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Abstract

Hypertrophic Cardiomyopathy (HCM) is the leading cause of sudden cardiac death in
young adults under the age of 35; a devastating disease that is not yet well understood.
To date, greater than 1000 HCM-associated mutations have been found in genes that
encode mostly sarcomeric proteins. Familial Hypertrophic Cardiomyopathy (FHC) is the
heritable form of HCM. The overlying phenotype of FHC is thought to be derived from an
increase in calcium (Ca?") sensitivity of contraction and impaired relaxation of the
myocardium. Dilated Cardiomyopathy (DCM) associated mutations are thought to have
the opposite functional effect. This study focuses on cardiac troponin C (cTnC) a
component of the cardiac troponin complex, where binding of Ca?* acts as the regulatory
switch, leading to a series of conformational changes that culminate in muscle
contraction. This project explores Ca?* binding by focusing on the proximal-most unit of
the contractile apparatus. The interaction of Ca?* with the regulatory domain of cTnC is
studied through isothermal titration calorimetry in conjunction with Molecular Dynamics
simulations to understand structural and functional changes in the N-terminal region of
cTnC. Initially, we established a workflow by exploring the functional consequences of
sequence variations in coordinating Ca?* binding and the genetic control of paralog
expression in response to environmental temperature change in zebrafish. We then
focused on a series of FHC-associated mutations (A8V, L29Q, A31S, and C84Y), as
well as an engineered Ca?* sensitizing mutation (L48Q), and a DCM-associated mutation
(Q50R). The effects of temperature in modulating the Ca?*-cTnC interaction was also
studied in these mutants. We further explored the role of cellularly abundant magnesium
(Mg?*) which also interacts with cTnC and may modulate the Ca?* coordinating
capabilities of this contractile protein. Lastly, the role of Mg?* binding to the mutants of
interest, under normal cellular condition and in energy depleted states was explored to
better understand the etiology of FHC and provide biomedical and physiological insight

into potential treatments for this disease.
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Chapter 1.

Introduction

1.1. Study justification

The heart continuously pumps blood through a closed circuit, delivering essential
nutrients to and removing waste products from the tissues. The electrical activity which
controls contractile function is inherent to the heart itself but can also be modified by
input from the central nervous system. Electrical signals initiated in the nodal regions
and conducted to the boundary of each cardiomyocytes causes for calcium (Ca?*) to be
released into the cytosol. Fluctuation of cytosolic Ca?* throughout the heart cycle, and its
subsequent binding to the contractile apparatus allows for contraction and force
production to occur. The goal of this thesis is to explore the structural and functional
implications of single amino acid changes in troponin C (cTnC); the protein responsible
for sensing cytosolic Ca?*-concentration. To this end, a review of the literature will be
provided as it pertains to the contractile apparatus and how mutations that alter Ca?*
sensing can lead to cardiac dysfunction.

1.2. Electrical activity of the heart

The sino-atrial node undergoes rhythmic depolarizations which gives rise to
action potentials (APs) that set heart rate (HR). The depolarizing wave first reaches atrial
cells. As blood flows into the ventricles the atria contract, closing preceding valves and
propelling blood through the atrial-ventricular valves. The atrio-ventricular node then
temporarily slows the electrical signal before it is conducted through the bundle of His,
left and right bundle branches, and Purkinje fibers. The right and left ventricles contract

to send blood towards the lungs and the systemic circulation, respectively.

The physical and electrical coupling of adjacent cardiomyocytes throughout the
heart allows for electrical excitation and subsequently, mechanical contraction to occur
in a concerted manner (Cobb 1974). Intercalated discs and adhesion junctions create a
physical coupling between adjacent cells (Bers 2002). The connexin proteins which

compose gap junctions are critical for electrical coupling between cardiomyocytes which



are linked to form a functional syncytium (Essner, Laing et al. 1996). Electrical excitation
and physical contraction (EC coupling) are linked through processes that will be further
explored in the following sections.

1.3. Action potential

Channels and transporters allow for flux of sodium (Na*), potassium (K*), and
Ca?* ions across the sarcolemma to occur in a highly coordinated manner that
determines AP morphology. In ventricular myocytes, voltage-gated Na* channels (Nav)
allow for inward flow of current to depolarize the cell membrane. Inward flow of Ca?*
through voltage-gated channels (Cay) prolongs the plateau phase of the AP. Finally, the
efflux of K* from the cell through delayed rectifier channels (Ky) repolarizes the cell

membrane back towards its resting membrane potential.

IK,to

Membrane Potential (mV)
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Figure 1-1  Schematic Depiction of the Ventricular AP

lllustration of the AP showing the relative time points for peak current of the most prominent Na*,
K*, and Ca?* currents in the human ventricular AP. The membrane potentials, time course, and
shape are an approximation.

1.3.1. Phase 4 - resting membrane potential (inward rectifier current)

The KCNJ2, KCNJ12, and KCNJ4 genes encode K;2.1, K;;2.2, and K;2.3
channels, respectively. These channels pass the inward rectifier current (Ik1) which is

largely responsible for maintaining a resting membrane potential (of approximately - 85



mV) close to Ek+. Outward flow of current through the inward rectifiers is modulated by
cytosolic Mg?*/polyamine molecules (Ficker, Taglialatela et al. 1994).

Inward rectifier K* channels are tetramers each containing two domains, with the
loop between these domains forming the pore. In addition to the core domain, these
channels co-assemble with numerous accessory subunits that modulate their function
(Perozo, Cortes et al. 1999).

1.3.2. Phase 0 —rapid depolarization (sodium current)

The primary voltage-gated Na* channel in the heart is Nay1.5 (encoded by the
SCNS5A gene) which opens with membrane depolarization to drive the membrane
potential to Ena (or approximately +60 mV). Initial inward flow of Iy, activates additional
channels in a feedforward manner and helps further depolarize the cell membrane to
approximately +35-50 mV (Asimaki, Kleber et al. 2015).

At the end of phase 0, Nay1.5 channels inactivate reducing Ina (Goldin 2003).
These channels undergo both fast (milliseconds) and slow (seconds) inactivation.
Intracellular particles occlude the pore to allow for fast inactivation. Slow inactivation is
likely mediated through voltage sensor relaxation and pore collapse; this process has
significant physiological consequences when channels are repeatedly depolarized
(Richmond, Featherstone et al. 1998, Silva and Goldstein 2013).

Normally, cell membrane repolarization is required for the Na* channel recovery
to allow for re-firing in response to another AP. Failure to inactivate gives rise to
persistent or late Ina. Gain of function mutations in Na* channels may lead to diseases
such as Long QT (LQT3) (Wang, Shen et al. 1995) and loss of function may lead to
Brugada Syndrome Type 1 (Chen, Kirsch et al. 1998).

Navl1.5 is a single ~2,000 amino acid protein that is made up of 4 covalently
linked domains (Di-Dyw), each composed of 6 transmembrane sections (S1-S6); the
domains assemble to form an ion-conducting central pore (Long, Campbell et al. 2005).
In the voltage sensing domain (S4), positively charged lysine and arginine residues are
spaced approximately 3 amino acids apart. These charged residues allow S4 to move in
response to membrane potential and thus to control channel gating. S5 and S6 form the

channel pore (Catterall, Perez-Reyes et al. 2005, Yarov-Yarovoy, DeCaen et al. 2012).



Numerous accessory B-subunits also associate with the channel to modulate its function
(Tan, Kupershmidt et al. 2002, Calhoun and Isom 2014, Wang, Chung et al. 2014).

1.3.3. Phase 1 - early repolarization phase (transient outward current)

Expression of the KCNA4 gene produces Kyl1.4, KCND2 encodes Kv4.2, and
KCND3 encodes Ky4.3 channels. Together, these molecular correlates conduct the
transient outward current (l). The slow inactivating component of this current is
conducted by Ky1.4 and the fast inactivating component is conducted by Kv4.2/Kv4.3

channels (Nerbonne, Nichols et al. 2001).

The majority of voltage-gated K* channels activate and deactivate in several
hundred milliseconds. These channels also undergo inactivation (potentially through an
N-terminal “ball and chain”) and subsequent recovery upon return to repolarized
membrane potentials, albeit in a much shorter time frame (Sanguinetti, Jiang et al.
1995).

Greater density of Iy, in the epicardium is thought to contribute in part to shorter
AP duration and dispersion in AP morphology across the ventricular wall. This dispersion
is essential for prevention of re-entry arrhythmias (Amin, Tan et al. 2010).

1.3.4. Phase 2 — plateau phase (calcium current)

The plateau phase results from the inward movement of Ca?* and reduced
extrusion of K* (London 2001, Sidi, Busch-Nentwich et al. 2004). The CACNALC gene

encodes the aic subunit of the Cay1.2 channel which conducts Ica.

Cavl.2 channels are also known as dihydropyridine receptors (DHPR) or L-Type
Ca?* channels (LTCCs) (Takahashi and Momiyama 1993, Rottbauer, Baker et al. 2001,
Nerbonne and Kass 2005). The a;-subunit is ~250 KDa and includes regions which
function as the: pore, voltage sensor, and gate. Like the Nay channel alpha, this subunit
is composed of 4 identical domains (I-1V) each formed by 6 transmembrane segments
(S1-S6) (Hell, Westenbroek et al. 1993). Among these, the S4 is the voltage sensor and
the loop between S5 and S6 forms the channel pore (Catterall, Perez-Reyes et al.
2005). In addition to the ai-subunit, numerous regulatory subunits play key modulatory

roles in channel function, for example the a8 -subunit contributes to control of channel



trafficking (Zhou, Saint-Amant et al. 2006, Zhou, Horstick et al. 2008). The . subunit
alters channel kinetics and drug sensitivities (Chien, Carr et al. 1996).

1.3.5. Phase 3 — late repolarization phase (delayed rectifier currents)

The repolarization phase is dominated by activity of the delayed rectifier currents
which regulate K* efflux and repolarize the cell membrane potential back towards Ex. In
the mammalian heart, the slow delayed rectifier K* current (Iks) provides a repolarization
reserve. The molecular correlate of this channel is Ky7.1 (encoded by KCNQ1) in
addition to the multiple accessory subunits including Min K (encoded by KCNE1). This
channel activates slowly but does not appreciably inactivate, such that the current
passed contributes to repolarization and is particularly important at times of elevated HR
(Vandenberg, Perry et al. 2012). Mutations in this channel may give rise to Long QT
Type 1. Some have postulated that low expression of this channel in the midmyocardium
contributes to its longer AP duration compared to the endocardium and epicardium (Liu
and Antzelevitch 1995).

The Kyv11.1 channel is a product of the KCNH2 gene, also known as the human
ether-a-go-go related gene (hERG). This channel regulates the rapid delayed rectifier K*
current (Ik.) that plays a key role in late repolarization of the AP (Curran, Splawski et al.
1995, Sanguinetti and Tristani-Firouzi 2006, Leong, Skinner et al. 2010). hERG channels
are characterized by slow activation and deactivation and very fast inactivation and
recovery from inactivation. Functionally, hERG channels rapidly recover from inactivation
to contribute to the late repolarization phase of the AP. The very slow movement of the
voltage sensor in hERG is central to its function and allows it to play an essential role in

AP termination (Sanguinetti and Tristani-Firouzi 2006, Vandenberg, Perry et al. 2012).

Interestingly, hERG is also thought to remain open at depolarized membrane
potentials when it passes current in response to premature depolarization, instilling a
protective property that is thought to suppress ectopic beats (Lu, Mahaut-Smith et al.
2001). The variable expression of repolarizing channels and thus the direction of
repolarization across the transmural gradient of the ventricular wall is protective against
arrhythmogenesis but this is diminished at more rapid HRs/shorter AP durations (Brunet,
Aimond et al. 2004).



Loss of function in this channel can be associated with prolongation of the AP
and long QT syndrome Type 2 (Chen, Zou et al. 1999). The unique structure (Thouta,
Sokolov et al. 2014, Wang and MacKinnon 2017) and inactivation kinetics (Ficker,
Jarolimek et al. 1998) of this channel predispose it to blockage by humerous drugs such
as Dofetilide, Cisapride, and Terfenadine giving rise to acquired LQT; this fact
necessitates careful screening prior to approval of all drugs by the Food and Drug
Administration (Mitcheson, Chen et al. 2000).

KCNADS which encodes Ky1.5 and passes the ultra rapid delayed rectifier current
(Ikur) is expressed minimally in the ventricles and to a much greater extent in atrial tissue
(Boyle and Nerbonne 1991).

The majority of K* channels are made up of 4 separate subunits, each with 6 a-
helical transmembrane domains. These subunits are expressed separately, not
covalently linked, and assemble to form a tetrameric unit. Within each subunit of the
channel, S4 is the voltage sensor and S5-S6 form the pore domain (Catterall 1988, Yu
and Catterall 2004). Charged residues within the voltage sensor move in response to
membrane depolarization to allow for pore opening and ion conduction down the

electrochemical gradient (Tiwari-Woodruff, Schulteis et al. 1997).

1.4. Calcium release

Adult mammalian cardiomyocytes are typically rod-like in shape, measuring ~120
X 20 um in dimension (Li, Stevens et al. 2013). Ca?*-induced Ca?**-release (CICR) is the
process whereby Ca?* entry through Cay1.2 causes release of intracellular Ca?* stored in
the sarcoplasmic reticulum (SR). CICR is the link between electrical activity and the
contractile events which proceed it (Fabiato 1985, Meissner 2010). CICR requires
proximity of Cav1.2 and RyR2, therefore mature mammalian cells develop an extensive
transverse and axial tubule (T-tubule) network (Chugun, Taniguchi et al. 2003, Birkedal,
Christopher et al. 2009). These networks carry the wave of depolarization initiated by the
nodal cells to deep within the cell where voltage-dependent LTCCs open at about -35

mV to pass lcar.

T-type Ca?* channels (TTCC), also known as Cay3.1 and encoded by the

CACNALG gene play a similar but smaller role in adult ventricular myocyte Ca?* release



and are still not well defined. These channels are more prevalent in immature
mammalian cells, conducting system of the heart, and pacemaker regions (Sidi, Busch-
Nentwich et al. 2004, Bers 2008, Mesirca, Torrente et al. 2014). TTCCs are not
specifically localized to couplons, they are activated at more negative membrane
potentials than LTCCs, and they inactivate in a more rapid, Ca?*-independent manner
(Zhou and January 1998, Chen, Wilson et al. 2007).

The locus at which CICR occurs is termed a couplon; this is a region at the
junction of T-tubules and the SR where approximately 10-25 LTCCs and 100-200 RyRs
are co-localized (Franzini-Armstrong, Protasi et al. 1999). The channels in a couplon are
activated in an all-or-none manner by the entry of Ca?* through the LTCCs. The close
proximity of DHPRs and RyR2 (~15-20 nm) allows for the latter to achieve peak release
in 2-3 ms (Puglisi, Yuan et al. 1999). It is thought that each release event elevates
junctional [Ca?*] within the dyadic space up to 400 uM in 1 ms. Unitary release of Ca?*

from RyRs in a couplon is termed a Ca?* spark (Bers 2002).

Adjacent couplons are approximately 1 um apart and there are ~20,000 couplons
in a cardiomyocyte. Activation of adjacent couplons is dependent on spark amplitude
and distance of separation; sparks that diffuse to and activate multiple couplons lead to
the propagation of a Ca?*-wave across the cardiomyocyte (Lopez-Lopez, Shacklock et
al. 1995). Diastolic levels of Ca?* cytosolic (~100 nM) are thus increased by CICR to
increase the cytosolic concentration of this ion up to 500-1200 nM (=600 nM Ca?* gives
a half maximal contraction) (Bers 2000). The elevation of cytosolic Ca?* in the
cardiomyocyte occurs rapidly (~100 ms) (Yue 1987). This elevation precedes interaction
of ~50% of the released Ca?* with troponin (~75 uM in the cell) which sets up a series of

conformational changes that terminate in contraction (Schober, Huke et al. 2012).

Seminal work by Michael Stern explores the local control theory (Stern 1992).
The Ca? trigger which enters through LTCCs preceeds the elevation of global Ca?*in the
cell. If arise in global Ca?" initiated RyR opening, further opening would be induced, and
CICR would be all-or-none. In reality, such a response is inconsistent with the graded
release that is characteristic of CICR in the cardiomyocyte. The theory of local control
seeks to explain this by positing that local nanodomains in the vicinity of LTCCs control
the release of Ca?*through RyR. The activation of couplons is thus all-or-none.

However, as a result of “self-termination” of SR Ca?* release events the Ca?* transient is



graded. The gradation in global Ca?* signal needed to modulate function at elevated
contractile states for example is thought to result from activation of variable numbers of
couplons (Stern, Song et al. 1999).

Ca?*-dependent inactivation (CDI) limits the amount of Ca?* that enters the cell
through LTCCs during every release event (Stern, Song et al. 1999). In diastole,
calmodulin (CaM) associates with an 1Q maotif in the C-terminal domain of LTCCs to
mediate CDI (Yuan, Ginsburg et al. 1996, Peterson, DeMaria et al. 1999, Pitt, Zuhlke et
al. 2001). Elevated Ca?* binds the C-terminal sites of CaM during systole, helping to
strengthen the interaction with the 1Q motif thus accelerating inactivation (Sipido,
Callewaert et al. 1995, Erickson, Alseikhan et al. 2001). LTCCs recover in ~100-200 ms

prior to the next wave of depolarization (Bers 2008).

Ca?*-dependent facilitation (CDF) is a Ca?*/CaM dependent protein kinase Il
(CaMKIl)-mediated process that only occurs at elevated HRs. CDF is induced by
phosphorylation of key residues in the aic-subunit of the LTCC, increasing lca,. amplitude

and slowing channel inactivation (Hudmon, Schulman et al. 2005).

1.4.1. Sarcoplasmic reticulum

The SR is a specialized endoplasmic reticulum, it is thought to make up ~10% of
the mammalian cell volume and to have a free internal [Ca?*] of ~1 mM (Bers 2001).
Ca? release from the SR is the main player in activating contraction through the process
of CICR, contributing about 60-70% of cytosolic Ca?* during systole in human ventricular
tissues (Bassani, Yuan et al. 1995, Bers 2001). The SR is almost never more than 60%

depleted in vivo (Shannon, Guo et al. 2003).

Within the SR, calsequestrin (CASQ?2), the buffer for luminal Ca?*, is docked by
and interacts closely with triadin, junctin, and RyR2 (Gyorke, Hester et al. 2004).
Mutations in CASQ2 can cause increased delayed after depolarization (DAD) events
(Liu, Colombi et al. 2006, George, Jundi et al. 2007). In general, increased SR Ca?* load
is the most likely substrate for aberrant events such as DADs. Elevated Ca?'in the SR
interacts with and increases the sensitivity of the RyR to cytosolic Ca?*, thus increasing

channel open probability (Sitsapesan and Williams 1994, Shannon, Ginsburg et al.



2000). Aberrant Ca?* leak from the SR gives rise to Ca?* sparks; subsequent extrusion of
Ca?* through NCX can lead to afterdepolarizations (Cheng, Lederer et al. 1993).

1.4.2. Ryanodine receptor

RyR2 is a ~2.2 MDa homotetramer that acts as a scaffold for multiple interrelated
proteins that will be mentioned briefly (Sutko and Airey 1996). CaM allows for Ca?*-
dependent modulation of the RyR (Fruen, Bardy et al. 2000). Triadin, junctin, and
CASQ2 buffer SR Ca?* content and regulate release indirectly (Zhang, Kelley et al.
1997). FK-506 binding protein (FKBP 12.6) stabilizes RyR gating and allows for coupling
of adjacent channels (Marx, Reiken et al. 2000). Protein Kinase A (PKA) localizes to the
RyR and is thought to increase RyR opening (Valdivia, Kaplan et al. 1995, Marx, Reiken
et al. 2000). The effects of PKA alone seem to be relatively mild compared to those
induced by CaMKII which in fact enhances the effects of PKA (Haji-Ghassemi, Yuchi et
al. 2019). Phosphatases 1 and 2A also interact with RyR2 and counter-regulate the
effects of these kinases (Li, Kranias et al. 2002, Huke and Bers 2007).

Inositol triphosphate (IP3) receptors co-localize with the RyR, especially in atrial
cells (Mackenzie, Bootman et al. 2002). In response to G-protein coupled receptor
(GPCR) dependent activation, IPs receptors can help cause local Ca?* release from the
SR leading to DADs (Zima, Copello et al. 2004).

1.5. Calcium removal

Ca?* removal from the cytosol allows for relaxation. At steady state, this removal
matches entry and occurs through the same route. The relative contribution of each
component which participates in this removal is species and physiological state
dependent. The human ventricular system is similar to mammals such as rabbits, dogs,
and guinea pigs, in which the sarco/endoplasmic reticulum Ca?*-ATPase (SERCA)
removes ~70%, NCX ~28%, and sarcolemmal/mitochondrial Ca?* ATPases ~1%
(Bassani, Bassani et al. 1994). In mouse and rat cardiomyocytes, the contribution of
SERCA is more pronounced (~92%) with NCX removing ~7% of the cytosolic Ca?*. A
small amount of Ca?*is also taken up into the mitochondria where it elevates ATP

production in response to increased energetic demand (Boyman, Chikando et al. 2014).



1.5.1. Sarco/endoplasmic reticulum Ca?*-ATPase

The cardiac paralog of SERCA (SERCA2a) plays a key role in relaxation of the
cardiac myocyte by pumping Ca?* back into the SR lumen between each heartbeat.
SERCAZ2a activity is highly regulated by phospholamban (PLB) whose dephosphorylated
form strongly inhibits the pump. B-adrenergic stimulation leads to phosphorylation of PLB
by PKA (Ser 16) or by CAMKII (Thr 17). Reduced inhibition and increased affinity of
SERCAZ2a for Ca?* by 2-3 fold in response to phosphorylation allows for more rapid
uptake of Ca?* into the SR (Bassani, Mattiazzi et al. 1995, Mattiazzi and Kranias 2014).
This catecholamine-induced response is one of the main mechanisms governing
acceleration of cardiac relaxation (Talosi, Edes et al. 1993). Catecholamines lead to
changes in the competition between SERCA and NCX, shifting the balance to
preferentially load the SR, and leading to an increase in SR Ca?* content (Brittsan and
Kranias 2000).

1.5.2. Na*/Ca?* exchanger

NCX is a reversible electrogenic anti-porter which moves 1 Ca?* for every 3 Na*
moved in the opposing direction. In cardiac tissue and under normal conditions, the
majority of NCX1 function centers around removal of Ca?*, which contributes to the slow
decay of the Ca?* transient at baseline (~400 ms) (Yue 1987, Bridge and Spitzer 1990,
Nicoll, Longoni et al. 1990). Elevated cytosolic Ca?* allosterically enhances NCX function
to facilitate removal at above diastolic concentrations (Fujioka, Komeda et al. 2000,
Philipson and Nicoll 2000).

NCX, for the most part does not localize to the couplon, therefore its contribution
to elevation of the Ca?* transient is thought to be negligible (Lipp, Egger et al. 2002).
Ca?* extrusion by NCX has to match sarcolemmal Ca?* entry (LTCC and reverse mode
NCX) in order to maintain Ca?* homeostasis at steady-state. NCX removes an average
of ~30% of cytosolic Ca?*, ensuring that there is no net change in SR Ca?* concentration
on a beat-to-beat basis. Na* entry accompanies Ca?* removal, thus the Na*/K* ATPase

must play a key role in resetting ionic gradients across the cellular membrane.

The reversal potential of NCX is dependent on Na*and Ca?* (Enxc = 3Ena — 2Eca)

and is approximately — 50 mV at baseline. Thus, as the membrane potential approaches
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Encx, the exchanger is more likely to function in reverse mode. Depolarized membrane
potentials, reduced DHPR function, and elevated Na* favor reverse-mode NCX function,
whereby Ca?* is brought into the cell (Dipla, Mattiello et al. 1999, Bers 2002). Ca?* entry
through NCX during the plateau phase is thought to contribute to AP prolongation
(Weber, Piacentino et al. 2003). Prolongation of the AP is though to provide the
substrate for DADs (Sipido, Callewaert et al. 1995). The mechanism for this is thought to
be through removal of Ca?* by, and aberrant entry of Na* through, NCX which
depolarizes the membrane and may cause DADs (Pogwizd, Schlotthauer et al. 2001).
DAD occurrence in multiple cells that are in close proximity may cause impulse

propagation through the heart tissue and potentially fatal arrhythmias.

1.6. Contraction

The sarcomere is the smallest unit of the contractile apparatus (le Guennec,
Mosca et al. 2008). Cardiomyocytes contain parallel myofibrils made up of repeating
sarcomeric units, that are in turn comprised of interacting thick and thin myofilaments;
this results in the characteristic striated appearance. These layers change in size as the
cell contracts. Contraction is best understood through three main theories. These are
the: 3-state model of contraction (Maytum, Lehrer et al. 1999), the 4-state model of
contraction (Lehrer 2011), and the fly-casting model (Hoffman, Blumenschein et al.
2006).

1.6.1. The 3-state model of contraction

The 3-state model of contraction, is a simplification, put forth to help
conceptualize the events that accompany Ca?* fluctuations in the cardiomyocyte. The
events which occur are not discreet but have been divided as such for ease of
explanation. Perhaps appropriately, and to allow for better visualization these events are

depicted in three distinct phases in Figure 1-2 below.
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Figure 1-2  Schematic depiction of the 3-state model of contraction

This figure, is a simplified version of those presented in earlier publications (Maytum, Lehrer et al.
1999, McKillop and Geeves 1993). The circles indicate repeating actin units, the blue bars are
representative of tropomyosin, and S1 mysoin heads are shown in yellow. The blocked-state
accompanies diastolic concentrations of Ca?*; in this state no myosin head binding occurs.
Elevated Ca?* during systole interacts with site Il within TnC to cause conformational changes in
the thin filament. These changes allow for the closed- and open-states to occur. In the closed-
state, actin binding sites are exposed to some extent and some binding can occur. In the open-
state, binding sites are more fully exposed and interaction of actin and myosin is more likely. In
the 4-state model, the additional state is one where strong interaction between actin and myosin
occurs at diastolic concentrations of free Ca?*. The cytosolic free Ca?* is continuously sensed by
cTnC to re-orientate the thin filament. The conformational changes that accompany Ca?* binding
to cTnC determine the predominance of each state and amount of force production. The states in
both models are not distinct, but rather exist on a continuum. These models are simplified to help
visualize the occurance of events in the cell.

The components of the troponin complex (cTn) interact closely during the various
phases of contraction. Cardiac troponin T (cTnT) connects the ¢cTh complex to the thin
filament and plays a role in actomyosin activation when Ca?* is present. Troponin | (Tnl)
binds actin, TnT, and TnC; inhibiting contraction. The Blocked state (B-state) occurs
during diastole when Ca?* is not bound to site Il of cardiac troponin C (cTnC) and its N-
terminus is detached from the C-terminus of cardiac troponin | (cTnl). Cross-bridge
activity is prevented as tropomyosin (Tm) blocks the myosin binding sites of actin
(Pearlstone and Smillie 1983). The Closed state (C-state) occurs during systole and
following CICR with Ca?* binding to the regulatory domain of cTnC, but the low
concentration means that weak cross-bridge activity is seen. Binding of the Tnl
regulatory domain to TnC, further opens the N-terminal domain of TnC; helices B and C
move away from N, A, and D to expose a hydrophobic binding pocket (Figure 4-1)
(Lindert, Kekenes-Huskey et al. 2012). This N-terminal pocket in cTnC is bound by the
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cTnl switch peptide (Tnlsw) whose inhibitory function is weakened as the inhibitory
peptide dissociates from the binding sites on actin (Li, Wang et al. 2005). Tm moves
away from its inhibitory position on actin. By this process, the troponin-Tm complex
moves into the actin binding-groove of the helix (Gordon, Regnier et al. 2001). The
open/Myosin binding state (M-state) follows when greater amounts of Ca?* to bind to site
II; cooperatively exposing more binding sites on actin (Gordon, Homsher et al. 2000). As
the conformational change is propagated through the cTn complex and the rest of the
thin filament, contraction occurs through formation of actomyosin cross-bridges in an
energy dependent step (Pinto, Parvatiyar et al. 2009, Tardiff 2011). The M-state is
repeated while the cytosolic free concentration of Ca?* is sufficiently high and the C-state
is reverted to as the concentration drops. Once Ca?* concentration is reduced to diastolic
levels, with cTnC being the sensor, these processes are reversed, actin binding sites are
no longer exposed, and force production can no longer occur (Gordon, Homsher et al.
2000). The thin filament is rarely ever fully off or on, instead it is often in a state of flux. In
the presence of systolic levels of Ca?*, the percentage occupancy (blocked/closed/open)
is ~5, 80, and 25, respectively; and during diastole, these numbers are ~76, 22, and 1%,
respectively (McKillop and Geeves 1993, Cordina, Liew et al. 2013).

1.6.2. The 4-state model of contraction

This model expands on the ideas set forth in the 3-state model. The 4 states are
the: blocked Mg?*-state (similar to the B-state), closed Ca?*-state (equivalent to the C-
state), open Mg?*-S1 state, and open Ca?*-S1 state (similar to the M-state). The open
Mg?*-S1-state, distinguishes the 4-state model from the 3-state model. In this state, S1-
myosin interacts with actin in the absence of Ca?*, relocates Tm on actin, and causes
disconnection of the Tnl mobile-domain from actin. As a result, the regulatory domain

interacts with cTnC to increase its affinity for Ca?* (Lehrer 2011).

The 4-state model also differs from the 3-state model, in that it incorporates a
two-step relaxation process. In the first step, Ca?* dissociates from site Il of cTnC, then
the mobile domain of cTnl dissociates from cTnC and subsequently associates with actin
in a rapid initial step. The second step is slower and rate limiting, it involves interaction of
the Tnl inhibitory domain with actin which occurs simultaneously with continued
interaction between myosin and actin to maintain cTnC in the open conformation and

cause delayed relaxation (Xing, Jayasundar et al. 2009, Lehrer 2011).
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1.6.3. The fly-casting model

The fly-casting model is formulated on the regulatory contribution of the cTnl
mobile domain that is now well established (Li, Spyracopoulos et al. 1999). The
regulatory domain fluctuates between actin and N-terminal cTnC binding sites. In
contrast, at low Ca?* concentration, the mobile domain forms stable interactions with
actin. Elevated Ca?" induces regulatory domain binding to N-terminal cTnC while the
mobile domain becomes unbound from actin and enters a disordered state. The
inhibitory domain of cTnl also dissociates from actin and binds the DE linker within
cTnC. A drop in Ca?* reverses these changes causing relaxation (Hoffman,

Blumenschein et al. 2006).

Given the inherent similarities between the 3 models, it is feasible that each
contains some aspects of the true mechanism. In general, cTnC and the cTn complex
play key roles in regulating muscle contraction by sensing fluctuations in cytosolic Ca?*
levels. The conformational changes within the cTn complex are highly dependent on
tertiary structure, which is in turn dependent on the amino acid sequence of the proteins.
Mutations throughout the cTn complex may affect changes in the normal function of the
complex leading to impaired force production capabilities of the heart, either by directly
interfering with Ca?* handling or by disrupting interactions between cTn complex proteins
(Pinto, Parvatiyar et al. 2009).

1.6.4. Cross-bridge cycling

Muscle contraction in cardiac tissue results from the sliding of actin along
myosin; this process has been somewhat arbitrarily divided into 8 steps. In the
nucleotide-free rigour state, ATP binding to the S1 myosin head (step 1) causes
detachment of S1 from actin (step 2). ATP is hydrolyzed (producing ADP and Pi) but
remains attached to myosin which has high affinity for these products (step 3). This
hydrolysis allows myosin to weakly bind the thin filament if Ca?* is bound to cTnC (step
4). Actin availability allows for the formation of stronger interactions (step 5) and
stronger cross-bridges needed for force generation. Release of Pi is coupled to the
power stroke whereby the neck of myosin swings relative to the actin bound S1,

producing force in an anti-parallel direction (step 6). Isomerization occurs in the S1 head
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(step 7). Finally, ADP is released from myosin allowing ATP to bind and the thin and
thick filaments to dissociate (step 8) (Gordon, Regnier et al. 2001).

1.7. Troponin complex

Ca?* binding to cTnC within the cTn is the fundamental molecular switch which
initiates a series of conformational changes that culminate in force production within
cardiac tissue. Inhibitory cTnl and Tm binding cardiac troponin T (cTnT) are also
components of the Tn complex, which along with Tm and actin forms the thin filament.
The placement of the troponin complex occurs at regular intervals (~38 nm) along the
actin filament and in the ratio of 1:1:7 of Tn:Tm:actin (Ebashi and Endo 1968, Yang,
Barbu-Tudoran et al. 2014). In the heart, a-Tm forms a coiled-coil structure that
associated with filamentous actin to comprise a helical structure that repeats every 7
globular actin units (Gordon, Homsher et al. 2000). The hexagonal array of the thin
filament interacts with the thick filament of the contractile apparatus, which is composed
primarily of: a and B myosin heavy chains, myosin light chains, myosin binding protein C
(MyBP-C), and titin (Jaquet and Miigge 2012). In addition to the thin and thick filaments,
many accessory proteins such as: obscurin, myomesin, nebulette, actinin, desmin,
microtubules, and vimentin help arrange the filaments and play key signaling roles

(Gautel and Djinovic-Carugo 2016).

