of 3.8 ± 0.38 in the wild-

type complex, but a much higher pKa value of 6.8 ± 0.31 in the complex with the A162H peptide. The 

curves for all of the resonances of E19 in the wild-type complex showed a single pKa values with an 

average pKa of 5.3 ± 0.2. In contrast, four of the E19 resonances showed biphasic curves in the 

presence of the mutated cTnI144-170 A162H peptide; for these an average pKa value of 4.7 ± 0.11 is 

observed corresponding to the protonation of the carboxyl group in addition to an average higher pKa 

value of 6.83 ± 0.25. The lower pKa is decreased from that observed in the absence of H162. Therefore 

both E15 and E19 are sensing the protonation of a residue with a pKa of ~6.8, and given the amino acid 

sequence of the peptides of interest and that this effect is only observed in the presence of the 

mutated peptide, this residue is most likely H162. 

 

 

      pH 

 

Figure 2.3. The effect of A162H in the pKa of glutamate residues of cNTnC. 

CSP of amide hydrogen, amide nitrogen, hydrogen gamma 1, hydrogen gamma 2 and carbon delta for 

E15, E19 and E55 as a function of pH for the cNTnC•Ca2+ in the presence of cTnI144-173(black) and cTnI144-

170 A162H (blue). The pKa values are shown for each curve with their respective SD. The Hill coefficient 

for all curves was set to 1. 

 

                                                 
[1] The fitting errors are the largest for E15, because it has the lowest pKa and we were unable to go below pH 4.1 in 

our titrations because of the solubility of cTnC. 
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The pH-dependent CSP of aspartate residues D2, D3, D25, D33, D87 and D88 of cNTnC when 

bound to the mutated and native peptide were also followed. Because the typical pKa value for 

aspartate residues is low (3.8 - 4.127), determination of their pKa values was difficult due to poor 

solubility of troponin below pH 4.1. The data is shown in Supplementary Figure 2.5, in all cases the 

overlap between pairs of data points indicates identical titrations, and differences are only observed in 

the lower pH region of the fitting curves. D3 displays a biphasic curve in both complexes with the 

second pKa higher than typical for a histidine residue. The second protonation event is attributed to 

the NH3+ at the N-terminus. D25 and D33 do not yet display significant CSP at the lowest pH tested, this 

indicates that they have even lower pKa values. None of the aspartate residues are in close proximity to 

the site of interest (Supplementary Figure 2.3). 

 

Determination of the pKa for H162 and H171 

 

To determine whether the higher pKa value associated to E15 and E19 corresponds to that of 

H162, we determined the pKa for this residue in the cTnI144-170 A162H peptide in the absence and 

presence of a 0.25 molar ratio of cNTnC•Ca2+. We collected 1D 1H experiments during the pH titration 

(4.1 to 8.9) of the complex. The changes in the aromatic region of the 1D 1H spectrum, where the H162 

signals are found, in the absence and presence of cNTnC•Ca2+ are shown in Figure 2.4A and B, 

respectively. The signals corresponding to hydrogens H2 and H5 of H162 are indicated, the large pair of 

signals seen in both sets of experiments corresponds to hydrogens H4 and H5 (large upfield signal) and 

H2 (large downfield signal) of imidazole used to measure the pH of the sample at each titration point. 

Signals from the amide hydrogens of the protein and the peptide can also be seen in the aromatic 

region. In the spectra corresponding to the cNTnC•cTnI144-170 A162H complex, this set of signals become 

more intense and better resolved as the pH decreases as a result of reduced chemical exchange of the 

amide hydrogen atoms28. 

 

Fitting of the CSP of the hydrogen atoms H2 and H5 of H162 as a function of pH in the absence 

(Figure 2.4A) and presence (Figure 2.4B) of cNTnC, results in average pKa values of 6.28 ± 0.02 in the 

free form and 6.34 ± 0.03 in the 25% bound form. The pKa value of the fully bound form can be 

extrapolated since the observed NMR signals of protons H2 and H5 are in fast exchange and represent a 

weighted average signal with contributions from the bound and the excessive free forms. Furthermore, 

since the binding of cTnI144-170 A162H is sufficiently tight at both acidic and alkaline pH values (Table 

3.1), the fraction bound doesn’t substantially change during the pH titration. The extrapolated value 

for the fully bound form is 6.52 ± 0.24, which is consistent with the additional value observed for E15 

and E19, within the range of error (6.80 ± 0.31 and 6.83 ± 0.25, respectively). 
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relaxation studies32,33. These structures are shown in Figure 2.5. Our recent study of sTnI115-131 bound to 

cNTnC•Ca2+ showed that an electrostatic interaction was formed between H130 of sTnI and E19 of 

cNTnC12. In this work, we used a mutant of cTnI switch peptide, cTnI144-170 A162H to test if this single 

mutation is solely responsible for a stronger interaction between cTnI and cTnC, and whether the 

naturally occurring H171 could play a similar role. The present data indicate an electrostatic 

interaction between E15 and E19 with H162 in cTnI whereas H171, downstream from A162, makes no 

observable interaction with cNTnC•Ca2+. 

 

 

 

Figure 2.5. Position of A162 (H130) relative to E15 (E16) and E19 (E20) in the structure of cNTnC 

(sNTnC). 

A: Structure of sNTnC•Ca2+•sTnI115-131(PDB ID: 1YTZ) showing the positions of E16, E20 and H130, the 

expansion depicts the distances from E16 and E20 to H130. V132 is in light blue (see text). B: The 

structure of cNTnC•Ca2+•cTnI147-163 (PDB ID: 1MXL) shows the positions of the homologue residues E15 

and E19, the ensemble is shown for the switch peptide and the position of A162 is in red. Helices are 

named in both structures with letters N and A through D. C: Nomenclature of the imidazole ring in the 

amino acid histidine. 
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We demonstrated that H162 in the cTnI144-170 A162H peptide is in close proximity of the two 

glutamate residues in cNTnC, E15 and E19, since both are sensitive to the protonation of H162 and 

exhibit deviations in their pKa profiles displaying a high pKa value of ~ 6.8. We observed biphasic pKa 

curves for most of E19 resonances; the same profile of biphasic curves was seen for the gamma proton 

of E19, but not for E15, when cNTnC•Ca2+is bound to sTnI115-131
12, in this case the X-ray structure for the 

skeletal structure31 (Figure 2.5A) confirms the close proximity (3Å) of nitrogen 3 in H130 with oxygen ε 

of E20 (analogues of H162 and E19, respectively); in the same structure E16 (analogue of E15 in cTnC) 

is too far away from H130 (>10Å). 

 

Determination of the pKa of H162 when cTnI144-170 A162H is fully bound to cNTnC (6.5 ± 0.24) 

provides evidence that the protonation event sensed by E15 and E19 corresponds to H162 in the 

mutated peptide and confirms the electrostatic interaction between them. This was verified by 

investigating the pKa values for the native complex cNTnC•Ca2+•cTnI144-173, which show monophasic 

curves for all the resonances of E15, E19, and E55 with no indication of close proximity to another 

titratable residue despite the presence of H171 in the native switch peptide. This observation, along 

with the weak binding observed for the native peptide, also indicates that H171 does not play any role 

in the isoform-dependent pH sensitivity of the cardiac thin filament. The fact that E19 experiences a 

drop in pKa with the presence of H162 further confirmed their electrostatic interaction. Neutralization 

of the negative charge of E19 by interaction with the positive charge of H162 would cause an increase 

in its electrostatic potential for which a lower pKa is expected according to the trend of decreasing pKa 

values with increasing electrostatic potential observed for aspartate and glutamate residues in 

proteins27. This shift of a pKa to a more acidic value was also observed for the cNTnC•Ca2+•sTnI115-131 

complex and confirms the electrostatic interaction between E19 and H162. 

 

Regarding the possibility of salt bridge formation, we considered protonation of N1 in the 

skeletal structure (Figure 2.5A and C) which would render a H3-Oε distance of ~2Å since the N-H bond 

length for N3 in the cationic state of histidine is 1.09 ± 0.0134; this is sufficient for N+-H…O hydrogen 

bond formation at low pH. To investigate the energy associated to the salt bridge formation in our 

cNTnC•Ca2+•cTnI147-170 A162H complex, we calculated the difference in free energy of binding (ΔΔG) of 

cTnI144-170 A162H and cTnI144-173 at different pH values using the equation: 

 

where R is the gas constant (8.314 Jmol-1K-1) and T is the absolute temperature. The results are 

summarized in Supplementary Table 2.1. ΔΔG between the mutated and native peptides at pH 7 (-0.9 

Kcal/mol) corresponds to an estimate of the stabilization energy of the hydrogen-bond component 

contributed by the proton donor H162 in the neutral state. ΔΔG for binding of the mutated peptide to 

cNTnC between pH 6 and 7 (-0.9 Kcal/mol) corresponds to additional stabilization energy from the 

charge-charge interaction between E15/E19 and H162 once the pH drops. This explains the 

D
KRTG ln
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observations done at the molecular level in the present study, and at cellular and organ levels shown 

previously, that the A162H mutation shows improvement from basal conditions that is further enhanced 

under acidosis. 

 

We estimate that the contribution of the salt bridge made by H162 at low pH is ~2.2 Kcal/mol. 

This value is not identical to the sum of the individual components of the salt bridge (hydrogen bond + 

charge-charge = -1.8 Kcal/mol) because of the length difference between the mutated and native 

peptides that may affect the binding affinity. 

 

Our hypothesis is consistent with the reported ΔΔG of -0.9 Kcal/mol12 for sTnI binding to 

cNTnC•Ca2+ at pH 6.1 and 7.5; and with computational alanine scanning performed for the cTnC•ssTnI 

complex, where the ΔΔG caused by alanine substitution was calculated for residues at the cTnC•ssTnI 

interface. The study calculated a ΔΔG of 0.91 Kcal/mol for E19A cTnC when binding to sTnI and 2.46 

Kcal/mol for H132A ssTnI when it binds to cTnC13. Thus, we speculate that the E19A substitution leads 

to a smaller destabilizing effect because the presence of E15 that may make weak electrostatic 

interactions with H162, E19A may introduce new hydrophobic stabilizing contacts with the aromatic 

ring of H162, and/or the H132A substitution may interrupt interactions with D121 that stabilize the 

proper conformation of ssTnI. 

 

Regarding the role of other residues in TnI isoform dependence of myofilament function, it has 

been shown that N141 and V134 in ssTnI (H171 and E164 in human cTnI) partially influence the isoform-

specific contractile function in rat cardiac myocytes expressing ssTnI, and are involved in modulating 

the Ca2+ sensitivity at physiological and acidic pH, respectively35. When the N141H substitution is 

introduced to ssTnI, the Ca2+ sensitivity of the myofilaments becomes comparable to that of cTnI but 

the pH sensitivity remains similar to that of ssTnI. Considering that our present results show no role of 

H171 in regulating pH sensitivity, this implies that N141 is responsible for the Ca2+ sensitivity difference 

between cTnI and ssTnI at physiological pH, and that H132 is solely responsible for the reduced pH 

sensitivity observed for ssTnI N141H. We predict that the reverse substitution introduced in the cardiac 

isoform (cTnI H171N) would show increased Ca2+ sensitivity at physiological pH but would still be 

sensitive to acidosis. For V134, if H162 of mutated cTnI in the present study is located close to E15 and 

E19 in cNTnC, and H130 close to E19/E2012,31, mutation to the cardiac analogous (V134E) introduces 

unfavorable interactions with cNTnC since V134E would also be in the vicinity of the same negatively 

charged glutamate residues (Figure 2.5A). Therefore, V134 may have shown a role in modulating Ca2+ 

sensitivity by reducing unfavorable interactions between ssTnI and cNTnC. In cardiac muscle, the 

absence of H162 in cTnI and the consequent increased local flexibility prevents close cTnI-cNTnC 

interactions in that region such that the effect of the reverse mutation (cTnI E164V) in pH sensitivity 

would either be small or negligible. 
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The estimated stabilizing effect of A162H on the cTnI-cNTnC interaction (-2.2 Kcal/mol) is 

close to the destabilizing effect of low pH in Ca2+ binding (2.4 Kcal/mol) 36. This supports our previous 

theory that Ca2+ binding to cNTnC at low pH is partially compensated by stronger binding of the cTnI 

switch peptide. However the stabilizing effect of H162 is still much larger than the stabilization 

induced by the calcium sensitizer, dfbp-o (-0.5 Kcal/mol) 15, which highlights the necessity for the 

development of more potent cardiotonic agents to treat heart failure. 

 

Unlike other fetal contractile proteins, ssTnI with constitutive H130 (corresponding to residue 

162 in cTnI) is not re-expressed in the failing heart. Activation of the fetal cardiac gene program is a 

hallmark of hypertrophy and heart failure; the expression of the fetal isoform of the contractile 

proteins skeletal -actin and -myosin heavy chain is re-induced37, 38, but not that of ssTnI as shown for 

hypertrophic rat hearts and end-stage failing human hearts39,39. This study could be useful for the 

design of novel therapeutic agents for the treatment of myocardial ischemia and heart failure as it 

reveals the location and nature of the additional cTnI-cNTnC interactions promoted by H162 and an 

estimation of the energy required to stabilize the cTnI-cNTnC interface during acidosis. 
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Supplementary Figure 2.3. Location of acidic residues in cNTnC. 

Distribution of glutamate (orange) and aspartate (yellow) residues in cNTnC (PDB ID: 1MXL). The switch 

peptide corresponds to sTnI (PDB ID: 1YTZ). The 10 Å-radius cyan sphere is centered at the imidazole 

ring of H130 to show the position of glutamates and aspartates relative to the site of study. Residues 

E15 and E19 are within the sphere radius.  

180° 
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Supplementary Figure 2.5. The effect of A162H in the pKa of aspartate residues of cNTnC. 

Acid dissociation curves for aspartate residues in cNTnC•Ca2+ in complex with cTnI144-173 (black) and 

cTnI144-170 A162H (blue) according to their 13C chemical shift in the 2D carboxyl 1H, 13C correlation 

spectra. D3 displays biphasic curves for both complexes; the second pKa value was attributed to the 

NH3+ group at the N-terminus of cNTnC. D33 was only reliably tracked in the A162H complex. 
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Supplementary Table 2.1. G and G for cTnI144-173 and cTnI144-170 A162H binding to cNTnC under 

normal and acidic conditions. 

Free energy (ΔG) for the binding of native and mutated cTnI peptides at normal and acidic pH and their 

differences (ΔΔG). ΔΔG of each row corresponds to energy changes caused by a decrease in pH (from 7 

to 6) for each cTnI peptide. Values of ΔΔG of each column correspond to an estimation of the effect of 

H162 in cTnI at a specific pH. 

 

Peptide binding to 

cNTnC•Ca2+ 

ΔG at pH 7 

(Kcal/mol) 

ΔG at pH 6 

(Kcal/mol) 

ΔΔG 

(Kcal/mol) 

cTnI144-173 -5.1 -4.7 0.4 

cTnI144-170 A162H -6.0 -6.9 -0.9 

ΔΔG (Kcal/mol) -0.9 -2.2  
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This chapter focuses on the interaction of cardiac troponin C and skeletal troponin I which 

contains the key histidine residue we are interested in. As a means of comparing the interaction of 

cardiac troponin C with cardiac troponin I containing the A162H substitution, this work reports the pKa 

of H130 of skeletal troponin I, as well as the strength and nature of binding of skeletal troponin I to 

cardiac troponin C. The correlation demonstrates the role of electrostatics in the troponin C-I 

interaction promoted by H130. A version of this chapter has been previously published: Robertson et al. 

(2012) JBC 287:4996-5007. 

 

Introduction 

 

In myocardial ischemia, cardiomyocytes do not receive adequate oxygen supply, which 

culminates in a significant drop in intracellular pH (≤6.5). This acidosis is coupled with a dramatic 

reduction in the Ca2+
 sensitivity and force of muscle contraction1, 2. Ca2+

 entering the cytosol following 

muscle cell excitation triggers a series of thin and thick filament protein-protein interactions that lead 

to the force-generating actomyosin ATPase activity. The thin filament is composed of three proteins, 

actin, tropomyosin, and the Ca2+-binding molecule troponin. Troponin is a heterotrimeric protein 

complex with three subunits as follows: cardiac troponin C (cTnC), responsible for binding Ca2+; cardiac 

troponin I (cTnI), the inhibitory subunit; and cardiac troponin T, the subunit that attaches troponin to 

the thin filament via interactions with troponin I and tropomyosin. During muscle relaxation (diastole), 

the “inhibitory” and C-terminal regions of cTnI interact with actin preventing contraction. The 

association of Ca2+
 with the N-terminal domain of cTnC (cNTnC) leads to the binding of the “switch” 

region of cTnI (cTnI(147–163)) to cNTnC. This interaction prompts the dissociation of the inhibitory and 

C-terminal regions of cTnI from actin, resulting in contraction (for reviews see Refs. 3–5). 

 

The negative inotropic effect (decrease in contractility) of acidosis is due, in part, to a 

decrease in the Ca2+ 6–8 and cTnI9 affinity for cTnC. Cardiomyocytes of neonatal rats are less sensitive to 
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low pH than adult heart cells10, and Westfall et al.11 noticed that the pH sensitivity of cardiac muscle 

cells is dramatically reduced by the substitution of cTnI with the neonatal troponin I (also termed slow 

skeletal TnI (ssTnI)). Likewise, the fast skeletal isoform of TnI (sTnI) has been shown to make the 

myofilament less sensitive to acidic conditions8, 12, 13. The regions of ssTnI and sTnI that are responsible 

for the isoform-specific response to pH were initially localized to the C-terminal region12, 14. It was 

later determined that the difference in pH sensitivity between TnI isoforms largely arises from a single 

histidine in the switch region of sTnI and ssTnI, which is replaced by an alanine in cTnI13, 15. For a 

comparison of the sequences of the switch regions of cTnI, sTnI, and ssTnI, see Figure 3.1. Smillie and 

co-workers13 found that when this alanine of cTnI (Ala-162) was replaced by a histidine, a dramatic 

reduction in pH sensitivity was observed. Furthermore, when His-130 of sTnI was replaced by an 

alanine (the numbering is different between the isoforms, because cTnI has an extra 32 residues at its 

N terminus not present in sTnI and ssTnI), the pH sensitivity of muscle containing sTnI was similar to 

cTnI. Recently, this alanine to histidine substitution (dubbed the “histidine button”) has been shown to 

partially blunt the adverse effects of acidosis in intact myocytes, isolated hearts, and whole mice15. 

 

 

 

Figure 3.1. Peptide sequences of sTnI(115–131) and cTnI(147–163). 

The alanine and histidine are indicated by the box. 

 

The enhanced pH resistance of sTnI has been suggested to stem from interactions with the side 

chain of histidine; it is the only amino acid that can be either neutral or positively charged in the 

physiological pH range. Thus, if the imidazole group of histidine is protonated during acidosis, its 

positive charge may interact with the abundant negatively charged side chains of cNTnC. This may 

increase the affinity of sTnI for cNTnC and could explain how replacing cTnI with sTnI partially restores 

myocardial sensitivity at low pH13. In the skeletal x-ray crystal structure, His-130 of sTnI forms a salt 

bridge with Glu-20 of sNTnC (4.1 Å between N 1 of His-130 and C  of Glu-20), amino acid numbering is 

taken from the deposited x-ray crystal structure16. Solution NMR relaxation17 and chemical shift18 data 

of sTnI in complex with sTnC confirm that this region of sTnI is rigid, consistent with the formation of 

this salt bridge in solution. The x-ray and NMR structures of cardiac troponin indicate that the 

corresponding glutamate in cTnC, Glu-19, does not make a homologous interaction with cTnI19, 20. 

The focus of this study was to use NMR spectroscopy to define the molecular basis for the 

reduced depression of myofilament Ca2+
 sensitivity at low pH caused by this single histidine residue of 
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sTnI. The nuclear Overhauser enhancement (NOE) is a fundamental measurement utilized by NMR 

spectroscopists to determine the atomic resolution structure of proteins. NOE spectroscopy (NOESY) 

provides structural information of a molecule by relying on short proton-proton distances (≤5 Å) 21. 

Because the closest distances between the imidazole protons of His-130 and the side chain protons of 

Glu-20 are 5.4 and 5.6 Å (Hβ1 and Hβ2) in the skeletal x-ray structure16, NOEs between these residues 

would be too weak to observe. However, if these groups make an electrostatic interaction, knowledge 

of their acid dissociation constants could provide clues as to whether the same interaction occurs when 

sTnI is bound to cNTnC. Palpant et al.22 used computational methods to predict that the pKa of His-130 

in sTnI would be shifted upward when in complex with cTnC, an indication of the formation of a salt 

bridge with a negatively charged moiety23. We used NMR spectroscopy to investigate the role of 

electrostatic interactions between sTnI and cNTnC because it is a particularly well suited technique to 

monitor amino acid pKa values of individual residues in a protein24 –26. 

 

The pKa values of glutamate residues on cNTnC were determined for four different states of 

cNTnC as follows: Ca2+-free (apo), Ca2+-bound, Ca2+- and cTnI(147–163)-bound, and the complex of 

cNTnC bound to Ca2+
 and the switch region of sTnI (sTnI(115–131)). The pKa of His-130 of sTnI(115–131) 

was also monitored in both free and bound states. The pKa of Glu-19 was depressed when in complex 

with sTnI(115–131), and a second ionization event was observed (from the protonation of the imidazole 

of His-130). The pKa of His-130 increased when sTnI(115–131) was bound to cNTnC. Both the increase in 

His-130 pKa and the decrease in the pKa of Glu-19 are consistent with the formation of an electrostatic 

interaction between these two residues. The affinity of cNTnC for sTnI(115–131) was also measured at 

two pH values (6.1 and 7.5), and it was found that sTnI(115–131) bound with a tighter affinity at pH 

6.1. The pH-dependent differences in the affinity of sTnI(115–131) for cNTnC revealed that the 

ionization state of His-130 fine-tunes the affinity of sTnI(115–131) for cNTnC. These results provide 

structural insights into the mechanism by which a single histidine on troponin I can reverse the 

decrease in myofilament Ca2+
 sensitivity during acidosis. 

 

Experimental procedures 

 

Sample preparation 

 

For the recombinant human cNTnC (residues 1–89, C84S/C35S, a-Cys form) the engineering of 

the vector and the expression of 15N- and 13C, 15N-labeled proteins in Escherichia coli were as described 

previously27. GL Biochem Ltd. (Shanghai, China) synthesized cTnI(147–163) (acetyl-

RISADAMMQALLGARAK-amide) and Alberta Peptide Institute (API) synthesized sTnI(115–131) (acetyl-

RMSADAMLKALLGSKHK-amide). HPLC and mass spectrometry (ESI and MALDI) were employed to verify 

peptide quality and purity. All NMR samples were prepared in 5-mm NMR tubes and had a volume of 
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500 μL. Protein samples were prepared in an NMR buffer composed of 90% H2O, 10% D2O, 100 mM KCl, 

10 mM imidazole, 5–10 mM CaCl2 (Fluka), and 0.5 mM 2,2-dimethyl-2-silapentane-5-sulfonate-d6 sodium 

salt (DSS) (Chenomx Inc.). The NMR sample prepared for measuring the pKa value of residues on cNTnC 

contained excess sTnI ([cNTnC] = 0.25 mM and [sTnI(115–131)] = 0.83 mM). The sample prepared for 

measuring the pKa of His-130 on sTnI(115–131) contained excess cNTnC ([cNTnC] = 0.41 mM and 

[sTnI(115–131)] = 0.07 mM). 

 

NMR spectroscopy 

 

All NMR experiments were run on either a Varian Inova 500 MHz or Unity 600 MHz NMR 

spectrometers at 30°C. Prior to each multidimensional experiment, one-dimensional 1H and two-

dimensional 1H,15N HSQC NMR spectra were acquired. The three-dimensional CBCA(CO)NNH, three-

dimensional HNCACB, and three-dimensional HCCONH NMR experiments were acquired for backbone 

and side chain assignments (Figure 3.2) of 13C,15N-cNTnC (apo) and 13C,15N-cNTnC-sTnI(115–131). The 

two-dimensional 1H,13C HCBCGCO NMR experiment28 was acquired to follow glutamate carboxylate 13C  

and 1H  signals of 13C,15N-cNTnC(apo), 13C,15N-cNTnC-Ca2+, 13C,15N-cNTnC-Ca2+-cTnI(147–163), and 

13C,15N-cNTnC-Ca2+-sTnI(115–131) during the pH titrations. The chemical shifts of 1H signals from 

sTnI(115–131) were monitored at different pH values by the one-dimensional 1H and the one-

dimensional 13C,15N-filtered 1H,1H-NOESY (mixing time = 100 ms) 29–31 NMR experiments. The assignment 

of signals from sTnI(115–131) in complex with 13C,15N-cNTnC-Ca2+
 was done with the two-dimensional 

13C,15N-filtered 1H,1HNOESY (mixing time = 200 ms) and two-dimensional 13C,15N filtered 1H,1H-TOCSY 

(mixing time = 60 ms) NMR experiments29–32. Spectral processing was accomplished with the programs 

VNMRJ (Version 2.21B, Varian Inc.) and NMRPipe33 and referenced to DSS according to the IUPAC 

conventions. Processed NMR spectra were analyzed using NMRViewJ34. The backbone resonances of 

13C,15N-cNTnC(apo) and 13C,15N-cNTnC-sTnI(115–131) were assigned with the program SmartNotebook35. 

 

pH titrations 

 

The pH was gradually adjusted by adding aliquots of 1 M NaOH or 1 M HCl covering a range from 

~3.5 to 8.5. The pH at each titration point was verified by the chemical shift of Tris, imidazole, 

piperazine, or formate in the NMR buffer (36). At each titration point, one-dimensional 1H, two 

dimensional 1H, 15 NHSQC and two-dimensional 1H,13C HCBCGCO NMR spectra were recorded. 
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Figure 3.2. Assignment of glutamate carboxyl carbons of cNTnC(apo) and cNTnC-sTnI(115–131). 

The glutamate region of the two-dimensional 1H,13C HCBCGCO spectrum of cNTnC is shown on the 

right. Slices from the three-dimensional HCCONH NMR experiment are shown on the left. The carboxyl 

carbon chemical shifts were assigned by matching the  proton chemical shifts. 

 

The monophasic pH titration data were analyzed using the programs xcrvfit and Wolfram 

Mathematica. Datasets showing a pKa were fit to Equation 1, 

 

                                                (Eq. 1) 

 

where obs is the observed chemical shift at a given pH; HA is the chemical shift for the protonated 

form; Δ  is the total shift from deprotonated to protonated forms, and n is the Hill parameter (held 

constant at 1 unless otherwise indicated). The biphasic pKa datasets were fitted in xcrvfit and Wolfram 

Mathematica to Equation 2 24, 
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                                (Eq. 2) 

 

Where obs is the observed chemical shift at a given pH; HA is the chemical shift for the protonated 

form, Δ 1 and Δ 2 are the total shifts from deprotonated to protonated forms, and n is the Hill 

parameter (held constant at 1 unless otherwise indicated). 

 

The fraction sTnI(115–131) bound (fbs) to cNTnC and fraction cNTnC bound (fbc) with sTnI(115–

131) were determined using Equations 3 and 4, 

 

           (Eq. 3) 

 

            (Eq. 4) 

 

[sTnI] and [cNTnC] are the concentrations of sTnI(115–131) and cNTnC, respectively. KD is the 

dissociation constant of sTnI(115–131) (see below). The pKa of His-130 for bound sTnI(115–131) was 

calculated by extrapolating the pKa values versus fraction bound to the 1:1 complex ratio using 

SigmaPlot. 

 

sTnI(115–131) titrations at pH 6.1 and pH 7.5 

 

The titrations with sTnI(115–131) were performed at two different pH values (6.1 and 7.5). For 

both titrations, fresh stocks of sTnI(115–131) were prepared in NMR buffer. The sTnI(115– 131) stock 

solution concentrations were determined by preparing an NMR sample containing 5 μL of sTnI(115–131) 

stock in 500 μL of NMR buffer in 99.9% D2O and 25 μL of 4.963 mM DSS in 98% D2O. One-dimensional 1H 

NMR spectra were acquired with an acquisition time of 8 s, and a relaxation delay of 4 s, thus providing 

time for DSS and sTnI(115–131) to return to equilibrium in between transients. The concentration of 

sTnI(115–131) was then calculated by comparing the signal integral from the methyl protons of 

sTnI(115–131) to the integral of DSS protons. To determine the concentration of cNTnC, the intensity of 

the 1H,15N HSQC spectrum was compared with that of another sample of cNTnC for which amino acid 

analysis was used to determine concentration37. Any subtle variations in pH during the titrations were 

corrected for by adding aliquots of 1 M HCl or 1 M NaOH. At each aliquot, two-dimensional 1H,15N HSQC 

spectra were acquired, and the amide chemical shift changes (Δ ) were calculated by Equation 5, 
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                                               (Eq. 5) 

 

Δ H and Δ N are the change in proton and nitrogen chemical shifts, respectively, for each titration 

point. The dissociation constants of sTnI(115–131) binding to cNTnC were fit to a 1:1 stoichiometry to 

Reaction 1, where P is free protein and L is free ligand, and PL is the protein-ligand complex. 

Concentrations of sTnI(115–131) and cNTnC were corrected for dilution during the titration. The 

dissociation constants were determined by using the global fitting protocol in xcrvfit37. Rather than 

fitting NMR chemical shift data to each individual residue and then averaging the individual dissociation 

constants, the global fitting method works by fitting all chemical shift data to one dissociation constant 

that best represents the ensemble of titration curves (i.e. had the lowest sum of squared error). 

Residues used in the global fit were those that underwent large chemical shift perturbations and did 

not significantly overlap with other signals. 

 

                                             (Reaction 1) 

 

Results 

 

cNTnC glutamate pKa values as a function of structure 

 

The acid dissociation constants for ionizable residues can provide insight into the molecular 

interactions within a protein complex. The shift in pKa of an ionizable residue can signify the formation 

of an electrostatic interaction or hydrogen bond23. To investigate the electrostatic forces between 

cNTnC and cTnI or sTnI, we measured the pKa values of the glutamates of cNTnC for a variety of 

troponin complexes. Two-dimensional 1H,15N HSQC and two-dimensional 1H,13C HCBCGCO NMR spectra 

were acquired over a range of pH values for four different complexes of cNTnC as follows: cNTnC(apo), 

cNTnC-Ca2+ [1], cNTnC-cTnI(147–163), and cNTnC-sTnI(115–131). To ensure that cNTnC was mostly in 

their complexed states, excess Ca2+, cTnI(147–163), and sTnI(115–131) were used. The 1H,15N HSQC NMR 

experiment correlates backbone amide protons with 15N nuclei so that each signal in the 1H,15N HSQC 

spectrum belongs to a single residue in the 15N-labeled protein. The two-dimensional 1H,13C HCBCGCO 

NMR experiment28 correlates the aliphatic protons of a residue with its side chain 13C carboxyl (or 13C-

carbonyl) nucleus. The glutamates of cNTnC(apo) and cNTnC-sTnI(115–131) were assigned in this work 

(the assignments of cNTnC and cNTnC-cTnI(147–163) have been previously published 20, 38, 39). The 
                                                 
[1] Unless otherwise stated, cNTnC will be assumed to be Ca2_-saturated, and therefore the Ca2_ will be omitted when discussing 

the different states of cNTnC. 
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assignments of the two-dimensional 1H,13C HCBCGCO NMR spectra of cNTnC(apo) and cNTnC-sTnI(115–

131) are shown in Figure 3.2; some glutamates could not be resolved in the two-dimensional 1H, 13C 

HCBCGCO spectrum due to signal overlap. Surprisingly, the pattern of chemical shifts in the two-

dimensional 1H,13C HCBCGCO spectrum were consistent in the four states of cNTnC (Figure 3.2 and 

Figure 3.3). The only exception was Glu-76, which had its carboxyl 13C shifted from 182.7 ppm in 

cNTnC(apo) to 188.8 ppm in the other states of cNTnC (Figure 3.2). This large downfield shift is 

expected for a bidentate ligand of Ca2+
 
40, 41, such as Glu-76. 

 

At low pH, the cNTnC solutions were not stable. In the case of the Ca2+-bound complexes, 

precipitation was observed below pH 4.25, and the NMR spectra resembled the apo-form, suggesting 

Ca2+ had dissociated. Because it was not possible to measure the glutamate chemical shifts at pH values 

below 4.25, in most instances the pKa values reported are approximate. Furthermore, given that the 

pKa of aspartates are typically even lower than that of glutamates42, it was not possible to determine 

their acid dissociation constants with confidence. 

 

Many of the pKa values obtained from the 1H,15N HSQC spectra were difficult to interpret 

because the change in amide chemical shifts can stem from several phenomena, such as intraresidue 

ionization, pH-dependent conformational changes, or the ionization of nearby residues24. An expanded 

region of the 1H,15N HSQC NMR spectrum acquired during each pH titration is shown for all four states 

of cNTnC in Supplementary Figure 3.1. 

 

Given the difficulty associated with interpreting 1H,15N HSQC NMR chemical shifts, we turned to 

the two-dimensional 1H,13C HCBCGCO NMR experiment to track the pH-dependent chemical shift 

perturbations of the carboxyl carbons and the aliphatic  protons of the glutamate residues (Figure 

3.3). Because the two-dimensional 1H,13C HCBCGCO NMR experiment directly monitors the chemical 

shift of each carboxyl group, the pKa values obtained from this experiment will likely arise primarily 

from intraresidue ionization. As the pH was reduced, the carboxylate 13C nuclei shifted to a lower 

value, and the methylene  protons shifted toward higher chemical shifts. These chemical shift trends 

are consistent with the protonation of a carboxylate moiety43, 44. Titration data for three residues, Glu-

55 (a residue removed from the binding site of TnI), Glu-19 (a residue possibly interacting with His-130, 

based on the crystal structure of the skeletal complex), and Glu-15 (a residue in close proximity to His-

130 in the skeletal crystal structure, and may interact with His-130), are highlighted in Figure 3.3. 
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Figure 3.3. Superimposed two-dimensional 1H,13C HCBCGCO NMR spectra acquired throughout the 

pH titration of cNTnC(apo), cNTnC, cNTnC-cTnI(147–163), and cNTnC-sTnI(115–131). 

As the pH decreases, the peak contour color changes from dark blue to light blue contours. See Fig. 4 

for pKa fits of Glu-15, Glu-19, and Glu-55 and Table 1 and supplemental Tables 1 and 2 for pKa values. 

The resonances of three glutamates are labeled in red. Residues Glu-15, Glu-19, and Glu-55 are 

depicted in stick representation and are labeled in a. The structure beside the pH titration of cNTnC-

sTnI(115–131) is from the x-ray structure of the skeletal troponin complex16, and His-130 is shown in 

stick representation and is labeled. 
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The results for the pKa values calculated using the 1H,15N HSQC and 1H,13C HCBCGCO NMR data 

for all cNTnC glutamates are listed in Supplementary Table 3.1 and Supplementary Table 3.2, 

respectively. Residues with missing pKa values either had overlapping signals or did not titrate over the 

pH range examined. The pKa curve fitting data for Glu-55, Glu-15, and Glu-19 from the two-

dimensional 1H,13C HCBCGCO and two-dimensional 1H,15N HSQC experiments are shown in Figure 3.4 for 

the cTnI(147–163)-and sTnI(115–131)-bound complexes. The pKa values for all three residues in the four 

different states of cNTnC monitored are listed in Table 3.1. The ionization of a side chain is most 

accurately portrayed by monitoring the carboxyl chemical shift due to its large chemical shift 

perturbation and proximity to the protonation site when compared with the amide or 1H  nuclei25, 45. 

Therefore, pKa values derived from the 13C chemical shifts will be referred to for the majority of the 

discussion. 

 

The pKa values of Glu-55 and Glu-15 are not significantly perturbed across the four different 

states of cNTnC. The titration curves of Glu-19 are monophasic in the apo-, Ca2+-bound, and cTnI(147–

163)-bound complexes; however, it is distinctly biphasic when sTnI(115–131) is bound (Figure 3.4c). The 

pKa of Glu-19 is 5.06 ± 0.03 in the apo-state, 5.06 ± 0.02 in the Ca2+-bound state, and 5.23 ± 0.01 when 

cTnI(147–163) is bound. The two measured pKa values for Glu-19 when sTnI(115–131) is bound are 4. ± 

0.01 and 6.73 ± 0.17 (the elevated pKa represents an average from the five nuclei monitored). The 

large 13C perturbation corresponds to ionization of the carboxyl of Glu-19 (pKa 4.70 ± 0.01), and the 

smaller chemical shift change was assigned to a neighboring residue. 

 

Because the major difference between cTnI(147–163) and sTnI(115–131) is the presence of a 

histidine in sTnI(115–131) (Fig. 1), it is likely that the pKa of 6.73 ± 0.17 is from His-130 of sTnI(115–

131). In addition, it has been shown that the direction of the 13C-carbonyl chemical shift is correlated 

to hydrogen bonding46, 47. Hydrogen bonding to the carbonyl results in an increase in the polarity of the 

carbonyl bond, which causes a decrease in the shielding of the 13C-carboxyl nucleus and an increase in 

its chemical shift. Close inspection of Figure 3.3d reveals an initial increase in the 13C chemical shift of 

Glu-19 as the pH was decreased from 8.5 to 6.5, consistent with the formation of an electrostatic 

interaction with a neighboring residue that is becoming protonated. The pKa of Glu-19 decreases from 

5.06 ± 0.02 when Ca2+
 is bound to 4.70 ± 0.01 when sTnI(115– 131) is bound (a difference of 0.36 ± 

0.03). The reduction in the pKa of Glu-19 is more evidence that Glu-19 is involved in the formation of 

an electrostatic interaction. 
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Figure 3.4. pH dependence of glutamate resonances of cNTnC bound to cTnI peptides. 

1HN, 15N, 13C , and 1H  resonances of Glu-15, Glu-19, and Glu-55 of cNTnC when bound to cTnI(147–163) 

(a) and sTnI(115–131) (b). The pKa curves of the amide resonances from the two-dimensional 1H,15N 

HSQC experiment are shown on the left, and the aliphatic proton and carboxylate carbon resonances 

from the two-dimensional 1H,13C HCBCGCO experiment are shown on the right. Peaks that were 

overlapped with other signals or that did not titrate were omitted. All five pKa curves of Glu-19 in the 

sTnI(115–131) bound state were fitted to Equation 2. c, second inflection of the 13C chemical shift of 

Glu-19 is expanded. For the pKa values refer to Table 3.1 and Supplementary Table 3.1 and 3.2. 
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Table 3.1. pKa* values determined for Glu-15, Glu-19, and Glu-55. 

 

*as determined from the C  chemical shift two-dimensional 1H,13C HCBCGCO NMR experiments. Data 

were fitted using Equations 1 or 2, setting the Hill coefficient to 1. Ave. means average. 

