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ABSTRACT

Ischemic heart disease is the leading cause of death worldwide. It can lead to acute
myocardial infarction, commonly known as a “heart attack”, in which heart muscle dies due to
disruption of its oxygen and blood supply. Even if patients survive a heart attack and receive the
best medical therapy possible, many go on to develop systolic heart failure, in which the heart
muscle becomes progressively weaker and more dilated, impairing its ability to pump enough
blood to satisfy the needs of the body. It is important to understand how the heart regulates its
pumping activity, how it becomes dysregulated in ischemic heart disease and heart failure, and
how this might be corrected through novel medical therapies.

Cardiac muscle contraction is turned on and off in a calcium dependent manner through
the cardiac troponin complex, which is comprised of three subunits: troponin C (cTnC), troponin
I (cTnl) and troponin T (cTnT). ¢Tnl has a C-terminal tail (residues 135-209) that binds to the
actin-tropomyosin thin filament to maintain it in a blocked state under low calcium resting
conditions. During systole, calcium ions flood the cytoplasm and activate the N-terminal domain
of cTnC (cNTnC), allowing it to bind to the switch region of cTnl (residues 146-158), releasing
inhibition of cTnl and allowing actin-myosin cross-bridging and muscle contraction to proceed.

cTnl is known to be cleaved in ischemia-reperfusion (I/R) injury. We demonstrate that it
remains susceptible to proteolysis even while bound to actin or cTnC. Using in vitro proteolysis
and mass spectrometry, we demonstrate that the switch region of cTnl is cleaved by matrix
metalloproteinase-2 (MMP-2) and calpain, two intracellular proteases implicated in I/R injury.
Cleavage in this essential region could account for myocardial stunning, a phenomenon whereby
contraction is temporarily depressed in living and apparently structurally intact cardiac muscle.

Physiologic regulation of human cardiac troponin activation occurs via phosphorylation of
the cardiac-specific N-terminal tail of cTnl (residues 1-32). Using solution NMR spectroscopy, we
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demonstrate that this N-terminal tail interacts with the cNTnC to fix it to the active orientation
needed to bind the switch region of ¢Tnl. Phosphorylation of the N-terminal tail disrupts this
orientation, as do some mutations in ¢TnC and cTnl associated with dilated cardiomyopathy. By
reconstituting the cardiac troponin complex without the activating N- and C-terminal tails of ¢Tnl,
we demonstrate the presence of an alternative “dormant” orientation of the cNTnC domain that
competes with its active orientation.

Finally, we have developed RPI-194, a novel small molecule cardiac troponin activator.
Using NMR and fluorescence spectroscopy, we demonstrate that it stabilizes the activated
calcium-bound complex between cNTnC and ¢Tnl. Moreover, RPI-194 acts as a calcium sensitizer
in cardiac muscle, as well as in slow skeletal and fast skeletal muscle fibers. However, it appears
to slow down unloaded contraction in muscle fibers as well as in individual mouse cardiomyocytes.
In isolated perfused mouse heart, RPI-194 increases cardiac work.

In summary, cardiac function is carefully regulated at the level of the cardiac troponin
complex, but can be disrupted by proteolysis or cardiomyopathy-causing mutations. An exciting
possibility is the development of drugs to powerfully modulate troponin activity in order to correct

cardiac contractile function in disease states.
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CHAPTER 1

INTRODUCTION

A portion of this chapter has been published as a book chapter in:

Mahmud, Z. & Hwang, P.M. Cardiac troponin complex: cardiac troponin C (TNNC1), cardiac
troponin I (TNNI3), and cardiac troponin T (TNNT2). Encyclopedia of Signaling Molecules, 2nd
Edition. S. Choi (ed.). pp. 692-701 (2018). Adapted by permission from Springer Nature Customer
Service Centre GmbH: Springer Nature, Cardiac troponin complex: cardiac troponin C (TNNCI),
cardiac troponin I (TNNI3), and cardiac troponin T (TNNT2) by Mahmud, Z. & Hwang, P.M.

5118631015424, (2018).



1.1 Introduction to the cardiac troponin complex

The 1950s and 1960s were a golden era of striated muscle research. Several fundamental
discoveries from that period shaped our existing knowledge of the mechanism of striated muscle
regulation. It all started even prior to that, with the discovery of a sticky protein extracted from
muscle in salt solution by Kiihne in 1864!2. It was named “myosin”!. During the Second World
War years of 1941-1943, Albert Szent-Gyorgyi and his colleagues identified two forms of myosin
(A, B)**. In 1942, it was discovered that the difference between myosin A and B is the presence

»*_One of the most significant discoveries that revolutionized the

of another protein, named “actin
study of striated muscle is the sliding filament theory by Hugh Huxley’. In 1952, he described two
filamentous structures by electron microscopy: thick filaments and thin filaments®. Tropomyosin,
a part of the thin filament, was discovered by Bailey in 1946 and isolated by him in 1948”3,
Unknown at the time, this purified tropomyosin also contained troponin and regulated the thin
filament by inhibiting the actin-myosin ATPase activity in a calcium-dependent manner. The
troponin complex was first discovered and characterized by Ebashi in 1963%!°, Initially it was
named “native tropomyosin”, but later Greaser and Gergely proposed the name of a separate
troponin complex made up of three subunits'!. Troponin C binds to Ca®" and belongs to the
calmodulin superfamily, Troponin I is an inhibitory subunit, and Troponin T binds to
tropomyosin'? . In 2003, the crystal structure of the human cardiac troponin complex (cTn) was
published and serves as a tool for the fundamental structural understanding of each troponin

subunit’. In 2020, the cryo-EM structure of the cardiac thin filament showcases each of the

troponin subunits in relation to the other thin filament proteins'®.



1.2 The sarcomere and the troponin complex

Sarcomeres are the primary contractile units of striated muscles, e.g., cardiac and skeletal
muscles, which are linked in series and wrapped bundled together to form the organelles of
contraction, myofibrils'®>. An individual sarcomere is composed of overlapping motor protein
myosin-containing thick filaments (15 nm in diameter) and thin filaments (7 nm in diameter),
which are comprised of actin monomers, tropomyosin, and the troponin complex!®. Activation of
myosin ATPase by the interaction between actin and myosin powers muscle contraction by sliding
actin thin filaments against myosin thick filaments'’. Thin filaments are organised into repeating
structural units (38.5 nm)'®, each containing fourteen twisted “double string of beads” actin
monomers, one tropomyosin dimer and one troponin complex associated with seven helically
arranged actin monomers. Each thick filament of striated muscle is comprised of a bundle of highly
organised myosin molecules (more than 200)'°. Cross-bridges between thin and thick filaments
are formed when the globular head of myosin binds to actin. At low Ca?" concentration, the
tropomyosin-troponin complex blocks the interaction between myosin and actin, so the muscle
does not contract (Figure 1.1). The release of Ca** from the sarcoplasmic reticulum increases the
cytoplasmic concentration of Ca?*, and Ca** binding to troponin results in a conformational change
within the troponin complex that releases tropomyosin into a position that allows for actin-myosin

interaction and muscle contraction.



Ca?* free state Ca?* bound state

Figure 1.1: The cryo-EM structure of reconstituted thin filament consists of recombinantly
expressed and purified rabbit skeletal muscle actin, human cardiac tropomyosin, human cardiac
troponin complex (cTnC-blue, cTnl-red and cTnT-magenta) in calcium-free and bound states.
Presence of calcium results in conformational changes in ¢Tn (switch region of ¢Tnl comes off
from actin (cyan) and binds to cNTnC (blue), moving tropomyosin (yellow) from the blocked
position to a closed position and exposing actin-binding sites for myosin. Myosin from the thick
filament is not shown in this figure. A three-dimensional illustration of this thin filament was

prepared by PyMOL using PDB structures, 6KN8 and 6KN7'4,

Troponin subunits are encoded by separate homologous genes for each muscle type:
cardiac, slow skeletal (type 1) and fast skeletal (type 2) muscle. Both Tnl and TnT have three
muscle type-specific isoforms, whereas TnC is expressed in two isoforms. Cardiac and slow
skeletal muscle share one isoform encoded by TNNC1, while fast TnC expressed in fast skeletal
muscle is encoded by TNNC ?°. Both cardiac TnC (cTnC) and fast skeletal TnC (sTnC) isoforms

are expressed in embryonic skeletal muscle during development (Figure 1.2). However, gene
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expression of cTnC is switched off during the transition to fast skeletal muscle. The three isoforms
of Tnl are encoded by slow skeletal muscle (TNNI1), fast skeletal muscle (TNNI2), and cardiac
Tnl (TNNI3)*'. During embryonic and fetal development, the slow skeletal isoform is expressed
in the heart, but it is completely replaced by cardiac isoform shortly after birth (Figure 1.2). TNNI3
is the sole isoform throughout adult life, and this does not change through pathologic states such
as heart failure. There are three muscle type-specific homologous genes encoded by TnT present
in vertebrates: slow skeletal (TNNTI), cardiac muscle (TNNT2) and fast skeletal muscle
(TNNT3)*. Their expression is fiber specific, with TNNTI and TNNT3 expressed in slow and fast
skeletal muscle, respectively. TNNT2 is expressed in cardiac muscle, but it is also expressed in

embryonic skeletal muscle (Figure 1.2).

Troponin Complex

Troponin C Troponin | Troponin T
Cardiac/slow skeletal Fast skeletal Cardiac Slow skeletal Cardiac Slow skeletal
(TNNC1) (TNNC2) (TNNI3) (TNNI) (TNNT2) (TNNTA)
\ : :
Fast skeletal Fast skeletal
(TNNI2) : : (TNNT3)
R A |

Also expressed in embryonic
cardiac muscle

-------------------------

Also expressed in embryonic
skeletal muscle

LT
m————
—————’

Figure 1.2: Striated muscle specific expression of troponin subunits. Figure adapted from

Mahmud & Hwang?’.

The presence of tissue-specific isoforms is clinically important. The measurement of
elevated cTnl and cTnT levels in serum is a very specific marker for myocardial damage. Detection
of ¢Tnl or ¢TnT in blood has thus become the gold standard for diagnosing non-ST segment

elevation myocardial infarction. More recently, the detection of cTnl and cTnT has become so
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sensitive that low levels can now be detected even in healthy individuals, and chronically elevated

levels indicate increased cardiovascular risk?*.

1.3 Structure and function of the cardiac troponin complex

1.3.1 Structure and function of cardiac troponin C

cTnC is a calcium binding subunit of the cTn belonging to the EF hand superfamily. It
consists of 161 amino acid residues with a molecular mass of 18 kDa, containing four EF hand
helix-loop-helix metal ion binding signature motifs. X-ray and NMR studies revealed that cTnC
adopts a dumbbell shaped structure with N- and C-terminal globular domains connected by a
central linker. In X-ray structures, the central linker forms a rigid nine turn a-helix, whereas it is
very flexible and intrinsically disordered in solution NMR structures. NMR studies also show that
the two domains of ¢cTnC tumble separately and are able to adopt various domain orientations?>.
There are eight helices (A-H) in four EF hands and one additional 9-residue N helix at the N
terminus (Figure 1.3). The Ca®" binding loop consists of 12 amino acid residues rich in aspartate
and glutamate. Six residues 1(X), 3(Y), 5(Z), 7(-X), 9(-Y) and 12(-Z) in the loop provide oxygen
ligands to coordinate the Ca** ion (EF hand I*, II, III, and IV calcium-coordinating residues
colored as green in Figure 1.3). The C-terminal domain (cCTnC) is also called the structural
domain, and it anchors the whole troponin complex to the thin filament by interacting with other
subunits of the troponin complex, troponin I (Tnl) and troponin T (TnT). It has two high affinity
Ca?" or Mg?" binding sites (EF III and EF IV), which are always occupied by either one of these
ions, even in the resting muscle cell. On the other hand, the regulatory domain or the N-terminal
domain (cNTnC) plays a major role in muscle contraction and relaxation through its two low
affinity Ca?" binding sites (EF I and EF II). The Ca*" binding site properties of the structural C

domain are similar in both fast skeletal and cardiac/slow skeletal isoforms but differ in the
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regulatory N domain. In ¢TnC, the N domain EF I calcium binding site is inactive because of a
Val28 single residue insertion and two chelating residue D29L and D3 1A substitutions. Therefore,
only the binding site EF II in the N-domain maintains the crucial calcium-sensitive regulatory

function for cardiac/slow skeletal muscle.

10 20 30 40 50 60 70
MDDIYKAAVE QLTEEQKNEF KAAFDIFVLG AEDGCISTKE LGKVMRMLGQ NPTPEELQEM IDEVDEDGSG
RRTA TR i « by Vo Ve IRAT Al -
N A EF 1 B C EF 1l
80 90 100 110 120 130 140
TvDFDEFLVM MVRCMKDDSK GKSEEELSDL FRMFDKNADG YIDLDELKIM LQATGETITE DDIEELMKDG
TR ST i TS - NMRAT T e TSRS e
D E EF I F G
150 160
DKNNDGRIDY DEFLEFMKGV E
N RS -
EF IV H

Figure 1.3: Amino acid sequence of cTnC and its 9 helices are denoted by helix illustration with
their corresponding sequences. Calcium-coordinating EF-hand positions 1(X), 3(Y), 5(2), 7(-X),
9(-Y), and 12(-Z) are marked in green. EF-hand I in ¢TnC is inactive denoted with an asterisk due
to two chelating residue substitutions at position 29 and 31 highlighted in red. Figure adapted from
Mahmud & Hwang?’.

The mechanism of striated muscle contraction by the transient rise of cytosolic Ca®" in both
isoforms (sTnC and c¢TnC) is dependent on the N-domain. Ca?" binding to the N-domain initiates
a cascade of conformational changes in the troponin complex as well as in the thin filament®°. This

phenomenon switches the N-domain from a closed to open state by moving away helices B, and

C from helices N, A and D, exposing a hydrophobic pocket”’ that interacts with the switch region

of troponin I (cTnl 143.158)*

(Figure 1.4). Binding of ¢cNTnC to the switch region promotes the
detachment of its adjacent cTnl inhibitory regions from their binding sites on actin, which releases

actin-myosin inhibition and turns on muscle contraction by activating myofilament sliding. In



contrast, although having significant homology to sTnC, the structural transition in the cardiac
isoform (cTnC) is different because cNTnC remains predominately closed in the absence or
presence of calcium, most likely the consequence of inactive calcium binding site I (EF 1)*. It has
been demonstrated that binding of Ca** alone in the EF 1I site of cNTnC does not bring any large
conformational changes, but it increases the binding affinity of ¢cTnl 148-158 for cNTnC. The NMR
structure of Ca?* bound cNTnC in the presence of cTnl 14s.158 revealed that binding of cTnli4s-158
stabilizes the open conformation by inserting Ile 148 and Met 153 residues into the large
hydrophobic patch?. It is apparent that cNTnC exists in dynamic equilibrium between closed and
open forms in the presence of Ca**, which favors the subsequent binding of the ¢Tnl switch region
as well as increasing its Ca®" binding affinity. During development and pathological adaptations,
there are no alternative splicing or post-translational modifications of c¢TnC observed that

modulate its calcium binding activity!”.
1.3.2 Structure and function of cardiac troponin I

cTnl, the inhibitory subunit of the cTn, is a 24 kDa highly flexible protein that can adopt
different conformations to interact with other thin filament proteins. There are six functional
segments of ¢Tnl according to in vitro structure-function studies. For consistent numbering and
explanation of these segments we will use the first alanine as residue 1 because the N-terminal

methionine residue is removed and replaced by an acetyl group.

The cardiac specific N-terminal extension (cTnl;-31), which is absent in both fast and slow

skeletal Tnl, contains two protein kinase dependent phosphorylation sites, Ser-22 and Ser-23°%3!,

The structure of this segment was studied by solution NMR techniques in both phosphorylated and



non-phosphorylated states*?, showing that it is intrinsically disordered, explaining why it is not

visible in crystal structures'?.

The N-terminal extension interacts with the N-domain of ¢TnC when it is not
phosphorylated. According to a study®® from our lab of ¢Tnl;.73 in complex with ¢TnC.3Ca",
cTnli9.37 has an electrostatic interaction with the negatively charged cNTnC in which the N
terminal extended region remains disordered even in complex with ¢cNTnC. This interaction
stabilizes the activated orientation of the cNTnC domain relative to the rest of the cTn, thereby
promoting calcium-activated cardiac muscle contraction. Cyclic AMP-activated protein kinase A
phosphorylation of Ser-22, and Ser-23 weakens the electrostatic interaction, thus destabilizing the
activated orientation of the cNTnC domain and shifting the contractile balance more towards

relaxation.

The IT arm region consists of cTnlz9.136 and cTnT225.276 binding to the C domain of ¢TnC.
c¢Tnls9.136 has two a helices, cTnlzg.79 and ¢Tnlss-136. cTnl39.60 has been demonstrated to bind with
the hydrophobic cleft of cCTnC (Figure 1.4). cTnT225-276 1s positioned between cCTnC and cTnlgs-
136> This IT arm region dominates the overall core domain structure of the troponin complex and

plays a structural role by bringing the three subunits of troponin together.

The inhibitory-peptide region cTnli2s.147 (or rather the corresponding homologous segment
in rabbit fast skeletal Tnl) was originally found to inhibit actin-myosin ATPase activity on its
own>*. This inhibitory peptide showed 90% inhibition of actin-myosin ATPase activity in the
presence of tropomyosin®**. An NMR study prior to the publication of the X-ray crystal structure
of ¢Tn suggested a potential interaction between cTnli2s-147 and cCTnC?>. That interaction could
be possible when cTnli28.147 and cCTnC are studied separately but in the context of intact cTn, it

is unlikely to happen because when cTnls1.60 binds to cCTnC it will displace cTnli2s-147 from the
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cCTnC binding sites (Figure 1.4). The X-ray structure of cTn clearly shows that the second a-
helix of ¢Tnl, cTnloo-135 is a part of the IT arm and forms a coiled-coil structure with the cTnl22s-
271. According to the X-ray structure of cTn!3, the inhibitory region of c¢Tnl that inhibits actin-
myosin interaction is ¢Tnli37.14". It was originally thought to come off of actin with activation
(cNTnC bound to Ca**), but the cryo-EM structure shows that this inhibitory region stays tethered

to actin during activation'?.

The switch region cTnliss.158 plays an important role in the cNTnC dynamic equilibrium
between closed and open states. The position of the switch region is just next to the inhibitory
peptide region (Figure 1.4). During relaxation (Ca** free state), the switch region cTnlj4s-15s binds
to actin and promotes inhibition of actin-myosin interaction. During contraction, it comes off from
actin and binds to the hydrophobic cleft of cNTnC and stabilizes the open conformation in the

presence of calcium'®.

The C-terminal actin binding site ¢Tnlis9-209 is the second actin-tropomyosin binding site
which is intrinsically disordered (may adopt secondary structure when it binds to actin-

tropomyosin) and is the most conserved region among cTnl isoforms across species.

The recently solved cryo-EM structure of cardiac thin filament illustrates the activation of
cTn in the context of other thin filament proteins (Figure 1.1)!. The most widely accepted
hypothesis of muscle contraction is that which includes the presence of calcium, cNTnC binds to
the switch region of cTnl, dragging the adjacent inhibitory region (cTnli3s.147) away from its actin-
tropomyosin binding sites. Tropomyosin shifts from the blocked position®® along the actin filament
to the closed position®, which allows the myosin head to bind to the exposed actin-binding site
and further shift tropomyosin to the open position®®. In the cryo-EM structure of the low calcium

form of the thin filament, the C-terminal tail of cTnl including the inhibitory region (cTnli3s.147),
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the switch region (cTnli4s-158), and the C-terminal actin-tropomyosin binding site (cTnli59-209) can
be seen adopting an elongated shape that spans several actin monomers as it maintains
tropomyosin and puts tropomyosin in the blocked state!*. Surprisingly, in the high calcium state,
the inhibitory region in fact remains bound to actin even though cNTnC binds to the switch
region', so that it remains bound to actin throughout the cardiac cycle, in contrast to pre-existing
models of its role’”%. Instead, the cNTnC domain appears to form interactions with tropomyosin
that displace it from the blocked position, and the cTnl switch region and the segments C-terminal

to it, cTnli46-209, are displaced from their binding sites on actin.
1.3.3 Structure and function of cardiac troponin T

cTnT is a striated muscle specific myofilament protein with a molecular weight of 31-36
kDa that contains 250-300 amino acids, depending on variable alternative splicing. cTnT anchors
the troponin complex to tropomyosin on the thin filament. Based on proteolysis and binding
studies, cTnT is divided into two functionally and structurally distinct regions; one is the
tropomyosin binding site 1 (T1) which is at the N —terminal end of the middle conserved region of
cTnT that binds to the head-to-tail junction of tropomyosin, and the second tropomyosin binding
site (T2) 1s a more C-terminal region of cTnT that interacts with ¢cTnC, c¢Tnl and F-actin and
anchors the whole troponin complex in the thin filament**** (Figure 1.5). The cryo-EM structure
of the cardiac thin filament also shows a long alpha-helix structure of T1 region of cTnT (cTnTs7-
150) which binds to tropomyosin in a head-to-tail manner, in agreement with previously published
studies'***#246_ This region is not present in the cTn X-ray structure'>. The second tropomyosin
binding site (T2), cTnT199-272 is present in both X-ray and cryo-EM structures and is a part of the
cTn core. cTnT is comparatively longer than slow and fast skeletal muscle isoforms because of a

long N-terminal hypervariable region. Structural and functional diversity of the three isoforms of
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cTnT is due to the N-terminal variable region, whereas the middle and C-terminal regions are
present in highly conserved form in all the isoforms across different species'’. The X-ray structure
of the human troponin complex'? revealed that the interaction between cTnT224-274 and cTnlso-135
is a a-helical coiled-coil bundle interface, referred to as the IT arm region, which is highly
conserved in all the TnT isoforms??. ¢TnT27s.2ss, the C-terminal segment of cardiac troponin T is
just next to the cTnli35.147 inhibitory region and both are crucial for blocking the actin-tropomyosin
interaction. Therefore, the IT arm and this adjacent region are important to maintain the interaction
of the troponin complex with tropomyosin and balance the active open or inactive blocked state of

troponin-tropomyosin on actin.

CTNly35 200
Disordered
C-terminal tail
cTnlys;
Disordered
N-terminal tail

cTnliag 158
Switch region

Structured

ettt IT arm

Figure 1.4: Calcium-saturated reconstituted human cardiac troponin complex (PDB:4Y99).
Cardiac troponin C (cTnC) consists of two domains, an N-terminal domain, cNTnC (blue) and a
C-terminal domain, cCTnC (green). Cardiac troponin I (cTnl) is shown in red, The N- and C-
terminal tails of ¢Tnl, with intrinsically disordered drawn manually as squiggles. The region of

cardiac troponin T (cTnT) that is bound to the rest of the troponin complex is shown in black.
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Figure 1.5: Illustration of structural and functional domain of human ¢TnT. Figure adapted from

Mahmud & Hwang?’.

1.3.4 Post-translational modifications of cTnl regulate troponin activity

Post translational modifications of cTnl play a major role in regulating the interaction if
cTnl with cTnC and actin to impact cardiac muscle contractility. cTnl contains 3 tyrosine, 12 serine
and 8 threonine residues as potential phosphorylation sites. There are several phosphorylation
sites in cTnl that are phosphorylated by different protein kinases (Figure 1.7)'°. The most studied
and best understood phosphorylation sites of cTnl are Ser-22/Ser-23, originally found to be
phosphorylated by cyclic AMP-dependant protein kinase A during P-adrenergic signaling
cascades, impacting cardiac muscle contractility by decreasing the Ca®' sensitivity of the
sarcomere®*3!#7 These two phosphorylated sites weaken the interaction between cTnl and the N-
domain of ¢TnC and promote cardiac muscle relaxation by increasing Ca®" dissociation from
cTnC*. However, these two serine residues can be phosphorylated by several other protein kinases
in vitro including protein kinase C*, protein kinase D** and cyclic GMP-dependant protein
kinase®!. Bisphosphorylation of these sites impedes muscle relaxation and reduces myofilament

sliding velocity in a motility assay”2. It also lowers the maximal tension as well as decreases cross
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bridge cycling kinetics'. It has been reported that Ser-149 also can be phosphorylated by P21
activated kinase or AMPK activated protein kinase which prolongs muscle relaxation and
increases the Ca®" sensitivity of cardiac myofibrils. Several novel phosphorylation sites in ¢Tnl
have also been reported in a proteomic survey of phosphorylation sites, and interestingly,
phosphorylation sites present in cardiac specific N-terminal extension region showed a lower
extent of phosphorylation in heart failure patients whereas the IT arm and C terminal region
showed a higher extent®®. Several in vitro studies showed mammalian sterile 20 like 1 (Mstl)-
mediated phosphorylation of Thr-30, Thr-50 and Thr-180 in c¢Tnl, among them Thr-30 being a
preferred site. Proper understanding of the physiological roles of ¢Tnl phosphorylation in both

normal and pathological states will require further research.

1.4 Troponin C and I in cardiac diseases

1.4.1 Heritable cardiomyopathies

Mutations in the cardiac isoforms of troponin give rise to heritable cardiomyopathies, all
of which are associated with an enhanced risk of arrhythmias and progression to heart failure>,
Hypertrophic cardiomyopathy is the most common, with an estimated prevalence of 1:500 >°. Its
most prominent feature is abnormal hypertrophy of the ventricles, particularly in the ventricular
septum. This process can lead to left ventricular outflow tract obstruction. There is some overlap
between mutations causing hypertrophic cardiomyopathy and restrictive cardiomyopathy, with
restrictive cardiomyopathy being a rarer, severe condition characterized by impaired relaxation
and filling of the ventricles, leading to right-sided heart failure. Dilated cardiomyopathy is
associated with enlarged thin walled ventricles, generally leading to left-sided heart failure. A

better understanding of the functioning of the cardiac troponin complex is needed to explain the
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pathogenesis of the cardiomyopathies. One complicating factor is that the evidence linking some
mutations to cardiomyopathies is poor, with some mutations only having been observed in a single
individual. However, with genome sequencing becoming standard-of-care and vast amounts of
sequence information being generated, it should in theory be possible to determine which

mutations are truly disease-causing alterations or just incidental benign polymorphisms.

For c¢TnC, there are several mutations linked with HCM (A8V, L29Q, A31S, C84Y,
Q122AfsX30, E134D, D145E,) and DCM (Y5H, Q50R, E59D/D75Y, M1031, D145E, 1148V,
G159D) have been reported (Figure 1.6)*°. As cTnC has two different states, resting and active, it
would make sense that mutations destabilizing these two different states gives rise to HCM and
DCM, respectively. However, the exact mechanism by which mutations in the cardiac troponin

complex give rise to cardiomyopathies is still being worked out.