The molecules of globular actin polymerize to form filamentous actin which has a
double stranded helix-like appearance (Oda, lwasa et al. 2009). Tm also polymerizes to
form a continuous strand of dimers that lie in each actin groove, covering 7 actin
monomers (Ebashi 1976, Zot and Potter 1987). The Tn complex interacts with Tm
mainly though interactions with cTnT.
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Figure 1-3 A schematic depiction of the simplified contractile apparatus
showing the interacting thick and thin filament
In the apo-state C-terminal sites in cTnC (red) are occupied by diastolic concentrations of
Ca?*/Mg?* (black spheres). Interaction is inhibited through the actions of cTnl (blue) and the Tn
complex is located on the thin filament by cTnT (green). Presence of systolic concentrations of
Ca?* proceeds CICR, causes this cation to bind to the N-terminal site 1l of cTnC, and results in a
series of conformational changes whereby the interaction with cTnl is strengthened and cTnT
transmits the signal. Tm (light green) shifts to expose the binding sites on actin (beige), that are
then bound by myosin (orange). Cross bridge formation is followed by ATP breakdown and
energy dependent sliding of the filaments to cause muscle shortening and force production in the
heart tissue. The rate of cross bridge turnover and ATP utilization is dependent in part on the
isoform of myosin. a-MHC has higher cycling rate than f-MHC which is more highly expressed in
adult humans compared to infants.

Light and heavy meromyosin wrap to form the double helix of the myosin heavy
chain, the former is elongated while the later is more globular. Heavy meromyosin
includes the S1 heads which contain the catalytic activity and the S2 arms which along
with the light meromyosin compose the so-called tail. The myosin light chains
(MLC1/MLC2) bind the S1 head to provide structure and allow for regulation. S1 myosin
heads are oriented towards the z-lines at the ends of the sarcomere, leaving a central
region on either side of the M-line (H-zone) that contains only tails.

1.7.1. Structure of the cTn complex

Tn is by necessity a highly flexible complex (Takeda, Yamashita et al. 2003).
Therefore, adjustments were needed prior to structural determination; truncation of cTnl
and cTnT was needed to facilitate crystallization as flexibility in the cTnT-Tm binding site
was disruptive to global stability (Flicker, Phillips et al. 1982, White, Cohen et al. 1987).
The core domain of the Ca?*-saturated state of human cTn complex was solved by x-ray

crystallography; this structure includes residues 1-161 in cTnC, 31-163 in cTnl (missing
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part of N-terminal extension and C-terminal domain), and 183-288 in TnT (missing the
Tm binding region) (Figures 1-4 and 1-5) (Takeda, Yamashita et al. 2003).

There are two key domains within the cTn complex. The first of these is the IT
arm which anchors each component of the cTn to the actin-Tm filament (Figures 1-4
and 1-5). The IT arm includes helices 1 and 2 of Tnl and TnT as well as the C-terminal
domain of cTnC. H1 of Tnl interacts with the hydrophobic cleft within the C-terminal
domain of cTnC. H2 of Tnl and TnT also interact to form a stabilizing, parallel coiled-coil

a-helical structure (Stefancsik, Jha et al. 1998).

The second domain is the regulatory head, which is composed of helices 3 and 4
in Tnl, as well as the C-terminal cTnl, and N-terminal cTnC (Figures 1-4 and 1-5). The
sequence of cTnl includes the inhibitory region, followed by H3 and H4 sequentially. The
inhibitory region of cTnl binds and blocks the actin binding sites in the Ca?*-absent state.
In the presence of Ca?*, H3 of Tnl binds the hydrophobic pocket located in N-TnC
(Vassylyev, Takeda et al. 1998, Li, Spyracopoulos et al. 1999). The inhibitory region of
Tnl is removed from the actin-Tm complex. As a result, the inhibitory region of cTnl, H4
of Tnl, as well as C-terminal Tnl are also moved (Lehman, Hatch et al. 2000).

Binding of two Ca?* ions offers sufficient stabilization to allow for N-TnC to be
“open” in the absence of the Tnlsw (residues 147-163) (Gagne, Tsuda et al. 1995).
However, given that cTnC only has one binding site for Ca?*, this interaction alone is
insufficient to maintain the molecule in the open state (Sia, Li et al. 1997). In the Ca?*-
bound state, cTnC may “sample” a semi-open state (Lindert, Kekenes-Huskey et al.
2012).

These proteins form a highly interrelated complex whose interactions and

functions will be further discussed below.
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Mobile Domain

H4

H3
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Domain
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Figure 1-4  Structure of the Core domain of the cardiac Tn complex adapted
from PDB:1J1E
The truncated cTnl (blue) and cTnT (green), as well as full length cTnC (red) were crystallized in
the CaZ*-bound state (Takeda, Yamashita et al. 2003). CaZ* molecules are shown in white
spheres. Helices H1 and H2 in TnT and H1, H2, H3, H4 in cTnl are shown. Within the cTn
complex, the IT-arm consists of C-TnC (residues 93-161), H1 and H2 of cTnl (residues 42-136),
and H1 and H2 of cTnT (residues 203-271). The regulatory domain consists of N-cTnC (residues
3-84) and cTnl (residues 150-159). The inhibitory region of cTnl, C-terminal domain of cTnl and
N/C-terminal cTnT are characterized by ill-defined electron density maps. cTnl is composed of
the: N-terminal domain (residues 2-32), IT hand (residues 32-136), inhibitory domain (residues
137-148), regulatory domain (residues 149-160), and mobile domain (residues 163-210). cTnT is
composed of the: N-terminal variable domain (residues 2-67), central domain (residues 68-182),
linker (residues 183-200), and C-terminal domain (residues 201-288). cTnC is composed of the:
N-terminal domain (residues 1-87) and C-terminal domain (residues 92-161).
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The sequence of ¢cTnC, cTnl, and cTnT
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The section of each protein which was included in the PDB:1J1E crystal structure (Takeda,
Yamashita et al. 2003) is highlighted in bold font. The sequence for cTnC is shown in red, the
sequence of ¢Tnl is shown in blue, and the sequence of cTnT is shown in green.

Troponin |

Tnl is the molecular key of the troponin complex and its main function is to inhibit

contraction (Katrukha 2013). The slow skeletal variant of Tnl (~21 KDa) is expressed in

the heart during embryonic development but, is completely replaced by the lower affinity

inducing cardiac variant (cTnl) (~24 KDa) within 9 months of birth (Sasse, Brand et al.

1993). cTnl is a 209 amino acid helical protein encoded by the TNNI3 gene on the 19™

chromosome. A fast skeletal Tnl is also expressed in skeletal muscle of vertebrate

species (Li, Wang et al. 2004).

cTnl contains regions that interact with actin, Tm, cTnC, and cTnT. Five key

regions within the protein are: N-terminal domain, IT-arm, inhibitory domain, regulatory

domain, and C-terminal mobile domain.

The N-terminal domain (residues 2-31) is specific to the cardiac isoform of Tnl.

This domain interacts with C-terminal cTnC (Ferrieres, Pugniere et al. 2000, Ward,

Brewer et al. 2003). B-adrenergic stimulation and resultant phosphorylation of serines 23

and 24 by PKA disrupts the interaction between the N-terminal domain of Tnl and C-

terminus of cTnC ; N-terminal cTnl and the inhibitory domain interact instead (Kentish,
McCloskey et al. 2001, Cheng, Lindert et al. 2014). Contractility is thus modulated and
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the affinity of the thin filament for Ca?* is reduced to allow for more rapid relaxation in
times of stress/physical activity (Howarth, Meller et al. 2007, Solaro, Henze et al. 2013).
It should be noted that other PKA mediated effects in the cell, such as increased Ica and
reduced inhibition of SERCA2a may offset in part, or completely the resultant reduction
in myofilament Ca?* sensitivity (Bers 2002).

The IT-arm (residues 42-136) is an inflexible region of the protein that is
composed of two a-helices connected by a linker; this region plays a structural role, it
connects cTnl to cTnT and cTnC, and orients the molecule relative to the rest of the cTn
complex (Takeda, Yamashita et al. 2003). The first helix (residues 42-79) connects the
protein to the C-terminal domain of cTnC and the second helix (residues 90-136) links it
to helix 2 (residues 226-271) within cTnT (Takeda, Yamashita et al. 2003).

The inhibitory domain has been variably defined by groups to span from residues
137-148 (Takeda, Yamashita et al. 2003, Kobayashi, Patrick et al. 2009) or 129-148
(Lindhout and Sykes 2003). This region binds actin during diastole, moving Tm to an
obstructive position on the actin filament. During systole, this domain interacts with either
the C-terminal domain (Lindhout and Sykes 2003) or the linker region of cTnC (Dong,
Robinson et al. 2003) causing a disconnect of the Tnl inhibitory domain from actin and
movement of Tm (Li, Spyracopoulos et al. 1999, Wang, Li et al. 2002).

The regulatory domain (residues 149-163) contains helix 3 (H3) (residues 150-
159). In the presence of high Ca?*, H3 binds the hydrophobic patch within the N-terminal
domain of cTnC and causes the inhibitory domain of Tnl to shift away from Tm, exposing

the actin binding sites (Li, Spyracopoulos et al. 1999).

The mobile domain (residues 163-210) is composed of H4 (residues 164-188)
and the C-terminal section (residues 190-210). This region is not well characterized due
to high structural flexibility (Takeda, Yamashita et al. 2003, Blumenschein, Stone et al.
2006, Julien, Mercier et al. 2011). The mobile domain is believed to play a role in
positioning the cTn on the TF. In vitro study of recombinant proteins was used to show
that the mobile domain interacts with Tm and actin at low Ca?* concentration (Galinska-
Rakoczy, Engel et al. 2008, Galinska, Hatch et al. 2010).
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Troponin T

Three paralogs of TnT exist in the human genome. The slow skeletal paralog is
encoded by TNNTL, the fast skeletal paralog is expressed by TNNT3, and the cardiac
paralog is expressed by the TNNT2 gene on chromosome 1 (Townsend, Farza et al.
1994, Mesnard, Logeart et al. 1995). cTnT is a 287 amino acid protein (~26 KDa) that is
expressed in both heart tissue and skeletal muscle during gestation. By the 9" month of
postnatal development, the exon 5 spliced-form of cTnT exists exclusively in the heart
(Farza, Townsend et al. 1998).

The main role of cTnT is structural, whereby it anchors the cTn to the actin-Tm
filament (Katrukha 2013). It does so through the following regions: N-terminal variable

domain, conserved central domain, and C-terminal domain.

The N-terminal region (residues 2-68) has 32 unique amino acids that are not
expressed in the skeletal isoforms of TnT. This region contains a number of glutamate
residues and is therefore highly charged. There are conflicting reports regarding contact
between this region and Tm/other cTh complex proteins (Verin and Gusev 1988,
Pearlstone, Borgford et al. 1992). Regardless, there is an abundance of evidence which
points to the role of this section of cTnT in orienting the cTn and thus regulating function
of the contractile apparatus (Biesiadecki, Chong et al. 2007, Gollapudi and Chandra
2012).

The N-terminal segment of the central domain (residues 69-200) has high a-
helical content. Within this domain, T1 (residues 98-136) connects to a binding site
within adjacent dimer-forming Tm molecules. This interaction is independent of local
Ca?* concentration (Pearlstone and Smillie 1983). The C-terminal-most region of the
central domain (residues 183-200) is more flexible and links to the C-terminus of cTnT
(Manning, Tardiff et al. 2011).

The C-terminal domain of cTnT (residues 201-288) contains helices 1 (residues
204-220) and 2 (residues 226-271). T2 includes residues 197-239 according to some
(Jin and Chong 2010) or residues 272-288 (Tanokura, Tawada et al. 1982, Morris and
Lehrer 1984) and interacts with the IT-arm of cTnl, the C-terminal domain of cTnC, and

Tm (Takeda, Yamashita et al. 2003). The interaction between cTnT and Tm is thought to
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be strengthened during diastole thus stabilizing the Tn complex (Pearlstone and Smillie
1983, Franklin, Baxley et al. 2012).

Troponin C

The TNNCL1 gene is located on chromosome 3 and expresses the 161 amino
acid (~18 KDa) cardiac/slow skeletal isoform of TnC, this variant is expressed in fetal
skeletal and adult cardiac tissue (Parmacek and Leiden 1991). TNNC2 is located on
chromosome 20 and encodes fast skeletal TnC that is expressed exclusively in fast
skeletal muscle and has 65% sequence similarity to cTnC (Townsend, Yacoub et al.
1997). The initiator methionine is removed from adult cTnT and cTnl. In contrast, the
adult cTnC contains the initial methionine residue (van Eerd and Takahashi 1975).

N-Terminal Domain

C-Terminal Domain

Figure 1-6  Image of Ca?"-bound full length ¢cTnC

The image of cTnC was generated in PyMol (L DeLano 2002) from the PDB:1J1E crystal
structure (Takeda, Yamashita et al. 2003). a-helices formed by residues are shown in ribbon
structure with the N-terminal most helix (N) in blue and the C-terminal most helix (H) in red. The
EF hand binding site are labelled and contain Ca2*/Mg?* (depicted as white spheres).
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cTnC is a dumbbell shaped protein containing two globular domains connected
by a flexible linker; these are formed by a series of a-helices named N, A, B, C, D, E, F,
G, and H (Figure 1-6) (Potter and Gergely 1975, Zot and Potter 1982). The N-terminal
domain contains helices N (residues 1-13) through D (residues 74-81) and is connected
by the flexible D-E linker to the C-terminal domain which contains helices E through H.
The N-domain (residues 1-87) contains Ca?*-binding EF hand motifs in sites | and Il. The
C-domain (residues 92-161) contains EF hand domains in sites Ill and IV (Takeda,
Yamashita et al. 2003). Each EF-hand consists of a helix-loop-helix structure with 12
amino acid residues forming the loop (Kretsinger and Nockolds 1973). Residues 1(x),
3(y), 5(z2), 7(-y), 9(-x), and 12(-z) form an octahedral coordination site for the Ca?*/Mg?*
molecule and are often amino acids with acidic side chains containing oxygen atoms
(Strynadka and James 1989). 7 residues located at the vertices of the pentagonal
bipyramid coordinate Ca?*and 6 are thought to be needed to coordinate Mg?* (Lewit-
Bentley and Rety 2000).

Table 1-1 cTnC structures used as the basis of computational work in this

thesis
Species and Conformation and
Structure PDB ID Technique s Condition intarseting Partrars Section Used
=>Tn structure (Fig. 1-4)
- Open-state =cTnC structure (Fig. 1-5)
1 PDB:1J1E X-ray Human cTnC Ca*present | =»Certain domains of cTnl =>N-cTnC bound to Tnly, with FHC associated mutations (Fig. 4-1)
and cTnT present 2 N-cTnC WT and D67A/0D73A mutant structure (Fig. 5-5)

=Tn, cTnC, and N-cTnC structures with FHC mutations (Fig. 6-1)

=>Comparison of open and closed structure of N-cTnC (Fig. 1-6)
=>Starting parameters methods/results (Chapter 3)

2 PDB:1AP4 NMR Human N-cTnC Ca’*present | =»Open-state =>Starting parameters procedures (Chapter 4)

=WT structure for comparison with equilibrated FHC mutants (Fig. 4-3)
=>Starting parameters Thermodynamic Integration (Chapter 5)

->Comparison of open and closed structure of N-cTnC (Fig. 1-6)
3 PDB:15PY NMR Human N-cTnC Ca’* free - Closed-state ->Starting parameters methods/results (Chapter 3)
->AB interhelical angle (Fig. 3-3)

= Open-state < AB interhelical angle (Fig. 3-3)

4 PDB:IMXL NMR Hi N-cTr 2 t
UL bt e ->Tnl,,, peptide present =>Starting parameters procedures (Chapter 4)

The N-terminal domain of cTnC is the key region of interest for our studies. The
N-terminal region contains a-helix N (residues 3-11). EF hand motif | contains: helix A
(residues 14-28), EF hand | (residues 28-40), and helix B (residues 38-47). Residues 48-
53 link the two EF hands. EF hand motif Il contains helix C (residues 54-64), EF hand I
(residues 65-73), and helix D (residues 74-81). The movement of helices NAD away
from BC is the critical change which alleviates the strucural strain induced by Ca?*
binding to site Il and causes the hydrophobic pocket within N-cTnC to be exposed for
cTnlsw binding (Herzberg and James 1985). Residues 149 — 159 of the cTnlsw form an
a-helical structure that inserts 1148 and M153 that stabilize the exposed pocket (Li,

Spyracopoulos et al. 1999).
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Figure 1-7  Structure of closed (apo-state) and open (holo-state) N-cTnC

The closed (no Ca?*-bound) (left) and open (Ca?*-bound) (right) structures were generated from
the PDB:1SPY and PDB:1AP4 NMR structures, respectively. Ca?* is depicted as a grey sphere.
Unlike skeletal TnC, in cTnC the holo-state is much more closed, with the AB interhelical angle
largely resembling that seen in the apo-state of cTnC (Spyracopoulos, Li et al. 1997).

Turkey and chicken skeletal TnC were the first to be crystalized. These
structures suggested that binding of Ca?* to site Il causes helices B and C to move and
tilt away from helices N, A, and D; exposing a hydrophobic cleft (Herzberg and James
1985, Sundaralingam, Bergstrom et al. 1985, Herzberg, Moult et al. 1986, Lindert,
Kekenes-Huskey et al. 2012). This key conformational change is central to regulation of
muscle contraction. Introduction of a disulfide bond or salt bridge structure that prevent
helices BC moving away from helices NAD significantly reduces Ca?* sensitivity and
actomyosin ATPase activity (Fujimori, Sorenson et al. 1990, Grabarek, Tan et al. 1990).

Binding of Ca?"to cTnC does not induce a large conformational change. In fact
NMR-derived structures indicate that the holo-state of cTnC resembles the openness of
apo-state skeletal TnC (Figure 1-7) (Houdusse, Love et al. 1997, Sia, Li et al. 1997,
Spyracopoulos, Li et al. 1997). It is common to measure the AB interhelical angle to look
at the openness of the N-domain of TnC. Previous works have used NMR derived
structures to define AB interhelical angles less than 90° as open (Lindert, Kekenes-
Huskey et al. 2012) and angles more than 135° as closed (Spyracopoulos, Li et al.
1997).

Sites lll and 1V are separated by 5 amino acids, these structural sites have high
affinity for Ca?* (Ka = 10’ M) and Mg?* (Ka = 10* M?) and are thus completely occupied
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at physiological free concentrations of each ion (0.1-1 uM and ~ 1 mM, respectively)
(Potter and Gergely 1975, Johnson, Charlton et al. 1979, Rosenfeld and Taylor 1985,
Johnson, Nakkula et al. 1994, Bers 2000). Binding of these cations exposes a
hydrophobic patch to anchor the C-terminus of cTnC to the N-terminus of cTnl and
prevents cTnC from drifting out of the cTn complex (Cheung, Tillotson et al. 1989). The
openness of the C-terminal domain under physiological conditions is central to the
structural role it plays in anchoring cTnC to the rest of the Tn complex (Zot and Potter
1987).

Helix C

Figure 1-8  The Ca?-bound site Il is shown with the coordinating residues
labelled

The first 5 coordinating residues contain either carboxyl or hydroxyl oxygens to coordinate Ca?*.

The glutamine at position 12 contains 2 oxygen molecules. In total the pentagonal bipyramid

which forms is able to offer 6 or 7 coordinating residues for divalent cation binding.

In the N-terminal domain of cTnC, two polar aspartic acid residues (30 and 32) in
skeletal TnC are replaced by non-polar leucine and alanine at residues 29 and 31 of
cTnC, respectively. A valine is also inserted at residue 28 of cTnC. The lack of a Ca?*-
coordinating oxygen molecule in the side chain of these amino acids has rendered site |
of cTnC non-functional (van Eerd and Takahashi 1975, Johnson and Potter 1978).
Despite this, site | activity is not needed to trigger the conformational change which

accompanies Ca?* binding to cTnC (Sweeney, Brito et al. 1990, Gulati 1992).
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The “Ca?*-specific” regulatory site Il binds Ca?* with low affinity (Ka = 10 M)
such that this site is unbound at diastolic concentrations (~0.1 pM) (Cheung, Tillotson et
al. 1989) and bound at systolic concentrations (~ 1 uM) of the ion (Figure 1-8)
(Rosenfeld and Taylor 1985, Kirschenlohr, Grace et al. 2000, Tikunova and Davis 2004).
Binding of Ca?* to cTnC occurs on the time-scale of ~1 msec (Robertson, Johnson et al.
1981) and results in a series of conformational changes that remove Tnl inhibition from
actin causing movement of Tm and exposure of the myosin binding sites on actin.
Cytosolic Ca?* buffering is complex, but thought to be due mainly to TnC, SERCA2a, and
CaM with a Kd of ~ 1-2 uM. Importantly, TnC is a key Ca?* buffer, where sites I1l/IV bind
about 80% of the 100-200 uM [Ca?']i at resting concentrations of free Ca?* (~100 nM)
(Bers 2000). Altered Ca?* binding to cTnC is thought to lead to arrhythmogenesis in the
heart (Holroyde, Robertson et al. 1980, Bers 2001).

1.7.2. Length-dependent activation

Frank Starling mechanism

In response to stressful situations in the environment, the heart’s pumping
activity is intensified. Cardiac output (CO) is modulated through numerous mechanisms
that cause an increased frequency of beating (HR) and strength of contraction (stroke
volume (SV)). Length-dependent activation (LDA) is a property, inherent to the heart
itself, whereby increased sarcomere length (SL) causes an increase in myofilament Ca?*

sensitivity, independent of end diastolic volume (EDV).

Higher CO corresponds to greater venous return and stretching of the heart
tissue which must be coupled to altered pumping function. The absolutely critical Frank-
Starling relationship of the heart explains this length dependent phenomenon, whereby
an increase in EDV gives rise to greater SV (de Tombe, Mateja et al. 2010). This
process is well documented in all species studied to date (Allen and Kurihara 1982,
Janssen and de Tombe 1997, Dweck, Hus et al. 2008).

The spring-like, giant protein titin plays a critical role in the generation of passive
tension and thus also contributes to LDA (Granzier and Labeit 2002, Moss and
Fitzsimons 2002) in a manner that is dependent on: isoform (Seeley, Huang et al. 2007,
Zou, Tran et al. 2015), phosphorylation (Driever, Solnica-Krezel et al. 1996), and species
(Fukuda and Granzier 2005).
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At the molecular level, sarcomere length of ~2 um is normally seen at baseline
and allows for optimal overlap between the actin and myosin filaments. Increase in
length of the sarcomere beyond this causes elevated Ca?* sensitivity of the cardiac TF
(Kentish, ter Keurs et al. 1986). However, the mechanisms for LDA are disputed. The
theory of lattice spacing, posits that at longer sarcomere lengths, the probability of
actomyosin crossbridge formation increases due to proximity. Early studies assumed a
fixed cell volume and thus correlated an increase in length to a decrease in width and
closer proximity of the negatively charged myofilaments to the Ca?* substrate. Skinned
myofibril studies were carried out with results that support this theory (Fuchs and Wang
1996, Fukuda, Sasaki et al. 2001).

However, x-ray diffraction of the myocytes at different sarcomere lengths does
not support this theory (Konhilas, Irving et al. 2002). Also, compression of the myocyte
independent of length does not result in the same increase in affinity (Farman, Walker et
al. 2006). Thus, these groups suggest that lattice spacing plays a smaller role with
stiffness of Tm, effect of Ca?* binding to adjacent cTn complexes, and myosin head
orientation being key contributors to LDA (Konhilas, Irving et al. 2003, Farman, Allen et
al. 2010, Farman, Gore et al. 2011, Kumar, Govindan et al. 2015). The consensus now
is that lattice spacing is too simplistic an explanation for LDA. Instead, some have more
recently suggested radial force as a key player (Williams, Regnier et al. 2010).

1.8. Cardiac muscle relaxation

The diastolic phase of the heart cycle is just as essential as the systole, proof in
point are diseased states where diastolic dysfunction (the inability to relax adequately)
causes significant impairment of heart function. During the relaxation phase, the
chambers of the heart are filled through multiple mechanisms, some like intrathoracic
pressure and the closed loop of the circulatory system allow for passive filling of the
atrial chambers. Other mechanisms are active and include contraction of the atria and

closing of the atrioventricular valves to prevent backflow of blood.

At the molecular level, dissociation of Ca?* from the cTnC within the contractile
apparatus allows for termination of contraction and distension of the heart chambers to

allow for filling to happen in a synchronous manner.
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The rate of Ca?* dissociation from isolated cTnC is two orders of magnitude
faster than myocardial relaxation (Hazard, Kohout et al. 1998). However, the
incorporation of cTnC into the thin filament slows this rate by an order of magnitude and
the binding of myosin-S1 to the thin filament slows the rate of dissociation by an
additional order of magnitude (Davis, Norman et al. 2007). We have shown here
(Chapter 2) and in the past studies (Gillis, Marshall et al. 2000, Gillis, Blumenschein et
al. 2003) that the rate of Ca?* dissociation from cTnC is minimally affected by
temperature. However cross-bridge cycling is highly temperature dependent
(Siemankowski, Wiseman et al. 1985). Others have found that while the rate of cross-
bridge detachment and Ca?* dissociation from the thin filament both play a role in muscle
relaxation, under various ATP/temperature conditions, the effects may vary. Dissociation
of Ca?* from site Il of cTnC is thought to be a rate-limiting step in muscle relaxation
(Little, Biesiadecki et al. 2012).

1.9. Hypertrophic Cardiomyopathy

Familial Hypertrophic Cardiomyopathy (FHC) is the inherited, normally autosomal
dominant subset of Hypertrophic Cardiomyopathy (HCM). With an incidence between 1
in 200 (Semsarian, Ingles et al. 2015) and 1 in 500 (Maron, Maron et al. 2012), HCM is
the most common genetic cardiovascular disease and is noted as the main cause of
sudden cardiac death (SCD) in young adults under the age of 35 (Huke 2017). Since the
discovery of the first HCM-causing mutation in the gene for B-myosin heavy chain
(MYH7) (Jarcho, McKenna et al. 1989), over 1400 mutations in 20 different genes that
encode mostly sarcomeric proteins have been discovered (Fung, Yu et al. 1999, Willott,
Gomes et al. 2010). HCM has also been associated with over 100 mutations in the cTn
complex (Maron, Shirani et al. 1996, Ashrafian and Watkins 2007, Pinto, Parvatiyar et al.
2009, Maron and Maron 2013). Given that the genes for these proteins are often not
routinely screened, most of these mutations have been identified following symptomatic
presentation. FHC is genetically heterogeneous as associated mutations have been
found in more than 10 predominantly contractile proteins. These include myosin heavy
chain (Geisterfer-Lowrance, Kass et al. 1990), myosin light chains (Poetter, Jiang et al.
1996), myosin binding protein C (Bonne, Carrier et al. 1995), titin (Satoh, Takahashi et
al. 1999), actin (Mogensen, Klausen et al. 1999), Tm (Thierfelder, Watkins et al. 1994),
cTnT (Moolman-Smook, De Lange et al. 1999, Ho, Lever et al. 2000), cTnl (Mogensen,
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Klausen et al. 1999), and cTnC (Landstrom, Parvatiyar et al. 2008, Pinto, Parvatiyar et
al. 2009, Willott, Gomes et al. 2010). Of note to this project is the sequence of cTnC
which is 97 — 99 % conserved in more than 60 variants and across more than 40 species
studied to date (Gillis, Marshall et al. 2000).

The penetrance of HCM is not clear due to the vagaries of clinical diagnostic
criteria. Manifestation of the disease has been shown to be age dependent; left
ventricular hypertrophy (LVH) increases with age in younger patients but remains stable
in the elderly (Maron, Spirito et al. 1986). Most are heterozygous for the mutant protein
but the penetrance is variable, such that the disease manifests between the ages of 20-
50. However, some homozygotes do exist, in which case there is noteworthy early
manifestation of the disease in childhood (Maron, Maron et al. 2012). The disease
manifestation varies from asymptomatic to extreme cases of hypertrophy (Prinz, Farr et
al. 2011).

Interpretation of the data is suspect however, as cross-sectional and longitudinal
studies are rarely performed. Phenotypic heterogeneity in HCM cannot be explained by
genetic defects alone; gender, environmental factors, and additional diseases are likely
modifiers. To further complicate matters, it is not uncommon for a single mutation to
manifest in numerous ways, even in a given family (Menon, Michels et al. 2008). Cases
of HCM have been reported in more than 50 countries across 5 continents, afflicting a
wide variety of ethnic groups and demographics (Maron, Gardin et al. 1995, Kitaoka, Doi
et al. 2003, Maron, Chaitman et al. 2004, Maron, Olivotto et al. 2006). The devastating
nature of this disease is rooted in the frequent absence of overt symptoms combined
with the age of initial outward manifestation. The first symptom is often SCD, which is
normally attributed to ventricular tachycardia and/or fibrillation following premature
ventricular contractions. Although mortality is similar across genders, the disease is
thought to be under-diagnosed in females (Olivotto, Maron et al. 2005). HCM induced
SCD is more common among men. SCD often occurs in athletic settings which are, even
now frequented to a greater extent by men in most parts of the world (Maron, Carney et
al. 2003). Moreover, HCM is rarely seen in children with the onset of symptoms in 65%
of people by the age of 30 and 95% of people by the age of 60; this is highly mutation-
depedent (Charron and Komajda 2006, Morita, Rehm et al. 2008).
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1.9.1. Phenotypic manifestation

HCM causes only ~1% annual mortality in affected patients. Often resulting from
physical activity, SCD accounts for 50% of these deaths. HCM is the most frequent
cause of SCD in children and young adults, underlying the devastating nature of this
disease where the first overt symptom is often death (Liberthson 1996). SCD is
especially prevalent in young athletes, likely triggered by bouts of intense physical
activity (Maron, Shirani et al. 1996). While the prevalence of HCM is consistent across
genders, males are afflicted with a higher risk of SCD, likely due to lifestyle differences
(Maron, Carney et al. 2003). The use of an Implantable Cardioverter Defibrillators (ICDs)
offers an effective means of reducing the risk of SCD. However, as discussed above,

identification of appropriate candidates for implantation is far from simple.

Increased left or right ventricular thickness, and declining cardiac output resulting
from reduced diastolic volume and relaxation rate is seen in HCM patients (Maisch,
Noutsias et al. 2012). Histopathology of the disease is characterized by cardiac and
myocyte hypertrophy, hyperplasia of the coronary arteries, disarray of myocytes
affecting up to 20% of the ventricles, fibrosis, septal hypertrophy, and abnormal diastolic
function (Maron 2002, Elliott and McKenna 2004). Symptoms such as dyspnea
(shortness of breath), chest pain, syncope, or presyncope (often upon exertion) have
also been seen in patients. HCM is often accompanied by left ventricular (LV) wall
thickness greater than 15 mm causing decreased chamber size and LV outflow tract
obstruction (LVOTO) often managed through myectomy (Ashrafian and Watkins 2007).
This disease is associated with no dilation in the LV with unaltered or improved systolic
function of the heart as determined through electro/echo-cardiography (Elliott,
Andersson et al. 2007). LVOTO is caused by anterior motion of the anterior leaflet of the
mitral valve during systole with about 40% of patients showing this feature at rest and a
further 50% developing it in a state of increased contractility (Maron, Olivotto et al.
2006). HCM has been shown to affect not only the systolic but also the diastolic phase of
the heart cycle with increased LV stiffness and prolongation of relaxation being features
of the disease. Despite these well-characterized features in cases of clear disease
manifestation, there is a great deal of diversity in the clinical presentation of HCM cases
with some individuals experiencing minimal symptoms (and presenting with little
hypertrophy) and others showing: dyspnea during exercise/at rest, angina pectoris,

palpitations, atrial fibrillation (AF), dizziness, presyncope/syncope, fatigue, or end stage
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heart failure requiring cardiac transplantation. Similarly, electrocardiogram (ECG) based
identification of the disease is made difficult through inconsistent observations in various
patients and includes: left axis deviation, conduction abnormalities, ST-
depression/abnormalities, and negative/giant T-waves. These abnormalities have been
shown to occur in the absence of morphological hypertrophy in more than 50% of
patients (Konno, Chang et al. 2010).

1.9.2. Molecular changes

Observable anatomical changes are not a prerequisite for the generally accepted
theory of increased Ca?* sensitivity of the thin filament in HCM (Baudenbacher, Schober
et al. 2008, Brouwer, van Dijk et al. 2011). However, cTnC mutations account for less
than 1% of FHC cases and are not yet well characterized. In general, HCM associated
mutations have been fairly consistent in causing an increased Ca?* sensitivity of force
development (Chandra, Rundell et al. 2001, Hernandez, Szczesna-Cordary et al. 2005,
Baudenbacher, Schober et al. 2008).

cTnC sensitizers such as CK-2017357 slow the rate of Ca?* dissociation from
cTnC in a system containing proteins of the thin filament but not in isolated cTnC.
Increased affinity attributed to FHC-mutant cTnC likely results from tighter binding,
however it may require at least the other cTn complex proteins to be observed (Russell,
Hartman et al. 2012). Increased affinity is theorized to cause tighter binding and result in
slower Ca?* dissociation from cTnC, likely keeping the heart in a state of systole for
longer periods and perhaps resulting in thickening of the ventricles, ventricular
arrhythmias, diastolic dysfunction (DD), and decreased ventricular filling (Pinto,
Parvatiyar et al. 2009). The Ca?* sensitization that is though to lead to HCM also
presents as a candidate for causing ventricular arrythmias (Knollmann, Kirchhof et al.
2003, Baudenbacher, Schober et al. 2008, Parvatiyar, Landstrom et al. 2012, Schober,
Huke et al. 2012).

Mutations throughout the cTn complex change force production capability of the
heart through altered Ca?* handling or disrupted cTn complex protein interactions (Pinto,
Parvatiyar et al. 2009, Kalyva, Parthenakis et al. 2014, Stevens, Rayani et al. 2017).