 

sTnI(115–131) histidine pKa values as a function of structure 

 

The results above suggest that Glu-19 interacts with His-130 on sTnI(115–131); to further 

investigate this possibility, the pKa of His-130 was measured for sTnI(115–131) in the absence and 

presence of cNTnC. The stacked one-dimensional 1H NMR spectra for the pH titrations are shown in 

Figure 3.5. The pKa of His-130 in free sTnI(115–131), using the histidine aromatic protons H2 and H5, 

was determined to be 6.11 ± 0.01 and 6.14 ± 0.03, respectively (Figure 3.5a). Because fitting the pKa 

curves for His-130 in the presence of cNTnC required fitting the Hill parameter (see below), this 

coefficient was also fitted for free sTnI(115–131). As expected, the Hill coefficient was close to unity 

for both H2 and H5 (0.96 and 1.07, respectively). 

 

The pKa of His-130 was then measured in the presence of cNTnC. The pH titration of sTnI(115–

131) with excess cNTnC (ratio ~6:1) is shown in Figure 3.5b. Because cNTnC signals overlapped H2 and 

H5, we employed a 13C,15N-filtered 1H,1HNOESY NMR experiment (29–31) to monitor the sTnI(115–131) 

signals (Figure 3.5b). The pKa derived from proton H2 was 6.33 ± 0.02 (the chemical shift of the 

protonated state was fixed at 8.70 ppm), and the pKa shift of H5 was 6.39 ± 0.04. The pKa values were 

determined by also fitting the Hill coefficient, because the pKa curves did not fit the simple pKa model. 

Low Hill coefficients fitted for H2 (n = 0.63) and H5 (n = 0.58) indicated that His-130 is most likely 

interacting with other ionizable group(s). For example, as a nearby residue is deprotonated, the 

protonated form of His-130 is stabilized; this will result in a flattened pKa curve (n < 1). For a summary 

of the pKa values measured for His-130 see Table 3.2. The pKa curves of H2 and H5 are overlaid in 

Figure 3.6, and the rightward shifts in the pKa curves clearly illustrate an increase in the stability of the 

positively charged species of His-130 when in the presence of cNTnC. 
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Figure 3.5. pH titrations of His-130 of sTnI(115–131) when free (a) and in 6-fold excess cNTnC (b). 

One-dimensional 1H NMR spectra are shown on the left with histidine aromatic protons assigned. The 

pKa curves for H2 and H5 in the free and bound states are shown on the right. 

 

Table 3.2. pKa values determined for His-130 using one-dimensional NMR experiments. 

 

Data were fitted using Equations 1 or 2; errors are shown in parentheses. a Fraction bound was 

calculated using Equation 3; the lower value was calculated using the KD determined at pH 7.5 (360 

μM), and the higher value was calculated using the KD determined at pH 6.1 (100 μM). 
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Figure 3.6. pH dependence of the pKa values of His-130 (H2 and H5) as a function of fraction 

sTnI(115–131) bound. 

Squares correspond to data points for free sTnI(115–131); circles correspond to excess cNTnC (mostly 

bound). 

 

There were minor peaks next to H2 and H5 noted in samples containing excess sTnI(115–131). 

The pKa values of these secondary peaks were near the values for free sTnI(115–131) and probably 

represent a second bound conformation of sTnI(115–131) in slow exchange with the major 

conformation48. Similar observations have been made for histidine residues in neurophysin II49 and 

staphylococcal nuclease50. In line with this conclusion, sTnI has been shown by NMR experiments to be 

in two conformations when bound to sNTnC18. These peaks are presumably not from impurities because 

HPLC and mass spectrometry indicated that peptide was pure. Moreover, these minor peaks were not 

witnessed in the free sTnI(115–131) experiments. To ensure the second minor peak was indeed from 

histidine on sTnI(115–131), the 13C,15N-filtered 1H,1HTOCSY NMR experiment was run29–32. The TOCSY 

spectrum shows the presence of signals attributable to two separate histidine conformations 

(Supplementary Figure 3.2). 

 

The pKa values of H2 and H5 from His-130 are shifted upward but is not shifted to the value 

measured from the Glu-19 pKa curves (pKa = 6.73 ± 0.17). This can be explained by the fact that even 

though the concentration of cNTnC is ~6:1 sTnI(115–131), the fraction-bound sTnI(115–131) may not be 

one. As mentioned earlier, a Hill coefficient different from unity may indicate an interaction with 

another titrating species. Another potential cause of the altered Hill coefficient may be that the 

fraction of sTnI(115–131)-bound changes as a function of pH, for example if sTnI(115–131) binds with 

different affinity at low and high pH values. The dissociation constant was determined at two pH values 

to assess this possible pH dependence. 
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pH-dependent dissociation constants of sTnI(115–131) 

 

sTnI(115–131) was titrated into cNTnC at two pH values (6.1 and 7.5). At each aliquot of 

sTnI(115–131), two-dimensional 1H,15N HSQC spectra were acquired. The global dissociation constant 

(KD) was determined to be 100 μM (sum of squared error = 0.066) at pH 6.1 and KD = 360 μM (sum of 

squared error = 0.076) at pH 7.5 (for an overlay of fits at the two pH values, residue Thr-71 is shown in 

Figure 3.7a, and the global fits are shown in Supplementary Figure 3.3 and Supplementary Figure 3.4). 

 

 

 

Figure 3.7. Titration of sTnI(115–131) into cNTnC at two different pH values. 

a, dissociation curves fit to the amide 1H NMR chemical shift data of Thr-71. sTnI(115–131) binds to 

cNTnC with a significantly higher affinity at the lower pH. b, scheme that was fit to model the pH 

dependence of sTnI(115–131) binding to cNTnC. 

 

The change in affinity as a consequence of pH indicates that the fraction bound will change 

over the course of the pH titrations. Using Equation 3, the fraction bound goes from 0.51 to 0.78 as the 

pH goes from 7.5 to 6.1. Typically, one could calculate fraction bound and extrapolate to the bound 

species to calculate the pKa value of the bound species; however, with the varying KD values as a 

function of pH, this was difficult. We did two extrapolations using averaged pKa values of H2 and H5, 

one assuming fraction bound of 0.78 and another assuming fraction bound of 0.52; the extrapolated pKa 

values for the bound species ranged from 6.43 to 6.58. The pKa of 6.58 is close to the pKa monitored by 

Glu-19 (6.73 ± 0.17). 

 

If the pH-dependent change in the affinity of sTnI(115–131) for cNTnC is solely related to the 

protonation state of His-130, then this should be reflected in the acid dissociation constant of His-130. 

We fitted the dissociation data to the simple model shown in the scheme in Figure 3.7b to investigate 

whether the pKa shifts of His-130 are directly correlated to the modulation of the KD value of sTnI(115–
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131). Protonation constants are represented by Ka (free) and Ka* (bound), and the peptide dissociation 

constants are indicated by KD (deprotonated peptide) and KD-H (protonated peptide). We used the pKa 

value for His-130 monitored from Glu-19 due to the uncertainty of the bound pKa of His-130 by 

monitoring His-130 directly as already mentioned. The same model has been previously fitted to 

characterize the pH dependence of a peptide binding to calmodulin51. For His-130, Ka = 7.410 x 10-7 M 

(pKa = 6.13, an average of H2 and H5) and Ka* = 1.9 x 10-7 M (pKa = 6.73). KD = 3.9 x 10-4 M and KD-H = 1.0 

x 10-4 M. Ka/Ka*(3.9) is equal to KD/KD–H (3.9), which is consistent with the scheme in Figure 3.7b. This 

result implies that the protonation state of His-130 directly tunes the pH-dependent affinity of 

sTnI(115–131).  

 

Discussion 

 

Impairment of coronary blood flow results in ischemia, which is characterized by a decline of 

oxygen and substrate supply to the cardiomyocytes. The decrease in blood supply leads to a buildup of 

ions and metabolic products, whose accumulation culminates with intracellular acidosis and a 

concomitant reduction in the force and Ca2+
 sensitivity of muscle contraction1, 2. This decrease in 

contractility occurs despite an elevation of the Ca2+
 transient during acidosis52. Instead, the increase of 

adenosine diphosphate, inorganic phosphate, and proton concentrations may inhibit actomyosin-ATPase 

activity53, 54, and the increased [H+] may decrease Ca2+
 sensitivity by lowering the affinity of troponin 

for Ca2+ 6–8. 

 

Interestingly, slow and fast skeletal muscles are less sensitive to acidic conditions than cardiac 

muscle10, 12. These differences in pH sensitivity have been localized to the C-terminal region of TnI12, 14, 

specifically in its switch region13. The sequence comparison of the switch regions of cTnI, sTnI, and 

ssTnI (Figure 3.1) reveals that both sTnI and ssTnI have a histidine in place of the alanine present in 

cTnI. In vitro13 and in vivo15 functional studies have verified that this histidine is the chief source of the 

reduced pH sensitivity of sTnI and ssTnI. The data presented here provide a structural understanding 

for how the sTnI isoform is less sensitive to the decline in pH associated with acidosis. 

 

In the crystal structure of the skeletal complex16, an electrostatic interaction between Glu-20 

of sTnC and His-130 of sTnI is observed, and the data presented herein suggest that an analogous 

interface is formed between Glu-19 and His-130 in the cNTnC-sTnI(115–131) complex. In the crystal 

structure, the imidazole N3 of His-130 is only 4.1 Å away from the carboxylate carbon of Glu-20, and 

assuming this interaction also occurs in the cNTnC-sTnI(115–131) complex, a change in the pKa values of 

both Glu-19 and His-130 should be observed. To investigate this possibility, we measured the pKa values 

of Glu-19 and His-130. The pKa value of His-130 shifted from 6.13 ± 0.02 to 6.73 ± 0.17 (using data 

obtained from Glu-19) or 6.54 to 6.4 (using data obtained by extrapolating from His-130 data). Glu-19 
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also experienced a pKa perturbation of 0.36 (5.06 ± 0.03/0.02 to 4.70 ± 0.01) and 0.53 units (5.23 ± 

0.01 to 4.70 ± 0.01) when compared with apo/Ca2+- and cTnI(147– 163)-bound states, respectively. The 

elevated pKa of Glu-19 when cNTnC is in complex with cTnI(147–163) may be the result of its proximity 

to the carboxyl group of Asp-152 from cTnI(147–163) (Cδ–C  distance: 7.3 Å, Protein Data Bank code 

1j1e, and 10.6 ± 1.7 Å, Protein Data Bank code 1mxl). 

 

If the interaction between Glu-19 and His-130 was solely responsible for the elevated pKa of 

His-130, then their ΔpKa values should be identical. Differences in the pKa shifts of His- 130 and Glu-19 

can be explained by several phenomena. First, the pKa of Glu-19 was measured at a [cNTnC]/[sTnI(115–

131)] ratio of ~4:1; using Equation 4 the fraction of cNTnC bound to sTnI(115–131) ranges from 0.65 at 

pH 7.5 to 0.86 at pH 6.1. Therefore, at a fraction bound of one the pKa would be expected to be lower 

than what was actually measured. Extrapolation of Glu-19 in a similar manner as described for His-130 

yielded a pKa range for bound of 4.64 to 4.51 (ΔpKa of 0.42 and 0.55, respectively, close to that 

determined for His-130, ~0.6). Second, the carboxylate of Asp-119 on sTnI in the x-ray structure is only 

3.7 Å from N4 of His-130. If this interaction occurs when sTnI(115–131) is bound to cNTnC, then it will 

also contribute to an increase in the pKa of His-130. Glu-16 is also near His-130 (10.1 Å), and it may be 

involved in driving sTnI binding to sTnC, because electrostatic forces can span distances ~10 Å 55–59. 

Conversely, in the NMR and x-ray structures of cardiac troponin, these interactions do not occur, 

presumably because the histidine is replaced by an alanine19, 20. Comparison of the crystal structures of 

the cardiac and skeletal troponin complexes in Figure 3.8 illustrates that in the cardiac system Ala-162 

is much further from Glu-15 and Glu-19 (11.8 and 16.4 Å, respectively). Thus, it is likely that when 

sTnI(115–131) binds to cNTnC, it adopts a conformation more similar to the skeletal complex. 

 

The observed pH dependence of sTnI(115–131) binding is directly related to the ionization state 

of His-130, which can be explained in part by an interaction made between Glu-19 of cNTnC and His-

130 of sTnI(115–131). At first glance, this result seems to imply that muscle with sTnI would have 

enhanced Ca2+sensitivity at low pH. However, functional studies of cardiac myofilaments replaced with 

sTnI demonstrate that although the negative inotropic effects of acidosis are partially suppressed, the 

Ca2+
 sensitivity is not enhanced when compared with values at neutral pH12, 13. Given that we were 

explicitly interested in probing the role His-130 played in dictating sTnI(115–131) binding to cNTnC, and 

as it is well established that the Ca2+
 binding to cTnC is reduced as pH is lowered6–8, we worked with 

excess Ca2+
 to ensure Ca2+

 saturation, even at the lower pH values. Moreover, the increased affinity of 

sTnI(115–131) measured at low pH in this report is not large enough to fully compensate for the 

reduced Ca2+
 affinity at low pH. To illustrate this, we calculated the free energies of Ca2+

 and sTnI(115– 
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Figure 3.8. Schematic representations of the core skeletal troponin complex (a and b: PDB ID: 

1ytz) and core cardiac troponin complex (c and d: PDB ID: 1j1e) 

In both structures, TnC is shown in dark blue, TnI in light gray, and TnT in black, and Ca2+ ions are 

depicted as black spheres. Glu-16, Glu-20, and His-130 (Glu-15, Glu-19, and Ala-162 in the cardiac 

system) are shown in stick representation. Expanded regions of a and c are shown in b and d, 

respectively. 

 

131) binding to cNTnC. The free energy (ΔG) of sTnI(115–131) binding to cNTnC can be determined as 

shown in Equation 6, 

 

                                                     (Eq. 6) 

 

where R is the ideal gas constant, and T is the temperature in Kelvin. Using this equation, the ΔG of 

sTnI(115–131) binding at pH 6.1 is approximately -5.6 kcal/mol and at pH 7.5 is approximately -4.7 
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kcal/mol, corresponding to a ΔΔG of 0.9 kcal/mol. Using the values for Ca2+
 binding to cNTnC at pH 7 

and pH 6 as reported by Liou and Chang8, Ca2+
 binding is ~2.4 kcal/mol less favorable at pH 6 than pH 

7. Therefore, the enhanced binding of sTnI(115–131) at low pH would not entirely offset the reduced 

binding of Ca2+ to cNTnC. We propose that the reduction in Ca2+
 affinity of cNTnC at low pH would be 

only partially compensated for by the concomitant enhancement in the affinity of sTnI for cTnC. This 

interpretation is consistent with findings that sTnI enhances the Ca2+
 affinity of cTnC at low pH values 

by its enhanced affinity for cTnC8. 

 

In this study, we show that the histidine of sTnI makes an interaction with cNTnC, and it is 

likely that cTnI(A162H) forms a similar interaction. It is worth mentioning that there may be some 

detrimental effects of increasing Ca2+
 sensitivity during acidosis. Transgenic mice containing the 

hypertrophic cardiomyopathy mutation, E180G, in tropomyosin (Tm-E180G) do not experience a 

substantial decline of Ca2+
 sensitivity during acidosis60. Although it might be expected that the reduced 

pH sensitivity of Tm-E180G would be beneficial because heart failure would be reversed, the increased 

muscle contractility seems to contribute to a worsening of heart disease60. Therefore, although it 

seems to be intuitive that one would want to enhance contractility in a weakened heart, this may not 

always be the case. However, in vivo studies done on transgenic mice expressing cTnI(A162H), which 

also have a reduced decrease in Ca2+ sensitivity during acidosis, do not have the same deleterious 

effects as Tm-E180G. The ability of cTnI(A162H) to be down-regulated by phosphorylation may help 

explain why this mutation has less severe consequences than Tm-E180G15. 

 

The fact that the interaction between His-130 and Glu-19 is important in stabilizing the 

interaction between sTnI(115– 131) and cTnC has implications not only for explaining why the neonatal 

heart contractility is less sensitive to low pH but also for the development of pharmaceuticals. The 

design of molecules that become charged at low pH and then stabilize the interaction between cTnI 

and cNTnC could be beneficial for the treatment of ischemic heart failure. Finally, although the 

protonation state of His-130 modifies the affinity of sTnI(115– 131) for cNTnC, it is also possible that its 

charge state may have other functional effects in an intact muscle fiber. For example, the protonation 

may both enhance the interaction between sTnI and cTnC and diminish sTnI binding to actin as has also 

been proposed15. 
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Supplementary figures and tables 

 

 

 

Supplementary Figure 3.1. Superimposed 2D 1H,15N-HSQC NMR spectra acquired throughout the pH 

titration of a. cNTnC(apo), b. cNTnC, c. cNTnC-cTnI147-163, and d. cNTnC-sTnI115-131. 

As the pH decreases the peak contour color changes from dark green to purple. See table S1 for pKa 

values. The resonance of E19 is labeled in cNTnC-sTnI115-131. 
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Supplementary Figure 3.2. 2D 13C,15N-filtered TOCSY NMR spectrum of 13C,15N-labeled cNTnC in 

complex with unlabeled sTnI(115-131). 

The spectrum was acquired at pH 5.90 and with mixing time = 60 ms. The spectrum clearly indicates 

the presence of a major and minor (*) conformation of H130. 
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Supplementary Figure 3.3.  

a. Global fit of the amide chemical shift changes of cNTnC when sTnI115-131 is titrated to cNTnC at pH 

6.1. b. The minimum SSE for the global fit in a. is at KD= 100 μM (SSE = 0.066).  
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Supplementary Figure 3.4.  

a. Global fit of the amide chemical shift changes of cNTnC when sTnI115-131 is titrated to cNTnC at pH 

7.5. b. The minimum SSE for the global fit in a. is at KD= 360 μM (SSE = 0.076). 
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Supplementary Table 3.1. Three-parameter or four-parameter fits of titration data for glutamate residues using 2D 1H,15N-HSQC NMR 

spectraa. 

 

Residue Apo Ca2+ cTnI147-163 sTnI115-131 

 HN N HN N HN N HN N 

E10 4.57 (0.18) 4.93 (0.09) - 4.89 (0.09) - 4.92 (0.1) 
4.15 (0.09) 

8.65(6.14) 
3.92 (0.17) 

E14 - 4.67 (0.32) - - - - - - 

E15 5.09 (0.04) 5.22 (0.03) 5.03 (0.03) - 5.00 (0.05) - - - 

E19 5.08 (0.05) 5.14 (0.06) 4.82 (0.03) 5.22 (0.02) 5.00 (0.04) 5.00 (0.03) 
5.03 (0.02) 

6.77 (0.04) 

4.72 (0.05) 

6.87 (0.11) 

E32 4.28 (0.11) 
4.68 (0.08) 

6.29 (0.11) 
4.32 (0.06) 4.22 (0.04) 3.64 (0.56) 3.16 (1.16) 3.69 (0.19) - 

E40 4.13 (0.18) - - 
3.29 (0.45) 

5.10 (0.06) 
- - 5.74 (0.1) 4.65 (0.11) 

E55 4.67 (0.06) 4.13 (0.19) 4.64 (0.04) 4.64 (0.02) 4.73 (0.06) 4.43 (0.12) 4.86 (0.04) 4.28 (0.06) 

E56 4.85 (0.08) - - 4.51 (0.02) - 4.3 (0.03) 4.77 (0.06) 4.25 (0.07) 

E59 4.89 (0.03) 5.63 (0.11) 4.63 (0.05) - - - - - 

E63 5.31 (0.06) 
4.06 (0.16) 

6.53 (0.08) 

4.05 (0.19) 

8.04 (0.25) 

2.98 (1.0) 

5.29 (0.08) 
- - 

4.85 (0.07) 

6.49 (0.09) 
- 

E66 4.49 (0.33) 4.86 (0.06) - - - - 5.93 (0.08) 4.37 (0.045) 

E76 4.57 (0.08) 
4.98 (0.09) 

6.77 (0.11) 
4.38 (0.03) 4.57 (0.06) 4.92 (0.07) 4.63 (0.09) 4.97 (0.05) 

4.93 (0.03)  

7.13(0.18) 

 

aData were fitted to equation 1 or 2, setting the hill coefficient to 1.   
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Supplementary Table 3.2. Three-parameter or four-parameter fits of titration data for glutamate residues using 2D 1H,13C-HCBCGCO 

spectraa. 

Residue Apo Ca2+ cTnI147-163 sTnI115-131 

 H 1 H 2 C  H 1 H 2 C  H 1 H 2 C  H 1 H 2 C  

E10 - 
4.58 
(0.18) 

4.66 
(0.03) 

4.73 
(0.06) 

4.88 
(0.09) 

4.62 
(0.02) 

4.74 
(0.03) 

4.83 
(0.16) 

4.67 
(0.03) 

- - - 

E14 - - - - - - - - - - - - 

E15 
4.49 
(0.09) 

- 
4.88 
(0.03) 

4.37 
(0.05) 

- 
4.84 
(0.03) 

4.36 
(0.10) 

4.43 
(0.22) 

4.83 
(0.06) 

- 
4.83 
(0.09) 

4.87 
(0.03) 

E19 
5.06 
(0.04) 

5.09 
(0.03) 

5.06 
(0.03) 

- 
5.17 
(0.03) 

5.06 
(0.02) 

- 
5.15 
(0.05) 

5.23 
(0.01) 

4.60 
(0.11) 

6.44 
(0.32) 

5.15 
(0.05) 

6.8  
(0.05) 

4.70 
(0.01) 

6.78 
(0.05) 

E32 - - - - - - - - - - - - 

E40 
4.85 
(0.06) 

- 
4.57 
(0.03) 

- - - - - - - - 
4.07 
(0.22) 

E55 
4.58 
(0.07) 

- 
4.75 
(0.04) 

4.60 
(0.05) 

- 
4.63 
(0.04) 

4.58 
(0.06) 

- 
4.66 
(0.06) 

4.62 
(0.05) 

- 
4.68 
(0.03) 

E56 - - - - - - - - - - - - 

E59 
5.44 
(0.05) 

5.15 
(0.08) 

5.43 
(0.05) 

5.38 
(0.03) 

4.97 
(0.05) 

5.31 
(0.03) 

5.40 
(0.02) 

5.02 
(0.09) 

5.38 
(0.04) 

5.43 
(0.03) 

5.21 
(0.06) 

5.37 
(0.02) 

E63 
5.40 
(0.06) 

5.64 
(0.06) 

5.26 
(0.05) 

5.42 
(0.05) 

5.71 
(0.08) 

5.34 
(0.03) 

5.29 
(0.13) 

5.71 
(0.09) 

5.19 
(0.04) 

5.22 
(0.05) 

5.55 
(0.04) 

5.05 
(0.03) 

E66 - - - - - - 
4.96 
(0.03) 

5.40 
(0.06) 

4.97 
(0.02) 

- - - 

E76 - 
6.35 
(0.06) 

6.06 
(0.07) 

- - - - - - - - - 

aData were fitted to equation 1 or 2, setting the hill coefficient to 1. 
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To continue unraveling the effects of A162H in the cardiac muscle, this chapter presents the 

structure of skeletal troponin I bound to cardiac troponin C. The insights gained by examining this 

structure allow us to unequivocally declare that the conformation of troponin I is independent of the 

troponin C isoform. It also allow us to propose a model that explains the isoform change of troponin I in 

the development, and the histidine-to-alanine swap in the evolution, of the heart muscle. A version of 

this chapter has been previously published: Robertson et al. (2014) Archives of Biochemistry and 

Biophysics 552-553:40-49. 

 

Introduction 

 

Muscle contraction is triggered by the thin filament protein complex troponin. Ca2+ binding to 

the “low-affinity” site (site II) of troponin C (TnC) leads to the association of the “switch” domain of 

troponin I (TnI) with the N-domain of TnC (NTnC) and the removal of the “inhibitory” and C-terminal 

“mobile” domains of TnI from actin. As TnI dissociates from actin, the orientation of tropomyosin on 

the actin filament changes, exposing myosin binding sites. Myosin-actin cross-bridges subsequently 

form and contraction ensues. Muscle relaxation begins with a decrease in cytosolic Ca2+concentration, 

which leads to the dissociation of Ca2+ and the switch region of TnI from NTnC and the inhibitory and 

mobile domains of TnI binding actin. Subsequent rearrangement of tropomyosin blocks the myosin 

binding interface and the myosin heads release from actin1-5. 

 

Structural biology has been instrumental in elucidating the molecular mechanism of contraction 

regulation by troponin2. There have been a large number of structures published on the skeletal and 

cardiac systems using both Nuclear Magnetic Resonance (NMR) spectroscopy and X-ray crystallography. 

The first structure of troponin C was of the skeletal variant (sTnC), and it featured a dumbbell shape, 
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composed of two globular EF-hand domains connected by a helical linker6. sTnC has been shown to 

undergo a large closed-to-open conformational change when Ca2+ binds to the N-domain (sNTnC)7. The 

central helical linker of sTnC has been shown to be flexible in solution8. The NMR structure of a 

rhodamine-labelled sNTnC bound to Ca2+ and to the switch region of sTnI (sTnI115-131) indicated that no 

major change in sNTnC occurred upon binding sTnI9. In the cardiac system, there have also been a 

number of structures solved. The first structure of Ca2+ saturated cardiac troponin C (cTnC) showed 

that, similar to sTnC, the central linker between the N- and C- domains of cTnC is flexible; however, in 

contrast with sTnC, the N-domain of cTnC (cNTnC) remains essentially closed in the presence of Ca2+ 10, 

11. It was later shown that cNTnC must bind the switch region of TnI (cTnI147-163)[1] as well as Ca2+ before 

going through the closed-to-open transition12, emphasizing the significance of the cNTnC-cTnI147-163 

interaction in the thermodynamic and kinetic balance that regulates cardiac muscle contraction. 

 

There have been two X-ray crystal structures of the “core” troponin complex published. While 

the structures are generally similar, they differ in two distinct ways: the conformation of the central 

helix of TnC (and thus the relative orientations of the sNTnC-sTnI115-131 and cNTnC-cTnI147-163 regulatory 

regions), and the conformation of the C-terminus of TnI, a region that is important in regulation13-17. In 

the core structure of the cardiac troponin complex (cTn)18 the central helix is bent, and for one of the 

molecules in the asymmetric unit of the crystal, cTnI adopted a long helix beyond the switch region 

that extended away from cTnC (Figure 4.1a). Although cTnI adopts a helix in the crystal, fluorescence 

anisotropy has indicated that this region is highly mobile and most likely unstructured19. The bent 

orientation of cNTnC has been used to build a model of the interaction of cNTnC with the cardiac 

specific N-terminal region of cTnI20, 21 – a segment that regulates myofilament Ca2+-sensitivity through 

its phosphorylation by protein kinase A (PKA)4. In the crystal structure of the skeletal complex (sTn)22, 

the central helix is straight; however, in a different structure of a sTnC-sTnI complex the central helix 

in sTnC is bent23, akin to cTnC in the cardiac complex, bringing up the question of whether the 

quaternary structural differences are real or an artifact of crystal packing. Indeed, in vitro NMR 

dynamics24, 25 and in situ fluorescence studies of sTnC indicate that this central helix is flexible26, 27. 

Moreover, unlike the extended conformation adopted by cTnI, the residues C-terminal to the switch 

region of sTnI make several contacts with the A-helix of sTnC (Figure 4.1b and e). This difference in 

conformations has been attributed to H130 of sTnI (A162 in cTnI), which appears to form a salt-bridge 

with the side chain carboxylate of E20 on sNTnC (E19 in cNTnC). The presence of an interaction 

between H130 and E20 has been further supported by NMR relaxation and molecular dynamics that 

have indicated that sTnI does not become flexible until after residue H130 28, 29. 

 

                                                 
[1] The numbering differences between the cardiac and skeletal isoforms of troponin I is the result of an initial 32 

residue segment of cardiac troponin I, not present in either fast or slow skeletal troponin I. 
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Figure 4.1. Structures of the cardiac and skeletal troponin complexes. 

TnC is coloured in light blue, TnI in pale yellow, TnT in dark grey, and Ca2+ is represented as black 

spheres. Dashed lines represent regions of TnI that are either missing in the structure due to motion, or 

because they were truncated to aid in the crystallization. a. The X-ray structure of the core cardiac 

troponin complex (PDB: 1J1E). b. The X-ray structure of the core skeletal troponin complex (PDB: 

1YTZ). The regulatory N-domain of TnC and the switch-region of TnI are encircled. c-e. The N-domain 

of TnC and the switch region of TnI looking towards the TnC-TnI interface. c. The cNTnC-cTnI147-163 

complex from the X-ray structure in a. The missing structural information of the loop connecting 

helices B and C were due to motion. d. The NMR ensemble (10 lowest energy structures) of cNTnC-

cTnI147-163 (PDB: 1MXL). e. The sNTnC-sTnI115-131 complex from the X-ray structure in b. The five helices 

of NTnC (N,A,B,C,D) are labelled in c. 
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During myocardial ischemia, intracellular accumulation of H+ and other metabolic products due 

to reduced or absent blood flow to the tissue can produce acidosis. Acidic pH reduces the Ca2+ 

sensitivity of cNTnC, which diminishes the force developed, and is reflected in defective contractions 

in the first few seconds after occlusion30, 31. It has been shown that replacing cTnI with sTnI32 or slow-

skeletal TnI (ssTnI)33, 34 reduces the ischemic-induced drop in Ca2+-sensitivity. Moreover, if just the C-

terminal domain of cTnI (residues 150-211) is replaced by the residues from sTnI (residues 118-182) 

most of this protection can be accounted for32. More recent studies have identified H130 as the 

principal source of this protection35, 36. NMR studies have shown that H130 of sTnI37 and H162 from 

cTnI(A162H)38 form electrostatic interactions with E19 of cNTnC at low pH, which enhances TnI binding. 

These results suggested that sTnI and cTnI(A162H) bind in a similar fashion; consistent with how sTnI 

binds sTnC in the X-ray structure of sTn. 

 

In this study we used solution NMR spectroscopy to solve the structure of the sTnI, and model 

the structure of cTnI(A162H) bound to cNTnC at pH 6. The structure of sTnI is remarkably similar to its 

structure in sTn. This indicates that the conformation of sTnI is independent of the TnC isoform. NMR 

structural restraints for cTnI(A162H) also predict a structure more like the structure of sTnI than cTnI. 

These results add to the structural evidence for an electrostatic interaction made between sTnI or 

cTnI(A162H) and cNTnC. Taken in unison, the data presented herein indicate that a single residue 

change can cause TnI to undergo a substantial conformational change when bound to the NTnC. The 

role of the conformation of cTnI and sTnI is discussed in the context of the differences in regulation of 

muscle contraction by the different isoforms of TnI. 

 

Experimental procedures 

 

Protein Preparation 

 

Human 15N- and 13C,15N-cNTnC (wild type) and 15N- and 13C,15N-cNTnC C35S,C84S proteins were 

expressed on E. coli and purified as described previously39. The unlabelled synthetic peptides N-acetyl-

RMSADAMLKALLGSKHK-amide (sTnI115-131) and N-acetyl-RRVRISADAMMQALLGARHKESLDLRA-amide 

(cTnI(A162H)144-170) were obtained from GL Biochem LTD. Lyophilized protein and sTnI115-131 peptide 

were dissolved in a 1:4 ratio in 100 mM KCl, 10 mM imidazole, 10 mM CaCl2, 0.25 mM 4,4-dimethyl-4-

silapentane-1-sulfonate-d6 sodium salt as an internal NMR standard and 5% D2O; lyophilized wild type 

protein and cTnI144-170 peptide were dissolved in a 1:4 ratio in the same buffer with an additional 10 mM 

dithiothreitol to prevent cysteine oxidation. The pH of the NMR samples were set to ~ 6 (using HCl and 

NaOH). The pH was determined using the 1H chemical shift of imidazole as an indicator40.  
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NMR spectroscopy 

 

All NMR data were collected on either a Varian Inova 500 MHz or Unity 600 MHz spectrometers 

at 30 °C. The structure of Ca2+-saturated cNTnC-sTnI115-131
[2] was solved using data collected from the 

13C-edited-filtered HMQCNOESY (mixing time = 150 ms) and 13C,15N-filtered NOESY/TOCSY (mixing time 

= 200 ms and 60 ms, respectively) experiments41-43. The residues on 13C,15N-cNTnC that made 

intermolecular NOEs with sTnI115-131 were assigned using the CBCACONNH, HNCACB, HCCONH, and 

CCONH experiments. The processing of all the experiments were done with NMRPipe44 and assigned 

using NMRViewJ45. ORBplus46 was used to predict the tertiary structure of cNTnC when bound to sTnI115-

131 based on the amide chemical shifts of residues from site I (27-40) and site II (64-74). 

 

Structure Calculation 

 

Xplor-NIH was used to calculate the structure of cNTnC-sTnI115-131
47, 48. The protocol followed 

was modified from 49 to only use NOEs in the structure calculation. Initially, the structures of sTnI115-131 

were calculated using a simulated annealing protocol. The temperature was slowly cooled from 1000 to 

100 K; 24000 high temperature steps and 3000 cooling steps were used. The intramolecular sTnI115-131 

NOEs were calibrated using the bin method (strong, 2.8 Å; medium, 3.4 Å; and weak, 5.0 Å) with the 

NOE module in NMRViewJ. The averaging method selected was sum with a soft potential. Dihedral 

restraints for sTnI115-131 were set to helical (ϕ = -60 ± 25°; ψ = -30 ± 25°) using the chemical shift 

index50. The knoe was 50 kcalmol-1Å-2 and kdihed was 200 kcalmol-1rad-2. The lowest energy structure 

was saved for the rigid docking protocol. 

 

Following the calculation of the structure of sTnI115-131 when bound to cNTnC, independent of 

cNTnC, a rigid minimization of the cNTnC-sTnI115-131 complex was done. The structure of cNTnC was 

from the cNTnC-cTnI147-163 structure (with cTnI147-163 removed from the structure) PDB: 1MXL12. The 

model with the least number of restraint violations from the ensemble was selected for the rigid 

docking. In this calculation, intermolecular NOEs between sTnI115-131 and cNTnC were used to drive the 

docking. The NOEs were also calibrated using the bin method (strong, 2.8 Å; medium, 3.4 Å; and weak, 

5.0 Å). Because sTnI115-131 is expected to bind deep into the hydrophobic groove of cNTnC (as cTnI 

does), 22 of the intermolecular NOEs were violated (> 0.5 A). This is presumably because the side-

chains at the interface were not allowed to rotate. Therefore, following the rigid-docking, a semi-rigid 

simulated annealing protocol was used49. The backbone atoms for cNTnC were kept rigid during the 

calculation, but the side chains were permitted to rotate. A conformational database potential was 

used for the side-chain dihedral angles51. Since sTnI115-131 is relatively flexible and its conformation may 

change when the intermolecular NOEs with cNTnC were introduced, none of the peptide atoms were 

                                                 
[2] Unless otherwise stated, all protein complexes discussed in this study were Ca2+-saturated. 
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kept rigid. The intraresidue NOEs from the initial structure calculation of sTnI115-131 were reintroduced, 

in addition to the cNTnC-sTnI115-131 intermolecular NOEs, and the structure of sTnI115-131 was 

recalculated in the presence of cNTnC. The packing of the protein complex was improved by including 

a potential for the expected radius of gyration for the complex52. The final knoe was 60 kcalmol-1Å-2 

and kdihed was 200 kcalmol-1rad-2. The ensemble presented in this study represents the 10 lowest 

energy structures, and none of the models had any NOE violations >0.5 Å nor dihedral violations > 5°. 

For a detailed description on the semi-rigid annealing calculation see Clore, 200049. 

 

Theoretical acid dissociation constant calculation 

 

The webserver H++ 53 was used to predict the pKa of H130 for the structure of cNTnC-sTnI115-131. 

The H130-E19 interaction is at the surface of the protein complex, so a protein dielectric of 10 was 

chosen for the calculation53. The surrounding solvent was given the high dielectric constant of 80. The 

ionic strength was set to 0.1 M. The pKa for H130 was calculated for both the lowest energy structure in 

the ensemble and across the 10 structures in the ensemble. Errors in the pKa calculation and distance 

measurements are reported as standard deviations. 

 

Preparation of final model 

 

The structure of the thin filament in the Ca2+-activated state was prepared based on the 

electron microscopy-based reconstitution54 of actin55 and tropomyosin56. The orientation of the X-ray 

structure of the cardiac troponin complex18 on the thin filament is based on the orientation of the C-

domain of sTnC from Knowles et al.27. The C-terminal extension of TnI was added in PyMOL 

(http://www.pymol.org/) and its orientation relative the switch region of TnI was randomized using 

Xplor-NIH47, 48. The ensemble of structures for the C-terminal extension generated by Xplor-NIH are 

meant to indicate its flexibility as shown by NMR and fluorescence anisotropy19, 28, 29. The residues that 

were considered to be flexible were residues 160-211 in the case of the cardiac model and residues 

144-182 in the case of the cardiac-skeletal hybrid model. The NMR structure of the N-terminus of cTnI20 

was docked on the X-ray structure of the core troponin complex.  

 

Results 

 

Structure of sTnI115-131 when bound to cNTnC 

 

We have previously shown that when sTnI115-131 is bound to cNTnC, the pKa of H130 in sTnI115-131 

is increased and the pKa of E19 in cNTnC is reduced, which suggested that the two residues form a salt-

bridge37. We also found that when H130 is protonated (pH~ 6), sTnI115-131 bound tighter to cNTnC than 
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when it was deprotonated (pH ~ 7.5) – presumably the result of an electrostatic interaction between 

E19 and H130. In this study, we employed NMR spectroscopy to solve the high-resolution solution 

structure of sTnI115-131 bound to cNTnC at pH 6 to provide structural evidence of this interaction. 

 

The principal experiment used to solve three-dimension structures by NMR spectroscopy is the 

Nuclear Overhauser Enhancement (NOE) Spectroscopy (NOESY) experiment. The NOE is a correlation 

made between two protons close in space (<6 Å). Most NOEs observed in a NOESY experiment arise 

from 1H-1H correlations from the same residue (i, i) or from sequential residues (i, i ± 1). These short-

range correlations are useful in assigning the chemical shifts of residues. The observation of longer 

range NOEs are essential in characterizing the secondary and tertiary structure of proteins57. 

 

The two-dimensional 13C,15N-filtered 1H-1H NOESY experiment41, 43 was used to solve the 

structure of sTnI115-131 when bound to 13C,15N-cNTnC. The filtered experiment is designed to remove all 

1H-1H NOEs that are either within 13C,15N-cNTnC or between 13C,15N-cNTnC and sTnI115-131, thereby 

measuring only distance contacts within sTnI115-131. The assignment of the NOESY was done in tandem 

with the two-dimensional 13C,15N-filtered 1H-1H total correlation spectroscopy (TOCSY) experiment 41, 43 

which only contains intraresidue 1H-1H correlations. With the exception of the histidine imidazole ring 

protons, none of the other assignments presented in this paper were stereo-specifically assigned; 

however, for clarity (i.e. for distinguishing between the two terminal  methyls of a leucine) when 

presenting the NOES, we labeled them as uniquely assigned. Methyl group protons are labelled with a 

‘#’ symbol to indicate that the three protons are indistinguishable. 