N-terminal domain C-terminal domain

Inter-domain flexible linker

1 87 92 161

1l Lol [ T S l I O S
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58 29 31 50 59 75 84 103 122 145 148 159

HV Q S R D Y Y | AfsX30 E v D
*

Dilated cardiomyopathy
— Hypertrophic cardiomyopathy
* Reported in dilated and hypertrophic cardiomyopathies

Figure 1.6: The structural domains of cTnC and cardiomyopathy-associated mutations reported in

¢TnC. Figure adapted from Mahmud & Hwang?>.

Approximately 95% of the disease-causing mutations in cTnl are located in its C-terminal

region, spanning residues 135 to 209°* (Figure 1.7). Almost all of these are associated with
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hypertrophic or restrictive cardiomyopathy (with the exception of N184K). This is consistent with
the main physiologic role of this region, binding to actin-tropomyosin to maintain the thin filament
in an inactive state. When this function is disrupted by mutation, the result is a hyper-activated
thin filament with an associated increase in calcium sensitivity. Several ¢Tnl mutations (L143Q,
R144W, A170T, K177E, D189G and R191H) in restrictive cardiomyopathy (RCM) patients
showed greater Ca®" sensitizing effects in cardiac muscle force generation compared to HCM
mutations in cTnI*¢. At low Ca®* concentration, these mutations also increased the force generation
of cardiac muscle in the resting state. Interestingly, many of the mutations associated with RCM
and HCM involve positively charged residues, underscoring the importance of electrostatic

interactions, perhaps a recurrent theme for the intrinsically disordered segments of troponin.

Several mutations have also been found in the N-terminal of ¢cTnl. One of these, R20C,
has been linked to HCM>’. The mutation abolishes the phosphorylation consensus sequence,
RRXS, of protein kinase A, abolishing the phosphorylation of Ser-22 and Ser-23. An additional
four mutations (A1V, K35Q, N184K and P15T) have been identified that are associated with DCM

in an autosomal dominant manner>*.
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Figure 1.7: The structural and functional domains of human cTnl with interacting binding region
of ¢TnC, cTnT and actin (a). Cardiomyopathy-associated mutations and phosphorylated residues
are also mentioned in the figure (b). Numbering excludes Met-1 from the ¢Tnl sequence. Figure

adapted from Mahmud & Hwang?*.

1.4.2 Myocardial ischemia-reperfusion injury

1.4.2.1 Ischemia reperfusion injury

According to the World Health Organization, cardiovascular disease is responsible for 17.1
million deaths worldwide each year, representing ~31% of all deaths™. It is the second leading
cause of death after cancer among Canadians®®. An estimated cost of 22 billion dollars (direct and
indirect costs) associated with cardiovascular diseases was reported in 2009 by the Canadian Heart
Health Strategy and Action Plan committee®®. In Canada, over 51,500 deaths reported in 2015
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were due to heart disease, mainly ischemic heart disease (IHD) or coronary heart disease®'.
Ischemic heart disease was found in 71% of diagnosed heart failure patients aged over 40 among

Canadians®?. It is a clinical and financial burden for the Canadian health care sector.

In THD, the heart muscle cannot meet the metabolic demands of the body (by pumping
blood at a sufficient rate) because of restricted oxygenated blood supply to the heart muscle via
the coronary circulation, known as myocardial ischemia®®. Blocked or narrowed coronary arteries
cause this condition due to the presence of atherosclerotic plaques, accumulated over long periods
of cholesterol and calcium deposition. These plaques prevent the heart muscle from receiving
oxygenated and nutrient-rich blood to sufficiently perfuse heart muscle. Acute myocardial
infarction (AMI)®* occurs due to rupture or erosion of an atherosclerotic plaque causing thrombus
(blood clot) formation in a coronary artery that leads to an acute disruption of blood supply®’. The
primary therapeutic intervention of AMI is to restore blood supply to the heart, also known as
reperfusion®®. Timely reperfusion is essential to protect the myocardium from permanent damage

(necrosis) and myocardial contractile dysfunction (systolic heart failure).

Reperfusion techniques developed over time to treat ischemic heart patients are either
thrombolytic therapy (use of intravenous thrombolysis drugs) or percutaneous coronary
intervention (a minimally invasive procedure of opening an obstructed artery by either a balloon
catheter or stent placement)®®. Surprisingly, in addition to salvaging ischemic myocardium,
reperfusion also induces further injury, which is now known as myocardial ischemia-reperfusion
(I/R) injury®. In 1960 Jennings et al. first observed reperfusion-induced necrosis in an ischemic
canine heart in a coronary artery ligation experiment®’. They reported using histological studies
that the degree of necrosis after 30-60 minutes of ischemia followed by reperfusion is similar to

necrosis typically found in 24 hours of prolonged acute myocardial ischemia®. This study stirred
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a debate among scientists over a decade whether reperfusion actually causes further damage to an
ischemic heart until Murray at el. in 1986 first discovered that myocardial preconditioning can
mitigate reperfusion injury and help to differentiate the independent effects of ischemia and

reperfusion in myocardial injury®.

Reperfusion-induced injury can result in reversible or irreversible cell damage. Myocardial
stunning is a form of reversible injury with impaired contractile function of the myocardium’®. The
myocardium is still viable and metabolically intact but may takes hours to days to completely
regain its contractile ability’!. It was reported in several canine models that despite rapid
reperfusion after 5-15 minutes of temporary coronary artery obstruction where no necrosis was
present, cardiac function still showed left ventricular abnormalities (contractile dysfunction), that
persisted for days’>7®. Substantial progress has been made in understanding and deciphering
underlying mechanisms of I/R mediated injury. Among them, oxidative stress due to generation
of reactive oxygen nitrogen species (RONS) and intracellular calcium overload are the two most

studied and widely accepted mechanisms’’.
1.4.2.2 Mechanisms of I/R injury

A normal heart produces RONS (superoxide, hydroxyl, peroxyl, nitrogen dioxide radicals,
and peroxynitrite anion)) during the process of cellular metabolism’®. A certain low concentration
of RONS is optimal for the heart and involved in many cellular signaling systems’”. Inside cells,
free radical scavenger enzymes such as superoxide dismutase, glutathione peroxidase delicately
balanced the level of RONS®. Reperfusion in a post-ischemic heart tips the scale of RONS,
resulting in pathologic oxidative stress. Within minutes of reperfusion, a burst of RONS generated

in the heart favours the production of highly reactive peroxynitrite (ONOO) utilizing an excess
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amount of superoxide and nitric oxide present at that time®'. Products of peroxynitrite (OH-, NO2’)
can react with cellular proteins, causing cellular damage and activating intracellular proteases like
matrix metalloproteinases-2 (MMP-2)3!%3 In I/R injury, MMP-2 targets the myocardial contractile

apparatus and cleaves several sarcomeric proteins that lead to contractile dysfunction®43¢.

In the ischemic heart, oxygen depletion (hypoxia) and restricted nutrient supply through
occluded arteries causes a cascade of biochemical, metabolic, and cellular changes within cells®’.
Hypoxia shuts down mitochondrial oxidative phosphorylation and causes lower ATP production
in the cell. It also activates anaerobic glycolysis, which causes intracellular acidosis’’*’. As a

138, To normalize

result, an excess amount of intracellular H® accumulates inside the cel
intracellular pH, upon reperfusion, the Na'-H" exchanger pump imports extracellular Na* into the

cell in exchange for H'. The excess intracellular Na* activates the Na*-Ca®" exchanger pump to

export Na* to bring calcium inside the cell (under normal physiological condition the opposite

)89—91 d66,92

exchange happens . This exchange gives rise to intracellular calcium overloa and
activation of calcium-dependent-proteases like calpains®. Activated unregulated calpains can

cause impaired contractile function by degrading sarcomeric proteins®.

1.4.2.3 Activation of intracellular proteases in ischemia-reperfusion injury

MMPs are a group of 25 endopeptidases (23 in humans) which are zinc-dependent and
ubiquitously distributed *°. They degrade the fibrillar collagen matrix and were first discovered in
tadpole tails during morphogenesis’®. They are best known for their role in extracellular matrix
remodeling, and scientists quickly realized their significance and contribution to several
physiological processes including angiogenesis, wound healing, inflammation, metastasis and

apoptosis’’.
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MMP-2 (type IV collagen or gelatinase A) is commonly found in all cardiac cells. MMP-
2 has a multi-domain structure (72 kDa)*® starting with an N-terminal signal sequence that helps
MMP-2 translocate from the endoplasmic reticulum to the outside of the cell. Next to the signal
sequence is an inhibitory propeptide domain, which prevents the catalytic domain from becoming
active’®®. The propeptide domain contains a conserved cysteine switch motif (PRCGXPD) that
binds to the active site zinc and blocks catalytic activity. The catalytic domain has a conserved
zinc-binding motif (HEXGHXXGXXH) which is required for MMP-2 proteolytic activity*®. Only
MMP-2 and MMP-9 have an additional three fibronectin repeat domains within the catalytic
domain that help them to degrade gelatin. An additional hemopexin domain is connected to the

catalytic domain by a flexible hinge region®®.

MMP-2 activities are highly regulated at multiple levels, namely subcellular localization,
post-translational modifications, natural and synthetic inhibitors, proteolytic digestion and
transcription factors'®!%. Among them, there are three primary mechanisms of MMP-2
activation'®: 1) Proteolytic cleavage of inhibitory propeptide domain by a proenzyme, membrane-
type MMP (MT-MMP)!%1%7 Deleting the propeptide domain produces a shorter form of MMP-2
(~64 kDa) and disengages an inhibitory cysteine thiol group from the active zinc binding site,
allowing the catalytic domain to be activated'°®!%’. 2) MMPs are naturally inhibited by endogenous
tissue inhibitors of metalloproteinases (TIMPs)!%!%  There are four TIMPs and they inhibit
MMPs activity by interacting with the catalytic active site. The stoichiometry ratio of MMP and
TIMPs is 1:1. Of the four TIMPs, TIMP-4 is localized within cardiac myocytes, and excessive
secretion of MMP-2 and TIMP-4 during I/R injury creates an imbalance in the MMP-2: TIMP-4
ratio, which promotes unregulated MMP-2 activity'!?. 3) Post-translational modification of MMP-

2 by acetylation, S-glutathiolation, nitrosylation and phosphorylation also regulates its activity. In
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I/R injury, peroxynitrite (ONOQO) is able to activate intracellular MMP-2 without removal of the
propeptide domain. Peroxynitrite causes S-glutathiolation within the propeptide conserved motif
that disrupts the interaction between catalytic zinc and the inhibitory thiol group of conserved

cysteine 102 residue, activating the zinc-containing catalytic site of MMP-2111-113,

Initial studies related to MMP-2 substrate identification focused mainly on the extracellular
space as MMPs were originally believed to be only as secreted proteases acting upon extracellular
matrix proteins. However, they have now been found in nearly every cellular compartment
including the nucleus, mitochondria, cytosol, and sarcomere, where they are involved in
physiologic and pathologic states®. In 1999, the intracellular activity of gelatinases (MMP-2 and
MMP-9) was first discovered in both normal and dilated cardiomyopathy hearts!!*. Both were
shown to cleave myosin heavy chain in vitro and in vivo. They concluded that MMP-2 and MMP-
9 might have a role in damaging the myocardial contractile apparatus to cause dilated
cardiomyopathy. MMP-2 was found to proteolyze the contractile protein cTnl during ischemia-
reperfusion injury in 2002%. It was successfully demonstrated for the first-time that MMP-2
contributed to acute myocardial contractile dysfunction after I/R injury. Using confocal
microscopy and immunoblot analysis, MMP-2 was found to co-localize with cTnl. In isolated rat
hearts subjected to ischemia-reperfusion injury, the use of MMP inhibitors including an MMP-2
neutralizing antibody, showed reduced MMP-2 activity, reduced cTnl proteolysis, and improved
contractile function®%3, Later, unregulated MMP-2 activity and proteolysis of other contractile

apparatus proteins such as titin, and myosin light chain 1 were identified in I/R injury®*,

Calpains are a group of 15 cysteine proteases that depend upon calcium for activation!!>!1°,

Most of them are ubiquitously expressed and found in almost all mammalian cells, while some

calpains have tissue-specific expression. Two calpain isoforms, calpain 1, also known as p-calpain
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(encoded by Capnl), and calpain 2 (m-calpain, encoded by Capn?2) are expressed ubiquitously in
the cell''"!!°. They are heterodimers with a large 80 kDa catalytic domain and a small 28 kDa
regulatory domain (encoded by Capn4)''>!2°. Both calpains possess 60% sequence homology and
have very similar substrate specificity. As their name suggests, micromolar and millimolar
concentrations of calcium are required for the full activation of calpains 1 and 2, respectively,

which are higher than the normal calcium concentrations in a healthy beating heart!?!.

The proposed and most accepted hypothesis regarding calpain activation is that inactive
calpain is initially located in the cytosol bound to its endogenous inhibitor calpastatin, but it then
translocates to the membrane where calpain becomes attached to phospholipids. Phospholipids

lower the calcium concentration required for calpain activation'!®1??

. During I/R injury,
downregulation of calpastatin also contributes to calpain activation!?»'?*. There are other
possibilities related to calpain activation such as post-translational modifications and calpain

activator-proteins'>>!26,

A large number of studies of simulated I/R reported the involvement of calpains in the
derangement of cardiac contractile and structural proteins (cTnI'?’, c¢TnT!*#, titin'*, and
desmin'®?). In isolated rat hearts subjected to I/R injury, overexpression of the inhibitor calpastatin
by gene transfer showed improved contractile function and inhibition of cTnl proteolysis'!. Also,
low pH/low Ca®" conditions during reperfusion protects isolated rat heart from myocardial
stunning and cTnl degradation!?. The calpain inhibitor MDL-28170 showed protection against
myocardial stunning by inhibiting ¢Tnl proteolysis in rat hearts'*® though another study reported

MDL-28170 also inhibits MMP-2'34,
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1.4.2.4 Proteolysis of ¢Tnl in ischemia-reperfusion injury

Selective and partial proteolysis of cTnl has been observed in moderate to severe ischemic
conditions (15-60 minutes) followed by 45 minutes of reperfusion'**. Immunologic studies using

35 Selective

monoclonal antibodies against cTnl identified a cut site between cTnliss 199"
proteolysis of cTnl, also reported in myocardial stunning, resulted in the truncation of 17 amino
acid residues from the C-terminal tail of cTnI'*. Mass spectrometry analysis identified a band of
22 kDa corresponding to cTnli.192 in the reperfusion effluent. More degradation products cTnlss.iz,
and cTnl73.192 were detected with more prolonged ischemic times '*°. Higher molecular weight
products were eluted in reperfusion effluent corresponding to covalent complexes of either
cTnl-cTnC or c¢Tnl-cTnT!®. The 17-residue truncated cTnl fragment was also responsible for
myocardial stunning when overexpressed in transgenic mouse hearts'®’. Partially proteolyzed

cTnli.193 was later identified in coronary artery bypass graft patients presenting with a myocardial

stunning phenotype!®.

In contrast, some studies did not find convincing evidence that proteolysis of c¢Tnl is

responsible for myocardial stunning due to I/R injury'®

. An in vivo study in swine hearts subjected
to I/R did not identify a c¢Tnl degradation product!®’. In conscious dogs undergoing reversible
cardiac ischemia, only minor c¢Tnl degradation was present!”!41142. No ¢Tnl degradation product

was found in a study of stunned pig hearts. Instead, dephosphorylation of phospholamban was

identified as a potential cause of stunning'*.

Scientists have debated over the years about the significance of c¢Tnl proteolysis in
myocardial I/R injury. One hypothesis is that cTnl degradation depends on preload rather than
ischemia. In one study, preventing increased preload independent of ischemia led to increased .-

calpain-mediated proteolysis of cTnl in isolated rat hearts which was prevented by the calpain
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inhibitor calpastatin. It was suggested that preventing increased preload protects against cTnl
proteolysis in I/R injury and improves contractile function'**. Thus, the exact mechanism of

myocardial stunning remains controversial.
1.4.3 Systolic heart failure

Heart failure is an end stage of cardiac disease and an important cause of mortality,
morbidity, and hospitalizations around the world. It is a global problem and a severe financial
burden for heath care systems around the world as treatment of heart failure requires complex and

costly medical care and frequent hospitalizations.

Heart failure occurs when cardiac muscle exhibits impaired relaxation and contraction
causing reduced ventricular filling or ejection of blood, respectively!'*®. It is generally categorized
based on the left ventricular ejection fraction: 1) heart failure with reduced ejection fraction
(HFrEF), and 2) heart failure with preserved ejection fraction (HFpEF)!'*®. In HFrEF (ejection
fraction less than 40%), also known as systolic heart failure, the left ventricle has reduced ability
to eject blood to the rest of the body due to impaired cardiac muscle contraction. Over time, the
heart muscle becomes increasingly thinned, dilated and too weak to pump sufficient blood to

satisfy the requirements of the body'*’

. Many diseases contribute to this state, such as ischemic
heart disease, metabolic diseases, familial dilated cardiomyopathy, tachycardia, and
hypertension'*’. In HFpEF (ejection fraction 50% or more), also known as diastolic heart failure,
the ventricular cavity is unable to expand properly to fill with blood during relaxation. In this

condition, hypertrophied heart muscle cannot relax properly resulting in increased ventricular

filling pressures. Reduced blood filling during diastole thus compromises cardiac output!*’.
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Often heart failure is the result of a gradual deterioration of heart function. It is classified
as chronic or acute decompensated heart failure. Acute decompensations occur in the setting of
chronic heart failure with a rapid worsening of signs and symptoms like low blood pressure,

shortness of breath, and leg swelling.

Significant advancement has been made in the last decades for the treatment of heart
failure. Numerous clinical trials have been conducted to identify better treatment strategies for
systolic heart failure. Fewer positive trials and data are available for diastolic heart failure!'#®!4°,
Regardless, the main treatment plan for systolic heart failure patients includes the use of
angiotensin-converting enzyme-I inhibitors or angiotensin-II receptor blockers, beta-blockers,
aldosterone antagonists, and diuretics. Angiotensin-converting enzyme-I inhibitors improve
mortality in systolic heart failure, and they also reduce the number of hospitalizations!>%152,
Angiotensin-II receptor blockers are an alternative to the angiotensin-converting enzyme-I
inhibitors'>? that are less likely to cause angioedema (cough, hypotension, laryngeal edema). Beta-
blockers are used as a polytherapy with angiotensin-converting enzyme-I and/or diuretics. Beta-
blockers have been shown in a large number of clinical trials to reduce morbidity and mortality
rate in systolic heart failure!*®!3*155_ Diuretics are also used for treating symptomatic heart failure
patients. There are no clinical trials that reported effects of diuretics in improved mortality or
morbidity in heart failure patients, likely because they are so essential to treatment that withholding
them in a clinical trial would be unjustifiable. They improve hemodynamics by removing excess
fluid, also improving cardiac function'*®. The positive ionotropic drug digoxin is also effective in

improving symptoms '*° but has shown no benefit in reducing mortality'>’.

The aforementioned treatments have been established into medical practice by a large

number of clinical trials, but no treatments have been shown to be beneficial in acute,
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decompensated systolic heart failure. Positive inotropes are used in clinical practice to treat acute
decompensated systolic heart failure, but clinical trials have failed to show any correlation with
improving mortality rate. This class of drugs has adverse side effects, which also contribute to
increasing the mortality rate'>®. There are two types of positive inotropes: calcium mobilizers and
calcium sensitizers'>®. Dopamine, dobutamine, and Phosphodiesterase 3 (PDE3) inhibitors are
calcium mobilizers that increase myocardial contractility and cardiac output by increasing calcium
fluxes in and out of cardiac muscle. Dopamine and dobutamine are f-adrenergic receptor agonists,
and they increase cAMP synthesis from ATP by adenylyl cyclase!®*. PDE3 inhibitors like
milrinone inhibit the breakdown of PDE3 and the conversion of cAMP to AMP. As a result, CAMP
levels go up, and activates more PKA. Activated PKA phosphorylates L-type Ca®" channels which
results in increased intracellular calcium flow into the cell during systole'®!. Calcium mobilizers
are sarcomeric modulators that indirectly improve cardiac contraction. All of these calcium
mobilizers have unwanted side effects such as increased heart rate, increased oxygen consumption,
and vasodilation, which are less likely to be tolerated in acute decompensated systolic heart failure

patients!62-165,

1.4.3.1 Existing calcium sensitizers to treat systolic heart failure

To avoid adverse side effects by indirect modulators, it was proposed in 1980 that a direct
sarcomeric modulator or calcium sensitizer would be a better approach to correct contractile
dysfunction!%®!¢7. Pimobendan was the first direct sarcomeric modulator that was discovered in
19841%%. Pimobendan increased calcium sensitivity by binding with ¢cTnC but also by inhibiting
PDE3 as a dual action mechanism!®’. Despite increasing calcium sensitization and improved

9

contractility, a large clinical study showed increased mortality with pimobendan'®. 1t is only

approved in Japan but is can be used worldwide in treating congestive heart failure in animals'”’,
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Levosimendan is a ¢TnC-targeted calcium sensitizer that can directly increase cardiac
contraction without mobilizing cellular calcium'”!"'72. However, it is not a pure cTnC activator '7°.
It also a selective PDE3 inhibitor which might explain results of phase III clinical trials that
revealed undesirable side effects like hypotension and cardiac arrhythmias, resulting in no
improvement in overall mortality!’>!™. It has been extensively studied to date and is currently
used in systolic heart failure in some South American and European countries!”. Levosimendan
increases muscle contraction by binding to the N-domain of ¢TnC in the presence of ¢Tnl. It can
bind to both domains without cTnl, however, the presence of cTnl displaces levosimendan from
the C-domain but not from the N-domain!’®. Levosimendan’s exact binding orientation in the N-
domain is still unknown because a three-dimensional structure of the cNTnC-levosimendan

complex is lacking.

Omecamtiv mecarbil was first introduced in 2010 as a myosin activator that increases
muscle contraction in both animals and humans, independent of cytosolic calcium concentration
or increasing oxygen consumption!””!7®, Its mode of action involves binding to the pre-power
stroke state of myosin, increasing the actin-myosin duty ratio (proportion of myosin heads bound
to actin) while keeping the rate of shortening unaffected!’®. Omecamtiv mecarbil improved systolic

function in a dose dependent manner!”’

. With great anticipation, Omecamtiv mecarbil entered into
a phase III clinical trial for systolic heart failure patients but failed to produce any improvement in
the mortality rate'®’. This trial did not report any significant improvement in the primary outcome
(Omecamtiv mecarbil group, 37% vs. placebo group, 39.1%) and secondary outcome (Omecamtiv

mecarbil group, 19.6% vs. placebo group, 19.4%) of heart failure or death from cardiovascular

causes compared to the placebo group!'®’.
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1.4.3.2 Design and development of a calcium sensitizer by targeting cNTnC

Tirasemtiv, a fast skeletal muscle specific troponin activator, was developed by
Cytokinetics Inc.!8!. In 2019, the company completed phase III clinical trials in amyotrophic lateral
sclerosis patients but failed to show any significant improvement because of poor tolerability 52,
Tirasemtiv specifically targets fast skeletal troponin C and increases the calcium sensitivity of
skeletal muscle. Solution NMR structure of tirasemtiv with fsTnC-fsTnl chimera (sChimera)

revealed that tirasemtiv binds to the interface between the N-domain of fsTnC and the switch

peptide of fsTnl and increases their binding affinity by tenfold'®3.

Bepridil'#

is a drug that targets calcium channels. It is too non-specific for cTnC to be
used for this purpose, but bepridil provides valuable insights to understand the calcium
sensitization mechanism of cTnC. A crystal structure of bepridil bound to ¢TnC showed that it
binds to the central hydrophobic cavity of cNTnC to stabilize its calcium-bound open state!®. It
binds to cNTnC with a binding affinity of ~20 uM. However, bepridil competes with the cTnl
switch region for binding to the hydrophobic cleft of cNTnC. Bepridil has two aromatic rings in
its structure. The NMR structure showed that most of the nuclear overhauser effects (NOEs) are
from the two aromatic rings of bepridil when bound to cNTnC'"®. Thus, our lab started designing
small molecules based on two aromatic rings to screen against a new chimeric protein cNTnC-
cTnl[136-163] we developed and named as cChimera (Figure 1.8). The lab has screened hundreds
of compounds by a NMR titration method and identified that 3-methyldiphenylamine (3-CI-DPA,

a diphenylamine (DPA) based compound, binds to cChimera with a Kp of ~ 10 uM'®” which was

about an order of magnitude tighter binding than bepridil.
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cNTNC [1-85] cNTNC [1-85] cNTNC [1-85]
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cTnl [136-163] cTnl [147-168]
cNTnC cChimera gChimera

Figure 1.8: The N-domain of cardiac troponin complex (¢cNTnCji-gs) in blue with 5 helices (A-D,
N) and residues 136-163 of cardiac troponin I in red bound to calcium (yellow) activated cNTnC
named as cChimera mimicking Ca®>" bound activated conformation of ¢cNTnC. The newly
developed gChimera contains cNTnCi.gs and cTnli47-168 with a linker. Both cNTnC and gChimera

will be used to screen many compounds to for binding to the activated cNTnC-cTnl complex.

Calcium release rates of the cardiac troponin complex with bepridil and 3-CI-DPA were
measured and compared using TS53C-IAANS-labeled ¢TnC by stopped-flow fluorescence
spectroscopy. 3-Cl-DPA slowed calcium release from the troponin complex, suggesting that 3-CI-
DPA is better than bepridil when it comes to stabilizing the calcium bound open conformation of
c¢TnC in the context of the full complex, that is, when cNTnC is bound to the switch region of
cTnl. In contrast, 3-CI-DPA was ineffective in slowing calcium release from isolated cNTnC in
the absence of cTnl and cTnT, whereas bepridil significantly increased calcium affinity of isolated
cTnC. An ideal troponin activator would stabilize calcium binding both before and after cTnl

binding to cNTnC.
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There are two phenyl rings in 3-CI-DPA, one is an unsubstituted phenyl ring, and the other
is a chloro-substituted phenyl ring. Figure 1.9 shows the details of our rational drug design process
based on 3-CI-DPA. The 3-CI-DPA structure has three key positions (X, Y, and Z), where
modifications are tolerated (does not cause steric clash). It was determined that hydrophilic
substituents were better tolerated than any other site at the ortho-position (X) on the unsubstituted
phenyl ring in 3-CI-DPA. The X position was substituted with various charged residues that could
potentially interact with the cNTnC-cTnl interface. All three positions in X, Y and Z were also
altered for cyclization in multiple synthesized compounds. The green circles represent areas that
are restricted to any substitution or modification to prevent steric clash with the cNTnC binding
pocket or cTnl switch region. Table 1.1 and Table 1.2 listed a total of 47 compounds based on 3-

CI-DPA that we screened by NMR to identify potential troponin activators.