Such changes can lead to phenotypic manifestations as severe as DD, arrhythmias, and
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SCD. Implicated in HCM, DD is an increase in the resistance to filling of the ventricles

due to structural abnormalities or impaired relaxation.

1.10. Dilated Cardiomyopathy

Dilated Cardiomyopathy (DCM) is associated with characteristic enlarged
ventricles and impaired contractility observed as reduced ejection fraction and cardiac
output (Maisch, Noutsias et al. 2012, McNally, Golbus et al. 2013). DCM is less
prevalent than HCM and is seen in ~1 in 3000 individuals (Codd, Sugrue et al. 1989).
Others have reported that DCM is 10 times less prevalent than HCM (Willott, Gomes et
al. 2010). DCM is associated with LV enlargement with arrhythmias and systolic
dysfunction causing ejection fraction less than 45% in the absence of hypertrophy and
coronary artery disease (Redwood, Moolman-Smook et al. 1999, van Spaendonck-
Zwarts, van Tintelen et al. 2010). Compensatory changes are thought to become
maladaptive over time, eventually resulting in heart failure and SCD (Pinto, Siegfried et
al. 2011). Approximately 50% of DCM patients survive for more than 5 years following
the age of initial diagnosis (Seidman and Seidman 2001). In contrast to HCM, DCM
mutants were generally believed to cause decreased Ca?* sensitivity of force
development (Venkatraman, Harada et al. 2003, Chang and Potter 2005, Venkatraman,
Gomes et al. 2005, Robinson, Griffiths et al. 2007). However, more recently, it has been
suggested that DCM associated mutations can increase or decrease the Ca?* sensitivity
of the thin filament (Marston 2011).

In general, DCM is a less prevalent and less well characterized disease whose
genetic basis is less inclusive than HCM. DCM-associated mutations have been found in
a handful of sarcomeric proteins: actin (Olson, Michels et al. 1998), 3-myosin heavy
chain (Kamisago, Sharma et al. 2000), MBP-C (Shimizu, Ino et al. 2005), Tm (Olson,
Kishimoto et al. 2001), titin (Gerull, Gramlich et al. 2002), cTnT (Mogensen, Murphy et
al. 2004), and cTnC (van Spaendonck-Zwarts, van Tintelen et al. 2010).

An integrated tension index has recently been developed as a predictive tool to
model the HCM to DCM continuum through the type (concentric/eccentric) and
extent/severity of hypertrophy. This index allows for monitoring of force production in
isolated fibers to generate a curve over time, with the integral of the area under the

curve being used to predict HCM/DCM severity (Davis, Davis et al. 2016). Mouse
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models of HCM/DCM mutations were used to make in vivo measurements of tension.
Mechanical relaxation and Ca?* decay kinetics are factors that were found to predict
heart tissue thickness. The area under the tension/shortening curve as a function of time
was normalized to the WT and was predictive of ventricular mass with positive values
corresponding to HCM and negative values corresponding to DCM. Myocyte growth
seemed to be largely determined by duration and magnitude of mechanical tension
(Davis, Davis et al. 2016).

Mutations in cTnC have been implicated in altered cardiac contraction and
relaxation and predispose carriers to cardiomyopathies. It is theorized that changes in
Ca?* sensitivity of the contractile machinery observed in the majority of FHC-associated
mutations in cTnC may lead to altered relaxed state of the tissue that may result in
thickening of the ventricles causing DD (Maron, Carney et al. 2003). Currently, no study
has comprehensively studied the thermodynamic landscape that governs the
favourability of the interaction between Ca?* and site Il of cTnC containing FHC and

DCM associated mutations.

The final section of this introduction will lay out the sections that are to come. With this in
mind, the primary hypotheses formed and the corresponding aims of this thesis are
listed below.

1.10.1. Hypotheses

Hypothesis 1: We hypothesize that different affinity for Ca2* underlies variable

expression of two TnC paralogs in the zebrafish heart, upon temperature acclimation.

Hypothesis 2: We hypothesize that the Ca?* binding affinity of cTnC is elevated

by HCM-associated mutations and decreased by DCM-associated mutations.

Hypothesis 3: We hypothesize that Mg?* competes with Ca?* for binding to the

regulatory site Il of cTnC, binding this site with physiologically relevant affinity.

Hypothesis 4: We hypothesize that the Mg?* binding affinity of HCM-mutant cTnC

is variable and affects Ca?" binding to different degrees.
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1.10.2. Aims

Aim 1: To establish a protocol for carrying out isothermal titration calorimetry
(ITC) experiments on the N-terminal domain of cTnC. To explore the effect of
temperature on the thermodynamic landscape of the interaction between site 1l and Ca?*

under various experimental protocols. (Chapters 2 and 3)

Aim 2: To establish a complement of techniques involving Molecular Dynamics
(MD) Simulations, ITC, and melting point analysis to study the N-terminal domain of ThnC
using in silico methodology and recombinant protein-based in vitro experiments. Having
done so we aim to explore the functional implications of variable expression pattern of

TnC paralogs in the zebrafish system. (Chapter 3)

Aim 3: To study the effect of a series of N-terminal mutations in cTnC that are
associated with FHC, DCM, and increased Ca?* affinity using the previously developed
workflow involving MD Simulations, ITC, and melting point analysis. (Chapter 4)

Aim 4: to explore the binding of Ca?* to site Il in N-cTnC and full length cTnC and
explore the effects of baseline and elevated Mg?* on this fundamental interaction.
(Chapter 5)

Aim 5: to probe, as a culmination of the previous work, the effect of Mg?* on the
Ca?* binding properties of the same series of mutations in N-cTnC using ITC and
Themodynamic Integration (T1) Simulations. (Chapter 6)

Having outlined these aims and hypotheses, the next section will summarize the

overall objectives of this thesis and complete the introduction to this project.

1.10.3. Objectives

The objective of our study was to better understand the structural and functional
impact of a series of N-terminal mutations in cTnC. We have explored the mechanisms
by which these single amino acid changes may cause disease. The focus of this study is
a host of FHC-associated mutations (A8V, L29Q, A31S, C84Y), one engineered Ca?"
sensitizing mutation (L48Q), and one DCM-associated mutation (Q50R) in the N-

terminus of cTnC. This is a major subset of the 7 HCM and 7 DCM mutations identified
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to date in cTnC (Kalyva, Parthenakis et al. 2014). We have studed the effects of the

above stated mutations using recombinant human cTnC.

There are a large number of HCM-associated mutations in a wide variety of
sarcomeric proteins. The most established paradigm states that mutations in sarcomeric
proteins which increase myofilament Ca?* sensitivity cause HCM and those that reduce
Ca?* sensitivity result in DCM (Dweck, Hus et al. 2008). Therefore, these mutations
feedback on cTn to cause a characteristic change in Ca?* sensitivity of force

development and cTnC is the gatekeeper.

We have utilized reductionist science to explore complex physiological
phenomena by studying only the proximal most element in the Ca?* binding complex of
the contractile apparatus. While this approach is not without limitations, we hope to avoid

confounding variables in studying this interaction.

Higher Ca?* binding affinities (lower Kq) result in lower concentrations of free Ca?*
in the cytosol for a given amount of total Ca?*. Assuming these alterations affect both
“on” and “off” rates, slower Ca?* dissociation rate (ko) from the myofilament is a
consequence. Increasing concentration of free Ca?* at the end of diastole increases the
load of the SR. Aberrant release of Ca?* from the SR, AP prolongation, and EADs may
trigger arrhythmias (Schober, Huke et al. 2012).

Within this framework, we have also explored the Mg?*-binding properties of
cTnC. The binding of this cation is thought to play a structural role within the contractile
apparatus, however despite the prevalence, it is not thought to regulate contraction
directly. As the culmination of this work, we have questioned this notion based on
findings by other groups (Ogawa 1985, Yumoto, Nara et al. 2001, Davis, Rall et al. 2002)
and explored the possible role of Mg?* in contractile regulation in the normal heart and

the diseased state.
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Chapter 2.
Isothermal Titration Calorimetry (ITC) Methodology

Isothermal titration calorimetry (ITC) is a technique used to measure the heat
absorbed by or evolved from an interaction between two compounds; often a
macromolecule ligand and a small molecule titrant. The ligand is known as the
titrand/titrate and is often a protein or nucleic acid with a specific number of sites that the

injected titrant (ex. drug, metal ion, etc.) binds non-covalently.

Heat exchange which accompanies almost every molecular interaction allows
calorimetry-based quantification to be used in the absence of reporters (Ladbury and
Doyle 2004). The lack of a tag needed by spectroscopic methods to monitor the
progress of a reaction precludes steric interactions/functional effects that said tag might
alter.

ITC has the unique capability to quantify multiple thermodynamic parameters
associated with a given reaction. In systems at constant pressure (isobaric), heat
evolved/absorbed is equal to the change in enthalpy (AH). Reactions that also occur
under constant temperature (isothermal) conditions can be used to determine the affinity
of the interaction through measurement of the binding constant (Ka), as well as the
stoichiometry associated with the interaction (n), the change in entropy (AS), and the
change in Gibbs free energy of the system (AG).

Modern ITC instruments have improved on the initial MicroCal instruments
(Wiseman, Williston et al. 1989) and now have a lower heat detection limit of 0.1 pcal
and upper limit on Ka of 10° M (Freire, Mayorga et al. 1990). These capabilities allow
for routine, rapid characterization of interactions between biological substrates. One of
the main applications of ITC is in high affinity drug/ligand design (Brown, Mensah et al.
2000, Todd, Luque et al. 2000, Zhang, Yao et al. 2000, Velazquez-Campoy, Kiso et al.
2001).
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2.1. Instrumentation
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Figure 2-1  Schematic depiction of an ITC apparatus and data visualization.
The water-containing reference cell and the ligand-containing sample cell into which the titrant is
injected are shown (left). The two cells are surrounded by an adiabatic shield. Power
compensation allows for rapid adjustment of the sample cell temperature to the baseline level
following each injection. The power supplied to adjust the temperature is measured to generate
the raw signal (middle). In the depicted isotherm, positive heat signal deflections indicate an
endothermic interaction. This is, in turn, integrated to measure the heat per unit time (right). In
this case, a single binding site model was used to fit the data and obtain thermodynamic
parameters.

An ITC instrument is composed of a reaction cell which houses the ligand. A
water-containing reference cell is also located within the adiabatic chamber of the
instrument and comparisons between these two chambers’ temperature is used to allow
for feedback-based adjustment of the experimental chamber’'s temperature. The power
compensation methods used by instruments such as the MicroCal ITCzq gives a raw
signal in the units of power (ucal/sec) that is applied to return the sample cell’'s
temperature back to baseline following each injection. Integrating the heater power over
the time that it takes to return to baseline gives the heat change (Freyer and Lewis
2008). For example, an exothermic interaction is visualized as a downward deflection in
the isotherm. In this situation, the power supplied to the control heater is reduced and
constant cooling supplied to the sample cell. Cooling reduces the reaction cell
temperature back to baseline (Freyer and Lewis 2008). In addition to injecting the titrant,
the pedal-shaped syringe acts as a stirrer allowing for mixing of the reaction components

at a pre-set rate.
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2.2. Thermodynamics Parameters

Ligand + Titrant €- Ligand-Titrant

_ [Ligand—Titrant]
A [Ligand][Titrant]

[1]

[2] KA = e~ AGRT
[3] AG = -R*T*In(K,)
[4] AG = AH - T*AS

Figure 2-2 Relevant equations for a generic reaction

AG denotes the spontaneity of a reaction; those characterized by a negative AG
(exergonic) do not require work by the surroundings to proceed. Endergonic reactions
(AG>0) in contrast do not occur spontaneously without external work. The Ka associated
with an interaction is related to the AG by equation [3] that is derived from the
fundamental equation [2]. Ka>1 results from favourable reactions, conversely Ka<1

corresponds to unfavourable reactions.

There are infinitely many combinations for the AH and AS (which is further
modified by the reaction temperature), that can lead to a spontaneous interaction. Given
equation [4], a reaction that is enthalpically favourably (AH<0) can overcome entropical
hinderances (relatively small AS). In contrast, unfavourable enthalpic conditions (AH>0)
or a slightly exothermic interaction can be overcome through favourable AS (with the

right temperature conditions), giving rise to an exergonic interaction.

Affinity is determined by the enthalpic and the entropic changes associated with
an interaction as these terms dictate the AG of the system through equation [4]
(Rekharsky and Inoue 1998). Heat requiring reactions are termed endothermic and
characterized by a positive AH, by convention; these are visualized as an upward
deflection in an ITC isotherm. For such an interaction to be exergonic, a favourable
change in the entropy of the system is required. Exothermic interactions are

characterized by negative AH values.
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AH reflects the strength of hydrogen bonds, van der Waals interactions, and
electrostatic forces between the titrant and the target ligand. Optimal placement of
hydrogen bond donors and acceptors balances de-solvation of polar groups to contribute
to the enthalpy change. Transient Van der Waals forces are distance dependent, with
molecules too close or too far having repulsive and a lack of attractive forces between
them, respectively. lonic interactions between charged molecules give rise to
electrostatic/dipole-dipole forces that are also transient in nature (Ward and Holdgate
2001).

The entropic change reflects solvation and conformational changes resulting
from the interaction. Entropy can be thought of as the randomness of the system or the
number of available micro-states that every molecule can occupy at any time (i.e. the
degrees of freedom) (Lambert 2002). This is a complex parameter but one which
nonetheless plays a role in determining reaction spontaneity as dictated by equation [4].
Entropic changes are a trade-off between the increase in entropy resulting from removal
of ordered solvent molecules from the binding site upon binding and the increase in
orderliness of the titrant-bound ligand (Cabani, Gianni et al. 1981).

As binding results in the release of water molecules and a gain in solvent
entropy, this is particularly important for interactions involving hydrophobic residues.
Binding also reduces the conformational freedom of the ligand and thus the
conformational entropy (Leavitt and Freire 2001). Stabilization of the disordered binding
site following the binding interaction is characteristic of low molecular weight proteins
(Luque and Freire 2000).

2.3. ITC experiments

It is recommended to set a small volume first injection in a protocol; the signal
associated with this “dummy” injection is due to diffusion during the equilibration period
and should be excluded from the analysis. Subsequent incremental injections should be
sufficiently small to allow for elucidation of the reaction coordinates and to provide
multiple data points at the steepest portion of the curve. At least 5 data points are
required to define the titration in the curved region which surrounds the equivalence
point (Hansen, Fellingham et al. 2011).The ligand concentration, titrant concentration,

and titrant injection volume should be adjusted based on the affinity associated with the
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interaction to achieve the appropriate number of data points in this critical region. The
temptation to decrease the volume of injections should also be avoided as smaller heats
will increase the error associated with each measured signal. Initially, there are many
unpopulated binding sites, this number falls with each subsequent injection and the raw
heat signal becomes smaller as the ligand is saturated (Lewis and Murphy 2005). These

heat signals are integrated and then fit with a model appropriate to the interaction.

Concentration determination is dependent on the characteristics of the reactants
and should be guided by previous published experiments or through pilot studies which
inform regarding reactant affinity. A rule of thumb is to have a concentration in the cell of
50— 500*Kg, with an optimal value of about 100*Kq4 (usually ~10-50 uM). As a reasonable
first estimation in cases where Kq is unknown, Kqcan be thought to approximately equal
10*ECso. The syringe concentration should be in the range of 20x — 10x the cell
concentration with higher ratios corresponding to lower affinities (Wiseman, Williston et
al. 1989).

2.4. Recombinant Protein Preparation

High quality, pure protein is essential to successfully carrying out ITC
experiments. In steps that are often overlooked, the selection of appropriate bacterial
strains, expression, and purification can significantly alter the quality of ITC experiments.
Details will be provided regarding the purification of each construct used in this project in

subsequent chapters with a general guide laid out here.

The purification protocols used in our studies have been modified from previous
work (Li, Stevens et al. 2013, Stevens, Rayani et al. 2016, Stevens, Rayani et al. 2017)
and optimized to avoid prolongation of the time during which the protein may break
down. Previous studies utilized extensive dialysis steps during the purification, however
these have been minimized and in the case of N-cTnC purification, deemed altogether

unnecessary.

Fungi, yeasts, algae and bacteria each have advantages and disadvantages
associated with their use in over-expression of proteins in vitro (Adrio and Demain
2010). E. coli systems while lacking the post translational modification capabilities of

eukaryotes, have fast growth kinetics whereby populations double every ~20 mins
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(Sezonov, Joseleau-Petit et al. 2007, Sahdev, Khattar et al. 2008). They allow for rapid
DNA transformation (Pope and Kent 1996) and can grow in inexpensive media to
achieve high cell density (Shiloach and Fass 2005).

Selection of the appropriate expression vector is an important consideration
given that the copy number should be maximized (Del Solar and Espinosa 2000), while
avoiding a reduction in bacterial growth (Birnbaum and Bailey 1991). pET vectors
contain 15-60 plasmids per cell (Bolivar, Rodriguez et al. 1977) allowing for efficient
gene expression (Graumann and Premstaller 2006). The gene is cloned behind a T7
promoter and under control of the lac-UV5 promoter that allows for regulation of gene
transcription by lactose or other analogs such as isopropyl B-D-1- thiogalactopyranoside
(IPTG) (Moffatt and Studier 1987).

2.4.1. Mutagenesis

Our gene of interest was originally purchased from a vendor and contained the
161 amino acid full-length human cTnC gene within the pET21(+) vector (Novagen). The
various mutant constructs were generated through site-directed mutagenesis using the
Phusion protocol (Thermo) that employs overlapping forward and reverse primers.
Though we have had success with the Quickchange kit (Agilent) as well. To generate
the N-terminal construct, we performed a site-directed mutagenesis to insert a stop
codon at residue 90 in the protein, thus generating a construct that includes only the 89
most N-terminal amino acids of the full-length protein. Following each mutagenesis
reactions, the linear DNA was ligated into a circular plasmid and transformed into cloning
strain E. coli cells (DH5a) to allow for sequencing and long-term storage as glycerol

stocks.

BL21(DE3) competent cells, also purchased commercially initially and later
produced in house were transformed, stored as stocked aliquots, and used for over-

expression of each protein construct.
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cTnC MDDIYKAAVEQLTEEQKNEFKAAFDIFVLGAEDGCISTKELGKVMRMLGONPTPEELQEM 60
N-cTnC MDDIYKAAVEQLTEEQKNEFKAAFDIFVLGAEDGCISTKELGKVMRMLGOQNPTPEELQEM 60
A8V N-cTnC MDDIYKAVVEQLTEEQKNEFKAAFDIFVLGAEDGCISTKELGKVMRMLGOQNPTPEELQEM 60
L29Q N-cTnC MDDIYKAAVEQLTEEQKNEFKAAFDIFVQGAEDGCISTKELGKVMRMLGOQNPTPEELQEM 60
A315 N-cTnC MDDIYKAAVEQLTEEQKNEFKAAFDIFVLGSEDGCISTKELGKVMRMLGQNPTPEELQEM 60

L48Q N-cTnC MDDIYKAAVEQLTEEQKNEFKAAFDIFVLGAEDGCISTKELGKVMRMQGONPTPEELQEM 60
Q50R N-cTnC MDDIYKAAVEQLTEEQKNEFKAAFDIFVLGAEDGCISTKELGKVMRMLGRNPTPEELQEM 60
C84Y N-cTnC MDDIYKAAVEQLTEEQKNEFKAAFDIFVLGAEDGCISTKELGKVMRMLGQNPTPEELQEM 60
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N-cTnC IDEVDEDGSGTVDFDEFLVMMVRCMKDDS - ============—=———————————————— 89
A8V N-cTnC IDEVDEDGSGTVDFDEFLVMMVRCMKDDS - ———————————-————-—————————————— 89
L29Q N-cTnC IDEVDEDGSGTVDFDEFLVMMVRCMKDDS - == =—======—=—————————————————— 89
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kkhkkhkhkhkhkhkhkhkhkhhhkhkhkdhkhkhhhhk *hkkk
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Figure 2-3  The aligned sequence of wild-type full-length and WT/mutant N-
terminal cTnC

Constructs are shown along with the 6 studied N-terminal mutants bolded: A8V, L29Q, A31S,

L48Q, Q50R, and C84Y. In Chapter 4 the effect of these single amino acid changes on the Ca?*

binding affinity of N-cTnC is explored and discussed.

Human cTnC MDDIYKAAVEQLTEEQKNEFKAAFDIFVLGAEDGCISTKELGKVMRMLGOQNPTPEELQEM 60
ZF ssTnC (1lb) MDDVYKAAVENLTEEQKNEFRAAFDIFVQDAEDGCISTKELGKVMRMLGONPTQEELQEM 60
ZF cTnC (la) MNDIYKAAAEQLTDEQKNEFRAAFDIFVQDAEDGCISTKELGKVMRMLGONPTPEELQEM 60
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Human cTnC IDEVDEDGSGTVDFDEFLVMMVRCMKDDS 89
ZF ssTnC (1b) VDEVDEDGSGTVDFDEFLVMMVRCMKEES 89
ZF cTnC (1la) IDEVDEDGSGTVDFEEFLVMMVRCMKDDS 89
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Figure 2-4  The aligned sequences for WT human N-cTnC and zebrafish TnC
constructs (1a/lb)

In Chapter 3 the effects of temperature and sequence variations arising from functional divergent

evolution of the TnC gene which has given rise to differentially expressed paralogs in zebrafish is

explored.

2.4.2. Protein Expression

For all constructs, a stab was supplied into 100 mL of Lysogeny Broth (LB)
supplemented with 100 pg/mL of ampicillin and allowed to grow overnight (16-20 hrs)
with 225-250 rpm shaking and under 37°C conditions. In the morning, preheated 1 L
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batches (6 L total) of autoclaved and sterile LB media also supplemented with ampicillin
were induced with 1-5% overnight culture and allowed to grow until reasonably cloudy
and having an ODsgo of 0.8-1.0; this took 3-4 hrs and was done under the same
conditions previously listed. The cells were then supplemented with 1 mM IPTG from a 1
M stock and allowed to grow for a further 3 hours after which they were pelleted by
centrifugation and the supernatant discarded. The cells were re-suspended in the first

column buffer and frozen at -80 °C until use.

2.4.3. Protein purification

Column Chromatography

lon exchange chromatography (Fekete, Beck et al. 2015) and size exclusion
chromatography are classic molecular biology techniques that allow for protein
separation by charge and size, respectively, and are often used in series to purify
proteins of interest. Positively charged (amino group-containing) beads are used in anion
exchange chromatography to retain proteins with negative charges on their surface.
These proteins can then be eluted through application of a salt gradient of increasing
concentration, proteins with the weakest ionic interactions elute first (Stahlberg 1999,
Bruch, Graalfs et al. 2009, Schmidt, Hafner et al. 2014).

The pH of the mobile phase should be set between the pKa of the charged beads
and the isoelectric point (pl) of the protein (Shan and Anderson 2002). The pl of the
protein is determined by the number of surface exposed negative (aspartate and
glutamate) and positive (arginine, histidine, and lysine) groups (Heinisch and Rocca
2009).

Size exclusion chromatography is rapid, reproducible, and relies on the
differential elution speed of molecules from a stationary phase containing beads with
pores, often dextrans linked with epichlorohydrins (Sephadex) (Tantipolphan, Romeijn et
al. 2010). The elution speed is inversely proportional to the size of the molecule in its
folded state. A secondary consideration is the presence of ionic interactions between the
proteins and the beads, these interactions can be minimized using salt of varying

concentrations (Arakawa, Ejima et al. 2010).
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N-terminal cTnC

50 mM Tris-Cl, 100 mM NaCl, 1 mM DTT (diothiothreitol) at pH 8.0 (Buffer A)
was used to re-suspend the cell pellet. The solution was sonicated 4-5 times for 30
seconds each at 80% amplitude with cooling on ice in the intervals. The solution was
spun down at 30,000 xg for 15 mins, two times, with the pellet discarded and the
supernatant applied to a diethylamino ethane fast-flow (DEAE FF) anion exchanger
column (Amersham) at room temperature using an AKTA FPLC (GE healthcare) to
switch solutions. A Q Sepharose FF anion exchanger can also be used in place of the
DEAE FF. The solution used to elute the protein was Buffer A + 0.5 M NaCl (Buffer B)
and was applied with a ramp protocol over a 180 mL gradient. The protein eluted at
approximately 40%-60% of the salt gradient; these fractions were run on an SDS-PAGE
gel and stained with Page Blue or Acquastain (Bulldog Bio) stain to visualize the bands.

170 KDa N-terminal cTnC DEAE FF Column Fractions
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Figure 2-5  SDS-PAGE gel depicting the DEAE FF column fractions in the
purification of human N-cTnC
The fractions containing the protein (aligning with a molecular marker at about 10
KDa) were pooled and concentrated with an Amicon tube with a 3 KDa molecular weight
cut-off (Millipore). The sample, now less than 5 mL was pushed through a 0.45 um filter
to remove aggregates prior to being applied to the HiPrep 26/60 Sephracryl S-100
column (GE Healthcare) using the AKTA FPLC. The protein eluted at around the 180 -

200 mL mark. This column also acted as a buffer exchanger, with the Size Exclusion
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buffer being: 50 mM Tris-Cl, 150 mM NacCl, and 1 mM DTT pH 8.0. The fractions were
again run on an SDS-PAGE gel and stained to visualize.

170 KDa
130 KDa

100 KDa
70 KDa

N-terminal cTnC Size Exclusion Column Fractions

& N Protein containing fractions =

Figure 2-6  SDS-PAGE gel depicting the size exclusion column fractions in the
purification of human N-cTnC.
Fractions containing the pure protein were pooled and concentrated by the same
method as previously described, then stored at -80 °C. To avoid protein breakdown the
two columns and steps between were completed in a 12-hour period with no overnight

storage.

Full Length cTnC

The protein pellet was re-suspended in Buffer A and sonicated as previously with
the pellet being removed. An ammonium sulfate cut equal to 30% of the supernatant
volume by weight was used for 30 mins with spinning and on ice. Following this, the
supernatant was again spun down and the pellet removed. The solution (less than 50
mL) was buffer exchanged into 4 L of Buffer A to remove the salt overnight (16-20 hrs).
In the morning the solution was filtered and applied as before to a DEAE FF column with
all subsequent steps being the same as for the purification of the N-terminal construct.
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Figure 2-7  Q-Sepharose FF column fractions containing full-length human
cTnC visualized on an SDS-PAGE gel
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Figure 2-8  Size-exclusion column fractions containing purified full-length
human cTnC
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2.4.4. Measurement of Protein Concentration

Low stoichiometry can be indicative of lower than expected ligand concentration
or higher than expected titrant concentration. ITC itself is a powerful method for
determining the concentration of folded and active protein. Though aggregated protein of
interest, degradation of the protein, and contaminants in the preparation would all lead to

erroneous estimation of the effective protein concentration.

An accurate estimate of protein concentration is necessary to begin experiments
and we have used 4 methods for determining protein concentration with varying levels of
success. Initially, UV-vis spectroscopy was used to measure protein concentration at
280 nm using a NanoDrop 2000C spectrophotometer (Thermo). In this system we used
a molar absorptivity of 1490 cm*M* for zebrafish and 1289 cm™*M* for human N-cTnC
and a MW of 10.1 KDa calculated from the protein sequence using the Expasy
Protparam tool (Stevens, Rayani et al. 2016, Stevens, Rayani et al. 2017). We found
that this number often under-estimated the concentration of the functional, folded protein
as indicated by the stoichiometry measured in the ITC experiments that was less than 1
(0O<n<1). In contrast, adding much greater than estimated concentrations of protein
would lead to an n>1. Therefore, while we similarly estimated the concentrations of full
length H-cTnC using a molar absorptivity of 4595 cm*M* and a molecular weight of 18.4
KDa (Skowronsky, Schroeter et al. 2013), we sought alternative methods.

Initially we used the Bradford assay whereby a curve was constructed from
standards at known concentrations and the absorbance of the diluted sample was used
in conjunction with the line of best fit to determine the concentration of the protein
(Bradford 1976, Zor and Selinger 1996). We then utilized the Edelhoch method

(Edelhoch 1967) and absorbance spectroscopy by reliance on the Beer Lambert Law:
Absorbance (A) = Extinction Coefficient (€) * Path Length (l) * Concentration (c)

The contribution of amino acid side chains was used to estimate the € at 280 nm by

summing:

Extinction Coefficient (¢) = #Tryptophan*5500 + #Tyrosine*1490 + Cysteine*125
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The protein was linearized with 6 M guanidine hydrochloride prior to
measurement (Grimsley and Pace 2003). While the combination of spectrophotometry
and ITC experiments was sufficient as an initial estimate to determine the active
concentration of protein in an N-TnC sample, we used the Edelhoch method to do so
with greater accuracy for samples of full-length cTnC.

2.5. ITC Experimental Protocol

Purified protein was dialyzed against 3 buffer exchanges of 2 L each for at least
8 hrs at 4°C with stirring. The first buffer contained 50 mM HEPES, 150 mM KCI, 2 mM
Ethylene diamine tetraacetic acid (EDTA), and 15 mM —mercaptoethanol (BME) at pH
7.2 to remove divalent cations and generate the apo-state cTnC. EDTA has finite binding
capacity and may not completely removal all of the Ca?*in the solution, however at the
given concentrations used, remaining Ca?*is expected to be in the nM range. This
concentration of Ca?* may still bind sites 1I/IV of full length cTnC; however, to work
around this issue, we compared between different conditions to gain relative measures
of changes in affinity and binding. The second buffer had the same contents but lacked
EDTA. The third buffer contained 50 mM HEPES, 150 mM KCI, and 2 mM BME at pH
7.2. Through SDS-PAGE gel analysis, we found that storage, dialysis, and filtration
removed a majority of the small amount of impurities present in the sample following the

size exclusion step.

The concentrations utilized in the experiments were altered slightly to
accommodate varying amounts of protein. Initially, for 4 mM Ca?* we used 1 dummy
injection of 0.8 UL and 18 subsequent injections of 2 uL each into 200 UM sample of N-
TnC (Rayani, Stevens et al. 2016, Stevens, Rayani et al. 2017). We also found that 100
MM N-TnC injected with the same protocol but 2 mM Ca?* was a sufficient concentration
at which to carry out these experiments (data presented in chapter 6). However, as
expected the error-to-signal (noise) ratio increased with lesser protein concentrations.
We used 20 mM Mg?"* to titrate 100 uM N-TnC using the same number and volume of
injections. For full-length cTnC, we used 100 pM samples of protein, titrated with either 6
mM Ca?" or 40 mM Mg?* (data presented in Chapter 5).

For all experiments, we loaded the cell with 200 pL of protein, spaced the

titrations 120 seconds apart, and set the stirring speed to 1,000 rpm.
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Figure 2-9

2.5.1. Background titration

To reduce noise, the buffer should be identical for both the titrant and titrate,

through extensive dialysis steps. To avoid heat of dilution signals, the pH, salt
concentration, and all other factors should be identical between the solutions. If the

titrant is a solid, it should be dissolved in the dialysate to avoid buffer mismatch. To

avoid noise and altering the structure of the protein, reducing agents such as DTT, BME,
or Tri-2-carboxyehtylphosphine hydrochloride (TCEP) should be minimized as they may

bind to the divalent cations. Details of the protocols employed in each study presented in

this thesis are in keeping with these recommendations. We avoided using reducing

reagents with the exception of BME which was minimized.

Background experiments are used to differentiate the heat of interaction with the

ligand and the heat of dilution. The injection volumes and other conditions should be

identical in the blank titrations and the experimental trial. Buffer-into-buffer, buffer-into-

ligand, and titrant-into-buffer can be subtracted from the isotherm. An instrument blank

of buffer into buffer is at times employed, which allows for measurement of the often-
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negligible effects of macromolecule dilution. Most commonly, a titrant into buffer
condition titration is carried out and subtracted from the titrant into ligand trial. We found
that these methods were not ideal given that the collection of a large sample size
necessitated that experiments be carried out over the course of multiple days. Given the
drift in the instrument, to get applicable blank trials would have required such trials be
performed every 3 — 4 experiments. Therefore, we sought an internal control, whereby

each experiment could be compared to a baseline.

The mean value that corresponds to the last 2-3 heat signals when the ligand
has been saturated is indicative of titrant-buffer interactions and nonspecific interactions
between the titrant and the ligand. We subtracted this value from our titrations to account

for background as an internal control and to help improve curve fitting.

A further consideration is the appearance of erroneous heat signals upon
introduction of air bubbles into the reaction solution. To avoid this issue, bubbles should
be absent in both the sample cell and the titrant solutions prior to initiation of the

protocol.

2.6. Analysis of Experimental Results

Raw data from the ITC experiments were analyzed using OriginLab 7 software
provided with the MicroCal ITC200. Curve fitting in the software can be utilized for
reactions with one, two, or three binding sites. Given the understanding we have of our
experimental system, we hypothesized that the use of less complex fits would be most
appropriate for each set of experiments. Details of these fits are provided in each

chapter to which they correspond.

The integrated heat data were fit with a single binding site model for N-cTnC and
two binding sites for full length cTnC. Non-linear regression was used to determine the
best fit parameters through iterative least squares error minimization as the Chi-squared

value was minimized.

Given the iterative nature employed in modeling the data collected in ITC, the
initial estimates of the parameters (Ka, AH, and n) are used to fit a curve to the data. At
times, it may be necessary to provide a starting point for the algorithm to approach the

minimum in error. When fitting using built in functions, the deviation of the curve from the
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data points (i.e. the sum of the squared error values) is minimized with every subsequent
iterative change in the above listed parameters through application of a simplex
algorithm. This is continued until the changes no longer cause significant changes in the
error. We have found that the initial parameters that may be estimates from the
steepness of the graph, the heat change seen, and the inflexion point are essential in
fitting data sets that are more complex than a single binding site. Moreover, varying one
or two of the parameters at a time and keeping the others fixed, for example when fitting
2 binding sites, varying 2 and keeping 4 fixed, then varying 3 and keeping 3 fixed etc.

can allow the sum of the error to more successfully converge on a global minimum.