 

The region of the 13C,15N-filtered 1H-1H NOESY spectrum shown in figure 2a is especially useful 

in characterizing the secondary structure of a polypeptide. This so-called “fingerprint” region shows 

NOEs involving the backbone amide 1H nuclei. The expanded region in figure 2b highlights NOEs that 

are consistent with an -helical structure57, such as those made between the HN of A124 and the H  of 

A120 or between the HN of K123 and the H  nuclei of D119 and A120 (Figure 4.2b,c). The overall 1H-1H 

NOE patterns observed in sTnI115-131 are summarized in Supplementary Figure 4.1, and in general, 

support an -helical structure from residues D119 to L125. Another indicator of protein conformation is 

the chemical shift index, which uses the chemical shifts to predict secondary structure58, 59. The H  

NMR chemical shift index50 for sTnI115-131 at 30° C and pH 6 predicted a central -helix (residues S117-

A124). The presence of this -helix is consistent with the other structures of sTnI115-131 bound to sNTnC9, 

22. 
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Figure 4.2. Conformation of sTnI115-131 when bound to cNTnC. 

a. Several sections of the 2D filtered 1H-1H NOESY spectrum of sTnI115-131. Peaks that correspond to 

contacts involving H130 are labelled in red. The signals circled indicate artifacts in the spectrum. b. A 

close up of the region of the NOESY that is boxed off in a. c. A segment of the structure of sTnI115-131 

(shown in cartoon and stick representation) highlighting several of the residues that make the NOEs 

shown in b. The helix was made transparent for clarity. d. A segment of the structure of sTnI115-131 

(shown in cartoon and stick representation) depicting the orientation of the imidazole ring of H130, 

which is determined based on NOEs it makes with L122 and K123 shown in a. 
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The tertiary structure of sTnI115-131 was also solved using the 13C,15N-filtered 1H-1H NOESY 

experiment. In addition to the central -helix, there were several long-range NOEs between the 

imidazole 1H signals of H130 and the side-chains of K123 and L122 that indicate a bend in sTnI115-131 that 

brings H130 back over the center of the peptide. Strong NOEs made between H 2 and the entire side 

chain of K123 as well as NOEs between H 1 of H130 and one of the terminal methyls from L122 position 

the imidazole ring of H130 in-between both residues (Figure 4.2d). This bent conformation adopted by 

sTnI115-131 is starkly different than both the NMR and X-ray structures of cTnI147-163 bound to cNTnC, both 

of which show A162 sticking out into solution. On the other hand, in the skeletal complex of troponin 

sTnI makes a very similar type bend just C-terminal to the -helix that binds the N-domain of sTnC 

(Figure 4.1e). 

 

Structure of the cNTnC-sTnI115-131 complex 

 

We next determined the structure of the cNTnC-sTnI115-131 complex to see if we could discern 

any interaction between H130 and E19 of cNTnC as has been previously postulated37, 60, 61. The structure 

of cNTnC has been determined in a variety of ligand bound states12, 18, 62-66 and in all of the structures, 

the conformation of cNTnC remains essentially unchanged46. We have recently described a program 

called ORBplus46, which compares the backbone 1H,15N chemical shifts of a protein with a database of 

structures and associated chemical shifts to predict its structure. We assigned the backbone amide 

chemical shifts of cNTnC bound to sTnI115-131 and used ORBplus to contrast its predicted structure to the 

conformation of cNTnC when bound to cTnI147-163. 

 

The global conformation of cNTnC can be described by the interhelical angles between the 

helices that flank their Ca2+-binding loops (see Figure 4.1c for the labelling of cNTnC helices). ORBplus 

predicted that the interhelical angle between the A and B helices (AB) is 102.7° and the C helix - D 

helix (CD) interhelical angle is 93.1°. For the AB prediction, chemical shifts from residues 27-40 were 

used and for the CD calculation residues 64-74 were chosen, since these residues are indicative of the 

global conformation of cNTnC46. The interhelical angles predicted by ORBplus were very close to those 

seen in the ensemble of structure of cNTnC-cTnI147-163: AB = 102 ± 4° and CD = 95 ± 6°. The interhelical 

angles were calculated for cNTnC-cTnI147-163 with the program interhlx (K. Yap, University of Toronto). 

We therefore concluded that the structure of cNTnC bound with sTnI115-131 is not significantly altered 

from the cTnI147-163 bound state and focused on solving the orientation of sTnI115-131 with respect to 

cNTnC by measuring NOEs between the two molecules. 

 

The NMR experiment used to measure NOEs between an unlabelled ligand, such as sTnI115-131 

and a labelled target protein, such as 13C,15N-labelled cNTnC, is called the 13C-edited/filtered 

HMQCNOESY experiment41, 42. The only signals observed in the 13C-edited/filtered HMQCNOESY arise 
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from intermolecular NOEs between an unlabelled ligand and a 13C,15N-labelled protein. A few 

representative NOEs are shown in Figure 4.3. In total, 54 intermolecular NOEs were assigned between 

sTnI115-131 and cNTnC, a large number of which were between methyl groups. Strong NOEs are observed 

between the terminal methyl protons of A22 from cNTnC and L126 of sTnI115-131 as well as between V44 

of cNTnC and L125 and M116 from sTnI115-131. 

 

 

 

Figure 4.3. Intermolecular NOEs between sTnI115-131 and cNTnC. 

A selection of intermolecular NOEs made between sTnI115-131 and 13C,15N-cNTnC. The 13C planes are 

labelled on the left and the proton chemical shifts belonging to 1H atoms attached to the 13C nuclei are 

identified on the right. The assignments from residues on sTnI115-131 are listed at the top of the spectra.  

 

To solve the structure of the complex, we performed a semi-rigid docking49 of sTnI115-131 onto 

cNTnC, where the backbone of cNTnC was kept rigid and its side chains were allowed to rotate. 

Initially, just the structure of sTnI115-131 was solved using the intramolecular NOEs within sTnI115-131. 

Next, the cTnI147-163 peptide was removed from the coordinates of the deposited structure of the 

cNTnC-cTnI147-163 complex (PDB: 1MXL) and the structure of sTnI115-131 was docked to cNTnC using solely 
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the intermolecular NOEs between cNTnC and sTnI115-131. At this stage, the backbone atoms of both 

cNTnC and sTnI115-131 were kept rigid. Following the rigid docking, a simulated-annealing protocol was 

performed wherein only the backbone atoms of cNTnC were kept rigid and the structure of sTnI115-131 

was solved using intramolecular NOEs, intermolecular NOEs between cNTnC and sTnI115-131, and dihedral 

restraints for sTnI115-131 from the chemical shift index50.  

 

The ensemble of the 10 lowest energy structures for the cNTnC-sTnI115-131 complex is shown in 

Figure 4.4a. No NOE violations greater than 0.5 Å and no dihedral angles greater than 5° were observed 

in the ensemble of the 10 lowest energy structures (Supplementary Table 4.1). The ensemble was well-

defined with an rmsd of 0.55 ± 0.15 Å for C  atoms of residues 118-126 and 1.54 ± 0.19 Å for all heavy 

atoms for resides 118-126. The general orientation of sTnI115-131 is unchanged from cTnI147-163 (Figure 

4.4b,c); however, unlike cTnI147-163, the C-terminal end of sTnI115-131 turns back on itself, making 

specific contacts with residues on cNTnC and other residues on sTnI115-131. As previously mentioned, this 

unique feature is more similar to what was observed for sTnI when its bound to sNTnC in the skeletal 

complex (Figure 4.4d). 

 

 

 

Figure 4.4. Structural comparison of the switch region of TnI in different NTnC-TnI complexes. 

a. Stereo-view of the ensemble of 10 lowest energy structures of cNTnC (light blue) bound to sTnI115-131 

(pale yellow) and Ca2+ (black spheres). Overlays of the lowest energy structure of cNTnC-sTnI115-131 with 

b, cNTnC-cTnI147-163 (PDB: 1J1E; green), c, the lowest energy structure of cNTnC-cTnI147-163 (PDB: 1MXL; 

red), and d sNTnC-sTnI115-131 (PDB: 1YTZ; orange). 
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We also compared the structure of cNTnC-sTnI115-131 with the solution structure of the 

rhodamine labelled sNTnC-sTnI115-131
9. In that structure, the bent conformation of sTnI115-131 was not 

observed (Supplementary Figure 4.2). There are several explanations for this discrepancy: first, the pH 

at which the sNTnC-sTnI115-131 complex structure was solved was 6.8 instead of 6.0 as in our study. 

Assuming the pKa of H130 is approximately the same in both the sNTnC-sTnI115-131 and cNTnC-sTnI115-131 

complexes, then roughly only half of the histidine imidazole side chains would be protonated in the 

sNTnC-sTnI115-131 complex37. Second, the salt concentration was much higher in sNTnC-sTnI115-131 (320 

mM KCl) versus cNTnC-sTnI115-131 (100 mM KCl), which will significantly disrupt the formation of 

electrostatic interactions67. 

 

Interaction between H130 and E19 in the cNTnC-sTnI115-131 complex 

 

The increase in the acid dissociation constant of H130 from 6.13 ± 0.02 to 6.73 ± 0.17 when 

sTnI115-131 is bound to cNTnC is most likely the result of the formation of a salt-bridge37. To provide a 

structural basis for this observation, the distances between H130 and E19 in the solution structure of 

the cNTnC-sTnI115-131 complex were measured. In the X-ray structure of sTn, the distance between the 

centre of the carboxyl group of E20 (E19 in cNTnC) of sTnC and the centre of the imidazole ring from 

H130 of sTnI is 4.9 Å (Figure 4.5a), indicating the potential for an electrostatic interaction between 

these two residues in solution. On the other hand, in the NMR structure of cNTnC-cTnI147-163 (PDB: 

1MXL) the C  of A162 is 18.8 Å away from E19 (Figure 4.5b) and in the X-ray structure (PDB: 1J1D) it is 

11.7 Å away. In the NMR structure of cNTnC-sTnI115-131, H130 is 5.8 Å away from E19 (5.1 ± 0.8 Å for the 

ensemble) (Figure 4.5c). We used the webserver H++ 53 to predict the pKa of H130 for the structure of 

cNTnC-sTnI115-131. H++ predicted the pKa of H130 as 6.8 (for the lowest energy structure) and 6.53 ± 

1.09 (for the ensemble), which are consistent with the experimental values (6.73 ± 0.17)37. This result 

indicates that as previously hypothesized, the altered pKa of H130 is due to the formation of a salt-

bridge with E19. 
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Figure 4.5. Structures of TnC-TnI complexes highlighting the distance between E19/E20 and 

H130/A162. 

TnC is coloured in light blue, TnI in pale yellow and Ca2+ is represented as black spheres. a. The 

structure of sTnI115-131 bound to sNTnC (PDB: 1YTZ). b. The NMR structure of cTnI147-163bound to cNTnC 

(PDB: 1MXL). c. The structure of sTnI115-131 bound to cNTnC from this study. 

 

Comparison of the NOEs formed by sTnI115-131 and cTnI(A162H)144-170 

 

The structure of sTnI115-131 bound to cNTnC indicates that the conformation of sTnI115-131 is very 

similar to its structure in the skeletal troponin complex. To investigate whether this is the result of the 

presence of H130 or the additive effect of a number of amino acid substitutions when compared to cTnI 

(Figure 4.6a), we measured NOEs for the mutant peptide, cTnI(A162H)144-170, bound to cNTnC and 

contrasted them with the data collected for the sTnI115-131-cNTnC complex. It has been shown that 

mutating A162 to H162 in cTnI prevents the effects of acidosis36. We also showed that the pKa changes 

for E19 of cNTnC and H162 of cTnI(A162H)144-170 indicated an electrostatic interaction between them in 

a similar way to the skeletal system38. By comparing the NOE data for the two complexes containing 

H130 or H162, the effect of a single amino acid change on TnI’s tertiary structure was gauged. 
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Figure 4.6. Comparison of sequences and intermolecular NOEs for sTnI115-131 and cTnI(A162H)144-170. 

a. The sequences of sTnI115-131 and cTnI(A162H)144-170. The switch region of TnI is bounded by a box. b. A 

comparison of the intramolecular NOEs made by H130 H 2 of sTnI115-131 and H162 H 2 of cTnI(A162H)144-

170. Assignments that are ambiguous are separated by a slash. c. A selection of the intermolecular NOEs 

made between cTnI(A162H)144-170 and cNTnC (top) or sTnI115-131 and cNTnC (bottom). 
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The chemical shifts of cTnI(A162H)144-170 were assigned in the absence and presence of cNTnC to 

identify key residues that are involved in the interaction with cNTnC. The H  and HN chemical shifts of 

the mutant peptide are substantially different in the free and bound states with the largest differences 

observed in the middle region of the peptide and for H  of H162 (Supplementary Figure 4.3). The large 

perturbations at these residues suggest they are in direct contact with cNTnC, or undergo a significant 

structural change upon binding cNTnC, or both. The H  NMR chemical shift index50 for the bound 

peptide at 30° C and pH 6 predicted the presence of a helix comprising residues S149 to L157. In 

contrast, the H  chemical shift index of the free peptide does not display any secondary structure 

under the same conditions. The central -helix in cTnI(A162H)144-170 is analogous to other cNTnC-cTnI 

structures12, 18, 65, 66. Although the intramolecular NOEs for the bound form of cTnI(A162H)144-170 were 

assigned, only a few contacts characteristic of helical secondary structure were observed due to 

exchange broadening and the high degree of overlap in the “fingerprint” region of the NMR spectra. 

 

The orientation of H130 in sTnI115-131 when bound to cNTnC was largely characterized by NOEs 

formed between its imidazole ring and the side-chains of L122 and K123. In Figure 4.6b the region of 

the 13C,15N-filtered NOESY spectrum highlighting NOEs made by H 2 is shown. Note that, much like 

H130 H 2, H162 H 2 makes a series of long-range NOEs with the side-chain of residue Q155 (K123 in 

sTnI115-131, see Figure 4.6a). It is evident that in order for H162 to make contacts with Q155, the 

conformation of cTnI(A162H)144-170 must be very similar to sTnI115-131. Other interresidue contacts with 

H162 H 2 were ambiguously assigned to the neighboring residue R161 H 2 and H 1 or L166 H 1 and 

H 2, L166 H 2# or L168 H 2#; and unambiguously assigned to L157 H 2# and L158 H 1#. The H 1 ring 

proton of H162 also makes NOEs to L157 H 2# and L158 H 1# and to L166 or L168 H . In previously 

published structures of cTnI147-163 bound to cNTnC, A162 does not make these same intramolecular 

NOEs12, 65, 66 and therefore these data imply that cTnI(A162H)144-170 adopts a conformation analogous to 

sTnI in the skeletal troponin complex22 or as shown in this work. 

 

We next compared a few of the intermolecular NOEs made between cTnI(A162H)144-170 and 

cNTnC with those made between sTnI115-131 and cNTnC (Figure 4.6c). The cNTnC residues V44 (on the B 

helix), A22 and A23 (both on the A helix) lie in the hydrophobic pocket where TnI binds and therefore 

NOEs they make are highly indicative of the orientation of TnI. In the complex of cNTnC-cTnI(A162H)144-

170, V44 H 1# makes NOEs with L157 H 1# and L157 H 2#, and V44 H 2# makes NOEs with L157 H 1#, 

L157 H 2#, M154 H #, and I148 H 1#. When compared with sTnI115-131 we note analogous NOEs: L125 

H 1#, L125 H 2# (L157 in cTnI) and M116 H # (I148 in cTnI). No NOEs between L122 H 1# or H 2# and 

V44 H 2# were observed, which would be analogous to the NOE made with M154 H #. This is not 

surprising since the side chain of a methionine can easily adopt a different conformation than a 

leucine. A22 H # and A23 H # from cNTnC make analogous NOEs with cTnI(A162H)144-170 and sTnI115-131. 

Some distinct intermolecular NOEs were observed that are not consistent with X-ray structure of 
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cardiac troponin. Residues S165, L166 and L168 at the C-terminal region of cTnI(A162H)144-170 contacted 

residues T13 and E19 on the N-terminal side of helix A, and M85 on helix D of cNTnC. These NOEs would 

position the post-helical part of cTnI(A162H)144-170 in the space between the switch peptide helix and 

the A helix of cNTnC, and in combination with the other intermolecular NOEs indicate cTnI(A162H)144-170 

is in a similar orientation as sTnI is in the skeletal complex. 

 

It was previously shown that the substitution of A162 with H162 in the cardiac switch peptide 

causes a substantial increase in affinity for cNTnC at pH 6 due to the formation of a new salt bridge 

between H162 and E19 or E15 in cNTnC38, for this reason a curved conformation for the mutant switch 

peptide was expected but not confirmed since electrostatic interactions may span long distances. The 

introduction of H162 in the cardiac switch peptide may drive the switch peptide towards E15 and E19 

by electrostatic attraction, positioning other residues in a favorable orientation to interact with 

residues in helix A and D of cNTnC stabilizing the mutant switch peptide in the curved conformation 

observed for sTnI115-131.  

 

Discussion 

 

In this study, the structure of sTnI115-131 bound to cNTnC at pH 6 has been solved by NMR 

spectroscopy. Overall, the structure of sTnI115-131 was not different than either the cardiac switch 

region12, 18 or the switch region in other skeletal structures9, 22. Analogous to the other structures, 

sTnI115-131 contained a central -helix and was found to bind in the hydrophobic cleft of cNTnC. In the 

cardiac troponin structures the C-terminal region of cTnI is unstructured immediately following the 

switch helix12, 19, or in the case of one of the molecules in the asymmetric unit of the crystal structure, 

adopts long helix that extends away from cTnC18. In contrast to the extended, unstructured, 

conformation of cTnI, the C-terminus of sTnI bends back over the switch helix and makes a series of 

contacts with itself and with the A helix of sTnC before extending into solution22. In the structure 

presented in this study, residues 126-131 of sTnI115-131 adopted a conformation much more similar to 

that observed in the crystal structure of sTn. The consistency in the structure of sTnI between the X-

ray structure of sTn and the NMR structure in this study suggests that the unique conformation of sTnI 

is not dependent on the isoform of TnC. 

 

Cytosolic acidosis occurs during myocardial ischemia, and leads to a decrease in Ca2+-

sensitivity. The replacement of cTnI with either sTnI or ssTnI leads to a reversal in the decreased 

sensitivity at low pH32-34. This reversal in Ca2+-sensitivity has been localized to the C-terminus of sTnI32, 

specifically at H13035, 36. In a recent NMR study37, we showed that when sTnI115-131 is bound to cNTnC 

the pKa of H130 is elevated which is indicative of the formation of a salt-bridge. In the X-ray structure 

of sTn, H130 comes in close contact with E20 on sTnC (4.9 Å between the center of the histidine ring 
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and the center of the carboxyl group), and this suggests that the change in pKa of H130 in the study 

with sTnI115-131 bound to cNTnC is the result of a similar interaction with E19 on cTnC. Indeed, in the 

structure of cNTnC-sTnI115-131, we found that the average distance between H130 and E19 was 5.1 ± 0.8 

Å. Furthermore, the theoretical predication of the pKa of H130 (6.8 for the lowest energy structure and 

6.53 ± 1.09 over the ensemble of structures) is within the range measured by NMR (6.73 ± 0.17). 

 

The structure of sTnI115-131 bound to cNTnC suggests that the bent structure it adopts is the 

result of the salt-bridge between E19 and H130. In order to further investigate the role of this histidine 

in TnI, we also measured structural restraints for cTnI(A162H). Palpant et al.61 used molecular 

dynamics to assess the structural effect of replacing A162 with a protonated histidine. They found that 

in one of the five simulations they ran, H162 was close enough to E19 to form a salt-bridge. They did 

not see the same effect with the wild-type cTnI or with a deprotonated histidine. They also predicted 

the pKa of H162 to be increased in the presence of cNTnC. In a more recent study38, the pKa of H162 on 

cTnI(A162H) was measured experimentally by NMR spectroscopy and indeed was found to be increased 

in the presence of cNTnC. The pKa of E19 was also perturbed by H162, which suggests that it is the 

primary residue involved in forming an electrostatic interaction with H162. The consistent structural 

data between cTnI(A162H)144-170 and sTnI115-131observed in this study strongly suggests that both 

peptides bind cNTnC in a similar manner and that their binding mode is primarily the result of a salt-

bridge formed between E19 and H162 or H130, respectively. 

 

Given the beneficial nature of the histidine in the switch region of TnI in protection against 

acidosis, it is odd that the cardiac isoform of TnI would have evolved to lose this residue. Shaffer and 

Gillis68 noted that cellular acidosis is only present in adult cardiac tissue under extreme conditions such 

as ischemia, and that the histidine-containing isoforms of TnI are indeed expressed in muscle prone to 

acidic conditions (for example, in skeletal muscle sTnI is expressed and in neonatal hearts69 ssTnI is 

expressed instead of cTnI33). In this section, we rationalize the replacement of the histidine with 

alanine, the concomitant increase in the mobility of the C-terminus of the switch region, and the 

‘bent’ conformation of cNTnC and its interaction with N-terminus of cTnI, all in the context of the 

topology of the mobile domain of cTnI and its role in regulation. 

 

Over the course of the evolution of cTnI, a number of major modifications occurred. First, the 

ability to regulate muscle contraction by phosphorylation at residues S22 and S23 in the N-terminus of 

cTnI70 appeared after the divergence of the fishes, but before that of amphibians68. Phylogenetic 

analyses of TnI60, 68, 71 also indicated that another major change in cTnI was the replacement of H162 

with alanine in all eutherian mammals. Two other amino acids, valine and asparagine, were replaced 

by glutamate (residue 164) and a histidine (residue 172) in cTnI. These residues have also been 

implicated in the reduction of cardiac myofilament Ca2+-sensitivity72. Given that phosphorylation at S22 



97 

 

and S23 is also known to decrease Ca2+-sensitivity, it is likely that in addition to a greater control over 

contractility, a reduction in Ca2+-sensitivity were the aim with these modifications. It has been 

postulated that phosphorylation of cTnI regulates the Ca2+-sensitivity of contraction through its 

interaction with cNTnC20, 21, 73-75. In order for the N-terminus of cTnI to interact with cNTnC, the central 

helix between the two domains of cTnC must be bent – akin to that observed in the crystal structure of 

cTn (Figure 4.1a). Recently, the structure and orientation of sTnC in muscle fibers has been 

determined by fluorescence for in situ structure determination (FISS)27. We have aligned the C-

terminus of the crystal structure of cTn with C-terminus of sTn as determined by FISS (Figure 4.7) to 

investigate how a change in the orientation of the C-terminus of cTnI from the cardiac to the skeletal 

conformation would affect the location of the mobile domain with respect to the thin filament.  

 

 

 

Figure 4.7. Model of the orientation of the C-terminus of TnI as a function of the conformation of 

the switch-region. 

Comparison of the orientation of the C-terminus of TnI in the troponin complex relative to the actin 

(white surface)-tropomyosin (grey surface) thin filament when the conformation of the switch region of 

cTnI is a. the same as in the X-ray structure of the cardiac complex (PDB: 1J1D) or b. in the orientation 

observed for sTnI or cTnI(A164H). For the orientation in b, the I-T arm and the C-domain of cTnC are 

from the core cardiac troponin complex, whereas sNTnC and the C-domain of sTnI are from the core 

skeletal troponin complex (PDB: 1YTZ) where sNTnC is aligned to cNTnC. In order to convey the 

flexibility of the C-terminal mobile domain, it is represented as an ensemble of 20 structures. To 

simplify the diagram, helices are shown as cylinders, otherwise the layout and coloring scheme for 

troponin is the same as in Figure 4.1. 

 

The C-terminus of TnI is required for its full inhibitory effect on muscle contraction13-16. This 

inhibition of contraction involves the interaction of the mobile domain of TnI with actin. Since NMR, 

molecular dynamics, and fluorescence anisotropy experiments have indicated that the mobile domain 
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is dynamic in the Ca2+-activated state19, 28, 29, and therefore may use a fly-casting mechanism as a 

means of binding with actin and thereby regulating contraction24, we have depicted it as a flexible 

extension in Figure 4.7. When the N-terminus of cTnC is in an orientation so that it can interact with 

the N-terminus of cTnI, the C-terminus of cTnI is in a conformation making it possible to interact with 

actin. However, if the C-terminus of TnI is in the same conformation as observed in this study for sTnI 

and cTnI(A162H), the C-terminus is no longer in an orientation primed for an interaction with actin. 

Therefore, when TnI contains a protonated histidine in place of A162, in addition to the enhanced 

binding of cTnI to cNTnC through the formation of an electrostatic interaction with E19, the in vivo 

Ca2+-sensitization observed for A162H may be the result of a movement of the mobile domain further 

from actin. It is important to emphasize, that it is known that in addition to the mobility of TnI, TnC is 

also known to be flexible8, 10, 29, and therefore the conformation of cTnC depicted in Figure 4.7 most 

likely represents only one conformation it adopts in the fiber. 
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Supplementary figures and tables 

 

 

 

Supplementary Figure 4.1. Secondary structure of sTnI115-131. 

a. The 1H-1H NOEs made within sTnI115-131. The bar charts represent strength of NOEs between nuclei 

according to how they were binned (2.8 Å, tallest; 3.4 Å, medium height; and 5 Å, shortest). 

Furthermore, the d N(i, i+3), d N(i, i+4), and d (i, i+3) NOEs in the center of the sequence (ca. residues 

A118-L125) are indicative of an -helical structure. b. The secondary structure predicted using the 

chemical shift index.   
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Supplementary Figure 4.2. Comparison of the NOEs and structures of sNTnC-sTnI115-131 and cNTnC-

sTnI115-131. 

a. NOEs made by H130 H 2 of sTnI115-131 when in complex with sNTnC9. b. NOEs made by H130 H 2 of 

sTnI115-131 when in complex with cNTnC (this work). Cartoon representations of the ensembles of 10 

lowest energy structures of c. sNTnC-sTnI115-131 (PDB: 1NPQ) and d. cNTnC-sTnI115-131. The side chain of 

H130 is shown in stick representation to highlight the differences in its flexibility between the two 

complexes. H130 is much more disordered in sNTnC-sTnI115-131 than in cNTnC-sTnI115-131; a result of the 

lack of intramolecular NOEs. The disorder difference between the structures at H130 is also evidenced 

by the differences in intraresidue NOEs. In the sNTnC-sTnI115-131 complex (a), the equally intense H 2-

H 1 and H 2-H 2 NOEs means that both -protons are an equal distance from H 2, which is consistent 

with a flexible imidazole ring. The different intensities observed for the same intraresidue NOEs in the 

cNTnC-sTnI115-131 complex (b) indicates that the imidazole ring is fixed in a position such that one of its 

-protons is closer than the other to H 2. Color scheme is the same as Figure 4.1 
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Supplementary Figure 4.3. Chemical shift perturbation of the HN and Hα resonances of the cTnI144-

170 A162H upon binding to cNTnC. 

The average perturbation in ppm for the HN and H  resonances are indicated with a dashed and dotted 

line respectively. 
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Supplementary Table 4.1. Restraints and statistics for the structure calculation of cNTnC∙sTnI115-131 

Distance restraints 274 

Total intramolecular sTnI115-131 NOEs 220 

intra residue (j-i = 0) 99 

sequential (j-i = 1) 65 

medium range (j-i = 2) 9 

medium range (j-i = 3) 17 

medium range (j-i = 4) 16 

long range (j-i >= 5) 14 

total intermolecular NOEs 54 

Dihedrals restraints (ψ,ϕ) 13 

Restraint violations  

distance > 0.5 Å 0 

dihedral > 5° 0 

RMSD (Å)1  

C  atoms  0.55 ± 0.15 

heavy atoms  1.54 ± 0.19 

(ψ,ϕ) in most favoured regions2 98% 

(ψ,ϕ) in less favoured regions2 2% 

(ψ,ϕ) in disallowed regions2 0% 
 

1Residues 118-126 in the -helix. Structures were aligned to the backbone of cNTnC and then rmsd was 

measured for the -helix of sTnI115-131 as compared to the lowest energy structure in the ensemble. 

2PROCHECK76 was used to characterize the backbone dihedral angle distribution. Distribution calculated 

for the ordered residues (residues 116-125) as identified by the protein structure validation suite (PSVS) 

(http://psvs-1_4-dev.nesg.org/). 
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This is the concluding chapter in the investigation of the enhancement of contraction by the 

A162H substitution. It presents the NMR structure of the relevant troponin C-troponin I A162H complex 

that provides the final details that enable us to propose a model of “degrees of stabilization” for the 

mechanism of action. The change in dynamics upon protonation of A162H is also reported here in 

support of this model. This may serve the health research community in the development of 

cardiotonic agents by providing a specific effect to target during design and optimization. A version of 

this chapter has been published: Pineda-Sanabria et al. (2015) Biochemistry 54: 3583-3593. 

 

Introduction 

 

In contrast to skeletal muscle, acidosis in the heart significantly diminishes the force of 

contraction of cardiac muscle and the overall capacity of the heart to pump blood. It has been shown 

that the change of a single residue from histidine (H130) in the skeletal isoform of troponin I (sTnI) to 

alanine (A162) in the cardiac isoform of troponin I (cTnI) is responsible for the observed differential 

sensitivity to acidosis1-3. Introducing the histidine into cTnI by mutagenesis in in vitro assays1, by gene 

transfer into failing human cardiomyocytes ex vivo2, or using transgenic mice in vivo3, reverts the 

phenotype to that of skeletal muscle, conferring resistance to acidosis. 

 

TnI is part of the heterotrimeric troponin (Tn) complex that regulates muscle contraction in 

response to intracellular Ca2+. The Tn complex in cardiac and skeletal muscle is composed of TnT, TnI, 

and TnC subunits that orchestrate muscle contraction in response to Ca2+. TnT is a long helical protein 

that interacts with TnI, tropomyosin, and actin to anchor the complex onto the thin filament. TnC 

contains two globular domains with two EF-hand motifs in each domain; the C-domain binds two Ca2+ or 

Mg2+ ions with high affinity and low specificity, and interacts with TnI; the regulatory N-domain (NTnC) 

binds one Ca2+ ion with low affinity and high specificity and interacts with TnI only in the presence of 
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Ca2+. TnI is a long multi-helical protein that interacts with TnT as well as both domains of TnC, and it 

inhibits contraction through its interaction with actin. When Ca2+ binds to NTnC the switch region of TnI 

(switch-TnI) associates with NTnC, stabilizing the ‘open’ conformation of NTnC, and drags the 

inhibitory region of cTnI off actin resulting in movement of tropomyosin, exposure of the myosin 

binding sites on actin, and contraction4, 5. This detailed description of the muscle architecture and the 

mechanism of contraction have been enabled largely by structural studies. 

 

Based on the structures of skeletal and cardiac NTnC (sNTnC and cNTnC) bound to their 

respective switch regions of TnI (switch-sTnI and switch-cTnI), it was proposed that the introduction of 

A162H in the cardiac isoform induces electrostatic interactions with glutamate residues in cNTnC. The 

x-ray structure of the core skeletal complex6 (1YTZ) shows the switch region of sTnI bound to sNTnC via 

a helix that interacts with the hydrophobic core of sNTnC followed by a curved region that contains 

H130 and interacts with helix A, possibly involving electrostatics with E20 of sNTnC. For the cardiac 

isoform there are three structures that show switch-cTnI bound to cNTnC in the presence of Ca2+ 

(1MXL, 1J1E)7,8 which all show that switch-cTnI forms a helix that interacts with the hydrophobic core 

of cNTnC just like in the skeletal isoform. The NMR structure (1MXL) and one molecule of the 

asymmetric unit form the x-ray structure (1J1E) show the region immediately following switch-cTnI in a 

random coil configuration that contains A162 and does not interact with cNTnC; in contrast, this region 

in the other molecule in the asymmetric unit forms a bent helix that extends to the C-terminus of 

switch-cTnI and does not interact with cNTnC. Zhou and collaborators showed that this region remains 

unstructured in solution using fluorescence anisotropy9, suggesting that the bent helix is probably an 

artifact of crystallization8. Investigation of acid dissociation constants (pKa) on glutamate residues on 

cNTnC when bound to switch-sTnI, switch-cTnI, and switch-cTnIA162H confirmed electrostatic 

interactions between switch-sTnI and switch-cTnIA162H, but not switch-cTnI, with E19 on cNTnC through 

H130 and H162, respectively10, 11. 

 

The mechanism of resistance to acidosis conferred by the A162H substitution has also been 

studied from a structural perspective. We recently published the structure of switch-sTnI bound to 

cNTnC at pH 6 12. As predicted, the structure shows sTnI in the same conformation as sTnI when bound 

to sNTnC, with H130 in close proximity to E19. Because binding of the C-terminal region of cTnI to 

actin is necessary to achieve full inhibition, based on this structure and the orientation of sTnC in 

muscle fibers13 we proposed that introducing A162H in switch-cTnI increases Ca2+ sensitivity by 

increasing the affinity of switch-cTnIA162H for cNTnC via the additional H162-E19 interaction which 

stabilizes the open conformation of cNTnC11 and changes the orientation of the C-terminal region of 

cTnI away from actin12, the cNTnC and cTnI states that favor contraction. However, the structural 

studies using switch-sTnI do not take into account other residues besides H130 that differ in switch-
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cTnI some of which have been suggested to have a role in the mechanism of resistance to acidosis14 and 

their impact on the structure of the switch-cTnIA162H mutant remains unclear. 

 

In this work we have determined the structure of switch-cTnIA162H bound to cNTnC at pH 6 by 

NMR. The structure addresses the structural changes induced by A162H in the presence of the other 

native switch-cTnI residues. The results indicate that protonation of H162 induces a small positive 

potential in the pH-sensitive region due to the countering effect of the native cardiac residue E164. 

This change, however, is sufficient to transiently change the conformation of switch-cTnI to one similar 

but not identical to that of switch-sTnI and to stabilize its interaction with cNTnC. We also evaluated 

the change in dynamics of the pH sensitive region of cTnIA162H upon protonation of H162 to distinguish 

motion from structural heterogeneity. Our work explains the effect of a variety of previously studied 

TnI mutants along with the physiological effects of the A162H substitution on improving cardiac 

performance on the face of acidosis without causing diastolic dysfunction. 

 

Experimental procedures 

 

Materials and sample conditions 

 

For structure determination, the recombinant human proteins 15N-cNTnC and 15N, 13C-cNTnC 

(residues 1-89) were expressed in E. coli and purified as previously described15, and the synthetic 

peptide cTnIA162H (residues 144-170) containing the A162H substitution was obtained from GL Biochem 

Ltd (Shanghai, China). To study backbone dynamics upon protonation of H162 we used a stable hybrid 

system that represents the cNTnC∙switch-cTnI interaction during systole (cChimera)16 to introduce the 

A162H substitution by site-directed mutagenesis of the original cChimera plasmid using the protocol 

described by Zheng17. The incorporation of the A162H substitution was confirmed by DNA sequencing, 

mass spectrometry, and NMR spectroscopy. 

 

In the NMR experiments, all samples consisted of 500-600 μL of 100 mM KCl, 10 mM imidazole 

or imidazole-d4, 10 mM CaCl2, 10 mM dithiothreitol (DTT), and 0.25 mM 2,2-dimethyl-2-silapentane-5-

sulfonate-d6 sodium salt (DSS-d6) as an internal standard. For structure determination, the sample 

contained 0.8-1 mM 15N-cNTnC or 15N, 13C-cNTnC, a 4:1 molar excess of cTnIA162H to ensure saturation of 

cNTnC, and the pH was set to 6.1. For backbone dynamics experiments, the sample contained 0.8 mM 

15N-cChimeraA162H and the pH was set to 6.4 or 7.4 accordingly. For the pH titration of cChimeraA162H the 

sample contained 0.7 mM 15N-cChimeraA162H , and 2 mM piperazine to accurately determine pH values 

below 6 18. 
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NMR spectroscopy 

 

All the NMR experiments were acquired in Varian spectrometers of 500, 600, or 800 MHz at 30° 

C. One-dimensional spectra were processed with VnmrJ v.3.2 (Varian, Inc), multidimensional spectra 

were processed with NMRPipe19 and analyzed with NmrViewJ20. Spectral assignments for the cNTnC-

cTnIA162H complex were obtained by acquiring two- and three dimensional experiments as detailed in 

Supplementary Table 5.1. Note that two independent 13C,15N -filtered noesy NMR spectra were 

acquired, one at pH 6.1 and the other at pH 7.4, for assessment of conformational changes (* in 

Supplementary Table 5.1). Assignments for cChimeraA162H were guided by the assignment of wild type 

cChimera16, homonuclear assignment of the cTnIA162H peptide (residues 144-173) bound to cNTnC, and 

the titration of unlabelled cNTnC into 15N-cTnIA162H (Supplementary Figure 5.1). All the 15N relaxation 

experiments were done at 600 MHz and acquired in random order with variable relaxation delays of 10, 

100, 200, 500, 750, and 1000 ms for T1 and 10, 30, 50, 70, 90, 110, and 150 ms for T2. The data was fit 

to a two-parameter exponential decay curve using the Rate Analysis module of NMRViewJ with the 

noise level as an estimation of the standard deviation of the signal intensities. 

 

Structure determination 

 

All the experiments used to obtain distance restrains are detailed in Supplementary Table 5.1. 

Intramolecular NOEs for cNTnC were calibrated in NMRViewJ with the median method. Intramolecular 

NOEs for cTnIA162H and intermolecular NOEs between cNTnC and cTnIA162H were classified as weak (1.8-

6.0 Å). Intermolecular NOEs between cNTnC and Ca2+ were derived from crystallographic data. Dihedral 

angle restraints for cNTnC were determined using the TALOS+ server21 (available at 

http://spin.niddk.nih.gov/bax/nmrserver/talos/) based on the chemical shifts of backbone atoms. For 

cTnIA162H, -60° ± 25° and -30° ± 25° were used for φ and ψ dihedral angles, respectively, for residues 

for which the chemical shift index and random coil index indicated helical values according to their 

backbone 1H chemical shifts. The distance and dihedrals experimental constraints were used in the 

simulated annealing module of Xplor-NIH version 2.3522, to improve the quality of backbone and side 

chain conformations we used the statistical torsion angle potential23 of Xplor-NIH based on a database 

of over a million residues from high quality crystal structures, we also used the gyration volume 

potential term to restraint the volume associated with the gyration tensor also based on values 

observed in the Protein Data Bank (PDB). Initially 100 structures were calculated from which the lowest 

energy structure was used as the starting point for refinement. The final ensemble consisted of the 20 

lowest energy structures from the refinement step with no NOE or dihedral violations greater than 0.5 

Å and 5 degrees, respectively, and was validated with Procheck using the Protein Structure Validation 

Suite (PSVS 1.5) server available at http://psvs-1_5-dev.nesg.org/.  

 

http://spin.niddk.nih.gov/bax/nmrserver/talos/
http://psvs-1_5-dev.nesg.org/
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Structure of cNTnC in the cNTnC-cTnIA162H complex 

 

The conformation of cNTnC when bound to cTnIA162H is not significantly changed by the A162H 

substitution. Three-dimensional noesyNhsqc and noesyChsqc NMR spectra were used to obtain the 

intramolecular distance information for cNTnC. A total of 1108 NOE and 157 dihedral restraints were 

used in the annealing and refinement protocols of Xplor-NIH22 for this subunit of the complex. The 

structure displays five -helices, N and A through D, of which the A-D helices are well defined and the 

N-helix is more variable between models. There is also a short anti-parallel -sheet like in all other 

cTnI-bound structures of cNTnC. Comparing NTnC domains only, the rmsd of alpha carbons with the x-

ray cardiac structure (1J1E) is 1.60 Å for all residues, and 1.46 Å for residues in helical regions; 

compared to the x-ray skeletal structure (1YTZ) the rmsd for all residues is 1.58 Å and for residues in 

helical regions is 1.19 Å. 