H H Proposed

N s \
Modifications H )

— ——) . N

----- Contacts switch
Y region of cTnl

Diphenylamine (DPA) 3-chlorodiphenylamine
(3-CI-DPA) Cl

Cl

Cl
RP_004 25 © RPI_194 RPI_89_F2 RPI_004_76

Figure 1. 9: The design process for small molecules as troponin modulators. 3-CI-DPA is used as
a base structure for rational drug design. X, Y and Z position of 3-CI-DPA show where
modifications or substitutions were done. Green circles indicate no modification zones to avoid
steric clash with ¢cNTnC and interference with the cTnl switch region. Four synthesized

compounds are illustrated at the bottom with different modifications.
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Table 1.1: List of compounds synthesized by the Rane pharmaceuticals and screened by NMR to identify

cardiac troponin activators. Dissociation constant (Kp) of respective compound was calculated by NMR

titration experiments against gChimera.
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Table 1.2: List of compounds obtained from the national cancer institute and screened by
NMR to identify cardiac troponin activators. Dissociation constant (Kp) of respective

compound was calculated by NMR titration experiments against gChimera.
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1.5 Biophysical studies of the troponin complex

The X-ray crystal structure of ¢Tn in 2003 revealed the structured core domains of ¢Tn and
the relative arrangement of its subunits in the absence of actin and tropomyosin'3. The recent cryo-
EM structure (2020) of the cardiac thin filament provides extraordinary details of the orientations
and interactions of thin filament proteins, including cTn in the presence or absence of calcium'*,

Before that, structural and functional details within cTn were identified piece by piece using two

mainstream structure determination techniques, X-ray crystallography and NMR.

Since the birth of X-ray crystallography in 1912, it became the method of choice for protein
molecular structure determination'®®, It requires a high-quality crystalized form of a purified target
protein. The crystal is then placed on a goniometer and rotated against a shooting X-ray beam and
diffraction patterns of that crystal are recorded from different directions. Electron density maps of
every single atom within the unit cell of a crystal are generated from diffraction patterns using
Fourier transform'®. Electron density maps can determine the location and orientation of each
atom in the crystal and collectively generates a three-dimensional structure of the target protein.
X-ray crystallography can produce a high atomic resolution of protein structure and the size of the
protein does not matter that much except for large macromolecules and membrane proteins. The
caveat is that the crystallizing form of a target protein represents it as a static form (fixed in one
orientation) rather than a native form where it might have multiple orientations. This is what
happened in the crystal structure of the troponin complex. A big piece of this complex is missing
from the crystal structure because it contains regions which are intrinsically disordered or flexible
in nature, which are absent in the crystallized form. These include the N and C-terminal tails of
troponin I, the C-terminal tail of cTnT and the interdomain flexible linker of cTnC. These

intrinsically disordered regions are vital to the structural and functional role of the troponin
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complex. Unlike folded globular proteins, these regions do not have fixed three-dimensional
structures and they may or may not adopt structural conformation when binding to their partners.
They can also act as a flexible linker between globular domains, such as in cNTnC and cCTnC.
Intrinsically disordered regions are complex entities involved in many physiological roles like
transcription, translation, signaling pathways, post translational modifications such as
phosphorylation, and mutations. Knowing the functions of the intrinsically disordered regions of
cTn is important for elucidating the exact mechanism of muscle function. X-ray crystallography is
limited for this purpose. However, it can be overcome by using a complementary low-resolution
technique called small-angle X-ray scattering (SAXS)!'”°. SAXS can be used to read biological
molecules in solution in order to identify the size, shape and plasticity of flexible and unstructured
parts of the proteins. In SAXS, solubilized target proteins are excited by an X-ray beam and the
scattered intensity from the solution is recorded by a detector. Solvent scattering is subtracted from

190 Now a

the sample scattering to get only scattering that is from the solubilized target protein
days, SAXS is now a days very commonly used to study the structure and dynamics of intrinsically

disordered regions.

NMR is another major tool to determine three-dimensional protein structure and
conformational dynamics. This is a structure determination technique that can provide atomic-
scale resolution and information on structural and dynamic properties of proteins including
disordered regions. It studies biological molecules in solution which is nearer to their original state.
Unlike X-ray crystallography, the three-dimensional structure generated by NMR spectroscopy is
an ensemble of multiple structures which can provide invaluable structural information for proteins
that adopt multiple conformations'®!. Using solution NMR, it was identified that the linker between

two domains of fast skeletal troponin C is not a rigid a-helix structure but a flexible, unstructured
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region in solution?>!"2. Even before this, the NMR structure of calmodulin (a calcium regulatory
protein in smooth muscle tissue) revealed similar findings that it has two dumbbell shape domains
that are connected by a flexible linker rather than an a-helical structure!®*1%®, A significant number
of studies later confirmed that the two domains of fast skeletal troponin C connected by a flexible
linker tumble independently when they are isolated in solution. NMR '*N relaxation experiments
were used to measure the tumbling rate of these two domains®>!°2. The first NMR structure of
calcium saturated cardiac troponin C was published in 1997?°and showed that both domains are
connected by a flexible linker. It also revealed a surprising result that, unlike fast skeletal troponin
C where both domains stay in an open conformation in the calcium saturated state, the N-domain
of ¢TnC remains closed in both apo and calcium saturated states®>!°’. Later it was found that
inactive calcium-binding site 1 is responsible for this predominant closed conformation of
cNTnC!”® (see Figure 1.3), and it required the switch peptide of cTnl to stabilize its open
conformation!®. Until now, this is the most critical interaction within the troponin complex that is

targeted exclusively to develop troponin activators or calcium sensitizers.

The major obstacle for solution NMR is the rapid decay of signal with increasing high
molecular weight systems. Thus, it is a considerable technical challenge to study the whole
troponin complex using solution NMR. However, NMR can provide detailed information about
the domain orientation and intrinsically disordered region interactions by using N relaxation
rates. It can detect nanosecond to picosecond timescale conformational changes within a protein®?.
The binding of an interaction partner can decrease these internal motions. The relaxation rate R»
(1/T2) is proportional to the effective correlation time, which increases with the size of the protein

but decreases with greater internal flexibility. All positions in a protein domain tumble according
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to a global correlation time, except for flexible segments, which have a shorter effective correlation

time.

Another application for the NMR technique is to screen small molecules against a target
protein. Solution NMR can monitor the binding of small molecules to the target protein. Titration
of unlabeled small molecules into '°N labeled target protein at each time point can be monitored
by two-dimensional ! H, "N HSQC. The titration curves of many residues with concentration-
dependent chemical shift perturbations can be used to calculate binding affinity based on the global
fitting method developed by Hoffman and Sykes'”. One difficulty of NMR drug titration is that
the drug binding affinity is not accurate when the drug precipitates before saturating the protein.
Also, in order to get a good 2D HSQC spectrum, the protein concentration needs to be at least 100
uM. Another major concern is the solubility issue as the compounds get more hydrophobic in order

to bind them more tightly to the hydrophobic pocket of the target protein.

1.5.1 NMR techniques used in this study

In all three chapters of this thesis, we used different NMR techniques in addition to other
molecular biology, biochemical and biophysical techniques. In Chapter 2 of this thesis, we used
multiple 2D and 3D experiments ('H-'>"N HSQC, HNCACB and CBCA(CO)NH) to get backbone
('H, "N, 13C) chemical shift assignments of the intrinsically disordered C-terminal tail of c¢Tnl,
and the free versus actin-Dnasel bound state. The side chain 'H, *C chemical shift assignments
were also carried out by using (H)C(CO)NH-TOCSY and H(C)(CO)NH-TOCSY experiments.
Other 3D experiments were performed to determine the secondary structure of the unstructured
tail and include '°N-edited and '*C-edited homonuclear '"H-'H NOESY experiments. In Chapter 2,

we used the NMR relaxation measurement technique ('°N R» relaxation rate) to determine the
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tumbling rate of ¢cTnC domains when they are in free form, in activated orientation, or in the
presence of DCM mutations and phosphorylation. In Chapter 3, we used the NMR titration method
to screen 47 compounds against cNTnC and gChimera. NMR titration results identified the best
compound based on the rate of dissociation constant of the compound and its solubility which was
further tested using different experimental models such as by stopped flow fluorescence, in
skinned ventricular trabeculae, the isolated-perfused mouse heart, and mouse ventricular

cardiomyocytes.

1.6 Thesis hypothesis

The key interaction that turns cardiac muscle contraction on and off is the calcium-
dependent binding of ¢Tnli46.158 by the regulatory N-terminal domain of ¢cTnC. We hypothesize
that this interaction is regulated by phosphorylation in other regions of the troponin complex to
control the contractile balance of the healthy heart, but disruption of this regulation by
cardiomyopathy-associated mutations, or proteolysis, gives rise to contractile dysfunction.
Importantly, the interaction can also be modulated by drug-like small molecules to compensate for

abnormal heart function in disease.

1.7 Objectives

1.7.1 Chapter 2: Structure and proteolytic susceptibility of the inhibitory C-terminal tail
of cardiac troponin I

1 To gain structural understanding of the C-terminal tail of troponin I and its interaction with

actin. This region was absent in the 2003 X-ray crystal structure.

2 To map cleavage sites of this region with respect to MMP-2 and calpain.
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1.7.2

1.7.3

Chapter 3: Dilated cardiomyopathy mutations and phosphorylation disrupt the
active orientation of cardiac troponin C

To reconstitute binary and ternary complexes of ¢cTn to understand the active orientation

of the N-domain of ¢TnC.

To determine how phosphorylation and DCM-associated mutations found in ¢Tnl and

c¢TnC disrupt its active orientation.

Chapter 4: Small molecule RPI-194 stabilizes activated troponin to increase the
calcium sensitivity of striated muscle contraction

Designing new drug compounds for cNTnC using existing knowledge of calcium

sensitizers, screening and the selecting best candidate compound.

Determining binding affinity of the selected compound against cNTnC and gChimera.

Measuring the activity of the selected compound in different ex vivo experimental models.
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CHAPTER 2

STRUCTURE AND PROTEOLYTIC SUSCEPTIBILITY OF THE INHIBITORY C-
TERMINAL TAIL OF CARDIAC TROPONIN 1

Chapter 2 has been published in:

Mahmud, Z., Zahran, S., Liu, P. B., Reiz, B. Chan, B. Y. H. Roczkowsky, A. McCartney, C. E.
Davies, P. L. Li, L. Schulz, R. Hwang, P. M. Structure and proteolytic susceptibility of the
inhibitory C-terminal tail of cardiac troponin 1. Biochim Biophys Acta Gen Subj 1863, 661-671

(2019).
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2.1 Introduction

Cardiac troponin (cTn) links cyclic Ca?" fluctuations to cardiac muscle contraction and

200201 "1t js comprised of three subunits'?; ¢TnC binds calcium; c¢TnT anchors the

relaxation
complex to tropomyosin; and ¢Tnl is the inhibitory subunit (Figure 2.1). Cardiac troponin I (¢TnlI)
has two flexible tails that are critical to its function. The N-terminal tail, cTnl;.3g, interacts with
the regulatory domain of cTnC (cNTnC) to enhance its calcium affinity. This effect is attenuated

by phosphorylation of cTnl at Ser22/Ser232%2, the primary post-translational modification

regulating the calcium sensitivity of cardiac muscle contraction in humans*?.

The C-terminal tail, cTnl135-209, binds actin to anchor the troponin-tropomyosin complex to
a “blocked” position that prevents actin-myosin cross-bridging during diastole (the ventricular
relaxation phase of the cardiac cycle). During systole (the ventricular contraction phase), cNTnC
binds the ¢Tnl switch region, cTnlj46-158, in a calcium-dependent manner, to release the inhibitory
effect of cTnli35.209. Thus, the cTnli35.200 C-terminal tail cycles back and forth between actin and
c¢TnC during diastole and systole, respectively, driving the cardiac cycle. The interactions between
cTnl and c¢TnC have been well established by X-ray crystallography and NMR

spectroscopy'>1872% but very little is known about the interaction between c¢Tnl and actin.

The N-terminal and C-terminal tails of cTnl are flexible, solvent-exposed, and susceptible
to post-translational modifications like proteolysis®*>**®. Western blot analysis of serum ¢Tnl in
myocardial infarction patients demonstrates multiple cut sites within the ¢cTnl N- and C-terminal
tails®”’. In animal hearts, proteolytic digestion of c¢Tnl has been demonstrated to occur in
myocardial ischemia-reperfusion injury®>!*2% Two major mechanisms are known to contribute

to ischemia-reperfusion injury: generation of excess RONS8%2% and calcium overload?!%?!!. Both
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processes activate downstream proteases that can compromise structural integrity and promote cell

death.

N e o *

_____________________

cTnl [1-37]
N-terminal tail
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Figure 2.1: Calcium-saturated cTn (partial stucture shown). cTnC is shown in blue and consists

of ctNTnC and cCTnC. cTnl is shown in magenta and red, with the red regions corresponding to
the two constructs used in this study: ¢Tnli.77 and ¢Tnli35209. The inset highlights the N- and C-
terminal tails of cTnl, with intrinsically disordered regions drawn manually as squiggles. Figure
prepared using PyMOL and structure 4Y99 (PDB code). At resting calcium concentrations,
cNTnC releases calcium (yellow sphere), adopts a closed conformation, and ¢Tnli35-209 binds to

actin. Bar diagram at the bottom shows domain organization and different functional region of

cTnl with its binding partners.
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MMPs were originally identified as extracellular proteases but were subsequently found to

185,212

localize to intracellular compartments as wel , with MMP-2 being the predominant isoform in

cardiomyocytes. MMPs are synthesized as inactive zymogens, with an inhibitory cysteine residue
in the pro-peptide domain complexing the catalytic zinc ion. MMPs are activated by proteolytic
removal of the pro-peptide domain or by chemical modification of the inhibitory cysteine

113

sulthydryl group, as occurs when RONS, particularly peroxynitrite''°, are generated during

ischemia-reperfusion injury®!-?13-214,

Calpains are a family of calcium-dependent cysteine proteases that are involved in
cytoskeletal remodeling, signal transduction, and cell death?!>2!®. Calpain-1 (p-calpain) and

calpain-2 (m-calpain) are ubiquitously expressed and are activated by elevated intracellular Ca®*

116,210,211,217,218 These

concentrations calpains have nearly indistinguishable substrate

specificities?!*??° but differ in the concentration of calcium required for activation. Both MMP-2
and calpain have been shown to cleave cTnl in animal models of ischemia-reperfusion injury®>13!,

Small molecule inhibition of MMP-2%3% or calpain'?!>1??2 has been shown to attenuate ischemia-

reperfusion injury in animal models.

The structured core of c¢Tnl (residues 39-134) is known to be relatively resistant to

proteolytic digestion®?’

. Moreover, since full-length cTnl misfolds and aggregates on its own, we
generated two soluble fragments of cTnl containing its flexible protease-susceptible N- and C-
terminal tails, cTnli.77 and cTnli35209, respectively. Using purified proteins and mass spectrometry,
we have mapped out the precise cTnl cleavage sites for MMP-2 and calpain-2. Since cTnl interacts

primarily with ¢TnC and actin in vivo, we also examine its proteolysis in the presence of these

binding partners.
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Given the extensive biophysical characterization of the troponin complex over the past six
decades, it is possible to understand the proteolytic susceptibility of ¢Tnl in terms of its structure.
However, relatively little is known about the structure of the critical C-terminal tail bound to the
actin, because the intrinsic disorder of the tail, combined with the filamentous nature of actin, is
difficult for any one biophysical technique to tackle comprehensively. In the current study, we use
solution NMR spectroscopy to probe the structure of the C-terminal cTnli35.209 tail without actin
and in the presence of actin maintained in a monomeric form by its complex with DNase I (so that

it can be studied by solution NMR)?*,

2.2 Materials and methods

2.2.1 Protein expression and purification

Soluble recombinant human cTnl proteins, cTnli.77 and cTnli3s.200, were expressed in
Escherichia coli and purified as described previously??>2%¢ (see 3.1.2 for protocol in detail).
Briefly, both recombinant proteins were expressed as fusions to the f-barrel membrane protein,
PagP. This causes the fusion protein to accumulate in insoluble inclusion bodies, which can be
harvested by centrifugation, solubilized in 6 M guanidine-HCI, and then purified by nickel affinity
chromatography. ¢Tnli-77 was separated from PagP via cyanogen bromide cleavage in 0.1 M
HCI1%322° while cTnl35.200 was separated using nickel ion-catalyzed cleavage??®. ¢Tnli3s.200 Was
also produced with '>N- and/or *C-isotope enrichment for solution NMR studies. Purity of

produced proteins were conformed by SDS-PAGE gel.
2.2.2 NMR Spectroscopy

All NMR data used in this study were generated at 30°C using a Varian Inova 500 MHz

spectrometer equipped with a triple resonance probe and pulsed field gradients. NMR samples
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contained 500 pl of aqueous NMR buffer consisting of 10 mM imidazole, 0.5 mM 2,2-dimethyl-
2-silapentane-5-sulfonate-d6 sodium salt (ds-DSS), and 0.01 % NaN3 in 90% H20: 10% D0 or
100% D20 at pH 6.8. Three-dimensional HNCACB and CBCA(CO)NH experiments were carried
out to obtain backbone 'H, >N, 1*C chemical shift assignments for a sample of 2.8 mg cTnl135-209
dissolved in NMR buffer. In addition, both (H)C(CO)NH-TOCSY and H(C)(CO)NH-TOCSY
experiments were conducted to obtain side-chain 'H and *C chemical shift assignments. 3D ’N-
edited and '*C-edited homonuclear 'H-'"H NOESY experiments were also performed and analyzed
to obtain Nuclear Overhauser effect (NOE) information. All two- and three-dimensional NMR
data were processed using NMRPipe/NMRDraw software??’”. NMRViewJ??® from One Moon

229 (

Scientific was used to further visualize and analyse spectra. The 62D program~= (http://www-

mvsoftware.ch.cam.ac.uk/) was used to quantitate secondary structure propensities (a-helix, B-

strand and random coil) using backbone chemical shift assignments®*°.

Recombinant bovine cardiac muscle actin (>99% pure) was purchased from Cytoskeleton,
Inc. (Denver, Colorado, USA). RNase-free and protease-free deoxyribonuclease I (DNase 1) was
purchased from Worthington Biochemical Corporation. Actin was maintained in a monomeric

form through its tight binding to DNase I, thereby inhibiting polymerization®!,

ISN-labeled cTnli3s-200 (1.1 mg) was dissolved in 500 ul NMR buffer supplemented with
10 mM DTT. A baseline ("H, ’N)-HSQC spectrum was recorded of this sample. Next, 1 mg of
actin was dissolved in 100 pul NMR buffer + 10 mM DTT and then added to 1 mg DNase I, and
this mixture was added to the 500 pl solution of *N-labeled cTnli3s:200. The (‘H, "N)-HSQC
spectrum was repeated, and a comparison of peak intensities before and after addition of
monomeric actin-DNase | was obtained, after correcting for dilution. The mathematical equation

for calculating errors is as follows:
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Here,

A (I—) = Estimated error in signal intensity ratio
0

[ = Signal intensity in the presence of actin — DNase |
I, = Signal intensity before adding actin — DNase |
N = Noise level in the presence of actin — DNase |

Ny = Noise level before adding actin — DNase |

2.2.3 SDS-PAGE analysis of in vitro proteolysis

Purified human recombinant MMP-2 (72 kDa) (200 pg/ml) was activated chemically by 1
mM of 4-aminophenylmercuric acetate (APMA) in activation buffer (100 mM Tris-HCI, 10 mM
CaCl,, pH 7.6), as previously described?*?. Recombinant rat calpain-2 was expressed and purified
as previously described®*®. APMA-activated recombinant human MMP-2 was incubated with
cTnli-77 (0.1 pg/pl) or cTnli35-209 (0.1 pg/pl) in incubation buffer I (50 mM Tris-HCL, 5 mM CacCl,,
150 mM NacCl, pH 7.6) for 2 h at 37°C. Similarly, recombinant rat calpain-2 was also incubated
with ¢Tnlj.77 (0.1 pg/ul) or cTnli3s-209 (0.1 pg/pl) in incubation buffer II (50 mM Tris-HCI, 5 mM
CaClp, 150 mM NacCl, 10 mM beta mercaptoethanol, 10 mM DTT, pH 7.6) for 2 h at 37 °C.
Proteolytic assays were carried out with enzyme-to-substrate molar ratios ranging from 1:500 to
1:10000 and 1:250 to 1:5000 for MMP-2:cTnl and calpain-2:cTnl, respectively. As controls, 2-

[((1, I’-Biphenyl)-4-ylsulfonyl)-(1-methylethoxy) amino]-N-hydroxyacetamide (ARP-100) and
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MDL-28170 inhibitors [Cayman Chemical, Ann Arbor, Michigan, USA] were used to block
MMP-2 and calpain-2 activity, respectively. The products of all proteolysis assays were separated

by electrophoresis in 16% Tris-Tricine gels and visualized by Coomassie Blue staining.

In an additional set of experiments, activated MMP-2 or calpain-2 were incubated with
cTnli.77 or cTnli35.200 in the presence or absence of cTnC or actin. ¢TnC binds to cTnl with a 1:1
stoichiometry, so 0.32 pg/ul ¢cTnC was used, corresponding to a 1.5:1 cTnC:cTnl ratio (excess
cTnC). For actin, a 1:1 stoichiometry was suspected (discussed further in the Results section 2.3),
therefore actin was added at a concentration of 0.50 pg/ul, corresponding to a 1:1 molar ratio. The
actin concentration was then serially diluted two-fold to yield molar ratios ranging from 1:1 to
0.0625:1. Note that under these conditions, actin is predominantly in the filamentous F-actin form,
though at the lowest concentrations used, there would be a more significant proportion of

monomeric G-actin®*,

2.2.4 Mass spectrometric analysis of in vitro proteolysis

A cocktail of MMP-2 (1 ng/ul) with cTnl;.77(0.43 pg/ul) or MMP-2 (1 ng/ul) with cTnl;3s.
209 (0.44 pg/ul), each at 1:5000 molar ratio, was incubated at 37°C for a time course study from 0
min to 24 h. The same time course study was applied to calpain-2 (4 ng/ul) with cTnli-77 (0.43
pg/ul) and calpain-2 (4 ng/pl) with cTnlizs.200 (0.44 pg/ul), each incubated at 1:1000 molar ratio
at 37°C. Formic acid (1% v/v) was used to denature the proteins and stop the reaction, and the
samples were immediately flash frozen with liquid nitrogen. For protein molecular weight
determination reverse phase high performance liquid chromatography followed by mass
spectrometry (RP-HPLC-MS) was performed using an Agilent 1200 SL HPLC System with a

Poroshell 300SB-CS8, 5 um particle size, 75x0.5 mm column (Agilent Technologies, Santa Clara,
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CA, USA), with Opti-pak trap cartridge kit, 5 ul BED, C8, thermostated at 60°C or a Phenomenex

Aeris 3.6 um, WIDEPORE XB-C8, .02 um, 2.1x50 mm with guard column, thermostated at 50°C.

For the Poroshell column a buffer gradient system composed 0.1% formic acid in water as
mobile phase A and 0.1% formic acid in acetonitrile as mobile phase B was used. An aliquot of 5
ul of sample was loaded onto the column at a flow rate of 0.15 ml/min and an initial buffer
composition of 95% mobile phase A and 5% mobile phase B. After injection, the column was
washed using the initial loading conditions for 3 min to effectively remove salts. Elution of the
proteins was done by using a linear gradient from 5% to 50% mobile phase B for 10 min, 50% to
95% mobile phase B for 2 min, 95% to 98% mobile phase B for 4 min and back to 5% mobile

phase B for of 1 min.

For the Phenomenex Aeris column the following gradient was used: the column was
washed after loading of the sample using a 0.4 ml/min flow rate and 5% mobile phase B for 2 min
to effectively remove salts. Elution of the proteins was done by using a linear gradient from 5%
to 65% mobile phase B for 8§ min, 65% to 98% mobile phase B over a period of 2 minute, kept at

98% mobile phase B for 2 min and back to 5% mobile phase B for 1 min.

Mass spectra were acquired in positive mode of ionization using an Agilent 6220 Accurate-
Mass TOF HPLC/MS system (Santa Clara, CA, USA) equipped with a dual sprayer electrospray
ionization source with the second sprayer providing a reference mass solution. Mass correction
was performed for every individual spectrum using peaks at m/z 121.0509 and 922.0098 from the
reference solution. Mass spectrometric conditions were in drying gas 10 I/min at 325 °C, nebulizer
20 psi, mass range 100-3000 Da, acquisition rate of ~1.03 spectra/sec, fragmentor 200 V, skimmer
65 V, capillary 3200 V, instrument state 4 GHz High Resolution. Data analysis was performed

using the Agilent MassHunter Qualitative Analysis software package version B.03.01 SP3. From
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the masses, the proteolysis fragments from both recombinant proteins were determined by using

the online bioinformatics tool FindPept from the EXPASy , 235 (http://web.expasy.org/findpept/).

SequenceEditor (Build 5.65) from Bruker Daltonics Biotools 3.2 SR3 was also used to analyse the

peptide masses.

2.3 Results

2.3.1 Structure of free cTnli3s-200 by NMR spectroscopy

The 'H-'>N HSQC spectrum of ¢Tnl;35.209 alone in solution (see Figure 2.3A below) shows
narrow and intense peaks with poor chemical shift dispersion, suggestive of intrinsically
disordered regions. Some peaks are weak due to rapid backbone amide-solvent exchange
(becoming more visible at more acidic pH due to the slowing of base-catalyzed solvent exchange),
especially peaks corresponding to inhibitory region residues 135-147. Near-complete chemical
shift assignments of backbone and side chain resonances were obtained (deposited in the

Biological Magnetic Resonance Bank, BMRB# 27476).

Secondary structure analysis showed predominantly random coil structure, using the
chemical shift analysis program 62D, which determines the percentage of secondary structure
based on HN, N, Ha, Ca, CO, and CP chemical shifts on a per residue basis. ¢Tnl residues 150-
159 are known to form an alpha helix when the switch region binds cNTnC, and 62D indicates
that this region has the highest helical propensity (up to 50%) in cTnl135-209 in the absence of ¢cTnC
(Figure 2.2A). Some helical character extends beyond the switch region out to residue 172, though
this is not observed in X-ray or NMR structures '>2%. Slight helical propensity is also observed
from residues 189 to 202 (though only up to ~10%). There is no significant -sheet propensity

anywhere in the cTnli35.209 sequence.
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Figure 2.2: (A) Residue-specific secondary structure of cTnli35.209 calculated by the program 62D
using backbone NMR chemical shifts. The functional regions shown highlight the results of
limited binding studies in the past, rather than exact boundaries determined from structure. (B)
Summary of medium-range NOE connectivities dag ¢, i+3) that are specific for alpha helix. (C)
Representative strip plots showing helical medium-range NOEs from 3D '°N- edited NOESY-
HSQC and 3D 3C edited NOESY-HSQC. Section 2.3.2 describes the second actin-binding region
(Tripet et al. 1997%%¢) and the third actin-binding region (Ramos, 1999%%7) in detail.
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Regions with helical propensity indicated by 62D also had corroborating NOEs obtained
from '3C- and '"N-edited NOESY-HSQC experiments. Figure 2.2B shows medium range NOEs
dop (i, i + 3) that correspond to the helical regions identified by chemical shift analysis. The
strongest helical NOEs were observed in the switch region, as shown in Figure 2.2C, which shows
6 strip plots extracted from '°N- and '*C-edited NOESY spectra. The NOE pattern confirms

nascent helix formation in residues 149-159, 164-172 and 187-197.