As shown in Figure 2-1, the inflection point of the titration curve can be used to
find the n, with the slope of the graph at this point indicative of the dissociation constant
(Kq). The Ky is the reciprocal of Ka. Manipulation of equation [1] in Figure 2-2 above and
replacement of Ka by Ky (through Ka=1/Kq) can be used to derive a basic relationship.
Simplification of equation [1] allows one to see that Ky is the concentration of the ligand
at which the binding site is half-saturated. A higher K4 indicates a lower affinity
interaction and thus a higher concentration of ligand being required to half-saturate the
binding site.

The AG can be calculated from equation [2] above with R being the universal
gas constant, T the temperature in Kelvin, and Ka the equilibrium constant (equal to
1/Kq). Equation [3] can then be used to calculate the AS associated with the interaction.
With the exception of the AG, these values were computed upon fitting of the reaction

data and reported per unit mole (Leavitt and Freire 2001).

The stoichiometry, n is indicative of the moles of titrant and the moles of
functional binding sites. When the affinity of the ligand for titrant was low, the n was fixed
to the appropriate value (1.0) to avoid errors in AH; this is common when the
stoichiometry of the interaction and the concentration of the reactants is known, as is the

case with such a well studied protein.
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2.7. Additional considerations

2.7.1. Day-to-day variability

In the initial stages of our study, the question of random variability in the ITC
experiments came to the fore. It became clear that the associated error was a product of
the fitting. However, the approach of compounding the error to give a sum in errors
associated with each mean was explored and resulted in inflated and unrealistic
numbers. We wanted to study possible fluctuations in the values collected throughout

the day on one day and multiple different days for each WT/mutant construct.

We compared the means for the measurements all done on one day and those
randomized, i.e. 3 measurements on 3 different days. One inherent issue was that the
sample size associated with the latter was much smaller. Another confounding effect
was the inter-batch variability, as the measurements were carried out on different
batches of separately purified protein. It was not standardized when the same batch was
used for each protocol and when other batches were required; this would in itself cause
some variability. Lastly, the smaller standard error of the mean (SEM) associated with
the great majority of thermodynamic parameters derived from the same-day
measurements compared to the multiple-day protocols is of interest. It is difficult to be
certain regarding protocol selection and which gives a maore physiologically correct
value, if they are different at all (Figure 2-10). It is clear that there are advantages to
each of the one-day and multi-day protocols.

With the exception of C84Y at 37 °C which resulted in unstable readings and was
hard to measure with certainty, Ka values were not significantly different between the two
measurement protocols. The other thermodynamic parameters were also highly

consistent in spite of the protocol used.
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Table 2-1

c¢TnC constructs.

Same day

- Multiple days
AgVv Same day
P wuttiple days
Same day
- Multiple days
m Same day
- Multiple days
Same day
- Multiple days
m Same day
P wuttiple days
Same day
- Multiple days

7

3
8
3
8
3
7
3
9
3
8
3
6
3

0.91 £ 0.01
1.05 £ 0.01
0.91 £ 0.01
1.01 £ 0.02
1.02 £ 0.01
0.99 £ 0.01
0.96 £ 0.01
0.88 £ 0.03
1.08+ 0.01
1.02 £ 0.03
1.03 £ 0.01
1.05 £ 0.01
0.97 £ 0.01
0.96 + 0.02

K,*10% (M-1)
* SEM
68.47 £1.10
67.27 £2.91
72.09 £5.09
65.70 £ 3.88
101.54 + 1.45
70.47 + 1.89
128.86 + 2.08
85.97 +7.01
705.78 + 45.20
676.00 + 23.59
181.00 + 9.51
171.00 + 3.79
211.67 + 15.63
262.33 £ 56.29

Comparison of the thermodynamic parameters of the WT and 6 N-

AH (kcal/mol) | T*AS (kcal/mol) AG (kcal/mol)
+ SEM + SEM + SEM

14.63 £ 0.23
14.93 £ 0.66
14.28 + 0.85
15.32 £ 0.87
9.86 £0.15
14.21 £ 0.38
7.77+£012
11.8 £ 1.05
1.45 £ 0.07
1.48 £ 0.05
5.64 £0.31
585+0.13
4.88 £ 0.43
4.19+0.90

3.46 £ 0.01
342 +0.14
3.53 £ 0.06
3.51£0.09
3.69 £0.03
3.72 £ 0.09
2.25+0.01
2.15+ 0.06
-3.84 £ 0.02
-4.39 + 0.05
1.42 £ 0.02
1.47 £ 0.03
0.90 + 0.01
0.75 £ 0.03

10.06 + 0.16
10.01 £ 0.15
10.14 £ 0.13
10.09 £ 0.13
10.52 + 0.09
10.34 £ 0.08
9.23+0.12
8.87 £ 0.11

4.13 +£0.04
3.57 £ 0.04
8.59+0.04
8.61 £ 0.04
8.15+0.10
8.12+0.10

-6.59 + 0.03
-6.59 + 0.02
-6.61 £ 0.04
-6.58 + 0.04
-6.83 £ 0.09
-6.61 +0.01
-6.97 £ 0.10
-6.73 + 0.06
-7.94 + 0.02
-7.95 +0.02
-7.17 £ 0.03
-7.14 £ 0.02
-7.25+0.05
-7.37 £ 0.13

Experiments were run at 25 °C using both the same day and multiple day protocols. The multiple day condition data
has been published (Stevens, Rayani et al. 2017).
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Figure 2-10 Comparing N-cTnC construct affinity between same day and

multiple day protocols at 25 °C
For the majority of the trials the same day protocol showed a smaller amount of variability, as
depicted by the SEM error bars. The overlap of the error bars in many of the cases is indicative of
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a negligible effect of recording on one day vs. on multiple days. Statistical analysis of results was
not carried out as biologically significant difference was not observed between same day and
multiple day protocols.

Table 2-2 Comparison of thermodynamic parameters between the same day
and multiple day protocols at 37 °C

AH (kcal/mol) | T*AS (kcal/mol) AG(kcal/mol)

Same day 0.91+0.01 68.00£1.70 14.76 £ 0.34 3.68 £0.02 10.54 £ 0.03 -6.85+0.01

Multiple days 3 1.06 £ 0.01 71.73£1.09 13.95+0.22 3.49+0.14 10.37 £ 0.08 -6.88 + 0.01

Same day 7 0.88 £ 0.01 7347 £5.84 14.02 + 0.86 3.56 + 0.05 10.46 £ 0.02 -6.86 £ 0.02

Multiple days 3 1.04 £ 0.03 73.10£2.75 13.72£0.50 3.42+0.12 10.32 £ 0.06 -6.90 £ 0.02

Same day 8 0.95+0.01 117.30£3.74 8.50+0.28 3.86 £ 0.06 11.05 £ 0.07 -7.19£0.02

Multiple days 3 0.98+0.04 90.77 £ 13.29 11.45+1.49 3.530.11 10.55 £ 0.02 -7.02+0.09

Same day 7 0.95+0.01 18.69 £ 7.17 8.66 £ 0.65 2.34 £0.03 9.53£0.03 -7.23£0.02

Multiple days 3 0.90 £ 0.04 76.53 £ 9.55 13.54+1.91 2.32+£0.02 9.24 £0.05 -6.93+0.09

Same day 9 1.08 £ 0.01 618.11+ 18.11 1.63+0.05 -7.3210.03 0.89 £ 0.04 -8.2240.02

e Multiple days 3 1.02+ 0.04 681.67 + 36.67 147 +0.08 -8.19+0.13 0.08 £ 0.004 -8.28 £ 0.03
Same day 8 0.95+0.02 140.13£6.35 7.24£0.34 1.38 £ 0.01 8.67 £0.02 -7.30£0.03

Multiple days 3 1.00 £ 0.04 148.00 + 14.93 6.89 £ 0.67 1.36 £ 0.04 8.68 + 0.05 -7.32+0.07

Same day 1 0.97 £0.02 157.73+£12.38 6.74 £ 0.53 0.48 £ 0.01 7.84 £0.04 -7.36£0.05

= Multiple days 3 0.99 £ 0.04 92,17 + 14.93 11.37 £ 1.59 0.56 + 0.03 7.56 + 0.03 -7.03+0.10
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Figure 2-11 Comparison of N-cTnC construct affinity between the same day and
multiple day protocols at 37 °C

For the majority of the trials the same day protocol shows a smaller amount of variability, as

depicted by the SEM error bars. The overlap of the error bars in many of the cases is indicative of

a negligible effect of recording on one day vs. on multiple days. Statistical analysis of results was

not carried out as biologically significant difference was not observed between same day and

multiple day protocols.

2.7.2. Effect of Temperature

The effects of temperature can also be explored with the data presented above,
to this end, the same day trials that present lesser variability are presented in Table 2.3.
Protein structure at the secondary (a-helices and B-sheets), tertiary (folding), and
guaternary (subunit assembly) level is affected by multiple forces: Van der Waals
interactions, hydrogen bonds, electrostatic interactions, and hydrophobic interactions. All
these forces are affected by temperature. With the exception of hydrophobic
interactions, an increase in temperature would be expected to reduce the negative
enthalpy change that accompanies the formation of these bonds. In addition, the
agueous environment is temperature sensitive, whereby an increase in temperature
should increase the ionization number of water and thus [H*] while pH remains

unaltered. We sought to explore the potential effect of changing temperature from 25 °C
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to 37 °C on the Ca?* binding properties of WT and mutant N-cTnC. 37 °C is of interest as
it would indicate a physiological human body temperature. 25 °C is closer to room
temperature and as we found out, corresponded to higher signal quality, likely due to
greater protein stability at lower temperatures.

Table 2-3 Comparison of thermodynamic parameters between isotherms
collected at 25 °C and 37 °C using the same-day protocols

AH (kcalimol) | T*AS (kcal/mol) | AG(kcal/mol)
25°C

0.91+0.01 68.47 £ 1.10 14.63 £0.23 3.46 £ 0.01* 10.06 + 0.16* -6.59 + 0.03*
37°C 7 0.91+0.01 68.00 £ 1.70 14.76 £ 0.34 3.68 £ 0.02* 10.54 £ 0.03* -6.85+0.01*
25°C 8 0.91+0.01 72.09 £5.09 14.28 £ 0.85 3.53+0.06 10.14£0.13" -6.61£0.04
37°C 7 0.88+£0.01 73.47 £5.84 14.02 £ 0.86 3.56+£0.05 10.46 £ 0.02* -6.86 + 0.02*
25°C 8 1.02+0.01 101.54 £ 1.45 9.860.15 3.69 £ 0.03* 10.52 £ 0.09* -6.83 £ 0.09*

= 37°C 8 0.95+0.01 117.30+ 3.74 8.59+0.28 3.86 = 0.06* 11.05 £ 0.07* -7.19£0.02*
25°C 7 0.96 £ 0.01 128.86 + 2.08 7.77+0.12 2.25+0.01 9.23+0.12* -6.97 £0.10*
S 37°C 7 0.95+0.01 118.69+ 7.17 8.66 + 0.65 2.34+£0.03 9.53 £ 0.03* -7.23+0.02*
25°C 9 1.08+ 0.01 705.78 + 45.20* 1.45+0.07* -3.84 £ 0.02* 413 +£0.04* -7.94 £ 0.02*
- 37°C 9 1.08 £ 0.01 618.11+ 18.11* 1.63 £ 0.05% -7.32+0.03* 0.89 + 0.04* -8.22 £ 0.02*
25°C 8 1.03+0.01 181.00 £ 9.51 5.64+0.31 1.42+0.02 8.59+0.04 -7.17+£0.03
37°C 8 0.95+0.02 140.13 £ 6.35 7.24+0.34 1.38+0.01 8.67 £ 0.02 -7.30£0.03
25°C 6 0.97 £0.01 211.67 £ 15.63* 4.88 +£ 0.43" 0.90 £ 0.01* 8.15+ 0.10* -7.25+0.05
= 37°C 1" 0.97 + 0.02 167.73 + 12.38" 6.74 £ 0.53* 0.48 £ 0.01* 7.84 £ 0.04* -7.36 £ 0.05

ANOVA was initially performed, followed by Tukey’s post-hoc test. Each parameter marked with an **” is significantly
different between temperature conditions p<0.05.

Pair-wise comparison of temperature conditions for each mutant construct
showed few differences as depicted above. Even those that are different are likely to be
biologically negligible, with the exception of the L48Q construct where the effect of
temperature was relatively significant. While shedding some insight on protein thermal
stability, these studies did not provide sufficiently novel findings. The thermal stability of
N-cTnC was instead explored using other techniques and presented in Chapters 3 and
4.

In this chapter, we have established an understanding of the basic principles
underlying ITC, the means by which thermodynamic parameters are derived from
experiments, and discussed experimental protocols. We also established that there is

not significant variability in thermodynamic parameters when measurements are carried
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out using a same day or multi-day experimental protocols. Due to the ease of
performance, being the standard practice in the field, and other reasons outlined above,
multi-day protocols were employed for all subsequent studies presented in this thesis.

81



2.8. References

Adrio, J.-L. and A. L. Demain (2010). "Recombinant organisms for production of
industrial products.”" Bioengineered bugs 1(2): 116-131.

Arakawa, T., D. Ejima, T. Li and J. S. Philo (2010). "The critical role of mobile phase
composition in size exclusion chromatography of protein pharmaceuticals."
Journal of Pharmaceutical Sciences 99(4): 1674-1692.

Birnbaum, S. and J. Bailey (1991). "Plasmid presence changes the relative levels of
many host cell proteins and ribosome components in recombinant Escherichia
coli." Biotechnology and bioengineering 37(8): 736-745.

Bolivar, F., R. L. Rodriguez, P. J. Greene, M. C. Betlach, H. L. Heyneker, H. W. Boyer, J.
H. Crosa and S. Falkow (1977). "Construction and characterization of new
cloning vehicle. Il. A multipurpose cloning system." Gene 2(2): 95-113.

Bradford, M. M. (1976). "A rapid and sensitive method for the quantitation of microgram
guantities of protein utilizing the principle of protein-dye binding." Analytical
Biochemistry 72(1): 248-254.

Brown, M. J., L. M. Mensah, M. L. Doyle, N. J. Broom, N. Osbourne, A. K. Forrest, C. M.
Richardson, P. J. O'Hanlon and A. J. Pope (2000). "Rational design of
femtomolar inhibitors of isoleucyl tRNA synthetase from a binding model for
pseudomonic acid-A." Biochemistry 39(20): 6003-6011.

Bruch, T., H. Graalfs, L. Jacob and C. Frech (2009). "Influence of surface modification
on protein retention in ion-exchange chromatography: Evaluation using different
retention models." Journal of Chromatography A 1216(6): 919-926.

Cabani, S., P. Gianni, V. Mollica and L. Lepori (1981). "Group contributions to the
thermodynamic properties of non-ionic organic solutes in dilute aqueous
solution." Journal of Solution Chemistry 10(8): 563-595.

Del Solar, G. and M. Espinosa (2000). "Plasmid copy number control: an ever-growing
story." Molecular microbiology 37(3): 492-500.

Fekete, S., A. Beck, J.-L. Veuthey and D. Guillarme (2015). "lon-exchange
chromatography for the characterization of biopharmaceuticals." Journal of
pharmaceutical and biomedical analysis 113: 43-55.

Freire, E., O. L. Mayorga and M. Straume (1990). "Isothermal titration calorimetry."
Analytical chemistry 62(18): 950A-959A.

Freyer, M. W. and E. A. Lewis (2008). "Isothermal titration calorimetry: experimental
design, data analysis, and probing macromolecule/ligand binding and kinetic
interactions.” Methods in cell biology 84: 79-113.

82



Graumann, K. and A. Premstaller (2006). "Manufacturing of recombinant therapeutic
proteins in microbial systems." Biotechnology Journal: Healthcare Nutrition
Technology 1(2): 164-186.

Grimsley, G. R. and C. N. Pace (2003). "Spectrophotometric Determination of Protein
Concentration." Current Protocols in Protein Science 33(1): 3.1.1-3.1.9.

Hansen, L. D., G. W. Fellingham and D. J. Russell (2011). "Simultaneous determination
of equilibrium constants and enthalpy changes by titration calorimetry: Methods,
instruments, and uncertainties." Analytical biochemistry 409(2): 220-229.

Heinisch, S. and J.-L. Rocca (2009). "Sense and nonsense of high-temperature liquid
chromatography.” Journal of Chromatography A 1216(4): 642-658.

Ladbury, J. E. and M. L. Doyle (2004). Biocalorimetry 2: applications of calorimetry in the
biological sciences, John Wiley & Sons.

Lambert, F. L. (2002). "Entropy is simple, qualitatively." Journal of Chemical Education
79(10): 1241.

Leavitt, S. and E. Freire (2001). "Direct measurement of protein binding energetics by
isothermal titration calorimetry." Current opinion in structural biology 11(5): 560-
566.

Lewis, E. A. and K. P. Murphy (2005). Isothermal titration calorimetry. Protein-Ligand
Interactions, Springer: 1-15.

Li, A. Y., C. M. Stevens, B. Liang, K. Rayani, S. Little, J. Davis and G. F. Tibbits (2013).
"Familial hypertrophic cardiomyopathy related cardiac troponin C L29Q mutation
alters length-dependent activation and functional effects of phosphomimetic
troponin [*."

Luque, I. and E. Freire (2000). "Structural stability of binding sites: consequences for
binding affinity and allosteric effects." Proteins: Structure, Function, and
Bioinformatics 41(S4): 63-71.

Moffatt, B. A. and F. W. Studier (1987). "T7 lysozyme inhibits transcription by T7 RNA
polymerase." Cell 49(2): 221-227.

Pope, B. and H. M. Kent (1996). "High efficiency 5 min transformation of Escherichia
coli." Nucleic acids research 24(3): 536-537.

Rekharsky, M. V. and Y. Inoue (1998). "Complexation thermodynamics of cyclodextrins."
Chemical reviews 98(5): 1875-1918.

Sahdev, S., S. K. Khattar and K. S. Saini (2008). "Production of active eukaryotic
proteins through bacterial expression systems: a review of the existing
biotechnology strategies." Molecular and cellular biochemistry 307(1-2): 249-264.

83



Schmidt, M., M. Hafner and C. Frech (2014). "Modeling of salt and pH gradient elution in
ion-exchange chromatography." Journal of separation science 37(1-2): 5-13.

Sezonov, G., D. Joseleau-Petit and R. D'Ari (2007). "Escherichia coli physiology in Luria-
Bertani broth." Journal of bacteriology 189(23): 8746-8749.

Shan, L. and D. J. Anderson (2002). "Gradient Chromatofocusing. Versatile pH Gradient
Separation of Proteins in lon-Exchange HPLC: Characterization Studies."
Analytical Chemistry 74(21): 5641-5649.

Shiloach, J. and R. Fass (2005). "Growing E. coli to high cell density—a historical
perspective on method development.” Biotechnology advances 23(5): 345-357.

Skowronsky, R. A., M. Schroeter, T. Baxley, Y. Li, J. M. Chalovich and A. M. Spuches
(2013). "Thermodynamics and molecular dynamics simulations of calcium
binding to the regulatory site of human cardiac troponin C: evidence for
communication with the structural calcium binding sites." JBIC Journal of
Biological Inorganic Chemistry 18(1): 49-58.

Stahlberg, J. (1999). "Retention models for ions in chromatography." Journal of
Chromatography A 855(1): 3-55.

Stevens, C. M., K. Rayani, C. E. Genge, G. Singh, B. Liang, J. M. Roller, C. Li, A. Y. Li,
D. P. Tieleman and F. van Petegem (2016). "Characterization of Zebrafish
Cardiac and Slow Skeletal Troponin C Paralogs by MD Simulation and ITC."
Biophysical Journal 111(1): 38-49.

Stevens, C. M., K. Rayani, G. Singh, B. Lotfalisalmasi, D. P. Tieleman and G. F. Tibbits
(2017). "Changes in the dynamics of the cardiac troponin C molecule explain the
effects of Ca2+-sensitizing mutations." Journal of Biological Chemistry 292(28):
11915-11926.

Tantipolphan, R., S. Romeijn, J. d. Engelsman, R. Torosantucci, T. Rasmussen and W.
Jiskoot (2010). "Elution behavior of insulin on high-performance size exclusion
chromatography at neutral pH." Journal of Pharmaceutical and Biomedical
Analysis 52(2): 195-202.

Todd, M. J., I. Luque, A. Veldzquez-Campoy and E. Freire (2000). "Thermodynamic
basis of resistance to HIV-1 protease inhibition: calorimetric analysis of the
V82F/184V active site resistant mutant." Biochemistry 39(39): 11876-11883.

Velazquez-Campoy, A., Y. Kiso and E. Freire (2001). "The binding energetics of first-and
second-generation HIV-1 protease inhibitors: implications for drug design."
Archives of Biochemistry and Biophysics 390(2): 169-175.

Ward, W. H. and G. A. Holdgate (2001). 7 Isothermal Titration Calorimetry in Drug
Discovery. Progress in medicinal chemistry, Elsevier. 38: 309-376.

84



Wiseman, T., S. Williston, J. F. Brandts and L.-N. Lin (1989). "Rapid measurement of
binding constants and heats of binding using a new titration calorimeter."
Analytical biochemistry 179(1): 131-137.

Zhang, Y.-L., Z.-J. Yao, M. Sarmiento, L. Wu, T. R. Burke and Z.-Y. Zhang (2000).
"Thermodynamic study of ligand binding to protein-tyrosine phosphatase 1B and
its substrate-trapping mutants.” Journal of Biological Chemistry 275(44): 34205-
34212.

Zor, T. and Z. Selinger (1996). "Linearization of the Bradford Protein Assay Increases Its
Sensitivity: Theoretical and Experimental Studies." Analytical Biochemistry
236(2): 302-308.

85



Chapter 3.

Comparison of the Effects of Species-Specific
Expression Patterns and Acute Temperature on
Troponin C Calcium Binding

This chapter entails the work entitled “Characterization of Zebrafish Cardiac and
Slow Skeletal Troponin C Paralogs by MD Simulation and ITC” published in the
Biophysical Journal in 2016. Minor modifications have been made to ensure the contents

of this chapter are in keeping with the prescribed format of this thesis.

My contributions to this publication were in designing, carrying out, and analysing
the ITC experiments. | also helped to carry out and analyze the results of the melting
point experiments. | contributed to manuscript preparation and subsequent review. Dr.
Charles Stevens carried out the MD Simulations in collaboration with Dr. Gurpreet
Singh, he also analyzed the MD results, and prepared the manuscript. Dr. Christine
Genge carried out the melting point experiments and assisted with manuscript
preparation.

3.1. Abstract

Zebrafish, as a model for teleost fish, have two paralogous troponin C (TnC)
genes that are expressed in the heart differentially in response to temperature
acclimation. Upon Ca?* binding, TnC changes conformation and exposes a hydrophobic
patch that interacts with troponin | and initiates cardiac muscle contraction. Teleost-
specific TnC paralogs have not yet been functionally characterized. In this study we
have modeled the structures of the paralogs using molecular dynamics simulations at
18°C and 28°C and calculated the different Ca?*-binding properties between the teleost
cardiac (cTnC or TnC1a) and slow-skeletal (ssTnC or TnC1b) paralogs through
potential-of-mean-force calculations. These values are compared with thermodynamic
binding properties obtained through isothermal titration calorimetry (ITC). The modeled
structures of each of the paralogs are similar at each temperature, with the exception of
helix C, which flanks the Ca?* binding site; this region is also home to paralog-specific

sequence substitutions that we predict have an influence on protein function. The short
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timescale of the potential-of-mean-force calculation precludes the inclusion of the
conformational change on the AG of Ca?* interaction, whereas the ITC analysis includes
the Ca?* binding and conformational change of the TnC molecule. ITC analysis has
revealed that ssTnC has higher Ca?* affinity than cTnC for Ca?* overall, whereas each of
the paralogs has increased affinity at 28°C compared to 18°C. Microsecond-timescale
simulations have calculated that the cTnC paralog transitions from the closed to the
open state more readily than the ssTnC paralog, an unfavorable transition that would
decrease the ITC-derived Ca?* affinity while simultaneously increasing the Ca?*
sensitivity of the myofilament. We propose that the preferential expression of cTnC at
lower temperatures increases myofilament Ca?* sensitivity by this mechanism, despite

the lower Ca?* affinity that we have measured by ITC.

3.2. Introduction

Ectothermic species tolerate a range of acute and seasonal temperatures
through plasticity in protein function and changes in gene expression (Somero and
Hochachka 1969, Genge, Davidson et al. 2013). Central to this tolerance is the
maintenance of cardiac function across a range of temperatures. The optimal
temperature for ectothermic zebrafish (Danio rerio) lies between 25°C and 28°C
(Spence, Gerlach et al. 2008); however, D. rerio cardiac function must be maintained
through daily, seasonal, and geographic temperature fluctuations between 6°C and 38°C
(Spence, Gerlach et al. 2008). Many species of fish, including D. rerio, increase their
heart rate up to two-fold per 10°Cincrease in temperature in response to acute
temperature fluctuations (Churcott, Moyes et al. 1994, Tiitu and Vornanen 2002, Gollock,
Currie et al. 2006, Clark, Sandblom et al. 2008, Mendonca and Gamperl 2010, Lin,
Ribeiro et al. 2014, Little and Seebacher 2014, Lee, Genge et al. 2016). The adaptation
to acute temperature changes occurs more quickly than transcriptional changes can
account for. Long-term temperature acclimation confers greater tolerance through
altered composition of the cardiomyocyte transcriptome, that includes critical proteins of
the contractile apparatus such as members of the troponin complex (Alderman, Klaiman
et al. 2012, Genge, Davidson et al. 2013).

The cardiac troponin (cTn) complex contains three proteins: cardiac troponin C
(cTnC), a Ca?* sensor protein; cardiac troponin | (cTnl), an inhibitory protein; and cardiac

troponin T (cTnT), that tethers the complex to the remainder of the thin filament by
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interacting with tropomyosin (Parmacek and Solaro 2004). cTnC is a two-domain protein
with four EF-hand motifs designated as sites | through IV. Site | does not bind Ca?*, site
Il is responsible for the Ca?*-sensing function of cTnC, and sites Ill and IV have a
structural role and always bind Ca?* or Mg?* under physiological conditions (Potter and
Gergely 1975). The bulk-phase cytosolic Ca?* concentration increases from ~100 nM
during diastole to a maximum of 1 uM in systole (Bers 2002). As the cytosolic

Ca?* concentration increases, the regulatory site Il of cTnC is bound by Ca?*, leading to
conformational changes that expose a hydrophobic patch. This hydrophobic patch then
interacts with cTnl and allows the cTnl inhibitory peptide to withdraw from

the actin filament (Parmacek and Solaro 2004). The ¢cTnC-Ca?* binding interaction also
interrupts the cTnT-tropomyosin interaction, permits actin/myosin cross-bridge formation,

and initiates muscle contraction.

Several structures have been solved for the cTnC protein, including the N-
terminal domain of human cTnC in the Ca?*-bound (PDB:1AP4) and Ca?*-free
(PDB:1SPY) (Spyracopoulos, Li et al. 1997) forms, and in complex with the cTnl switch
peptide (PDB:1MXL) (Li, Spyracopoulos et al. 1999), with Tnl (PDB:1J1D), and with TnT
(PDB:1J1E) (Takeda, Yamashita et al. 2003). The N-terminal domain of trout cTnC has
also been solved at 7°C (PDB:1R6P) and 30°C (PDB:1R2U) (Gillis, Marshall et al.
2000). Under similar conditions, these structures differ minimally. The addition of
Ca?* causes a slight change in the cTnC structure, although the angle between helices A
and B and the status of the hydrophobic patch are unchanged (Spyracopoulos, Li et al.
1997). The trout cTnC at 7°C closely resembles mammalian cTnC at 30°C, which
suggests a common structure at their respective physiological temperatures (Gillis,
Marshall et al. 2000).

The cardiac contractile element is less sensitive to Ca?* at lower temperatures,
an effect that is not observed in skeletal muscle (Harrison and Bers 1989, Harrison and
Bers 1990). This desensitizing effect was rescued in mammalian cardiomyocytes by
introducing four fish-TnC specific amino acid substitutions, Asn2, 1le28, GIn29, and
Asp30 (NIQD) (Gillis, Moyes et al. 2003). The increased sensitivity was attributed to
an allosteric effect on the ability of site Il of cTnC to bind Ca?* (Gillis, Marshall et al.
2000), that allows a lower cytosolic Ca?* concentration to trigger cardiac contraction at
lower temperatures. A structural explanation was elusive, as there were no obvious

differences between the human cTnC structure and that with the NIQD substitutions
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introduced (Zhang, Tibbits et al. 2013). Because these residues are in the N-helix and
hydrophobic patch of cTnC, regions that interact with the other members of the cTn
complex (Takeda, Yamashita et al. 2003), the NIQD substitutions may stabilize the Ca?*-
bound, open conformation of cTnC in the complex.

The fish contractile element adjusts to temperature change in part through the
differential expression of a slow-skeletal TnC (ssTnC or TnC1b) variant (Sogah, Serluca
et al. 2010, Genge, Davidson et al. 2013). The slow-skeletal paralog differs from the
cardiac paralog (cTnC or TnC1a) at 18 out of 161 amino acid positions. Interestingly, the
ssTnC paralog is missing one of the four NIQD residues, where asparagine 2 is replaced
by aspartic acid, which is found at that position in mammals (Genge, Davidson et al.
2013). The ssTnC paralog in D. rerio is the result of a tandem gene duplication event.
Although many redundant duplicate genes are lost, in some cases the ancestral gene
function is divided between the duplicates. This process, referred to as
subfunctionalization (Lynch and Katju 2004), results in the retention of functional

paralogs in the genome (Force, Lynch et al. 1999).

The ability of ssTnC to rescue cardiac contraction in a cTnC knockout in D. rerio
embryos indicates that the D. rerio TnC paralogs have some overlap in function (Sogah,
Serluca et al. 2010). When D. rerio are acclimated to 18°C, cTnC is expressed
preferentially in both chambers of the heart, whereas after 28°C acclimation, the ssTnC
is upregulated and becomes the dominantly expressed form in the atrium. ssTnC
expression in the ventricle is also increased after 28°C acclimation, but does not
supersede cTnC expression (Genge, Davidson et al. 2013). The differential expression

of TnC paralogs is consistent with a temperature-dependent functional difference.

In this study, we report the thermodynamic properties of the interaction between
Ca?* and D. rerio cTnC and that between Ca?" and D. rerio ssTnC at 18°C and 28°C.
The TnC-Ca?* interaction was found to be endothermic and entropy driven, similar to the
case for human cTnC (Skowronsky, Schroeter et al. 2013). The ssTnC-Ca?" interaction,
measured by isothermal titration calorimetry (ITC), is stronger at both temperatures,
despite very limited structural deviation between the simulation-based structural models.
Potential-of-mean-force (PMF) calculations, which do not sample the conformational
change, yield similar AG values for the two paralogs at 28°C and a lower AG for ssTnC

at 18°C. This discrepancy is resolved through the use of long (ps)-timescale simulations,
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during which the cTnC protein more readily transitions from the closed to the open state,
an unfavorable process that produces lower Ca?* affinity as measured by ITC. We
propose that the temperature-dependent change in myofilament Ca?* sensitivity that is
expected as a function of paralog selection is dictated by the favorability of the TnC
conformational change, which transduces the Ca?* binding signal to the myofilament,

rather than the affinity of the regulatory domain of TnC for Ca?*.

3.3. Materials and Methods

3.3.1. Homology modeling and equilibrium molecular dynamics
simulations

The initial models for the TnC constructs were generated using the Swiss-model
Workspace (Bordoli and Schwede 2012). These models used the NMR-derived Ca?*-
bound or Ca?*-free N-terminal domain of the human c¢TnC structure (PDB:1AP4 or
PDB:1SPY, respectively) as a template. Models were built for the N-terminal domain of
the cardiac and slow-skeletal paralogs of TnC.

The resulting models were equilibrated with GROMACS 4.6.5 (Pronk, Pall et al.
2013), using the AMBER99-sb-ILDN (Lindorff-Larsen, Piana et al. 2010) force field. The
simulation system was defined as a periodic “cubic” box and was prepared as described
in Table S3-1 in the Supporting Material using the TIP3P water model (Jorgensen,
Chandrasekhar et al. 1983). This was followed by steepest-descent energy
minimization to a tolerance of 10 kJ*mol **nm™ and conjugate gradient energy
minimization for 10,000 steps. The minimized system was restrained with
1000 kJ*mol**nm™ absolute position restraints on all of the nonsolvent atoms and
equilibrated for 1 ns. The restrained simulations were held at 28°C or 18°C using V-
rescale temperature coupling (Bussi, Donadio et al. 2007) and isotropic
Berendsen pressure coupling (Berendsen, Postma et al. 1984) with a 7+ of 0.1 and T1e of
1.0, respectively. Interactions were calculated using ME electrostatics (Cerutti, Duke et
al. 2009) and the Verlet cut-off scheme (Pall and Hess 2013). Bond lengths were
constrained using the LINCS algorithm (Hess, Bekker et al. 1997). Production
simulations were done in five replicated 100 ns NPT simulations with no position
restraints; other parameters were carried forward from the position-restrained

simulations. Long-timescale simulations were identical, with the exception that the run
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time was extended to 1 us and snapshots were saved every 100 ps. Simulations of the
open conformation of the TnC molecule were stabilized in the open conformation by the
presence of the Tnlsw peptide, as described in Genge et al. (Genge, Stevens et al.
2016).