 

Structure of cTnIA162H in the cNTnC-cTnIA162H complex 

 

The experimental data localizes cTnIA162H on the hydrophobic patch of cNTnC and dictates a 

curved conformation similar to that of sTnI. The two-dimensional 13C,15N -filtered noesy NMR spectrum 

was used to obtain the intramolecular distance restraints for the cTnIA162H peptide (Figure 5.2), 

whereas the three-dimensional edited 13C -filtered Chmqcnoesy NMR spectrum provided the 

intermolecular distance restraints for the cNTnC-cTnIA162H interaction (Figure 5.3). A total of 140 

intramolecular and 34 intermolecular NOEs, and 13 dihedral restraints were used in the structure 

determination. The intramolecular NOEs between H162 and residues M154 and Q155 on the switch helix 

are consistent with the curved conformation of the switch peptide. When the pH was raised to 7.4 

(blue dotted line in Figure 5.2A) only strong intra-residue NOEs are observed for the 2 proton of H162; 

the lack of additional inter-residue contacts indicates an extended conformation for this region at 

physiological pH when H162 is not protonated. The intermolecular NOEs position cTnIA162H between 

helices A, B, and D of cNTnC. Residues V146 and I148 on the N-terminal region of cTnIA162H contact M60 

on the C-helix, and L48 and Q50 on helix B of cNTnC, respectively, localizing this region towards helix 

C. The NOEs from the switch helix can be divided into two groups, one group formed by A150, M154, 

L157, and L158 defines one side of the helix and contacts residues A22 and A23 on helix A of cNTnC, 

and M81, C84, and M85 on helix D. The other group, formed by residues A152 and A156, lies on the 

opposite side of the helix and contacts residues V44, M47, and L48 on the B helix of cNTnC, positioning 

the switch helix on the hydrophobic groove of cNTnC. Following the helical region, residues L166 and 

A170 contact residue M85 on helix D of cNTnC, thereby restricting the C-terminal side of the cTnIA162H 

peptide and contributing to its curved conformation. The pH sensitive region (residues 161-164) is less 

constrained than the switch helix with the distance from protons 2 and 1 of H162 to  of E19 varying 

from 8.2 Å to 14.7 Å, and to the  protons from 8.5 Å to 16.2 Å, within the final ensemble. 
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from the expected, as previously done for other related complexes10,11. According to the conformation 

observed in our structure of cNTnC-cTnIA162H, the residues closest to H162 that displayed large chemical 

shift changes are G159, A160, R161, and L166; in addition D151 at the beginning of the switch helix was 

also analyzed to investigate intermolecular interactions within the cTnIA162H region. Based on their 1H 

resonances the pKa of H162 in cChimeraA162H expressed as the average ± the standard deviation is 6.82 ± 

0.06, based on their 15N resonances the value is 6.78 ± 0.06; yielding a combined average of 6.80 ± 

0.06, the same as determined previously in the cNTnC∙switch-cTnIA162H complex (6.82 ± 0.28)11. 

Knowing the pKa we can determine the protonation state of H162 in cChimeraA162H at different pH 

values in order to choose representative but physiological conditions. According to the Henderson-

Hasselbach equation H162 is 20% and 72% protonated at pH 7.4 and 6.4, respectively; values that have 

physiological relevance and represent different protonation states of H162 for the dynamics analysis. 

 

Dynamics of cTnIA162H 

 

To evaluate changes in the dynamics of cTnIA162H upon protonation of H162 we determined the 

T1 and T2 relaxation times for the backbone amide NH pairs of cChimeraA162H at pH 7.4 and 6.4 (Figure 

5.6A). The data has been deposited in the BMRB under the ID 25511. Average T1 and T2 values are listed 

in Table 5.1 for the different regions of cChimeraA162H. The T1 profile was very similar at the two pH 

values tested. The T2 profiles at the two pH values were very similar but consistently lower for the 

cNTnC region due to a slight tendency to aggregation as the pH lowers closer to 6 24. The T2 data 

indicates that the most pH-sensitive region corresponds to cTnI residue 157 to prior 164 with the 

highest significant difference between the different pH values (Table 5.1). The cTnIA162H region also 

displays a plateau from residue 164 to 170 at both pH values. 

 

Table 5.1. T1 and T2 values for various regions of cChimeraA162H. 

 T1 (ms ± se) T2 (ms ± se) 

cChimeraA162H region (residues) pH 7.4 pH 6.4 pH 7.4 pH 6.4 

Full cChimeraA162H 588 ± 26 579 ± 39 78 ± 3 65 ± 7 

cNTnC (1-89) 597 ± 27 585 ± 31 72 ± 2 54 ± 7 

cTnIA162H helix (150-157) 580 ± 33 552 ± 37 61 ± 3 48 ± 6 

cTnIA162H C-terminus (158-170) 534 ± 23 522 ± 44 92 ± 4 82 ± 4 

cTnIA162H pH-sensitive (157-163) 554 ± 29 538 ± 42 68 ± 2 38 ± 4 

 

 

  



120 

 

 

 

Figure 5.6. Dynamics of cChimeraA162H. 

A. 15N-T1 and 15N-T2 relaxation times for the backbone NH pairs of cChimeraA162H when H162 is 

protonated (filled circles) and deprotonated (empty triangles). B. Comparison of 15N-T2 profiles for the 

TnI region of protonated and deprotonated cChimeraA162H with cChimera (left), and sChimera (right). 

 

 

Discussion 

 

Myocardial contraction is a vital process that requires fine regulation of the contraction-

relaxation equilibrium to ensure the survival of the organism and the species. Several mechanisms 

control cardiac performance, but one of the most intrinsic levels of regulation is the sensitivity of cTnC 

for Ca2+. Two modulators of Ca2+ sensitivity that favor relaxation have evolved in cardiac muscle: 

phosphorylation and pH-dependent sensitivity. Only the cardiac isoform of TnI contains an N-terminal 

extension that can be phosphorylated at residues S22 and S23 by PKA and disrupt interactions of the N-

terminal extension with cNTnC resulting in a decrease in Ca2+ sensitivity on the thin filament in 
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response to adrenergic stimulation25-27. The other mechanism is the replacement of H130 in sTnI for 

A162 in the analogous position of cTnI which, according to an evolutionary model28, lowered the Ca2+ 

sensitivity of the cardiac thin filament in higher order chordates in response to less demanding 

environmental conditions compared to cold water fish and amphibians28, but made the heart muscle 

vulnerable to low pH conditions such as hypoxia and myocardial ischemia. Placing the histidine in cTnI, 

as the A162H mutant, produces a gain-of-function phenotype at pH ~6 protecting the heart from 

intracellular acidosis. 

 

In this study we determined the structure and dynamics of the cNTnCcTnIA162H complex to 

address the effect of the A162H substitution in the presence of other native cTnI residues. When 

comparing the present structure of cNTnCcTnIA162H with homologous complexes, the NTnC subunit is 

unchanged overall and the differences are mostly in the TnI subunit (Figure 5.1B). The cTnI subunits of 

all these complexes display the switch helix interacting with the hydrophobic patch of cNTnC; however 

two different conformations can be distinguished for the pH sensitive region (residues 161-164 for 

cardiac or residues 129-132 for skeletal). One conformation is extended with the pH sensitive region 

pointing away the switch helix and is observed in the x-ray and NMR structures of cNTnCcTnI. The 

other conformation is curved with the pH sensitive region parallel to the switch helix and is observed in 

the structures of sTnI bound to sNTnC or cNTnC, and in the present structure as the result of 

electrostatic interactions between the positively charged H130/H162 of sTnI/cTnIA162H and E20 of 

sNTnC or E19 of cNTnC, as shown previously11, 12. Importantly, the lack of intramolecular NOEs between 

H162 and other cTnI residues at pH 7.4 in our present study (Figure 5.2A) indicates that cTnIA162H adopts 

the extended conformation when bound to cNTnC at physiological pH. We previously proposed that the 

extended conformation favors relaxation in cardiac muscle by positioning the C-terminal region of cTnI, 

necessary for its full inhibitory activity, close to actin in the thin filament whereas the curved 

conformation of sTnI positions the C-terminal region away from actin favoring contraction12. 

 

The conformation observed for cTnIA162H in this study is curved, similar to that observed for sTnI 

when bound to either sNTnC or cNTnC, but the location of the pH sensitive region is slightly different 

(Figure 5.4B, C). Previous data point to a curved conformation for cTnIA162H, such as the demonstration 

of electrostatic interactions between H162 and E19 and E15 of cNTnC, the preservation of the curved 

conformation of sTnI when binding to cNTnC, and the great similarity of intramolecular NOE contacts 

for sTnI and cTnIA162H when bound to cNTnC11, 12. While the intermolecular NOEs that dictate the 

localization of the peptides are very similar between sTnI and cTnIA162H when bound to cNTnC, the 

actual localization of their pH-sensitive regions is slightly different with H162 positioned further from 

cNTnC compared to H130. 
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One explanation for the different localization of cTnIA162H and sTnI is that the electrostatic 

potential of cTnIA162H on the pH-sensitive region is more negative and therefore may shift it further 

from E19 of cNTnC compared to sTnI via electrostatic repulsion. We previously showed that the 

position of the pH sensitive region of sTnI bound to sNTnC and cNTnC was the same12, which indicates 

that the difference observed in the present cTnIA162H structure results from other residues within the 

cTnIA162H peptide. From the residues neighboring H162/H130 the most significant difference in the 

sequence corresponds to E164 in cTnIA162H substituted for V132 in sTnI introducing an extra negative 

charge in cTnIA162H. To investigate how E164 impacts peptide electrostatics we used the Delphi web 

server29, 30 (available at http://compbio.clemson.edu/delphi_webserver/) to calculate the electrostatic 

potential of the cTnIA162H, cTnI, and sTnI peptides using a linear solver for the Poisson-Boltzmann 

equation. Figure 5.4D shows the potential mapped onto each TnI peptide; although cTnIA162H and sTnI 

have three consecutive positively charged residues, in the structure two of them lie on the side of TnI 

that faces the solvent and only one (H162/H130) faces cNTnC along with V132 in sTnI which is neutral 

or E164 of cTnIA162H which displays a strong negative potential. Then in sTnI the mostly positive 

potential generated by H130 favors interactions with E19, whereas in cTnIA162H the negative potential 

prevents closer interactions. In fact, the average distance from the 2 and 1 protons of H162 to the  

protons of E19 is 11.2 Å and to the  protons is 12.0 Å, which constitutes a larger separation compared 

to 7.2 Å and 7.6 Å for H130-E19 and H130-E20, respectively12. Despite the repulsive effect of E164, the 

presence of the small positive potential of H162 is enough to produce a positive inotropic effect in the 

hearts and myocytes of transgenic mice expressing cTnIA164H (mouse numbering, Figure 5.4A), and in 

myocytes from failing human hearts transduced with cTnIA164H2, which underlines the significance of 

electrostatics in the mechanism of contraction enhancement by the A162H substitution. 

 

Stabilization and a conformational change of switch-cTnIA162H upon protonation of H162 are also 

supported by our backbone dynamics. The drop in T2 observed for residues 157-160 (pH sensitive loop) 

immediately following the switch helix indicates increased rigidity or exchange broadening in that 

region upon protonation of H162. Increased rigidity can correlate with stabilization of the pH sensitive 

loop in a curved conformation via the H162-E19 interaction; this also correlates with the increased 

affinity of switch-cTnIA162H for cNTnC at pH 6 observed previously11. Stabilization of the curved 

conformation could also be mediated by intramolecular interactions between H162 and D151 on the 

switch helix as D151 displayed an average pKa
app of 6.86 ± 0.08 corresponding to H162 of cTnIA162H; 

however, its pKa could not be determined due to precipitation of cChimeraA162H under pH 5.5. Exchange 

broadening is an indication of different conformations that interconvert with each other; in this case 

protonation of H162 may induce transient interactions with E19 that cause the loop to change its 

conformation. Another feature of the T2 profile at both pH conditions is the presence of a plateau, 

which indicates that residues 164-170 tumble together in solution as a single unit. The dynamics of 

protonated and deprotonated cTnIA162H approximate the dynamics of the homologous regions of sTnI 

http://compbio.clemson.edu/delphi_webserver/
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and cTnI, respectively. The relaxation parameters of the TnI regions for skeletal and cardiac isoforms 

have been studied before using hybrid proteins. We compared the T2 profiles at 600 MHz of the TnI 

region of cChimeraA162H at pH 6.4 and 7.4 (this work), with the TnI regions of cChimera at pH 6.916 (Fig 

6 B, left), and of sChimera at pH 6.831 (Fig 6 B, right). There is a large degree of overlap between 

cChimeraA162H at pH 7.4 and cChimera up to residue 164, where the T2 plateau starts; this indicates 

that in that region cTnIA162H resembles native cTnI when H162 is uncharged. On the other hand, 

although there are some data points missing for sChimera, cChimeraA162H at pH 6.4 is closer to sChimera 

than to cChimera, indicating that the pH sensitive region of cTnIA162H when H162 is protonated is 

similar, but not identical to, the corresponding region of sTnI. 

 

We propose that in the thin filament, small changes in charge complementarity between the 

pH sensitive region of TnI and helix A of cNTnC dictate the inclination of the contraction-relaxation 

equilibrium. The effects of charge substitutions in TnI have been studied in the past using different 

mutants of sTnI and cTnI1, 2, 14, 32. For example, the sTnIV134E (sTnIV132E) [1] mutant was shown to 

decrease Ca2+ sensitivity to cardiac levels in myocytes but only at pH 6.214; however the reverse mutant 

cTnIQ155R/E164V did not show any increase in Ca2+ sensitivity in an actomyosin ATPase assay1. Also the 

cTnIQ155R/A162H/E164V mutant displayed improved Ca2+ sensitivity at pH 6.5 in the ATPase assay1. This can 

be explained by our present findings. The presence of a positive residue at position 162/130 on the side 

facing cNTnC will enhance contraction by inducing a curved conformation of TnI and positioning the C-

terminal region away from actin; however, the stability of the curved conformation will be dictated by 

the amount of positive potential on the side that faces cNTnC (Figure 5.7); at the same time the pH 

and the charge of the neighboring residues on that side can alter the amount of positive potential. 

Thus, low intracellular pH will stabilize the curved conformation by increasing the fraction of 

protonated H162/130 and the positive potential. In addition, along with H162/130 the simultaneous 

presence of neutral residues like V132 have no effect, while acidic residues like E164 counteract the 

positive potential producing only a transient curved conformation which stills enhances contraction but 

allows efficient conversion to the extended conformation that facilitates relaxation, as in the case of 

the sTnIV134E (sTnIV132E) and cTnIA164H (cTnIA162H) mutants, which do not cause diastolic failure14,33. 

According to this model, introducing basic residues at position 164/132 (cardiac/skeletal numbering) 

may further enhance contraction at the cost of impairing relaxation. On the other hand, in the absence 

of H162/130 the conformation of TnI in the pH sensitive region is extended keeping the C-terminal 

region of TnI close to actin to favor relaxation despite residue 164/132 being negative or neutral. This 

is the case for the cTnIQ155R/E164V mutant which, despite containing the reverse sTnIV134E Ca2+-

desensitizing substitution, still shows the cardiac phenotype1. This model of “degrees of stabilization” 

                                                 
[1] The numbering for the mouse protein used in the original publications is given in the text with the homologous 

human numbering in parenthesis. The sequence of mouse cTnI is shown in Figure 4A. Only human protein 

numbering is used in Figure 7 for clarity. 
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the formation of salt bridge with E19 of cNTnC32. Other mutants can also be explained by this model, 

such as the sTnIH132A (sTnIH130A) mutant which adopted the cardiac phenotype14, and the cTnIA164R 

(cTnIA162R) mutant which displayed enhanced contraction in transduced rat cardiomyocytes at acidic 

and baseline conditions due to a sustained positive charge at position 16232. The cTnIQ157R/A164H/E166V/H173N 

(cTnIQ155R/A162H/E164V/H171N) and cTnIA164H/H173N (cTnIA162H/H171N) mutants showed increased contractility in 

transduced rat cardiomyocytes at acidic conditions34, which fits in our model, but also at baseline 

conditions despite the lack of a sustained positive charge at position 162 which suggests a role of 

residue N171 of sTnI (not studied yet independently) on enhancing contraction beyond the scope of our 

model. Finally, mutants that carry a positive charge at position 164/132 have not been reported and 

raise the question of the specificity of localization of the positive potential that induces the curved 

conformation (* in Figure 5.7). 

 

Taken together, we conclude that the A162H substitution induces transient interactions of the 

partially positive pH sensitive region with helix A of cNTnC to enhance contraction without impairing 

relaxation. The pKa of the histidine residue and the consequent variability of its degrees of protonation 

make it optimal for maintaining muscle contraction in response to changing intracellular proton 

concentrations in the diseased heart. The understanding of this mechanism may aid in the 

pharmacological development of pH-sensitive agents that temporarily enhance the cTnI-cNTnC 

interaction to induce myocardial contraction without inducing diastolic dysfunction. 
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Supplementary Table 5.1. Parameters of the NMR spectra acquired for the assignment of cNTnC•cTnIA162H. 

Experiment 

name 

(Varian) 

Solvent 

Nucleus in 

x/y/z 

dimension 

1H 

frequency 

(MHz) 

nta x-pointsb y-pointsb z-pointsb x-swc y-swc z-swc 

Mixing 

time 

(ms) 

gNhsqc H2O 1H/15N 500 4 512 128  8398 2432   

ghn_cacb H2O 1H/13C/15N 500 16 512 59 32 8385 10056 2026  

gcbca_co_nh H2O 1H/13C/15N 500 16 512 59 32 8385 10056 2026  

gChsqc H2O 1H/13C 500 4 512 192  8398 12066   

ghc_co_nh H2O 1H/1H/15N 500 16 512 72 32 8385 8385 2026  

gc_co_nh H2O 1H/13C/15N 500 16 512 64 32 8385 10056 2026  

ghnha H2O 1H/1H/15N 600 8 512 128 32 8398 7198 1823  

gnoesyChsqc D2O 1H/1H/13C 600 16 512 64 64 8398 5999 4525 100 

gnoesyNhsqc H2O 1H/1H/15N 600 8 512 128 48 8398 7198 1823 100 

tndqcosy D2O 1H/1H 600 64 2048 512  8398 5999   

tnnoesy D2O 1H/1H 600 32 2048 512  8398 8398  100 

zdpsitocsy D2O 1H/1H 600 32 2048 512  8398 8398  60 

CNfiltocsy H2O 1H/1H 800 128 4096 256  11990 11998  60 

CNfilnoesy H2O 1H/1H 800 128 4096 512  11990 11998  150 

CNfilnoesy* H2O 1H/1H 800 128 4096 512  11990 11998  150 

gChmqcnoesy_Cfilt D2O 1H/1H/13C 800 16 2048 72 40 11990 7998 4022 150 
 

a Number of scans,  b number of complex points,  c spectral width (Hz), * acquired at pH 7.4. 
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Supplementary Table 5.2. Structural statistics for final ensemble of 20 structures. 

NOE restraints 

Total 1282 

Intramolecular for cNTnCCa2+  

Short range (|i-jβ≤1) 858 

Medium range (2≤βi-jβ≤4) 167 

Long range (|i-jβ≥5) 83 

Intramolecular for cTnIA162H 140 

Intermolecular between cNTnC and cTnIA162H 34 

intermolecular between cNTnC and Ca2+ 8 

Dihedral restraints 

For cNTnC 157 

For cTnIA162H 13 

PROCHECK validation 

RMSD from average (backbone atoms N, CA, C, O) 2.1 Å a, 0.9 Å b 

φ, ψ in allowed regions of Ramachandran plot 98.7 % a, 100% b 

Z-scorec (all) 0.12 a, 2.90 b 

Z-scorec (φ, ψ) 0.90 a, 3.82 b 
 

a For all residues, b for ordered residues: 3-11, 14-27, 38-48, 54-64, 74-85, 150-157, c with respect to 

mean and standard deviation for a set of 252 x-ray structures < 500 residues, resolution ≤ 1.80 Å, R-

factor ≤ 0.25, and R-free ≤ 0.28; a positive value indicates a “better” score. 
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Beginning in this chapter, the focus of the thesis turns to troponin as a drug target to help 

alleviate contractile failure. Here I introduce cChimera as a novel biochemical tool to study the 

regulatory troponin C-troponin I interaction with drug molecules. The analysis of this system includes 

its Ca2+ affinity, saturation state, and drug binding properties. These characteristics are compared to 

those of the original troponin complex that cChimera aims to represent. Our design of cChimera has 

also inspired other constructs that are currently being used in NMR-based drug screening. A version of 

this chapter has been previously published: Pineda-Sanabria et al. (2014) ACS Chem. Biol. 9: 2121-

2130. 

 

Introduction 

 

Like most biological processes, contraction of cardiac muscle is regulated by finely 

orchestrated protein-protein interactions within and between thin and thick filaments of the cardiac 

myofibril. In the thin filament, cardiac troponin C (cTnC) and troponin I (cTnI) toggle between bound 

and unbound states to regulate contraction in response to intracellular Ca2+ concentrations. cTnC 

consists of two globular domains that contain two Ca2+ binding sites each; the regulatory N-domain 

(cNTnC) has only one functional Ca2+ binding site of high specificity and low affinity; the C-domain 

(cCTnC) binds two Ca2+ or Mg2+ ions with high affinity and has a structural role. cTnI is a long largely 

helical protein that holds the troponin complex together by interacting with cCTnC, troponin T (cTnT), 

and actin in the thin filament and transmits the Ca2+-induced structural changes in cTnC to trigger 

contraction. cTnT is also a long helical protein that interacts with cTnI and anchors the complex to 

actin-tropomyosin in the thin filament1–3 (Figure 6.1 in page 135). 

 

The cNTnC-cTnI interaction is a key step in regulation of muscle contraction that has been 

extensively studied. Association of the switch region of TnI (switch-cTnI, residues 147 to 163) to cNTnC 

drags the inhibitory region of cTnI off actin releasing the inhibition of the actomyosin ATPase and 
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allowing contraction. The crystal structure of the core domain of cTnC in the presence of Ca2+ 4, and 

the NMR structure of the cNTnC•Ca2+•switch-cTnI complex5 show cNTnC in an open conformation 

compared to apo-cNTnC6 with switch-cTnI bound to a hydrophobic surface and forming a helix from 

residues 150 to 156. In the X-ray structure, residues following 156 form a long helix that extends to the 

C-terminus; however, in the NMR structure those residues lack any secondary structure. Backbone 

dynamics studies of cTnI7 and skeletal TnI (sTnI)8,9 show that the C-terminal region of both isoforms is 

flexible and a fly-casting mechanism has been proposed as a key regulatory event; however, the lack of 

relaxation data for residues prior to 176 of cTnI obscures the dynamic properties of switch-cTnI and the 

residues following 156. An important site of interaction on switch-TnI is the pH sensitive region; in sTnI 

it contains a histidine at position 130 that interacts with glutamate 20 of sNTnC at low pH and 

stabilizes the bound state and the open conformation of sNTnC10. In contrast, cTnI has an alanine in the 

homologous position 162 which is incapable of making this interaction resulting in decreased calcium 

sensitivity under acidic conditions. An A162H mutant was shown to counteract Ca2+-desensitization 

rescuing the phenotype to that of sTnC11–13. 

 

Troponin has been recognized as a drug target since the early 90s14 and the study of the 

cNTnC•switch-cTnI interaction in the presence of cardiotonic drugs has advanced our understanding of 

the mechanism of action of drugs that target this interface. Unlike conventional cardiotonic agents for 

the treatment of heart failure that act by increasing intracellular Ca2+, a novel group of therapeutics 

known as Ca2+ sensitizers, act by increasing the sensitivity of the myofilament for Ca2+ and lack the 

risks of cardiac arrhythmias and cell death associated with Ca2+ overload15. Levosimendan, bepridil, and 

the levosimendan analog dfbp-o are examples of Ca2+ sensitizers that bind the regulatory 

cNTnC•switch-cTnI interface. Analysis of the structures of bepridil and dfbp-o bound to the 

cNTnC•switch-cTnI complex suggests that these drugs act by stabilizing the open conformation of 

cNTnC16,17. Although a high resolution structure for the complex of cNTnC•switch-cTnI with 

levosimendan is not available, multiple studies indicate a similar binding site as bepridil and dfbp-o, as 

well as similar mechanism of action18–20. W7 also binds the cNTnC•switch-cTnI interface but induces a 

desensitization effect instead21. For some of this drugs, additional binding sites on the surface of cTnC 

have been found in vitro; however, for all cases the relevant physiological conformation targeted is the 

cNTnC•switch-cTnI interface. 

 

The in vitro structural studies commonly use isolated cNTnC, the relevant cTnI peptide, and 

the small molecule, all in solution. However, the use of excess cTnI peptide to saturate cNTnC 

obligated by the weak cTnI-cNTnC interaction, its low solubility, and the difficulty of producing isotope 

labeled peptides, present the main disadvantages of this setting. In addition, such conditions do not 

necessarily reflect the in situ environment of the myofibril since cNTnC and switch-cTnI are spatially 

confined in the thin filament by being attached to cTnT through cCTnC and cTnT-binding region of 
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drug binding to cChimera allowed us to corroborate and augment the theory of Ca2+-sensitization by 

small molecules that target the cNTnC•switch-cTnI interface. We proved the utility of cChimera by 

using it as a tool to explore the differential backbone dynamics of switch-cTnI compared to switch-

sTnI, and to aid the production of switch-cTnI peptides from bacterial cultures followed by protease 

cleavage. Finally, cChimera can be a valuable tool in drug screening programs aimed to find molecules 

that target the cNTnC•switch-cTnI interface as it provides a stable representation of the relevant 

conformation to be targeted. Since most protein-protein interactions are relatively weak, this approach 

can be used in any other system for which enhanced binding is desired; for example, structure 

determination of other weak protein-protein complexes, regulation of processes controlled by 

receptor-ligand interactions, antibody engineering, and design of high-affinity DNA-binding proteins. 

 

Experimental procedures 

 

Protein design and purification 

 

To represent the cNTnC•switch-cTnI complex during systole, allow for the production of 

isotope-labeled switch-cTnI peptides, decrease inter and intra molecular disulphide bridge formation, 

and facilitate the purification process; the cChimera design consisted of an N-terminal histidine tag, 

the tobacco etch virus (TEV) protease recognition site ENLYFQG, cNTnC C35S (residues 1 to 89), the 

thrombin protease recognition site LVPRGS, and switch-cTnI (residues 144 to 173) resulting in a 141-

residue protein (15.9 KDa). Throughout this manuscript we maintain the numbering of the original 

components such that the his-tag and TEV cleavage site upstream from cNTnC were numbered –16 to –

1, cNTnC 1 to 89, the thrombin-cleavable linker 90 to 95, and switch-cTnI 144 to 173. Another version 

with the cleavage sites exchanged was also studied, and referred to as cChimeraX. 

 

[15N]-, and [15N, 13C]-cChimera and [15N]-cChimeraX were expressed in Escherichia coli as 

described previously26. The expression plasmids were obtained from Clear View Biostructures Inc. A Ni-

NTA column was used to purify cChimera from the cell lysate followed by gel filtration chromatography 

and lyophilization. Protein identity and purity was assessed by gel electrophoresis, mass spectrometry, 

and confirmed by the NMR sequential assignment.  

 

Sample preparation 

 

All NMR samples were prepared in 10 mM KCl, 100 mM imidazole, 2 mM CaCl2 (except for Ca2+ 

titrations), and 10 mM DTT at pH 6.9 with 0.25 mM 2,2-dimethyl-2-silapentane-5-sulfonate-d6 sodium 

salt (DSS-d6) or 1 mM trifluoroacetic acid as NMR internal references. Full, uncleaved cChimera or 

cChimeraX were used for all experiments. For NMR assignments, the sample contained 0.5 to 0.8 mM 
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cChimera. For TEV protease cleavage, the sample contained 0.2 mM cChimeraX, 2mM EDTA, and the pH 

was 8. For thrombin cleavage the sample contained 0.4 mM cChimera. Both cleavage reactions were 

monitored by 2D NMR spectroscopy after TEV or thrombin protease was added to the sample in the NMR 

tube and until changes in the amide NH signals were no longer observed; at this point cleavage was 

verified by SDS-polyacrylamide gel electrophoresis. For the competitive Ca2+ binding assays, 0.55 or 

0.90 mM 5,5’-dimethyl BAPTA or 5,5’-difluoro BAPTA in the absence and presence of 0.13 or 0.17 mM 

cChimera were used in 100% D2O. For all drug titrations, 0.2 to 0.4 mM cChimera was used in 95/5% 

H2O/D2O and 10 mM CaCl2 was added to saturate cChimera. N-(6-aminohexyl)-5-chloro-1-

naphthalenesulfinamide (W7), 2′,4′-difluoro(1,1′-biphenyl)-4-yloxy acetic acid (dfbp-o), and N-benzyl-N-

[3-(2-methylpropoxy)-2-(pyrrolidin-1-yl)propyl]aniline (bepridil) were purchased from Sigma-Aldrich 

and their purity and identity confirmed by NMR spectroscopy. Stock solutions of 10 to 50 mM of W7, 

dfbp-o, and bepridil were prepared in DMSO-d6 and added independently in aliquots to the protein 

sample until large chemical shift changes were no longer observed.  

 

NMR Spectroscopy 

 

All NMR experiments were acquired in 500 or 800 MHz Varian Inova spectrometers at 30°C (see 

Supplementary Table 6.1). One-dimensional spectra were processed using VNMRJ v.3.2 (Varian, Inc.) 

and two-dimensional spectra were processed with NMRPipe28 and analyzed with NMRViewJ29. For the 
15N T1 and T2 relaxation experiments, we randomly acquired a series of 1H,15N-HSQC experiments with 

variable relaxation delays of 10, 100, 200, 500, 750, and 1000 ms for T1, and of 10, 30, 50, 70, 90, 110, 

and 150 ms for T2. We used the Rate Analysis module of NMRViewJ to fit the decay of signal intensities 

to a two-parameter exponential decay function to determine T1 and T2 relaxation times. For the 

{1H}15N-NOE data we used the HetNOE Analysis module of NMRViewJ to determine the ratio and the 

error of the signal intensities from 1H,15N-HSQC experiments with and without 1H saturation. The noise 

level of the spectra was used as an estimation of the standard deviation of the signal intensities. 

 

Competition binding assays 

 

The chelators 5,5’-difluoro BAPTA and 5,5’-dimethyl BAPTA with KD for Ca2+ of 250 and 150 

nm30, respectively, were used to perform two independent Ca2+ titrations, first into the chelator, and 

then into the same chelator in the presence of a known concentration of cChimera while monitored by 
1H NMR spectroscopy. The Ca2+ free protein was obtained by incubation with EDTA followed by size 

exclusion chromatography27. The Ca2+ free buffer was obtained by incubation with chelex100 resin 

(BioRad). All solutions were handled in plastic containers and the NMR tube used for titrations was 

acid-washed to avoid contamination by metals. The absence of a signal corresponding to the bound 

form of each chelator in the first titration point verified the absence of Ca2+ in the starting solutions. 
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The concentrations of the chelator and the protein were determined by 1H NMR integration and amino 

acid analysis respectively. The fraction of chelator bound to Ca2+ was determined by NMR integration of 

the bound signal at each titration point, plotted against Ca2+:chelator ratio and fit using a numerical 

model as previously described31. 

 

Fluorescence spectroscopy 

 

cChimeraX was reacted with the environmentally sensitive label 2-(4'-

(iodoacetamido)anilino)naphthalene-6-sulfonic acid (IAANS) at C84, as described previously32. A 2 mL 

sample of 200 mM MOPS, 150 mM KCl, 2 mM EGTA, 1 mM DTT, 3 mM MgCl2, and 0.02% Tween 20 

containing 2M IAANS-labeled cChimeraX was excited at 330 nm and monitored at 450 nm while 

aliquots of 50 mM CaCl2 were added with constant stirring. The concentration of free Ca2+ was 

calculated using the Maxchelator server available at http://maxchelator.stanford.edu/downloads.htm. 

Fluorescence values were plotted against pCa, and fit using xcrvfit available at 

http://www.bionmr.ualberta.ca/bds/software/xcrvfit/. 

 

Production of switch-cTnI peptide from cChimera 

 

A solution of ~1mg/mL of cChimeraX in 20 mM TRIS, 2 mM EDTA, 1 mM DTT, pH 8 was treated 

with TEV protease at room temperature. The completion of the reaction was verified by 

polyacrylamide gel electrophoresis and the solution was lyophilized. The dry products were redissolved 

in 2% trifluoroacetic acid, from where switch-cTnI was purified by HPLC to ~99%. The purity of the 

switch-cTnI peptide obtained was verified by MS and NMR spectroscopy. 

 

Preparation of a model of cChimera 

 

We built a model of the three-dimensional structure of cChimera using MODELLER 9.1333. We 

used the structure of cNTnC•switch-cTnI in the presence of Ca2+ as determined by NMR (PDB ID: 1MXL), 

and by X-ray crystallography (PDB ID: 1J1E, chains A and C) as the initial templates to generate 10 

homology models of cChimera. The quality of the ten models was assessed using the discrete optimized 

protein energy (DOPE) method included in MODELLER (Supplementary Figure 6.1). We chose the model 

with the lowest energy for the loop between helices B and C of cNTnC, and for the linker region of 

cChimera, which is where the highest energy variation among models was observed. 

 

 

 

 

http://maxchelator.stanford.edu/downloads.htm
http://www.bionmr.ualberta.ca/bds/software/xcrvfit/
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In the design of hybrid proteins it is common to incorporate glycine residues in the linkers 

between the target protein and its ligand to ensure flexibility and retain native intermolecular 

interactions; however, the incorporation of protease cleavage sites24 could be more advantageous for 

some systems. Our design of cChimera contains cNTnC and switch-cTnI attached by a flexible cleavable 

linker that did not compromise the structural or dynamic features of the cNTnC•switch-cTnI complex. 

Another version containing a tobacco etch virus cleavage site on the linker was also studied 

(cChimeraX) and also showed conservation of the cNTnC conformation (Supplementary Figure 6.3). 

 

Production of labeled switch-cTnI peptide 

 

[15N]-cChimera and [15N]-cChimeraX were cleaved with TEV and thrombin protease, 

respectively, and the cleaved switch-cTnI peptide purified by HPLC. Mass spectrometry of the pure 

products indicated that only the reaction with TEV protease yielded a homogeneous peptide product. 

The resonances of the backbone nuclei of the switch-cTnI peptide were assigned using typical 

heteronuclear1H,15N HSQC, CBCA(CO)NNH, and HNCACB spectra. The 1H,15N HSQC of the [15N]-switch-

cTnI peptide (Supplementary Figure 6.4) shows all backbone HN signals grouped in a narrow range of 1H 

resonances (7.8 to 8.6 ppm) typical of unstructured proteins as expected for the disordered free form 

of the switch-cTnI peptide. This proves cChimera as a useful tool to produce isotope enriched switch-

cTnI peptide using bacterial cultures, a task that had been difficult in the past, providing a fast and 

easy way of obtaining enough 15N and/or 13C labeled peptides for use in NMR studies. 

 

Effective concentration of switch-cTnI in cChimera 

 

The effective concentration of switch-cTnI in cChimera can be estimated experimentally from 

the switch-cTnI titration into cNTnC. This is illustrated in Supplementary Table 6.2 where the effective 

concentration of switch-cTnI in cChimera is predicted using a global KD of 200 ± 24 M13 and assuming a 

1:1 binary complex for the cNTnC switch-cTnI titration. Using the 18 most shifted residues during the 

titration, which include the most conformation-sensitive residues L29, A31, G34, E66, G68, T71, D73, 

and F7738, the effective switch-cTnI concentration in cChimera is 1.04 ± 0.21 mM, equivalent to a 8:1 

switch-cTnI:cNTnC ratio in the titration. 

 

Intramolecular binding theory states that tethering a ligand to its target molecule by a flexible 

linker has the effect of increasing the ligand concentration to ~1 mM and can also increase the stability 

of a folded protein26. Our results indicate that the effective concentration of switch-cTnI in cChimera is 

enough to stabilize the bound form due to decreased translational entropy corroborating this 

hypothesis experimentally. According to the relation between intra- and inter-molecular binding 

developed by Zhou39, our experimental values of effective concentration and of KD for cNTnC•switch-
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cTnI binding (200 ± 24 M)13 can be used to calculate an intramolecular binding constant (Ki) of 5.2 ± 

1.2. Since Ki does not depend on the concentration of the target-linker-ligand molecule, but on the 

ratio of probabilities of the tethered ligand being in the bound or unbound conformations, a value of 1 

indicates equally populated conformations. For cChimera the high Ki value found confirms that the 

most populated conformation corresponds to switch-cTnI bound to cNTnC. 

 

The bound cNTnC•switch-cTnI complex corresponds to the ‘on’ state of cardiac troponin during 

systole, and the cChimera chemical shifts correspond to this bound state. This is shown in Figure 6.3 

where the extrapolated chemical shift change from free to switch-cTnI bound cNTnC is plotted against 

the change from free cNTnC to the cChimera (example vector a in Figure 6.2) using the most 

conformation-sensitive residues29 (plus E19 and V79). The data points have an excellent linear 

correlation (R2=0.91) with a slope corresponding to a 74% bound state for cChimera. Thus cChimera is a 

faithful representation of the systolic form of the cNTnC•switch-cTnI complex. 

 

 

 

Figure 6.3. Saturation state of cChimera. 

Chemical shift change of cNTnC resonances from the free state to the extrapolated 100% switch-cTnI 

bound state (x-axis, from titration) versus from free cNTnC to the observed cChimera resonances (y-

axis).  corresponds to total (1H and 15N) chemical shift change calculated as 22
)5/(

NH
  . The 

resonances presented are those that are the most sensitive to switch-cTnI binding. For the dashed 

trend line the coefficient R2 is 0.91, the slope is 0.74, and the x-intercept was set to zero. 
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In a similar way, we assessed the binding of dfbp-o and bepridil (Supplementary Figure 6.8 – 

6.11). For dfbp-o we found a KD of 345 ± 38 M for cChimera and 206 ± 15 M for cChimeraX; these are 

comparable to the affinity of dfbp-o for cNTnC in the presence of two versions of switch-cTnI peptides, 

but significantly higher than the affinity for cNTnC alone. The affinity of bepridil for cChimera and 

cChimeraX, with KD’s of 10 ± 1 M and 7 ± 2 M respectively, is significantly higher than the affinity of 

bepridil for cNTnC and cNTnC in the presence of switch-cTnI (Figure 6.5c). The direction and 

magnitude of the chemical shift perturbations caused by dfbp-o and bepridil on cChimera was also 

extremely similar to their respective titration into the cNTnCswitch-cTnI complex. 

 

Differential perturbation observed for the first time on the switch-cTnI region indicates that 

modulation of the strength of cNTnC•switch-cTnI interaction is essential for the mechanism of Ca2+ 

sensitization. Chemical shift mapping of the perturbations caused by the binding of a ligand to a target 

can be used to localize the ligand’s binding site. We used a model of cChimera to estimate the 

localization of the binding site of W7 (Figure 6.5b), dfbp-o, and bepridil (Supplementary Figure 6.12). 