Our analysis of the cardiac troponin I C-terminal region is consistent with that of
Blumenschein et al.>*®, who documented primarily disordered random coil in the corresponding
region in fast skeletal troponin I. However, this study did not include an analysis of the helical
switch region (unobservable due to the high molecular weight of the fast skeletal troponin
complex), nor did it consider nascent helical structure via '"H-'H NOEs or backbone chemical
shifts. In contrast to the Blumenschein et al. study, Murakami et al.?*° describe a “mobile domain”
in the C-terminal region of fast skeletal troponin I made up of a small anti-parallel B-sheet
extending from residues V143 to L154 (corresponding to V175 to N184 in cardiac troponin I,
though according to sequence alignment, D153-L154 in fast skeletal troponin I are deleted in the
cardiac isoform, precluding formation of a similar anti-parallel B-sheet in cTnl), packed against a
helix extending from V157 to K167 (V187 to L197 in c¢Tnl). It is important to note that the
backbone chemical shifts obtained by Murakami et al. agree with those obtained by Blumenschein,
but these are not supportive of a rigid mobile domain structure. Thus, the “mobile domain” of
Murakami et al. could be at most a transiently structured domain, which the authors support by the
presence of many weak long range NOEs. In this regard, we note that our chemical shift and NOE
data are in agreement with Murakami et al. with respect to the presence of nascent helical structure

in residues ¢cTnl 164-172 and 187-197. However, there is no evidence of 3-sheet formation in our
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construct, either by chemical shift or NOE analysis. As well, Murakami et al. note the presence of
an additional C-terminal helix that we do not observe in our construct, likely because of sequence

differences between the fast skeletal and cardiac isoforms of troponin 1.
2.3.2 Partial structuring of ¢Tnli3s-209 in the presence of monomeric actin-DNase I

Many intrinsically disordered segments of proteins acquire structure upon binding to a
protein partner. However, we previously found that cTnl;-37 does not acquire any rigid secondary
structure upon binding the cNTnC domain through predominantly electrostatic interactions®*. In
contrast, the hydrophobic binding of cTnliss.158 to cTnC is associated with formation of a rigid

alpha helix comprising cTnl residues 150-158!3204,

When we added c¢Tnli35-209 to filamentous F-actin, all NMR signals broadened out beyond
detection, consistent with a molecular tumbling rate too slow to allow the use of solution NMR
spectroscopy (data not shown). We, therefore, added DNase I to actin to maintain it in a monomeric
form, with the total molecular weight of the complex ~74 kDa. Addition of a 10% molar ratio of
actin-DNase I to cTnli3s-209 caused sequence-specific broadening of cTnli3s209 (Figure 2.3A),
indicating that the kinetics of cTnli35.209 binding to actin-DNase I occur within the fast exchange
regime with respect to the NMR signal frequency differences between free and bound states. (If
binding were in the slow exchange regime, binding of a 1:10 ratio actin-DNase I to ¢Tnli35-209
could at most obliterate 10% of the signal.) The degree of signal attenuation provides a rough
estimate of which regions of cTnli3s.209 acquire the greatest structural changes upon interacting
with actin-DNase I. More tightly bound residues will experience a greater degree of signal
broadening caused by the relatively slow tumbling of the ternary complex, whereas this effect is

lessened by rapid internal motions in less restricted residues. Signal broadening additionally occurs
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due to conformational exchange between free and actin-bound cTnli3s209 states. In the fast
exchange regime, the residues that broaden most will be those that most frequently occupy bound
states and/or those with the largest chemical shift differences between free and bound states (thus
moving towards an intermediate exchange regime). In any case, the regions of cTnli3s.209 that
broaden most will be those that experience the largest structural dynamic changes upon interaction

with actin.

In the 2D 'H-'N spectrum of ¢Tnli3s.200 in the absence of actin-DNase I, the inhibitory
region, residues 135-147, contain weak signals that became undetectable upon addition of actin-
DNase I, confirming that the region interacts with actin, as expected (Figure 2.3A). A small peptide
consisting of only cTnl residues 136-147 alone is capable of completely inhibiting actin-myosin

240 Residues

cross-bridging, demonstrating this to be the minimal actin-binding inhibitory region
147-177, which includes the switch region, broaden considerably upon addition of actin-DNase I,
suggesting substantial structuring upon binding to actin-DNase 1. This finding is consistent with

the work of Tripet et al.>¢

, which showed a “second actin-binding region” within a region
corresponding to cTnl residues 164-180. In summary, our data indicate that residues 135-177,

comprising the inhibitory, switch, and second actin-binding regions, acquire rigid structure upon

interaction with actin-DNase 1.

The rest of the C-terminal tail of cTnl, residues 178-209, appear to be more loosely tethered
to actin-DNase I than residues 135-177 (Figure 2.3B). However, the helical C-terminal region from
residues 190-198 appears to be more tightly bound than adjacent segments. This is consistent with
the study of Ramos®’, who found that the last 17 residues of chicken skeletal troponin I
(corresponding to residues 193-209 in the current construct) also contribute to a third actin-

interacting region in cTnl.
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Figure 2.3: 2D ['H, "N]-HSQC NMR spectra of cTnli35209. (A) cTnlj3s.200 Without actin-DNase
I (left) or with actin-DNase I (right). The insets show the '*N-upfield region of the spectrum
containing, Gly, Ser, and Thr residues. Addition of a small amount of monomeric actin-DNase [
complex into cTnli3s200 causes differential signal broadening (right). Residues belongs to
inhibitory region (green), switch region (red) and second actin binding region (blue) are
undetectable upon addition of actin-DNase I. (B) The observed reduction in signal intensity ratio
in the 2D ['H, "'N]-HSQC signals of cTnli3s.20¢ when actin-DNase I complex is added. Overlapped

signals or signals with weak intensity were excluded.
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It is noteworthy that the regions of cTnli35.209 that become the most structured upon binding
actin-DNase I are the same regions found to possess alpha-helical propensity (Figure 2.3B), with
the exception of the inhibitory region cTnli3s.147. It is therefore quite possible that the same regions
acquire helical structure when bound to actin. In contrast, residues 178-192 and 201-209 have
negligible intrinsic helical propensity and do not appear to become as structured upon binding actin

1.3 could be formed

(which suggests that the folded “mobile domain” detected by Murakami et a
by c¢Tnl residues 135-177, rather than 164-209, as originally proposed). Nevertheless, it is
important to note that all residues in ¢Tnl35200 broaden upon binding actin-DNase I, including the
less structured regions, which may represent flexible loops that bind to actin through
predominantly electrostatic interactions. In fact, mutations associated with hypertrophic or

restrictive cardiomyopathy are found throughout the sequence of cTnli3s2002%!, suggesting that

residues along its entire length are important to interactions with the actin thin filament.
2.3.3 Invitro proteolysis of cTnl by MMP-2 and calpain-2

Proteolytic cleavage of purified recombinant human cardiac troponin constructs, cTnli.77
and cTnl;35.209, was monitored by SDS-PAGE (Figure 2.4). cTnl;.77 runs as a single 16 kDa band,
which is higher than its actual (mass spectrometry-confirmed) weight of 8.6 kDa, likely due to its
high proportion of positively charged residues. cTnl135209 similarly runs slower than predicted on
SDS-PAGE. cTnli.77 and cTnli35:200 were readily proteolysed by MMP-2, and this was almost
entirely abolished by the MMP inhibitor, ARP-100 (Figure 2.4A, Figure 2.4B). Similarly, calpain-
2 readily cleaved cTnli.77 and c¢Tnli35-209, and this was blocked by the calpain inhibitor, MDL-

28710. (Figure 2.4C, Figure 2.4D).
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Figure 2.4: Representative Coomassie Blue-stained 16% Tris-Tricine gels illustrating in vitro
proteolysis of c¢Tnli-77 or cTnli3s209 by proteases MMP-2 or calpain-2 (representative of N=3
independent experiments). Molar protease-to-substrate ratios are shown above each lane in the gel.
2 ng of cTnl was loaded in every reaction lane. Incubations were 2 h at 37 °C. Inhibition of MMP-
2 and calpain-2 activities by ARP-100 and MDL-28710, respectively, is also shown.

2.3.4 Mass spectrometric identification of MMP-2 cleavage sites of cTnl

Reverse-phase high-performance liquid chromatography-mass spectrometry was used to
identify MMP-2-derived cleavage sites in ¢Tnli-77and ¢Tnli35.209. We observed cleavage products
after incubation with MMP-2 for 10 min, 30 min, 2 h, 6 h and 24 h (Figure 2.5 and Appendix 1).
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At 0 min, intact cTnli.77 appeared at its expected molecular weight, 8627 Da. Within 10 min of
incubation, cleavage products were formed corresponding to cTnli.17 (1663.8 Da) and c¢Tnlis-77
(6980.9 Da) (Figure 2.6 and Appendix 1), and these continued to predominate even after 24 h of
digestion. Thus, there appears to be a single main cleavage site for MMP-2 within cTnli.77 at
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Figure 2.5: Summary of mass spectrometric analysis identifying MMP-2 and calpain-2 cleavage
sites within ¢Tnl;.77 and cTnli35209 (included in Supplementary Data). Note that our numbering
of cTnl excludes the N-terminal methionine, which is removed and replaced by an acetyl group

in post-translational processing.
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MMP-2 proteolysis of cTnl [1-77] at 10 min
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Figure 2.6: Mass spectrometry data of cTnl;.77 proteolysed by MMP-2 at 10 min incubation time
point. Proteolysed fragments of cTnl 177 were eluted at different retention time and the molecular
weight of fragments were determined by reverse phase high performance liquid chromatography

followed by mass spectrometry.

MMP-2-mediated cleavage of cTnli3s200 occurs at two sites that were apparent after 10
min of digestion: "'DAMMQA-LLGARAK'® and " IDALSG-MEGRKK?* (Appendix 1). The
cleavage site at A156-L157 is preferred, because it is entirely cleaved at 2 h, whereas the more C-
terminal site at G199-M200 is not entirely cleaved, even after 24 h. (Note that cTnl;35.200 was '*N-
labeled for NMR studies, so its molecular mass was increased by the amount expected from

replacing the naturally occurring N isotope with 1°N).

The MMP-2 cleavage sites identified within cTnl;77 and cTnli35:209 are consistent with

computer-aided prediction of MMP-2 cleavage sites http://cleavpredict.sanfordburnham.org/?*?
and consensus sequences derived from MMP-2-catalyzed cleavage of peptide libraries using a high
throughput PICS (proteomic identification of protease cleavage sites) technique and biotinylated
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peptide library cleavage assay>+-*%

, which show a strong preference for a hydrophobic residue
(particularly leucine, isoleucine, methionine) in the P1’ site (the residue immediately C-terminal
to the cleavage site), as well as a proline or hydrophobic -branched residue (valine or isoleucine)
at P3 (the third residue N-terminal to the cleavage site)**?%. A feature that is somewhat unique to

MMP-2 is its predilection for small amino acid residues like glycine, alanine, or serine at positions

P1, P2, and P3’.
2.3.5 Mass spectrometric identification of calpain-2 cleavage sites of ¢Tnl

We also mapped calpain-2 specific cleavage sites within cTnl;77 and ¢Tnli35-209 using mass
spectrometry (Appendix 2). We identified calpain-2-mediated c¢Tnli.77 and cTnli3s5.200 cleavage
products after 0 min, 10 min, 2 h, 6 h and 24 h (See Appendices 2 and 3). At 0 min, intact cTnl;.
77 1s observed at its expected molecular weight 8627 Da (See Appendix 2), though cleavage
products have already appeared, with the most prominent fragments being cTnl;25 (3088 Da),
cTnli29 (3159 Da), ¢cTnlx.77 (5557 Da), cTnl30.77 (5486 Da), and cTnlso-77 (3225 Da), suggesting
rapid proteolysis even before the reaction is immediately stopped by adding 1% v/v formic acid
and the reaction vial frozen in liquid nitrogen. Thus, calpain-2-mediated proteolysis of cTnl occurs
at a much faster rate than that observed with MMP-2. By 10 min (see Appendix 2), intermediate
cleavage products like cTnli.49 (5419.9 Da) and cTnlz.77 (5486.1 Da) are disappearing, while
smaller cleavage fragments begin to predominate: cTnli2s5 (2697.4 Da), cTnli2g (3087.6 Da),
cTnli29(3158.6 Da), cTnlz7.49 (2583 Da), cTnlz6.49 (2739.6 Da), cTnlso.77 (3224.8 Da), and cTnlsz7
(2897.6 Da). These terminal products are still present after 24 h, suggesting that the major cleavage

sites for calpain are all clustered around c¢Tnl residues 25-30 and 49-53.
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For calpain-2 digestion of cTnli3s5.209, we identified intact "N-labelled cTnli3s.200 With
expected molecular weight 8964.4 Da at 0 min (See Appendix 3). Similar to ¢Tnli-77, the major
cleavage products of cTnli3s209 can also be detected from 0 min. After 10 min incubation,
numerous major cleavage sites are apparent. Strikingly the calpain-2 activity localizes
predominantly to the hydrophobic switch region, with a total of 6 different sites located between
residues 152 and 160 (Figure 2.5). This is consistent with the known sequence preferences of
calpains-1 and -2 2*7. Of note is the cleavage site at "’ ALL-GAR'6!, which has a striking similarity
to the optimal calpain cleavage sequence PLF-AAR determined by peptide library analysis**’ and

22

alanine scanning mutagenesis>?, with hydrophobic residues on either side of the central scissile

bond. Additional calpain cleavage sites are located N-terminal to residues R145, A170, and Q174.

In contrast to the very specific cut sites of MMP-2, calpain-2 appears to possess much
broader substrate specificity, having multiple cleavage sites within ¢Tnli.77 and cTnl;35.200 (Figure
2.5). Remarkably, calpain cut sites occur in all cTnl segments that are involved in protein-protein
interactions. It seems as though calpain targets protein regions above a certain threshold of
hydrophobicity, and these tend to be the same segments involved in protein-protein interactions:
cTnlzs30 contains four calpain cleavage sites and is the most hydrophobic segment of cTnl19.37,
which binds electrostatically to the N-terminal domain of ¢TnC; c¢Tnls9.53 contains three calpain
cleavage sites and is the most hydrophobic segment of cTnl39.60, which forms an alpha helix that
binds tightly to C-terminal domain of cTnC; and cTnlis2-160 contains six calpain cleavage sites and
includes the most hydrophobic segment of the cTnl switch region, cTnli46.158. Full activation of
MMP-2 and calpain would have a devastating effect on cardiac troponin I function, severely

disabling calcium-mediated excitation-contraction coupling. However, it is necessary to determine
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which physiologic protein-protein interactions protect cTnl from proteolysis, as detailed in the

sections below.
2.3.6 In vitro proteolysis of ¢cTnli-77 in the presence of ¢cTnC

We therefore examined proteolysis of ¢Tnli-77 in the presence of its only known binding
partner, cTnC. cTnli.77 interacts with both globular domains of ¢TnC in two distinct ways. ¢Tnl
residues 39-60 bind tightly to the C-terminal domain of ¢TnC (cCTnC) as a well-structured alpha
helix that extends down to residue 79'3. In contrast, cTnl;.37 is intrinsically disordered in nature,
with cTnlio37 interacting with the c¢NTnC domain through predominantly electrostatic

interactions>>.

There was no observable proteolysis of ¢TnC itself in the presence of MMP-2 or calpain-
2 (Figure 2.7). ¢TnC binding had virtually no effect on MMP-2-mediated digestion of cTnl;.77
(Figure 2.7A), which occurs between residues 17 and 18 (Figure 2.5). This cut site lies just N-
terminal to cTnli9.37, which interacts with cNTnC?3. Calpain-2-mediated digestion of cTnl.77
yields two partially digested intermediate fragments at 11 and 12 kDa on SDS-PAGE
corresponding roughly to fragments ¢Tnl3o.77 and ¢Tnl;.49, respectively. Upon addition of ¢TnC,
the larger fragment, corresponding to residues 1-49, disappears completely (Figure 2.7B), this
makes sense because the cut sites between residues 49 and 53 lie exactly in the middle of the alpha
helix (cTnl residues 39-60) that binds very tightly to cCTnC. Thus, formation of a rigid alpha helix
precludes calpain-mediated proteolysis at this site in its native biologic context. In contrast, when
cTnli9-37 binds electrostatically to the ¢cTnC N-terminal domain, ¢Tnl residues 25-31 display a
partial restriction in mobility, but retain an intrinsically disordered random coil state®*. Apparently,

this interaction provides only partial protection from calpain-mediated proteolysis, as suggested
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by Figure 2.7B (that is, digestion at this site still produces a prominent 11 kDa band in the presence

of ¢TnC).

Based on earlier biophysical studies, proteolytic removal of the first 17 residues of ¢Tnl by

MMP-2 would be expected to slightly decrease the calcium sensitivity of the troponin complex,

3248

but not to the same extent as the physiologic phosphorylation of Ser22 and Ser23-*°. Hence, while

cTnl is vulnerable to MMP-2 digestion at residues 17-18 when in complex with cTnC, proteolytic
cleavage at this site would not be expected to have a devastating impact on cardiac function. In
contrast, cleavage at cTnl residues 25-30 by calpain would remove more of the N-terminal tail and

have a much larger calcium desensitizing effect**®.
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Figure 2.7: Comparison of in vitro proteolysis of cTnli.77 in the presence or absence of cTnC by
MMP-2 (A) and calpain-2 (B) in representative Coomassie Blue-stained SDS-PAGE gel
(representative of N=3 independent experiments). Cardiac troponin C is not susceptible to either
MMP-2 or calpain-2 proteolysis and appears intact as a single band at ~21 kDa. 2 ug of ¢Tnl was
loaded in every reaction lane. Molar cTnl-to-cTnC ratio was 1 to 1. The incubation period was 2

h at 37°C.
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2.3.7 Invitro proteolysis of ¢Tnli3s-209 in the presence of ¢cTnC

Note that MMP-2 has only two cut sites (between residues 156-157 and 199-200) in
cTnlizs200, leading to the production of five different degradation products, producing a
surprisingly complex appearance on the SDS-PAGE gels for so few cut sites (Figure 2.4). cTnC
binding to cTnli35.200 resulted in proteolytic protection against MMP-2 (Figure 2.8A) primarily at
the cut site between residues 156 and 157. This results from the binding of the switch region,
cTnli6.158, to cNTnC, with an alpha helix extending from residues 150-159'3. In contrast, the C-
terminal cut site between cTnl residues 199 and 200, which is not known to form any interaction
with ¢TnC, remains exposed to MMP-2 cleavage. Thus, in the presence of ¢cTnC, this C-terminal

locus becomes the preferred MMP-2 cut site in cTnl;35-209.

Binding of cTnli3s.200 to ¢TnC significantly changes its proteolysis pattern by calpain
(Figure 2.8B). In the absence of ¢TnC, the most favoured cut sites are distributed throughout the
switch region, between residues 152 and 160, yielding a fragment at about 11 kDa (cTnli53-209) on
the SDS-PAGE gel and a smaller fragment that runs at the bottom (cTnli3s.152). However, binding
of the cTnli46-158 switch region to cNTnC shields it from cleavage, making the cut sites flanking
the switch region more probable and altering the pattern of SDS-PAGE-visible proteolytic

fragments.

Cleavage of the switch region would be expected to have a devastating effect on cardiac function,
making it impossible to activate cardiac muscle contraction. However, it is apparent that binding
of cTnli35200 to cTnC specifically protects the switch region against proteolytic digestion, though

adjacent segments are still susceptible to MMP-2 and calpain-mediated proteolysis.
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2.3.8 Invitro proteolysis of cTnli3s-209 in the presence of actin

We next examined the proteolysis of ¢Tnli35-209 in the presence of actin. The current NMR
study of ¢Tnli35200 suggests a partial rigidification throughout its entire length upon interaction
with actin. Incubation of cTnlizs.200 with actin showed pronounced concentration-dependent
inhibition of MMP-2 proteolytic activity, almost completely inhibiting cTnl proteolysis at the
highest concentration of actin studied, at a molar ratio of cTnli35.209 to actin of 1:1 (Figure 2.9A).
However, even at this concentration of actin, some residual proteolysis at both MMP-2 cut sites is

still evident.
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Figure 2.8: Comparison of in vitro proteolysis of ¢Tnli35209 in the presence or absence of cTnC
by MMP-2 (A) and calpain-2 (B) in representative Coomassie Blue-stained SDS-PAGE gel
(representative of N=3 independent experiments). Cardiac troponin C is not susceptible to either
MMP-2 or calpain-2 proteolysis and appears intact as a single band at ~21 KDa. 2 pg of ¢Tnl was
loaded in every reaction lane. Molar cTnl-to-cTnC ratio was 1 to 1. The incubation period was 2h

at 37°C.
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Calpain-2-mediated digestion of cTnli3s.200 in the presence of actin at a 1:1 molar ratio
showed partial proteolytic protection of all cut sites, leading to significant preservation of intact
cTnli3s-200 (Figure 2.9B). The degradation band at 11 kDa, corresponding to cleavage of the switch
region, remains prominent in the presence of actin. This suggests that actin binding does not protect

the switch region to the same extent as binding to ¢TnC.

It should be noted that within the sarcomere, the stoichiometry of actin:cTnl is 7:1.
However, this is the result of a single troponin complex being associated with a single tropomyosin
coiled-coil that lies along seven actin monomers. Presumably, in the absence of tropomyosin, the
binding site for ¢Tnl is limited to a single actin monomer. The protection of ¢Tnli35.200 by a 1:1

molar ratio of actin is suggestive of a 1:1 stoichiometry of binding, as expected.

A MMP-2 digestion of cTnl [135-209] B Calpain-2 digestion of cTnl [135-209]
+ Actin + Actin
—_ =)
(=] w
2 o
= st o> =
- 3 2 <
3 o oo
~N wn m o
h jae) = o
m —_ = in
= 2 — E =
S = = & T =
G v S + £
e omY ~ Actin wow Y5 Acti
g = + h AR 5 @ £ + ctin
X Z £ £ o _(2-fold serial dilution) £ = § £ g (2-fold serial dilution)
s £ 5 % =2 5 T & & & —0m —
S 5 < = 1121 41 81 161 S 5 8 & < 11 21 41 81
B ew -——— =" - ——
35— 35— —
25—fa— =
-y p -
7_3 - 7= — = — —
11— — - ‘ — ;g i 11— . BB

Incubation
(2 h, 37°C)

Figure 2.9: Representative Coomassie Blue-stained SDS-PAGE gels showing in vitro proteolysis
of cTnli35.200 in the presence of A) MMP-2 (representative of N=3 independent experiments) or B)
calpain-2 (representative of N=3 independent experiments). Molar actin:cTnl ratios are indicated
above the gel. Incubation duration was 2 h at 37°C. 2 pg of ¢Tnl was loaded in every reaction lane.

MMP-2-to-cTnl ratio was 1:500, and calpain-2-to-cTnl ratio was 1:250.

67



2.4 Discussion

Our study demonstrates that the C-terminal tail of cTnl contains three regions with intrinsic
helical propensity, corresponding to the critical switch region that binds to cNTnC, the “second
actin binding region”?*¢, and the “third actin binding region”**’. We further show that all of these
regions exhibit structural changes in the presence of actin, and it would not be unreasonable to
postulate that they acquire more helical character. Finally, we demonstrate that the N and C-
terminal tails of c¢Tnl are susceptible to cleavage by MMP-2 and calpain-2, two intracellular

proteases that are activated in ischemia-reperfusion injury®>121-212.218.222

Numerous studies in different animal model systems have attempted to address the issue
of ¢Tnl proteolysis in ischemia-reperfusion injury®>131:132.136,137.143.249251 " A fiyndamental question
is which proteases are activated, and at what degree of ischemic injury. One can envision a full
spectrum of ischemia-reperfusion injury ranging from immediate recovery of function to
irreversible cell death. Even with cell death, there is a spectrum of functional impairment ranging
from ventricular wall akinesis to aneurysm to wall rupture. Central to the understanding of
structural damage is the activation of intracellular proteases, of which MMP-2, calpains, and
caspases have been identified as major players. (Caspase, however, was found to not digest cTnl

in an earlier study?*?).

Myocardial stunning is a form of reversible injury>> in which restoration of blood flow
relieves ischemia, but the viable, post-ischemic myocardium does not recover full contractile
function immediately, sometimes requiring hours to days for full restoration’>***, The exact
mechanism behind stunning remains a mystery, though the stunned cardiomyocyte is believed to

be structurally and metabolically intact?®*>, Most investigations have indicated that calcium
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handling is unperturbed, but there is decreased maximum force generation and either decreased or

unchanged calcium sensitivity!'3>2°62%,

Proteolytic digestion of c¢Tnl has previously been proposed as an explanation for
myocardial stunning. Past studies focused on a 17-residue C-terminal truncation of cTnl, ¢Tnl;.
193, that was associated with decreased Ca®" sensitivity and myocardial stunning?®®. Separate
biochemical analyses of this cleavage product demonstrated increased, rather than decreased, Ca*"
sensitivity7-26?, We found no evidence to suggest that ¢Tnl;.193 is generated by either MMP-2- or
calpain cleavage. On the other hand, we have determined that within the C-terminal tail of ¢Tnl,
the critical switch region is most susceptible to cleavage, both by MMP-2 and calpain, and
cleavage at this site would provide the simplest possible explanation for the phenomenon of

myocardial stunning.

The ¢Tnl switch region is partially protected from proteolytic cleavage as it cycles between
cNTnC and actin to control cardiac contraction, although severe myocardial ischemia creates
additional factors that could release it from both: 1) formation of the actomyosin “rigor” state due
to depletion of ATP?¢!; and 2) intracellular acidosis causing calcium desensitization of the cNTnC
domain. (It should however be noted that acidosis would also compromise the calcium-dependent
activity of calpains.) The necessary convergence of multiple factors under sub-lethal conditions is
a possible explanation for why myocardial stunning is not universally observed in all experimental

and clinical settings involving ischemia-reperfusion injury.