The final models were produced by clustering with the Daura algorithm (Daura,
Gademann et al. 1999) over the backbone and Cg atoms of each structure across the
five trajectory replicates of each paralog-temperature combination; the middle structure
of each of the largest clusters from each mutant simulation was used for further
analysis. Protein structure superimpositions were performed with VMD (Humphrey,
Dalke et al. 1996), and structural quality assessments were carried out using RAMPAGE
(Lovell, Davis et al. 2003), QMEAN (Benkert, Kiinzli et al. 2009), WHATCHECK (Hooft,
Vriend et al. 1996), and MOLPROBITY (Chen, Arendall et al. 2010). Quality statistics
may be found in Tables S3-1 to S3-4. Interhelical angles were measured using interhlx
(Yap, Ames et al. 2002) over each replicated simulation. Similarly, the hydrophobic
solvent-accessible surface areas (h-sasa) of the TnC molecules were calculated with
g_sas over each simulation and averaged (Eisenhaber, Lijnzaad et al. 1995). The
Tnlsw was excluded from the complex simulations for the h-sasa calculations of TnC in
the open conformation. The number of hydrogen bonds in ThC was calculated with
g_hbond, which uses a cutoff radius of 3.5 A and a 30° angle to enumerate

donor/acceptor pairs; these values were averaged over each simulation.

3.3.2. Free-energy calculations

The Ca?*-bound TnC model was placed in a “cubic” box with dimensions 6 nm x
6 nm x 15 nm, solvated, and neutralized as in Table S3-1. This was followed by
steepest-descent energy minimization to a tolerance of 10 kJ*mol™**nm™ and conjugate
gradient energy minimization for 1000 steps. The minimized system was restrained with
1000 kJ*mol**nm™ absolute position restraints on all of the nonsolvent atoms and

equilibrated for 1 ns.

The initial conformations for umbrella sampling were generated as follows:
protein a-helical Cq atoms were restrained in three dimensions with a potential with a
force constant of 1000 kJ*mol™*nm™, and the site Il Ca?* were restrained only in

the y and z dimensions to permit the movement of the ion. A constraint pulling force was
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applied in the x dimension at 0.001 nm*ps~. Windows for umbrella sampling were
extracted from the resulting trajectory at distance intervals of 0.5 A between 0 and 1 nm,
every 1 A between 1 nm and 2 nm, and every 2 A between 2 nm and 5 nm.

3.3.3. Umbrella sampling and the weighted-histogram analysis
method

Umbrella simulations were run as above, with no restraining potentials aside from
the umbrella potential between the Ca?* ion and the center of mass of the a-carbons of
the TnC molecule. These simulations used the same parameters as the pull simulations,
with the pull rate set to 0, and were run for 30 ns. Analysis was performed using
g_wham (Hub, de Groot et al. 2010) and the first 5 ns of each sampling window
simulation were discarded; errors were estimated with 10,000 bootstraps of the
weighted-histogram analysis method of calculation.

3.3.4. Protein expression and purification

Synthetic codon-optimized genes (GeneArt, Regensberg, Germany) encoding
full-length D. rerio cTnC (gi 28822163) and ssTnC (gi 50344824) were cloned into the
pET-21a(+) expression vector (Novagen, Madison, WI), and the codon corresponding to
residue 90 was replaced with a stop codon using the Phusion site-directed mutagenesis
protocol (Thermo Scientific, Waltham, MA) to generate N-TnC constructs. The resulting
constructs were verified by DNA sequencing and transformed into the Escherichia

coli BL21(DE3) expression host strain.

Overnight cultures were diluted 20-fold into lysogeny broth and incubated at 37°C
with shaking at 250 rpm. Cultures were induced at ODeoo = 0.8 with a final concentration
of 1 mM isopropyl B-D-1-thiogalactopyranoside followed by 3 h of growth. Cells were
harvested by centrifugation, resuspended in 20 mL of 50 mM Tris-HCI pH 8.0, 5 mM
EDTA, 1 mM phenylmethylsulfonyl fluoride, and one “cOmplete” protease Inhibitor tablet
(Roche, Basel, Switzerland). The cells were lysed by sonication on ice at 80% amplitude
using ten 30 s pulses at 30 s intervals. Lysate was clarified by centrifugation at
30,000 x g for 30 min and the supernatant was applied to a fast-flow diethylaminoethyl
cellulose column (GE Healthcare, Little Chalfont, UK) equilibrated with 50 mM Tris-HCI,
pH 8.0, 5 mM EDTA, and 1 mM dithiothreitol and eluted with a 180 mL gradient between
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the equilibration buffer and the high-salt buffer comprised of equilibration buffer and
0.55 M NacCl. Fractions containing the TnC protein were pooled and concentrated to

5 mL using an Amicon centrifugal concentrator with a MWCO of 3,000 Da (Millipore,
Billerica, MA). The concentrated protein was applied to a HiPrep 26/60 Sephacryl S-100
column (GE Healthcare) equilibrated with 50 mM Tris-HCI pH 8.0, 100 mM NacCl, and

1 mM dithiothreitol. Fractions containing the TnC protein were pooled, concentrated, and
stored at -80°C.

3.3.5. Melting-point determination

Protein solutions in the apo state were dialyzed four times against 2 L of MT
buffer (150 mM KCI, 10 mM HEPES, pH 7.5, 3 mM MgCl,, and 2 mM EGTA). Ca?*-
saturated TnC was dialyzed and diluted similarly with MT buffer supplemented with
3 mM of CacCl,.

Each melting-temperature replicate contained 3 mg*mL™ of TnC and 2.5 uL of
100x diluted sypro orange. Temperatures were increased from 4°C to 95°C at5 s
intervals on a CFX96 Touch Real-Time PCR System (BioRad, Hercules, CA). The
melting temperature of the protein was determined at the minimum of the first derivative

curve, which represents the midpoint of the unfolding transition.

3.3.6. Isothermal titration calorimetry

Protein solutions were dialyzed three times against 2 L of ITC buffer (50 mM
HEPES, pH 7.2, and 150 mM KCI) and diluted to a final concentration of 200 uM. Buffers
were supplemented with 15 mM, 15 mM, and 2 mM, respectively, of B-mercaptoethanol.
Initial buffer contained 2 mM EDTA to generate TnC in the apo-state with two
subsequent exchanges to remove the EDTA. Concentration was determined using an
extinction coefficient of 1490 M~**cm™ and a molecular mass of 10.1 kDa. The
Ca?* solution was prepared in the dialysis buffer from the final exchange to a final
Ca?* concentration of 4 mM. Ca?" was titrated into the protein solution in a series of 19
injections of 2 uL (the first being a dummy injection of 0.4 pL), 2 min apart, with a
stirring speed of 1000 rpm. These experiments were repeated at 18°C and 28°C.

The heat of dilution of Ca?* into buffer was estimated by averaging three data points

after the protein was saturated with Ca?*. The average of these three points was then
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subtracted from the Ca?*-protein titration curve. Data were analyzed with Origin 8.0
(OriginLab, Northampton, MA).

3.4. Results

3.4.1. Homology models

After 100 ns of simulation, each of the modeled systems had diverged from the
starting coordinates (Figures S3-1to S3-4). The middle structure of the largest cluster
for each paralog at each temperature was selected as representative for further analysis.
The quality indicators for the representative structures used in the PMF calculations may
be found in Tables S3-2 to S3-5.
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Figure 3-1  Superimposed Structures of the Equilibriated Representative cTnC
and ssTnC
After Daura clustering using backbone and p-carbon atoms during 100 ns equilibration
trajectories, residues that differ between paralogs are labeled. (A) cTnC (light blue) and ssTnC
(salmon) at 18°C. (B) cTnC (blue) and ssTnC (red) at 28°C. (C) cTnC at 18°C (light blue) and
28°C (blue). (D) ssTnC at 18°C (salmon) and 28°C (red). The differences between these
structures are minimal, but they are most pronounced in the orientation of helix C relative to the
remainder of the protein.

The structures of the equilibrated homology models are very similar to each
other, except in their length and orientation of helix C (Figure 3-1). Helix C immediately
follows the Ca?*-binding site Il, and changes in this helix may affect the Ca?* interaction.
Helix C contains two sequence substitutions between the TnC paralogs: proline 54 in
cTnC is replaced with a glutamine in ssTnC, and isoleucine 61 in cTnC is replaced with
a valine in ssTnC. The secondary structure is variable between paralog temperature
combinations, with helical lengths that vary by up to four residues in the case of helix C
(Figure 3-2). The difference in orientation of helix C was the greatest between the
paralog-temperature combinations. In cTnC at 18°C, helix C is nearly antiparallel to helix
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D at 153°, whereas in the other representative structures, helices C and D are at angles
of 128°, 123°, and 112° for ssTnC at 28°C, ssTnC at 18°C, and cTnC at 28°C,

respectively.
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Figure 3-2  Sequence alignment of cTnC and ssTnC

Highlighting is used to visualize the changes in secondary structure after equilibration at each
temperature and energy minimization. The most salient change is in helix C, and it is likely due to
the temperature-dependent effect of the P55Q, 161V, and E75D substitutions on the stability of
helix C and its interaction with helix D.

AB interhelical angles were monitored over the course of each simulation. None
of the structures reached the open state, defined by an AB interhelical angle below 90°
(Figure 3-3). During the five replicated 1 ys simulations, the TnC structures at 28°C
each had several frames in an intermediate state: seven frames were below 105° in the
Ca?*-free simulations, whereas 359 frames were below 105° in the Ca?*-bound
simulations (Figures 3-4 and 3-5). There was a single frame that contained a structure

of the ssTnC molecule with an AB interhelical angle below 105° (Table S3-6).

Figure 3-3  Interhelical angle determination

(A) Superimposition of snapshots from the 1 ms simulation of cTnC at 28°C, with helices labeled
N, A, B, C, and D. The most open conformation from this simulation is shown in blue and the
most closed conformation is shown in white. (B) Angles are drawn onto the superimposed and
isolated A and B helices. (C) The helices are superimposed with equivalent structures from the
NMR-derived human cTnC structures in the Ca?*-free, closed form (PDB:1SPY), shown in red,
and in the open conformation in complex with the Tnl switch peptide (PDB:1MXL), shown in
green.
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When the h-sasa of each structure at each temperature was calculated, there
were only slight differences as a function of temperature or sequence substitution;
however when the h-sasa were calculated for either the cardiac or slow-skeletal TnC
molecule isolated from the TnC/Tnl complex and therefore in the open conformation, the
average h-sasa of cTnC at 28°C increased by 4.9 nm?, whereas the average h-sasa of
ssTnC at 28°C increased by 4.1 nm? as a result of the closed-to-open transition. At
18°C, the closed-to-open transition increased the h-sasa by 4.2 nm? and 4.6 nm? for
cTnC and ssTnC, respectively. This is in contrast to the effect of Ca?* binding, which had

little effect on the average h-sasa of either paralog at each temperature (Table 3-1).

Table 3-1 Average Hydrophobic Solvent-Accessible Surface Area over the
Final 50 ns of Five Replicated 100 ns Simulations

18°C (Ca%* | 28°C (Ca?* | 18°C(Ca?* | 28°C (Ca®* 18°C 28°C
-Bound) -Bound) -free) -free) (Open) (Open)
cTnC 22304 21.8+£05 22606 224107 265+09 268105

ssTnC 21.0£05 208+0.7 208+08 21505 256+09 25.0+0.8

Surface area (nm?).
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Figure 3-4  The AB interhelical angle over time for 1 ms simulations of TnC-Ca?*
at each temperature, plotted as a 25 ns rolling average.
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Figure 3-5  The AB interhelical angle over time for 1 ms apo-TnC simulations at

each temperature, plotted as

a 25 ns rolling average.

The flexibility of the paralog-temperature combinations is similar (Figure 3-6), as

represented by the root mean-square fluctuation (RMSF) of each Ca atom sampled over

the final 10 ns of each of the simulations and averaged over five replicated simulations.

The numbers of hydrogen bonds are identical

for the Ca?*-free TnC molecules but are

increased by ~1 hydrogen bond in each paralog-temperature combination in the Ca?*-

bound state (Table 3-2).
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Figure 3-6  Average RMSFs per residue

Residues (n - 5) are plotted for the final 50 ns of each 100 ns simulations for the paralog-
temperature combinations. The protein is most flexible at the termini and EF-hand loops. There is
limited variability in RMSFs between paralog-temperature combinations, which suggests that the
sequence differences do not greatly influence the protein flexibility. There is a slight effect of
temperature on flexibility in the loop regions between helices A and B, as well as in the loop
between helices C and D.

The coordination distances for the Ca?* ions were measured for each of the side-
chain ligand atoms, as well as any nearby potential substitutes (Figure 3-7). There was
very little difference between paralog-temperature combinations, particularly in the

distances between ligand atoms that are involved in coordination of the Ca?* ion.
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Figure 3-7  Ca? coordination distances for each paralog-temperature
combination.

Residues that may offer substitute ligands are also included. The distances are similar for the two

paralogs at both temperatures. Ser69-OG is slightly closer to the Ca?* ion in the cTnC

simulations, whereas Asp73-OD1 is slightly closer to the Ca?* ion in the ssTnC simulations.

3.4.2. Free-energy calculations

The change in free energy for each of the paralog temperature combinations was
determined using PMF calculations (Figure 3-8). The PMF profile is plotted in Figure 3-
9. The free-energy differences indicate little variance between the paralogs at 28°C
(=55.5 + 4.1 kJ*mol*and -58.0 + 2.7 kJ*mol™ for cTnC and ssTnC, respectively),
whereas at 18°C, cTnC has a higher AG of Ca?" interaction than ssTnC (-51.4
3.6 kJ*mol™ vs. -45.5 + 3.0 kJ*mol™).
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Figure 3-8  PMF reaction coordinate.

The Ca?* ion is removed from the site Il binding loop along the x-axis. Vertical lines indicate the
frequency of PMF sampling windows over the reaction coordinate. Sampling windows were
arranged at 0.5 A below 1.0 nm distance, 1 A between 1.0 and 2.0 nm, and 2 A between 2.0 and

5.0 nm.
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Figure 3-9  WHAM-derived umbrella potentials for each temperature-paralog
combination.

The plots for the two paralogs appear to overlap at each temperature; however, the values at low

center-of-mass distance reach minima at different points. At 28°C, the AG values of Ca2*

interaction for cTnC and ssTnC were -55.5 + 4.1 kJ*mol?* and -58.0 + 2.7 kJ*mol%, respectively.

At 18°C, the AG of Ca?* interaction was -51.4 £ 3.6 kJ*mol* for cTnC and -45.5 + 3.0 kJ*mol for

ssTnC.
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3.4.3. Melting-point determination

The melting points (Tms) of the Apo-cTnC and Apo-ssTnC were 70.1°C and
65.9°C, respectively. The Tms of the Ca?*-bound forms of the proteins were ~15°C
higher in both cases at 84.9°C and 82.3°C for cTnC and ssTnC, respectively.

3.44.1TC

The interactions between TnC and Ca?* were endothermic; in each case, the
stoichiometric ratio of Ca?* binding was ~1, indicating that the regulatory site Il was
exclusively titrated during these experiments. Representative isotherms are available
in Figure S3-5. The change in entropy (AS) was higher for cTnC at 28°C than at 18°C,
and both of these values were greater than the AS values for ssTnC, which did not differ
significantly with temperature. The change in enthalpy (AH) values were greatest for the
cTnC paralogs: Ca?* binding to cTnC at 28°C yielded a greater AH in response to
increased temperature, whereas the AH values reported for ssTnC did not differ
significantly with temperature. The AG values were most favorable for ssTnC at 28°C,
followed by ssTnC at 18°C and cTnC at 28°C, which did not differ significantly; the AG

value for cTnC at 18°C was the least favorable.

The thermodynamic parameters are listed in Table 3-3. The dissociation
constant (Kq) value was 2.4 uM higher at 18°C than at 28°C for cTnC, whereas
the Ky value for ssTnC was 1.3 uM higher at 18°C than at 28°C (Figure 3-10).
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Figure 3-10 Plot of the mean Kqvalues

Mean is given = SE. ¢cTnC has a higher Kq than ssTnC at each temperature, and at each
temperature, the Kq values for each paralog are comparable, though higher at 18°C than at 28°C
for each paralog.

3.5. Discussion

Examination of the effect of sequence substitutions between TnC paralogs on
Ca?* interaction has yielded mechanistic insight into the function of TnC. When
compared with wild-type human cTnC, the introduction of the fish-specific NIQD
molecular phenotype to the human cTnC increases the Ca?* sensitivity of myofilaments
(Gillis, Moyes et al. 2003, Gillis, Liang et al. 2005). The explanation for the increase in
sensitivity is that these sequence substitutions allosterically influence the affinity of site Il
for Ca?*. MD-based PMF analysis has shown that the Ca?*-binding properties are similar
for the two paralogs at both temperatures, with the exception of ssTnC at 18°C, which
has a lower AG (Figure 3-9). The absolute AG values from MD simulations are
overestimated due to the parameterization of Ca?* in the MD force field and the use of
nonpolarizable water; however, the reported values are reasonable as a relative
measure (Li, Ngo et al. 2015). ITC measurements indicate that ssTnC has higher affinity

for Ca?* at both temperatures, but cTnC is more sensitive to temperature (Figure 3-10).

Increased stability of the protein can be conferred by a stronger hydrophobic core
or by antiparallel stacking of helices to mutually stabilize helical dipoles (Gifford, Walsh
et al. 2007). The melting temperatures of cTnC and ssTnC indicate that the relative
stability of the apo and Ca?*-bound forms are similar, since the melting temperature for

each was increased by 15°C as a function of Ca?* interaction. Paradoxically, cTnC,
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which is dominantly expressed at lower temperatures, has a higher melting point than
ssTnC despite RMSF values that show that flexibilities of the paralogs are approximately
equal (Figure 3-6). The MD simulations predict that there is one additional hydrogen
bond on average in the Ca?*-bound states compared to the Ca?*-free state, but the total
numbers of H-bonds were similar between paralogs at each temperature (Table 3-2).
The h-sasa upon Ca?" binding decreased for each paralog-temperature combination,
with the exception of ssTnC at 18°C, which suggests that any stabilizing effect of

Ca?* binding was less pronounced in that condition.

Table 3-2 Average Number of Hydrogen Bonds in Each Structure over the
Final 100 ns of Five Replicated 1 ms Simulations for Ca?- Bound
and Ca?'-free Models of cTnC and ssTnC

18°C (Ca?* 28°C (Ca?* 18°C (Ca?* 28°C (Ca?*
-Bound) -Bound) -free) -free)
cTnC 62.0 £ 1.6 61.0+£1.3 60.9+ 0.6 60.6 £ 1.0

ssTnC 61.8+0.8 61.3+1.6 60.9+14 60.6 +1.2

The process of Ca?* binding to Ca?*-sensing EF-hand proteins is a balance
between conformational strain and conformational change (Gifford, Walsh et al. 2007).
The strain induced by Ca?* binding is released by the unfavorable exposure of the
hydrophobic patch (Gifford, Walsh et al. 2007). A more stable closed conformation
relative to the open conformation will increase the energetic cost of the closed-open
conformational change and decrease the affinity for Ca?*. Changes in secondary
structure have been noted in response to Ca?* binding of other TnC proteins through the
use of CD spectroscopy; greater helical content in the Ca?*-bound form conferred
greater stability and increased the favorability of the Ca?* interaction (Pinto, Parvatiyar et
al. 2009, Parvatiyar, Landstrom et al. 2012). The structural differences between the
temperature-paralog combinations are primarily found in the length and orientation of
helix C, which is adjacent to site Il and alters the C/D helical interface (Figures 3-

1 and 3-2). This helix is shorter in the representative structure of ssTnC at 28°C than in
the others, which suggests that the stability of this helix may be compromised at 28°C
while under the conformational strain induced by Ca?* binding. Helices C and D contain
three sequence substitutions between ¢cTnC and ssTnC. Residues 54, 61, and 75

are proline, isoleucine, and glutamic acid, respectively, in cTnC, which are replaced

by glutamine, valine, and aspatrtic acid, respectively, in ssTnC. The proline-to-glutamine
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substitution in particular may increase affinity by destabilizing the closed conformation in
ssTnC, and relieve the conformational strain through shortening of helix C. In addition,
there is evidence that the 161Q substitution in human cTnC can affect the stability of the
helical packing at the B/C helical interface (Wang, Robertson et al. 2012).

Sequence substitutions that stabilize the open conformation of N-cTnC produce
an increase in Ca?* sensitivity without altered coordination of Ca?* by site Il. These
substitutions increase the favorability of the conformational change through the release
of the Ca?*-induced conformational strain on the tertiary structure of the protein, and they
minimize the energetic penalty of the conformational change (Tikunova, Rall et al. 2002,
Gifford, Walsh et al. 2007, Li, Stevens et al. 2013). The Tnl switch peptide (Tnlsw) binds
to the hydrophobic cleft and stabilizes the open conformation of TnC while
simultaneously occluding the hydrophobic residues (Li, Spyracopoulos et al. 1999). In
the absence of Tnlsw, TnC opening and exposure of the hydrophobic patch results in the
unfavorable formation of a clathrate water shell. In the cTnC-Tnlsw system, this shell is
replaced by hydrophobic interactions between N-cTnC and Tnlsw and by
interactions between water and the hydrophilic side chains of the solvent-
exposed portion of the Tnlsw. Many fluorescence-based measurements have been used
to measure TnC Ca?* affinity in the presence of the other members of the Tn complex
and thin filament (Li, Stevens et al. 2013). However, the use of fluorophores such
as IAANS (Dong, Wang et al. 1997, Hazard, Kohout et al. 1998) or the fluorogenic
F27W mutation (Gillis, Blumenschein et al. 2003) makes it possible to monitor
Ca?* binding by responding to the change in hydrophobicity precipitated by the
conformational change, and different results are achieved with the addition of other Tn-
complex and thin-filament proteins. The absence of the remainder of the Tn complex
and its stabilizing effect on the open conformation of TnC thus constitutes a limitation to

this work.

In a population of TnC molecules, Ca?* binding leads to a shift in the equilibrium
between the closed and open states, with the proportion shifting from 0% open in the
apo-state to between 20% and 27% open in the Ca?*-bound state (McKay, Saltibus et al.
2000, Cordina, Liew et al. 2013). The free-energy cost of this transition has been
estimated, through the use of long timescale simulations, at 8 kcal*mol™ (33.5 kJ*mol™)
for Ca?*-bound human wild-type cTnC (Lindert, Kekenes-Huskey et al. 2012), which is

comparable to the energy of conformational changes in other proteins, such as
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the ligand-binding domain of an ionotropic glutamate receptor (Lau and Roux 2007) and
38a kinase (Wang, Shao et al. 2014) at 29 kJ*mol™* and 50 kJ*mol™, respectively. The
conformational change can confound ITC measurements, as the energetics of the shift
in equilibrium between the open and closed states cannot be decoupled experimentally
from the Ca?*-binding interaction.

The disparity between the AG values obtained from ITC and PMF calculations
may be attributed to whether the conformational change is included in the measurement.
Sequence maodifications that affect the relative stability of the closed or open forms,
including changes to the size or degree of hydrophobicity of the hydrophobic patch or
the packing of the core of the TnC molecule, will influence the affinity of TnC for Ca?*.
MD-derived AG values report the affinity of site Il as a function of structural differences
due to sequence substitution and equilibration at each temperature, but they do not
account for the thermodynamic consequences of the open-to-closed conformational
change. ITC measurements of the equilibrium energy include the change in proportion of
open and closed TnC molecules as a function of Ca?* titration. The MD simulations
presented here indicate that the AG of Ca?* binding is similar for both paralogs at 28°C,
and for cTnC at 18°C, whereas the AG of Ca?* binding for ssTnC at 18°C is less
favorable. The timescale of the PMF simulation is inadequate to sample the
conformational change of the protein, and therefore, its energetic contribution cannot
be included. The AG values collected by ITC are in the range —26.4
to —28.8 kJ*mol™ (Table 3-3) and are similar to those reported for human cTnC, with
comparable effects of temperature on binding. The free energy of the Ca?*-human-cTnC
measured at 10°C and 25°C had AG values of —26.6 and -30.5 kcal*mol™, respectively
(Skowronsky, Schroeter et al. 2013). The D. rerio TnC paralogs are much less
temperature sensitive than human cTnC, as demonstrated by a 0.3 kcal*mol™ increase
in the AG of cTnC for Ca?* when temperature is increased from 18°C to 28°C, but this
effect is not present in ssTnC due to lower values of AS. The lower AH values in ssTnC

maintain Ca?* binding at a similar AG, despite the reduced magnitude of ssTnC AS.
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Table 3-3 Thermodynamic Parameters Derived from ITC for Each Paralog-
Temperature Combination

e e | aneen | e

Kg (M) 19.0+ 1.24 16.7 + 0.88 11.5+0.7¢ 10.2+0.8°
AS (J mol ) 153.9+2.18 158.6 + 5.04 147.7 £ 2.9 148.1+2.1¢
AH (kJ mol) 18.5 + 0.58 20.2 £ 1.4~ 15.4 + 0.8¢ 15.9 + 0.5¢
AG(kJ mol ) —26.4 £ 0.2A -27.6+0.18 -27.5+0.18 -28.8+0.2¢

Analysis of variance was used to determine that a significant difference existed between mutant-temperature
conditions for all four factors. Tukey's post-hoc test was carried out at the level of each factor and is indicated by
superscript letters, where mutant-temperature conditions with unique letters are significantly different (p < 0.05), n=3.

In most species, reduced temperature causes a decrease in cardiac myofilament
Ca?* sensitivity, an effect that is mediated by cTnC (Harrison and Bers 1990, Harrison
and Bers 1990). In ectothermic species, cardiac function must be maintained through
acute and seasonal temperature change. The differentially expressed ssTnC protein
may play a role in this temperature tolerance. The D. rerio ssTnC has higher Ca?* affinity
at both temperatures, and its expression is increased in warm-
acclimated D. rerio (Genge, Davidson et al. 2013). Our work suggests that the changes
in TnC Ca?* binding are dictated by three residue substitutions that alter the structure of
helices C and D and together modify the energetic landscape of the ThC conformational
change, which exposes the hydrophobic patch less frequently in ssTnC than in cTnC.
Given that higher relative Ca?* sensitivity is required for survival at lower temperatures
(Churcott, Moyes et al. 1994), and that cTnC is dominantly expressed at low
temperatures (Genge, Davidson et al. 2013), we expect that cTnC should have higher
affinity for Ca?*. That is not what was found in this study. Monitoring the AB interhelical
angle over 1 ys simulations has shown that the Ca?*-bound cTnC molecule is more
amenable to conformational change than ssTnC. From this, we infer that cTnC has a
less stable closed conformation than ssTnC, and is therefore less able to tolerate the
conformational strain induced by Ca?* binding. cTnC is more likely to transition between
the closed and open states, which should create higher myofilament Ca?* sensitivity
while also accounting for the lower Ca?* affinity we have observed by ITC. In this way,
the molecular mechanism that produces higher affinity of the isolated ssTnC molecule

for Ca?* may contribute to the lower myofilament Ca?* sensitivity needed for cardiac
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function at high temperatures through less frequent exposure of the hydrophobic patch
(Gillis, Moyes et al. 2003, Gillis, Liang et al. 2005, Genge, Davidson et al. 2013). Based
on the ITC and MD-simulation evidence presented here, we propose that the
temperature-dependent effect of TnC paralog substitution is influenced by differences in
the favorability of the TnC conformational change, which transduces the Ca?*-binding
signal to the myofilament rather than being directly related to Ca?* affinity of the TnC

molecule.
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3.6. Supplementary Appendix

Supplemental Table 3-1 Dimensions, lons, and water molecules for each
simulation system

100 ns
Ca*"-bound

200 ns 1us 1Hs
PMF TnC+Ca®+Tnlgy Ca*"-free Ca?-bound

ca® lons

Box Dimensions (nm) 597 x597x597 1499x599x599 772x772x772 598x598x598 D097 x597x597

ca® lons

Box Dimensions (nm) 597x597x597 15.00x6.00x6.00 772x7.72x7.72 598x598x598 D597 x597x597

CI' lons

1 0 1 0 1
Water Molecules 6612 17340 14555 6657 6612
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Supplemental Table 3-2 Homology model quality indicators for representative
structures from 100 ns TnC+Ca?" simulations.

cTnC (18°C) ¢TnC (28°C) ssTnC (18°C)  ssTnC (28°C)

Favored 85 (98.84%) 83 (96.51%) 84 (97.67%) 86 (100.00%)

Outlier 0(0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%)

PROCHECK

Bad Backbone Angles

1st Generation Packing -1.836 -1.079 -1.237 -1.322

X1/x2 Rotamer Normality

Inside/Qutside

Whatcheck RMS Z-Score

Bond Angles

Side Chain Planarity
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Supplemental Table 3-3 Homology model quality indicators for representative
structures of TnC+Ca?" in complex with Tnlsw.

cTnC (18°C) c¢TnC (28°C) ssTnC (18°C) ssTnC (28°C)

Favored 99 (99.00%) 95 (96.00%) 94 (94.00%) 98 (98.00%)

Outlier 0(0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%)

PROCHECK

Bad Backbone Angles 4.30% 4.30%

1st Generation Packing -1.027 -0.607 -1.175

X1/x2 Rotamer Normality -1.924 1.122 -0.118 -2.428

Inside/Qutside 0.988 0.959 0.928

Whatcheck RMS Z-Score

Bond Angles

Side Chain Planarity
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Supplemental Table 3-4 Homology model quality indicators for representative
structures of Ca?*-free TnC from 1 ys simulations.

cTnC (18°C) cTnC (28°C) ssTnC (18°C) ssTnC (28°C)

Favored 85(98.80%) 83 (96.50%) 84 (97.70%) 84 (97.70%)

Outlier 0(0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%)

PROCHECK

Bad Backbone Angles 5.60% 4.60%

1st Generation Packing -0.916 -0.814 -0.855 -1.237

X1/x2 Rotamer Normality

Inside/Outside

Whatcheck RMS Z-Score

Bond Angles

Side Chain Planarity
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Supplemental Table 3-5 Homology model quality indicators for representative
structures of TnC+Ca?" from 1 ps simulations.

cTnC (18°C) cTnC (28°C) ssTnC (18°C) ssTnC (28°C)

Favored 84 (97.70%) 85(98.80%)  81(94.20%) 85 (98.80%)

Outlier 0(0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%)

PROCHECK

Bad Backbone Angles

1st Generation Packing -0.875 -1.506 -2.138 -0.616

X1/x2 Rotamer Normality -3.038 -2.781 -3.188 -2.315

Inside/Qutside

Whatcheck RMS Z-Score

Bond Angles

Side Chain Planarity
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Supplemental Table 3-6 Cumulative interhelical angle frequencies combined
over replicated long timescale simulations.

Paralog cTnC ¢TnC ¢TnC c¢TnC ssTnC ssTnC ssTnC ssTnC

206 2147 19 109 540 1056 1189

21666 15420 24744 5412 22456 18497 18142 18059
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Supplemental Figure 3-1 RMSD as a function of time for 100 ns simulations of
TnC+Ca?" that preceded PMF calculations for each temperature
paralog combination.

These indicate that each of the simulations has diverged substantially from the starting

coordinates. Plots are a running average over 0.5% of the total number of data points.
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Supplemental Figure 3-2 RMSD as a function of time for 200 ns simulations of
Tnlsw+TnC+Ca?* for each temperature paralog combination.

These indicate that each of the simulations has diverged substantially from the starting

coordinates. Plots are a running average over 0.5% of the total number of data points.
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TnC+Ca?' for each temperature paralog combination.

These indicate that each of the simulations has diverged substantially from the starting

coordinates. Plots are a running average over 0.5% of the total number of data points.
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Representative ITC binding isotherms show the

interaction between N-nC and Ca?* for each TnC paralog at each
temperature.
Thermodynamic parameters and Kd values are listed in Table 4.
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Chapter 4.

The Effect of Single Amino Acid Changes on Calcium
Binding to Troponin C

This chapter contains the publication entitled: “Changes in the Dynamics of the
Cardiac Troponin C Molecule Explain the Effects of Ca?*-Sensitizing Mutations”
published in the Journal of Biological Chemistry in 2017 with a small number of
formatting and modifications to keep in line with the format of this thesis.

My contributions to this publication included design, implementation, and analysis
of the ITC experiments. | also carried out the melting point experiments and analysis of
the results, | contributed to manuscript preparation and subsequent revisions. Dr.
Charles Stevens carried out the MD Simulations in collaboration with Dr. Gurpreet

Singh, he also analyzed the MD results, and prepared the manuscript.

4.1. Abstract

Cardiac troponin C (cTnC) is the regulatory protein that initiates cardiac
contraction in response to Ca?*. TnC binding Ca?* initiates a cascade of protein-protein
interactions that begins with the opening of the N-terminal domain of cTnC (N-TnC),
followed by ¢cTnC binding the troponin | switch peptide (Tnlsw). We have evaluated,
through isothermal titration calorimetry (ITC) and molecular dynamics (MD) simulation,
the effect of several clinically relevant mutations (A8V, L29Q, A31S, L48Q, Q50R and
C84Y) on the Ca?* affinity, structural dynamics, and calculated interaction strengths
between cTnC and each of Ca?* and Tnlsw. Surprisingly the Ca?* affinity measured by
ITC was only significantly affected by half of these mutations including: L48Q, which had
a 10-fold higher affinity than WT and the Q50R and C84Y mutants which each had
affinities 3-fold higher than wild-type. This suggests that Ca?* affinity of N-TnC in
isolation is insufficient to explain the pathogenicity of these mutations. Molecular
Dynamics (MD) simulation was used to evaluate the effects of these mutations on Ca?
binding, structural dynamics, and Tnl interaction independently. Many of the mutations
had a pronounced effect on the balance between the open and closed conformations of

the TnC molecule, which provides an indirect mechanism for their pathogenic properties.
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Our data demonstrate that the structural dynamics of the cTnC molecule are key in
determining myofilament Ca?* sensitivity. Our data further suggest that modulation of the
structural dynamics is the underlying molecular mechanism for many disease mutations

that are far from the regulatory Ca?* binding site of cTnC.