Residues in the hydrophobic pocket of cNTnC are the most perturbed by all ligands, this agrees with 

the localization of each ligand in the structure of the corresponding cNTnCswitch-cTnIdrug complex 

and indicates conservation of ligand binding in cChimera. However, the degree of perturbation on the 

switch-cTnI region was different for all ligands: W7>>bepridil>dfbp-o. This can be correlated with the 

effect of each drug on the cNTnC•switch-cTnI interaction; whereas W7 and bepridil weaken the 

cNTnC•switch-cTnI interaction due to steric clash and electrostatic repulsions respectively17,21, dfbp-o 

enhances their binding affinity. 

 

The cNTnC-cTnI interaction poses a very particular challenge to drug discovery, which is the 

search for small molecules that conjunctively bind the weak cNTnC•switch-cTnI complex since this is 

the systolic conformation that needs to be targeted. Protein-protein interactions are increasingly 

gaining interest as targets for drug discovery. As opposed to enzyme-receptor interactions that 

commonly contain small defined pockets, protein-protein interactions pose more difficulties to rational 

design of small molecule inhibitors in part due to the large surface areas they comprise and their 

inherent flexibility48. The use of NMR-based screenings as well as computational methods for this 

purpose are common strategies that have proven to be successful in several cases49,50,51. We propose 

cChimera as a tool for rational drug design of interaction modulators and as an optimized target system 

for drug screening as it was shown to reproduce the features of drug binding to the original 

cNTnC•switch-cTnI complex in terms of chemical shift perturbation and localization of the binding site, 

with equal or higher affinity. Given that switch-cTnI binding and the open state of cNTnC are stabilized 

in cChimera, so that binding of dfbp-o matches the affinity observed for the original complex, 

cChimera can be particularly useful for the study of agonists that target the cNTnC•switch-cTnI 
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interface. However, cChimera could not be used to assess calcium sensitization by drug candidates due 

to the predominantly open state of cNTnC in cChimera and the suggested predisposition to bind Ca2+. 

 

cChimera dynamics 

 

We determined the NMR relaxation parameters T1, T2, and heteronuclear {1H} 15N-NOE at 500 

and 600 MHz for the backbone NH pairs of cChimera (Supplementary Figure 6.13) and cChimeraX 

(Figure 6.6) to compare the dynamic properties of their different regions. Average T1 values (in ms ± 

average standard error) for whole cChimera (cChimeraX) at 500 MHz and 600 MHz were 514 ± 8 (509 ± 

8), and 627 ± 8 (625 ± 8); for residues 1 to 89 corresponding to cNTnC were 517 ± 8 (514 ± 8), and 632 ± 

8 (641 ± 8); and for residues 144 to 170 corresponding to switch-cTnI[1] were 483 ± 9 (479 ± 8), and 587 

± 8 (577 ± 8), respectively. The pattern of T1 values were similar for both fields and the values 

determined at 600 MHz were constantly higher for most residues in the protein as expected for a rigid 

globular protein; however, this difference is decreased for residues –7 to –2 in the his-tag of the protein 

and residues 160 to 173 in switch-cTnI, which correlates with flexible regions. Also, T1 for the switch-

cTnI region was lower than for the cNTnC region indicating additional internal motions for this region. 

Average T2 values (in ms ± average standard error) for whole cChimera (cChimeraX) at 500 MHz and 600 

MHz were 96 ± 2 (93 ± 1), and 89 ± 1 (86 ± 1); for the cNTnC region were 88 ± 2 (80 ± 1), and 81 ± 1 (74 

± 1); and for the switch-cTnI region were 102 ± 2 (104 ± 1), and 91 ± 1 (97 ± 1), respectively. The T2 

patterns were also verysimilar for the two fields tested and higher values were observed for the N- and 

C-terminal residues as expected; nevertheless, for the switch-cTnI component a gradual increase of T2 

was observed startingfrom residue 159 which indicates increasing flexibility on this region. NOE average 

values ± average standard error for cChimera (cChimeraX) at 500 MHz and 600 MHz were 0.69 ± 19 

(0.66 ± 0.13), and 0.78 ± 0.15 (0.74 ± 0.15); for the cNTnC region were 0.74 ± 0.20 (0.73 ± 0.14), and 

0.84 ± 0.15 (0.80 ± 0.16); and for the switch-cTnI region were 0.61 ± 0.19 (0.53 ± 0.12), and 0.71 ± 0.14 

(0.62 ± 0.15). The NOE data for cChimera remains high (>0.65) and constant for most residues, but 

lowers rapidly for the his-tag region and gradually from residue 157 in the switch-cTnI region, again 

indicating higher mobility in this parts. In general, similar relaxation parameters were obtained for 

cChimera and cChimeraX which implies the residues forming the linker do not interfere with the 

mobility of the components. 

 

 

                                                 
[1] In cChimera residues 144 to 173 correspond to switch-cTnI; however, the calculation of the NMR 

relaxation parameters for the switch-cTnI region included only residues 144 to 170 to omit the 

intrinsically flexible terminal residues and to avoid bias. 





148 

 

T2 value of the rigid region (Figure 6.6b). The slope values of the trend lines for the homologous 

cardiac and skeletal TnI regions are 7.5 and 14.4, respectively, and the last residue on the rigid region 

according to the extrapolation of the trend lines are 158 and 133, respectively. Typically, the ratio of 

T1/ T2 is independent of internal motions when the correspondent NOE is > 0.60 at 500 MHz or > 0.65 at 

600 MHz, and can be used as an estimate of the correlation time for the molecule which at the same 

time correlates with the molecular weight. Excluding residues for which NOE < 0.60 or < 0.65, T1/ T2 

ratios for cChimera (cChimeraX) at 500 and 600 MHz were 512 ± 8 (513 ± 8) and 625 ±8 (635 ± 9), 

respectively; which corresponds roughly to a molecular weight of 13 KDa and correlates well with our < 

16 KDa protein. The R2 relaxation rate (1/ T2) also correlates well with the expected molecular weight 

according to determinations done previously in the laboratory for similar protein systems of different 

mass under similar experimental conditions52. 

 

The relaxation data presented here indicates that cChimera is well folded and does not form 

intermolecular interactions, aggregation, or dimers, and was used to reveal isoform-specific muscle 

dynamics. Our results indicate that the switch-cTnI region is immobilized and tumbles together with 

the cNTnC region as a rigid domain, but with a gradual increase of internal motions from residue 158. 

This correlates well with the structure of cNTnC•switch-cTnI, where switch-cTnI forms a helix from 

residues 150 to 156 that binds cNTnC. A previous study on the skeletal isoform of a sNTnC•sTnI complex 

showed that residues 124 to 130 of sTnI are as rigid as sNTnC, and that residues 140 to 170 are 

flexible9. Although switch-sTnI also forms a helix (117–127) that binds sNTnC, comparison of the 

relaxation data for both isoforms (Figure 6.6b) indicates that mobility of the switch-TnI region is 

different between isoforms; whereas in sTnI rigidity spans the switch helix and several residues beyond 

up to residue 133, in cTnI rigidity ceases shortly after the last residue of the switch helix. This supports 

the “histidine-button” theory for which an electrostatic interaction between H130 of sTnI (located 

beyond the switch helix) and E20 of sNTnC was demonstrated to stabilize their association in the face 

of acidosis10. This is not the case for the cardiac system in which the analogous residue of H130 is A162 

incapable of promoting electrostatic interactions, consistent with the extended increased flexibility 

that we observed for this region. For an A162H mutant of cTnI that diminishes pH sensitivity we 

anticipate the relaxation parameters to be more similar to those of sTnI than cTnI. 

 

In conclusion, our design of cChimera provides a reliable representation of the cNTnC•switch-

cTnI complex at systole that offers several advantages over using the separate components including 

perfect 1:1 stoichiometry, improved solubility and ease of isotope labeling. cChimera allowed us to 

test the thermodynamic considerations relative to the effective concentration, structure, and dynamics 

of a tethered domain25,38, and to get molecular level insight into differential muscle dynamics. We 

anticipate that our work can be applied to the design of other hybrid protein systems for the study of 

protein-protein interactions, drug design, and the production of labile peptides. In the endeavor of 
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accelerating the drug discovery process, stabilization of protein-protein interfaces as shown here, 

could be used to create optimized targets for drug screening that reduce the number of hits by 

restricting the binding space to that of the relevant physiological conformation. In addition to serve in 

the traditional search for inhibitors, our approach may be useful to search for protein-protein 

interaction enhancers, an important task currently much less pursued. 
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Supplementary Table 6.1. Parameters of the NMR spectra acquired for the assignment of cChimera, cChimeraX, and switch-cTnI. 

 

Protein 

Experiment 

name 

(Varian) 

Nucleus in 

x/y/z 

dimension 

1H frequency 

(MHz) 
nta x-pointsb y-pointsb z-pointsb x-swc y-swc z-swc 

Mixing 

time 

(ms) 

cChimera gNhsqc 1H/15N 800 8 2048 128  11990 3242   

 gnoesyNhsqc 1H/1H/15N 800 8 2048 144 36 11990 9598 3242 80 

 gtocsyNhsqc 1H/1H/15N 800 8 2048 144 36 11990 9597 3242 60 

 ghnha 1H/1H/15N 800 8 1024 144 36 11990 6398 3242  

cChimeraX gNhsqc 1H/15N 500 4 1024 128  8385 1317   

 gChsqc 1H/13C 500 4 1024 128  8385 8798   

 ghn_cacb 1H/13C/15N 500 16 1024 59 36 8385 10057 2023  

 gcbca_co_nh 1H/13C/15N 500 16 1024 59 36 8385 10057 2026  

Switch-cTnI gNhsqc 1H/15N 500 8 1024 128  8385 2026   

 gChsqc 1H/13C 500 8 1024 237  8385 8798 2200  

 ghn_cacb 1H/13C/15N 500 16 1024 59 36 8385 10056 1317  

 gcbca_co_nh 1H/13C/15N 500 16 1024 59 36 8385 10056 1317  
 

a Number of scans,  b number of complex points,  c spectral width. 
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Supplementary Table 6.2. Concentration of switch-cTnI in cChimera calculated from cNTnC switch-

cTnI titration. 

 

Residue 
number 

Expected Δδ 
to saturation 

(ppm) 

Observed Δδ 
to cChimera 

(ppm) 

Normalized 
Δδ to 

cChimera 

Calculated 
[cTnI] 

in cChimera 

(μM) 

D25 0.22180 0.19461 0.88 1546 

L29 0.66607 0.50564 0.76 730 

A31 0.29901 0.13608 0.46 227 

D33 0.41261 0.19314 0.47 237 

G34 0.46804 0.30669 0.66 466 

C35 0.24397 0.20763 0.85 1254 

G42 0.35785 0.29501 0.82 1047 

K43 0.21764 0.16067 0.74 661 

M45 0.28437 0.23361 0.82 1028 

N51 0.15003 0.08347 0.56 324 

E66 0.61859 0.48446 0.78 825 

D67 0.11996 0.08679 0.72 618 

G68 0.26951 0.20268 0.75 705 

S69 0.20457 0.18818 0.92 2416 

T71 0.76443 0.57479 0.75 705 

D73 0.60663 0.41358 0.68 518 

F77 0.38280 0.33067 0.86 1382 

V79 0.21868 0.20779 0.95 3940 

   0.75 ± 0.03 1035 ± 213 

 

Values in bold are average ± se. 
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CCHHAAPPTTEERR  77 

Covalent binding of the levosimendan analog i9 to cardiac 

troponin C induces contraction in muscle fibers 

 

The reader will find here an examination of the interaction between troponin and a powerful 

covalent calcium sensitizer (i9). The chapter starts by probing potential covalent binding for the Ca2+ 

sensitizer levosimendan, for which no structure bound to troponin is available. It continues by 

presenting the design of i9, the structure of i9 bound to cChimera, and the physiological effects of i9 in 

muscle fibers. The use of a covalent Ca2+ sensitizer allows us to unequivocally ascribe physiological 

effects in muscle tissue to the i9-troponin interaction. With these findings we confirm the mechanism 

of calcium sensitization of the thin filament and suggest troponin as amenable to the design of 

covalent sensitizers. (Unpublished). 

 

Introduction 

 

Decreased contractility is a characteristic of a variety of heart diseases including heart failure. 

One approach to treating this condition is to administer positive inotropic agents that increase cardiac 

muscle contraction by increasing intracellular Ca2+ concentrations. However, this can lead to the 

development of arrhythmias and myocyte death due to Ca2+ overload. An emerging alternative is the 

administration of Ca2+ sensitizers, which also cause positive inotropy but act directly on the contractile 

proteins of the cardiac muscle to enhance contractility1. The best characterized Ca2+ sensitizer is 

levosimendan; however, its mechanism of action is still not fully understood. This work aims to provide 

insight into the molecular mechanism behind Ca2+ sensitization of levosimendan by characterizing the 

structure and effect on contraction of a levosimendan analog (i9) that binds covalently to cNTnC. 

 

Contraction is regulated in the heart muscle by troponin (cTn) in a Ca2+ dependent manner. cTn 

is a heterotrimeric complex composed of C, I and T subunits (cTnC, cTnI, and cTnT, respectively) 

localized to the thin filament of the sarcomere. cTnC contains two globular domains, the regulatory N-

domain (cNTnC) that acts as the Ca2+ sensor, and the structural C-domain that binds to cTnI and holds 

cTnC on the thin filament. cNTnC is formed by five helices (named N, and A through D), whereas the 

smaller cCTnC contains four helices (named E through H). During systole, when the cytosolic 

concentration of Ca2+ increases, Ca2+ binds to cNTnC and increases the prevalence of the open 

conformation of cNTnC2,3. Following this shift towards the open state of cNTnC, the switch region of 

cTnI (switch-cTnI) binds to cNTnC and drags the inhibitory region of cTnI away from actin. This causes a 

conformational change in tropomyosin and a subsequent exposure of the myosin binding sites on actin 

to allow the formation of the force-producing cross-bridges. During diastole, the intracellular 
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concentration of Ca2+ decreases, cNTnC returns to a mostly closed conformation, and cTnI binds actin 

and blocks the actin-myosin cross-bridges to allow for muscle relaxation4,5. 

 

The mechanism by which levosimendan enhances cardiac muscle contraction is its Ca2+ 

sensitization effect on cTnC; however, the molecular details of this interaction are not entirely clear. 

Besides a sensitizer effect, levosimendan has also been shown to have important vasodilator, anti-

inflammatory, and anti-apoptotic effects6, 7. Although it has been found to inhibit phosphodiesterase 3 

(PDE3) at high concentrations, its positive inotropic effect is mostly due to its interaction with cTnC 

and not to an increase on intracellular Ca2+ 8, 9, 10. Previous NMR studies have shown that in the 

presence of the cTnI regions that bind each domain of cTnC, levosimendan interacts only with the 

regulatory N-domain11. A three-dimensional structure or a precise binding site has not yet been 

localized due to the short lifetime of the cTnClevosimendan complex. Using NMR chemical shift 

mapping, Sorsa and collaborators11 found widespread chemical shift perturbations throughout the N-

domain and could not determine a specific binding site. Using x-ray scattering experiments, they also 

found that the radius of gyration of cTnC is increased by levosimendan in a manner similar to cTnI. 

Because binding of cTnI to cTnC reduces the flexibility of the D/E linker between both domains of 

cTnC, the authors proposed that levosimendan binds close to the D/E linker and make it more rigid12. 

 

In addition, other studies have shown that C84 is essential for binding13, 14. Mutation of this 

residue to serine on cNTnC abolishes its interaction with levosimendan. Moreover, the reducing agent 

dithiothreitol (DTT) has been reported to react with levosimendan and prevent its binding to cNTnC12, 

14. In addition, levosimendan contains two nitrile groups that can undergo nucleofilic addition in the 

presence of thiol groups. Because of these observations, we hypothesized that levosimendan may form 

a reversible covalent bond with C84 of cNTnC (Ian M. Robertson et al. 2015, in preparation). 

 

There have been a number of studies of small molecules bound to cTnC that alter Ca2+-

sensitivity15,16. It is not always clear, however, whether it is the binding to cTnC that is directly 

responsible for the increase in contractility in vivo. For example, EMD57033 was initially shown to bind 

to cTnC as well as to increase the Ca2+-sensitivity and force of contraction. However, after the 

structure of EMD57033 bound to cTnC was solved17, it was shown that EMD57033 most likely enhances 

contractility by stabilizing actomyosin cross-bridges rather than through its interaction with cTnC. 

Likewise, levosimendan has been shown to bind to cTnC as well as to inhibit PDE3 — both of which can 

lead to an increase in contractility. 

 

In order to unambiguously show that small molecule binding to cTnC can lead to such an 

increase in a muscle fiber, we designed a novel levosimendan analog (i9) that contains a reactive 

iodoacetamide group (Figure 7.1). We determined the NMR structure of i9 covalently bound to C84 of a 
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Levosimendan reactivity 

 

A fresh solution of 2 mM levosimendan was prepared in DMSO-d6. Small aliquots of a stock 

solution of 150 mM N-acetyl-cysteine (NAc-Cys) were titrated into the levosimendan solution. The 

titration was monitored by acquiring a 1H NMR spectrum after each addition. The NAc-

Cys:levosimendan ratio at each titration point was 0, 0.08, 0.15, 0.29, 0.56, and 2.07 as determined by 

spectral integration of levosimendan and NAc-Cys. The assignment of the levosimendan signals was as 

reported before22. 

 

Synthesis and purification of i9 

 

Chloroacetyl chloride was obtained from Fluka Analytical (≥ 99% GC, 112.94 g/mol, 1.419 g/mL 

at 20°C), (2',4'-difluorobiphenyl-4-yl)methanamine (97%, 255.69 g/mol, compound 1) from Amatek 

Chemical, and ethyldiisopropylamine (Hunig’s Base, HB) was from Sigma-Aldrich (99.5%, 129.24 g/mol, 

0.742 g/ml). In a glass vial 50 μmol of 1and 170 μmol of HB were dissolved in 1.2 mL of acetonitrile. In 

a separate glass vial, 500 μmol of chloroacetyl chloride were dissolved in 40 μL acetonitrile and slowly 

added into the 1/HB solution under the extraction hood. The reaction produced gas (HCl) and changed 

the color of the solution from clear to pale yellow. Then 6 mL of water were added to produce 

compound 2 as a white floating solid. Compound 2 was washed with water, recovered by 

centrifugation, and dried under vacuum. The dry product 2 was then dissolved in 1 mL of acetone, and 

an excess (270 mg) of NaI previously dried for 2h at 110°C was added. The halogen exchange reaction 

proceeded overnight at 37°C with the production of bubbles, color change to orange, and precipitation 

(NaCl). The whole reaction was passed to a separation funnel and 5 mL each of ethyl acetate and H2O 

were added. The yellow organic phase was washed twice with water and once with 5% Na2S2O3 which 

turned the solution clear. The clear organic phase was collected and dried with anhydrous Na2SO4 until 

no clumps were observed. The final solution was evaporated, the product redissolved in deuterated 

dimethyl formamide (DMF-d7), aliquoted, and stored at -20°C wrapped in aluminum foil to protect from 

light. 

 

Troponin labeling with i9 

 

Full cTnC-C35S, cNTnC (residues 1-89), and 13C,15N-cChimera were labeled under denaturing 

conditions. In addition, cNTnC was labeled in aqueous buffer to assess the specificity of the reaction. 

The denaturing buffer contained 6 M urea, 150 mM KCl, 50 mM TRIS, and 1 mM EGTA. The aqueous 

buffer consisted of 100 mM KCl, and 10 mM imidazole at pH 8. The corresponding protein was dissolved 

in denaturing or aqueous buffer, 2 mM of fresh TCEP was added, and the solution incubated for 20 min 

to reduce all the cysteine residues. A stock solution of i9 in DMF-d7 was added in small aliquots to the 
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protein solution under stirring and the pH was readjusted to 8. Although i9 is poorly soluble in water, 

the protein solution remained clear before the i9: protein ratio reached 1:1. After this point, the 

solution became turbid. The final drug:protein ratio was >2:1 for the reactions in urea and 1.2:1 for the 

reaction in aqueous buffer. The reaction proceeded in the dark with constant stirring at 27°C for 16 h. 

The reaction was stopped with four times excess DTT and spun down. The supernatant of the reaction 

in urea was applied to a size exclusion chromatography column to purify the labeled protein 

cTnC(C35S)-i9, cNTnC-i9, or cChimera-i9. The protein fraction was lyophilized and stored at 4°C. 

 

NMR spectroscopy 

 

The NMR samples consisted of 0.5-0.8 mM cTnC(C35S)-i9, cNTnC-i9, or cChimera-i9 in 500 or 

600 μL of 100 mM KCl, 10 mM imidazole or imidazole-d4, 2 mM CaCl2, and 0.25 mM 2,2-dimethyl-2-

silapentane-5-sulfonate-d6 sodium salt (DSS-d6) or trifluoroacetic acid (TFA) as internal reference, at 

pH 6.9. The NMR experiments were acquired in 500, 600, or 800 MHz Varian spectrometers at 30° C. All 

one-dimensional experiments were processed with VnmrJ v 3.2, all the multidimensional spectra were 

processed with NMRPipe23 and analyzed with NMRViewJ24. The assignment of free i9 in DMSO was done 

based on examination of the 1H NMR spectra acquired throughout the synthesis, and on previous 

assignment of the levosimendan analog dfbp-o25. The assignment of i9 in cChimera-i9 was achieved by a 

combination of two-dimensional 1H and 19F NMR spectra including 13C, 15N filtered noesy, 13C, 15N 

filtered tocsy, and 1H, 19F HMQC (Supplementary Figure 7.1 and Supplementary Table 7.1). Assignment 

of cChimera in cChimera-i9 was done by using typical 2d and 3d NMR experiments 1H, 15N- and 1H, 13C-

HSQC, HNCACB, CBCA(CO)NH, HNHA, HCCONH, and CCONH detailed in Supplementary Table 7.1. 

 

Structure determination 

 

The structure of i9 bound to cChimera was determined using Xplor-NIH v. 2.35 with 

experimental backbone dihedral and distance restraints. Parameter and topology files for i9 covalently 

attached to cysteine were generated using the PRODRG server26 (available at 

http://davapc1.bioch.dundee.ac.uk/cgi-bin/prodrg/). The backbone dihedral angles φ and ψ were 

predicted with the Talos+ server (available at http://spin.niddk.nih.gov/bax/nmrserver/talos/) based 

on the chemical shift of HN, N, CA, CB, and HA backbone atoms of cChimera-i9. Intramolecular 

distance restrains within the protein component of cChimera-i9 were obtained from noesyNhsqc and 

noesyChsqc NMR spectra, NOEs were calibrated using the bin method of NMRViewJ and classified as 

strong (1.8 -3 Å), medium (3 - 4.5 Å), and weak (4.5 - 6 Å). Intramolecular NOEs within i9 were 

obtained from the 13C, 15N filtered noesy spectrum in which signals from the 13C, 15N labeled protein 

moiety are filtered out to obtain NOEs from the unlabeled drug moiety only. Pseudo-intermolecular 

NOEs between cChimera and i9 were obtained from the three-dimensional noesyChsqc_CNfilt NMR 

http://davapc1.bioch.dundee.ac.uk/cgi-bin/prodrg/
http://spin.niddk.nih.gov/bax/nmrserver/talos/
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spectrum in which contacts between 13C, 15N labeled protein and unlabeled i9 are detected; all of 

these NOEs were classified as weak (1.8 – 6 Å). We used statistical torsion angle potential to improve 

the quality of backbone and side chain conformations; this is based on over a million residues from high 

quality crystal structures from the Protein Data Bank (PDB). We also used the gyration volume potential 

term to restraint the volume associated with the gyration tensor also based on values observed in the 

PDB. We used the anneal protocol of Xplor-NIH to generate 140 structures from which the lowest 

energy structure was used in the subsequent refine protocol. The final ensemble consists of the 20 

lowest energy structures generated in the refinement step with no NOE violations greater than 0.4 Å or 

dihedral violation greater than 5°. This ensemble was validated with PROCHECK using the Protein 

Structure Validation Suite (PSVS 1.5) server (available at http://psvs-1_5-dev.nesg.org/). 

 

Animals 

 

Male Wistar rats (200–250 g) were stunned and killed by cervical dislocation (Schedule 1 

procedure in accordance with UK Animal (Scientific Procedures) Act, 1986). The hearts were quickly 

removed and rinsed free of blood in Krebs solution (Sigma-Aldrich, K4002) containing: 118 mM NaCl, 

24.8 mM NaHCO3, 1.18 mMNa2HPO4, 1.18 mM MgSO4, 4.75 mM KCl, 2.54 mM CaCl2, 10 mM glucose, 

bubbled with 95% O2–5% CO2for 30-60 min; pH 7.4 at 20°C. Unbranched trabeculae (diameter <250 μm) 

were dissected from the right ventricle in Krebs solution containing 25 mm 2,3-butanedione-monoxime. 

The fibers were permeabilized in relaxing solution (see below) containing 1% Triton X-100 for 30 min, 

and stored in relaxing solution containing 50% (v/v) glycerol at −20°C for experiments. Fibers were 

used within 2 days of dissection. 

 

Reconstitution of cTnC(C35S)-i9 into ventricular trabeculae 

 

Native TnC was partially replaced by incubation of trabeculae in relaxing solution containing 30 

μmol/L cTnC(C35S)for 30 minutes at 20-22C. The fraction of TnC replaced by cTnC(C35S) was about 

30% as estimated by ESI-MS of the fiber. Following incubation, the demembranated trabeculae were 

mounted via aluminum T-clips between a force transducer (AE801) and a fixed hook in a 60l trough 

containing relaxing solution. The sarcomere length was set to 2.1 m as indicated by a Helium-Neon 

laser (632.8 nm). The experimental temperature was 20–22°C. 

 

 Experimental solutions contained 25 mM imidazole, 5 mM Mg ATP, 1 mM free Mg2+, 10 mM EGTA 

(except pre-activating solution), 0–10 mM total calcium, 1 mM dithiothreitol and 0.1% (v/v) protease 

inhibitor cocktail (P8340, Sigma). Ionic strength was adjusted to 200 mM with potassium propionate; pH 

was 7.1 at 20°C. The concentration of free Ca2+ was calculated using the program WinMAXC V2.5 

(http://web.stanford.edu/~cpatton/maxc.html). The calculated free [Ca2+] was in the range 1 nM (pCa 

http://psvs-1_5-dev.nesg.org/
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compound 2. The following halogen exchange reaction of the chlorinated compound 2 with NaI in dry 

acetone produced i9. The identity and purity of compounds 1, 2, and i9 was verified by 1H NMR 

spectroscopy and mass spectrometry. Figure 7.4B shows the 1H NMR spectra of 1, 2, and i9. With the 

addition of the acetyl chloride moiety the signal corresponding to N8 is shifted downfield (from 8.36 to 

8.75 ppm) as the result of deshielding by the newly attached carbonyl C9, also a new aliphatic signal at 

4.35 ppm is observed corresponding to the new methylene protons at C10. The halogen exchange from 

Cl to I shifted the H10 singlet upfield (from 4.11 to 3.7 ppm) due to the less electronegative character 

of I compared to Cl. Both reactions had only small effects on the aromatic protons of the products 

which were assigned partly based on previous assignment of the levosimendan analog dfbp-o25. 

 

Troponin labeling with i9 

 

Three proteins were independently labeled with the i9 compound: cTnC(C35S) for physiological 

characterization, cNTnC for assessment of reaction specificity, and 13C-15N-cChimera for structure 

determinaiton by NMR. The labeling reactions were performed in urea or NMR buffer and verified by 19F 

NMR. Protein labeling is illustrated for cChimera in Figure 7.5A, where the 19F NMR spectrum of i9 

(spectrum a) shows two sharp signals at -36.2 and -39.3 ppm corresponding to the fluorine atoms F2’ 

and F4’. After the reaction with cChimera (spectrum b) the two signals shift (to -36.4 and -37.1ppm) 

and broaden as a result of the change in molecular size and electronic environment, respectively, when 

i9 is bound to cChimera. To assess the completion of the reaction, 1 μL of 35 μM 3-bromo-1,1,1-

trifluoroacetone was added to cChimera-i9 to react with any remaining free sulfhydryl group present 

(spectrum c). The presence of the unreacted trifluoro acetone only, as a sharp singlet at -8ppm, 

indicates that the reaction was complete and cChimera was 100% labeled. Spectrum d at the top shows 

the chemical shift of trifluoroacetone bound to cChimera in a different sample for comparison. 

 

Figure 7.5B displays a summary of the 19F spectra of all the reacted proteins. Full labeling of 

cNTnC with excess i9 in urea results in covalent binding at C35 and C84, but only the signals 

corresponding to C84-i9 sharpen in the presence of cTnI. The 19F spectrum of cNTnC-i9 in the absence 

of cTnI (Figure 7.5B spectrum a) shows two sharper signals corresponding to F2’ and F4’ of C35-i9, and 

broader signals for C84-i9 that overlap to a large extent indicating multiple conformations of the drug 

molecule bound to C84. Addition of a 3:1 excess of switch-cTnI (residues 144-173), which binds to 

cNTnC, causes the fluorine signals of C84-i9 to sharpen and separate. In a similar way, the 19F spectrum 

of cTnC(C35S)-i9 (spectrum b) shows the same change in line width for F2’ and F4’ of C84-i9 upon 

addition of cTnI. The reaction of i9 with cNTnC in aqueous NMR buffer using a small drug-to-protein 

excess resulted in preferential labeling on C84 as judged by the appearance of intense C84-i9 peaks 

and minuscule C35-i9 peaks (spectrum c). For cChimera-i9, which has cNTnC attached to switch-cTnI, 

the C84-i9 signals are very similar to those of cTnC(C35S)-i9 and cNTnC-i9 in the presence of switch-
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Structure of cChimera-i9 

 

cChimera contains the cNTnC (residues 1-89) attached to switch-cTnI (residues 144-173) 

through a flexible linker and represents the cNTnC•switch-cTnI complex19. This allows for structural 

assessment in the systolic state when switch-cTnI is bound to cNTnC. The present structure of 

cChimera-i9 (Figure 7.6A) is similar to the structure of cNTnC bound to the switch region of cTnI 

observed in other structures. Compared to the x-ray structure of the core domain of cTn27, the rmsd of 

alpha carbons for all residues is 2.2 Å and for helical residues only the rmsd is 2.0 Å. Compared to the 

NMR structure of dfbp-o, another levosimendan analog, bound to cNTnC•switch-cTnI the rmsd of alpha 

carbons for all residues is 2.2 Å and for helical residues the rmsd is 2.1 Å. Structural statistics for the 

final ensemble are summarized in Supplementary Table 7.2. 

 

Structure of cNTnC in cChimera-i9 

 

The typical structural features of cNTnC in the Ca2+ and switch-TnI bound state are present in 

the structure of cChimera-i9. cNTnC in cChimera-i9 is in the open state accommodating i9 deep in the 

hydrophobic cleft and cTnI towards the surface. It contains five -helices, N and A through D, and a 

small -sheet involving the loops of each EF-hand. Compared to cNTnC in the crystal structure of the 

troponin core domain (1J1E) the rmsd of alpha carbons is 1.9 Å. Compared to the structure of dfbp-o 

bound to cNTnC and switch-cTnI (2L1R) the rmsd of alpha carbons is 1.9 Å (Figure 7.6). Helix N in 

cChimera-i9 is shifted slightly away from helix D and is extended by two residues on the N-terminal 

side (D2 and D3). Helix D is also extended by five residues towards the C-terminus (K86-E90). The 

stabilizing effect of the flexible linker in cChimera may be responsible for the extension of helices N 

and D. The apparent concentration of switch-cTnI in cChimera is increased by the presence of the 

linker19; as a result the interaction between cNTnC and switch-cTnI is stabilized and may promote 

consolidation of the secondary structural elements. However, the longer helices do not change the 

overall conformation of cNTnC or switch-cTnI.  

 

Linker region in cChimera-i9 

 

The linker region between cNTnC and cTnI in cChimera remains flexible. Three of the seven 

residues comprising the linker could not be assigned due to broadening of the signals beyond detection; 

this is probably related to NH exchange with the solvent not uncommon for solvent-exposed regions. 

We also confirmed the flexibility of the linker using the random coil index (RCI) analysis performed 

within TALOS+, which estimates values of the model-free order parameter S2 based on the chemical 

shift of CA, CB, N, HA, and NH, backbone atoms28. The RCI indicates that residues 95 and 96 of the 

linker along with 144-147 of cTnI have S2< 0.5 and are classified as dynamic. 
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Structure of cTnI in cChimera-i9 

 

Switch-cTnI in cChimera-i9 forms a helix that is shifted away from the core of the protein. The 

length and composition of the switch helix of TnI in cChimera-i9 is the same as that observed in the 

crystal structure of the troponin core domain (1J1E)27, starting at residue A150 and continuing until 

residue L158 with the previous and following regions being flexible and unstructured. Although the 

switch helices of both structures are roughly parallel and localize between the A-B-D helices of cNTnC, 

the switch-helix of cChimera-i9 is moved away from the core of cNTnC. We compared the experimental 

NOEs observed between cTnI and cNTnC in cChimera with those reported previously for the NMR 

structure of the cNTnCswitch-cTnI complex29 (1MXL). Although there are fewer NOEs observed for the 

present structure, there are common methyl-methyl inter-subunit contacts including M153 to M81 on 

helix D, L157 to M47 on helix B, and L158 to A22 on helix A. This indicates a similar binding site for cTnI 

in both structures. As a result, the switch helix of cTnI in cChimera-i9 also lies on the A-B-D interhelical 

space. Then the shift may be due to steric clash of i9 and A150 at the start of the switch-helix or/and 

M153 that faces the hydrophobic cleft of cNTnC (Supplementary Figure 7.2). 

 

Structure of i9 in cChimera-i9 

 

The covalently attached i9 molecule inserts deep in the hydrophobic pocket of cNTnC. A total 

of 14 experimental distance restraints define the position of i9 in the core of cChimera between helices 

B, C, and D, of cNTnC, and the switch helix of cTnI. The difluorophenyl ring of i9 contacts residues I61 

and V64 on helix C, and I36 and V72 which form the -sheet of cNTnC; this is consistent with its 

position deep in the hydrophobic cleft. The middle phenyl ring of i9 contacts several residues on the 

middle region of the cleft such as L41, V44, and M45 on helix C and M80 on helix D. This ring also shows 

NOEs to M85 on helix D and V146 on switch-cTnI which are located towards the protein surface (Figure 

7.7). The localization of i9 in cChimera-i9 is similar to that of the levosimendan analog dfbp-o in cNTnC 

in the presence of switch-cTnI25 (Figure 7.6). The localization of the difluorophenyl rings of both 

compounds is very similar but i9 inserts deeper in the pocket than dfbp-o. The orientation of both 

compounds is also very similar such that they are parallel; however, i9 localizes closer to cTnI than 

dfbp-o, which is also related to the shift of cTnI. 
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fiber and 24.6 mM mm-2 +/- 2.7 (SEM; n=7) following the exchange with cTnC(C35S)-i9 into the fiber. 

Thus cTnC(C35S)-i9 did not affect maximum Ca2+-activated force. This is consistent with studies 

investigating dfbp-o25 or levosimendan. Interestingly, when we left cTnC(C35S)-i9 to exchange into the 

ventricular trabeculae overnight at 4°C or for greater than 30 min, we saw a gradual increase in the 

resting tension (data not shown). We hypothesize this is because i9 is irreversibly bound to cTnC and 

keeps it partly open. This would lead to some basal level of activity, even in the absence of Ca2+. 

 

 

 

Figure 7.8. Effect of i9 on the force and pCa in muscle fibers. 

Force-pCa relationship (left) of ventricular trabeculae containing wild type cTnC (WT) and containing 

cTnC(C35S)-i9 (i9) showing that i9 induces a significant increase in pCa (middle) without changing the 

maximum developed force (right). 

 

Discussion 

 

Based on previous studies and the analysis of the chemical nature of levosimendan, we 

previously hypothesized that levosimendan can react with the sulfhydryl group of C84 to form a 

reversible covalent bond (Ian M. Robertson et al. 2015, in preparation). Here we identified a new 1H 

signal that corresponds to H18/H20 of the thioimidate product that verified the reaction of both nitrile 

groups of levosimendan with NAc-Cys. The product was found to be stable and the reaction reversible. 

This demonstrates the capacity of levosimendan to react with cysteine residues and provides a starting 

point for further characterization of the reaction in aqueous solution. A covalent interaction between 

levosimendan and C84 of cNTnC would be consistent with previous structural studies that determined 

that the binding site is in the N-domain11, 12 and showed that this interaction occurs in the slow 

exchange limit14. It also agrees with studies showing that C84 is essential for binding and that DTT 

reacts with levosimendan and affects its stability and ability to bind to cNTnC12, 14. These data support 

the hypothesis of covalent binding of levosimendan and open a wider range of possibilities in the design 

of Ca2+ sensitizers that target cNTnC. 

 

To better characterize the interaction between a covalent Ca2+ sensitizer and cTnC, we 

designed and synthesized the levosimendan analog i9. We determined the structure of cNTnC-i9 in the 
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but precipitates in an aqueous protein solution only after the drug-to-available SH ratio is over 1:1, 

which also suggests initial non-covalent binding of i9 to cNTnC. Selectivity is an important feature on 

the design of covalent drugs. However, in the specific case of cNTnC, a reversible covalent drug would 

be preferred in order to guarantee relaxation. 

 

Our results indicate that switch-cTnI contributes to position and stabilize i9 in the hydrophobic 

cleft of cNTnC. In the absence of switch-cTnI, broad undistinguishable signals for the F2’ and F4’ atoms 

of C84-i9 indicated that i9 is in exchange between different conformations. Sharpening of the signals 

upon addition of switch-cTnI indicated that i9 was stabilized in one conformation. In contrast, cTnI has 

no effect on C35-i9, as the signals corresponding to its F2’ and F4’ atoms were sharper and unchanged 

in the absence and presence of switch-cTnI. In our structure of cChimera-i9, cNTnC is in the open 

state; therefore the 19F signals of C84-i9 in cChimera-i9 also correspond to the open conformation. 

Close inspection of the 19F spectra of cNTnC-i9 and cTnC(C35S)-i9 in the absence of cTnI reveals the 

presence of one signal corresponding to this conformation (* in Figure 7.5). This suggests that 

broadening is the result of exchange between a more populated open conformation and another less 

populated state. The other state may then correspond to the closed conformation of cNTnC with i9 

outside the hydrophobic pocket. Along with the influence of cTnI on the position of C84-i9, the 

similarity of 19F spectra of cChimera-i9 and cTnC(C35S)-i9 in the presence of switch-cTnI suggests that 

the orientation of i9 in cTnC(C35S)-i9 in muscle fibers is the same as in the present structure once 

switch-cTnI is bound. 