The proteolytic cleavage of cTnl residues C-terminal to the switch region would likely also
have a negative impact on cardiac function. The importance of C-terminal residues is underscored
by the existence of many hypertrophic cardiomyopathy-associated mutations that extend all the

way to Glu208%*!. A recent case study of a patient with progressive heart failure associated with
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restrictive cardiomyopathy identified a 15-residue (D195-S209) deletion from the C-terminus of

cTnl%%2

There is a complex interplay between c¢Tnl proteolysis, phosphorylation, cardiomyopathy-
associated mutations, and different disease states. The most consistently observed phosphorylation
sites in human are cTnl at S22 and S23, which modulates the calcium sensitivity of cardiac
muscle?>2%, The phosphorylation state of ¢cTnl S22/S23 is impacted by the presence of heart
failure’®® or cardiomyopathy-related mutations®’-***, Phosphorylation at S22 and S23 by protein
kinase A% or just S23 by protein kinase D' has also been shown to decrease calpain-mediated
proteolysis. Phosphorylation at this site likely interferes with calpain cleavage at its preferred sites

between Y25 and R26 or between R26 and A27, identified in the current study.

More recently, phosphorylation of S198 by protein kinase C has been shown to increase
the calcium sensitivity of cardiac muscle contraction'?’. Further studies in transgenic mice found
that the pseudophosphorylation mutation S198D decreased formation of a proteolyzed form of
cTnl following 30 min of global ischemia and 1 h of reperfusion®*®. An S198A mutation did not
attenuate proteolytic digestion. The simplest explanation is that the cTnl S198D mutation abolishes
the MMP-2 cleavage site at G199-M200, whereas the S198 A mutation does not, as suggested by

MMP-2 cleavage site amino acid preferences at position P22%,

Proteolytic digestion of c¢Tnl during myocardial ischemia has clinical consequences
beyond impairment of cardiac function. Proteolytic cleavage results in the generation of
heterogeneous fragments of cTnl that are released into the bloodstream and used in the detection
and diagnosis of myocardial infarction?¢¢267, In a recently published study, we demonstrate that
the degree of proteolysis in ¢Tnl depends on the severity of ischemic injury, with the highest

degree of digestion observed in patients with ST-elevation myocardial infarct and lesser degrees
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of digestion seen in supply-demand ischemia®®. It is thus quite possible that the pattern of ¢Tnl

proteolysis could be used to differentiate between different mechanisms of myocardial injury.

In summary, cTnl contains intrinsically disordered tails that are key to its function, but are
also sensitive to proteolysis by the proteases purported to be active during ischemia-reperfusion
injury. Proteolytic digestion of ¢Tnl has important implications for cardiac muscle function, as

well as for the clinical diagnosis of myocardial infarction via the detection of cTnl fragment.
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CHAPTER 3

DILATED CARDIOMYOPATHY MUTATIONS AND PHOSPHORYLATION DISRUPT
THE ACTIVE ORIENTATION OF CARDIAC TROPONIN C

Chapter 3 has been published in:
Mahmud, Z., Dhami, P.S., Rans, C., Liu, P.B. & Hwang, P.M. Dilated cardiomyopathy mutations
and phosphorylation disrupt the active orientation of cardiac troponin C. J Mol Biol 433, 167010

(2021).
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3.1 Introduction

Cardiomyopathies are associated with abnormal growth of heart muscle, heart failure, and
fatal arrhythmias. Some cardiomyopathies are heritable, with sequencing to detect causative
mutations becoming standard clinical care’®. DCM is characterized by impaired systolic
contraction of the left ventricle or both ventricles. The phenotypic prevalence of familial DCM is
1/5,000 to 1/10,000%7°. Over time, the ventricular walls get thinned, and the ventricular chambers

become progressively dilated and impaired in their ability to pump blood.

Although rare, some DCM mutations localize to the cardiac troponin complex?’!, which
adorns the actin-tropomyosin thin filament at specific sites where it helps to translate cytoplasmic
calcium spikes into muscle contraction’’?. The cardiac troponin complex is made up of three
subunits!'22°%-201: ¢TnC binds to calcium, cTnl reversibly binds to actin to inhibit contraction, and
cTnT anchors the whole complex to tropomyosin (Figure 3.1A). In 2003, the X-ray crystal
structure of the cardiac troponin complex (PDB ID: 1J1D,1J1E) delineated for the first time the
structural core of the complex, with the 3 subunits coming together to form the so-called “IT-
arm”!3. The structural C-terminal domain of ¢TnC (cCTnCos.161) has two calcium-binding EF-
hands (EF-III and EF-IV) that remain occupied and structurally invariant throughout the cardiac
cycle due to very high- affinity Ca?"/ Mg?" binding. The cCTnC domain is the hub of the IT-arm,

which resembles a meatball grasped by two helical chopsticks, with one chopstick consisting of

cTnls1.79 and the other, a helical coiled coil made up of ¢TnT223.272 and cTnlgo-134?® (Figure 3.1A).
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Figure 3.1: (A) Calcium-saturated human cTn. ¢TnC consists of two domains, cNTnC (blue) and
cCTnC (green). cTnl is shown in red, The N- and C-terminal tails of cTnl, with intrinsically
disordered regions that were invisible in the X-ray crystal structure drawn manually as squiggles.
c¢TnT 1s shown in magenta. Figure prepared using PyMOL and structure 1J1E (PDB code). (B)
Calcium-saturated cTnC bound to N-terminal tail of cTnli.77 in the active orientation. The key
interaction sites for the active orientation and DCM and phosphomimetic variants are colored as
yellow. (C) Residue A31 of ¢TnC shows different NMR signal lineshapes in free cTnC,
c¢TnC-cTnli.77and ¢TnC-cTnli.77 S41/43D. (D) Representative T1p relaxation decay curves for the
residue A31 in free cTnC, cTnC-cTnli.77and cTnC-cTnli.77 S41/43D. T1p relaxation delays were

varied from 0 to 100 ms.

74



The structural rigidity of the IT-arm revealed by X-ray crystallography contrasts
with the mobility of the regulatory N-terminal domain of ¢cTnC (¢cNTnCj-gs5) observed by solution
nuclear magnetic resonance (NMR) spectroscopy?’. The cNTnC domain has only one functional
low-affinity calcium-binding EF-hand, EF-II, while EF-I is defunct. During diastole, the cNTnC
domain is in a closed conformation, but in response to calcium influx during systole, it binds a
single calcium ion and enters a dynamic equilibrium between closed and open states, with the
closed state still predominating®>!°’. However, the open state is stabilized by binding to the switch
region of cTnl, cTnli46-158, and this removes the inhibitory effect of the cTnl 35209 tail. The removal
of ¢Tnli35-200 from its binding site on actin allows the actin-tropomyosin filament to transition from
a blocked state to one that is conducive to actin-myosin cross-bridging and force generation'?.
Binding to the c¢Tnl switch region also increases the apparent calcium affinity of the cNTnC

2

domain®®, suggesting that the open state has a higher calcium affinity (a slower calcium off-rate)

than the closed state.

Solution NMR relaxation studies have revealed additional flexibility of the cNTnC domain.
Solution transverse magnetization R, relaxation rates of backbone amide N nuclei are
proportional to the effective correlation time at each site. The correlation time is dominated by the
nanosecond timescale tumbling of the entire protein in solution, though it can be locally decreased
by rapid nanosecond-picosecond timescale fluctuations typically in flexible tails or large loops.
NMR N relaxation analysis has revealed that the two domains of ¢TnC are connected by an
intrinsically disordered linker (cTnCge92) displaying rapid nanosecond-picosecond timescale
fluctuations®. This means that the cNTnC domain can sample a wide range of positions relative

to the rigid IT-arm of the cardiac troponin complex.
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However, it turns out that the positioning of the cNTnC domain is regulated by additional
interactions with other parts of the cardiac troponin complex. We previously demonstrated that
binding of ¢TnC to a soluble fragment of ¢Tnl, ¢cTnl;-71, fixes the two domains of cTnC so that the

complex tumbles as a single unit*?

. ¢Tnli-71 is comprised of the flexible cardiac muscle-specific
N-terminal tail of ¢Tnl, ¢Tnli37, followed by a helical region, cTnlz9-¢0, that binds with tight
nanomolar affinity to the cCTnC domain®’®. c¢Tnl;37 is intrinsically disordered, even when the
cTnlj9.37 binds to cNTnC via electrostatic interactions. The interaction fixes the cNTnC domain
into an orientation relative to the cCTnC domain that is consistent with the 2003 X-ray crystal
structure of the calcium-bound activated cardiac troponin complex. We verified that the activated
orientation observed in the X-ray crystal structure was also present in solution (via nuclear
Overhauser enhancement-derived distance restraints), and this did not require binding of cNTnC
to the switch region, cTnli46.158. We therefore proposed that the interaction between cTnli9.37 and

the cNTnC domain stabilizes a “primed orientation”, which is compatible with cNTnC binding to

the cTnl switch region, cTnl146-15s.

Recently determined cryo-EM structures of the cardiac thin filament have shown that the
orientation that we previously highlighted as the “primed” orientation is in fact exactly the same
as that in the activated calcium-bound form of the cardiac thin filament (Figure 3.2)'*. Previously
undocumented interactions between the cNTnC domain and tropomyosin are also observed in the
cryo-EM structure, suggesting that active orientation of the cNTnC domain also helps to promote

the active conformation of the thin filament.
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Cardiac troponin complex

Ca?* bound state Ca?* free state

Figure 3.2: (A) Backbone overlay of 7 Ca*" bound structures of the cardiac troponin complex. The
coloring scheme is as follows, PDB: 1J1E (red), PDB: 1J1D (magenta), PDB: 6KN8 (orange),
PDB: 6KLU (tint), and PDB: 4Y99 (pink). Both 1J1E and 1J1D have two structures in each unit
cell. Both 6KN8 and 6KLU are cryo-EM structures, but 6KN8 has two different troponin
complexes in the structure. (B) Backbone overlay of 3 Ca* free structures of the cardiac troponin
complex. The coloring scheme is as follows, PDB: 6KN7 (red) and PDB: 6KLT (magenta). Both
6KN7 and 6KLT are cryo-EM structures, but 6KN7 has two different troponin complexes in the
structure. The switch peptides (cTnli4s-158) are colored as orange and yellow for 6KN7 and 6KLT,

respectively. The Ca?" ions are not visible in this figure due to superimposition of these structures.
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The orientation of the cNTnC domain shifts slightly in the low calcium diastolic state of
the thin filament. In this state the cNTnC domain is forced to rotate somewhat to accommodate
binding of the essential inhibitory region of cTnl, cTnli35.147, to actin and tropomyosin. Binding
of the inhibitory region is key to the formation of the blocked state of the cardiac thin filament,
and the c¢Tnl switch region, cTnlis6.158, is also bound to actin and unavailable for binding to
cNTnC. Activation of cardiac muscle contraction, then, requires not only binding of calcium to
cNTnC, but also weak myosin-actin-tropomyosin interaction to shift the position of tropomyosin
and displace cTnli3s.158 from its binding site on actin, so that the cNTnC domain can bind to the

cTnl switch region and rotate into its active orientation.

The current study focuses on interactions within the cardiac troponin that promote the
active orientation of the cNTnC domain. We propose that disruption of the active orientation
through phosphorylation of cTnl is the main mechanism by which the calcium sensitivity of
cardiac muscle contraction is regulated. Moreover, point mutations that disrupt the active
orientation of the cNTnC domain give rise to dilated cardiomyopathy (DCM). To test these
structural hypotheses, we produced phosphomimetic mutant forms of cTnl fragments (cTnli.77
S22D/S23D and cTnli.77 S41D/S43D) along with DCM-associated mutants (cTnC G159D, ¢TnC
D75Y and c¢Tnl K35Q). We then used solution NMR N relaxation studies to compare the

mobility of the cTnC domains in the wildtype versus mutant forms of the cTnC-cTnli.77 complex.

Finally, we also reconstituted the IT-arm of the cardiac troponin complex and present
evidence using '°N relaxation analysis that the cNTnC domain can participate in a previously
undescribed interaction with the IT-arm. We call this new position the “dormant” orientation,
because it competes with the active orientation of the cNTnC domain in its calcium-loaded state.

We therefore propose that a balance between active and dormant orientations is carefully regulated
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to control access of the cNTnC domain to the ¢Tnl switch region and consequently, the calcium

sensitivity of cardiac muscle contraction.

3.1 Materials and methods

3.1.1 Production and purification of ¢cTnC wild type and mutant constructs

The expression and purification strategies for cTnC and c¢Tnl constructs are different
because of the different natures of these two protein subunits. ¢cTnC is a well-behaved soluble
subunit, whereas c¢Tnl is intrinsically disordered and prone to aggregate. Expression plasmids for
wild type and mutant forms of ¢TnC were created by ATUM (formerly DNA 2.0) and designed to
incorporate IsoPropyl-beta-d-ThioGalactopyranside (IPTG)-inducible expression, T5 promoters
(compatible with endogenous E. coli RNA polymerase), codon optimization for E. coli, and
ampicillin selection. The ¢TnC constructs begin with the native sequence, followed by a nickel
(IT)-catalyzed peptide bond cleavage motif SRHW and a polyhistidine tag, (Hiss-tag) (Figure 3.3).
Cleavage N-terminal to the SRHW sequence leaves behind the native protein C-terminus. Isotope-
labeled °N ¢TnC wild type and mutant constructs were expressed in E. coli BL21(DE3) cells using
M9 minimal media supplemented with '*N-labeled ammonium chloride. Cells from a 2 liter culture
were grown to an absorbance between 0.5 and 1.0 at 600 nm wavelength and induced with IPTG.
Subsequently, cells were harvested by centrifugation. Cells were resuspended at room temperature
with 40 ml buffer containing 50 mM Tris at pH 8, 10 mM MgSOy4, 0.01 mg/ml DNase, and 1 mM
CaCly. After resuspension, cells were lysed with the addition of 20 mg lysozyme and 200 mg
sodium deoxycholate per liter of growth. Cells were further dispersed using a Kontes Glass Duall
tissue grinder followed by high-speed centrifugation to remove cell debris. The supernatant was
filtered through a 0.45-pm PVDF Millipore syringe filter before being applied to a nickel affinity

column. The binding buffer contained 20 mM Tris-HCI, 300 mM NaCl, 10 mM imidazole. The
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wash and elute buffers contain the same recipe except 20-80 mM and 250 mM imidazole,
respectively. The eluted fractions were collected and dialyzed against 5 mM HEPES at pH 7.5,
and 1 mM CaCl,. Ni (II)-catalyzed cleavage was used to cleave the Hise affinity tag from the cTnC
previously described in??®. The cleavage reaction was done in 1 mM NiSO4, 50 mM CHES buffer,
pH 9.5, incubated for 1-2 days (construct-dependent) at 45°C. The reaction was quenched by
adding 10 mM EDTA, 20 mM CaCl; and 100 mM imidazole, pH 5.5. After dialyzing the sample
against nickel column binding buffer, the tag was removed from cTnC by passing the mixture
through a second nickel affinity column and collecting the purified tagless cTnC in the
flowthrough, which was then dialyzed against 5 mM HEPES at pH 7.5 once and then 3 times
against 5 mM ammonium bicarbonate and 1 mM CaCls. In the last (5™) dialysis, the concentration
of CaClz was lowered to 0.01 mM, and then the sample was lyophilized. The yield for wildtype

and mutant ¢TnC constructs was around 70 mg per liter of culture.

3.1.2 Production and purification of wild type and mutant cTnli-77 constructs, cTnT223-28s,
and c¢TnT223-276

For wild type and mutant cTnli77 constructs, as well as ¢cTnT223288 and cTnT223-276,
expression with a PagP-based fusion partner was utilized. PagP is a Gram-negative bacterial outer
membrane protein (Figure 3.3). Note that the N-terminal methionine of ¢Tnl is removed and
replaced by an acetyl group during post-translational modification, so we begin numbering at the
next amino acid residue so that the last C-terminal residue is Ser209. Although a similar

modification occurs in cTnT, we are not aware of anyone who numbers it accordingly.

Deleting the signal sequence of PagP causes it (and the fused target protein partner) to

4

accumulate into cytoplasmic inclusion bodies?’*. Guanidine hydrochloride was used as a

denaturant to solubilize inclusion bodies and facilitate purification under denaturing conditions, as
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previously published?™. All target proteins were separated from PagP via cyanogen bromide
cleavage and then purified using nickel affinity chromatography under denaturing conditions, as

previously published®?.
3.1.3 Production and purification of mutant solubilized cTnlI3s-134

Our initial attempts to work with ¢Tnlzs.134 were unsuccessful because the construct was
highly insoluble. We were able to dissolve it in urea or guanidine denaturant, but all attempts to
reconstitute into a complex with ¢TnC and ¢TnT were unsuccessful. We therefore introduced a
number of mutations into cTnlss.134 to increase its solubility: C79A, C96S,1121T, T122R, A125K,
T128K, and F132N. Cysteine mutations were previously used for the 2003 X-ray crystal structure
of the cardiac troponin complex'®. The other 5 mutations are found in other troponin homologs,
and none are involved in known contacts to the rest of the troponin complex. When we introduced
these mutations into full length cTnl, overexpression with PagP as a C-terminal fusion partner
failed, as the fusion construct did not accumulate sufficiently in inclusion bodies. Therefore, we
created new constructs in which the N-terminus of cTnl was fused to a short TrpLE tag, also known
to direct proteins to inclusion bodies, while the C-terminus of ¢Tnl was fused to PagP (Figure 3.3).
The dual TrpLE and PagP fusion tags were designed to be removed via nickel (II) cleavage of the
motif SRHW. The N-terminal SRHW tag and His6-tag could be further cleaved off by TEV

275

protease cleavage using standard protocols””>. This approach was successful for producing

engineered cTnl3s-134.
3.1.4 Production and purification of mutant W237S, Q238D, Y241H, A245S-cTnT223-288

We also produced a mutant variant of ¢TnT223-28s fused with PagP in which four mutations

(W237S, Q238D, Y241H, and A245S) corresponding to human slow skeletal troponin T, were
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introduced. Like tail-less cTnlss.134, this construct also begins with TrpLE and has two Hise-tags

and two nickel (II) cleavage motifs SRHW at both N and C-terminal sites of the target sequence

(Figure 3.3).

Cardiac troponin C constructs

1. cTnC wild type
2. ¢cInCG159D
3. cInC D75Y

Cardiac troponin | constructs

1. cTnl,_,; wild type
2. cInl,,; K35Q

3. cInl,_,; S41/43D
4. cInl, 4, S22/23D
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Figure 3.3: Schematics of all cTnC, cTnl, and cTnT constructs used in this study.
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3.1.5 Reconstitution of the cardiac troponin ternary complex

Cardiac troponin ternary complex was reconstituted at 4°C using cTnC, engineered soluble
cTnlss-134 mutant, and ¢TnT223.285 constructs. 2H, N, 13C labeled ¢TnC (18 kDa, 500 uM) was
dissolved into 500 pl of buffer containing 0.1 mM Tris-HCl at pH 7.5, 200 mM MgCl, and 10 mM
CaCl,. The ¢TnC was diluted into 24.5 ml of the same buffer, and the pH was brought down to 5.5
from 7.5 by adding sodium acetate to 10 mM, pH 5.5. In a separate vial, unlabeled ¢Tnl3s-134 (11
kDa, 500 uM) was dissolved into 500 pl of 4.6 M urea and 10 mM sodium acetate at pH 5.5.
cTnlss.134 was added dropwise to continuously stirred 24.5 ml solution of ¢cTnC, producing a total
of 25 ml reconstituted binary complex. Unlabeled cTnT223-285 (8 kDa, 500 uM) was dissolved into
500 pl of the same buffer that was used to dissolve ¢cTnC and 10 mM sodium acetate was added
to maintain a pH 5.5. The 500 pl of cTnT223.288 was then diluted into 25 ml of the same buffer. The
25 ml of ¢TnT223-288 was added dropwise to the continuously stirred 25 ml of binary complex to
produce a total of 50 ml of the ternary complex (5 uM). To prepare a ternary complex sample for
the NMR experiment, 50 ml 5 uM ternary complex was exchanged with NMR buffer (10 mM
Imidazole, 200 mM MgCl;, and 10 mM CaCl, pH 6.5) and then concentrated to 500 uM in 500
pL by using MilliporeSigma™ Amico Ultra Centrifugal Filter (molecular weight cut off =30 kDa)
at 4500 xg centrifugation. Finally, 50 pul of 0.5 mM DSS in DO was added to make a 550 ul NMR

sample.
3.1.6 NMR spectroscopy

All 2D 'H, N HSQC spectra were acquired from Varian Inova 500 MHz spectrometer

equipped with a triple resonance probe and pulsed field gradients. cTnC and its variants were °N-
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labeled for '°N relaxation experiments. For experiments examining the troponin ternary complex,

¢TnC was %H, '3C,"’N-labeled. All cTnl and cTnT constructs were unlabeled.

NMR samples contained 0.3 - 0.5 mM protein dissolved in NMR buffer (100mMKCl, 10mM
imidazole, 10 mM CaCl,, pH 6.5), to which 10% volume of 0.5 mM 3-(trimethylsilyl)-1-
propanesulfonate (DSS) solution in D>O was added with 0.1% sodium azide. cTnl;.77 was titrated
into the '°N ¢TnC sample while monitoring the disappearance of free cTnC peaks to ensure 1:1
complexation. All NMR experiments were performed at 30°C. 2D >N gradient enhanced-
sensitivity HSQC and Ty and T1, '°N relaxation variants of the HSQC experiment were as supplied
by VnmrJ] BioPack. N T; and Ti, relaxation experiments were performed as previously
described®® and time delays for Ty and T, relaxation experiments were in the range of 0.010—10s

and 0 - 0.1 s respectively. All 2D HSQC spectra were processed using NMRPipe??’ software.

For Ty and T, relaxation analysis, decay curves were fitted using a monoexponential decay
function using a simplex minimization algorithm in MATLAB (version R2015b, The Mathworks,
Inc. Natick, Massachusetts, USA), courtesy of Lewis Kay, University of Toronto. Error estimates
for calculated Ty and T}, values were calculated as previously described®. Ty, (1/ Ry,) values were

converted to T2 (1/R>) values using the formula®’® :

_ Rlp _ Rl
" sin?26 tan2Z6

R;

Here 6 = Z)—é , 0 =tilt angle in the rotating frame, w1= spin-lock radio frequency field strength

and AQ= offset difference between corresponding resonance and the '°N carrier frequency. Ro,

Rip and R; relaxation rates are the reciprocal of T2, T, and T relaxation times, respectively.

84



3.2 Results and Discussion

We are proposing that the domain orientation of the regulatory cNTnC domain is a decisive
factor regulating the calcium sensitivity of cardiac muscle contraction. Domain positioning is
typically ignored in most solution NMR studies that focus on individual protein domains.
Alternative orientations can also be readily missed by X-ray crystallographic and cryo-EM studies
in which the domains can become fixed by crystal contacts, sub-zero temperatures, or other
manipulations needed to ensure a homogeneous ensemble of conformations. Solution NMR °N
relaxation has proven to be a powerful method for studying localized structural disorder as well as
the global tumbling of protein domains. Figures 3.1C and 3.1D show that fixation or release of the
domains in cTnC has a profound impact on the lineshape of NMR signals in the protein (Figure

3.1C), and this can be readily quantitated using '°N relaxation analysis (Figure 3.1D).
3.2.1 The N-terminal tail of cTnl stabilizes the active orientation of cTnC

The two domains of ¢TnC are connected by a flexible linker, allowing them to move
independently of one other. The average R rates of the cNTnC (10 s™') and cCTnC domains (9 s?)
at 30°C (Table 3.1)?’7?78 are higher than the average R rate of the homologous fast skeletal muscle
NTnC domain in isolation (7 s™)?”°, but lower than would be expected if the two domains were
tumbling as a single unit. (R; rates scale linearly with molecular weight for similarly shaped
proteins.) The Rz rates of the cNTnC and cCTnC domains are slightly different, because the
molecular weight of the cNTnC domain (9.6 kDa) is slightly larger than that of the cCTnC domain
(8.0 kDa), further supporting the notion that the domains can tumble in solution somewhat
independently of each other due to the increased internal mobility of the inter-domain linker, which

has an average R» relaxation rate of 5 s™!. Other regions of ¢cTnC that show marked flexibility are
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some of the larger inter-helical loops and the ends of the protein, which show decreasing R» values

towards the N- and C-termini, particularly the C-terminal residue E161 (Figure 3.4A).
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Figure 3.4: 1°N R, relaxation rates of (A) free cTnC and (B) cTnC bound to c¢Tnl;.77.

Addition of c¢Tnl;.77 has a dramatic effect on the NMR spectrum of ¢TnC. The largest
chemical shift perturbations are observed in the cCTnC domain (residues 1128, T129, E155, K158,
G159, and V160) (Figure 3.5C and Figure 3.7A), consistent with high nanomolar affinity binding
between large hydrophobic surfaces within the helical cTnl residues 39-60 and the cCTnC domain.
In contrast, binding between the cNTnC domain and cTnl residues 19-37 occurs largely through
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electrostatic interactions. Besides the chemical shift perturbations observed throughout cTnC, the
most dramatic change to the NMR spectrum is pervasive signal broadening (see Figure 3.1C). R»
relaxation rates throughout the entire cTnC increase markedly upon addition of ¢Tnli.77, rising to
an average ~ 31 s (Table 3.1, Figure 3.2B), more than 3 times what is seen in cTnC when it is
alone. The global shift indicates a change in the overall tumbling of the protein complex as a whole,

which has a combined molecular weight of 26 kDa and has a dumbbell-like structure.
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Figure 3.5: Comparison of >N R relaxation rates of free cTnC, cTnC complexed with wildtype
cTnli-77, and ¢TnC complexed with phosphomimetic ¢Tnli-77 S22/23D (A) or ¢Tnli-77 S41/43D
(B). (C)The 2D 'H, N HSQC spectrum of free cTnC (black) superimposed with ¢cTnC bound to
wildtype cTnl;.77 (red) or cTnli.77 S41/43D (green).
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cTnl;.77 binds to both domains and fixes the inter-domain orientation between cNTnC and
cCTnC. It is interesting to note that many flexible regions of cTnC are involved in the interactions
that stabilize this inter-domain orientation: the N-terminal helix of cNTnC, the inter-domain linker,
and the C-terminal tail of cCTnC (see structure in Figure 3.1B). Each of these contacts is disrupted
by a different DCM-associated mutation or post-translational modification (see below). All of the
contacting regions in cTnC display some degree of rigidification upon interaction with cTnl;.77,
contributing to the global increase in NMR R relaxation rates seen throughout the cTnC protein.
The active orientation is stabilized through the formation of three different weak interactions that
are accompanied by a loss of conformational entropy, making for a delicate balance that is sensitive

to regulatory changes.
3.2.2 Phosphomimetic mutants of cTnl disrupt the active orientation of cTnC

Phosphorylation of c¢Tnl S22/S23 is an important regulatory control of the calcium
sensitivity of cardiac muscle contraction*’?**2%1 The N-terminal tail of c¢Tnl contains many
residues that can be phosphorylated to impact the calcium sensitivity of heart muscle®>?**. Of all
these S22 and S23 are most consistently phosphorylated in humans®**2%, Although several kinases
seem to converge on these residues, they were originally found to be phosphorylated by cyclic
AMP (cAMP)-dependent protein kinase A (PKA) during B-adrenergic stimulation®®®. High levels
of phosphorylation of S22 and S23 are observed in healthy hearts, where they appear to contribute
to length dependent activation (Frank-Starling mechanism) and improve diastolic relaxation?®’-2%,
Decreased levels of phosphorylation have been observed in diseased states>*°. Selective proteolytic

removal of ¢cTnl N-terminal extension (cTnl;.31) or its deletion in a transgenic mouse model

appears to recapitulate many of the beneficial functional effects of phosphorylation, suggesting
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that the impact of phosphorylation of S22 and S23 has an effect similar to removing the cTnl N-

terminal tail?®'2%2,

Several functional studies (isolated perfused rabbit and rat hearts?*****, hyperpermeable rat

5

myocardium?®®, rat ventricular myocytes>’

, and porcine cardiac skinned muscle*®) reported
decreased calcium sensitivity in the presence of cTnl S22 and S23 phosphorylation or
phosphomimetic mutation to aspartate. In this study, we mimicked phosphorylation of cTnl;.77 by

mutating serine to aspartate at both S22 and S23 positions.