4.2. Background

Familial Hypertrophic Cardiomyopathy (FHC) is the inherited form of
Hypertrophic Cardiomyopathy (HCM), the most common cause of sudden cardiac death
in young athletes (Maron, Shirani et al. 1996), with a prevalence of 1 in 200 individuals
(Semsarian, Ingles et al. 2015). There is a growing list of over 1000 mutations that have
been associated with HCM, primarily in genes that code for sarcomeric proteins such as
the cardiac troponin (cTn) complex (Harada and Morimoto 2004, Pinto, Parvatiyar et al.
2009, Seidman and Seidman 2011). FHC is difficult to diagnose as it can be clinically
asymptomatic prior to sudden cardiac death. The cTn complex is composed of three
proteins: cTnC, the Ca?* sensing component; cTnl, the inhibitory subunit, and cTnT, that
tethers the ¢cTn complex to the cardiac thin filament (Parmacek and Solaro 2004).
Mutations in cTnC have a pronounced functional effect as the sequence of cTnC is

highly conserved throughout vertebrates (Gillis, Marshall et al. 2007).

In cardiac contraction, the cytosolic Ca?* concentration fluctuates between 100
nM in diastole and 400 — 1000 nM during systole (Bers 2000, Kirschenlohr, Grace et al.
2000). When Ca?* binds to the regulatory N-terminal domain of cTnC (N-cTnC), a
conformational change exposes a hydrophobic region on the surface, which binds to the
“switch” region of cTnl. The Ca?* signal ultimately permits actomyosin cross-bridge
formation and force production (Parmacek and Solaro 2004). Sequence substitutions in
cTn components demonstrably affect the Ca?* sensitivity of force production in myofibrils,
skinned cardiomyocytes and trabeculae (Tikunova and Davis 2004, Landstrom,
Parvatiyar et al. 2008, Liang, Chung et al. 2008, Tikunova, Liu et al. 2010, Parvatiyar,
Landstrom et al. 2012, Feest, Steven Korte et al. 2014, Shettigar, Zhang et al. 2016).
The N-cTnC-Ca?" interaction has been measured with fluorescent probes such as
anilino-napthalenesulfote iodoacetamide (IAANS) (Dong, Wang et al. 1997, Hazard,
Kohout et al. 1998, Li, Stevens et al. 2013), in which a shift in the dynamic equilibrium
between populations of open and closed cTnC is reported in response to the addition of

Ca?". These experiments produced different results for the isolated N-TnC compared to
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experiments that include the cTn complex and cardiac thin filament proteins actin and
tropomyosin (Davis, Norman et al. 2007, Li, Stevens et al. 2013). By understanding the
thermodynamic basis of the function of N-cTnC, we can explain this variation and
explore the specific effects of disease-associated mutations.

The function of cTnC and other Ca?*-sensing EF-hand proteins has been
described as a balance between the opposing forces that push the ¢cTnC molecule open,
and those that keep it closed (Gifford, Walsh et al. 2007). When Ca?* binds N-cTnC, it
creates a strain on the molecule, which is alleviated when N-cTnC changes
conformation to better accommodate the presence of the ion; however, the energetic
cost of the unfavorable exposure of a hydrophobic cleft provides a thermodynamic
incentive to keep the N-cTnC molecule closed (Gifford, Walsh et al. 2007). The balance
between these forces can be disrupted by sequence substitutions that alter the ability of
N-cTnC to tolerate the conformational strain imposed by Ca?* binding, or substitutions
that modify the hydrophobic cleft. The Tnl switch peptide (Tnlsw) binds to ThC and
stabilizes the open TnC conformation by occluding the hydrophobic cleft from the
agueous environment. The structural effects of Ca?* binding have been examined
through NMR and X-ray crystallographic data (Spyracopoulos, Li et al. 1997, Li,
Spyracopoulos et al. 1999, Takeda, Yamashita et al. 2003, Zhang, Tibbits et al. 2013),
including for the HCM-associated TnC mutant L29Q (Zhang, Tibbits et al. 2013,
Robertson, Sevrieva et al. 2015). These structures and data from MD simulations have
demonstrated minimal effects of sequence substitutions on the static structure, but a
greater effect on the dynamics of the protein (Lindert, Kekenes-Huskey et al. 2012,
Dewan, McCabe et al. 2016, Stevens, Rayani et al. 2016).
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Figure 4-1  Structure of the core domain of the Tn complex.

A. Adapted from (PDB:1J1E) with each of the residues that were selected for this study
highlighted. The troponin complex proteins are colored white (cTnC), grey (cTnT), and black
(cTnl); B. The isolated N-cTnC domain bound to Ca?* used in the PMF simulations. Helices and
mutation sites are labeled; C. The N-cTnC domain bound to the Tnlsw and Ca?*is the system
used in the Tnlsw binding simulations; D. A schematic of the N-cTnC construct. The helices, Ca?*
binding loop and the residues being examined in this study are labeled.

In this study, we report the ITC-derived Ca?* binding affinity of N-cTnC mutant
constructs and their calculated effects on the dynamics, Ca?* interaction and Tnlsw
interaction strengths. The N-cTnC mutations selected for analysis in this work are the
FHC-associated mutations A8V (Cordina, Liew et al. 2013, Martins, Parvatiyar et al.
2015, Zot, Hasbun et al. 2016), L29Q (Hoffmann, Schmidt-Traub et al. 2001,
Schmidtmann, Lindow et al. 2005, Liang, Chung et al. 2008, Li, Stevens et al. 2013),
A31S (Parvatiyar, Landstrom et al. 2012) and C84Y (Landstrom, Parvatiyar et al. 2008),
the engineered Ca?*-sensitizing mutation L48Q (Tikunova and Davis 2004, Tikunova, Liu
et al. 2010, Kekenes-Huskey, Lindert et al. 2012, Davis, Davis et al. 2016, Shettigar,
Zhang et al. 2016), and the Dilated Cardiomyopathy (DCM) associated mutation Q50R
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(van Spaendonck-Zwarts, van Tintelen et al. 2010) (Figure 4-1). The C84Y and Q50R
mutations each conferred Ca?* affinities 3-fold higher than WT, while the L48Q Ca?*
affinity was 10-fold higher than wild-type. The combination of MD simulation techniques
with ITC explains the molecular etiology of these mutations in terms of the energy
landscape of the conformational change. The mutations that favor the open
conformation of TnC indirectly increase the Ca?* affinity of the isolated N-cTnC molecule
(Tikunova, Rall et al. 2002, Li and Hwang 2015, Schlecht, Li et al. 2016). We propose,
that mutations that increase the Ca?* sensitivity of the myofilament destabilize the closed
conformation of N-cTnC, stabilize the open conformation of N-cTnC and/or promote
association with the Tnlsw. The results presented in this work demonstrate that many N-
cTnC mutations affect myofilament Ca?* sensitivity by affecting the molecular motions

that govern the regulation of cardiac contraction.

4.3. Experimental Procedures

The codon-optimized gene sequence for human TNNC1 (Uniprot ID P63316)
was cloned into the pET21a(+) vector (Novagen). A stop codon was introduced at
position 90 by following the Phusion site-directed mutagenesis protocol (Thermo).
Protein expression, purification, melting point determination, and ITC were carried out
using protocols modified from previous work (Stevens, Rayani et al. 2016). Mutated
constructs were sequenced and transformed into the BL21(DE3) host strain. Overnight
cultures were grown in lysogeny broth supplemented with 50 pg/mL ampicillin at 37°C
overnight with shaking at 250 RPM, 1% subcultures were grown for 3 h followed by
induction with 1 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG) and a further 3 h of
growth. Cells were harvested by centrifugation and resuspended in 50 mM Tris-HCI at
pH 8.0, 1 mM phenylmethylsulfonyl fluoride (PMSF), 5 mM ethylenediamine-tetraacetic
acid (EDTA), and a cOmplete protease inhibitor tablet (Roche). The cells were sonicated
on ice at 80% amplitude with 30-second pulses separated by 30 seconds. The lysate
was centrifuged at 30,000 x g for 30 mins, and the supernatant decanted. The protein
was purified with a fast-flow DEAE column (GE Healthcare). The column was
equilibrated with 50 mM Tris-HCI at pH 8.0, 1 mM dithiothreitol (DTT), 5 mM EDTA and
the protein was eluted with a 180 mL NaCl gradient up to 0.55 M. Fractions containing
the TnC protein were retained and concentrated to 5 mL with an Amicon centrifugal

concentrator with a molecular weight cut off of 3 kDa (Millipore). The protein was further

130



purified with a HiPrep 26/60 Sephacryl S-100 column (GE Healthcare) equilibrated with
50 mM Tris-HCI pH 8.0, 100 mM NaCl and 1 mM DTT. The fractions that contain the
pure N-cTnC protein were pooled, concentrated and stored at -80°C.

ITC buffer contained 50 mM HEPES at pH 7.2, and 150 mM KCl, protein
samples were dialyzed 3 times against 2 L of ITC buffer and diluted to 200 uM. In
successive dialysis steps, 15 mM 3-mercaptoethanol (BME), 15 mM BME, and 2 mM of
BME were added to the buffers. An extinction coefficient of 1490 M**cm™ and a MW of
10.1 kDa were used to measure protein concentration. The Ca?* solution was diluted
from a 1 M Ca?* solution (Sigma) into the buffer from the final dialysis step to a final
concentration of 4 mM. Ca?* was titrated into the protein solution by a single 0.4 pl
injection, followed by a series of 18, 2 ul injections at 2 min intervals while stirring at
1,000 rpm. The experiments were carried out at 25°C. The heat of dilution of Ca?* was
accounted for by subtracting the average of the final three data points from the titration

curve. Analysis was performed with Origin 8.0 (OriginLab, Northampton, MA).

To measure the melting point of the proteins, the samples were first dialyzed 4
times against 2 L of MT buffer (10 mM HEPES pH 7.5, 150 mM KClI, 3 mM MgCl,, 2 mM
EGTA) and combined with 2.5 pL of 100-fold diluted SYPRO orange (Thermo) to a final
concentration of 3 mg/mL. The temperature was increased from 4°C to 95°C at 5 second
intervals using a CFX96 Touch Real-Time PCR system (BioRad). The melting point was
determined at the midpoint of the unfolding transition, which is indicated by the peak of

the first derivative curve.

Equilibrium MD simulations of WT and mutant TnC were performed as previously
described (Genge, Stevens et al. 2016, Stevens, Rayani et al. 2016) with the exception
that all calculations in this study were performed at 300 K. Structural models of the
mutant constructs were generated with the Swiss-model workspace (Bordoli and
Schwede 2012), The N-cTnC+Ca?* models used the NMR-derived structure of human N-
TnC as a template (PDB:1AP4) (Spyracopoulos, Li et al. 1997) and the models of the
human N-TnC in complex with Tnlsw were based on the WT NMR derived structure of N-
cTnC in complex with Ca?* and cTnl residues 147-163 (PDB:1MXL) (Li, Spyracopoulos
et al. 1999).
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The structural models were simulated using GROMACS 4.6.5 (Pronk, Pall et al.
2013), and the AMBER99sb-ILDN force field (Lindorff-Larsen, Piana et al. 2010), the
models were placed in a periodic, cubic simulation system and solvated with the TIP3P
water model (Mahoney and Jorgensen 2000), charges were neutralized with the addition
of K* or CI' ions. The composition of each system is listed in Table S4-1. The systems
were energy minimized using the steepest descent algorithm to a tolerance of 10 kJ*mol
*nm-? followed by conjugate gradient minimization for 10,000 steps. 100 kJ*mol**nm™*
restraints were placed on every protein and Ca?* atom and the system was simulated for

1 ns to allow the water to equilibrate around the protein.

The WT and mutant N-cTnC+Ca?* systems were then simulated for either 100 ns
or 1 us total time and the WT and mutant N-cTnC+cTnlsw+Ca?* constructs were
simulated for 100 ns total (Figure 4-1 B & C). All of the simulations were performed with
Berendsen pressure coupling (Berendsen, Postma et al. 1984) with a 1r of 0.1. V-rescale
temperature coupling (Bussi, Donadio et al. 2007) with a 1p of 4.0, PME electrostatics
(Cerutti, Duke et al. 2009) with a grid spacing of 0.12 nm and interpolation order of 6, the
Verlet cut-off scheme was used with a 1.0 nm cut-off (Pall and Hess 2013). Bond lengths
were constrained with the LINCS algorithm (Hess, Bekker et al. 1997).

Clustering was carried out over the backbone and Cg atoms of each construct
using the Daura algorithm (Daura, Gademann et al. 1999). The degree of the
open/closed N-cTnC conformational change and protein stability were assessed through
measurements of the solvent accessible surface area, the interhelical angles and the
number of hydrogen bonds, which were calculated using g_sas (Eisenhaber, Lijnzaad et
al. 1995), Interhlx (Hub, de Groot et al. 2010), and g_hbond (Pronk, Pall et al. 2013),
respectively. The g_hbond program used a cut-off radius of 3.5 A, and 30° angle to

define a given hydrogen bond.

Umbrella Sampling and Potential of Mean Force (PMF) calculations were
performed as described previously (Stevens, Rayani et al. 2016).The Ca?* was extracted
from the N-cTnC molecule by restraining the a-helical Ca atoms with a force constant of
1000 kJ*mol**nm and restraining the Ca?* ion in the Y and Z dimensions with a force
constant of 1000 kJ mol™* nm™. A constraint pulling force in the X direction as applied at
0.01 A per second until the Ca?* ion was 5 nm from the N-cTnC molecule. The

conformations for umbrella sampling were extracted from the resulting trajectory at
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distance intervals of 0.5 A between 0 and 1 nm, every 1 A between 1 nm and 2 nm, and
every 2 A between 2 nm and 5 nm. Umbrella simulations were run with the same
parameters as the pull simulations, with the “pull rate” parameter set to 0, and were
unrestrained aside from a single restraining potential between the center of mass of the
N-cTnC molecule and the center of mass of the Ca?* ion. These simulations were run for
30 ns each and a potential of mean force was calculated with the weighted histogram
analysis method (WHAM) through the use of g_wham (Hub, de Groot et al. 2010), and
errors were estimated with 5,000 bootstraps of the WHAM calculation. To further explore
the outlier ABV mutation, the process was repeated using the center structure of the

most populous cluster from the 5 replicated 1 us simulations.

Interaction energies between the TnC models and Tnlsw were calculated with
g_mmpbsa (Kumari, Kumar et al. 2014) 100 ps apart over the last 10 ns of each
equilibrium simulation of the Tnlsw/N-cTnC complex. The MM/PBSA calculations used
the non-linear Poisson-Boltzmann equation and calculations were performed at 300 K,
with a solvent dielectric constant of 80, and probe radius of 1.4 A. Contact maps of the
interacting surfaces between N-cTnC and the cTnlsw were calculated over the final 50 ns
of each simulation and were based on measurements made with g_mindist (Pronk, Pall
et al. 2013).

4.4. Results

4.4.1.1TC

The interaction between TnC and Ca?* was endothermic for each of the TnC
constructs except L48Q, which was exothermic. In each case the stoichiometric ratio (N)
of Ca?* binding to N-cTnC was 1:1, indicating that the regulatory site Il was exclusively
titrated during these experiments. Thermodynamic parameters are listed in Table 4-1
and ITC isotherms are shown in Figure 4-2. At 25°C each of the Ky values was within
error from the WT, with the exceptions Q50R and C84Y, which each had Kqvalues
approximately one third of WT, and L48Q, in which the Kq was one tenth of WT. The AS
values were lower than WT for A31S, L48Q, Q50R and C84Y. The AH values were less
favorable than WT for A31S, Q50R, and C84Y but more favorable than WT for the L48Q

construct.
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Table 4-1

Thermodynamic parameters derived from ITC

N-¢TnC construct

N

Ka (uM)

AS (J'mol*deg™)

AH (J'mol™?)

AG (J'mol)

A8V

1.01 + 2e-2

153+09

141.6 +2

1.47e4 + 4e2

-2.75e4 + 2¢2

A31S

Q50R

0.88 + 3e-2

1.05 + le-2

11.8+1.1

585+0.1"

124.5+2"

1208 17

8.99¢3 + 3e2°

6.15¢3 + 1e2”

-2.81e4 £ 2e2

-2.99¢4 + 8el”

For all mutants (n=3). For each parameter * indicates significant difference from WT (p<0.05).
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Representative isotherms for each of the TnC constructs at 25°C

The isotherms for WT and each mutant are endothermic, except for the exothermic L48Q
isotherm.
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4.4.2. Melting Points

The melting points for all Apo TnC constructs were approximately 65°C, with the
exceptions of A8V at 58.5°C and L48Q at 42.5°C (Table S4-2).

4.4.3. TnC+Ca?" Simulations

Each of the simulations diverged from the original coordinates (Figure S4-1).
The representative structures are very similar with a total backbone RMSD of 1.9 A. The
local backbone dynamics are similar over 100 ns (Figure S4-1). The mutations produce
small backbone perturbations compared to WT in their respective local regions and have
backbone rmsd values that differ only by between 1.2 A and 2.4 A. The mutations can;
however, substantially disrupt the packing of interacting side-chains for mutated residues
that are not solvent exposed, A8V, L48Q, Q50R and C84Y. The L29Q and A31S
substitutions affect fewer residues, but each introduces a hydrogen bond absent from
the WT structure (Figure 4-3). Compared with WT, the A8V model has a modified
interaction between the N and D helices, specifically a hydrophobic interaction with that
involves residues Y5, A8, V9, and L12 on the N-helix and L78, V79, and V82 on the D
helix. In the L29Q model, Q29 is solvent exposed, but the side chain amide is within
hydrogen bonding distance of the 126 backbone O. The A31S substitution is in the EF-
hand site | loop, and S31 is within interacting distance of the C35 backbone O, which, in
the WT model, interacts with the backbone O of L29. The L48Q substitution disrupts a
hydrophobic network in the core of the AB-helical interface that is composed of F19,
A23, C35, V44, E76 and M80. The side chain amide of Q49 is within interacting distance
of the backbone O of M47. The Q50R substitution, located between helices B and C
alters helix C of the molecule, an interaction between Q50 and the backbone O of L48 is
replaced by a series of hydrogen bonds between R50 and C84, in addition to both side
chain O atoms of E56. Finally, the C84Y substitution disrupts a hydrophobic interaction
between C84 with M60, M45, P52 and Q50. Instead, Y84 is within interacting distance
with the backbone O of M60.
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Figure 4-3  Structural changes induced by each of the mutations

In each panel, the left side contains a representative structure of each mutation superimposed
with the wild-type structure (white). To orient the reader, a red arrow indicates the location of the
mutation on the structure. Changes to side chain packing in the immediate area of each mutation
are demonstrated on the right for each of the mutations. While the changes to the backbone are
very subtle, there are side chain rearrangements in the local vicinity of the mutations, particularly
for the mutations that occur at helix-helix interfaces such as A8V, L48Q and Q50R.

The Ca?* coordination geometry and distances are similar for all constructs with
the exception of A8V, which has tighter Ca?* coordination geometry (Table S4-3). This is

likely correlated with the PMF results discussed in detail below.
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Figure 4-4  The A/B interhelical angle is plotted as a function of time for 5
replicated simulations of for each mutated model
Plots are a rolling average of 250 ps. An interhelical angle less than 110° is considered open, and
above 130° is considered closed. There is little difference between WT and most of the
constructs, with the exception of the L48Q model. The large angle values in one replicate of the
L29Q simulations is an artifact due to a transient loss and recovery of secondary structure in one
of the replicated simulations, the hydrophobic solvent accessible surface is not increased as a
function of this change. The h-sasa as a function of time is reported in figure S4-4.

The average number of H-bonds in each mutant structure is the same over the
course of each simulation, as are the average h-sasa in the closed and open forms
(Table S4-4); however, monitoring the A/B interhelical angle (Figure 4-4) and h-sasa
(Figure S4-3) over repeated 1 us simulations demonstrates the frequency with which the
TnC protein exposes the hydrophobic patch. The L29Q construct is least frequently
open, followed in order by C84Y < A8V < WT < Q50R <A31S, and <L48Q. One of the
replicated L29Q simulations had very high AB interhelical angles for a time; this was due
to a transient loss of secondary structure, though it did not affect the exposed

hydrophobic sasa (Figure S4-2). The interhelical angle data can be expressed as the

137



probability of observing the open conformation of the protein. An angle of 110° has been
described as the maximum angle that can be considered open. The proportion of frames
in which the N-cTnC molecule had an open AB interhelical angle was O for the A8V,
L29Q, and C84Y constructs, 0.004% for the Q50R construct, 0.008% for WT, 0.016% for
A31S and 0.07% for the L48Q N-cTnC (Figure 4-5). By defining cutoff angles for the
transition between closed and open at 130° and 110° we can determine the probability of
observing the N-cTnC molecule in the closed state (AB interhelical angle >130°) and
gain insight on the relative stability of the closed conformation (Figure 4-5). The A8V
construct has the lowest closed probability at 58%, followed by C84Y at 65%, WT and
L48Q at 76%, Q50R and A31S at 86% and 88%, respectively, and finally L29Q at 92%.
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Figure 4-5  Violin plot demonstrating the distribution of open and closed N-
cTnC structures
Observations over 5 replicated 1 us simulations. The open conformation was defined by an AB
interhelical angle less than 110°, while the closed conformation defined by an AB interhelical
angle greater than 130°. The proportion of open frames is not correlated with the proportion of
closed frames. The L48Q construct has the most frames in the open conformation while the A8V
is the least closed. This suggests that the destabilization of the closed conformation does not
necessarily imply that the open conformation is stabilized.
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4.4.4. TnC+Ca%*+Tnlswsimulations

The effects on the structural interactions between the TnC molecule and Tnlsw
are subtle when averaged across the simulations (Figure 4-6), and as expected, the
majority of the specific contacts are maintained when each of the N-cTnhC mutants are
compared to WT N-cTnC. The Tnlsw remains in contact with the TnC molecule for the
duration of the simulations, but the specificity of that contact is somewhat different in
response to certain mutations. For example: L29Q, A31S and Q50R make more
common contacts between the N-terminal region of Tnlsw and the N-helix of TnC than
WT, whereas L48Q and C84Y make fewer contacts than WT in this region. These
results suggest that alterations in this binding interface may be due to modified

interactions between the Tnlsw and other regions of the protein near the mutation sites.
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Figure 4-6  Average distance between cTnC and cTnl residues

The mutated TnC residue in each plot is indicated by a grey bar. The structures to the right are
representative structures of independent simulations and indicate the differences in the
orientation and variability of the cTnlsw peptide across replicates for each mutant. The Tnlsw is
colored as a spectrum from blue at the N-terminus to red at the C-terminus. The calculated AG of
interaction is maintained across mutations despite differences in the interaction distance profiles,
which suggests a nonspecific interaction. The A31S mutant has a AG of interaction with the Tnlsw
approximately 25% lower than WT (Table 4-2), perhaps due to shorter interaction distances with
the N-terminal region of N-cTnC, but longer interaction distances in the vicinity of the A31S
mutation and C-terminal portion of the Tnlsw.
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4.4.5. Free Energy Calculations

The free energy change in Ca?* binding, measured by potential of mean force
(PMF) calculations (Figure 4-7) indicates that the highest free energy change was
observed in the A8V construct (-72 + 5 kJ*mol?), followed by Q50R (-41 + 3 kJ*mol?)
and C84Y (-46 + 3 kJ*mol?t), A31S (-46 + 2 kJ*mol?) and L29Q (-46 + 2 kJ*mol?), and
finally L48Q (-32 + 3 kJ*mol™t) and WT (-32 + 4 kJ*mol™). A representative structure from
the 5 replicated 1 s simulations of the A8V mutation yielded Ca?* coordination
distances that were similar to the other mutant constructs and a PMF derived Ca?*
interaction AG of 46 + 5 kJ*mol™.
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Figure 4-7  The potential of mean force profile of each of the mutated constructs

as a function of center of mass distance between the TnC molecule
and Ca?"ion
Each of the mutated constructs has an increased AG of Ca?* interaction. L48Q (-32 + 3 kJ/mol) is
the closest to WT (-32 £ 4 kJ*mol?), followed by Q50R (-41.3 £ 3 kJ*mol?), L29Q (-46 + 2 kJ*mol
1), C84Y (-46 * 3 kJ*mol?), A31S (-46 + 2 kJ*mol?), and A8V (-46 * 5 kJ*mol1), which are similar
to each other.

Interaction energies between TnC and the Tnlsw were estimated by Molecular
Mechanics/Poisson Boltzmann Surface Area (MM/PBSA) calculations. The energies
reported are much larger than could be reasonably expected, although this method has
been used as a means to score the relative strength interactions with some success

(Lindert, Cheng et al. 2015). The values are similar for each of the constructs, with the
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exception of the A31S mutant, which has a weaker calculated binding interaction (Table

4-2).

Table 4-2

MM/PBSA results for the WT and mutant N-cTnC/Tnlswinteraction

—3.0E2 + 3.5E1
L29Q —32E2+4.1EI
A31S —3.0E2 + 6.4E1
L48Q —3.1E2 £ 5.2E1
Q50R —3.1E2+£2.7E1
C84Y —3.2E2 £ 3.9E1
WT —3.2E2 £ 2.6E1

4. 5. Discussion

—1.7E3 £ 2.8E2

—2.0E3 + 2 8E2

—1.7E3 £ 2.9E2

—1.9E3 + 2.6E2

—2.0E3 + 1.8E2

—1.7E3 £ 2.2E2

—1.9E3 £ 2.8E2

8.1E2 + 2. 3E2

1.0E3 £ 2.7E2

1.1E3 £ 2.0E2

1.0E3 + 2.1E2

1.1E3 + 2.0E2

8.4E2 + 1.9E2

1.0E3 £ 3.2E2

—3.9E1 £ 3.2E0

—4.1E1 £ 4.7E0

—3.9E1£7.7E0

—4.0E1 £ 4.5E0

—4.1E1 £ 3.0E0

—4.0E1 £4.3E0

—4.1E1 £ 3.1E0

—1.3E3 £ 1.2E2

—1.3E3 £ 6.3E1

—9.6E2 +2.2E2

—-1.3E3 £ 6.7E1

—-1.2E3 £ 5.4E1

—1.2E3 £ 8.1E1

—1.2E3 £ 1.4E2

The measurements described in this study have provided novel information

about the molecular basis of N-cTnC function in the regulation of cardiac muscle

contraction. Muscle contraction begins when N-cTnC binds to Ca?*, opens, and interacts

with Tnlsw. The cTnC molecule also interacts with the cardiac-specific N-terminal

extension of Tnl (Hwang, Cai et al. 2014), which responds to the phosphorylation of Tnl

residues 22 and 23 (Li, Stevens et al. 2013). In the presence of the Tn complex, the

cTnC Ca?* affinity increases by 10-fold over the isolated cTnC molecule. Improved

affinity was attributed to the stabilized open conformation (Johnson, Collins et al. 1980,

Pinto, Parvatiyar et al. 2009). Our hypothesis was that the Ca?* sensitizing mutations

would directly increase Ca?* affinity of the isolated N-cTnC, while de-sensitizing

mutations reduce the N-cTnC Ca?* affinity. Mutations were hypothesized to affect TnC

function through directly modifying Ca?* coordination or modifying the energetic cost of

the N-cTnC conformational change. Mutations in the Tn complex have been shown to

modify Ca?* affinity indirectly through altering the interaction between N-cTnC and the

Tnlsw (Johnson, Collins et al. 1980, Pinto, Parvatiyar et al. 2009). We have explored this

142



hypothesis through ITC measurements of Ca?* affinity and MD simulations that: 1)
assess the strength of the Ca?* binding interaction, 2) describe the properties of the N-
cTnC conformational change, and 3) measure the strength of the interaction between N-
cTnC and Tnlsw.

It is challenging to directly measure the N-cTnC Ca?* interaction. Fluorescence-
based experiments employ reporters such as IAANS (Dong, Wang et al. 1997, Hazard,
Kohout et al. 1998, Li, Stevens et al. 2013), or an F27W mutation (Gillis, Blumenschein
et al. 2003). Upon titration with Ca?*, the fluorophore reports the N-cTnC conformational
change as a measure of N-cTnC Ca?* affinity, while measurements made using stopped
flow fluorospectroscopy report rates of Ca?* dissociation (Tikunova, Liu et al. 2010). The
Kqg for WT TnC has been previously reported fluorometrically as 11.3 uM for WT N-cTnC,
which was lowered to 8 uM with the L29Q mutation (Liang, Chung et al. 2008). Similarly,
fluorescence titration of the N-cTnC/Ca?* interaction yielded midpoint values of 12.3 uM
for WT N-cTnC, 12.9 uM for A8V, and 37.2 uM for C84Y (Pinto, Parvatiyar et al. 2009).
Our ITC experiments, which consider the unmodified N-cTnC molecule, demonstrated
no statistically significant differences in Kq between WT and the FHC-associated
mutants, with the exception of C84Y (Table 1). Our measurements of the DCM
associated mutant Q50R and engineered Ca?*-sensitizing mutation L48Q have shown a
three-fold and ten-fold increase in affinity for Ca®*, respectively. Our results agree with
the previously reported Kq for full-length ¢cTnC at 24 uM (Tikunova and Davis 2004),
which decreased to 1.9 uM in the L48Q construct (Tikunova and Davis 2004). When
compared to another ITC study of the WT N-cTnC/Ca?* interaction, the AGs are
approximately 3 kJ*mol? lower (Skowronsky, Schroeter et al. 2013). Each of A31S,
L48Q, Q50R, and C84Y, produce increased AH and decreased AS values relative to
WT, although the molecular basis of these changes is not necessarily the same. The
A31S mutation stabilizes the loop between helices A and B with a hydrogen bond, which
accounts for changes in both AH and AS. The L48Q, Q50R and C84Y mutations are
along the interface between the NAD and BC helical bundles, which likely reduces the
entropic cost of the closed/open transition by introducing a polar residue into a
hydrophobic region. Each of these substitutions also creates at least one new hydrogen
bond that affects AH (Figure 4-3).

The increases in Ca?* affinity of L48Q and Q50R N-cTnC were attributed to the

reduced cost of exposing the hydrophobic patch. Our ITC experiments reported lower
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AS values for these mutants (Table 4-1), associated with the exposure of hydrophobic
residues. The changes in AS are consistent with our measurement of the A/B interhelical
angle, as the molecule transitions into the open form; hydrophobic residues in the
interface between the NAD helical bundle and the BC helical bundle are exposed. This
has been demonstrated in another MD-based study of the L48Q and V44Q N-cTnC
mutation (Kekenes-Huskey, Lindert et al. 2012). In the A31S mutation the AS value is
lower than that of WT, perhaps due to the hydrogen bond formed by the serine, which
reduces the mobility of the loop, a finding consistent with a previous exploration of A31S
(Parvatiyar, Landstrom et al. 2012). The C84Y mutant disrupts the side-chain packing
between C84 and several residues between helices C and D, and produces a more
favorable open conformation (Figure 4-3). Despite the overall structural similarity of the
mutant constructs, there are changes in side-chain packing due to each substitution
compared to the WT model (Figure 4-3). The melting points were lower for the A8V and
L48Q mutants, consistent with the observation that they spend the least time in the
closed conformation. The hydrophobic interactions disrupted by these mutations play an
important role in the stability of the N-TnC molecule (Figure 4-5).

Small-angle X-ray scattering (SAXS) has been used to investigate tertiary protein
contacts in the apo and Ca?*-bound states of the A8V and A31S mutants. Despite
minimal structural changes in these mutants, this technique can be used to uncover
potentially lower stability resulting from salient local changes in FHC mutants (Marques,
Pinto et al. 2017).

The strengths of the charge-charge interactions that govern the direct Ca?*/N-
cTnC interaction are proportional to the distance between the Ca?* ion and the
coordinating oxygen atoms (Table S4-2). The PMF-derived AG of Ca?* binding of the
L48Q mutation was most similar to the WT protein, and the remaining mutations each
yielded stronger Ca?* interactions (Figure 4-7). Notably the A8V interaction was the
strongest, and the Ca?* coordination was the tightest in 100 ns simulations, however this
was not found in the Potential of Mean Force (PMF) calculation based on the 1 ps
simulation (Figure 4-7). The absolute values of the interaction energies are
overestimated due to the parameterization of Ca?*in the simulation; however, the results
are useful as a relative measure of the change in free energy of binding (Li, Ngo et al.
2015).