 

We also showed that i9 increases the Ca2+ sensitivity of cardiac fibers by stabilizing the open 

conformation of cNTnC. Our results showed a shift to the left of 0.13 ± 0.03 pCa units in the force-pCa 

curve caused by cTnC(C35S)-i9. Since the i9 molecule is covalently attached to C84, the observed 

increase in Ca2+ sensitivity can be unequivocally attributed to the effect of i9 in cNTnC. This is in 

contrast to traditional experimental conditions in which drugs are perfused into muscle fibers and can 

reach other proteins or lipid membranes. Considering that the amount of cTnC(C35S)-i9 exchanged into 

the fibers was estimated to be 30%, we expect that higher ratios of protein exchange will result in a 

greater increase in Ca2+ sensitivity. In fact, longer incubation times for cTnC exchange resulted in 

increased resting tension in the absence of Ca2+, which can be related to the stabilization of the open 

conformation of cNTnC by i9 as follows. In the mechanism of muscle contraction cNTnC, is in 

equilibrium between open and closed conformations. Ca2+ binding to cNTnC shifts the equilibrium 

toward the open state to allow the binding of switch-cTnI that triggers contraction. We propose that 

the mechanism of Ca2+ sensitization by i9 consists in a shift in the equilibrium to favor the open 

conformation. This explains our results regarding the tension development of fibers in the absence of 

Ca2+, since i9 would have the same effect as Ca2+ to start contraction. It also agrees with the different 

conformations of C84-i9 observed in the absence of switch-cTnI corresponding to the change in 
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localization of i9 from inside to outside the hydrophobic cleft of cNTnC for which the open 

conformation is favored. 

 

This work provides evidence for cNTnC opening as the major mechanism of action of Ca2+ 

sensitizers in muscle fibers. Although several Ca2+ sensitizing agents have been studied and 

characterized in the past, their mechanism of action is not fully understood. While dfbp-o increased 

the affinity of switch-cTnI for cNTnC25, bepridil decreased it30. These effects were directly correlated 

with their structures. For cNTnC•switch-cTnI•dfbp-o the position of the cTnI peptide was not changed 

compared to the structure of cNTnC•switch-cTnI. In contrast, the NMR structure of cNTnC•switch-

cTnI•bepridil shows switch-cTnI slightly away from cNTnC. Nevertheless both dfbp-o and bepridil 

induce Ca2+ sensitization in muscle fibers. Another contrasting case is W7, which also binds to cNTnC 

and, like bepridil, also shifts the switch-cTnI peptide31 but causes Ca2+ desensitization in muscle fibers. 

Although W7 also binds to cNTnC, it does so with a low affinity (KD ~ 0.5 mM) that may be too weak to 

stabilize the open conformation as the drug easily dissociates and cNTnC shifts back to a closed state. 

In contrast, bepridil binds tighter to either cNTnC (KD = 23 μM) or cNTnC•switch-cTnI (KD = 80 μM). As in 

the case of W7 and bepridil, our structure of cChimera-i9 shows switch-cTnI further from cNTnC to 

accommodate i9 in the hydrophobic pocket, yet it induces contraction independent of Ca2+ by 

promoting the occurrence of the open state of cNTnC. We conclude that this is the main mechanism by 

which other Ca2+ sensitizers induce contraction. Thus the ideal Ca2+ sensitizer should promote the open 

state of cNTnC for long enough by either tight binding to cNTnC (i9 and bepridil case) or stabilizing 

switch-cTnI binding (dfbp-o case) or an equilibrated combination of these. This knowledge may aid in 

the design of other therapies that target troponin to alleviate contractile failure. 

 

In conclusion, this work unambiguously confirms that stabilization of the open state of cNTnC is 

the main mechanism of Ca2+ sensitization of contraction in muscle fibers. It also provides evidence of 

the reactive nature of levosimendan with thiol groups of cysteine residues. Moreover, we showed that 

i9, a covalent levosimendan analogue, can selectively react with C84 of cTnC to induce contraction of 

cardiac fibers independent of Ca2+. This knowledge may lead the design of selective Ca2+ sensitizers 

that first bind to cNTnC and then exploit its reactivity to achieve an efficient inotropic effect on 

cardiac muscle. 
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Supplementary Table 7.1. Acquired NMR spectra for the study of cChimera-i9. 

 

Experiment name 
(Varian) 

Solvent 

Nucleus in 

x/y/z 

dimension 

1H 

frequency 

(MHz) 

nta x-pointsb y-pointsb z-pointsb x-swc y-swc z-swc 

Mixing 

time 

(ms) 

For assignment of i9 
bound to cChimera 

           

CNfilnoesy D2O 1H/1H 600 64 4096 512  8398 8398  75 

CNfiltocsy D2O 1H/1H 600 64 4096 256  8398 8398  43 

HHMQC D2O 1H/19F 600 256 2048 56  8399 2500   

For assignment of 
cChimera bound to i9 

           

gNhsqc H2O 1H/15N 600 4 512 128  8398 2432   

gChsqc H2O 1H/13C 600 8 512 256  8398 10558   

ghn_cacb H2O 1H/13C/15N 600 16 512 64 32 8398 12069 2432  

gcbca_co_nh H2O 1H/13C/15N 600 16 512 64 32 8398 12069 2432  

ghnha H2O 1H/1H/15N 600 8 512 128 32 8398 7198 1824  

ghc_co_nh H2O 1H/1H/15N 600 16 512 72 40 8398 8398 2432  

gc_co_nh H2O 1H/13C/15N 600 16 512 64 36 8398 12067 2432  

For structure 
determination 

           

gnoesyNhsqc H2O 1H/1H/15N 600 8 512 128 48 8398 7198 1823 75 

gnoesyChsqc D2O 1H/1H/13C 600 16 512 64 64 8398 5999 4525 100 

gnoesyChsqc_CNfilt H2O 1H/1H/13C 800 16 820 64 48 9592 9596 16089 150 
a Number of scans,  b number of complex points,  c spectral width (Hz). 
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Supplementary Table 7.2. Structural statistics for the final ensemble of 20 structures. 

 

NOE restraints 

Total 1284 

Intramolecular for cNTnC 1044 

Short range (|i-jβ≤1) 866 

Medium range (2≤βi-jβ≤4) 106 

Long range (|i-jβ≥5) 72 

Intramolecular for cTnI 48 

Intramolecular between cNTnC and cTnI 5 

Intramolecular between cNTnC and i9 21 

Intermolecular between cNTnC and Ca2+ 8 

Dihedral restraints 

For cNTnC (+linker) 85 (+1) 

For cTnI 13 

PROCHECK validation 

RMSD from average (backbone atoms N, CA, C, O) 5.7 Å a, 1.9 Å b 

φ, ψ in allowed regions of Ramachandran plot 98.2 % a,100 % b 

Z-score (all) -0.35 a, 2.60 b 

Z-scorec (φ, ψ) 0.63 a, 3.74 b 
 

a For all residues, b for ordered residues: 3-11, 14-27, 38-48, 54-64, 74-85, 150-157, c with respect to 

mean and standard deviation for a set of 252 x-ray structures < 500 residues, resolution ≤ 1.80 Å, R-

factor ≤ 0.25, and R-free ≤ 0.28; a positive value indicates a “better” score. 
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This chapter describes the binding of a small molecule to the C-domain of troponin C. The 

compound under investigation, resveratrol, is a natural product found in red wine and other grape 

products. Its strong cardioprotective effects, including calcium sensitization, encouraged the 

investigation of its interaction with troponin. Although the C-domain is considered to have a mainly 

structural function, here the reader may appreciate its importance in the contractile machinery as a 

whole. A version of this chapter has been published previously: Pineda-Sanabria et al. (2011) 

Biochemistry 50:1309-1320. 

 

Introduction 

 

The physiological function of the heart is to pump blood throughout the body in order to fulfill 

the oxygen and nutrient demands of the organism. The thin filament in heart muscle is made up of 

actin, tropomyosin, and troponin. Troponin is a heterotrimeric protein complex formed by the Ca2+-

binding subunit, troponin C (TnC); the inhibitory subunit, troponin I (TnI); and the tropomyosin-binding 

subunit, troponin T (TnT). Cardiac TnC (cTnC) has four EF-hand metal binding sites (I-IV) – two in each 

of its terminal domains. The C-terminal (cCTnC) and N-terminal (cNTnC) domains are connected by a 

flexible linker, as shown by the NMR1 and X-ray structures2. In cNTnC, site I is defunct and site II is a 

low-affinity Ca2+-binding site; on the other hand, both site III and site IV in cCTnC are functional and 

can bind either Mg2+ or Ca2+. During the contraction-relaxation cycle, cytosolic Ca2+ concentration 

dramatically oscillates: at high Ca2+ levels, cNTnC becomes Ca2+-saturated, which primes cNTnC for 

binding with the “switch” region of cTnI (cTnI147-163)3,4; at low Ca2+ concentration, Ca2+ dissociates from 

cNTnC leading to the release of cTnI147-163. Alternatively, cCTnC remains saturated with either Mg2+ or 

Ca2+ throughout the contraction cycle and is associated with the “anchoring” region of cTnI (cTnI34-71); 

an interaction which may play both a structural and regulatory role5. Association of cTnI147-163 with 

cNTnC drags the “inhibitory” region of cTnI (cTnI128-147) off of actin, tropomyosin changes its orientation 
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on the thin-filament, the myosin binding site is exposed on actin, and myosin binding to actin leads to 

contraction (for reviews see 6,7). 

 

 The strength of heart muscle contraction is regulated by the amount of Ca2+ released from the 

sarcoplasmic reticulum into the cytosol and by the response of the myofilaments to Ca2+. Many popular 

cardiotonic agents (such as digitalis or dobutamine) improve contraction in the failing heart by 

elevating intracellular Ca2+ concentration; however, intracellular Ca2+ modulation carries risks 

associated with Ca2+ overload such as cardiac arrhythmias, cell injury, or cell death. These limitations 

have shifted interest to a novel class of cardiotonic drugs: Ca2+-sensitizers. Ca2+-sensitizers induce a 

positive inotropic effect by modulating the myofilament’s response to cytosolic Ca2+, consequently 

circumventing the risks associated with altering Ca2+ homeostasis8. The essential role cTnC plays in 

regulation of contraction makes it a logical target for the development of Ca2+-sensitizers. Several 

ligands that have been found to have a Ca2+-sensitizing ability through direct interaction with cTnC 

include trifluoperazine (TFP)9, bepridil9,10, levosimendan11-13, and EMD 5703314-16. While the majority of 

these compounds target cNTnC to elicit their Ca2+-sensitizing effects, EMD 57033 functions by targeting 

cCTnC15. In addition, the natural tea polyphenol, epigallocatechin gallate (EGCg), modulates heart 

muscle contractility through an interaction with cCTnC17,19. These results suggest that both domains of 

cTnC represent targets for the development of Ca2+-sensitizers to treat heart failure.   

 

 Cardiovascular diseases are the main cause of death worldwide. Interestingly, the mortality 

rate from heart disease is significantly lower in France than in other countries with comparable diets 

rich in fat and other risk factors. It has been suggested that this so called “French paradox” may be 

attributable to high wine consumption in France20. Trans-resveratrol (3,4’,5-trihydroxystilbene) is 

produced in grapevines after fungal infection and exposure to ultraviolet light21, and Siemann and 

Creasy proposed that it might be the biologically active ingredient of red wine22. Trans-resveratrol 

(resveratrol) has a variety of reported physiological effects including: antiplatelet aggregation, anti-

inflammatory, and antioxidant activity linked to longevity23,24 protective effects in skin 

photosensitivity25; neurodegenerative diseases26; cancer chemoprevention27,28; and cardioprotection29. 

Amongst its cardioprotective effects, it has been shown that resveratrol improves recovery of 

ventricular function including developed pressure in the face of ischemia reperfusion injury30. It was 

demonstrated that resveratrol directly affects the contractile function of guinea-pig myocytes, and it 

increased cell shortening in half the cells tested and decreased shortening in the other half. In the cells 

where it induced contraction, its relation with the Ca2+ transients was quantitatively determined 

indicating an increase in myofilament Ca2+-sensitivity31. These findings indicate a direct relation 

between resveratrol and the Ca2+ regulated elements in myocytes; however, structural details of this 

interaction remain unclear.  
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 The present study investigates the interaction between cTnC and resveratrol using the 

structural technique, NMR spectroscopy. There have been a number of research groups that describe 

the applications of relatively sparse NMR data for the determination of protein-ligand complexes32-35 

Recently, Hoffman and Sykes described a procedure to determine the structure of W7 bound with 

cNTnC using a previously determined structure of cNTnC as a template36. A similar protocol was 

followed here, and it was discovered that resveratrol binds to cCTnC in a similar manner as EGCg19 and 

EMD 5703314. Several key hydrophobic interactions between cCTnC and resveratrol stabilize the binary 

structure. It also appears that resveratrol undergoes only a slight conformational change upon binding 

cCTnC. The solution structure provides clues into the cardioprotective mechanism of resveratrol, and 

molecular details of the interface between resveratrol and cCTnC may aid in the design of novel 

cCTnC-targeting drugs.  

 

Experimental procedures 

 

Sample preparation 

 

Labeled 15N- and 15N,13C-cCTnC and 15N-cTnC were obtained from E. coli strains containing the 

expression vector as previously described37,38. Trans-resveratrol was purchased from Sigma-Aldrich Inc 

(99% purity as determined by gas chromatography). All NMR samples were 500 μL in volume and 

consisted of 100 mM KCl; 10 mM imidazole, or 8 mM imidazole-d4 and 2 mM imidazole; and 0.5 mM DSS-

d6 as an NMR reference standard. Protein concentrations were ~0.2 mM for full length cTnC and ~0.5 

mM for cCTnC with 20 mM or 10 mM CaCl2 respectively. Sample pH was maintained at ~6.9 for all NMR 

experiments. Although resveratrol naturally exists in cis and trans isomeric forms, trans-resveratrol 

was used in this study due to its higher concentrations in red wine (0–15 µg/ml) in contrast with cis-

resveratrol (0–5 µg/ml)24. Stock solutions of 20 mM trans-resveratrol (resveratrol) in a 100 mM tris(2-

carboxyethyl)phosphine (TCEP) - DMSO-d6 solution were prepared. TCEP was used to allay oxidation of 

resveratrol as done for EGCg and Ascorbic Acid19,39. The concentration ratio of resveratrol:cCTnC was 

~4:1 for NMR experiments of the complex. All the stock solutions were prepared fresh prior to each 

experiment and were wrapped with aluminum foil to prevent photo-degradation. 

 

NMR Spectroscopy and data processing 

 

The NMR data used for this study was collected on Varian Inova 500-MHz and Unity 600-MHz 

spectrometers at 30 °C, or a Varian Inova 800-MHz spectrometer at 25 °C. All spectrometers have 

triple resonance probes with Z-pulsed field gradients. One-dimensional 1H; and two-dimensional 1H,1H-

NOESY and 1H,1H-ROESY experiments were acquired of resveratrol in D2O with mixing times of 100 ms 

for the NOESY and 50, , 150, 200, and 300 ms mixing times for the ROESY experiments. Two-
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dimensional 1H,13C-HSQC and 1H,15N-HSQC experiments were acquired to monitor the titration of 

resveratrol into 13C,15N- or 15N-labeled cCTnC. Intramolecular NOEs of resveratrol when in complex with 

cCTnC were measured with the two-dimensional 13C,15N-filtered NOESY experiment with a mixing time 

of 100 ms40,41; intermolecular distance restraints between resveratrol and cCTnC were derived from 

two-dimensional 13C-edited/filtered NOESY-HSQC (mixing times: 150, 200, 250 ms)42 and three-

dimensional 13C-edited/filtered HMQC-NOESY (mixing times: 200, 250 ms)43,44  experiments. In order to 

check whether the conformation of cCTnC was perturbed by the presence of resveratrol, a two-

dimensional 1H,1H-NOESY was acquired of cCTnC•resveratrol in D2O with a mixing time of 150 ms. 

VNMRJ (Varian Inc.) was used for the analysis of one-dimensional NMR spectra, all two-dimensional and 

three-dimensional NMR data were processed with NMRPipe45 and analyzed with NMRView46. Chemical 

shifts of cCTnC were assigned using those deposited for cTnC1 and the methionine methyls were 

assigned from assignments previously determined by mutagenesis47. The interaction between 

resveratrol and cCTnC is in fast exchange, so the resonances from cCTnC could be followed throughout 

the titration of resveratrol and the assignments translated to the chemical shifts of the 

cCTnC•resveratrol complex. 

 

Resveratrol assignment and assessment of stability 

 

The proton chemical shifts of resveratrol were assigned in D2O by the use of one-dimensional 

1H, two-dimensional 1H,1H-NOESY, and two-dimensional 1H,1H-ROESY NMR experiments.  test the 

stability of resveratrol in aqueous solution, 500 μL samples of ~0.3 mM resveratrol were prepared in 

D2O. 1H NMR spectra were acquired at one-hour increments to test for oxidative degradation. Another 

sample of resveratrol was prepared with 10 mM TCEP and reassessed the sample stability. In both 

samples, the pD was ~7.0.  

NMR structure and Ab initio calculations of resveratrol free in solution 

 

The PRODRG web server48 was used to create initial coordinates of resveratrol and XPLO-2D49 

was used to generate topology and parameter files for resveratrol. The structure of resveratrol was 

determined by ROE intensities of resveratrol at mixing time of 200 ms. XPLOR-NIH50 was used to 

calculate the solution structure of resveratrol. Four NOEs contributed to the structure calculation, 

which were binned from strong (2.00-1.80 Å), medium (2.80-1.80 Å), and weak (3.60-1.80 Å).  The 

simulated annealing comprised square-well potentials for inter-proton distances and a patch to keep 

the aromatic rings and olefin bond planar; the aromatic rings of resveratrol were allowed to freely 

rotate around the C1’-C ’ and C1-C  bonds.  100 structures were calculated, and the lowest 10 in 

energy were kept. The lowest energy solution structure of free resveratrol was used as an input 

structure in Gaussian0351 to calculate the total density and electrostatic potential (ESP). The energy 

calculation was performed in aqueous solvent with Becke’s three-parameter Lee, Yang, Parr (B3LYP) 
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hybrid functional with a split-valence basis set and polarization d- and p-orbitals added (B3LYP/6-

311++G(d, p)). Final contour surfaces were represented using GaussView 3.0. 

  

Resveratrol titrations into cTnC and cCTnC 

 

The 20 mM resveratrol stock solution was titrated into an NMR tube containing full length 15N-

labeled cTnC, 15N-, and 15N,13C-labeled cCTnC. Resveratrol additions were made to final concentrations 

of 62, 185, 367,665, 956, 1517 and 2050 μM for the titration with cTnC and to final concentrations of 

43, 171, 379, 581, 975, 1346 and 1701 μM for the titration with cCTnC. One-dimensional 1H and two-

dimensional 1H,15N-HSQC spectra were acquired at each titration point. Additionally, 1H,13C-HSQC 

spectra were acquired throughout the titration of resveratrol into 13C,15N-labeled cCTnC. At each 

titration point, the HSQC spectra were assigned, and residue specific chemical shift perturbations 

(CSPs) that were well resolved and underwent a large change were kept for the dissociation constant 

calculation. Chemical shift changes (Δδ) were calculated using the following equation: 

 

22
)(

25

1
)( NH  

 

 

The dissociation constants (KD) for resveratrol were calculated by using a global fitting 

approach with the program xcrvfit (www.bionmr.ualberta.ca/bds/software/xcrvfit), as described 

previously52. Briefly, the set of kept titration curves were fit using a fixed KD range and a floating final 

shift value (since residues were perturbed to a varying extent). The sum of squared error (SSE) was 

minimized by optimizing the KD, and thus a global KD was calculated that best fit all the CSPs. The 

binding of resveratrol to cTnC and cCTnC was fit with a 1:1 stoichiometry:  

 

lresveratrotroponinlresveratrotroponin   

 

Concentrations of cTnC and cCTnC were calculated by integrating the one-dimensional-slice of 

the 1H,15N-HSQC spectrum, and comparing the spectral intensity with that of a sample with a protein 

concentration determined by amino acid analysis. The concentrations of the resveratrol stock solutions 

were determined by comparing the proton spectral intensity of resveratrol peaks with the DSS proton 

intensity. Concentrations of cTnC, cCTnC, and resveratrol were then corrected for dilution that 

occurred during the titrations. Since the addition of resveratrol slowly decreased the pH of the sample, 

the pH was adjusted to ~6.9 with 1M NaOH when necessary.   

 

http://www.bionmr.ualberta.ca/bds/software/xcrvfit
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J-surface mapping 

 

The program Jsurf was used to localize the binding site of resveratrol on cCTnC. Jsurf 

approximates the origin of the CSP as a single point-dipole in the center of an aromatic ring from a 

ligand53. With the coordinates of cTnC as input, Jsurf depicts the coordinates of a ligand ring as a dot 

based on the magnitude and sign of the CSPs. The region that shows the highest dot density is referred 

to as the j-surface, and is where the aromatic constituents of a ligand are most likely to reside. The 

chemical shifts in the 1H,13C-HSQC spectrum of the final point in the titration of cCTnC (CSPL) with 

resveratrol were subtracted from the initial chemical shifts of cCTnC (CSP). 

 

PPL CSCSCSP   

 

Only peaks that were well resolved and underwent a concentration-dependant CSP of ≥ 0.012 

ppm in the proton dimension were used in the analysis; results were displayed in PyMOL. 

 

Structure calculation of cCTnC•resveratrol 

 

The structure of cCTnC•resveratrol was calculated using restraints for cCTnC from the complex 

of cCTnC•EGCg because the CSPs induced by both ligands are quite similar. A similar data-driven 

protocol has been used for the cNTnC•W7 complex36. Distance restraints for cCTnC were calibrated 

with CYANA54 using an upper limit of 6 Å.  Dihedral angle restraints from TALOS55 were used as well as 

12 distance restraints from X-ray crystallographic data of chelating oxygen atoms to the two Ca2+ ions. 

CYANA was used to calculate 100 structures of cCTnC, of which the 30 conformers with the lowest 

target function were used to further refine the structure with XPLOR-NIH. The restraints were 

converted from CYANA format into XPLOR-NIH format. The simulated annealing protocol of XPLOR-NIH, 

with 10 000 high temperature steps and 6000 cooling steps, was used in the structure calculation. The 

NOEs were averaged using the R-6 with a soft well potential. Spin-diffusion was a concern because the 

mixing times of 200 ms and 250 ms for the measurement of intermolecular NOEs were high. Therefore, 

only NOEs that had an NOE intensity≥μ-1/2σ were kept for the structure calculation, and all were 

calibrated with the same distance. A total of 23 intermolecular NOEs (6.0-1.8 Å) and four 

intramolecular NOEs (2.6-1.8 Å) were used in the structure calculation. 100 structures were calculated, 

from which the lowest 50 in energy were kept for refinement in explicit solvent with a water box edge 

length of 18.8 Å. It has been shown that refinement in explicit solvent including electrostatic 

potentials can improve the quality of structures56. Atomic charges calculated by Gaussian03 for 

resveratrol (see above) were included at this point in the structure calculation. The final ensemble is 

represented by the 20 lowest energy structures after water refinement and was validated by Procheck57 
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available with the online Protein Structure Validation Software (PSVS) suite (http://psvs-1_4-

dev.nesg.org/); and the structural statistics are available in Supplementary Table 8.1. 

 

Results 

 

Stability of Resveratrol 

 

 NMR chemical shift assignments of trans-resveratrol (resveratrol), or trans-resveratrol 

derivatives have been previously reported in acetone58, chloroform59 , DMSO-d6 
60, and in a DMSO-d6/D2O 

mixture61. Resveratrol (Figure 8.1) in D2O was assigned by one-dimensional 1H, two-dimensional 1H,1H-

NOESY, and two-dimensional 1H,1H-ROESY NMR experiments. The aromatic protons were assigned using 

three and four bond couplings. H2’/H6’ were distinguished from H3’/H5’ by the acquisition of a two- 

dimensional NOESY and ROESY experiments; only the H2’/H6’ made ROE contacts with the ethylene 

 

 

 

Figure 8.1. Stability of resveratrol. 

a. Chemical structure of resveratrol. Torsion angles that were allowed to rotate during structure 

calculations are indicated. b. Degradation of resveratrol as a function of time. One-dimensional 1H-NMR 

spectra acquired every 1 hour (bottom, first spectrum; top, last spectrum). c. The spectrum of 

resveratrol in the presence of 10 mM TCEP. Bottom spectrum is at time=0 and the top spectrum is of 

resveratrol after 24 hours. The unlabeled peak downfield from H ’ is from 1H-imidazole which 

exchanged with D2O over time. 

 

http://psvs-1_4-dev.nesg.org/
http://psvs-1_4-dev.nesg.org/
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protons (H  and H ’). The unambiguous assignments of H  and H ’ were facilitated with previously 

published assignments for resveratrol58-61. The ethylene protons had a vicinal coupling constant of 16.4 

Hz; consistent with a trans-ethylene bond62. 

 

The stability of resveratrol has been addressed previously63. The authors found that under 

acidic conditions, resveratrol was stable for at least 42 hours; while at pH 10, resveratrol had a half-

life of 1.6 Hrs. Since three-dimensional NMR experiments require a stable sample for 2-3 days, and the 

samples are at neutral pH; the necessity of a reducing agent was investigated. The degradation of 

resveratrol was measured by acquiring one-dimensional 1H-NMR spectra at one hour time points. 

Significant degradation of resveratrol was observed, primarily in the di-meta-hydroxyl (di-m-OH) ring 

(Figure 8.1b), and a half-life of 5-6 hours was estimated by monitoring the chemical shift change of the 

H2/H6 proton pair (Supplementary Figure 8.1). The sample also changed color from clear to brown over 

the course of the 24 hours. Next, 10 mM of TCEP was added to a sample of resveratrol and no 

significant degradation occurred after one day (Figure 8.1c). There was some decrease in peak 

intensities; however, there was no change in chemical shift or sample color; even after 72 hours. 

 

Structure of Resveratrol in D2O 

 

 In order to determine the structure of resveratrol in solution, two-dimensional ROESY spectra 

were acquired with different mixing times (50, 150, 200, and 300 ms); the ROE build-up curve is shown 

in Supplementary Figure 8.2. Two slices from the ROESY spectrum (mixing time = 200 ms) are shown in 

Figure 8.2a. The H2’/H6’ protons make much stronger ROEs with the ethylene protons than the H2/H6 

protons do (Table 8.1). The strong ROE between H2’/H6’ and H  is only consistent with a coplanar 

orientation of the para-hydroxyl (p-OH) ring and olefin. On the other hand, weak, approximately 

uniform ROEs between the ethylene protons and H2/H6 is indicative of roughly equal distance between 

H2/H6 and H  and H ’; consistent with a tilted and/or flexible di-m-OH ring. The ensemble of the 10 

lowest energy structures is shown in Figure 8.2b. The torsion angles formed by C ’-C -C1-C6 and C -

C ’-C1’-C6’ can be used to describe the orientations of the two phenolic rings with respect to the 

olefin. In Table 8.2Table 8.1 the torsion angles for a number of structures of resveratrol are indicated. 

The p-OH ring is coplanar (0.5 ± 0.3°) with the olefin, whereas the di-m-OH ring is tilted by 43.9 ± 

0.4°. The structure of free resveratrol has also been solved by NMR spectroscopy in DMSO60 and by X-

ray crystallography64; both structures revealed an overall planar structure. The X-ray structure of a 

trimethoxy-derivative of resveratrol was less planar; particularly in respect to the orientation of the di-

m-O-CH3 ring65. In the crystal structure of resveratrol, extensive hydrogen bonds contribute to the 

planarity of resveratrol, while the inability of 3,4’,5-trimethoxystilbene to form intermolecular 

hydrogen bonds, resulted in a slight twist of the rings. It is possible that the presence of TCEP in the 

sample decreased the amount of intermolecular hydrogen-bonding of resveratrol by perturbing stacking 
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interactions, and may explain the somewhat tilted conformation of the di-m-OH ring. The lowest 

energy structure in the ensemble of resveratrol was used to calculate its electronic properties with the 

quantum chemistry program Gaussian0351 (Figure 8.2c). 

 

 

 

Figure 8.2. Structure of resveratrol 

a. Two-dimensional-ROESY spectrum of resveratrol in D2O. b. Ensemble of resveratrol aligned to the 

olefin atoms: H ’, C ’, H , and C . ROEs measured between H2’/H6’ and H  and H ’ are drawn on the 

structure to illustrate that the intensity of the ROE between H2’/H6’ and H  requires a planar 

orientation of phenol ring. c. Gaussian calculation from lowest energy structure of resveratrol. The 

electrostatic potential of resveratrol was mapped with an isovalue of 0.004 e/Å3 (-7e-2  eV, red; 7e2+ eV, 

blue). 

 

Table 8.1. Comparison of relative ROE or NOE intensities. 

Contact Free resveratrola Bound Resveratrol 

H2’/H6’ - H ’ 0.51 0.67 

H2’/H6’ - H  1.00 0.84 

H2/H6 – H  0.17 0.71 

H2/H6 – H ’ 0.16 1.00 
aAt mixing time of 200 ms. 
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Table 8.2. Comparison of resveratrol ring orientation with other structures. 

Ring twist illustrates the orientation of the ring with comparison to the central olefin of resveratrol. 

The p-OH ring twist is the C -C ’-C1’-C6’ torsion angle; the di-m-OH ring twist is the C ’-C -C1-C6 

torsion angle. For the NMR structures, both positive and negative torsions were measured so they are 

reported in absolute degrees. Multiple values are given when more than one resveratrol is present in 

the X-ray structures. 

 

Structure 
p-OH ring twist 

(°) 
di-m-OH ring twist (°) 

X-ray structure of resveratrol64 8.02 -2.98 

X-ray structure of 3,5,4’-
Trimethoxystilbene65 

3.53/-9.16 21.13/-16.32 

NMR structure of resveratrol (D2O) a 0.5 ± 0.3 43.9 ± 0.4 

NMR structure of cCTnC a 20.7 ± 8.1 33.9 ± 9.4 

X-ray structure of Chalcone Synthase (pdb: 
1CGZ)70 

-9.21 -32.00 

X-ray structure of Transthyretin (pdb: 
1DVS)71  

0.7/1.06 0.55/1.13 

X-ray structure of Quinone Reductase 2 
(pdb: 1SG0)73  

0.23/0.23 3.11/2.15 

X-ray structure of mutant Chalcone 
Synthase (pdb: 1U0W)72  

-0.16/-2.98 0.18/-1.49 

X-ray structure of Stilbene Synthase (pdb: 
1Z1F)74  

62.92 -66.97 

X-ray structure of Cytosolic 
Sulfotransferase (pdb: 3CKL) 

19.84/20.51 5.80/19.16 

X-ray structure of Leukotriene A4 
Hydrolase (pdb: 3FTS)76  

-27.28 -17.65 

X-ray structure of F1-ATPase (pdb: 1JIZ) 75 b 27.68/19.90/-
35.06/42.25 

-9.25/7.60/45.69/-
21.39 

 

a This study. 

bThe authors could not distinguish between two binding modes, and therefore concluded that 

resveratrol may bind to F1-ATPase in multiple poses.  
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Resveratrol binding to cTnC 

 

 To characterize resveratrol’s interaction with troponin it was titrated into a sample containing 
15N-labeled cTnC. 1H,15N-HSQC NMR spectra were acquired throughout the titration and most of the 

large chemical shift perturbations (CSPs) were of backbone amides in the C-domain of cTnC 

(Supplementary Figure 8.3). In addition, the residues that typically experience large perturbations 

upon cTnI or ligand binding to the N-domain4,52 such as Gly34, Gly42, Glu66, and Asp73 remained 

relatively unperturbed. The linear nature of the CSPs is indicative of a 1:1 stoichiometry for resveratrol 

binding to cTnC. Multiple binding would lead to non-linear CSPs, as was observed for TFP and bepridil 

binding to cTnC9. Using the program xcrvfit, the CSPs of the backbone amides of Thr124, Gly125, 

Ile128, Thr129, Gly140, Gly159, and Glu161 were plotted as a function of resveratrol-to-cTnC 

concentration; a global dissociation constant (KD) of 243 μM (SSE = 0.02) was determined 

(Supplementary Figure 8.3b). 

 

Resveratrol binding to cCTnC 

 

 To test whether the interaction between resveratrol and cTnC was the same as in the isolated 

C-domain, resveratrol was titrated into cCTnC. Two-dimensional 1H,13C and 1H,15N HSQC experiments 

were used to monitor the titration of resveratrol into a sample containing cCTnC (Figure 8.3a and b). 

The 1H,13C-HSQC (without resveratrol) was assigned using chemical shift assignments deposited for 

cTnC1. Since resveratrol interacts with cCTnC in fast exchange, most assigned resonances could be 

easily followed throughout the titration. Global dissociation constants of 240 μM (SSE = 0.08); from the 

backbone amides, and 301 μM (SSE = 0.02); from the methyl groups of cCTnC were calculated (Figure 

8.3). The residue specific CSPs are almost identical in both pattern and amplitude between the 

titrations of resveratrol to cCTnC and cTnC (Supplementary Figure 8.3c). The comparable dissociation 

constants and CSP patterns suggest that resveratrol interacts with cCTnC the same as it does with full-

length cTnC. 

 

 Following determination of the affinity and stoichiometry of resveratrol binding to cCTnC, a j-

surface mapping was executed to predict resveratrol’s binding location on cCTnC. J-surface mapping 

works to predict a binding site by assuming that the ring current from an aromatic constituent of a 

ligand is the primary source of ligand-induced CSPs53. Typically, amide protons are used in the 

calculation; however, it is well-established that cTnC undergoes a large conformational change upon 

ligand binding. Thus, most of the backbone CSPs are indicative of a global change in its structure rather 

than direct contact with a given ligand66. In order to circumvent this difficulty, the CSPs of methyl 

protons were used in the j-surface calculation – as changes in these chemical shifts are more likely 

indicative of direct interactions with resveratrol. Methyl resonances used in the calculation were those 
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that underwent ≥ β0.012β ppm in the proton dimension. These included: Ile112, Met120, Leu121, 

Ala123, Ile128, Ile148, Met157, and Val160. The structure of cTnC (pdb: 1aj4)1 was used in the j-

surface calculation, and the results localize the binding of resveratrol to the cleft formed by the four 

helices of cCTnC (Figure 8.4). There appears to be two j-surfaces: one near the surface of cCTnC and 

the other deeper in the core. Because the j-surface calculation is unable to identify the specific pose 

resveratrol adopts when bound to cCTnC, NMR spectroscopy was used to identify intermolecular 

contacts between resveratrol and cCTnC. 

 

 

 

Figure 8.3. Binding of resveratrol to cCTnC 

a. 1H,15N-HSQC and b. 1H,13C-HSQC (methyl-region) spectra of cCTnC acquired throughout the titration 

with resveratrol. The first point in the titration is represented with all 20 contours; whereas, each 

titration point with resveratrol is represented by a single contour. Direction of CSPs are indicated by 

arrows for several peaks. c. Fitting of 1H,15N-HSQC and d. 1H,13C-HSQC NMR data with xcrvfit to 

determine the dissociation constant. 
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Figure 8.4. J-surface representation 

Results are mapped on the structure of cTnC (pdb: 1aj4). The backbone atoms are depicted in cartoon 

representation (light blue), Ca2+ ions are represented by black spheres, and the j-surface dot density is 

depicted using yellow spheres. Residues used in the j-surface calculation were: Leu121, Val160, 

Ala123, Ile148, Ile128, Met157, Met120, and Ile112. 

 

Structure of cCTnC•resveratrol complex 

 

 The structure of cCTnC free or in complex with a number of binding partners has been solved 

by both X-ray crystallography and NMR spectroscopy1,2,14,19,67-69. Instead of determining the structure of 

cCTnC again, a data-driven docking approach was pursued. The 1H,15N-HSQC CSPs induced by 

resveratrol were compared with those induced by ligands that interact with cCTnC: cTnI34-71, EMD 

57033, and EGCg (Supplementary Figure 8.4). The CSPs are most similar between resveratrol and EGCg 

(in both magnitude and pattern); hence the intramolecular NOEs and dihedrals restraints of cCTnC used 

in the structure calculation were taken from the cCTnC•EGCg complex19. The only new restraints used 

in the structure calculation were those that defined the structure and pose of resveratrol in complex 

with cCTnC. 
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 Intermolecular NOEs were measured between cCTnC and resveratrol with 13C,15N-

edited/filtered NOESY experiments. These experiments measure solely NOEs between a 13C/15N-labeled 

molecule and an unlabeled molecule. Two-dimensional 13C,15N- filtered/edited NOESYHSQC42 

experiments were acquired with 150, 200, and 250 ms mixing times to establish the optimal mixing 

times to acquire the three-dimensional experiments. Since most of the intermolecular contacts 

observed were between methyl groups from cCTnC and the aromatic ring protons of resveratrol, the 

three-dimensional 13C-edited/filtered HMQCNOESY experiment43,44 was acquired. This NMR experiment 

is optimized for the identification of intermolecular NOEs involving 13C-methyls44. Two three-

dimensional 13C-edited/filtered HMQCNOESY experiments were acquired: one with a mixing time of 250 

ms and one with a mixing time of 200 ms. Intermolecular NOEs that had intensities ≥ 0.04 were 

included in the structure calculation. This is because of the long experimental mixing times of the 

intermolecular NOESY experiments and the tightly coupled nature of resveratrol increased the 

possibility of spin diffusion. When all NOEs were included in the structure run, many violations 

occurred, presumably because of spin diffusion. The intermolecular NOEs from a mixing time of 200 

ms, used in the structure calculation are shown in Figure 8.5a. Initially, a structure calculation 

followed as was done for the EGCg calculation. The quality of the structure was subsequently improved 

by running a structure refinement in water; at this stage electrostatic potentials and atomic charges 

were included56. The 20 lowest energy structures of the complex are shown in Figure 8.5b and c. The 

structure indicates that, congruent with the prediction by j-surface mapping, resveratrol is localized to 

the hydrophobic pocket of cCTnC. The resveratrol-cCTnC interaction site is populated primarily by non-

polar contacts. Resveratrol contacts the side chains of Leu100, Leu117, Leu121, Thr124, Leu136, 

Met157, and Val160 (Figure 8.5d). Weak NOEs between resveratrol and Ile148 and Ile112 (both -sheet 

residues) – not used in the structure run because they did not meet the intensity cutoff criteria – were 

also consistent with the final structure. In addition to the methyl-resveratrol contacts, the structure 

indicates that arene-arene contacts made between resveratrol and Phe104, Phe153, and Phe156 

contribute to the binding energy of resveratrol. 

 

In addition to measuring intermolecular NOEs between resveratrol and cCTnC to determine 

their relative positions, the conformation of bound resveratrol was also determined. The 

intramolecular NOEs of resveratrol were measured with the 13C,15N-filtered NOESY experiment40,41, 

which works by removing signals from a 13C,15N-labeled molecule, keeping only signals from an 

unlabeled molecule. All structure-defining intramolecular NOEs were close to the same intensity, with 

the strongest being the H2/H6-H ’ contact (see Table 8.1 and Supplementary Figure 8.5). This is in 

contrast with free resveratrol, where the strongest ROE was between H2’/H6’ and H ; and suggests 

that resveratrol undergoes a slight conformational change upon binding cCTnC. In order to limit biasing 

the structure of resveratrol during the calculation, one distance (2.6-1.8 Å) for the four intramolecular 

contacts was used; and the final structure was checked against the raw NOE data. Indeed, the results 
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Figure 8.5. Structure of the binary complex of cCTnC•resveratrol 

a. Strip plots showing the NOEs between resveratrol and cCTnC. The resveratrol assignments are at the 

top of the spectrum; cCTnC assignments are indicated on the right. Peaks that are circled represent 

intramolecular cCTnC NOEs that were not adequately filtered. b. Ensemble of resveratrol from the 

binary complex. The carbon atoms are shown in yellow and the oxygen atoms in red. c. 20 lowest 

energy structures of the cCTnC•resveratrol complex with the backbone trace of cCTnC in light blue; 

helices E to H are labeled. d. Resveratrol’s binding pocket on the lowest energy structure of cCTnC. 