When complexed to the S22D/S23D-cTnl;-77 phosphomimetic double mutant, both cNTnC
and cCTnC domains display increased '’N Rz values (Rz ~ 24 s™) relative to what is seen in ¢cTnC
on its own, but not to the same degree as seen in complex with wildtype cTnl;.77 (Figure 3.5A).
This indicates that the two domains are still tethered together, but the association is somewhat
loosened relative to the wildtype complex (Table 3.1). Phosphomimetic cTnl S22/S23D mutation
would be expected to attenuate the electrostatic interactions between positively charged cTnl19.37
and negatively charged cNTnC. The decrease in electrostatic attraction therefore partially releases

the cNTnC domain from its active orientation, making it more mobile.

Phosphorylation of ¢Tnl S41/S43 by protein kinase C (PKC) is also detected in mice, but
it occurs to a lesser degree in humans®*»?!, Phosphorylation at these two sites is also known to

52,297,298

reduce cardiac myofilament calcium sensitivity and ATPase activity . In the active

orientation, cTnl S43 forms a contact with the cNTnC helix N (A7, E10, and Q11)** that would be

disrupted by phosphorylation (see Figure 3.1B).

Addition of mutant S41D/S43D-cTnli.77 to ¢cTnC had an intermediate effect on the NMR

spectrum of ¢TnC compared with wildtype cTnli.77 (see Figures 3.1D and Figure 3.5C).
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Examining N R, relaxation measurements, we determined that the incorporation of
phosphomimetic mutations S41D and S43D into cTnl;-77 increased the average R relaxation rate
in ¢cTnC to 18 s, though this is significantly slower than what is observed for cTnC complexed
with wildtype cTnli-77 (R2=31 s™") or S22D/S23D-cTnl;.77 (R2 ~ 24 s7") (Figure 3.5B, Table 3.1).
This suggests that the S41D/S43D dual mutation is more disruptive to the active orientation of
cNTnC than the S22D/S23D dual mutation. Interestingly, the R» values for the cCTnC domain are
consistently greater for the cNTnC domain, suggesting that the motion of the cNTnC domain has
been uncoupled from the cCTnC domain in the S41D/S43D-cTnl;.77-cTnC complex. Under these
circumstances, the smaller cCTnC domain tumbles more slowly than cNTnC because of the added

mass of tightly bound c¢Tnl.

A previous 2014 study examined the contractile properties of cardiomyocytes taken from
human donor hearts and how they changed when native cTnl was exchanged with phosphomimetic
mutant S22D/S23D-cTnl or S41D/S43D-cTnl. Incorporation of S22D/S23D-cTnl caused the
calcium sensitivity, pCaso, to decrease from 5.55 £ 0.05 (wildtype cTnl) to 5.37 = 0.01.
Incorporation of S41D/S43D-cTnl had an even greater effect, causing pCaso to drop further to
pCaso= 5.26 £ 0.01?*°. Thus, S41D/S43D phosphorylation has a greater calcium desensitizing
effect than S22D/S23D in cardiac muscle, as might be predicted from the structure (because it
involves the only contact between two structured elements in ¢cTnC and cTnl, see Figure 3.1B), as
well as from the greater disruption of the active orientation, as observed in our '°N relaxation
analysis. It is interesting to speculate that perhaps phosphorylation of S41 and S43 is not observed
to a large extent in humans because it would shift the contractile balance too far towards relaxation.
Perhaps phosphorylation of the corresponding residues in mice is better tolerated because of the

much smaller size of the heart, contributing to lower muscle wall tension (that contraction must
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overcome) and the fact that the mouse heart has to beat at a much faster rate, necessitating more

efficient cardiac muscle relaxation.

3.2.3 DCM mutations disrupt the active orientation of cTnC

Since there are several dilated cardiomyopathy-associated mutations in the troponin
complex that are associated with decreased calcium sensitivity of cardiac muscle contraction, we
surmised that they may also cause a disruption of the active orientation of the cNTnC domain,
much like the phosphomimetic modifications examined above. We therefore examined three
DCM-associated mutations (¢cTnl K35Q, ¢cTnC D75Y, and cTnC G159D)*%-3% to determine if this

was the case.

The DCM mutation cTnl K35Q was first reported in 2009, segregating with DCM in a
single family in an autosomal dominant manner*®. Both father (the proband) and a younger son
exhibited severe DCM necessitating early cardiac transplantation. An older son was also found to
have DCM as well as carry the K35Q mutation. Functional studies reported that the cTnl K35Q
mutation significantly decreased the calcium-binding affinity of cNTnC in reconstituted cardiac
thin filaments (wildtype pCaso=6.39 = 0.02 vs c¢Tnl K35Q pCaso= 6.00 = 0.03)*%. In the X-ray
crystal structure of the cardiac troponin complex'?, cTnl K35 is in a cluster of lysine residues that
come into close proximity of the negatively charged calcium binding EF-hand-II of the cNTnC

domain.

For the complex between cTnC and K35Q-cTnl;.77, the average '’N R, rate of cNTnC and
cCTnC was 22 s™! compared to 31 s™! while in complex with ¢Tnl;.77 wild type (Figure 3.6A). This

suggests that the K35Q mutation disrupts the active orientation of the cNTnC domain as
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postulated, perhaps a little bit more than the S22D/S23D mutation, but not as much as the

S41D/S43D mutation (Table 3.1).
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Figure 3.6: Comparison of >N R relaxation rates of free cTnC, cTnC complexed with wildtype

cTnli.77, and substituted (A) DCM mutant ¢Tnl;.77 K35Q, (B) cTnC D75Y, or (C) ¢TnC G159D.

The DCM-associated cTnC mutation D75Y was found in a double mutation ES9D/D75Y
in a patient with idiopathic DCM?*’!. No further human genetic evidence for these double mutants
is available to study co-segregation of the disease with the mutation. In rat cardiomyocytes,

expression of the cTnC ES9D/D75Y double mutations caused impaired myofilament contractility
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and decreased calcium responsiveness in both intact and Triton X-100 permeabilized cells.
Reconstitution with a lone D75Y-cTnC mutant in rabbit psoas fibers was able to recapitulate the
same phenotype as the double mutant and showed a 50% decrease in maximal force compared to
the wildtype ¢TnC. The single mutant also significantly lowered the calcium responsiveness of
myofilaments in a force-pCa relationship analysis (wild type pCaso= 6.2 = 0.04 vs ¢cTnC D75Y

pCaso= 5.9 £ 0.10)**!. In contrast, the E59D mutation did not appear to have any functional effect.

In ¢TnC D75 is part of the same EF-hand-II that interacts electrostatically with ¢Tnli9-37,
but it is not a calcium-binding residue and is not conserved in EF-hand proteins. As such, we
predicted that the D75Y interaction would disrupt the active orientation of the cNTnC domain. In
our '°N relaxation analysis, cTnC D75Y decreased the average R relaxation rate of both domains
from 31 s to ~ 21 s7! (Figure 3.6C), which was consistent with our expectations. The effect is of

a similar magnitude to that of the cTnl K35Q mutation.

To date, the DCM linked mutation G159D is the cTnC mutation best supported by genetic

evidence®??

. A total of six family members were identified carrying this mutation, including the
proband who developed heart failure and required heart transplantation at the age of 23 years, and
all family members carrying the mutation eventually developed DCM. The cTnC G159D mutant
construct did not show any changes in calcium-binding affinity when the ¢TnC protein was
examined in isolation, but the mutation did decrease the calcium-binding affinity of ¢cTnC in the
reconstituted thin filament**>. The G159D mutation also blunted the effect of PKA-mediated

phosphorylation of S22, S23 in the N-terminal tail of ¢Tnl;.37°%43%,

G159 is involved in a type II turn structure involving M157, K158, G159, and V160, which

places the C-terminal residue E161 in a position to form salt bridges with residues of inter-domain
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flexible linker, K90 and K92. While the inter-domain linker of ¢TnC is very flexible, it becomes
partially ordered in the active orientation of the cardiac troponin complex. We hypothesized that
the presence of the small glycine amino acid residue at position 159 stabilizes the type II turn,
whereas DCM-associated ¢cTnC mutation G159D destabilizes the turn and makes the salt bridges
between E161 and K90/K92 less likely to form, thus destabilizing the active orientation of the

cardiac troponin complex>*.

N R; relaxation experiments reveal that the ¢cTnC G159D mutation, like the DCM-
associated mutations D75Y and cTnl K35Q, decreases the average R values of both ¢TnC
domains (R, =23 s!) (Figure 3.6B). Interestingly, the mutation also significantly mobilizes the C-
terminal region of cCTnC, particularly residue E161 (The R» value is considerably lower in the
G159D construct than all of the other constructs), in agreement with our proposal that the G159D
mutation disrupts the tight turn in residues 157-160. Moreover, the inter-domain linker also
appears to be more mobile for this mutant complex, further supporting the importance of the ionic
interactions between E161 and the inter-domain linker. We thus conclude that DCM-associated
c¢TnC G159D mutation, along with cTnC D75Y and ¢cTnl K35Q, destabilizes the active orientation
of the cNTnC domain, and all of these correlates with decreased calcium sensitivity of cardiac

muscle.
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Table 3.1: Comparison of average ’N Ry relaxation rates between ¢cTnC, cTnC-cTnl;.77 complex,

DCM and phosphomimetic variants of cTnC-cTnli-77 complexes. Average R» values of cNTnC,

cCTnC and inter-domain linker are reported. Average R» values of the cNTnC domain were used

to estimate the percentage tethering of the cNTnC domain to the rest of the complex relative to the

wildtype cTnC-cTnli.77 complex (assuming that the complex exists in an equilibrium between fully

tethered and fully free states).

Constructs cNTnC Linker cCTnC
Mean R; relaxation rate s™! % of cNTnC
tethered
cTnC 10+1 5 9+1 0

c¢TnC-cTnli-77 29+3 12+1 32+4 100
c¢TnC-cTnli-77 Ser22D/23D 23+3 10+2 24+3 68
c¢TnC-cTnli.77 Ser41D/43D 17+2 8+ 1 21+ 2 37
c¢TnC -cTnli-77 K35Q 21+2 9+1 24 +2 58
c¢TnC D75Y-cTnli.77 20+3 10 £1 23+3 53
c¢TnC G159D-cTnli.77 21+2 9+1 25+4 58
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3.2.4 An alternative “dormant” orientation of the cNTnC domain

We have demonstrated that certain modifications in ¢TnC or ¢Tnl can disrupt the active
orientation of the cNTnC domain within the cardiac troponin complex. The question arises whether
the cNTnC domain becomes completely mobile when it is not tethered to the active orientation.
As shown by °N relaxation studies, the cNTnC domain can rotate with an angular period on the
order of nanoseconds (the typical correlation time of a single domain protein) when it is restricted
only by the flexible inter-domain linker. One would think that a transition from a freely mobile
cNTnC domain to the active orientation would therefore not present a significant barrier to thin
filament activation, since rotational diffusion would quickly allow it to move into an orientation

conducive to binding the cTnl switch region.

We therefore postulated that the cNTnC domain is able to adopt an alternative orientation,
possibly by interacting with other segments of the cardiac troponin complex, like the IT-arm. We
thus sought to reconstitute cTnC with other fragments of the IT-arm: 1) ¢TnT223-288, 2) cTnlzs-134,

and 3) cTnT223.288-cTnl3s.134 complex.

Addition of cTnT223-288 to cTnC revealed some unexpected changes in the NMR spectrum
(Figure 3.8A). The most striking change is that the NMR signals of many residues in the cNTnC
domain become broadened beyond detection (L29, G30, A31, E32, G42, E66, V72, D73, and
V79). This is unexpected because the cNTnC domain was not previously known to interact with
cTnT223-288. The residues most affected lie around the A-B and C-D loops, suggesting either that
these loops are involved in binding ¢TnT or that binding to ¢cTnT alters the closed-to-open
conformational equilibrium in which these inter-helical loops move like hinges. In contrast, NMR

signals from the cCTnC domain change minimally, even though cCTnC is known to interact with
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residues 259-267 in ¢cTnT. The small changes in the cCTnC NMR spectrum are consistent with a

weaker and more superficial interaction compared to the strong cTnl39.60-cCTnC interaction

(compare NMR spectra in Figure 3.8A versus Figure 3.5C) that involves more hydrophobic surface

area.
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5N R; relaxation measurements confirmed that the cTnT223-28s fragment interacts with both
¢TnC domains. The average R» relaxation rate of the entire cTnC protein increases from 10 s to
18 s (Figure 3.8B). Although the interaction sites between the cCTnC domain and c¢TnT are
known (see Figure 3.1A), they are unknown for the cNTnC domain. It is possible that the positively
charged C-terminal tail of cTnT, cTnT276-288, could extend away from the cCTnC domain to
interact with the cNTnC domain, in a manner analogous to the electrostatic interaction between

the N-terminal tail of cTnl and cNTnC. This has recently been suggested>®’

. We therefore produced
a ¢cTnT fragment lacking the flexible C-terminal tail, cTnT223.276, and formed a binary complex
between it and cTnC. '’N R, relaxation studies showed that even without the flexible tail, cTnT
was still interacting with both domains, with little difference between the R» relaxation rates of the
cTnC-cTnT223-276 complex versus cTnC-cTnT223-288 (Figure 3.8B). Perhaps unexpectedly, deletion
of the C-terminal tail of cTnT had slightly more of an impact on the relaxation rate of the cCTnC

domain than the cNTnC domain, suggesting that it may interact electrostatically with the cCTnC

domain rather than with the cNTnC domain.

A number of studies have suggested that the C-terminal tail of ¢TnT plays an important
role in promoting cardiac muscle relaxation. Point mutations in residues R278 and R286 in the C-
terminal tail are associated with hypertrophic cardiomyopathy>?-*!!. Moreover, recent studies have
demonstrated that deletion or mutation of positive charges in the tail increases the calcium
sensitivity of thin filaments and shifts them away from the inactive B-state at low calcium
concentrations and towards the activated M-state at high calcium concentrations®?’-312,
Unfortunately, the C-terminal tail of ¢TnT is intrinsically disordered and not visible in any of the

X-ray or cryo-EM structures. However, our relaxation data suggests that it may be interacting

electrostatically with ¢cCTnC, though it does not appear to be fixing domain orientations in the
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manner of the N-terminal tail of cTnl. It may be that as a positively charged tail interposed between
the negatively charged cCTnC domain and the positively charged cTnl inhibitory region, it is
preventing the electrostatic association between cCTnC and cTnl, which has been shown to occur
in vitro®'3. Such an unproductive interaction would prevent the c¢Tnl inhibitory region from
fulfilling its physiologic role of binding to actin-tropomyosin and promoting the B-state of the thin

filament.

We concluded that the interaction surface for the cNTnC domain in cTnT must reside N-
terminal (and not C-terminal) to the interaction surface for the cCTnC domain (residues 259-267
in ¢cTnT). Examining the helical structure of ¢TnT from residues 223-258, we noticed a cluster of
aromatic residues along one exposed face of ¢TnT that is not conserved in slow skeletal cTnT:
BTWQxxYxxxA?®, which bears some resemblance to a half-face of an IQ-motif alpha helix
[where the “T” (Isoleucine) preceding the Q (Glutamine) can be any hydrophobic residue]. We
therefore introduced mutations to these residues, W237S, Q238D, Y241H, and A245S to make
cTnT more resemble slow skeletal muscle TnT. When this mutant cTnT223.288 was titrated into free
cTnC, there was no change observed in the NMR spectrum (data not shown). This indicates that
these mutated residues were indeed necessary for the interaction between the cNTnC domain and

cTnT223-288 (see Figure 3.8C).

Next, we produced an engineered soluble form of cTnlzs-134 (see Materials and Methods
section 3.1.3) to form a binary complex with cTnC. As expected, the NMR spectrum of the
complex was consistent with tight binding of ¢Tnl residues 39-60 to the cCTnC domain (Figure
3.9B). I°N R relaxation analysis showed that the average R value (Ro=23 s!) of both cNTnC and
cCTnC increased compared to free cTnC (Figure 3.9A), suggesting that cTnlss.134 interacts with

both domains of cTnC. Consistent with this, we also observed chemical shift perturbations in both
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domains of ¢TnC (see Figure 3.7B). This was another unexpected result, given that we deleted
both N and C-terminal tails of ¢Tnl known to interact with cNTnC. Even if cTnlss.134 were to
interact with cNTnC one would expect that most of cTnl3s-134 would be intrinsically disordered in
the absence of ¢cTnT, which would still allow ¢cNTnC to tumble independently of cCTnC. It is
possible that in our binary complex the alpha helix of cTnl that is bound to the cCTnC domain
extends beyond residue 60 all the way to residue 79 as it does in the X-ray crystal structure '°,
stabilized by binding to cTnC. Note that residue 79 in cTnl is cysteine but we mutate it to alanine,
as in the X-ray study 3. L75, A79, and P81 form an exposed and contiguous hydrophobic patch
with W237, Q238, and Y241 from cTnT in the X-ray crystal structure, and we postulate that this

hydrophobic patch of residues could bind to the cNTnC domain (Figure 3.9C).

Of course, cTnT223.288, cTnlzs.134, and cCTnC come together to form a ternary complex,
which would conceal potential binding sites in ¢Tnl and cTnT, so the interactions that we observe
in the binary ¢cTnC-cTnT223-288 and cTnC-cTnlzs-134 complexes may not be present in the ternary
complex. Therefore, we reconstituted the c¢TnC-cTnT223.285-cTnl3s-134 ternary complex (see
Materials and Methods section 3.1.5). The NMR spectrum of the ternary complex is distinct from
that of any of the binary complexes, indicating successful reconstitution (Figure 3.9B). In
particular, the largest chemical shift perturbations are observed in the cCTnC domain, particularly
in residues K106, N107, Y111,1112, D113,K142, N143,1148, and D149 (see Figure 3.7C). These
residues are located in thin the EF and GH loops that interact with cTnT. There are also nearby
residues whose NMR signals are broadened beyond detection. These changes are only observed
in the ternary complex, suggesting that the formation of the alpha helix in ¢cTnT and subsequent

binding to the cCTnC domain as depicted in the X-ray crystal structure (Figure 3.1A) are fully
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achieved only in the ternary complex. Small chemical shift perturbations in the cNTnC domain

suggest that it is also involved in binding (see Figure 3.7C).
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All of the NMR signals in the ternary complex are very weak, making it difficult to record

2D spectra and relaxation experiments. Nevertheless, we were able to record N R; relaxation
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experiments with longer acquisition times, with some peaks having adequate signal-to-noise for
relaxation analysis, though far fewer than were available in the smaller complexes. Relaxation
analysis revealed a significant increase in the average R, value to about 35 s’ in the ternary
complex, and this value is greater than any observed for the smaller binary complexes in this study,
as would be expected due to the higher combined molecular weight (Figure 3.9A). Since the R
values are consistently high across both cNTnC and cCTnC domains, this suggests that the cNTnC

domain is in fact immobilized in the ternary complex.

Thus, we provide evidence from NMR relaxation experiments that while the active
orientation is disrupted by removing the N-terminal and C-terminal tails of ¢Tnl, the cNTnC
domain is yet immobilized by binding to the IT-arm. The relaxation experiments do not reveal
where the binding site is, but the possible binding sites are limited by the reach of the inter-domain
linker of ¢TnC, residues 86-92. In the active orientation, the linker “flips up” to a position
stabilized by the ¢cTnl N-terminal tail away from the IT-arm. If the linker instead “flips down”
towards the IT-arm (compare Figure 3.1A with Figure 3.9C), the cNTnC domain encounters a
hydrophobic patch comprised of cTnT W237, Q238, Y241 and c¢Tnl L75, C79, P81, which we
have been proposing as the potential interaction site. Unfortunately, the mutant cTnT fragment we
made lacking these residues could not form a ternary complex for us to test. Small aromatic
compounds are known to interact with the cNTnC domain in the same hydrophobic surface that
binds the cTnl switch region 87314315 Titration of the switch region into cTnC reverses the spectral
changes observed when ¢TnT23283 1s added to ¢cTnC, suggesting that the same hydrophobic

surface in cNTnC may be involved in binding both.

We thus observe that the cNTnC domain can bind the IT-arm when it is not in the active

orientation, and we term this alternative position the “dormant” orientation, similar to when
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myosin S1-ATPase heads are maintained in a “super-relaxed” orientation that is not conducive to

actin-myosin cross-bridge cycling®!¢-318

. We have provided evidence that many different
modifications known to reduce the calcium sensitivity of cardiac muscle contraction disrupt the
active orientation. This suggests that the alternative dormant orientation of the cNTnC domain is
not as conducive to binding the switch region of cTnl. In the recent cryo-EM structures of the
cardiac thin filament'*, the “dormant” binding site for the cNTnC domain is well exposed and not
obstructed by actin or tropomyosin, far removed from the active position of cNTnC next to
tropomyosin. Reduced access to the ¢Tnl switch region decreases the calcium affinity of the

cNTnC domain, because the cTnl switch region stabilizes the calcium-bound state by slowing the

rate of calcium release.

It is interesting to note that in contrast to cardiac muscle troponin complex, slow skeletal
muscle troponin complex does not have the cardiac-specific N-terminal extension of cTnl that
stabilizes the active orientation in the cardiac troponin complex. The human cTnl sequence
"RRRSSNYRAYATEPHAKKK? previously shown to interact electrostatically with the cNTnC
domain® is replaced by 'PEVERK® in slow skeletal Tnl. Thus, one might expect that slow skeletal
muscle would have a lower calcium sensitivity than cardiac muscle because of the lack of
stabilization of the active state of cTnC (the isoform of TnC used in slow skeletal muscle is exactly
the same as that used in cardiac muscle). However, the opposite is true, with slow skeletal muscle
having a much higher calcium sensitivity than cardiac muscle. One possible explanation for this is
the lack of corresponding hydrophobic residues in slow skeletal TnT that promote the dormant
orientation in cardiac troponin (cTnT W237 and Y241). Hence, we predict that in the slow skeletal

muscle troponin complex the cNTnC domain may be relatively mobile, with the interactions that
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stabilize the active versus dormant orientations in the cardiac complex missing in the slow skeletal

muscle complex.

The heart must maintain a carefully regulated balance between contraction and relaxation.
If the balance is shifted too far towards contraction, over the long term excessive cardiac muscle
hypertrophy and inadequate filling can result, leading to diastolic heart failure. On the other hand,
if the balance is shifted too far towards relaxation, inadequate contraction leads to thinned dilated
ventricles that can no longer generate sufficient force leading to systolic heart failure. We have
demonstrated that the contractile balance can be regulated by post-translational modifications to
the N-terminal region of ¢Tnl, impacting the equilibrium between active and dormant orientations
of the troponin complex. If a given mutation shifts the balance beyond the range that can be

corrected for by compensatory post-translational modifications, cardiomyopathies can result.

Varying degrees of inter-domain tethering and release thus explain the regulation of cardiac
muscle calcium sensitivity via the cardiac troponin complex, structural effects that are readily
detected by solution NMR relaxation techniques but missed by other biophysical methods. Many
eukaryotic proteins contain multiple domains attached to flexible linkers and tails that are
susceptible to post-translational modifications and protein binding events. Solution NMR
spectroscopy may thus play an important role in understanding inter-domain orientations and how

they can be exploited to regulate biologic function.
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CHAPTER 4

SMALL MOLECULE RPI-194 STABILIZES ACTIVATED TROPONIN TO INCREASE
THE CALCIUM SENSITIVITY OF STRIATED MUSCLE CONTRACTION

Chapter 4 will be submitted for publication as:

Mahmud, Z., Tikunova, S., Belevych, N., Wagg, C.S., Zhabyeyev, P., Liu, P.B, Rasicci, D.V.,
Yengo, C.M., Oudit, G.Y., Lopaschuk, G.D., Reiser, P.J., Davis, J.P., and Hwang, P.M. Small
molecule RPI-194 stabilizes activated troponin to increase the calcium sensitivity of striated

muscle contraction.
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4.1 Introduction

Heart failure is a common disease condition in which the heart is unable to pump enough
blood to satisfy the metabolic demands of the body. Systolic heart failure, also known as reduced
ejection fraction (HFrEF), occurs when the heart is unable to contract with adequate force,
resulting in an ejection fraction of less than 40%>!°. Over time, the heart becomes increasingly
thinned and dilated, which further increases muscle wall tension and impairs contraction.
Atherosclerotic ischemic heart disease is the most common etiology causing HFrEF'3%3%0, In
decompensated heart failure, blood pressure is often low, the perfusion of vital organs is barely
adequate, and fluid accumulates in the body due to maladaptive sodium retention response of the
kidneys. The most well-established drug therapies in heart failure are diuretics to reverse volume
overload and blood pressure medications that attenuate long term pathologic remodeling of the
heart. What is missing from the therapeutic arsenal is an effective positive inotrope, a drug that
increases the contractility of the heart, because to date no existing positive inotrope has been shown
to improve survival.