144



In skeletal TnC, the affinity for Ca?* is inversely related to protein stability. It is
reasonable to assume that similar mechanisms govern the cardiac isoforms of this
protein (Suarez, Machado et al. 2003). The affinity of N-cTnC for Ca?* is set by a
balance between the conformational strain induced by Ca?* binding that is acting to open
the N-cTnC molecule and the energetic cost of exposing a hydrophobic cleft (Gifford,
Walsh et al. 2007). Introduction of a polar amino acid into the hydrophobic cleft reduces
the cost of opening N-cTnC by destabilizing the closed conformation or stabilizing the
open conformation (Tikunova, Rall et al. 2002). Ca?* binding causes a change in the
dynamic equilibrium of the populations of open and closed TnC molecules. When Ca?* is
bound, 20-27% of the N-cTnC population is open (McKay, Saltibus et al. 2000, Cordina,
Liew et al. 2013). Previous MD simulations have estimated the AG of the WT cTnC
open/closed transition at 33.5 kJ*mol? (Lindert, Kekenes-Huskey et al. 2012). The N-
cTnC conformational change necessarily precedes the Tnlsw interaction and therefore
changes in the favorability of the conformational change are related to the probability of
N-cTnC binding to the Tnlsw (Lindert, Kekenes-Huskey et al. 2012).

Monitoring the A/B interhelical angle through 1 ps simulations has revealed that
mutations affect the conformational dynamics of N-cTnC (Figure 4-5). A previous study
had defined the N-cTnC molecule as “open” with an AB interhelical angle <110° (Lindert,
Kekenes-Huskey et al. 2012). We define a closed structure as any with an AB
interhelical angle >130°, similar to the NMR structure of N-cTnC (Spyracopoulos, Li et al.
1997). This allows for the quantification of the relative stability of the closed state
(Figure 4-5). The open conformation is found most frequently in simulations of the L48Q
construct, followed by the A31S mutation. Work by Marques et al. shows that A31S may
cause greater exposure in the primed state of the full length TnC (ie. when Ca?* is bound
to sites IlI/IV) (Marques, Pinto et al. 2017). A similar degree of openness was observed
for the remaining constructs, a finding corroborated by the hydrophobic solvent
accessible surface (h-sasa) (Figure S4-3). The L29Q mutant was the least open;
interhelical angles below 115° were not observed, and had the highest closed
probability. The closed state was least frequently observed in the A8V construct, which
is consistent with paramagnetic NMR data that show that A8V cTnC opened more
readily than WT N-cTnC (Cordina, Liew et al. 2013), and contribute to the increased
affinity between A8V TnC and Tnlsw (Zot, Hasbun et al. 2016). These data suggest that
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the molecular etiology is different for each mutation, despite producing a similar disease
phenotype.

The AG of N-cTnC and Tnlsw interaction is similar to WT for each of the N-cTnhC
mutants with the exception of A31S, which is approximately 75% of the WT AG (Table
4-2). As with the PMF calculations, the AG values derived from MM/PBSA calculations
provide insight into the relative strengths, but the absolute values are not expected to
correspond to more computationally expensive calculations, or experimentally derived
measurements (Lindert, Cheng et al. 2015). The A31S N-cTnC has a modified interface
with Tnlsw, which favors closer interactions with the N-terminal region of ThC and longer
distance interactions with remainder of N-cTnC, particularly in the vicinity of the mutation
(Figure 4-6). Relative to WT, each mutant has a slightly different interaction with Tnlsyw,
but did not produce a change in interaction energy. We have previously observed a
similar effect in the zebrafish TnC/Tnlsw interaction in which Tnl substitution had a
greater effect on the interaction than TnC substitution (Genge, Stevens et al. 2016).
There is fluorescence-based evidence that each of the L48Q (Wang, Robertson et al.
2012) and A8V (Zot, Hasbun et al. 2016) N-cTnC mutations increase the affinity of N-
cTnC for the Tnlsw, our results suggest that this affinity change may be due, in part, to
the ability of these mutants to open more readily than WT which generates more
opportunity for TnC-Tnl interaction.

This work provides insight into how the dynamics of N-cTnC can govern the
interactions with each of Ca?* and cTnl, which in turn, influence sarcomeric Ca*
sensitivity. The engineered L48Q mutation has the most salient effect on the N-cTnC
ITC-derived Ca?* binding and on the dynamics of the N-cTnC molecule. A finding that
has been corroborated, experimentally (Tikunova and Davis 2004, Wang, Robertson et
al. 2012), in silico (Kekenes-Huskey, Lindert et al. 2012) and in vivo (Davis, Davis et al.
2016, Shettigar, Zhang et al. 2016). The L48Q mutation has a large disruptive effect on
the hydrophobic interactions that maintain N-cTnC in the closed conformation, which
creates increased Ca?* affinity through a modification of the thermodynamic landscape
of the conformational change, and allows the Tnlsw to bind to N-cTnC more readily
(Wang, Robertson et al. 2012). Through these molecular changes, the L48Q mutation
can produce a positive inotropic effect, or with higher sarcomere incorporation and [3-
blocking drugs, can produce hypertrophy in murine models (Davis, Davis et al. 2016,

Shettigar, Zhang et al. 2016). The L29Q mutation was similar to WT in each of our
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measurements; However, L29Q has been shown to affect length-dependent activation
and modify the response to phosphorylation of serine 22/23 of cTnl (Li, Stevens et al.
2013, Messer and Marston 2014, Robertson, Sevrieva et al. 2014, Robertson, Sevrieva
et al. 2015). The A8V and C84Y mutations are near the interface with the N-helix of Tnl
(Figure 4-1), and may have a more pronounced effect on the orientation of N-cTnC in

the Tn complex (Sevrieva, Knowles et al. 2014).
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Figure 4-8  Schematic of the energetic landscape of N-cTnC activation

N-cTnC is shown as a cartoon, Ca2* is a blue circle, and the Tnl switch peptide is represented as
a red ellipse. Lower energy states are more favorable. The orange arrows represent the
resistance to the conformational change due to the hydrophobic cleft. Blue arrows indicate
conformational strain introduced by Ca2* binding. The Ca?* bound, open conformation relieves the
conformational strain, while occluding the hydrophobic cleft and is therefore the most favorable
conformation. Mutations that affect the relative stabilities of these states will modify the probability
of transitions between them and increase or decrease the Ca?* sensitivity of the myofilament

Our results support the model for the molecular mechanism of Ca?* binding
which is dictated by the favorability of the conformational change and the stability of the
Tnl-TnC (Li and Hwang 2015) interaction. Mutations modify the structural dynamics of
TnC, rather than the regulatory Ca?* binding site. The changes are observed in the
relative favorability of the protein conformations that transduce the contraction signal
(Figure 4-8). This can increase Ca?* sensitivity of contraction by destabilizing the closed

conformation of N-cTnC, stabilizing the open conformation, or stabilizing the Tnlsw
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interaction. These changes lead to an increase in the Ca?* buffering capacity of the
myofilament that may increase the duration of the Ca?* transient, and is consistent with
observations of the greater capacity of the Tn complex to bind Ca?* than the isolated N-
¢TnC molecule (Johnson, Collins et al. 1980, Tikunova and Davis 2004, Davis, Norman
et al. 2007). The complimentary use of MD, ITC, and fluorometric techniques provides
detailed information about the molecular etiology of cTnC mutations. A complete
understanding of the molecular and thermodynamic basis for myofilament Ca?*
sensitivity will inform the risk stratification of existing and novel FHC-associated
mutations, the selection of appropriate therapeutics and enable rational drug
development that specifically target or compensate for the unique deleterious effects of

these disease mutations.
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4.6. Supplementary Material

Supplemental Table 4-1

Dimensions and composition of the simulated systems

'1[][] ns PMF ] 100 ns 1 microsecond
(Ca?*-bound) Simulations (TnC+Ca®+Tnlsw) {Ca? Bound)
Box Dimensions GxGx6 15x6x6 765 x 765 x 765 GxGxB6
(nm})
K- lons 14 13 1 14
WT CI lons 1 0 0 1
Ca® lons 1 1 1 1
Water Atoms 20077 52044 39891 20077
Box Dimensions GxGx6 15x6x6 765 x 765 x 765 GxGxB6
(nm)
K- lons 14 13 1 14
ABV CI lons 1 0 0 1
Ca* lons 1 1 1 1
Water Atoms 20031 52023 39882 20031
Box Dimensions BxExE 15x6x6 7.65 x 7.65 x 7.65 GrxBxE6
(nm)
K- lons 14 13 1 14
L290) CI lons 1 0 0 1
Ca* lons 1 1 1 1
Water Atoms 20043 52038 39885 20043
Box Dimensions GxGx6 15x6x6 765 x 765 x 765 GxGxB6
(nm)
K- lons 14 13 1 14
A31S CI lons 1 0 0 1
Ca* lons 1 1 1 1
Water Atoms 20034 52029 39894 20034
Box Dimensions GxGx6 15x6x6 765 x 765 x 765 GxGxB6
(nm)
K™ lons 14 13 1 14
L4380 CI lons 1 0 0 1
Ca* lons 1 1 1 1
Water Atoms 20034 52041 39894 20034
Box Dimensions GxGx6 15x6x6 765 x 765 x 765 GxGxB6
(nm)
K- lons 14 13 11 14
Q50R CI lons 1 0 0 1
Caz*lons 1 1 1 1
Water Atoms 20040 52032 39891 20040
Box Dimensions GxGx6 15x6x6 765 x 765 x 765 GxGxB6
(nm})
K- lons 14 13 1 14
CadyY CI lons 1 0 0 1
Ca® lons 1 1 1 1
Water Atoms 20022 52020 39876 20022
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Supplemental Table 4-2

Melting Temperatures of APO TnC constructs

Construct WT A8V L29Q A31S L48Q QS50R c84Y

Melt Temp (°C) 64 58.5 65 65 42.5 65.5 64.5
Supplemental Table 4-3 MD derived Ca? Coordination Distances (A).

Distances are the average of 5 replicated 100 ns simulations.
WT A8V L29Q A31S L48Q Q50R Cc84Y

Ca-65ASP-OD1 34+03 226+02299+04 292+03 307+03 394+05 289+03
Ca-65ASP-OD2 296+03 3.03+02 3.13+02 358+0.3 325+03 394+04 386+0.3
Ca-66GLU-OE1 8.58+0.5 6.86+0.3 8.56+0.8 8.97+0.5 867+04 819+0.5 8.09+05
Ca-66GLU-OE2 859+04 6.86+0.3 857+08 895+05 867+04 81+06 808+05
Ca-67ASP-OD1 28+02 244+02 281+03 298+03 3.17+0.2 333+03 415+03
Ca-67ASP-OD2 294+02 23+02 263+03 272+01 27%01 345+05 4.14£0.3
Ca-69SER-OG  442+03 329+03 398+05 435407 474+04 49105 58+06
Ca-69SER-O 6.96+03 544+02 6.71+06 7.05+04 723+02 749+03 759+0.3
Ca-71THR-OG1 557+03 396+02 48+04 507+03 547+03 511+03 495+02
Ca-71THR-O 336+0322+01 275+02 285+02 3.18+0.1 314+02 279+0.2
Ca-73ASP-OD1 473105 346203 463+£0.7 4707 543106 489+£1.0 3.65+0.5
Ca-73ASP-OD2 419+05 336+07 46+06 419+03 585+05 459+11 377+04
Ca-76GLU-OE1 268+0.1 214+0.1 259+02 27+0.1 267+0.1 267+0.1 263 +0.1
Ca-76GLU-OE2 27+01 212+0.1 254+02 2701 267+0.1 27101 268+0.1

Supplemental Table 4-4

Simulation-derived properties of WT ¢cTnC and mutant

constructs
WT ASV [29Q A31S L48Q Q50R C84Y
Average h-sasa TnC+Ca
(Closed) (nm2) 226+03 226+04 229+04 223+05 227+06 225+02 225+04
Average h-sasa TnC+Ca
(Open) (nm?) 253+07 248+05 254+06 250+06 256+03 254+03 25504
Number of H-bonds 585:09  595+17 589+15 595+14 597+09 606+20 606+16

(Closed)
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Supplemental Figure 4-1  SDS PAGE of the N-cTnC constructs used in ITC.
Each sample of WT and mutant N-cTnC samples was pure, free of degraded protein and ran at
~10.1 kDa.
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Supplemental Figure 4-2 RMSD as a function of time for 1 ys and 100 ns
simulations of TnC+Ca?", and 100 ns of TnC+Ca?+Tnlsw for each
mutant construct.

These indicate that each of the simulations has diverged substantially from the starting

coordinates. Plots are a running average over 0.5% of the total number of data points.
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Supplemental Figure 4-3

Residue Number

constructs from 100 ns simulations.

The local flexibility is similar for each for these constructs and is highest at the termini and loop

regions between helices A and B.
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Root mean squared fluctuations (RMSF) plotted by
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Supplemental Figure 4-4  Hydrophobic solvent accessible surface area plotted
as a function of time for 5 replicated simulations for models of WT
NcTnC and each of the mutated constructs.

Plots are a rolling average of 250 ps. There is little difference between WT and most of the

constructs, with the exception of L48Q and A31S.
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Chapter 5.

Binding of Calcium and Magnesium to Cardiac
Troponin C Assessed Through Isothermal Titration
Calorimetry

My contributions to this publication included design, implementation, and analysis
of the ITC experiments, as well as manuscript preparation. The Simulations contained
herein and the text pertaining to this work was prepared by Justin T. Seffernick under the

guidance of Dr. Steffen Lindert.

5.1. Abstract

Cardiac troponin C (cTnC) is the calcium (Ca?*) sensing component of the
cardiac contractile apparatus. Binding of Ca2* or magnesium (Mg?*) to sites Ill and IV in
the C-terminal domain of cTnC tethers this molecule to the rest of the thin filament. The
dissociation constant (Kq) associated with binding of Ca?* (=107 M) is 3 orders of
magnitude lower than that of Mg?* (~10* M). In the N-terminal domain, site Il (~10° M) is
unbound at [Ca?*]giastolic (~0.1 uM) and subsequently bound at [Ca?*]systlic (~0.6 - 1.2 UM).
This interaction acts as a switch to initiate a series of conformational changes that

culminate in force production within the myocardium.

We have utilized isothermal titration calorimetry (ITC) to determine the
thermodynamics of the interaction between Ca?* and N-terminal cTnC (Kq = 15.2 + 0.5
UM). Mg?* was not previously thought to bind to the N-terminus of cTnC, however these
data strongly suggest that physiologically relevant concentrations of this divalent cation
bind to site 1l (Kq = 652.8 £ 28.45 uM). Pre-incubation of the protein with increasing
concentrations of Ca?* significantly decreased Mg?* binding and a similar effect was
seen for pre-incubation with Mg?*. This, combined with a significant reduction in the
binding of both cations to a double mutant (D67A/D73A) in the EF-hand motif of site I,
strongly suggest that both cations interact with the same locus in the N-cTnC. These
results were corroborated by thermodynamic integration simulations on the same

system.
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In full-length cTnC, as expected, Ca?* was found to interact with greater affinity
(Kg = 0.12 £ 0.02 uM) with structural sites 11I/IV compared to Mg?* (Kg =16.7 + 0.7 uM).
However, Mg?* was also found to bind site Il (Kg = 406.1 + 7.9 pM) in competition with
Ca?* (K¢ = 22.7 £ 0.5 puM). Given these findings and work by other groups, it is highly
likely that cytosolic concentrations of free Mg?* (~ 1 mM) occupies a significant
percentage of the available population of cTnC site II's as this concentration of Mg?* was

found to increase the Kq of Ca?* binding by 1.4-fold.

Approximately 90% of total cellular Mg?* (~10 mM) is normally buffered by
cellular components such as ATP. However, under ischemic conditions, the free Mg?*
may increase significantly and compete for binding to site Il. In full-length cTnC, we
found that 3 mM Mg?* increased the Kq of Ca?* binding to site Il 1.6-fold. Pending further
exploration of the implications of these results, our findings suggest that Mg?* may
interact with site Il of cTnC to play a physiologically significant role in cardiac

contractility.

5.2. Introduction

The troponin (Tn) complex is a heterotrimeric unit that includes components for:
calcium (Ca?") binding (troponin C — TnC), inhibition of contraction (troponin | — Tnl), and
tropomyosin binding (troponin T — TnT) (Parmacek and Solaro 2004). Binding of Ca?* to
site Il within TnC is the molecular precursor to a series of structural alterations within the
Tn complex that initiate contraction (Kawasaki and van Eerd 1972, Murray and Kay
1972, Potter and Gergely 1975). Conformational perturbations which follow binding
cause further changes in the rest of the thin filament (TF), culminating in rigour state
between the actin filament and myosin heads to allow for force production (Potter and
Gergely 1975, Filatov, Katrukha et al. 1999, Parmacek and Solaro 2004).

TnC is formed by a 14 residue N-helix and 8 other helices (labelled A-H). within
each binding site, Ca?*is coordinated by negatively charged sidechains from EF-hand
motifs that consist of 29 amino acids (Strynadka and James 1989). 12 amino acids
within this motif form a helix-loop-helix, with residues in positions 1 (+x), 3 (+y), 5 (+2), 7
(-y), 9 (-x), and 12 (-z) containing six oxygen atoms arranged at the helices of a
pentagonal bipyramid. Specific residues, especially aspartic acids contribute greatly

(Yap, Ames et al. 1999, Lewit-Bentley and Rety 2000). Steric arrangements may also
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contribution to Ca?* coordination (Kretsinger and Nockolds 1973). Skeletal muscle
troponin TnC (sTnC) has 4 functional Ca?* binding motifs (Seamon, Hartshorne et al.
1977, Ebashi, Nonomura et al. 1980). Cardiac TnC (cTnC) has a similar overall structure
but a slightly different primary sequence. Insertion of a valine at residue 28, substitution
of a leucine for the aspartic acid at residue 29, and an alanine in place of aspartic acid at
residue 31; have rendered the site | of cTnC non-receptive to Ca?* binding that normally
occurs in sTnC without these three changes (Figure 5-1) (van Eerd and Takahshi 1976,
Farah and Reinach 1995).

X Y z -y -X -z
Site I (29-40) LI{G|A|lE|D|G|C| I|S|I T K| E
Site II (65-76) D|E|D| G|S|G|T|V|D| F D|E
Site III (105-116)|D| K |N| A |D| G |Y| I |D| L D| E
Site IV (141-152) |[ID| K |N| N |D| G|R| I | D| Y D|E

Figure 5-1  Sequence alignment of the 4 EF hand binding motifs in cTnC

The coordinating residues within EF hands I-1V are shown with the residue number listed in
brackets. Each of residues x, y, z, -y, -x, and -z, that make up the helices of the pentagonal
bipyramid are indicated. The conservation of the amino acids in each of the coordinating residues
between sites Il, Ill, and IV is striking as is the clear differences seen in site I.

cTnC is one of the major cytosolic buffers of Ca?* and is prevalent throughout the
contractile filaments of cardiomyocytes (Schober, Huke et al. 2012). Ca?* binding to the
C-terminal domain occurs with high affinity (~10” M) (~10x the N-domain) and slow
exchange rate (~100x the N-domain) (Johnson, Charlton et al. 1979, Johnson, Nakkula
et al. 1994). As such, Ca?" is always bound to sites Ill and IV by cytosolic concentrations
of free Ca?* (0.1 — 1 uM) (Bers 2000). Lower affinity (Ka~10* M) Mg?* binding also
occurs at sites Il and IV (Potter and Gergely 1975). Given the slow off-rate (Ko) of Ca?*
dissociation from Ill and IV, the cellular concentrations of Mg?*, and the binding affinity of
Mg?*, this ion competes with and reduces Ca?* binding to these “structural” sites (Leavis
and Kraft 1978, Robertson, Johnson et al. 1981). The binding of both Ca?* and Mg?* ions
to sites Il and IV is cooperative and alters the structure of TnC, allowing for it to be
tethered to the Tnl, TnT, and the rest of the TF (Sturtevant 1977, Tikunova and Davis
2004).

The C-terminus of cTnC is linked to the N-terminus by a flexible linker region

composed of a nine turn a-helix (Sundaralingam, Bergstrom et al. 1985, Sia, Li et al.
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1997). Within the N-terminal domain of cTnC (N-cTnC), Ca?* binds to the low affinity
(~10° M) site Il such that this site is unbound at diastolic concentrations (~0.1 pM)
(Cheung, Tillotson et al. 1989) and bound at systolic concentrations (~ 1 uM) of the ion
(Kirschenlohr, Grace et al. 2000). Favourable binding at site I, which relieves tension in
the protein is coupled to thermodynamically unfavorable exposure of a hydrophobic
pocket (Gifford, Walsh et al. 2007). This results when helices B and C (BC domain)
move away from helices N, A, and D (NAD domain) with a short anti-parallel B-sheet
between EF-hands | and Il acting as the hinge (Herzberg and James 1985, Slupsky and
Sykes 1995, Houdusse, Love et al. 1997). While the exposure of this hydrophobic cleft is
much reduced in cTnC in the absence of Ca?* (Sia, Li et al. 1997, Spyracopoulos, Li et
al. 1997), binding to the regulatory domain by C-terminal Tnli47-163 (also called the switch
peptide) stabilizes N-cTnC to facilitate exposure of the hydrophobic cleft (Li,
Spyracopoulos et al. 1999). The exposure of hydrophobic residues to the agueous
environment must be offset by the favourable energetics of Ca?* binding to site II.
However, changes in solvent accessibility of hydrophobic residues may not play a pivotal
role in determining Ca?* binding as has often been supposed (Tikunova, Rall et al. 2002,
Tikunova and Davis 2004). This suggest may be due in part to the less open Ca?*-bound
state of cTnC compared to that seen in the holo-state of skeletal TnC. Many of the
studies on dynamics of contraction were initially carried out on skeletal TnC. More
recently however, NMR analysis has shown that skeletal ThC is more open than cTnC in
the holo-state; possibly due in part to the conformational flexibility induced by a
functional site | within this protein (Spyracopoulos, Li et al. 1997).

The total [Mg?*]i is ~10 mM but most of this is bound to cellular components such
as ATP and only ~0.5 — 1.0 mM is free (Romani and Scarpa 1992, Dai, Friedman et al.
1997). In conditions with diminished buffering capacity, such as ATP depleted states, the
free [Mg?*] could increase significantly (Murphy, Steenbergen et al. 1989, Hongo,
Konishi et al. 1994, Tessman and Romani 1998) and would then be extruded from the
cell (Laires, Monteiro et al. 2004), but may also provide more significant competition with
Ca?* for binding to cTnC. Increase in Mg-ATP in both skeletal and cardiac tissue causes
elevation in Ca?* sensitivity of skinned fibers (Godt 1974, Best, Donaldson et al. 1977,
Godt and Morgan 1984).

In skeletal muscle, Mg?* binds the low affinity sites of TnC competitively and with

a relatively high affinity (Kq ~1.9 mM). The F27W fluorophore was used to investigate the
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effects of Mg?* binding to cTnC, whereby conformational changes occur, albeit in
response to much lower than Ca?* binding affinities (Kq ~300 uM and 2 pM). At low
concentrations (1-3 mM), Mg?* was not found to change fluorescence, therefore binding
of Mg?* to N-cTnC does not result in structural changes seen with Ca?* binding. 3 mM
Mg?* was found to lower the Ca?* affinity of cTnC more than 3-fold (Tikunova and Davis
2004). This effect was also maintained at higher levels of complexity; in skinned rabbit
psoas muscles, addition of Mg?* was found to decrease the Ca?* sensitivity of force
production (Davis, Rall et al. 2002).

Further evidence has been obtained through fluorescence-based studies of
isolated cTnC (Potter, Robertson et al. 1981, Ogawa 1985, Zot and Potter 1987,
Morimoto 1991, Francois, Gerday et al. 1993, She, Dong et al. 1998), the Tn complex
(Potter, Robertson et al. 1981, Zot and Potter 1987), and reconstituted fibers (Zot and
Potter 1987, Allen, Yates et al. 1992) where Mg?* seems to decrease Ca?* sensitivity. In
isolated cTnC Ka for Mg?* was measured to be 4.4e2 M (Ogawa 1985).

Detection of heat changes associated with the interactions of metal ions and
proteins is challenging and highly dependent on the technique/instrumentation (Yamada
1978, Kometani and Yamada 1983). The interaction of Ca2*/Mg?* with sites IlI/IV results
in large AH, the changes resulting from site I/ll binding are at times, at the detection limit
of instruments and may thus be deemed negligible (Yamada and Kometani 1982).
However, isothermal titration calorimetry (ITC) provides great sensitivity in detecting
minute thermodynamic fluctuations and may thus be utilized to detect these changes
down to 0.1 pcal (Yamada 2003, Wilcox 2008, Grossoehme, Spuches et al. 2010,
Sacco, Skowronsky et al. 2012). Moreover, the study of isolated N-cTnC allows for study

of binding to a single site.

As yet, the implications of Mg?* competition with Ca?* for site Il are unclear. We
have used ITC to explore the thermodynamics of the interaction between Ca?* and Mg?*
at the level of N-cTnC and full length cTnC. The binding of each cation was analyzed to
establish a baseline. In the N-terminus, these interactions were significantly diminished
through two mutations in site Il. Competitive binding also caused a reduction in the
apparent affinity and further indicated interaction of both cations with the same locus in
the protein. At the level of full length cTnC, Mg?* seems to compete with and reduce

Ca?* binding to all three binding sites.
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Total cytosolic Ca?* is in the 2.1 — 2.6 mM range but free concentration is tightly
regulated and kept in the 0.1 — 1 uM range at rest (Brini, Cali et al. 2012). Mg?*is also
abundant in the cell but is less tightly controlled, and it has been thought to bind only the
structural sites of cTnC under physiological concentrations. We have quantified the
affinity of cTnC for this ion. Based on our results, and given the previous studies cited
herein, Mg?* may also compete with Ca?* in binding to the regulatory site Il. The
thermodynamic landscape that characterizes the interaction of Ca?*/Mg?* with site Il is
endothermic and driven by a favourable change in entropy (AS). While, the Mg?*-site |l
interaction occurs with lower affinity compared to Ca?* binding, at physiological
concentrations or with energy depletion induced elevated states, it may enact structural

perturbations or further reduce Ca?* binding and thus modify contraction.

5.3. Methods

5.3.1. Construct preparation and protein expression

The TNNC1 gene (Uniprot ID P63316) had previously been cloned into
pET21a(+) vector and had a stop codon inserted at the 90" residue to create the N-
cTnC construct using the Phusion site directed mutagenesis protocol (Thermo
Scientific). This construct was transformed into the BL21(DE3) expression strain. The
D76A/D73A construct was made using site directed mutagenesis carried out by
GenScript (New Jersey, USA). Expression and purification of all constructs were carried
out as described previously (Stevens, Rayani et al. 2016, Stevens, Rayani et al. 2017).
In brief, 100 mL of lysogeny broth was supplemented with 50 yg/mL ampicillin and a
glycerol stock stab and grown over-night at a shaking speed of 250 rpm and 37°C. In the
morning the same conditions were provided to 1 L cultures that were grown for ~3 hrs to
an ODeoo of 0.8 — 1.0 followed by induction with B-D-1-thiogalactopyranoside (IPTG).

After 3 hrs, the cells were harvested by centrifugation and stored at -80 °C.

5.3.2. Protein purification

The cell pellet was thawed and suspended in 50 mM Tris-Cl pH 8.0, 5 mM
ethylenediamine-tetraacetic acid (EDTA) and sonicated on ice, 5 times 30 sec each, with
intervals of rest between to avoid overheating. The lysate was centrifuged for 15 mins at

30k rpm and the supernatant separated twice to remove all cell debris. The supernatant
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was applied to a fast-flow Q-Sepharose column pre-equilibrated with the suspension
buffer and 1 mM dithiothreitol (DTT). The protein was eluted from the column by
applying a 180 mL ramp gradient using the same buffer with the addition of a 0.5 M
NaCl. The gradient was applied using an AKTA FPLC machine that was also used to
fractionate the eluted samples. Following analysis by SDS-PAGE, the samples
containing N-cTnC were pooled and concentrated using Amicon centrifugal

concentrators with a 3 KDa molecular weight cut-off (Millipore).

The full-length protein was purified in the same way, with the exception of a 30%
ammonium sulphate cut following the sonication step. Centrifugation was used to
remove insoluble components and the supernatant was then dialyzed overnight against

4 L of NaCl-free column buffer.

The concentrated protein was the applied to a HiPrep 26/60 Sephacryl S-100
column (DEAE FF) (GE healthcare) which was equilibrated with the re-suspension buffer
supplemented with 100 mM NaCl. SDS-PAGE analysis of the fractions was used to
identify and pool those containing cTnC. The protein was stored at -80 °C prior to pre-
ITC dialysis.

5.3.3. Dialysis and ITC experiments

To generate the apo-state protein, it was dialyzed into 2 L of 50 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.2, 150 mM KCI, 2 mM
EDTA, and 15 mM B-mercaptoethanol (BME). In the next 2 L buffer exchange, no EDTA
was added. In the last buffer exchange of the same volume, no EDTA was added and

the amount of BME was decreased such that the final concentration was 2 mM.

An extinction coefficient of 1490 M-'cm™ and 4595 M-cm™, and a molecular
weight of 10.1 kDa and 18.4 KDa were used to determine protein concentration for the
N-cTnC and full length cTnC constructs respectively, by UV-vis spectroscopy using a
NanoDrop 2000 spectrophotometer (Thermo Scientific). The final dialysis buffer was
used to dilute the protein samples to a final concentration of 200 uM for the N-terminal
construct and 150 pM for full length cTnC. The protein concentration was further
checked through a Bradford assay and again through the Edelhoch method as

previously described (Stevens, Rayani et al. 2017).
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5.3.4. Experimental Protocols

Full-length cTnC

Standard 1.0 M CaCl. and MgCl. stock solutions (Sigma, USA) were serially
diluted in the final dialysis buffer to produce 6 mM Ca?* and 40 mM Mg?* for the full
length cTnC titrations. 6 mM Ca?* was titrated into 100 uM apo-state full length human
cTnC as the baseline condition. The data was fit with a two sets-of-binding-sites model.
The same amount of protein was diluted in the ITC buffer and used for all subsequent
conditions that were fit with the same model. Supra-physiological concentrations Ca?*
were selected for the pre-incubation experiements and justified as the goals of these
experiments were not violated. The goals of these experiements were to explore
possible competition between Ca?* and Mg?* in binding to cTnC and N-cTnC. Higher
concentrations could thus be used to observe clearer results. Also, the amounts of cTnC
and N-cTnC are above what is available in the cell and the affinity of their binding sites is
lowered as they exist in isolation in these experiments ie. their affinities would be
elevated by the presence of other cTn complex proteins. The concentrations of Mg?* pre-
incubated (1 and 3 mM) is not far beyond what would be expected in normal cellular

conditions.

N-terminal cTnC

The same standards were used to produce 4 mM Ca?* and 20 mM Mg?* titrants
for the N-cTnC experiments. 4 mM Ca?* was titrated into 200 uM apo-state N-cTnC as
the baseline condition with subsequent titrations using the same amount of protein. The

isotherms were all fit with a single binding site model.

Titrations

The ITC experiments were carried out in a MicroCal ITC:q0 instrument (Malvern,
UK). Repeat titrations were used to ensure reproducibility. The sample cell was set at 25
°C, 200 uL of the protein was loaded and the experiment was carried out at the same
temperature. For the N-terminal constructs, 19 injections of the titrant were used with the
first being a dummy injection of 0.4 yL and the subsequent 18 injections, 2 uL each. For
the full-length constructs, the same volume of sample was titrated with a dummy
injection of 0.5 UL and 38 injections of 1 pL. The time interval between injections was

120 sec and stirring speed was set at 1000 rpm throughout each experiment.
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5.3.5. Analysis of results

Titration data obtained from ITC was fit using Origin 8.0 (OriginLab,
Northampton, MA) to calculate the thermodynamic parameters using a least-squares
algorithm as described previously. In this method, if multiple ligands are simultaneously
present in the reaction mixture, an “apparent affinity” is determined for the injected
titrant. Origin also allows for fitting of more complex models of interactions which were

utilized in the case of multiple binding sites for the full length cTnC experiments.

When fitting the data for the N-cTnC constructs (apart from the Ca?*into Apo-
state N-cTnC condition), the N associated with each interaction was necessarily
constrained to equal 1.00 to facilitate curve fitting without altering protein concentration.
The baseline condition was repeated daily to monitor fluctuations in concentration of
properly folded and functional protein.

Protein concentration plays a large role in determination of affinity. The
concentration of the titrant may be affected by pipetting errors, albeit this effect is
minimal. The ratio of the ligand to titrant in the single binding site condition (as given by
the stoichiometry — n) is a measure of the functional moles of protein and was
approximately 1.00 in all the N-cTnC titrations. Given the method of concentration
determination, the number of binding sites, cooperativity, and the variable binding
strength of each titrants, the N cannot be used in the same way for the full-length cTnC
experiments. Therefore, the values presented can be compared between conditions but
care should be taken when comparing these to other systems. Ease of manipulation of
the N-cTnC/cTnC system contrasts with those that include the cTn/TF. Thus, the binding
parameters measured here may not translate in absolute term when ¢TnC is

incorporated into a more complex system.

5.3.6. Thermodynamic Integration (TI)

Starting from the representative model of PDB:1AP4 (Spyracopoulos, Li et al.
1997), thats contains N-cTnC with a single Ca?* ion bound, the system was solvated with
a 12 A padded TIP3P water box and neutralized with Na* in Amber16 (D.A. Case, R.M.
Betz et al. 2016). The system was also prepared similarly for only the Ca?* ion ina 12 A

padded TIP3P water box. The alchemical thermodynamic cycle used for ligand binding
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was described in detail previously (Leelananda and Lindert 2016). In short, Tl was
performed using the following three steps for Ca?* in protein: turn on restraints, turn off
charge, and turn off van der Waals forces. The specific distance restraints used in all
systems can be found in Supplementary Table 5-3. Additionally, Tl was performed for
the following two steps for Ca?* in water: turn off charge and turn off van der Waals
forces. Each step of the thermodynamic cycle was performed with the coupling
parameter (1) ranging from 0.0-1.0 in increments of 0.1. For each simulation, the system
was minimized (2000 cycles) and heated (0.5 ns) before the 5 ns production run at 300
K using the ff14SB force field (Maier, Martinez et al. 2015). These calculations were also
performed on the D67A/D73A mutated system. The mutations were imposed on the
1AP4 representative model using PyMOL (L DeLano 2002).