Residues for which NOEs were measured are labeled and depicted in stick representation; resveratrol is 

shown in ball-and-stick representation (hydrogen atoms in white). Calcium ions are shown as black 

spheres. 
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are consistent with the relative NOE intensities: the closest proton pair was the H2/H6-H ’ proton pair 

(2.24 ± 0.13 Å). The other distances are: H2/H6-H ; 2.55 ± 0.08 Å, H2’/H6’-H ’; 2.29 ± 0.05 Å, and 

H2’/H6’-H ; 2.33 ± 0.08 Å. The torsion angles were measured for resveratrol when in complex with 

cCTnC and were compared to those determined for free resveratrol. The p-OH ring is more twisted 

than what was observed for free resveratrol (from 0.5 ± 0.3° to 20.7 ± 8.1°), and the torsion angle of 

the di-m-OH ring is slightly smaller than it was for free resveratrol (from 43.9 ± 0.4° to 33.9 ± 9.4°).  

 

There have been a number of crystal structures of resveratrol in complex with proteins solved, 

including: alfalfa chalcone synthase (CHS)70, the fibril-forming transthyretin (TTR)71, a variant of alfalfa 

CHS72, quinone reductase 2 (QR2)73, peanut stilbene synthase (STS)74, bovine F1-ATPase75, Leukotriene 

A4 hydrolase76, and human cytosolic sulfotransferase (not published; but deposited in the PDB with the 

ID: 3ckl). In most of these structures resveratrol is planar or slightly distorted from a planar 

conformation with torsion angles no greater than 45°; the only exception is in the peanut STS-

resveratrol complex, where both rings of resveratrol are twisted  > 60° 74 (see Table 8.2). These 

results, in conjunction with the structures free resveratrol and resveratrol derivatives, point to a 

relatively rigid resveratrol framework. In accordance with the X-ray and NMR structures, Caruso et al. 

calculated single-point energy versus the torsion angle of the p-OH ring, and found the lowest energy 

structure is a planar conformation64. 

 

 The structure of cCTnC in the cCTnC•resveratrol complex is not much different than that of 

cCTnC in other complexes. The C  from residues in secondary structure elements of cCTnC•resveratrol 

were superimposed with cCTnC (pdb: 3ctn), cCTnC•EMD57033 (pdb: 1ih0), cCTnC•EGCg (pdb: 2kdh), 

and cCTnC•cTnI34-71 (pdb: 1j2d) and rmsds of: 1.188 Å, 1.399 Å, 0.734 Å, and 1.336 Å were determined, 

respectively. These values indicate that resveratrol does not significantly perturb the structure of 

cCTnC. The E-helix of cCTnC•resveratrol is shifted away from the hydrophobic cleft, similar to the 

cCTnC•EMD5033 complex. The position of the F-helix of cCTnC•resveratrol is in almost an identical 

position as in the cCTnC•EGCg and cCTnC•cTnI34-71 complexes; however, is shifted further away from 

the E-helix of cCTnC and not as far away as in the cCTnC•EMD57033 structure. 

 

Discussion 

 

 The regulatory role of the interaction between cTnI147-163 and cNTnC is well established, and 

has been the primary interaction site concentrated on for the development of Ca2+-sensitizers77,78. Then 

again, there is mounting evidence that cCTnC also plays a part in the regulation of contraction, and 

therefore also is a potential target for the development of novel pharmaceuticals. The dilated 

cardiomyopathy mutation of cCTnC, Gly159Asp, decreases myofilament Ca2+-sensitivity79 via its 

modulation of the cTnI34-71-cCTnC interaction67. The hypertrophic cardiomyopathy mutation, 
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Asp145Glu, increases Ca2+-sensitivity80, presumably by decreasing Ca2+ and cTnI binding to cCTnC81. The 

ablation of the Ca2+-binding ability of the C-domain of cTnC increases the Ca2+-sensitivity of muscle 

contraction82. There are two isoforms of TnC in insect flight muscle: the F1 isoform which regulates 

stretch-activated force, and the F2 isoform which is responsible for Ca2+-activated contraction. 

Although it is not clear how F1 regulates stretch-activation, the interaction between the C-domain of 

F1 and TnH (an ortholog of cTnI) may play a role in regulation of stretch-activation83. Finally, as 

previously mentioned, the cardiotonic agents: EMD 5703315,84 and EGCg17,18 target cCTnC to modulate 

heart muscle contractility. 

 

 In this study, resveratrol was found to interact with the C-domain of cTnC, and the structure 

was determined by NMR spectroscopy. The p-OH group of resveratrol lies in the hydrophobic core of 

cCTnC, whereas the di-m-OH ring points towards the exterior of the protein. The stabilizing contacts 

between resveratrol and cCTnC are primarily hydrophobic: the nearest hydrogen bonding partners are 

the backbone carbonyl of Leu136 (4.42 ± 0.74 Å [Res-O – O-Leu136]) and the backbone amide of Gly140 

(5.00 ± 0.56 Å [Res-O – HN-Gly140]) – too far to make hydrogen bonds with resveratrol. In the other 

resveratrol-protein structures, the binding site of resveratrol is also dominated by hydrophobic 

interactions; however, unlike the cCTnC•resveratrol structure, the structure is also stabilized by 

hydrogen bonds between the hydroxyls of resveratrol and the amino acids that line the binding 

pockets70,76. The design of resveratrol with the p-OH converted to a hydrophobic constituent may 

therefore increase its affinity for cCTnC; for example, converting the hydroxyl to a fluorine atom would 

increase the lipophilicity of resveratrol without dramatically decreasing its size85,86. On the other hand, 

removing the p-OH would undoubtedly reduce the antioxidant ability of resveratrol, especially given 

that the p-OH has been implicated as being the principal hydroxyl responsible for resveratrol’s 

antioxidant nature64,87. 

 

 The comparison of the cCTnC•resveratrol structure with the structures of cCTnC•EMD57033 and 

cCTnC•EGCg yields insights into several key functional groups. In the structure, the p-OH aromatic ring 

of resveratrol is positioned in a similar manner as the thiadiazinone ring of EMD 57033 – with the para 

hydroxyl pointed towards the cleft formed by helices G and H. The di-m-OH ring of resveratrol faces 

away from the hydrophobic cavity of cCTnC, leaving its hydroxyl moieties free to hydrogen bond with 

the surrounding aqueous milieu. The di-m-OH ring of resveratrol and the benzenediol of EGCg 

superimpose the best; consequently, resveratrol binds to cCTnC with features that uniquely resemble 

the EGCg and EMD 57033 bound structures. Resveratrol, EMD 57033, and EGCg all share their binding 

sites with the natural binding partner of cCTnC, cTnI34-71 (Figure 8.6), and as a result, may have a 

common mode of action. The troponin dependant, Ca2+-sensitizing ability of EMD 57033 has been 

suggested to involve a competition between EMD 57033 and cTnI34-71 for cCTnC. The perturbation of the 
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compound, and is based on the premise that as a drug is optimized, it often increases in molecular 

weight; a trend fraught with problems including a decrease in bioavailability through insolubility and 

membrane permeability94. 

 

The free energy (ΔG) of binding and the ligand efficiency (binding energy per non-hydrogen 

atom) (LE) are: 

DKRTG ln   NGLE /  

 

For resveratrol binding to cCTnC; a KD of 240 μM has a binding energy of 4.97 kcal/mol. 

Resveratrol has 17 non-hydrogen atoms (14 carbon atoms and 3 oxygen atoms), so its ligand efficiency 

is 0.29 kcal/mol. This ligand efficiency corresponds to a compound with 33 non-hydrogen atoms 

(approximately 2x the size of resveratrol: 450 MW) with a binding constant of 0.1 μM. The reasonable 

ligand efficiency of resveratrol, suggests that the substitution or addition of a few atoms that enhance 

its affinity for cCTnC may lead toward novel therapies for the treatment of heart failure. 

 

Conclusion 

 

Resveratrol is a natural product found in wine that modulates the Ca2+-sensitivity of 

myofilaments31. In this study, the structure of resveratrol in complex with the cardiac regulatory 

protein troponin C was determined by NMR spectroscopy. Consistent with the small molecules EGCg 

and EMD 57033, resveratrol targeted the C-domain of troponin C. The binding of resveratrol is primarily 

stabilized by hydrophobic contacts such as methyl-arene and arene-arene interactions. In addition to 

providing clues into the cardioprotective nature of resveratrol, the structure highlights several 

functional groups that could be modified to optimize the binding efficacy of resveratrol. Recently, the 

polyphenol, propyl gallate, has also been identified to act as a Ca2+-sensitizer95, which alongside the 

functional and structural data for EGCg and resveratrol point toward a common mechanism by which 

these natural compounds target the thin filament to protect against heart failure. 
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Supplementary figures and tables 

 

 

 

Supplementary Figure 8.1. Oxidation rate or resveratrol. 

The initial starting chemical shift of H2/H6 was normalized to one, and the chemical shift was 

measured at each time point. Since the H2/H6 is a doublet, the chemical shift from the further 

downfield peak of the doublet was measured. 
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Supplementary Figure 8.2. ROEs measured at each mixing time.  
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Supplementary Figure 8.3. Binding of resveratrol to cTnC. 

a. 1H,15N-HSQC spectra of cCTnC acquired throughout the titration with resveratrol. The first point in 

the titration is represented with 20 contours; whereas, each titration point with resveratrol is 

represented by a single contour (O). Direction of CSPs are indicated by arrows for several peaks. b. 

fitting of 1H,15N-HSQC with xcrvfit to determine the dissociation constant. c. Bar graph of the total 

chemical shift change ( 22
)(

25

1
)( NH   ) versus residue number for the titration of 

resveratrol into cTnC (light grey) and cCTnC (dark grey).   
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Supplementary Figure 8.4. Ligand-dependant chemical shift perturbations of cCTnC. 

Bar graph of the total chemical shift change ( 22
)(

25

1
)( NH   ) versus residue number for the 

titration of cTnI34-71 (red), EGCg (orange), EMD 57033 (yellow), and resveratrol (green) into cCTnC. 

Chart on the right is an expansion of the bar chart; cTnI34-71 CSPs have been removed for clarity. 
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Supplementary Figure 8.5. Intramolecular NOEs of resveratrol in complex with cCTnC.  
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Supplementary Table 8.1. Structural statistics for 20 NMR structures of cCTnC•resveratrol. 

 

 Backbone atoms Heavy Atoms 

R.m.s.d. from the average structure    

All residues (Å) 0.93 ± 0.14 1.42 ± 0.13 

Ordered residues a  (Å)  0.72 ± 0.11 1.21 ± 0.13 

Total Distance Restraints 925 

Short range (|i-j|=1) NOEs 519 

Medium range (1<|i-j|<5) NOEs 201 

Long range (|i-j|5) NOEs 179 

Intermolecular NOEs 23 

Intramolecular NOEs 4 

Ca2+ distance restraints 12 

Dihedral restraints (/) 106 

NOE violations per structure  

> 0.5 Å 0 

> 0.3 Å 0 

> 0.1 Å 2.15 

Dihedral Violations > 5º 0 

Ramachadran plot statistics b  

/ in most favored regions (%) 83.2 % 

/ in additionally allowed regions (%) 15.3 % 

/ generously allowed regions (%) 1.4 % 

/ in disallowed regions (%) 0.1 % 
 

a Residues 92-105, 111-124,and 131-158 

b For all residues as determined by PROCHECK   
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This chapter explains the route we followed to determine the structure of resveratrol bound to 

troponin (detailed in Chapter 8) as a means to determine other protein-ligand structures using NMR 

spectroscopy. For our troponin-resveratrol structure we used an existing structure of troponin to find 

the binding pose of resveratrol based on the experimental data for their interaction. This method can 

accelerate the process for other protein-ligand systems since the structure of the target protein is not 

re-determined. However, the procedures described here are not applicable to all scenarios and caution 

should be used to ensure accurate results. This work has been previously published as a book chapter 

in: Robertson, I. M., Pineda-Sanabria, S. E., and Sykes, B. D. (2013). Approaches to protein-ligand 

structure determination by NMR spectroscopy: applications in drug binding to the cardiac regulatory 

protein troponin C. In Puglisi, J. D., and Margaris, M. V. (Eds.), Biophysics and structure to counter 

threats and challenges (pp. 121-134). Dordrecht, The Netherlands: Springer. 

 

Introduction 

 

A key element in rational drug design is the rapid determination of protein-ligand structures. X-

ray crystallography and NMR Spectroscopy are the most commonly used techniques to determine high-

resolution structures of protein-ligand complexes. While NMR spectroscopy has the advantage that 

different drugs can easily be titrated into the protein in solution, the determination of the full high 

resolution solution structure involves the assignment of thousands of nuclear Overhauser effect 

contacts (NOEs) and other data, which tends to be a time-consuming task. If the structure of a target 

protein is known and the NMR spectra of the 13C,15N-labeled protein are assigned, the measurement of 

intermolecular NOEs between the ligand and the protein may be enough to faithfully localize the 

orientation of the ligand in the complex. This procedure can drastically reduce the overall time for 

determining the orientation of the ligand on its target, while still providing invaluable structural details 

about the important pharmacophores of a molecule. There are situations; however, when this method 
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is still too laborious (e.g. for high-throughput applications) or not possible (e.g. for a low affinity 

ligand, resulting in weak of NOEs). 

 

NMR spectroscopy is unique from other screening and structural methods in that it can 

determine binding constants as well as identify the ligand binding site on a protein by monitoring 

residue specific changes in chemical shifts upon ligand binding. This approach is called chemical shift 

mapping; it is routinely used for rapidly identifying the binding site of a ligand on a protein and is a 

critical step in SAR-by-NMR1. Chemical shift mapping is most typically done by following the amide 

nuclei of a 15N-labeled target molecule, and then highlighting the residues that are significantly shifted 

on the van der Waals surface of the target protein. These results can also be used as ambiguous 

distance restraints by docking programs, such as HADDOCK2 or the mapped surface can be used for a 

binding-site centered docking with an automated docking program such as AutoDock3. Since chemical 

shift perturbations are a response to a change in the local chemical environment induced by ligand 

binding, it is possible to predict the location of the ligand rings from the magnitude and sign of the 

chemical shift changes if we assume these changes are caused predominantly by proximity to aromatic 

groups of a ligand. Finally, the use of a protein with a paramagnetic center can provide distance 

restraints between the ligand and the protein. A number of groups have investigated the efficacy of 

combining a variety of these methods to accurately and rapidly resolve protein-ligand structures4-7. In 

order to examine the usefulness of these techniques, we shall study their applications in regards to 

drug binding into the cardiac muscle contractile regulatory protein, troponin C (cTnC). 

 

cTnC is a dumbbell shaped Ca2+-binding protein that triggers contraction upon Ca2+-binding its 

regulatory N-lobe (cNTnC). Ca2+ enters the cytosol of a muscle cell and binds to cNTnC, which induces a 

slight opening of cNTnC. Following Ca2+ association with cNTnC, the “switch region” of the protein 

troponin I (cTnI) binds to cNTnC, stabilizing the fully open conformation of cNTnC. The “inhibitory 

region” of cTnI is subsequently released from actin, which results in the contraction-dependant actin-

myosin interaction. During relaxation, Ca2+ dissociates from cNTnC as it leaves the cytosol, cTnI 

translocates from cNTnC back to actin, which blocks the actin-myosin interface to inhibit contraction. 

The C-domain of cTnC (cCTnC) has two high-affinity metal binding sites that are occupied throughout 

the contraction-relaxation cycle. The binding partner of cCTnC is a different segment of cTnI, the 

“anchoring region”. The primary role of the cCTnC-cTnI interaction is to tether cTnC to the thin 

filament, but recent insights into the structure and function of insect flight muscle troponin suggest 

this interaction may also play a role in regulation of contraction8, 9. For recent reviews into the 

molecular mechanism of contraction, see 10-12. Given both the C- and N-lobes of cTnC interact with 

cTnI to regulate contraction, the design of small molecules that bind cTnC and modulate its interaction 

with cTnI have therapeutic potential13-15. 
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Intermolecular NOEs 

 

The identification of NOEs between a protein and a ligand is a crucial step in solving the 

structure of the complex by NMR spectroscopy. Knowledge of the high-resolution structure of a protein-

ligand complex can provide insights into the mechanism of a ligand as well as help in the design of new 

pharmaceuticals. The standard scheme of determining a protein-ligand structure by NMR spectroscopy 

begins by assigning the resonances of a 13C,15N- or 15N-labeled protein. Following the resonance 

assignment, the structure of the protein is solved by assigning intramolecular NOEs to obtain distance 

restraints. Once the tertiary structure of the target is known, the unlabeled ligand is assigned when in 

complex with the protein using a variety of isotope filtered experiments16-18. Finally, NOE contacts 

between the unlabeled ligand and labeled target are measured to obtain distance restraints between 

the ligand and protein19-21. Frequently, the protein structure is not significantly altered upon binding to 

the ligand making the re-determination of the protein structure superfluous. In these cases, it may be 

sufficient to use only intermolecular NOEs to provide distance restraints between the labeled protein 

and unlabeled ligand. Unfortunately, the target molecule does often undergo structural changes when 

binding a ligand. If there has been a structure of the target molecule in complex with a related ligand, 

it may be possible to use intermolecular NOEs to localize the ligand onto the complex structure, with 

the homologous ligand removed. We have recently employed this technique to a complex with cNTnC 

and the small molecule, W722. The structure of cNTnC was obtained from the NMR solution structure of 

cNTnC-cTnI23, with cTnI removed prior to the docking of W7. The complex we will focus on in this 

report is cCTnC bound to the polyphenol, resveratrol (Figure 9.1). 

 

Resveratrol is an antioxidant present at high concentrations in red wine and in the skins of 

grapes24 and it has been studied intensely due to its benefits to cardiovascular health25. The low 

incidence of cardiovascular disease among Mediterranean populations despite a diet rich in fat, has 

prompted some researchers to suggest that the high consumption of red wine offers protection against 

heart disease, and has been dubbed, the “French paradox”26, 27. We have found that resveratrol targets 

cCTnC, and this interaction may impart some of its protective properties (manuscript submitted). The 

structure of cCTnC bound to the green tea polyphenol, epigallocatechin gallate (EGCg)28, the anchoring 

region of cTnI (cTnI34-71)29, 30, and the cardiotonic drug EMD 5703331 have been solved by either NMR 

spectroscopy or X-ray crystallography. Even though the ligands of cCTnC are chemically dissimilar, they 

all induce an analogous conformational change of cCTnC28. Instead of solving the structure of cCTnC 

again, we measured intermolecular NOEs between resveratrol and cCTnC and docked resveratrol onto 

the cCTnC-EGCg structure (figure 1b-d). In order to dock resveratrol, we repeated the simulated 

annealing procedure in Xplor-NIH32, 33 using the intramolecular NOEs for cCTnC from the cCTnC-EGCg 

structure, and replaced the intermolecular NOEs from EGCg to cCTnC with restraints between 

resveratrol and cCTnC. We propose that this procedure is better than simply performing a rigid docking 
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since it allows for some flexibility of cCTnC. We chose the cCTnC-EGCg structure because both EGCg 

and resveratrol are polyphenols and thus may induce similar structural perturbations of cCTnC. 

 

 

 

Figure 9.1. Structure of cCTnC in complex with resveratrol as determined by intermolecular NOEs. 

a. Chemical structure of resveratrol. b. Strips from the 13C-edited-filtered NOESY NMR experiment that 

identifies NOEs between an unlabeled ligand and a 13C-labeled protein. c. Ensemble of the 20 lowest 

energy structures of cCTnC-resveratrol. d. The lowest energy structure from the ensemble. cCTnC is 

shown in black with the helices labeled and resveratrol is colored in grey. Black spheres represent Ca2+. 
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Monitoring strong protein-ligand complexes can be a fruitful source of structural information. 

However, problems can arise when the unlabeled ligand is too large so that it contains an abundance of 

overlapping signals, or when the intermolecular NOEs are weak, making it difficult to distinguish noise 

from NOEs. Therefore, it is often necessary to make use of other methods to assist in the 

determination of protein-ligand structures. We will assess some of these approaches, by comparing the 

predictions from these methods with the cCTnC-resveratrol structure as determined with the NOE data. 

 

Chemical shift mapping  

 

Chemical shift mapping is a frequently used application of NMR spectroscopy which allows the 

estimation of a binding site of a ligand on a target molecule. Typically the perturbations of 15N-amide 

chemical shifts are used, which can provide information on the binding location of the compound on 

the protein as well as its binding constant. While chemical shift mapping is a rapid method to estimate 

the binding surface on a protein, it has several pitfalls, including a lack of resolution, and is hampered 

by any allosteric effects induced by a ligand binding. This is because chemical shifts are perturbed in 

response to a change in local chemical environment, which may be due to proximity to a ligand or 

because of a conformational change induced by the ligand binding. 

 

The use of amide chemical shift mapping with the interaction between cCTnC and resveratrol is 

shown in Figure 9.2a. While, perturbations seem to point towards the central groove as the binding site 

of resveratrol, the largest shifts are from residues residing in the F-G linker are not near to resveratrol 

in the structure (Figure 9.1c,d). By investigating the chemical shifts perturbed by resveratrol, and 

comparing to those induced by other ligands of cCTnC: EGCg, EMD 57033, and cTnI34-71 we see that all 

these residues induce the same pattern of amide chemical shift change (Figure 9.2c). These ligands 

have unique structural features, and while they all bind in the core of the protein, the orientations 

they adopt are quite varied. Alternatively, the similar amide chemical shift perturbations are more 

likely from a similar conformational perturbation since all ligand bound forms of cCTnC in an open 

state (the F-G and E-H helix pairs are moved apart to accommodate the ligands). Although the amide 

shifts may they tell us very little about the specific binding site of resveratrol, they do give us some 

idea of the conformation of cCTnC. 

 

Another way to map the binding surface of a ligand on a target molecule is to look at the 13C-

methyl chemical shift perturbations. Since most protein-ligand structures are stabilized via 

hydrophobic interactions, following methyl perturbations when a ligand binds to the protein may be 

more informative that using 15N-amide chemical shifts. In Figure 9.2b we show mapped residues that 

underwent perturbations in the terminal methyls. Most of the perturbed residues, are on the E-, F-, 

and H-helices, as well as on the β-sheet of cCTnC. These results are more consistent with the structure 
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we determined with intermolecular NOEs. In fact, many of the methyls that were perturbed during the 

titration were also involved in making NOEs with resveratrol. Chemical shift mapping of the methyls 

clearly do a better job than amide nuclei of identifying the binding site of resveratrol, but the 

predictions are still qualitative. 

 

 

 

Figure 9.2. Chemical shift mapping of resveratrol induced shifts on cCTnC from the cCTnC-EGCg 

structure (2kdh.pdb). 

a. 15N-amide chemical shifts that were perturbed larger than the mean chemical shift perturbation. b. 

residues that were perturbed in the methyl region of the 1H,13C-HSQC spectrum. cCTnC is shown as a 

transparent surface (black), with the perturbed resonances highlighted in white. c. bar diagram that 

compares the total amide chemical shift (Δδ) pattern induced by resveratrol (black bars) and the 

average chemical shift perturbation induced by EMD 57033, cTnI34-71, and EGCg (white bars). Δδ = 

((Δδ1H)2 + 1/25(Δδ15N)2)1/2. 
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J-surface mapping 

 

To supplement the qualitative chemical shift mapping, we mapped the J-surface of resveratrol 

on cCTnC. The ring current effect from aromatic ligands can induce chemical shift perturbations of 

nuclei proximal to the ligand. McCoy and Wyss described the application of this phenomenon to identify 

the binding surface of a ligand to the hepatitis C virus NS3 protease34. Caveats of using this method to 

identify the ligand binding site are that the ligand must contain an aromatic group and that the ring 

current effect from the ligand is the primary source of chemical shift perturbation. In order to localize 

the binding site of resveratrol on cCTnC we performed J-surface mapping with the program Jsurf using 

the amide and methyl chemical shift perturbation data (Figure 9.3). Jsurf approximates the origin of 

chemical shift perturbations as a single point-dipole at the center of the aromatic ring of a ligand35. 

The centre of the aromatic ring is then predicted based on the magnitude and sign of the proton 

perturbation. For each perturbed residue, the aromatic ring inducing the chemical shift change can be 

at any number of places and for each additional residue considered this location is narrowed down until 

finally a surface is identified where the ligand rings is likely to reside. 

 

 

 

Figure 9.3. J-surface mapping on cCTnC structures. 

The J-surface (grey spheres) from the amide (a) and methyl (b) chemical shift perturbations mapped on 

the structure of cCTnC (black cartoon) from the cCTnC-EGCg structure (2kdh.pdb) 

 

We used the amide protons chemical shift perturbations to see if Jsurf could accurately predict 

the binding of resveratrol (Figure 9.3a). The predicted J-surface runs through the F and G helices, 

which is not consistent with the NOEs and for resveratrol to lie here would violate many van der Waals 

forces. While it is likely that some of the amide resonances perturbed in the presence of resveratrol 

are due to ring current effects, evidently many are caused not by direct contact with the ring, but 
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rather by an allosteric perturbation induced by resveratrol binding. We repeated the J-surface analysis 

using the methyl protons (Figure 9.3b). The result of using the methyl protons was a binding site 

localized to the hydrophobic pocket in a very similar location as calculate by the intermolecular NOEs. 

As an aside, Jsurf requires an input file that has atom numbers from the protein structure file (i.e. PDB 

file format) with the corresponding shift for that atom. In contrast to amide protons, there are three 

protons associated with each methyl. So the input file we used for Jsurf had three protons for each 

methyl perturbation included in the calculation.  

 

Automated docking  

 

While Jsurf does a reasonable job of predicting the binding site of resveratrol on cCTnC using 

the methyl proton perturbations, it does not predict the actual binding pose of resveratrol. In order to 

do this, we used AutoDock4.2 which predicts the conformations of a ligand bound to a macromolecular 

target of known structure as well as the free energy of binding. AutoDock4.2 allows flexibility for both 

the ligand and for a limited number of residues in the target protein indicated by the user, it also 

allows the user to select a region of the target molecule to perform the conformation searching (the 

grid volume)36, 37. AutoDock 4.2 with the AutoDockTools graphical interface was used to predict 150 

binding conformations using a population size of 500 and 5000000 energy evaluations. The docking was 

guided by limiting the grid volume to encompass residues of cCTnC that the chemical shift and J-

surface mappings predicted to be involved in binding resveratrol. Residues which showed chemical 

shifts greater than one standard deviation from the mean in the 1H,13C HSQC NMR experiment were 

defined as flexible residues. 

 

A total of 15 clusters were predicted for resveratrol using an r.m.s.d. tolerance of 2.0 Å for 

each cluster. All 150 structures predict that resveratrol binds in the hydrophobic groove of cCTnC 

(Figure 9.4a). This is not surprising, considering the grid volume chosen from the experimental data 

encompassed primarily this region of cCTnC. In AutoDock identifying the lowest-energy cluster and the 

most populated cluster are two ways of choosing the best conformer38, 39. The ten lowest energy 

structures are shown in Figure 9.4b, and include two different conformations of resveratrol as having 

the lowest energy. The lowest energy conformer has resveratrol oriented parallel to the β-sheet of 

cCTnC, whereas the next lowest energy cluster predicts resveratrol binds in the hydrophobic pocket of 

cCTnC pointed towards the β-sheet. The buried structure of resveratrol more closely resembles the 

methyl-based Jsurf prediction and NOE data; however, the NOE data has the diphenol ring oriented 

away from the protein, not deep within the hydrophobic pocket as calculated by AutoDock.  
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Figure 9.4. Binding pose of resveratrol predicted by AutoDock. 

Overlay of the poses of resveratrol (grey sticks) on cCTnC (black cartoon) from the cCTnC-EGCg 

structure (2kdh.pdb). All 150 poses (a) and the ten lowest energy poses (b) generated using AutoDock. 

 

Restraints derived from paramagnetic restraints  

 

The prediction of the binding site of resveratrol on cCTnC by chemical shift mapping, J-surface 

mapping, and docking had some success; but, in the end it would be difficult to validate the results 

without less ambiguous data, such as NOEs. The use of paramagnetic relaxation enhancement (PRE) has 

been used extensively to aide in protein structure determination40, in protein-protein structure 

determination41, and in protein-ligand structure determination42. PRE is a phenomenon which arises 

when unpaired electrons from a paramagnetic center, such as a lanthanide ion, increase the relaxation 

of nuclei in a distance-dependant manner. Pseudocontact shifts (PCS) induced by paramagnetic 

lanthanide ions with anisotropic magnetic susceptibility tensors can also tell the user information about 

the orientation of the ligand with respect to the metal. The Otting group has recently employed PCS to 

determine the structure of a protein-drug complex43. On the other hand, the lanthanide gadolinium 

(Gd3+) has an isotropic paramagnetic environment, so it does not yield information about the 

orientation between the nuclei and metal, but does provide distance information. 

 

It has been shown that the trivalent lanthanides can substitute for calcium in troponin C44, 45. 

The C-terminal domain of troponin C binds two metal ions, and therefore it would be difficult to obtain 

structural restraints between resveratrol and both of these ions. Fortuitously, the cNTnC contains only 

one Ca2+ binding site. In a recent publication (manuscript submitted), we have used PRE to obtain 
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distance restraints between Gd3+ and the cardiotonic agent, 2’,4’-difluoro(1,1’-biphenyl)-4-yloxy acetic 

acid (dfbp-o). In this type of experiment, free dfbp-o was titrated with Gd3+-bound cNTnC-cTnI, and at 

each titration point we measured the transverse and longitudinal relaxation rates of 19F and 1H of dfbp-

o. As the concentration of cNTnC-cTnI-Gd3+ increased, the relaxation rates of dfbp-o increased (see 

Figure 9.5 for signal broadening), and this increase in relaxation rates were used to calculate this 

distance between dfbp-o and Gd3+ as previously described46. We calculated the structure of the tertiary 

complex, cNTnC-cTnI-dfbp-o using only NOE restraints, and NOE and PRE restraints (Figure 9.6). The 

addition of the PRE restraints radically improved the resolution of dfbp-o in the structure, and 

illustrates the usefulness of this technique to aid in protein-ligand structure refinement. 

 

 

 

Figure 9.5. Paramagnetic relaxation enhancement of dfbp-o signals by Gd3+ bound to cNTnC-cTnI. 
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The stacked 1D 19F spectrum of dfbp-o is shown in the upper left, and the stacked 1D 1H spectrum of 

dfbp-o is shown at the bottom. Both stacked spectra are shown as a function of percentage dfbp-o 

bound to cNTnC•Gd3+•cTnI. The numbering of dfbp-o is shown on its chemical structure as a reference. 

 

 

 

 

 

Figure 9.6. Structure of cNTnC·cTnI·dfbp-o determined with and without PRE restraints. 

Ribbon diagram of cNTnC bound to cTnI (both in black) and dfbp-o (grey) in stick representation. (a) 

Refinement of the complex using only intermolecular NOEs. (b) close-up view of the binding site, 

highlighting the disorder of dfbp-o. (c) Refinement of the complex using intermolecular NOEs and PRE 

distance restraints. (d) close-up view of the binding site in (c). 
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Conclusion 

 

The calculation of protein-ligand structures is an important step in the development of novel 

pharmaceuticals. The high resolution description of the binding site and pose of a ligand is a crucial 

step in the rationale design of novel drugs. In this review we have surveyed a few approaches available 

to scientists to help in the resolving of protein-ligand structures. Intermolecular NOEs are a crucial step 

in solving protein-ligand structures; however, they are not always attainable. Reasons for this include 

but are not limited to: time-constraints, no 13C-labeled protein available, or a weak binding constant. 

There are other techniques that can validate structures solved with few NOEs, or substitute for NOEs 

when none exist. While 15N-amide nuclei are the most used nucleus for estimating the binding site of a 

ligand, conformational changes in the protein upon ligand binding can be misleading. We show that the 

use of 13C-methyl chemical shift mapping and J-surface prediction using methyl perturbations more 

accurately identify the binding site of a ligand. Identification of the binding pose of the ligand in the 

absence of NOE data can be done with AutoDock; however, it is difficult to choose the cluster that 

most closely resembles the real structure. Other experimentally derived restraints, such as PREs can 

significantly improve protein-ligand structures when either NOEs are not sufficient to define the 

binding pose of the ligand or when NOEs are not available. 
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Drug binding to the regulatory troponin C-troponin I complex 

 

This last experimental chapter reports on a series of drug binding experiments conducted as 

part of the early drug screening efforts carried out in the laboratory. It starts with in silico methods to 

assess the amenability of troponin for docking studies. It follows an experimental section in which the 

main target is the cChimera protein described in Chapter 6 of this thesis. Although the work presented 

here has not yet been published, it provided initial proof of the applicability of cChimera as a target 

for the screening of drugs that bind the troponin C-troponin I interface. It also inspired the design of 

other troponin chimeras that are currently being used to continue NMR-based screening and structure 

determination. The reader will find here detailed titrations and analysis for three sets of compounds 

binding to cChimera or a troponin C-I complex; note, however, that the project is still in progress. 

 

In silico identification of druggable sites in troponin 

 

I used a fragment-based method in silico, FTMap1, to find druggable sites in cNTnC. FTMap 

identifies druggable sites or ‘hot-spots’ by performing rigid docking of sixteen organic probe molecules 

into a protein target. It follows a round of energy minimization using the CHARMM force field, as well 

as two cycles of rmsd clustering and ranking, to identify the consensus sites (CS) of probe binding. This 

tool has been used to explore druggable space for Ras GTPase which was not considered a drug target 

before2, for the β1 and β2 adrenergic receptors for which no structural data on allosteric ligand binding 

is available3, and for DJ-1 and glucocerebrosidase which are targets for the development of 

therapeutics for Parkinson's and Gaucher's diseases, respectively4. Using all available structures of 

cNTnC in the open state and removing all ligands, FTMap predicted the canonical binding site found 

experimentally in cNTnC (Figure 10.1A). This validates the use of FTMap for druggable site prediction 

for cNTnC. Moreover, the agreement between bepridil and the FTMap probes predicted to bind to 

cNTnC (from 1J1E) is exceptional (Figure 10.1B). This suggests that bepridil and analogues are 

potentially accessible to analysis in silico prior to in vitro. 

 

In a similar way, when the structure of the cNTnC bound to cTnI (residues 147-163, PDB ID: 

1MXL) is used, the FTMap results suggest another hot-spot located between helices A (Q16, E19, A22, 

A23) and D (F77, M81, V82, M85) of cNTnC and cTnI (A150, M153, M154). In another prediction using all 

available structures of the cNTnC-cTnI switch peptide complex and removing the small molecule 

ligands, the same consensus site, formed by helices A (E15, Q16, E19, F20, A23) and D (M81, M85) of 

cNTnC and cTnI (A150, D151, M154), was identified. This site ranks one place below the canonical site 

for both sets of predictions (Figure 10.1C). It is interesting that this hot-spot is located where the 
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The suggestion of another druggable site for cNTnC poses a question of the effect on switch-

cTnI binding by small molecules binding the second site. Only the calcium sensitizer, dfbp-o, was 

shown to improve binding of the switch peptide to cNTnC, still its stabilization energy (-0.5 Kcal/mol) 

is much lower than the estimated for the A162H substitution (~2.2 Kcal/mol)5, 6. This deficiency could 

be overcome by binding small molecules in more than one site that involves contacts with cNTnC and 

cTnI. A possible method to search for small molecules that bind on a site different than the canonical, 

is to first block the canonical site. For this purpose the covalent ligand i9, described in detail in 

Chapter 7, can be used. 

 

Compounds based on bepridil 

 

Amongst the Ca2+ sensitizers for which a high resolution structure is available, bepridil stands 

out as a reasonable starting molecule for rational drug design (Figure 10.2). Bepridil binds to the 

regulatory N-domain of troponin C (cNTnC) in the presence of the switch region of troponin I (switch-

cTnI). It has a low dissociation constant (KD) of 23 μM and 80 μM when binding to cNTnC and 

cNTnC•switch-cTnI7, respectively. Furthermore, docking experiments show that the benzyl and 

pyrrolidine groups of bepridil are in agreement with the localization of predicted druggable sites. 

 

Despite such desirable characteristics, bepridil shows some disadvantages that may be 

overcome by modifications on its structure. Bepridil decreases the binding affinity of switch-cTnI for 

cNTnC by 3.5 fold7. This interference with switch-cTnI binding can be considered a main disadvantage 

since association of switch-cTnI to cNTnC is a crucial step on the mechanism of muscle contraction. 

Another inconvenience is its high hydrophobicity which makes it insoluble in aqueous physiological 

conditions. It has been suggested that the hydrophobic tail of bepridil clashes with the N-terminal 

region of switch-cTnI and is responsible for perturbing binding to cNTnC7. A plausible modification 

would be to remove or shorten such hydrophobic tail. To improve the solubility of bepridil, one can add 

hydrophilic groups especially on the face that is more exposed to the solvent once it is bound to 

cNTnC. However, a cautious method is needed to ensure that modifications do not impact the 

sensitizing properties of the starting compound. 
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Figure 10.6. Global fit curves for the binding of N-benzylaniline and diphenylamine to cChimera. 

Overlap of representative global fit curves for N-benzylaniline (black) and diphenylamine (blue) binding 

to cChimera. The global KD of interaction is indicated for each compound at the top. 
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Figure 10.9. Global fit curves for the binding of 3m-DPA to cChimera. 

Representative global fit curves for 3m-DPA binding to cChimera. The global KD of interaction is 

indicated at the top. 
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Compounds from the Sanford-Burnham Medical Research Institute 

 

A library of 480 compounds was tested for binding to cNTnC in complex with switch-cTnI 

(residues 144-170). Four hit compounds were identified (Figure 10.14). Binding of compound 95F5 was 

further characterized by NMR spectroscopy. Although the 1H NMR spectrum of 95F5 showed the 

presence of impurities (Figure 10.15), these were considered to be too little to prevent further 

characterization. The target protein was cNTnC in the presence and absence of switch-cTnI (residues 

144-170) containing the A162H substitution. Each titration was repeated at two pH values of 6 and 7. 

The drug titrations were performed as previously described (see ‘Compounds based on bepridil’ 

section). 

 

 

 

Figure 10.14. Chemical structure of hit compounds. 

The structure of the four compounds identified as hits for binding to cNTnC·switch-cTnI is shown. 