The oldest therapy for heart failure, digoxin, inhibits cellular Na*, K*-ATPase function and
increases cardiac muscle contraction through an increase in cytoplasmic calcium concentration.
Digoxin therapy improves symptoms and reduces hospitalization rates for heart failure®*!, but a
narrow therapeutic index has limited its use so that it is no longer recommended therapy. The most
commonly used positive inotropes in the intensive care unit, fi-agonists like dobutamine and
downstream type 3/4-phosphodiesterase (PDE3/PDE4) inhibitors increase cardiac output, but they
also increase oxygen consumption, confer a risk of tachyarrhythmias, and promote peripheral
vasodilation and hypotension, and it may be due to these side effects that they do not provide a

survival benefit in chronic or acute decompensated heart failure!6?.
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In theory, directly targeting the sarcomeric proteins that generate cardiac muscle
contraction could enhance cardiac output with fewer side effects'®>322-324, Omecamtiv mecarbil is
a compound that binds to myosin to stabilize its pre-powerstroke conformation®?®. This increases
the number of strong actin-myosin cross-bridges, enhancing cooperative activation of the cardiac
thin filament. However, though it increases actin-myosin cross-bridging, it was also found to

suppress the myosin working stroke?®

, glving a mixed activation/inhibition mechanism of action.
Omecamtiv mecarbil prolongs the systolic phase of the cardiac cycle and increases the ejection
fraction of the left ventricle, though it does not enhance the speed or force of contraction!’8. Phase

80 or acute

I clinical trials of omecamtiv mecarbil have not shown a survival benefit in chronic!
decompensated heart failure®?’.

It may be more advantageous to enhance activation of the thin filament without modulating
the force-generating ATPase cycle of myosin. The thin filament is activated by ¢Tn*?*-2°_ which
consists of three protein subunits: calcium-binding c¢TnC, actin binding inhibitory c¢Tnl, and
tropomyosin binding ¢cTnT!%202%1 X_ray crystallography'® and NMR? studies revealed that the
cTnC subunit is a dumbbell-shaped protein with two globular domains, the cNTnC and cCTnC.
The cNTnC domain has two calcium-binding hands, EF-I and EF- II, but only EF-II is active and
binds calcium with micromolar affinity, attuned to sense cytoplasmic calcium influxes during
systole (the contractile phase of the cardiac cycle). Calcium ions come on and off cNTnC very
rapidly (rate of exchange, kex > 5000 s™!), with the calcium-bound state experiencing a rapid
equilibrium between closed and partially open conformations®>!*’. Binding of the switch region

330 Cryo-EM!*33! structures

of cTnl (cTnli4s-158) to ctNTnC stabilizes its calcium-bound open state
of ¢Tn showed that residues 135-209 of ¢Tnl bind to actin to maintain it in a blocked state, but

cNTnC-cTnli4s.158 binding relieves this inhibition to facilitate strong actin-myosin cross-bridging.
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The formation and dissociation of the cNTnC-cTnl}4s.15s complex is also rapid (kex > 5000 s),
establishing an equilibrium that is sensitive to regulatory control?%*3°,

Troponin exists in three different isoforms found in fast skeletal, slow skeletal, and cardiac
muscles. For troponin I and troponin T, there are three different isoforms for each muscle type, but
cardiac muscle and slow skeletal muscle share the same isoform for troponin C (i.e., cTnC =
ssTnC)?°. The fast skeletal isoform of TnC (fsTnC) has been specifically targeted by the drugs
tirasemtiv and reldesemtiv from the company Cytokinetics, which completed clinical trials using
them for the treatment of amyotrophic lateral sclerosis, although the benefit was limited!®>332,
Reldesemtiv is currently undergoing clinical trials for the treatment of spinal muscular atrophy*33.
These fsTnC-targeting drugs bind to a hydrophobic cavity in fsSTnC that lies beneath the binding

site for the fsTnl switch region'®?

. In theory, it should be possible to develop a compound that
targets the homologous binding cavity in ¢cTnC/ssTnC, though it would be active against both
cardiac and slow skeletal muscle. Cytokinetics has developed a cardio-selective troponin activator,
CK-136, formerly known as AMG 594, but they have not published data on its structure or binding
site, or the results of its phase 1 clinical trial.

Previous attempts to design positive inotropes targeting cardiac troponin have resulted in
compounds that bind to other targets in cardiomyocytes, such as levosimendan, pimobendan, MCI-
154, and EMD 57033. Of these, levosimendan®**, pimobendan’*, and MCI-154°!%33¢ were found
to have potent PDE3-inhibitory activity, whereas EMD 57033 was found to interact with cardiac
myosin®?®. These compounds have lower affinity for cTnC than for these other proteins.

We therefore screened compounds for binding to the cardiac troponin complex using a unique

cNTnC-cTnl chimeric construct, named gChimera. We developed a novel small molecule cardiac

troponin modulator, RPI-194, and measured its binding to purified cNTnC and gChimera, as well
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as its activity in skinned cardiac muscle trabeculae, individual cardiomyocytes, and isolated
perfused working mouse hearts. Since cardiac muscle shares the same troponin C isoform as slow
skeletal muscle, we have also examined its activity in skinned skeletal muscle fibers. Slow skeletal
muscle has a distinct isoform of troponin I [ssTnl], but the switch region of ssTnl is still very
similar to that of ¢Tnl. Our goal was to develop a compound that can be used as a positive inotropic
agent in the treatment of systolic heart failure, but such a compound would also cross-react with

slow skeletal muscle and could have utility in treating neuromuscular conditions.

4.2 Materials and methods

4.2.1 Preparation of proteins for NMR studies

Three human protein constructs were used in the NMR study: 1) recombinant >N isotope
labeled human aCys-cNTnC (C35S, C84S double mutant), 2) recombinant '°N isotope labeled
chimeric construct (gChimera) which mimics the cNTnC and c¢Tnl switch peptide, cNTnCj.gs -
linker-cTnl147-16s and 3) unlabeled slow skeletal troponin I switch peptide (ssTnl). The protocol
used to express and purify both cNTnC and gChimera in Escherichia coli was as previously

described!'®”. The ssTnl was purchased from GL Biochem (Shanghai) Ltd, China.
4.2.2 NMR titration of RPI-194 against gChimera and ¢cNTnC

RPI-194 was synthesized by Rane Pharmaceuticals, Inc. in Edmonton, Alberta, Canada.
Chemical structure was confirmed by NMR. For each NMR titration experiment, recombinant '°N
labeled gChimera or cNTnC was dissolved into 500 pL. NMR buffer (90% H>0/10% D-0O)
consisting of 100 mM KCIl, 10 mM imidazole, and 0.5 mM 4, 4-dimethyl-4-silapentane-1-sulfonic
acid as a chemical shift reference. Purified lyophilized forms of gChimera or ¢cNTnC were

dissolved in NMR buffer. A correction factor was applied to calculate the actual protein
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concentration because protein quantification by acid hydrolysis followed by amino acid
quantitation showed the lyophilized form was 54% pure protein by weight. The pH of each NMR
sample was maintained at a slightly acidic pH ~ 6.7 by adjusting with either 1 M NaOH or 1 M
HCI. The RPI-194 was dissolved into de-DMSO to make a 68 mM stock solution, which was then
diluted ten-fold to perform titrations. For both cNTnC and gChimera, the starting concentration
were 115 uM. For cNTnC-RPI-194 titration, RPI-194 was titrated to 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1,
1.5,2,2.5,3,3.5,4, 5, 6 and 8 equivalents of cNTnC. For gChimera-RPI-194 titration, RPI-194
was titrated to 0.2, 0.4, 0.6, 0.8, 1, 1.2 and 1.4 equivalents of gChimera. Each titration point was
monitored by recording a two dimensional 'H, !N heteronuclear single quantum coherence
(HSQC) spectrum. Dilution factors were applied at each titration point to calculate the final

concentration of cNTnC and RPI-194 in the calculation of binding affinities.
4.2.3 NMR titration of ssTnl against cNTnC and cNTnC-RPI-194 complex

Titration of ssTnl was performed against free cNTnC and against cNTnC complexed with
RPI-194. A 10 mM stock concentration of ssTnl was made by dissolving it into ds-DMSO. ssTnl
was titrated to 0.5, 1, 1.5, 2, 2.5, 3,3.5,4, 5,6, 8, 10, 13, 16, 20, 25 and 30 equivalents of cNTnC.
For titrating ssTnl into cNTnC-RPI-194 complex, RPI-194 was first titrated into free cTnC (115
uM) until both protein and drug were 1:1 equivalent. Then ssTnl was titrated with 0.1, 0.2, 0.4,

0.6,0.8, 1, 1.5, 2, 2.5, and 3 equivalents of cNTnC-RPI-194 complex (115 uM).
4.2.4 NMR spectroscopy

All titrations were performed on a Varian Inova 500 MHz NMR spectrometer equipped
with triple resonance 'H, 1*C, >N probe. 2D 'H >N HSQC spectra were collected for each titration

point at 30° C. All titration data were processed using NMRPipe*?’. A MATLAB runtime-based
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two dimensional lineshape analysis program called TITAN was used to calculate the dissociation
constant (Kp) from titration experiments**’. TITAN can be used for different binding models like
two-state, three-state, conformational selection, and induced fit. First, the protein and ligand
concentration of each titration points were specified in the program. Next, a specific pulse program
HSQC was selected to simulate the actual HSQC experiments that were ran on the NMR
spectrometer. Individual NMR spectrum of each titration point was imported into TITAN. When
all NMR spectra were imported and superimposed, a specific region of interest was selected for
each selected peak showing a chemical shift perturbation. TITAN only considers chemical shift
changes within the selected region of interest for fitting and calculating the dissociation constant.
For a two-state binding model, it followed a two-stage fitting process. In the initial stage, chemical
shift and line widths of free protein were extracted from the first spectrum. In the second stage,
remaining spectra were used for calculating chemical shift and line widths of ligand bound protein
state, along with rate constants and the dissociation constant. Error calculation for the entire dataset

was calculated by residual sampling using 200 replicas and a 5x5 block size.
4.2.5 Determination of binding affinities by steady state fluorescence

All steady-state fluorescence measurements were obtained on a SpectraMax 13x multi-
mode microplate reader at 15°C. RPI-194 has intrinsic fluorescence with peak excitation and
emission wavelengths at 335 nm and 470 nm, respectively. The same ¢cNTnC and gChimera
proteins (0-297 uM) used for NMR were titrated into a solution containing 5-6 uM RPI-194, 50
mM HEPES, 150 mM KCI, 5 mM MgCl, 1 mM DTT and 10 mM CaCl.. Binding affinities were

calculated using GraphPad Prism version 9.0.2 (San Diego, California, USA).
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4.2.6 Determination of Ca?* dissociation rates by stopped-flow fluorescence

Recombinant human ¢TnC (T53C, C35S, and C84S), ¢cTnl and cTnT were used for stopped
flow fluorescent studies. Expression, purification, production and labeling of ¢cTnC T53C with 2-
(4'-(iodoacetamido) anilino) naphthalene-6-sulfonic acid (IAANS) were previously published?¢!.
Expression and purification of recombinant ¢Tnl, cTnT and reconstitution of the cardiac troponin
complex (cTnC-cTnl-cTnT) were as previously described®®!.

Calcium release rates of IAANS-labeled, reconstituted cardiac troponin complex and
isolated ¢cTnC T53C as a function of RPI-194 concentration were measured in a stopped-flow
spectrometer (Applied Photophysics model SX.18MV). IAANS excitation and emission were
monitored at 330 nm and 420-470 nm, respectively. The calcium release rate was monitored by
mixing calcium saturated cardiac troponin complex (500 pM Ca*") with a stopped flow buffer
containing calcium chelating solution (EGTA 10 mM, 10 mM MOPS and 150 mM KCI), pH 7.0
with a dead mixing time ~1.4 ms. EGTA 10 mM was used to release calcium from reconstituted
cardiac troponin complex (0.3 uM) or isolated IAANS labeled ¢cTnC T53C (1 uM) in the absence
or presence of RPI-194. Increasing concentrations of RPI-194 were used in both reactions. P.J.
King data analysis software developed by Applied Photophysics (Leatherhead, Surrey, UK) was
used to calculate stopped flow data. It uses a nonlinear Levenberg—Marquardt algorithm for data

fitting.
4.2.7 Measurements of force versus pCa (—log [Ca?*]) in skinned ventricular trabeculae

The heart and soleus and tibialis anterior muscles were isolated from each of 8 male
Sprague-Dawley rats, ranging in age from 6-9 months. The rats were euthanized (anesthesia

induced by isoflurane, followed by rapid cardiectomy) in accordance with a protocol approved by
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Institutional Animal Care and Use Committee of The Ohio State University. The soleus and
anterior tibialis muscles were immediately placed in cold relaxing solution containing 50%
glycerol (v/v)*8. A single large cut was made through the free wall of the right and left ventricles
of the heart, which was then placed in ice cold relaxing solution with 1% Triton X-100 for 30
minutes. The heart was removed from this solution, gently compressed, and blotted and transferred
to cold glycerinating solution®.

Single trabeculae were isolated and studied as previously described®!'”. Briefly, a trabecula
was mounted in the experimental chamber that was maintained at 15°C. In the chamber, one end
of the trabecula is attached to a motor and another end is attached to a transducer. Using a motor
or transducer, the trabecula was set to the resting striation spacing, the equivalent of sarcomere
length. Striation spacing was determined using a digital camera that was mounted on the
microscope and the measurement tool in SPOT image analysis software
(https://www.spotimaging.com).

The force versus pCa relationship was studied in six trabeculae for each concentration of
RPI-194 (20, 50 and 100 uM), first without, then with RPI-194 (100 mM stock dissolved in
DMSO). RPI-194 was added to all of the solutions to which the trabeculae were exposed during
the measurements of the force/pCa relationship — pCa 9.0 solution, HDTA pre-activating solution
and each of the submaximal activating solutions. The trabeculae were soaked in pCa 9.0 solution
with RPI-194 at 15 C for 30 minutes before initiating the second series of force measurements.
We reported that DMSO had no effect on the force/pCa relationship. We initially determined, in
three skeletal muscle fibers, that the control (no added compound) force/pCa relationship is

essentially identical when measured twice in a given preparation. The trabecula was treated with

series of pCa solutions. The composition and preparation of the solutions were as previously
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described **. The force versus pCa data were fit with the logistic sigmoid function, which is
mathematically equivalent to the Hill equation*®-34°,

The sarcomere length in slow and fast fibers was measured using the Fast Fourier
Transform in ImagelJ (https://imagej.nih.gov/ij/). The fiber type (slow or fast) of each studied
skeletal muscle fiber was determined from an analysis of the myosin heavy chain isoform
composition using SDS-PAGE, as described**!. The maximal velocity of shortening (Vo) was

measured, using the slack test**, in slow and fast fibers when activated in pCa 4.0 solution (every

third activation in the force/pCa measurements series).

4.2.8 Isolation of mouse ventricular myocytes, contractility assays and cAMP
measurements

Adult ventricular cardiomyocytes were isolated and perfused as previously described®*.
Contractility assays from isolated cardiomyocytes were conducted as previously described**.
Briefly, we used a Grass S44 stimulator with a pulse duration of 3 milliseconds at 1 Hz to stimulate
cardiomyocytes and tracked myocyte contraction at 240 Hz by using a video edge detector. In
addition, we also recorded myocyte steady state contraction at 1 Hz and subsequent equilibrium
period for 4 min at 240 Hz. We determined fractional shortening, shortening (+dL/dT) and
relaxation rate (dL/dT) from the isolated cardiomyocytes. We were unable to collect data from the
calcium transient experiments because of the intrinsic fluorescence of RPI-194, which causes a
high background signal when FURA-2 was used as a fluorophore in the calcium transient

experiment. FURA-2 is excited at 340 and 380 nm and emission taken at 510 nm.
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4.2.9 Isolated working mouse heart perfusion and measurement of metabolic rates

All animals used in isolated working heart perfusion experiments were treated in
accordance with the guidelines of the Canadian Council of Animal Care and approved by the
University of Alberta Health Sciences Animal Welfare Committee. All animal experiments were
conducted on male C57BL/6 mice (7-10 weeks) obtained from Charles River Laboratories
(Wilmington, MA, USA) and regularly fed with chow diet (Harlan Teklad, Madison, WI, USA).
Animals were anesthetized with 60 mg kg™ isoflurane administered through the peritoneum.
Isolated working heart perfusions were performed as previously described **°. Rapidly excised
hearts were immediately placed on an ice-cold Krebs-Henseleit solution. A recirculating perfusate
solution was used for the isolation of working hearts. It consists of a modified Krebs-Henseleit
solution (100 ml) which is a mixture of 1.2 mM KH>POs4, 1.2 mM MgSO04, 2.5 mM CaCl,, 4.7
mM KCl, 25 mM NaHCOs3 and 118 mM NaCl. We supplemented the perfusate with 1.2 mM
palmitate prebound to 3% bovine serum albumin and 5 mM glucose as energy substrates.
Glycolysis and glucose oxidation rates were calculated from the perfused heart by adding a small
amount of radiolabeled [5-*H] glucose and [U-!*C] glucose in the Krebs-Henseleit solution®*>34°,
The perfusate was continuously supplied with a gas mixture of 95% O, 5% CO». Cardiac output,

cardiac work, cardiac efficiency, heart rate and peak systolic pressure were also assessed from the

perfused hearts.

4.2.10 Impact of RPI-194 on cardiac myosin ATPase activity

The ATPase activity of human beta-cardiac myosin subfragment 1 (amino acids 1-843)
containing a C-terminal green fluorescent protein tag (M2B-S1 GFP) was examined using the

NADH coupled assay**”**8, Purified M2B-S1 GFP was generated using the C2C12 cell expression
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system*7**®_ The ATPase activity was examined in the presence of 40 uM actin and varying RPI-

194 concentrations with 1% DMSO present.

4.3 Results

4.3.1 Titrations of RPI-194 into Ca?* saturated gChimera

During systole, cardiac muscle contraction is triggered by the calcium dependent binding
of the cTnl switch region to the regulatory cNTnC. A cardiac troponin activator drug promotes
and stabilizes formation of this activated complex. In last five years, we produced multiple cNTnC-

¢Tnl chimeras with different linkers!'87-4

, and with the most recent version (gChimera) utilizing
a linker containing multiple Ser and Gly residues for maximum flexibility and solubility while
maintaining charge neutrality (amino acid sequence shown in Figure 4.1A).

Based on our previous work, 3-chlorodiphenylamine is a promising starting compound to

develop a cardiac troponin activator'®’

. Addition of hydrophobic substituents to the aryl rings of
3-chlorodiphenylamine improves binding affinity but greatly reduces solubility, whereas more
polar substituents are not well tolerated. We aimed to add at least one hydrophilic group to enhance
solubility and specificity of binding. We designed a total of 54 3-chlorodiphenylamine-based
compounds that were synthesized by Rane Pharmaceutical Inc., Edmonton, AB, Canada. The
compounds were assessed for binding to gChimera by NMR, and we identified a compound, RPI-
194, which has an additional p-benzoic acid in the ortho position of the aniline group which caused
large chemical shift perturbations, with a measured dissociation constant, Kp, of 24 M (see Figure
4.1A). Linear migration of the NMR signals suggests binding kinetics in the rapid exchange regime
and 1:1 binding. We also calculated the binding affinity by titrating gChimera into RPI-194,

monitoring the steady state intrinsic fluorescence of the RPI-194 compound with a measured

dissociation constant, Kp, of RPI-194 of 14 uM (see Figure 4.2).
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Figure 4.1: (A) Titration of RPI-194 compound into '°N labeled gChimera tracked by 2D "N
HSQC NMR spectra (left). Starting and ending points colored as red and green, respectively.
Direction of chemical shift perturbation is marked with arrows. A 3D representation of gChimera
structure with construct sequence is shown in the right panel. (B) RPI-194 titration into '°N labeled
cNTnC domain causes signal broadening after adding an excess amount of RPI-194 (left). A 3D

representation of cNTnC is shown in the right panel.
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4.3.2 Titrations of RPI-194 into Ca*" saturated cNTnC

Compared to gChimera, RPI-194 binds to the isolated cNTnC domain with a lower affinity
(Kp =300 uM, as calculated by the steady state fluorescence) (see Figure 4.2). The weaker affinity
could be due to the absence of the cTnl switch region, which binds to small molecules via Ile148
and Met153, as well cNTnC is in a predominantly closed conformation in the absence of the switch
region. NMR titration experiments show a complex equilibrium when RPI-194 is titrated into the
cNTnC domain that precludes affinity measurements from binding studies as were done for
gChimera. Prior to addition of RPI-194, the NMR spectrum of isolated ¢cNTnC domain
demonstrates signal broadening due to fast timescale conformational exchange between closed and

29197 “undergoing a closed-to-open transition with a kex of about 30,000 s, with the

open states
more open conformation representing a minor population of about 5%3%!, Peaks shift and then
rapidly disappear upon addition of RPI-194, indicating intermediate timescale binding, consistent
with selective binding of RPI-194 to the less populated open state and its stabilization (see Figure
4.1B). As more RPI-194 is added, new NMR signals corresponding to RPI-194-cNTnC complex
abruptly re-appear, but in some cases (for example, for residues G30, G40, and V72) they appear
in a different position than one would expect based on the start of the titration. This suggests a new
conformational process occurring different from the initial 1:1 binding of ¢cNTnC to RPI-194.
Other peaks in the spectrum that do not shift become visibly reduced in intensity, suggesting a
large increase in molecular weight consistent with dimerization. Similar changes occur when the
drug trifluoperazine is titrated into calmodulin, a protein homologous to troponin C**7%2, Each
homologous domain of calmodulin binds to two molecules of Trifluoperazine, and this promotes

association of the N-terminal domain with the C-terminal domain through hydrophobic

interactions. We propose that two molecules of RPI-194 are needed to stabilize the open
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conformation of the cNTnC domain, which then has a tendency to dimerize. Physiologically, the
cNTnC domain does not dimerize because cTnC is tethered to fixed positions along the thin
filament. Moreover, the cNTnC domain is predominantly in the closed state unless the cTnl switch
region is bound. Thus, while the behaviour of free cNTnC domain in the presence of RPI-194 (and
many other compounds) is interesting in terms of its tendency to dimerize, it may not be
physiologically relevant, except to note that RPI-194 does bind to calcium-saturated ¢cNTnC
domain in the absence of cTnl switch region, though binding is more effective in its presence. This
suggests that RPI-194 is more effective at stabilizing the activated troponin complex once it is

formed, rather than promoting the formation of the activated complex.
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Figure 4.2: Fluorescence signal of 5 pM RPI-194 with titration of gChimera (left), or titration of

cNTnC (right). Representative number of experiments, N=3.

4.3.3 Impact of RPI-194 on binding of ssTnl switch peptide to cNTnC

Cardiac muscle troponin C (cTnC) is the exact same isoform as slow skeletal muscle
troponin C (ssTnC), though slow skeletal muscle uses different isoforms for troponin I (ssTnl) and
troponin T (ssTnT). We used a ssTnl switch peptide instead of the cardiac isoform because of its

improved solubility. NMR spectral changes are very different when ssTnl switch peptide (as
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opposed to small molecule RPI-194) is titrated into cNTnC. Signals that were broad at the start of
the titration progressively become narrower as the switch peptide shifts the cNTnC conformational
equilibrium to a fully open state (see Figure 4.3A), indicating very fast kinetics of binding (faster
than can be detected by NMR line broadening, kex > 30,000 s™). Thus, the ssTnl switch peptide
appears able to bind cNTnC via a rapid induced fit, whereby it stimulates the transition of cNTnC
from a closed to an open state, whereas RPI-194 may bind through conformational selection,
requiring stochastic transition to the open state prior to binding. Using a two-dimensional lineshape
analysis tool, TITAN, we calculated the ssTnl switch peptide binding affinity for cNTnC (Kp 652
uM) that was weaker than that for the corresponding c¢Tnl switch peptide (Kp 150 uM)**°.

We then titrated ssTnl switch peptide into cNTnC domain in the presence of RPI-194
(Figure 4.3B). The presence of one equivalent of RPI-194 significantly enhances the binding of
ssTnl switch peptide to cNTnC. The binding affinity of ssTnl switch peptide for the cNTnC: RPI-
194 complex is Kp 22 uM as calculated by TITAN, which is significantly tighter than the value of
652 uM determined for cNTnC-ssTnl binding in the absence RPI-194, over an order of magnitude
change. Improved binding of the Tnl switch peptide is consistent with previous NMR studies of

the cardiac troponin activator dfbp-0>>3334,
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Figure 4.3: (A) The 2D >N HSQC spectra of ssTnl titration into >N labeled cNTnC (left).
Titration starting and ending points are colored as red and green, respectively. Chemical shift
perturbation is marked with an arrow. A 3D representation of cNTnC and ssTnl construct
sequences is shown in the right panel. (B) The 2D SN HSQC spectra of ssTnl titration into '°N
labeled cNTnC and unlabeled RPI-194 complex (left). cNTnC-RPI-194 titration start, and end
points colored as red and blue. End of ¢cNTnC-RPI-194-ssTnl titration is colored blue. A 3D
representation of cNTnC-RPI-194 and ssTnl is shown in the right panel.
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4.3.4 Effects of RPI-194 on the rate of calcium release from trimeric cardiac troponin
complex and isolated ¢cTnC

We used stopped flow fluorescence of IAANS-labeled protein to measure the impact of
RPI-194 on calcium release rates in troponin. RPI-194 binding to reconstituted heterotrimeric
cardiac troponin complex slowed the rate of calcium release from 40 s to 10 s (Figure 4.4), with
an apparent dissociation constant, Kp, of 12 uM, in agreement with NMR and steady state
fluorescence measurements. This is consistent with our NMR studies demonstrating that RPI-194
stabilizes the calcium-saturated activated troponin complex.

RPI-194 does not slow the rate of calcium release from isolated cTnC (data not shown).
This is somewhat surprising, as RPI-194 binds to the interior hydrophobic patch of cNTnC, which
is only exposed in the calcium bound state. However, this is consistent with our previously
published results that show that some troponin modulators slow the rate of calcium release from

cNTnC (like bepridil and trifluoperazine), whereas others (like 3-chlorodiphenylamine) do not*'>.
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Figure 4.4: Stopped flow fluorescence measurements of I[AANS-labeled reconstituted troponin

complex in the presence of RPI-194. Representative number of experiments, N=10.
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4.3.5 RPI-194 activates cardiac, slow skeletal, and fast skeletal muscle in isometric
contraction, but slows the velocity of unloaded contraction

The inherent calcium sensitivity, i.e., the mean pCaso in the absence of RPI-194, was not
different between limb slow (6.32 + 0.03) and fast (6.28 + 0.03) fibers but was significantly
different between both types of limb fibers and trabeculae, with the latter having much lower
sensitivity (5.67 £ 0.02). Slow skeletal muscle has a higher calcium affinity than cardiac muscle,
even though muscle types utilize the same ¢TnC/ssTnC isoform, the difference in pCa may be due
to differences in binding to Tnl. It is somewhat unexpected given that the switch region of cTnl
appears to bind more tightly to cNTnC than that of ssTnl. Thus, the effective concentration of the
ssTnl switch region must be higher than that of the cTnl switch region, perhaps due to cNTnC
being maintained in a dormant orientation or myosin maintained more in a super-relaxed
orientation in cardiac muscle®>. Since the calcium sensitizing activity of RPI-194 depends on the
presence of the Tnl switch region, one might expect that RPI-194 would have a greater effect on

slow skeletal muscle than cardiac muscle, and this is indeed the case.