Binding of compound 95F5 (red box) was further characterized by NMR spectroscopy. 
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Conclusions 

 

Based on the preceding chapters, which reflect more than five and a half years of scientific 

study, we come to a conclusion. In the following pages I correlate the final answers of all chapters to 

respond both of my initial research objectives. I start with Chapter 2 to Chapter 5, which together unravel 

the mechanism underlying the effects of the A162H mutant of troponin. The discussion then turns to the 

effect of Ca2+ sensitizers on troponin, which encompasses Chapter 6 to Chapter 10. Finally findings from 

both parts of this project come together to bring the open conformation of cNTnC to the center of our 

efforts to help alleviate contractile dysfunction. 

 

To address the first query, in Chapter 2 to Chapter 5 we investigated the molecular details of 

the interaction between cTnI A162H, and the homologous skeletal isoform sTnI, with cNTnC1, 2. Previously 

Dargis et al.3 hypothesized that the more positively charged histidine at low pH may stabilize the cNTnC-

cTnI interface by interacting with glutamate or aspartate residues in cNTnC. We provided evidence of 

the electrostatic interaction between A162H and E19 and E15 of cNTnC by investigating their acid 

dissociation constants. In a similar fashion, we also proved the formation of a salt bridge between H130 

and E20 in the all-skeletal system. We observed that the binding affinity of cTnI A162H for cNTnC was 

improved by reducing the pH to promote the charged state of H162. A similar improvement was observed 

for sTnI binding to sNTnC. We concluded that the extra electrostatic attraction contributed by the 

charged histidine of sTnI or cTnI A162H accounts for their increased affinity for sTnC or cNTnC, 

respectively, and compensates the reduction in Ca2+ sensitivity at low pH. Recall here that the association 

of cTnI to cNTnC causes the release of inhibition of myosin ATPase to allow contraction. Thus, a first 

effect of A162H to improve contraction is to increase the affinity of cTnI for cNTnC via electrostatic 

interactions under acidic conditions. In addition, Day et al.4 suggested that this positive charge could 

weaken interactions with actin, but because this interaction was not addressed by our study, this theory 

remains a possibility. 

 

The previous findings showed that the skeletal and A162H cardiac systems are very similar; in 

Chapter 4 and Chapter 5 we determined that their structures are no exception. Previous structures show 

the conformation of cTnI in the troponin complex as extended5, 6, whereas the conformation of sTnI is 

bent and brings H130 close to E20 of sNTnC7. We showed that the bent conformation and location of sTnI 

bound to cNTnC are the same as in the sTnI∙sTnC complex. This confirmed that the conformation of TnI 

is independent of the TnC isoform. We also found that the conformation of cTnI A162H was the same as 

that of sTnI. This revealed that histidine alone determines the conformation of TnI. Based on these 

deductions, we suggested the way in which a conformational change in TnI can regulate contraction. We 
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proposed that a bent conformation of the switch region of TnI (in sTnI and cTnI A162H) positions the C-

terminal region away from actin8. This relative position favors contraction since the interaction of C-

terminal TnI with actin is necessary to inhibit the myosin ATPase9, 10. Thus a conformational change of 

cTnI is also a way in which A162H maintains cardiac contraction during ischemic challenge. 

 

Although the structures of cTnI A162H and sTnI bound to cNTnC are similar, we revealed that 

these carry subtle but important differences. cTnI A162H adopts the same conformation as sTnI when 

bound to cNTnC, but it localizes further away from cNTnC11. The change in location was rationalized as 

the result of a negative electrostatic potential induced by E164 that shifts the position of the pH-sensitive 

region away from E19 via a repulsive effect. The homologous residue in sTnI is V132, which is hydrophobic 

and could not repel E19. Previously Westfall et al. suggested a partial role for V132 of sTnI in modulating 

the pH sensitivity at acidic conditions since the V132E mutation produced a hybrid cardiac-skeletal 

phenotype12. In contrast, we propose that E164 is crucial to ensure proper relaxation in the presence of 

A162H. This is consistent with previous studies showing that cTnI A162H does not impair relaxation in 

vivo4 but sTnI does13. Moreover, it has been shown that proper diastole in mice expressing cTnI A162H is 

not a result of phosphorylation of the N-terminal extension of cTnI14. It is also possible that E164 prevents 

electrostatic interactions of R161 and K163 with cNTnC to ensure relaxation in wild type cardiac muscle. 

 

Based on these findings, we proposed a model of gradient stabilization of TnI in which the extent 

of positive potential of the pH-sensitive region facing cNTnC dictates the state of the contraction-

relaxation equilibrium11. In this model the more positive the potential, the more favored is the bent 

conformation of TnI that promotes electrostatic attraction between cTnI and cNTnC. With this model we 

were able to explain and predict the impact of charge substitutions on pH-sensitivity in a variety of 

mutants. Nevertheless, it raised a question of specificity of location of the positive potential; i.e. if the 

positive charge were located at a position other than 162 would it still induce the bent conformation? It 

is likely that it would, as long as the positive potential is on the side that faces cNTnC and remains in 

the vicinity of 162. Position 164 seems to meet these conditions such that an E164H or E164R mutant 

may also induce resistance to acidosis. However, such mutants have not been characterized. 

 

Together, these findings add to the evidence of a favored relaxed state for the cardiac muscle. 

It is known that phosphorylation of the N-terminal extension of cTnI decreases Ca2+ sensitivity15, 16 and 

this is only present in the cardiac isoform. In addition, here we showed how two residues of cTnI also 

promote relaxation: A162, by promoting an extended conformation of cTnI, and E164, by preventing 

potential electrostatic interactions between switch-cTnI and cNTnC. Interestingly, in the evolutionary 

variation of cTnI17 both residues were replaced (from H162 and V164, respectively) around the same 

time. The change from V164 to E164 could have been more direct than that from H162 to A162, for which 

a P162 evolutionary intermediate has been proposed17. In any case, the change of two residues inclined 
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to relaxation seems redundant. But together with phosphorylation of the N-terminal extension these 

highlight the importance of the relaxed state for the heart muscle. 

 

It seems that the natural efforts incline the scale toward relaxation to finely regulate and 

maintain heartbeat dynamics. Yet enhancing cardiac contraction is a reasonable choice to pursue in the 

treatment of heart failure. This is why the second part of this work aims to provide insight into the 

mechanism of Ca2+ sensitization by small molecules that bind to troponin. To better study this interaction 

we designed cChimera to represent the cNTnC∙switch-cTnI complex in the saturated state18. A major 

methodological contribution of this tool was the chance to isotope label the switch region. In the past 

this region was usually synthetic and unlabeled5, 11, 19, 20, 21. Now with isotope labeled cChimera we could 

assign the switch-cTnI resonances using the same experiments as for the cNTnC region, which saves time. 

We could use the backbone C  and C  resonances to predict φ and ψ dihedral angles for structure 

determination. Previously in the Sykes laboratory, Wang and Oleszczuk observed displacement of switch-

cTnI after they determined the structure of a cNTnC∙switch-cTnI∙drug complex19,21. By monitoring amide 

NH chemical shift perturbations for the first time in switch-cTnI of labeled cChimera, we could determine 

to what extent a drug molecule disturbs this region prior to structure determination. This turned out to 

be very important as we showed that the larger the perturbations on switch-cTnI, the more likely is the 

drug to displace it, worsen its binding, and be a desensitizer. As detailed in Chapter 10, this tool also 

allowed to start drug screening efforts carried out in collaboration with Dr. Peter Hwang at the University 

of Alberta, Dr. Maurizio Pellecchia at the Sanford-Burnham Medical Research Insitute, and Dr. Andrew 

McCammon at the University of California San Diego. 

 

Despite the structural characterization of diverse cTnC∙drug complexes, it remains a possibility 

that that these drugs bind non-specifically to other proteins or lipid membranes in the body. In Chapter 

7 we provided conclusive evidence to confirm that small molecule binding to cNTnC is indeed responsible 

for Ca2+ sensitization in muscle tissue (unpublished). Therein we looked at i9, a covalent Ca2+ sensitizer 

designed based on levosimendan. We observed that incomplete exchange of cTnC-i9 into cardiac 

trabeculae increased Ca2+ dependent tension. Further exchange resulted in tension development 

independent of Ca2+. By correlating these with the structure of cChimera-i9 we explained this powerful 

effect on contraction as the result of stabilization of the open conformation of cNTnC by i9. This 

represents a major contribution to the elucidation of the mechanism of Ca2+ sensitization. 

 

We may now bring these and earlier studies together to propose that the shift to the open 

conformation of cNTnC is the major mechanism of Ca2+ sensitization by small molecules that bind cNTnC. 

cNTnC exists in an equilibrium between open and closed conformations. Binding of Ca2+ increases the 

population of the open conformation enough for cTnI to bind and stabilize it22, 23. In 2002, Wang proposed 

that an ideal Ca2+ sensitizer should “enhance the cTnC-cTnI interaction” referring to an increase in the 
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affinity of binding19. With cChimera we added that the best Ca2+ sensitizers should perturb switch-cTnI 

the least18. Looking back to our discussion of the A162H substitution we learned that enhancing cTnI 

affinity for cNTnC is one way for this mutation to enhance contraction11. Thus, all evidence indicates 

that indeed improved cTnI binding is an important effect that a contraction enhancer should have. 

However, with the study of i9 covalently bound to cChimera we showed that i9 promotes the open 

conformation to which cTnI can bind and initiate contraction independent of Ca2+. This is consistent with 

our former hypothesis in that Ca2+ binds preferentially to the open conformation of cNTnC stabilized by 

cTnI in cChimera18. Thus promoting the open state of cNTnC is the main effect we should look for in a 

contraction enhancer prior to improving cTnI binding. 

 

This is in agreement with the fact that some Ca2+ sensitizers (bepridil19 and even i9) cause a shift 

in the position of swtich-cTnI away from cNTnC but still are able to enhance tension development. 

Although bepridil worsens the binding of cTnI by ~3.5 fold, it binds to cNTnC tight enough to keep a high 

population of open cNTnC to which cTnI can readily bind even if it does so with a lower affinity. For the 

cNTnC-i9 complex, the affinity of cTnI has not been assessed. Based on the structure of cChimera-i9 it is 

not impossible that i9 also worsens the binding of cTnI. Nevertheless, it has a profound effect on muscle 

contraction. In the case of the Ca2+ desensitizer W7, its low affinity for cNTnC impede the stabilization 

of the open conformation as the drug dissociates much more rapidly. In addition, it also decreases cTnI 

binding but by much more than bepridil (~13-fold). Then stronger binding of switch-cTnI to cNTnC can 

be considered as a secondary characteristic of contraction enhancers that target cNTnC. The fine 

equilibrium between the stabilization of the open state of cNTnC and cTnI binding may determine the 

efficacy of sensitization. 

 

In the design of effective sensitizers I propose to finely optimize the substituents of a reversible 

version of i9 or bepridil to achieve stabilization of the open state of cNTnC and attraction of switch-cTnI 

simultaneously (see also Appendix B). One approach for this purpose is to include hydrogen-bond 

acceptors and donors on opposite sides of the pyrrolidine ring of bepridil or the tail of i9 to interact with 

cTnI and cNTnC, respectively. Another approach is to search for small molecules that bind on a second 

site on cNTnC. The hits can then be linked to the i9- or bepridil-like molecule to cover a larger area that 

may keep cNTnC open and interact with cTnI. The use of pH sensitive groups can be specific for ischemic 

heart disease as we have seen the importance of electrostatic interactions in cTn interactions. The task 

is still challenging, but research can certainly narrow down the choices of paths to follow. 

 

And here ends our journey, in which we have tried to understand how to improve the contraction 

of the heart. I conclude this project optimistic that the knowledge contained here can be applied further 

in the development of positive inotropes that bring a real benefit to patients. For this, it is crucial to 

keep in mind how cardiac performance requires the finest contraction-relaxation equilibrium to 
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guarantee efficient work. Therefore, the scale needs to incline just enough to compensate for what the 

diseased heart has lost without posing a risk of outweighing the other side. I hope that like me, the 

reader can appreciate how balance is a delicate but crucial need at the center of proper heart functioning 

just as it is in life. 
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Appendix A 

 

This appendix contains previously published material to which I have made a modest 

contribution. It reports the structural characterization of the N-terminal extension of cardiac troponin I 

bound to troponin C by NMR spectroscopy. No high resolution structure is available for this region. The 

present study revealed an unstructured N-terminal extension that interacts with the N-domain of 

troponin C through electrostatics. Domain positioning is proposed as the mode of regulating Ca2+ 

affinity by this cardiac specific extension of troponin I. Hwang et al. (2014) Proc. Natl. Acad. Sci. 

40:14412-14417. 
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Introduction 

 

The balance between contraction and relaxation must be carefully regulated in the heart. 

Impaired relaxation can lead to diastolic heart failure, while systolic failure is characterized by 

insufficient contractility. Despite having different etiologies, both forms of heart failure are similar in 

terms of prevalence, symptoms, and mortality (1). Of all the signaling pathways that regulate 

contractile function, the best studied is sympathetic 1-adrenergic stimulation (2), which leads to 

cardiomyocyte cAMP production and activation of protein kinase A (PKA). Downstream phosphorylation 

of L-type calcium channels and phospholamban increases calcium fluxes, while phosphorylation of 

sarcomeric proteins, cardiac troponin I (cTnI), cardiac myosin binding protein-C, and titin(3), regulates 

the calcium-induced mechanical response. 

 

In human cTnI, Ser22 and Ser23 are the residues most consistently phosphorylated (4, 5) (there 

are some numbering inconsistencies in the literature, and we will refer to Ser22/23 instead of Ser23/24 

to account for physiologic removal of the N-terminal methionine residue). Originally identified as PKA 

targets, Ser22/23 are now known to be phosphorylated by other kinases, including PKG, PKC , PKCδ, 
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and PKD1(6), showing it to be an important locus at which multiple signaling pathways converge. 

Phosphorylation at cTnI Ser22/23 decreases the calcium sensitivity of the cardiac sarcomere(7). High 

levels of phosphorylation are seen in healthy individuals, but decreased phosphorylation levels occur in 

a number of pathologic states, including heart failure with reduced ejection fraction (HFrEF), heart 

failure with preserved ejection fraction (HFpEF), dilated cardiomyopathy, and hypertrophic 

cardiomyopathy(5, 8). While dephosphorylation is likely a compensatory mechanism in many cases, it 

may be a disease-driving dysregulation in others.  

 

Other regulatory mechanisms are strongly influenced by the phosphorylation state of Ser22/23. 

The Frank-Starling law of the heart, also known as length dependent activation or stretch activation, is 

more pronounced when Ser22/23 are phosphorylated (9)(10). In contrast Ser6 (11) or Ser43/45 (12)(13) 

phosphorylation has more of an impact when Ser22/23 are unphosphorylated. Finally, some mutations 

that cause familial dilated cardiomyopathy have been shown to mitigate the effect of Ser22/23 

phosphorylation (14). Despite the physiologic importance of cTnI[1-31] in regulating cardiac calcium 

sensitivity, the extent of its modulatory capacity has remained elusive.  

 

Ser22/23 lie within the cardiac-specific N-terminal region, cTnI[1-31], not present in the 

skeletal muscle isoforms. cTnI[1-209] forms long stretches of helical structure along a winding course 

that binds to troponin C, troponin T, and actin-tropomyosin. The X-ray structure of the cardiac 

troponin complex(15) did not include cTnI[1-34], so the structure of this region has not been 

determined, though there have been some preliminary investigations (16, 17). It is known that cTnI[1-

31] interacts with cTnC in its unphosphorylated state(18), but phosphorylation abolishes this 

interaction, having an effect similar to truncation or removal of cTnI[1-31](19). Our present study 

provides a detailed analysis of the structure and dynamics of cTnI[1-73] in complex with cTnC 

usingsolution NMR spectroscopy, highlighting its unique mechanism of action and physiologic 

implications. 

 

Results 

 

Chemical shift assignment and secondary structure of cTnI[1-73] free and in complex with cTnC  

 

NMR chemical shift assignment of protein backbone atoms, 1H , 13C , 13C , 13CO, 1HN, and 

15N, provides information about secondary structure on a per-residue basis. For example, -helical 

residues have downfield 13C  chemical shifts compared to random coil values, while residues with 

extended structure appear upfield. In free cTnI[1-73], residues 42-67 possess downfield 13C  shifts 

indicative of nascent helical structure (see  
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changes occur in cCTnC (see helices E-H along the x-axis), while negligible changes are observed in 

cNTnC (helices N, A-D). This is because of the extensive hydrophobic interface between cTnI[39-60] 

and cCTnC, as opposed to the more superficial electrostatic interactions between cTnI[19-37] and 

cNTnC. In contrast, the open bars highlight the structural changes that occur when cTnI[144-163] binds 

cNTnC hydrophobically, driving a closed-to-open conformational transition in cNTnC. In this case the 

predominant structural changes occur in cNTnC and not cCTnC. Stretches of missing assignments due to 

conformational exchange include residues 36-41, 60-62, 81-83, and 95-97. 

 

1H-1H NOE analysis of the cTnC-cTnI[1-73] complex 

 

 Homonuclear 1H-1H NOEs can be observed between any two 1H atoms within ~6 Å, critical for 

any NMR-based structure determination. The vast majority of intermolecular 1H-1H NOEs occur between 

cTnI[39-60] and cCTnC, consistent with extensive hydrophobic binding. There are few intermolecular 

NOEs observed between cNTnC and cTnI[1-73], but the most critical NOEs are between cNTnC Ala7 and 

cTnI Ala42/Ser43. The importance of this contact is underscored by the fact that a double Ser41/43 

mutation to aspartate (mimicking phosphorylation) markedly decreases the troponin calcium affinity 

(33). Since cTnI Ala42/Ser43 are part of a rigid alpha helix bound to cCTnC, and Ala7 is part of cNTnC 

helix N, the interaction fixes the position of cNTnC relative to cCTnC. This contact is actually present 

in the X-ray crystal structure (see Figure A.3), suggesting that the true inter-domain orientation in 

solution is in fact very similar. This single contact point is alone insufficient to stably fix the domains in 

solution, stabilized by crystal packing contacts in the X-ray structure. In solution, the orientation is 

bolstered by additional electrostatic interactions from the disordered N-terminal tail of cTnI (see 

below). 
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per asymmetric unit. In one complex, Lys35-37 are invisible, but in the other, they are modeled 

hovering over EF-hand loop II, with Lys37 closest to Asp75 of cNTnC. Finally, cTnI Arg21 and Arg26 also 

make weak NOEs to cTnC residues with Glu-like chemical shifts (see Supplementary Figure A.2), but 

these could not be unambiguously assigned either. 

 

 The considerable chemical shift overlap for charged Lys, Arg, Asp, and Glu sidechains make 

unambiguous intermolecular NOE assignment near impossible. Nevertheless, these NOEs demonstrate 

specific and stable electrostatic interactions involving cTnI Arg21, Arg26, and part of Lys35-37. This is 

in marked contrast to the lack of NOEs involving hydrophobic residues, which are usually critical for 

defining intermolecular contacts. cTnI Pro17, Ile18, Tyr25, Ala27, Tyr28, and Ala29 showed no 

intermolecular NOEs (see Supplementary Figure A.2 for an example).  

 

 Classically, protein-protein interactions are dominated by hydrophobic interactions, which 

require close packing, exclusion of water, and a rigid structuring of the backbone, as exemplified by 

the interaction between cTnI[39-60] and cCTnC. In contrast, the electrostatic interactions involving 

cTnI[19-37] occur in a solvated environment that does not require as much rigidification of the 

backbone. It does require many positive charges, with as many as eight potentially involved (if His33 is 

included). Notably, Lys35 has been strongly implicated in autosomal dominant dilated cardiomyopathy 

(K36Q by the alternate numbering scheme), decreasing the calcium sensitivity of reconstituted thin 

filaments by 0.3-0.6 pCa units(14)(34). 

 

15N relaxation of cTnI[1-73] free and in complex with cTnC 

 

 15N relaxation rates provide a window into nanosecond to picosecond (10-9 to 10-12 s) timescale 

conformational fluctuations in a protein. Structured proteins tumble with a global rotational 

correlation time, τC, on the order of several nanoseconds for a small domain, with τC scaling roughly 

proportionally to molecular weight. In rigidly structured regions, the overall motion is approximated by 

the global correlation time. As structural flexibility increases, for example, towards the N- or C-

terminus, faster internal motions begin to dominate NMR relaxation behavior. Binding causes a 

decrease in internal motions that can be detected via changes in relaxation. 

 

 15N backbone relaxation studies were obtained for cTnI[1-73] both free and bound to 

C35S,C84S-cTnC (Figure A.4). The transverse relaxation rate, R2, is roughly proportional to the 

weighted average correlation time (including global tumbling and internal motions) at each backbone 

amide site. R1 relaxation is most effectively induced by motions with a timescale near 2-3 nanoseconds 

(15N nucleus on a 600 MHz spectrometer). A negative 1H-15N heteronuclear NOE is most effectively 

induced by motions with a timescale near 0.2-0.3 nanoseconds.  
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s-1). This work, along with the present study, show that interaction with the cardiac-specific N-terminal 

extension of cTnI fixes the position of the cNTnC regulatory domain relative to the rest of the troponin 

complex, while phosphorylation of cTnI Ser22/Ser23 abolishes this. 

 

The relaxation data for cTnI[19-37]are quite informative. Upon addition of cTnC the most 

striking change is the plateau of increased R2 values in this region (see Figure A.4). This indicates that, 

although cTnI[19-37] is intrinsically disordered with no secondary structure preference, there is a 

substantial restriction of mobility. This would be expected if Arg19-21, Arg26, and Lys35-37 are 

electrostatically tethered, but there is likely transient structuring occurring in the intervening 

segments as well. Faint intermediate-range (i,i+3 and i,i+4) intramolecular 1H-1H NOEs are scattered 

throughout residues 18-32, indicating transient helix- or turn-like structure, though chemical shift 

analysis indicates no net helical preference. Interestingly, the MICS Protein Structural Motif Prediction 

program indicates some potential turn structure at residues 22-25 and 31-34. The increased R2 values in 

cTnI[19-37] could result from fast conformational exchange (microsecond to millisecond timescale) 

and/or conformational restriction on the nanosecond timescale. Support for the latter comes from 

accompanying changes in R1 and heteronuclear NOE values. Note that the R1 values for cTnI[19-37] are 

the highest in all of cTnI, and these could not arise from an equilibrium between a strongly bound 

structured state (which would have a correlation time of 15 ns and R1< 1 s-1) and a free state (with R1< 

1.5 s-1 from Figure A.4). If this were the case, the R1 values would be an average of these two states 

and significantly lower (so long as the exchange time constants were significantly longer than the 

nanosecond timescale correlation times). Instead, the high R1 values (up to 2 s-1) suggest a single 

partially structured state (or ensemble of very rapidly interconverting partially structured states). 

 

Residues 2-18 of cTnI appear to be very mobile with considerable subnanosecond timescale 

motions and increasing mobility towards the N-terminus. Upon addition of cTnC, there is no change in 

the rapid motions (followed by R1 and NOEs) in this region, suggesting that it is not tethered in the 

same way as cTnI[19-37]. 

 

Calcium titration of cTnI[1-73]-cTnC 

 

 The calcium binding affinity of IAANS-Cys84 conjugate of C35S-cTnC was studied using 

fluorescence, in complex with either cTnI[1-73] or cTnI[34-71] (see Supplementary Figure A.3). cTnI[1-

73]-cTnC had a calcium pCa50 of 6.04 ± 0.03, and cTnI[34-71]-cTnC, 6.04 ± 0.04. Thus, there was no 

measurable difference between the calcium affinities of the complexes. Thus, the electrostatic 

interaction between cTnI[19-37] and cNTnC does not exert a direct effect on the calcium binding 

affinity of cNTnC. 
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Discussion 

 

The unphosphorylated cardiac-specific N-terminal extension of cTnI interacts with cNTnC while 

remaining in a mobile, disordered state. Intrinsically disordered regions (IDRs) are believed to make up 

a large proportion of protein sequences in eukaryotic proteomes. Due to their high solvent 

accessibility, they are readily available for post-translational modifications like proteolysis and 

phosphorylation(36). IDRs can be regulated by multiple weak electrostatic interactions, and multiple 

phosphorylations are an effective means to add to or overcome these. A good example of the former is 

the increasing binding affinity between Sic-1 and Cdc4 as Sic-1 is increasingly phosphorylated (26, 37). 

In contrast, phosphorylation of both Ser22 and Ser23in cTnI has been shown to abolish the interaction 

with cNTnC(23)(38)(35), with the two phosphate groups neutralizing the +4 positive charge locally 

contributed by Arg19, Arg20, Arg21, and Arg26. The physiologic effect of arginine mutation or PKA 

phosphorylation is to reduce the calcium sensitivity of troponin(24)(38). On the other hand, the R21C 

(R20C by our numbering) mutation disrupts the PKA consensus phosphorylation sequence, RRXS, causing 

increased calcium sensitivity and hypertrophic cardiomyopathy in humans (39) and animal models(40, 

41). 

 

The direct consequence of the interaction between cTnC and unphosphorylated cTnI[1-37] is 

that the orientation of cNTnC becomes fixed relative to the rest of the troponin complex. Any post-

translational modification or mutation within the troponin complex that disrupts the delicate 

positioning of the cNTnC domain would then be expected to have an effect similar to cTnI Ser22/23 

phosphorylation, releasing cNTnC and allowing it to gyrate independently of the troponin complex. This 

may explain why many of these modifications abolish the effect of Ser22/23 phosphorylation or have a 

greater influence on the unphosphorylated state (see Introduction).  

 

The positioning of cNTnC is critically important because it binds to the switch region, cTnI[148-

158], to initiate cardiac contraction. The switch region is flanked by the inhibitory and regulatory 

regions, cTnI[136-147] and cTnI[161-209], that are anchored to actin during diastole(42). During 

calcium-activated systole, hydrophobic binding of “opened” cNTnC induces helix formation in cTnI[148-

158] and sequesters the inhibitory and regulatory segments from their respective binding sites on actin. 

The positioning of cTnI[148-158] in the context of the thin filament is currently unknown, but it is quite 

possible that, while cTnI is unphosphorylated, cNTnC is well positioned to bind cTnI[148-158] as soon as 

calcium becomes available during systole. This would increase the effective concentration of the 

cTnI[148-158] switch peptide, driving the cNTnC equilibrium toward the calcium-stabilized open state 

and thereby enhancing the calcium sensitivity of the cardiac thin filament. 
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Optimal positioning of the cNTnC domain may also explain the steeper length dependence 

curve of the Frank-Starling law of the heart when cTnI is phosphorylated(9, 10). The Frank-Starling law 

is caused by an unknown structural change that brings myosin heads into closer proximity of actin (43, 

44), increasing duty ratio, the proportion of myosin heads strongly bound to actin. This change 

displaces tropomyosin and the inhibitory segments of cTnI from their diastolic actin binding sites, 

making the switch region, cTnI[148-158], more readily available for cNTnC binding and thereby 

increasing the calcium affinity of cNTnC. The effective concentration of free cTnI[148-158] may be a 

more important factor when cNTnC is unrestrained and must randomly “search” for its binding partner. 

Alternatively, downstream structural changes resulting from the actin-myosin interaction may lead to a 

positioning of cNTnC (through an as of yet uncharacterized interaction) that is redundant to that set up 

by unphosphorylated cTnI[1-37]. 

 

One limitation of the current study is that not all of the troponin complex components are 

present. While it seems unlikely that cTnI[1-73] binds to the IT arm on the opposite face of cCTnC, it is 

quite possible that the large volume of space accessible to the mobile cTnI[1-37] segment intersects 

with that of cTnI[136-147], cTnI[161-209], and cTnT[272-288], highly charged IDRs invisible in the 

crystal structure but known to interact with actin. Indeed, a major consequence of fixing the 

orientation of cNTnC via the cTnI[1-37] IDR could be that potentially non-productive interactions with 

other IDRs are prevented. The extent to which all of these IDRs interact with each other and with 

charged surfaces on troponin, tropomyosin, or actin remains to be clarified by future NMR studies.  

 

 In conclusion, our findings contradict an earlier model that proposed a rigid structure for 

cTnI[1-37] that stabilizes the open state of cNTnC to directly increase its calcium affinity (16). We did 

not observe evidence for a rigid structure in any way, nor a direct increase in calcium affinity. In our 

proposed model, the cardiac-specific N-terminal extension of cTnI remains largely disordered while it 

interacts electrostatically with cNTnC. This interaction does not affect the closed-open equilibrium of 

cNTnC, but indirectly increases calcium affinity by optimally positioning cNTnC to bind cTnI switch 

peptide. Phosphorylation at cTnI Ser22/23 disrupts this delicate arrangement, which we predict will be 

impacted by other regulatory mechanisms as well. 

 

Materials and methods 

 

Protein production and purification 

 

Wildtype- or C35S,C84S-cTnC was expressed in E. coli using a pET3a-derivedexpression 

vector(45) and purified according to previously published protocols(46). In brief, purification involved 

three chromatographic steps: anion exchange, hydrophobic, and gel filtration chromatography. cTnI[1-
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73] with a C-terminal His-tag was expressed in a modified pET31b vector altered to fuse cTnI[1-73] to 

the C-terminus of the -barrel membrane protein, PagP, as previously described(47). cTnI[1-73] was 

separated from PagP via cyanogen bromide cleavage in 0.1 M HCl, 6 M Gdn-HCl and purified using 

nickel affinity chromatography under denaturing conditions. cTnI[144-163] a and cTnI[34-71] peptides 

were synthesized and purified by GL Biochem (Shanghai, China). 

 

The cTnI[1-73] protein purified from the PagP-fusion construct was stable over the course of 

NMR experiments. However, after addition of cTnC, it was not uncommon for cTnI[1-73] to be slowly 

degraded, with proteolytic cleavage occurring N-terminal to Tyr25 or Tyr28, similar to what was 

observed from cTnI from human heart tissue(5). The change could be monitored by following the 

disappearance of NMR peaks corresponding to Tyr25-Ala29. Alternatively, it could be detected in cTnC 

by measuring 15N R2 relaxation rates, which would show that the two domains of cTnC were no longer 

tethered together by cTnI[1-73]. 

 

NMR spectroscopy sample preparation 

 

For spectral simplicity, only one component of the protein complexes was isotopically labeled 

at a time. Enough labeled (15N- or 2H,15N- or 13C,15N-enriched) lyophilized protein to make a 0.5-1.0 mM 

sample was dissolved in 450 μL of buffer, consisting of 100 mM KCl, 10 mM imidazole, 10 mM CaCl2, 

0.5 mM DSS, CalBiochem Protease Inhibitor Cocktail Set I, and 5% D2O. When wildtype-cTnC was used, 

the buffer was further supplemented with 20 mM DTT. The pH was corrected to about 6.2 and 

monitored using 1D-1H NMR by measuring the pH-sensitive downfield imidazole H2 peak(48). A 1H,15N-

HSQC spectrum of the initial sample was obtained at 40°C, and a 5 mM solution of the unlabeled 

binding partner was titrated in 10-15 μL aliquots. The titration was followed by serial 1H,15N-HSQC 

spectra. The binding equilibrium was in the slow exchange regime, so the titration was continued until 

the peaks corresponding to the unbound form disappeared completely. A ternary complex was also 

made by adding an excess (2 mg) of unlabeled cTnI[144-163] switch peptide. 

 

NMR spectroscopy and data analysis 

 

Three-dimensional backbone assignment spectra were recorded on a Varian Inova 600 

spectrometer. All experiments were from Agilent BioPack (VnmrJ 3.2D) unless otherwise specified. The 

experiments used for backbone assignment were HNCA, HN(CO)CA, HN(CA)CO, and HNCO. The 

molecular weight of the cTnC-cTnI[1-73] complex was 28 kDa, and sensitivity was further limited by 

exchange broadening. Additional experiments were used to assign the flexible regions of cTnI[1-73]: 

HNCACB, H(CCO)NH-TOCSY, and (H)C(CO)NH-TOCSY. To obtain the complete assignments of cTnC, 

HN(CA)HA and HA(CACO)NH (49)experiments were recorded, in-house modified from the BioPack 
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HNCACB and CBCA(CO)NH experiments, respectively. 15N-edited NOESY-HSQC spectra were also used 

for backbone assignment. Enhanced sensitivity and gradient selection was utilized in the backbone 

assignment triple resonance experiments, but TROSYwas not used for the 15N and 1H dimensions. 

 

Three-dimensional NOESY spectra were acquired on a Varian Inova 800 spectrometer equipped 

with cryoprobe. 13C-edited HMQC-NOESY spectra were run on 13C,15N-labeled samples in H2O, though 

the majority of intramolecular NOE data were obtained from 13C-edited NOESY-HSQC spectra acquired 

in D2O, and intermolecular NOEs were obtained from 12C-filtered, 13C-edited NOESY-HSQC spectra in 

D2O. NMR data were processed using NMRPipe (50)software and visualized and analyzed with 

NMRViewJ(51). 

 

 15N T1, T2, and 1H-15N NOE experiments were conducted using 2H,15N- labeled cTnI[1,73] with 

unlabeled aCys-cTnC. TROSY was utilized in the 1H and 15N dimensions. A 6-second saturation time or 

recycle delay was used in the NOE experiments. For T1 and T2, curves were fit using a monoexponential 

decay function using the simplex minimization algorithm in MATLAB®. The variance for each timepoint 

was estimated from the sum of the squares of the residuals divided by (N-2), where N is the number of 

data points for each curve and 2 is the number of fitting parameters. A Monte Carlo method was then 

applied to obtain error estimates for R1 and R2. For 1H-15N NOE, the error estimate was based on the 

ratio of spectral noise to signal intensity in the reference spectrum, multiplied by a factor of √2 to 

reflect the fact that the 1H-15N NOE is a ratio.15N R1, R2, and 1H-15N NOE data were further analyzed 

using either a model-free analysis of internal motions(52).  

 

Fluorescence spectroscopy 

 

2-(4'- (iodoacetamido)anilino)naphthalene-6-sulfonic acid (IAANS) reacted with C35S cTnC 

Cys84 in labeling buffer (in 50mM Tris, 150mM KCl, 1mM EGTA, and 6M urea, pH 7.0) for 4 h at 4°C(32). 

The labeling reaction was stopped by addition of 2 mM DTT, and the labeled protein was exhaustively 

dialyzed against refolding buffer (600mM MOPS, 150mM KCl, and 2mM EGTA, pH7.0) to remove 

unreacted label.  

 

All steady-state fluorescence measurements were performed at 22 °C. IAANS fluorescence was 

excited at 325 nm and monitored at 450 nm. Microliter amounts of CaCl2 were titrated into a 2 mL 

solution containing cTnC-cTnI[1-73] or cTnC-cTnI[34-71] (0.2 μM), 200mM MOPS, pH 7.0, 150mM KCl, 

2mM EGTA, 1 mM DTT, and 3 mM MgCl2.An excess of cTnI peptide was used for the complexes 

([cTnI]/[cTnC] =1.3), with protein concentrations quantitated by amino acid analysis following acid 

hydrolysis. Free [Ca2+] was calculated with the program Maxchelator developed by Chris Patton and 



312 

 

available at http://maxchelator.stanford.edu/CaMgATPEGTA-NIST.htm. Fluorescence experiments were 

performed in triplicate to determine error ranges for individual measurements as well as pCa. 
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Appendix B 

Future Directions 

 

This appendix contains my original ideas regarding specific modifications to the structure of 

bepridil to explore in the future based on the content of this thesis. It also contains suggestions for 

additional experiments to follow the work reported in previous chapters. 

 

In the design of better Ca2+ sensitizers we aim for two main effects. First the stabilization of 

the open conformation of cNTnC. To accomplish this first and primary feature, we learned that binding 

of small molecules in the hydropobic core of cNTnC in the low micromolar range can be sufficient, as in 

the case of bepridil. In Chapter 10, we showed that the affinity of the core of bepridil could be 

improved. Thus a starting point could be 3-methyl-diphenylamine (3m-DPA), as it showed the lowest 

dissociation constant when binding to cChimera. A next logical step would be to improve the rest of the 

original bepridil structural susbtituents, i.e. the pyrrolidine ring and the hydrophobic tail (Figure B.1). 

Modifications to these groups can be directed to meet the secondary but desirable effect of increasing 

switch-cTnI binding to cNTnC. For this purpose I propose to remove the hydrophic tail and modify the 

pyrrolidine group to favor interactions with cNTnC and switch-cTnI simultaneously. 

 

It was proposed earlier that the hydrophobic tail of bepridil may clash with the N-terminal 

region of switch-TnI1. In addition, the lack of NOEs between cNTnC and both the hydrophobic tail and 

the pyrrolidine groups of bepridil prevented an exact localization of these groups in the NMR structure 

of cNTnC∙switch-cTnI∙bepridil. Nonetheless, the lowest energy structure shows the pyrrolidine ring in 

the same site as in the crystal structure of cTnC∙3bepridil2. In addition, the same site is predicted for 

probe binding by FTMap in silico. Thus, removing the tail while keeping the pyrrolidine ring seems a 

logical step in the optimization of bepridil. 

 

Substituents in the original pyrrolidine ring of bepridil may enhance interactions of the small 

molecule with switch-cTnI. A stretch of positive arginine residues is present in the N-terminal side of 

switch-cTnI (RRVR residues 144-147) close to the binding site of the pyrrolidine ring. This can be used 

to induce interactions with the small molecule once bound to cNTnC. For this purpose, groups that can 

function as hydrogen-bond acceptors can be incorporated on the pyrrolidine ring to interact with 

arginine as the hydrogen-bond donor. Negatively charged groups can also be incorporated to promote 

electrostatic interactions with the RRVR motif of cTnI. 
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In the vicinity of the pyrrolidine binding site is the glutamate residue E63 on helix C of cNTnC 

which may be advantageous to enhance the interaction of the drug molecule with cNTnC. In a similar 

manner, the formation of hydrogen-bonds can be induced by incorporating donors in the small 

molecule. Another possibility to enhance interactions with E63 is the incorporation of positively 

charged groups. We already learned the importance of electrostatic interactions between the Tn 

subunits. In the design of pH sensitive drugs for ischemic heart disease it is necessary that the pKa of 

these groups is within the range of pH change observed during ischemia. Above pH ~6.5 and below the 

physiological pH of 7.4 would be ideal to enhance interactions under acidic conditions in the diseased 

heart. 

 

The previous modifications could also be applied to a different core molecule such as i9 or 

dfbp-o which bind deep in the hydrophobic cleft of cNTnC. Alternatively, the reactive group of i9 could 

be modified to favor reversible covalent binding to allow the conversion to the relaxed state of in the 

cardiac muscle. Yet another variant is to incorporate cysteine-reactive groups in the 3m-DPA molecule. 

 

In Chapter 7, I reported the selective reaction of i9, a covalent Ca2+ sensitizer, with C84 of 

cNTnC. This was proposed to be the result of a two-step process in which the first event is non-

covalent binding of i9 in the hydrophobic cleft of cNTnC. To corroborate this theory, I suggest to assess 

the binding of a non-reactive analogue of i9. By reacting (2’,4’-difluorobiphenyl-4-yl)-methanamine 

(See compound 1 in Figure 7.4 on page 177) with 2-hydroxyacetyl-chloride, an OH group is incorporated 

instead of I of i9. This compound can be used to assess the non-covalent binding step. Also, to assess 

the effect of i9 on the binding of switch-cTnI I suggest to perform a titration of the cTnI peptide into 

cNTnC reacted with i9. 
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