The effects of RPI-194 were tested at 20, 50 and 100 uM concentrations. Six cardiac
trabeculae, six slow fibers and six fast fibers were studied at each concentration and each
trabecula/fiber was used to study one concentration of the compound. The shift in the pCaso (i.e.,
ApCaso) was significant between each tested concentration of RPI-194 within each muscle group.
The shift in the pCaso at each concentration was also significantly different between fast and slow
fibers and was not different at any of the tested concentrations, between fast fibers and trabeculae.
At 50 uM RPI-194, the pCaso of slow fibers shifted +0.35 units, while the fast fibers and trabeculae
shifted +0.14 and +0.16, respectively (Figure 4.5, and Table 4.1). Therefore, limb slow fibers are

markedly more sensitive to RPI-194, compared to cardiac trabeculae and limb fast fibers. There is
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likely some cross-reactivity of RPI-194 with fast skeletal muscle, but effect is not nearly as large

as that observed with tirasemtiv (+0.89)*°%, which was designed to be specific for fast skeletal

muscle.
i Effect of RPI1-194 on slow skeletal muscle Effect of RP1-194 on fast skeletal muscle
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Figure 4.5:. Force versus pCa curves for rat skinned cardiac trabeculae, fast skeletal and slow
skeletal muscle fibers in the presence of 50 uM concentrations of RPI-194. P/P, denotes relative

force. Representative number of experiments, N=6 for each type of fiber.

There was a marked effect of RPI-194 on maximal shortening velocity in unloaded slow
and fast fibers, with velocity generally decreasing with high concentrations of RPI-194. The

overall slowing effect of RPI-194 was similar in slow and fast fibers, but the concentration-
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dependency differed, with fast fibers differing significantly only between 20 and 100 uM RPI-194
and slow fibers differing between all three concentrations (Table 4.1). This is somewhat surprising,
since the velocity is thought to be related to krr, the rate of actin-myosin cross-bridge cycling. We
therefore proceeded to examine the effect of RPI-194 on human beta-cardiac myosin S1 ATPase

activity in the presence of 40 uM actin and found that it had no effect (see Figure 4.6).

The first and last activations, of each fiber or trabecula, for all of the measurements of
calcium sensitivity (with or without RPI-194) were in a pCa 4.0 solution (maximally activating).
To assess the maximal force generating ability of each preparation during measurements, the ratio
of the force during the last activation to the force during the first activation was calculated. The
average ratio was 0.98 in slow fibers, 1.05 in fast fibers and 0.91 in trabeculae. The average value
of the same ratio, in the presence of RPI-194, was ~1.03, independent of the concentration of RPI-
194 in slow and fast fibers. Interestingly, the average value of this ratio increased significantly
from 20 to 100 uM RPI-194 in trabeculae and was significantly greater with 100 uM RPI-194 in
trabeculae, compared to slow and fast fibers (see Table 4.1). The cause of this phenomenon is
uncertain, though it does indicate that RPI-194 does not appear to be deleterious to cardiac muscle

contraction and force generation.
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Table 4.1: Fundamental properties of slow and fast fibers and of cardiac trabeculae, in the absence
or presence of 20, 50 and 100 uM RPI-194. Values are mean + SEM (range in parentheses). Here,
Po= maximum isometric force, CSA= cross-sectional area, SL= sarcomere length, V,= maximal

shortening velocity, and FL=fiber length.

Properties Slow Fibers Fast Fibers Cardiac Trabeculae
Cross-sectional Area 7,114 £ 335 10,676 + 619 40,656 + 3,129
(um?), (4,885-10,282) (6,175-18,271) (25,573-71,409)
N =18 of each
Resting SL (um), 2.48 £0.01 2.47+0.01 2.06 +£0.02
N =18 of each (2.39-2.57) (2.41-2.55) (1.93-2.18)
Po/CSA (kN/m?), 104.5+3.2 91.6 +4.1 143+0.8
N =18 of each (66.6-121.1) (56.0-118.7) (6.4-19.6)
pCasp in the absence 6.32+0.03 6.28 £0.03 5.67+0.02
of RPI-194, (6.10-6.58) (6.03-6.46) (5.49-5.80)
N =18 of each
ApCaso with 20 uM 0.14 £0.02 0.04 £0.02 0.03 £0.02
RPI-194, (0.10-0.24) (-0.01-0.12) (-0.01-0.10)
N =6 of each
ApCaso with 50 uM 0.35+0.02 0.14 +0.02 0.16 £0.02
RPI-194, (0.30-0.42) (0.07-0.19) (0.09-0.20)
N =6 of each
ApCaso with 100 uM 0.71 £0.05 0.25+0.02 0.28 £ 0.02
RPI-194, (0.58-0.84) (0.14-0.27) (0.21-0.32)
N =6 of each
Vo, (FL/s), in the 1.32+0.04 4.67+0.2 -
absence of RPI-194, (1.04-1.66) (3.42-6.46)
N =18 of each*
V, ratio with 20 uM 0.75+0.03 0.67 £0.06 -
RPI-194, (0.69-0.86) (0.51-0.82)
N =6 of each*
V, ratio with 50 uM 0.58 £ 0.04 0.61 +0.06 -
RPI-194, (0.51-0.68) (0.49-0.85)
N =6 of each
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V, ratio with 100 uM
RPI-194,
N =6 of each

Last Po/first P, in the
absence of RPI1-194,
N =18 of each

First P, with 20 uM
RPI-194/last Po
without RPI-194,
N =6 of each

First P, with 50 uM
RPI-194/last P,
without RPI-194,
N =6 of each

First P, with 100 uM
RPI-194/1ast P,
without RPI-194,
N =6 of each

Last P, with RPI-
194/First P, with RPI-
194,20 uM,

N =6 of each

Last P, with RPI-
194/First P, with RPI-
194, 50 uM,

N =6 of each

Last P, with RPI-
194/First P, with RPI-
194, 100 uM), N=6
of each

0.50 = 0.01
(0.48-0.52)

0.98 = 0.01
0.91-1.11)

0.85 = 0.02
(0.81-0.91)

0.84 + 0.02
(0.81-0.91)

0.85 + 0.02
(0.78-0.92)

1.02+0.01
(0.97-1.05)

1.03 £ 0.02
(0.96-1.07)

1.04 + 0.02
(0.95-1.09)

0.52 £0.04
(0.42-0.64)

1.05 + 0.02
(0.89-1.17)

0.91 = 0.01
(0.87-0.95)

0.92 + 0.06
(0.84-1.03)

0.90 £ 0.01
(0.85-0.94)

1.03 + 0.02
(0.95-1.07)

1.06 £ 0.02
(0.99-1.12)

1.01£0.02
(0.97-1.07)

0.91 £ 0.01
(0.84-1.04)

0.89 £ 0.01
(0.84-0.93)

0.87 +0.03
(0.81-0.98)

0.92 +0.02
(0.86-1.00)

0.97 +0.03
(0.86-1.07)

1.01 £ 0.04
(0.84-1.09)

1.11+0.02
(1.04-1.18)

*The V, measurements for one fast fiber were not reliable and were not included.
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Figure 4.6: Impact of RPI-194 on myosin ATPase activity. The ATPase activity of human beta-
cardiac myosin subfragment 1 (0.1 pM) was measured in the presence of 40 uM actin and varying
concentrations of drug (RPI-194P). The ATPase activity is reported as moles of Pi per mole of

myosin per second. Number of experiments, N=1.

4.3.6 RPI-194 decreases velocity and amplitude of contraction in individual mouse
cardiomyocytes

In individual cardiomyocytes, RPI-194 appears to exert an inhibitory effect. At 10 uM
concentration, the velocity and amplitude of shortening was reduced by about 30% (Figure 4.7).
At a concentration of 100 uM, cardiomyocyte contractions were completely inhibited. It is possible
that the inhibitory effect of RPI-194 on cardiomyocyte contraction could be due to off-target
effects, for instance, inhibition of calcium ion channels. We attempted to measure calcium
transients, but the strong intrinsic fluorescence of RPI1-194 created too much background signal.

It is also possible that the inhibition of individual cardiomyocytes is analogous to the
slowing of unloaded contraction in skinned muscle fibers that we observed. At this stage it is

impossible to rule out every possible off-target interaction. However, as more cardiac troponin

129



activators are tested, it should be possible to conclude whether the inhibition of individual

cardiomyocyte contraction is an intrinsic property of cardiac troponin activators or not.
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Figure 4.7: Top panel shows measurement of sarcomere length (SL), fractional shortening (FS),

rate of contraction (- dL/dt) and rate of relaxation (+ dL/dt) of isolated single cardiomyocytes.

Open box represents wildtype and filled box represents either placebo (0) or 10 uM of RPI-194

(10). Bottom panel shows absolute changes of measurements from wild type values.

4.3.7 RPI-194 enhances cardiac work in isolated, perfused working mouse hearts

In our preliminary experiments in isolated perfused working mouse hearts, RPI-194

showed positive inotropic activity. As RPI-194 was introduced, cardiac output increased from a

baseline of 9.4 mL/min up to 12.4 mL/min at 20 uM RPI-194 (see Figure 4.8). As well, glucose

utilization and oxygen consumption also increased, as expected when cardiac work increases. The
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severe inhibitory effect of RPI-194 seen in cardiomyocytes did not appear to occur in isolated

perfused working hearts. This suggests that calcium ion influxes and oxidative metabolism are still

intact in the working heart.
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Figure 4.8: Effects of RPI-194 in cardiac work, heart ratexpeak systolic pressure (HRxPSP),
glucose oxidation and oxygen consumption in isolated, perfused working mouse hearts. The bars

represent different concentrations of RPI-194. Number of experiments, N=1.
4.4 Discussion

We demonstrate that the small molecule RPI-194 is able to bind to cardiac and slow skeletal
muscle troponin and enhance the stability of its calcium-saturated activated form. We also confirm
that RPI-194 acts as a calcium sensitizer in cardiac muscle, though it also cross reacts with slow

and fast skeletal muscle. This raises the question of whether similar compounds could be used to
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enhance muscle strength in neuromuscular conditions, as is being assessed for fast skeletal muscle
troponin activators, tirasemtiv and reldesemtiv>>6*>°. Whether or not cross-reactivity with skeletal
muscle, particularly slow skeletal muscle, would limit potential use of a cardiac troponin activator,
remains to be seen. On the other hand, it is also unknown whether the cardiac effects of a general
troponin activator would limit its use as slow skeletal muscle activator. Animal studies examining
the impact of cardiac/slow skeletal troponin activating compounds are needed.

Another important question is whether cardiac troponin is the most appropriate target for
development of a positive inotrope, particularly in light of its known homology to other striated
muscle troponins as well as to other EF hand binding proteins like calmodulin. Related to this is
the question of whether calcium sensitization would be an effective therapy for systolic heart
failure. Increased calcium sensitivity is a feature of cardiac troponin mutations associated with
heritable hypertrophic cardiomyopathy and restrictive cardiomyopathy?*?413¢0. However, there is
reason to believe that the changes wrought by RPI-194 would be effective and beneficial in systolic
heart failure. First of all, post-translational modifications in heart failure increase calcium

sensitivity>>

, and this would increase the overall activation of the thin filament (likely by
increasing the effective concentration of the cTnl switch region presented to cTnC) to further
promote the activating effect of RPI-194. Moreover, the thinned, dilated ventricular walls seen in
systolic heart failure increase the wall tension that must be overcome for contraction to occur. The
increase in afterload would be expected to convert super-relaxed myosin to its active form,
resulting in more actin-myosin cross-bridging, more activation of thin filaments, increasing the
effective concentration of the cTnl switch region and enhancing the activating effect of RPI-194.

These factors should in theory enhance the positive inotropic effect of RPI-194 in systolic heart

failure. Further studies in whole animal models of heart failure are needed to test this.
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Perhaps the most puzzling result in the current study is the effect of RPI-194 on the velocity
of unloaded shortening, both in skinned muscle fibers and in isolated cardiomyocytes. This could
be due to an unknown off-target effect, although it is reassuring that cardiac function was preserved
in mouse isolated perfused working hearts. It is also possible that the decreased velocity of
unloaded shortening seen with RPI-194 is an effect of troponin activation. One could imagine that
the ideal duty ratio (proportion of myosin heads strongly bound to actin) would be dependent on
load, with excessive myosin-actin interactions contributing to drag. In isometric muscle
contraction, actin-myosin interaction is maximal, with a duty ratio of about 0.25 (the proportion
of myosin heads interacting with actin). This value decreases to <0.05 in unloaded shortening, and
perhaps excessive formation of actin-myosin cross-bridges beyond this duty ratio slows unloaded
contraction ®1%2 It is also possible that extensive cTnl interactions with actin, recently
highlighted in a cryo-EM-derived model of the thin filament'*, plays a role in promoting actin
release from myosin, thus speeding up the rate of actomyosin cross-bridge cycling. Reconstitution
of hypertrophic cardiomyopathy-associated R95H cardiac troponin T mutant into guinea pig
muscle fibers resulted in decreased cross-bridge cycling rate, ktr*®*, suggesting that troponin may
be able to impact actomyosin cross-bridge kinetics. Further studies with small molecules that are
structurally distinct from RPI-194 should resolve whether the effect on unloaded contraction is an
intrinsic property of cardiac troponin activators or due to an off-target effect.

We conclude that RPI-194 has expected activities as a cardiac/slow skeletal muscle
troponin activator, and further studies are needed to optimize its binding affinity and assess the

suitability of similar compounds for clinical use.
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CHAPTER S

CONCLUSIONS
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5.1 Conclusions

This thesis focuses on the structure and function of ¢Tn, fundamental to the control of
contraction and relaxation of heart muscle. As such, it touches upon three fundamental questions
about myocardial contractile function that are impacted by changes in the cTn; 1) What is the exact
mechanism behind myocardial stunning in I/R injury? 2) How does a simple point mutation in cTn
cause DCM? and 3) Despite having a well-understood drug target (cNTnC), why are there no
approved cardiac troponin activators for the treatment of systolic heart failure?

Although troponin has been known since the 1960s, many fundamental questions about its
function at the molecular level have remained enigmatic because of technical difficulties
associated with reconstituting it and studying it at an atomic level of detail. In particular, cTn
contains large segments of intrinsically disordered regions that are difficult to work with both in
terms of production, purification, and reconstitution due to their propensity to be susceptible to

364 Chapters 2 and 3 of this thesis represent significant achievements for

proteolysis and aggregate
our laboratory in overcoming these obstacles.

Our lab has developed new ways of producing IDRs of proteins, and we have used them to
produce large quantities of pure ¢cTnl and cTnT. We developed an expression system in E. coli
whereby an IDR is fused to the bacterial membrane protein PagP and accumulates in dense
cytoplasmic inclusion bodies where it is protected from active cellular proteases*®>. The inclusion
bodies can be solubilized in guanidine hydrochloride denaturant, which further denatures all
endogenous proteases. Guanidine hydrochloride interacts with proteins minimally and is suitable
for immobilized metal ion chromatography for protein purification***. The IDR can be separated

from its PagP fusion partner via nickel ion-catalyzed peptide bond cleavage and an engineered

linker sequence (SRHW) or by cyanogen bromide-mediated peptide bond cleavage at methionine
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residues®?%27*, This methodology for producing and purifying IDRs is widely applicable to other
protein systems.

Within c¢Tn, very little is known about the C-terminal tail of ¢Tnl (cTnli35-200) from the
structural perspective. Part of this flexible tail, the switch region, toggles between cNTnC and actin
during muscle contraction and relaxation, respectively, though the exact details of its interaction
with actin remain unknown. Although the recently solved cryo-EM structure of what showed a
large segment of the tail stretched out across several actin monomers, the electron density of this
was poor and the exact interactions between cTnl and actin-tropomyosin remain unresolved'?.
Chapter 2 of this thesis determines the secondary structure of the cTnli35.200 by NMR backbone
and side-chain chemical shift assignments®®>. The segment is primarily disordered but has some
degree of a-helical propensity in certain regions. We observed the same regions to interact with
actin, which we studied using a monomeric actin-DNase I complex that was tractable to solution
NMR. The cryo-EM structure of the cardiac thin filament was unable to provide more details of
the interaction due to the intrinsic flexibility of the cTnl segment. It could be possible to study the
interaction of cTnli35.200 with tropomyosin fragments and solubilized actin monomers by NMR to
determine more structural details.

In addition to structural studies, we also investigated the proteolytic susceptibilities of the
cTnli35209 tail because many animal studies and clinical observations identified degradation
products from this region during myocardial I/R injury (see section 1.5.2.4). We mapped the exact
cleavage sites for MMP-2 and calpain using in vitro proteolysis and mass spectrometry and were
surprised to find many of them in the cTnl switch region. Given the importance of the cTnl switch
region in muscle contraction, we concluded that this could be a possible mechanism of the

contractile dysfunction seen in myocardial stunning as a result of myocardial I/R injury. While this
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is an interesting conjecture, many more experiments are needed to determine if cTnl proteolysis
truly contributes to myocardial stunning.

A major shortcoming of this work is that the cTnl cleavage mapping was done in in vitro
which does not capture the innate complexity of the biological system. Cleavage mapping of cTnl
needs to be verified by in vivo and ex vivo studies under I/R conditions. In the future, it would be
worthwhile studying the proteolysis of c¢Tnl in different experimental models of I/R injury.

85,136

Troponin I proteolysis has been studied previously in isolated perfused hearts , and in

transgenic mouse hearts'’

. We could use lysate samples from isolated perfused mouse hearts
subjected to I/R injury. We can utilize N-terminal degradomics which uses mass spectrometry
techniques to analyze these samples and map protease-specific cTnl cleavage sites*®®. Another
approach would be evaluating I/R injury and c¢Tnl proteolysis in MMP-2 or calpain knockout
mouse models of I/R injury>®"-*6¥, Attenuating MMP-2 and calpain activity using specific inhibitors
may be a potential therapeutic approach for treating I/R injury. It is probable that there are many
other proteases involved in I/R injury and c¢Tnl proteolysis. Another interesting piece of future
work would be to confirm partial protection of cTnl proteolysis in the presence of either cTnC or

actin, identified in our in vitro proteolysis experiments®6>

. We could use reconstituted troponin
complex subjected to MMP-2 or calpain-mediated digestion to observe whether the number of
cleavage fragments of c¢Tnl are reduced when it is complexed with ¢TnC and cTnT. A study
published in 1989 by Tsunekawa et al reported that a cardiac/skeletal troponin T homologue
protein in smooth muscle named calponin showed markedly decreased calpain 1-mediated
proteolysis when bound to reconstituted filamentous actin or native thin filament**°. Thus, it would

be useful to study cTnl degradation by MMP-2 or calpain in reconstituted thin filaments by

combining the ¢Tn complex with actin and tropomyosin.
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From a technical aspect, Chapter 3 represents a major leap forward our lab in the successful
reconstitution of the ternary complex of ¢Tn, a feat that took me several years to accomplish. The
main challenge of producing reconstituted cTn was the precipitation of either cTnl or ¢TnT as
these disordered proteins naturally aggregate on their own. A number of solubilizing mutations
were introduced into cTnl. As well, we found that cTnT was more soluble in the presence of high
concentration of magnesium ions, and magnesium was also effective in increasing the thermal
stability of the reconstituted complex. Our methodology for producing stable, soluble forms of cTn
complex will be an asset for future biophysical and structural biology studies.

In Chapter 3, we were able to demonstrate how some phosphomimetic and DCM-
associated mutations in ¢cTnC and c¢Tnl could indirectly decrease the calcium affinity of the cTn

355

complex through destabilization of the active orientation of the cNTnC domain’->. We also showed

evidence a new “dormant” orientation of cNTnC when both N and C-terminal flexible tails were

removed in the reconstructed ¢cTn?>>

. We need to further explore our newly discovered dormant
orientation of cTnC. A limitation of this finding is that we do not know the details of this proposed
orientation. Knowing the exact binding sites of cNTnC with the proposed IT arm will be critical
to understanding the dormant orientation. A three-dimensional structure determination by NMR
spectroscopy or X-ray crystallography would be ideal for revealing the interaction between cNTnC
and the IT arm in the dormant orientation. It is also possible to identify residues of the IT arm
binding with ¢cNTnC by doing the NMR chemical shift perturbation experiment. Using this
technique, the IT arm will be '°N isotopically labeled and produced a ternary complex with either
cCTnC (deletion of cNTnC) or full length cTnC. The difference in the chemical shift perturbation

between these two ternary complexes will be monitored by '’N-'H HSQC experiments. If there is

any chemical shift perturbation observed in '’N-'"H HSQC spectra, this would be due to the
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interaction of cNTnC with the IT arm. It will verify our proposed dormant orientation hypothesis
and identify residues of the IT arm that are involved in this orientation.

Another limitation of this chapter is not having functional data (calcium binding affinity of
c¢TnC) that correlates with our structural findings. For instance, we demonstrated how domains of
c¢TnC become flexible in the presence of DCM mutations and/or phosphorylation but did not have
confirmation of their effects on cTn’s calcium binding affinity. However, all of DCM mutations
and phosphorylation that we examined in this study previously showed decreased calcium binding
affinity (see sections 3.2.2 and 3.2.3). In the future, we could utilize fluorescence spectroscopy to
assess the functional impact of DCM mutations and phosphorylation by measuring changes in
overall calcium-binding affinity in reconstituted cTn.

In Chapter 4, we identify a promising small molecule, RPI-194, that acts as a cardiac
troponin activator after screening 47 compounds. It is well established that troponin activators bind
to the cNTnC and c¢Tnl switch peptide interface to activate cNTnC. Our lab has used chimeric
proteins for many years to represent this cNTnC-cTnl switch peptide binding interface for
screening drug molecules. The previous NMR structure of the chimeric protein confirms that it

successfully reproduces this drug binding interface'®’

. RPI-194 was selected as a potential calcium
sensitizer during the drug screening process because of its binding affinity for gChimera calculated
by NMR and fluorescence spectroscopy. Subsequent experiments in stopped-flow fluorescence
and an isolated perfused hearts also confirmed it as a potential calcium sensitizer. Although RPI-
194 demonstrated increased cardiac output, glucose utilization, and oxygen consumption in an
isolated mouse heart, however, the major drawback of this experiment is that it was tested in only

one heart. We need to increase the replicates for this experiment. Fluorescence data for RPI-194

was promising which showed that it does not compete with the switch peptide of cTnl for cNTnC

139



but facilitates its binding. However, it did not show cardiac muscle specificity, but it acts as a
calcium sensitizer also for both slow skeletal and fast skeletal muscle. There are two possible
experiments that can be explored from these results. One experiment would be to investigate
whether targeting slow skeletal muscle has any detrimental effects. The second experiment would
be the evaluation of this compound as a potential fast skeletal troponin activator. Another
concerning result caused by RPI-194 was reduced velocity and amplitude of unloaded shortening
in individual mouse cardiomyocytes. It could be due to cross-reaction of RPI-194 with other
proteins or cTn by itself. We could also test previously identified troponin activators in individual
mouse cardiomyocytes to see whether they also demonstrate similar effects. That would tell us
whether the effects we have seen in our cardiomyocyte experiments are unique to RPI-194 or not.
Previously, most of the calcium sensitizers like levosimendan and pimobendan had cross-reactivity
with PDE3 in addition to ¢cTnC. RPI-194 also needs to be tested against PDE3 to rule out any
cross-reactivity. We could also investigate the potential toxicity of RPI-194 by doing cytotoxicity
tests in cardiomyocytes.

Developing a drug for a beating heart is very challenging. It becomes even more difficult
when targeting ¢TnC because it shares the same isoform with slow skeletal TnC. It is nearly
impossible to get a cardiac-specific troponin activator by targeting cNTnC for drug binding, due
to this similarity. However, the switch region of ¢Tnl is distinct from the switch region of slow
skeletal Tnl. Therefore, we need to have a better understanding of the cNTnC-cTnl switch region
interface (represented by gChimera). A three-dimensional structure of RPI-194 bound to gChimera
by either NMR or X-ray crystallography would be helpful in understanding RPI-194 binding sites

in gChimera.
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Despite some negative functional data, RPI-194 will be an exciting tool to develop a more
cardiac-specific calcium sensitizer like the fast skeletal only calcium sensitizer, tirasemtiv. For
developing a successful cardiac troponin activator, three things needed to be solved: 1) the drug
compound cannot compete with the cTnl switch region binding to; 2) that it targets cardiac-specific
binding sites; and 3) the drug should not cross-react with other proteins like PDE3, myosin or other
EF hand proteins like calmodulin.

The six years of my PhD were heavily invested in the troponin complex to understand its
structural role in cardiac diseases like myocardial stunning, dilated cardiomyopathy, and systolic
heart failure. The common factor in these cardiac diseases is impaired contraction of the heart. We
targeted the troponin complex to tackle this impairment because of its fundamental role in the
regulation of heart muscle contraction. However, a vast number of proteins and signaling pathways
are involved in this process. To effectively develop therapies against cardiac diseases, we require
a better understanding of the very complex biological system of the heart. This thesis will assist
researchers in investigating protease-specific cleavage products in myocardial infarction patients
and testing protease-specific inhibitors to improve contractile function. Our work will also
contribute to the basic understanding of DCM mutations and their consequences to the structural
rearrangement of the troponin complex. These discoveries could provide the potential ability to
control the function and shape of the beating heart. Our attempt to develop a calcium sensitizer for
troponin will also add a valuable tool in correcting and reshaping dysfunctional hearts not only in

patients with heritable cardiomyopathies but in other systolic heart failure patients as well.
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Appendix 1: Mass spectrometry data of cTnli.77 and ¢Tnli35-209 proteolysed by MMP-2 at time

points

from O min to 24 h
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Proteolysis of cTnli3s-200 by MMP-2
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Appendix 2: Mass spectrometry data of cTnli.77 proteolysed by calpain-2 at time points from 0
min to 24 h.

Proteolysis of cTnli-77 by calpain-2
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Appendix 3: Mass spectrometry data of cTnli35.209 proteolysed by calpain-2 at time points from

0 min to 24 h.

Proteolysis of ¢Tnli3s-200 by calpain-2
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%10 % | +ESI TIC Scan | rag=2250V 18010806.d 2 hr
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x104
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%10 " [+E5I Scan (3.9-4.1 min, 13 scans) Frag=225.0V 18010806.d Subtract Deconvoluted (Isotope Width=0.6) 2 hr
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%10 9 [+ESI Scan (3.5-3.7 min, 17 scans) Frag=225.0V 18010808.d Subtract Deconvolutad 6 hr‘
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+E5| Scan (3.8-3.9 min, 9 scans) Frag=225.0% 18010808 d Subtract Deconvolutad (Isotope Width=0.6) 6 h r
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x10 8 | +ESI TIC Sean | rag=225.0v 18010812.d 24 hr
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x10* | +ESI Scan {3.0-3.2 min, 12 scans) Frag=225.0v 18010812.d Subtract Deconvolutad 24 h r
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