For the calculation of Mg?* binding affinity, Ca?* was replaced with Mg?* in the
1AP4 representative model since no Mg?*-bound N-cTnC structure was available in the
protein databank. In order to generate more accurate restraints and starting coordinates
for the TI calculations, a minimization was performed on the structure in Amber.
Following the minimization, Tl simulations were run similarly as for Ca?*. However, due
to previously documented errors in the default Mg?* parameters, the AGsowation-0Optimized
Mg?* parameters from Li et. al. were used (Li, Roberts et al. 2013, Panteva, Giambasu et

al. 2015). These calculations were also performed on the D67A/D73A mutated system.

To calculate absolute binding affinities for the ions, the change in free energy
(AG) was calculated for each step in the thermodynamic cycle by integrating the
potential energy with respect to the coupling parameter, A (Shirts, Mobley, et al. 2010).
Two corrections were made to these calculated AG values. The first correction was
necessary due to the introduction of the distance restraints (as described in Boresch et
al.) which quantified the free energy cost of restraining the ion to the binding site
(Boresch, Tettinger et al. 2003). The second correction was performed to correct the
charged system (as described in Rocklin et al.) to revise the free energy for the fact that
the system is charged during the disappearance of the charged ions (Rocklin, Mobley et
al. 2013). The overall AG of binding was the change in free energy between the ions in
complex with the protein (ion in protein steps 1, 2, and 3) and the ions in water (ion in
water steps 1 and 2). For each system, 5 independent runs were performed and results

were averaged.
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5.4. Results

5.4.1. Full length cTnC

Ca?* binding to apo-state full length cTnC

The binding of Ca?* to sites IlI/IV occurred with a Kq of 0.12 + 0.02 pM, this
interaction was characterized by an exothermic interaction (AH = -8.12 + 0.07 kcal*mol
1) with a positive change in entropy (T*AS = 1.24+ 0.07 kcal*mol™) and was spontaneous
(AG =-9.44 + 0.61 kcal*mol™?).

In the N-terminal domain, the K4 associated with binding of Ca?* to site Il was
22.7 = 0.5 pM; significantly lower binding affinity. It also had positive AH (3.71 + 0.06
kcal*mol™). This reaction was entropically driven (T*AS = 10.0 + 0.07 kcal*mol*) and
spontaneous (-6.29 + 0.20 kcal*mol?) (Table S5-1 and Figure S5-1).

Mg?* binding to apo-state full length cTnC

Mg?* binding to site Il (Kq = 406.1 + 7.9 uM) and sites HI/IV (Kq = 16.7 + 0.7 uM)
was characterized by a positive AH (0.091 + 0.001 kcal*mol?) and negative AH (-0.23 +
0.01 kcal*mol?) respectively (Table S5-1). Based on these enthalpy values, it is clear
that for any given Mg?* concentration, significantly greater amounts of binding occur at

the C-terminus in comparison to the N-terminus.

The interaction of Mg?* with sites IlI/IV occurs at much lower affinity (two orders
of magnitude) than that seen for Ca?*. The interaction with site 1l and sites lll/IV were
both entropically favourable (T*AS = 4.71 £+ 0.01 kcal*mol*and T*AS = 6.28 + 0.03
kcal*mol™) and resulted in spontaneous interactions (AG = -4.62 + 0.11 kcal*mol* and
AG =-6.51 + 0.31 kcal*mol?). These all differed significantly from those observed for
Ca?* binding, p<0.05.

Ca?* binding to Mg?* pre-incubated full length cTnC

Increasing concentrations of Mg?* occupied a greater proportion of binding sites
and limited binding Ca?* to ¢TnC at all sites (Table S5-1). Binding of Ca?* to site Il was
significantly reduced by pre-incubation with 1 mM and 3 mM Mg?* as indicated by an
increase in Kg and a lowering of the AH (Table S5-1 and Figure 5-2). Binding of Ca?* to
sites III/1V in the presence of 1 mM Mg?* resulted in a Kq (0.14 + 0.01 uM) that was not
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significantly different than seen for the 3 mM Mg?* preincubation (Kq = 0.08 + 0.01 uM)
(Table S5-1 and Figure 5-2).

Ca?* Titrations: cTnC site Il Ca?* Titrations: cTnC sites Il and IV
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Figure 5-2  Binding of Ca?" and Mg?* to site Il and Site IlIl/IV of full length ¢cTnC
Left panel: The affinity of site Il for Ca?* is compared in the apo-state and with Mg?* preincubation
in full length cTnC; Right Panel: The affinity of sites Ill/IV for Ca?* is compared in the apo-state
and with Mg?* preincubation in full length cTnC. The 3 mM Mg?* preincubation condition caused a
decrease in Ka but when testing the difference between this condition and the 1 mM Mg?* pre-
incubation, given the relatively large SEM, the K4 was not significantly different (p < 0.05).
Statistical differences were assessed through ANOVA followed by Tukey’s post hoc test.

For the 1 mM Mg?* pre-incubation, the exothermic interaction (AH = -6.87 + 0.09
kcal*mol™) was entropically favourable (T*AS = 2.50 + 0.10 kcal/mol) and resulted in a
spontaneous interaction (AG = -9.37 + 0.50 kcal*mol-1). For the 3 mM Mg?* condition,
the reaction was again exothermic (AH = -6.19 £ 0.06 kcal*mol-1) with a positive change
in T*AS (3.50 + 0.06 kcal/mol) and resulted in spontaneous binding (AG =-9.79 £ 0.26
kcal*mol-1).

The difficulty associated with the separation of the binding interaction containing
two sets of sites, resulting in part from the conformational flexibility induced by the DE

linker induced us to continue our studies exclusively at the regulatory domain.

5.4.2. N-terminal cTnC

The interaction between Ca?*/Mg?* and N-cTnC was found to be associated with
a positive AH and negative AG, characteristic of a reaction driven by a positive AS
(Figure 5-3). Despite some differences in the absolute values observed, which is

consistent with differences in buffer and experimental conditions, our baseline values
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comparing Ca?* binding to apo-state N-cTnC are consistent with previously published
data (Skowronsky, Schroeter et al. 2013, Tanaka, Takahashi et al. 2013, Stevens,
Rayani et al. 2016, Stevens, Rayani et al. 2017).
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Figure 5-3  Representative isotherms for N-cTnC ITC titrations

Upper panels show the heat recorded during the titration and lower panels plot the integrated
heat signal against the molar ratio of titrant added. For all titrations: 19 injections were used with
the first being 0.8 pL and the subsequent 18 being 2 pL each. The top row shows the titration of 4
mM Ca?* into apo-state N-cTnC, following by the same titration into 1 mM and 3 mM Mg?* pre-
incubated N-cTnC; these isotherms are scaled to 4 pcal*s™ to help visualize the relative heat
change. The bottom row shows the titration of 20 Mg?* into apo-state N-cTnC, followed by 1 and
3 mM Ca?* pre-incubated N-cTnC; these isotherms are scaled to 2.5 pcal*s™ to help visualize the
relative heat change.

Ca?* and Mg?* binding to apo-state N-cTnC

The affinity of N-cTnC for Ca?* (Ka = 66.1 + 2.0 *10° M) was found to be well
over an order of magnitude greater than for Mg?* (Ka= 1.54 + 0.06 *10° M),
corresponding to a more than 40-fold difference (Table S5-2 and Figure 5-4). The
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steepness of the binding curve and the midpoint can be compared between the
representative isotherms to provide some indication of these differences (Figure 5-3).

N-cTnC: Mg?* Titrations N-cTnC: Ca?* Titrations
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Figure 5-4  Binding of Ca?" and Mg?* to site Il of N-cTnC

Left panel: The affinity of site Il for Mg?* is compared in the apo-state and with Ca?* preincubation
in N-cTnC; Right Panel: The affinity of site Il for Ca?* is compared in the apo-state and with Mg?*
preincubation in N-cTnC. Statistical differences were assessed through ANOVA followed by
Tukey’s post hoc test. Ca?* tirations were not significantly different but Mg2* with pre-incubation
was different from the apo-state titration when either 1 mM or 3 mM Ca?* were preincubated.

The AH of the Ca?*-N-cTnC interaction was significantly greater (3.82 + 0.04
kcal*mol?) than that with Mg?* (2.64 + 0.1 kcal*mol?). Both reactions increase the AS of
the system, but this was more apparent for the Ca?" titration (T*AS = 10.4 + 0.03
kcal*mol?) than for Mg?* (T*AS = 6.99 + 0.07 kcal*mol?), resulting in spontaneous
reactions as characterized by negative AG values (-6.57 + 0.02 kcal*mol* for Ca?* and -
4.35 + 0.03 kcal*mol* for Mg?*) (Table S5-2).

The spontaneity of the reaction is derived from the AH and AS by the following equation:
AG = AH - T*AS

Moreover, the affinity also determines spontaneity through the following relationship:
AG = - RT*In(Ka)

With R being the universal gas constant and T the temperature (Kelvin).

174



As expected, the affinity of Ca?* binding to apo-state N-cTnC was also found to
be significantly higher than all other conditions and was thus characterized by the lowest
observed dissociation constant (Kq) (15.2 + 0.5 uM) (Figure 5-4 and Table S5-2).

Mg?* binding to Ca?*pre-incubated N-cTnC

To investigate the site of Mg?* binding, apo-state N-cTnC was pre-incubated with
increasing concentrations of Ca?*, then titrated with 20 mM Mg?* in each case; 1 mM and
3 mM preincubations are compared (Figure 5-4). These titrations, in addition to those
with 2 mM and 5 mM Ca?* were compared and showed the same general pattern of
decreased binding (Table S5-2). The affinity decreased with increasing concentration of
Ca?* pre-incubated but the differences were not statistically significant. However, the
heat change in these conditions was significantly lower between 1 and 3 mM Ca?* pre-
incubation conditions (0.48 + 0.04 and 0.24 + 0.02 kcal*mol?, respectively).

These values were lower than the Mg?* into apo-protein condition that yielded a
AH = 2.64 + 0.1 kcal*mol™. The AH was also an order of magnitude lower than Ca?* into
apo-protein which liberated 3.82 + 0.04 kcal*mol™. Moreover, the Kq values were 1870.0
and 2037.5 uM for the 1 mM and 3 mM Ca?* conditions, showing a decrease in affinity
with increasing concentrations of Ca?* pre-incubated with the protein sample and a more
than 2 orders of magnitude lower affinity compare to the Ca?* into WT condition. The
significant reduction in affinity, AH, and increasingly smaller AS associated with higher
Ca?* pre-incubation suggests that both metal cations may be binding to the same EF-

hand binding motif in site Il of N-cTnC.

Ca?* binding to Mg?* pre-incubated N-cTnC

Apo-protein pre-incubated with Mg?* was titrated with Ca®* to gain a measure of
the “apparent” affinity of the protein for Ca?* when the site might be occupied with the
other divalent cations. As expected, increasing the Mg?* reduced the amount of binding
(monitored by AH). the Ca?* affinity was lower compared to the apo-N-cTnC binding
condition and decreased with higher concentrations of Mg?* (Table S5-2 and Figure 5-
4).
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Ca?* and Mg?* binding to apo-D67A/D73A N-cTnC

Point mutations (D67A and D73A) were made, changing two negatively charged
aspartic acid residues into hydrophobic alanines in the binding EF-hand motif of site Il
(Figure 5-5). Binding of both divalent cations was reduced by these mutations with the
Ka being greater for Ca?* binding (5.9 + 0.5 *10% M%) compared to Mg?* binding (0.90 +
0.08 *10% M) (Table S5-2; Figure S5-2 and Figure 5-6). Compared to the WT binding,
Ca?* binding was reduced almost 12-fold and Mg?* binding was reduced nearly 2-fold by

the double mutation.

D67A/D73A

Figure 5-5  Depiction of WT and D67A/D73A mutant coordination of Ca?'/ Mg?
The D67A/D73A double mutant removes two of the coordinating residues within the EF hand of
site Il in N-cTnC. The goal of this double mutation was to compare the reduced amount of binding
of Ca?* and Mg?* and to gain insight into the locus of binding for each cation. The figure was
generated using Pymol and adapted from the PDB:1J1E x-ray structure.
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Figure 5-6  Effect of D67A/D73A on the Ca?'/ Mg?* binding affinity of the site Il of
N-cTnC
The effect of the D67A/D73A on Ca? and Mg?* binding is assessed. The affinity of binding for
both cations to N-cTnC was lower when comparing the mutant and the WT. The effect on Ca?*
binding was more pronounced (11-fold reduction) compared to Mg?* (1.7-fold reduction) but this
is reconcilable with the number of coordinating residues needed to bind Ca?* (6) vs. Mg?* (5);
therefore 4 coordinating residues should affect Ca?* binding to a greater extent. Ca2* still binds
the mutant with greater affinity in the double mutant (Falke, Drake et al. 1994).

The AS associated with each interaction can be expected to be greatest in
conditions that expose a more hydrophobic patch (between helices A and B) in N-cTnC.
While neither mutation directly affected this area of the protein, they may be expected to
create a more hydrophabic region in the protein by introducing a non-polar alanine
residue that would hypothetically decrease the number of hydrogen bond forming
moieties. To this end the AS associated with the double mutant was shown to be
significantly lower than the apo-state WT N-cTnC (Table S5-2) protein but it should also
be considered that the mutations alter both the baseline and the post conformational
change enthalpies in ways that are dependent on the kinetics of the structural change.

5.4.3. Ca?* and Mg?* binding affinities from Thermodynamic
Integration

Thermodynamic Integration was performed to calculate absolute binding affinities
for the ions in the following systems: Ca?* to WT N-cTnC, Ca?* to D67A/D73A N-cTnC,
Mg?* to WT N-cTnC, and Mg?* to D67A/D73A N-cTnC. The average calculated binding
affinities over 5 independent runs were -6.9+1.3,-45+24,-06+2.8,and +0.4 £ 2.3
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kcal*mol™ respectively. The Ca?* binding affinities were in good agreement with the ITC
data. While the calculated absolute Mg?* binding affinities were not in perfect agreement
with the ITC data, they did show the same trend. Mg?* had a weaker binding affinity than
Ca?* for all systems (-6.57 to -4.38 kcal*mol* and -6.9 to -0.6 kcal*mol* for ITC and TI
respectively for WT system and -5.12 to -4.02 kcal*mol* and -4.5 to +0.4 kcal*mol™* for
ITC and TI respectively for D67A/D73A system). Additionally, between the Mg?* binding
affinities, the binding affinity was consistently weaker for the D67A/D73A mutation. The
AAG values comparing AG between WT and D67A/D73A systems were similar for ITC

and TI1 (0.36 kcal*mol?* and 1.0 kcal*mol? respectively).

Table 5-1 Average calculated binding affinities for each system

System AG;, (kcal/mol)
Ca?* to WT -6.9+1.3
Ca?* to D67A/D73A -45+24
Mg?* to WT -0.6+2.8
Mg?* to D67A/D73A +0.4 £ 2.0

Averages were calculated over 5 independent runs

5.5. Discussion

This study provides novel information regarding the thermodynamics that
underlie the interaction between cTnC and metallic cations. The presence of cTnl and
cTnT increases Ca?* affinity of cTnC by a full order of magnitude at diastolic
concentrations of each. Moreover, binding of systolic concentrations of Ca?* to site Il of
cTnC strengthens the interaction with cTnl and the rest of the cTn complex (Potter and
Gergely 1975, Ramos 1999, Pinto, Parvatiyar et al. 2009). Therefore, care must be
taken when translating observations on cTnC to more complex systems such as the cTn

complex or the cardiac TF.

As seen in previous reports, we have found that the binding of Ca?* to N-cTnC is
favorable and results from an entropically driven, endothermic process (Figure 5-3 and
Table S5-2) (Stevens, Rayani et al. 2017, Johnson, Fulcher et al. 2019). The favorable
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AS may be due in part to the dehydration AS of Ca?* which is thought to be on the order
of ~350 kcal/mol and slightly lower than that of Mg?* (~450 kcal/mol) (Smith DW, 1977).
It is also possible that the endothermic nature of these interactions results from other
factors such as the exchange of protons that are transferred from the ligand to the buffer
upon Ca?* binding (Skowronsky, Schroeter et al. 2013).

Measurement of Ca?* binding to ¢cTnC is often achieved indirectly by measuring
the fluorescence change and correlating this to the conformational change that results
from the interaction. Fluorescent molecules such as 2-[4'-(iodoacetamido)anilino]-
naphthalene-6-sulfonic acid (IAANS) (Wang, Huang et al. 1997, Hazard, Kohout et al.
1998, Li, Stevens et al. 2013) or reporters such as F27W (Gillis, Blumenschein et al.
2003) can be used to quantify this binding interaction. At 21°C in bovine F27W c¢TnC had
a Kq of ~5 uM and IAANS labelled C35S cTnC had a Kqof ~7 uM (Gillis, Marshall et al.
2000, Tikunova and Davis 2004). Through fluorescence-based measurement, the Ky of
N-cTnC for Ca?* was previously reported to be between 11.3 uM - 12.3 uM (Liang,
Chung et al. 2008, Pinto, Parvatiyar et al. 2009). These parameters agree with our
measured Ca?* binding to apo-state N-cTnC and apo-state cTnC (Tables S5-1 and S5-
2), deviating slightly due to buffer and temperature conditions.

Normally, cytosolic [Mg?*]iee is tightly controlled around ~0.5 — 1 mM (Romani
2011). At these concentrations, Mg?* is known to compete with Ca?* for sites Ill and IV.
Circular dichroism has been used to show that Ca?* binding to sites Ill/IV increases the
a-helical content of cTnC, from 19 to 41 percent (Herzberg and James 1985, Yumoto,
Nara et al. 2001) and causes conformational changes that remove non-polar amino
acids from the solvent exposed environment (Sturtevant 1977). This contrasts with NMR
based visualization of N-cTnC, where the apo-state and Ca?*-bound forms showed

minimal structural deviation (Spyracopoulos, Li et al. 1997).

Ca?" has many times greater polarizability than Mg?* and lower hydration energy
(Carafoli and Krebs 2016). The radius of Mg?* (0.65 A) is also smaller than Ca?* (0.99 A)
(Lockless, Zhou et al. 2007), however, in its hydrated form, Mg?*is 400x larger whereas
Ca?"is only 25x times larger (Maguire 2006). In Calmodulin (CaM), metals with similar
ionic radii are able to substitute for Ca?* (Chao, Suzuki et al. 1984, Malmendal, Linse et
al. 1999). Mg?*is able to bind to CaM, but does not induce the conformational change
associated with Ca?* binding (Follenius and Gerard 1984, Gilli, Lafitte et al. 1998).
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Normally, six oxygen atoms arranged in an octahedral geometry are thought to
coordinate Mg?* (Linse and Forsen 1995). This is one less oxygen molecule than
needed to coordinate Ca?* through a pentagonal bipyramid (Cates, Berry et al. 1999).
However, Ca?* can be coordinated by 6 — 8 coordinating residues (but also by as many
as 12) at a distance that can vary greatly (0.229 — 0.265 nm) compared to a much
smaller variance for Mg?* coordination (0.200 — 0.216 nm) (Brini, Cali et al. 2012).

Ca?" and Mg?* are most often coordinated by oxygen atoms, this is usually a
hydroxyl group for Mg?* and a carboxyl group for Ca?* (Harding 2002). Ca?* is most
frequently coordinated by side chains of aspartic acid, glutamic acid, asparagine,
followed by serine/threonine, while Mg?* is most frequently coordinated by aspartic acid,
glutamic acid, histidine, threonine, serine, and asparagine respectively (Dokmanic, Sikic
et al. 2008). EF hand containing proteins have also been shown to bind Mg?* when there
are appropriately placed negatively charged amino residues (especially in the +z and - z
positions) (Reid and Procyshyn 1995, Tikunova, Black et al. 2001, Davis, Rall et al.
2002). In site Il of mammalian cTnC, there is a polar serine at the +z position (residue
69) and a negatively charged glutamic acid residue at the —z position (residue 76).

Similarities exist between the coordinating residue of site 1l in cTnC and S100
proteins where an N-terminal “pseudo-EF hand” is formed by 14-residue loop that
coordinates Ca?* with low affinity (Bhattacharya, Bunick et al. 2004). These loops can
also be bound by other cations such as zinc and cooper, which while less abundant in
the cell, have similar biophysical properties to Mg?* (Heizmann and Cox 1998,
Dokmanic, Sikic et al. 2008). Moreover, the interaction of other, similarly unabundant
cations (such as Strontium) with TnC has previously been established (Kerrick, Zot et al.
1985).

It was initially concluded that Mg?* only binds to sites Il and IV in TnC (Potter
and Gergely 1975). Equilibrium dialysis was used to show that Mg?* does not compete
with Ca?* for the N-terminal sites of cTnC, instead, other binding sites were suggested
(Holroyde, Robertson et al. 1980). Enthalpic titrations were not able to visualize a
discernable change in Mg?* binding to the low affinity sites of skeletal TnC (Yamada and
Kometani 1982, Li, Chandra et al. 1994). However, at room temperature, the Kq
associated with Mg?* binding was determined to be about 4 mM, using fluorescence and

assuming competitive binding (Johnson, Collins et al. 1980). More recently, Ca?*
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sensitivity of the actomyosin ATPase and force production of skinned rat cardiac cells
was unaltered when Mg?* was increased from 1 to 8 mM (Allen, Xu et al. 2000). These
findings were questioned by some who used metallochromic indicators to deduce a
sufficiently high Mg?*-affinity in the regulatory sites /Il of skeletal TnC (Ogawa 1985).

The observation of Mg?* binding to the low affinity sites of N-cTnC has led to the
suggestion that differences in affinity may be due at least in part to the Ca?* buffering
and thus the free concentration of the ion in these experiments. Given the kinetic rates
associated with these interactions, it is difficult to have confidence in EGTA determined
rates of binding (Ebashi and Ogawa 1988). Moreover, given the temperature sensitivity
of ¢cTnC, this factor alone can alter experimental outcomes by orders of magnitude
(Kohama 1980, Gillis, Moyes et al. 2003). The change in sensitivity in the face of altered
temperature has been suggested to result mostly from binding to the low affinity sites
and possibly through interactions with other members of the Tn complex (Godt and
Lindley 1982, Stephenson and Williams 1982, Wnuk, Schoechlin et al. 1984).

Fabiato and Fabiato showed that increasing concentration of free Mg?* decreases
myofilament Ca?* sensitivity of skinned cardiomyocytes (Fabiato and Fabiato 1975).
[Mg?*] affects the Ca?*-sensitivity of the myofibrillar ATPase as well as actomyosin
tension development in both skeletal and cardiac muscle preparations (Donaldson and
Kerrick 1975, Kerrick and Donaldson 1975, Solaro and Shiner 1976, Ashley and
Moisescu 1977, Best, Donaldson et al. 1977, Donaldson, Best et al. 1978, Ebashi,
Nonomura et al. 1980, Morimoto 1991). Given these corroborative findings, through

multiple experimental setups and by different groups increases their credibility.

Mg?* affinity of sites llI/IV alone is not sufficient to fully explain the change in the
force-pCa relationship caused by Mg?* In skinned skeletal muscle fibers (Ebashi and
Endo 1968). In rabbit fast skeletal muscle, Mg?* competes with Ca?* for low affinity
binding sites of TnC where it binds with an affinity of 1.94e2 M (much lower than the
6.20e6 M seen for Ca?*). The Ka associated with sites 11l and IV was measured to be
1.2e6 M for Ca?* and 1.1e2 M for Mg?*in canine ventricular skinned myocytes (Pan
and Solaro 1987).

In isolated cTnC, Mg?* was found to interact with site Il of cTnC with an apparent

binding constant of 5.2e2 M. This was only slightly lower than the constant associated
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with Mg?* binding to sites llI/IV (~10% M), Ca?* binding to sites IIl/IV (~10°% M), and Ca?*
binding to site Il (~10* M) (Ogawa 1985).

Fluorescence was used to measure the Mg?* affinity of site Il at 15 °C (~1.2-1.9
mM) (Tikunova and Davis 2004). In the presence of 3 mM Mg?*, the K4 associated with
binding of Ca?* to site Il of full length cTnC was reduced from 7 uM in the apo-state to 24
UM (Tikunova and Davis 2004). A system containing cTnC-cTnl had 2.5-fold lower Ca?*
affinity in the presence of 3 mM Mg?* (Siddiqui, Tikunova et al. 2016). Given these
affinities, Tikunova and Davis hypothesized that site 1l would be 33-44% saturated by 1

mM cellular Mg?* at diastolic Ca?* concentrations (Tikunova and Davis 2004).

In a recent ITC study, the Mg?* binding affinity of site Il in lobster TnC isoforms,
which are similar in sequence to human variants was explored. Mg?* affinity of site Il was
one order of magnitude lower than that of Ca?*, such that it would compete with Ca?* for
binding (Tanaka, Takahashi et al. 2013).

We measured site Il binding affinity of Mg2* in N-cTnC (Ka = 1.54€3 + 0.06e3 M)
and in full length cTnC (Ka = 2.47e3 * 0.5e3 M1). These values were lower than the
binding affinity of Ca?" in N-cTnC (Ka = 66.1e3 * 2.0e3 M%) and full length cTnC (Ka =
44.3e3 + 1.0e3 M?) (Tables S5-1 and 5-3). At these affinities and given the relatively
high cytosolic [Mg?*]iee (~1 mM) (Linse and Forsen 1995, Malmendal, Linse et al. 1999),
this cation would compete for binding to site Il of cTnC (Nara, Morii et al. 2013). We also
observed reduced Ca?* binding to site Il in the presence of Mg?* at the N-cTnC level
(Figure 5-4). In full length cTnC, Mg?* reduced Ca?* binding to all three sites II/11I/1V
(Figure 5-3). We found that Mg?* binds sites IlI/IV of cTnC with a Kg = 16.7 + 0.7 uM.

In order to further validate the ITC data, we also performed thermodynamic
integration (TI) to calculate absolute binding affinities computationally. We performed
these calculations for both Ca?* and Mg?* binding separately for both WT N-cTnC and
D67A/D73A N-cTnC. For both sets of simualtions, the structure of Ca?*-bound N-cTnC
(PDB:1AP4) was used as the starting parameter and restrained throughout the
simulation. ITC measures the thermodynamically quantifiable closed to open transition of
the N-cTnC molecule. Tl does not allow for such a transition, rather, it quantifies only the
binding interaction. In the future, the closed structure of N-cTnC (PDB:1SPY) can be

simulated to quantify the presumably lower affinity it has for each of Ca?* and Mg?*. The
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difference between these sets of simulations could then, potentially be used to better
corroborate the ITC data.

For Ca?* binding, our Tl results agreed very well with the binding affinities from
ITC. Binding affinities for the wild-type system were -6.57 + 0.02 and -6.9 + 1.3 kcal*mol
L for ITC and Tl respectively. For the D67A/D73A mutated system, binding affinities were
-5.12 + 0.02 and -4.5 * 2.4 kcal*mol* respectively. For Mg?* binding, the calculated
absolute binding affinities were consistently underestimated by about 4 kcal*mol?, but
showed the same relative trends. Mg?* was calculated to bind weaker than Ca?* and
bind weaker for the D67A/D73A mutation similarly to ITC. The Mg?* absolute binding
affinities were likely underestimated for multiple reasons. First, the crystal structure of
WT N-cTnC (1AP4) contained Ca?* bound and no structure of Mg?* bound WT N-cTnC
was available. We attempted to correct for this issue by minimizing the structure with
Mg?* bound. Due to the lack of an exact starting structure and restraints chosen, there is
still likely some error. Additionally, while we did try to choose the most accurate Mg?*
parameters for binding affinity calculation, there are well documented difficulties in free
energy calculations for Mg?*, most notably that the free energy of solvation (AGsowation) iS
consistently underestimated (Steinbrecher, Joung et al. 2011, Panteva, Giambasu et al.
2015). Even when using the same Mg?* force field, solvation AG values are also known
to have large variations for Mg?* depending on the exact simulation parameters used.
For example, Panteva et al. and Li et al. both tried to reproduce Mg?* solvation free
energy using the same parameters as Aqvist, but saw variations on the order of 20
kcal*mol* (Aqvist 1990). While this may be an extreme example, it illustrates the
difficulty in calculation of free energy changes with Mg?* ions involved. Given these
potential errors in TI for AGsonation for Mg?*, the fact that we still see relatively good
agreement with the ITC data for absolute binding affinity of Mg?* helps further validates

the experimental results.

We have tested the hypothesis that similarly charged Ca?* and Mg?* both interact
with all the functional EF-hand motifs in cTnC. The interaction with sites Ill and IV has
been established for some time (Johnson, Collins et al. 1980), but site 1l may also bind
Mg?*. Interestingly, a hypothesis that is reconcilable with our own was initially put forth;
that of six binding sites. In this scenario there were: two Ca?* specific sites, two Mg?*

specific sites, and two sites that can bind both cations. During these experiments, only
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the absence of Mg?* allowed for the binding sites in cTnC to be separated into low
affinity sites (~10° M%) and high affinity sites (~10” M) (Potter and Gergely 1975).

Binding to site Il is not expected to induce significant structural changes in N-
cTnC based on previous Molecular Dynamics Simulation data (Spyracopoulos, Li et al.
1997, Skowronsky, Schroeter et al. 2013, Stevens, Rayani et al. 2017). Therefore, it is
likely that the favourable AS associated with the interaction is due to increased degrees
of freedom for the water molecules that would result when stabilizing hydrogen bonds
are transferred from the positively charged metal cation and the negatively charged
amino acid side chains in the binding site Il to the buffered environment (Skowronsky,
Schroeter et al. 2013).

Representative isotherms for the pre-incubation of both Ca?* and Mg?* with the
apo-protein are shown in Figure 5-3. It was observed that the apparent affinity of N-
cTnC decreased for the titrant in both cases (Table S5-2). The D67A/D73A mutant
condition also reduced binding of both divalent cations (Figure 5-6), though the effect
differed slightly between the Ca?* and Mg?*. There was a 12-fold lower Ca?* affinity in the
mutant compared to the WT protein, which was greater than the 1.7-fold change in Mg?*
binding affinity.

Our ITC data on the full length cTnC show that both Ca?* and Mg?* bind to site
[1/IV as expected and that the affinity of the former is greater than that of the later. Mg?*
also competes with Ca?* for binding to site II, with the caveat that Mg?* binding is not
thought to cause the requisite conformational changes in the N-terminus of cTnC to
facilitate interaction with cTnl and allow for force production to occur (Tikunova and
Davis 2004). The amount of Mg?* that binds the regulatory site Il is likely to be highly
dependent on technique, system, and buffer conditions. In N-cTnC, occupation of site Il
by Mg?* was again seen to reduce the amount of Ca?* which was able to bind this
protein, at concentrations that may have physiologically relevant consequences under
normal conditions and even more so in the face of diseases which alter the Ca?

sensitivity of contraction.

Moreover, increases in cCAMP in the cell through a- and 3-adrenergic stimulation
elicits extrusion of Mg?* from the cell in mammalian tissues (Wolf, Di Francesco et al.

1996, Fagan and Romani 2001, Cefaratti and Romani 2007) including cardiomyocytes
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(Vormann and Gunther 1987, Howarth, Waring et al. 1994). If shown in the heart, both
sodium-dependent and independent removal of Mg?* from the cytosol under stressful
conditions would lower cytosolic presence of this cation. Despite this, free Mg?* does not
fluctuate greatly under such stimulation, suggesting that buffered Mg?*is removed from
the cell (Amano, Matsubara et al. 2000). Nevertheless, this altered pool of Mg?* may lead
to changed competition with Ca?* for binding to troponin and affect changes in force

production.

5.6. Conclusions

Our studies provide insights regarding the thermodynamics of metal cation
binding to N-cTnC. Competitive binding of Ca?* and Mg?* is observed at the site Il of
cTnC. These endothermic and entropically driven interactions are characterized by
differences in Ka, AH, and AS consistent with the differences in ionic radius, number of
required coordinating residues, as well as the energic cost of exposing hydrophobicity
amino acids to an aqueous environment. In the cell, these differences are functionally
necessitated by dissimilar cytosolic prevalence of each cation. Cellular concentrations of
Mg?* are not necessarily high enough to directly regulate contraction and are not thought
to cause a conformational change upon binding to cTnC. However, given the site Il
binding affinity we have observed, its occupation of the binding site may restrict Ca?*
binding. Our findings suggest that Mg?* binding may conceivably alter the availability of
site Il to Ca?* or alter the interaction of cTnC with other cTn complex proteins such as
the switch arm of cTnl and in so doing affect changes in the force production capabilities

of cardiac tissue.
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5.7. Supplementary Appendix
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Supplemental Figure 5-1  Representative isotherms for full length cTnC ITC
titrations
Representative isotherms for each full-length cTnC titration condition are shown. Upper panels
show the heat recorded during the titration and lower panels plot the integrated heat signal
against the molar ratio of titrant added. For all titrations 39 injections were used with the first
being 0.5 pL and the subsequent 38 being 1 uL each. In the top row, from left to right, the panels
show: the titration of 6 mM Ca?* into: apo-state full length cTnC, 1 mM Mg?*incubated cTnC, and
3 mM Mg?* incubated cTnC. The bottom row shows the titration of 40 mM Mg?* into the apo-state
full length cTnC. The isotherms can be used to visually determine the decreased amount of
binding to site Il in the presence of increasing Mg?*.
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Supplemental Figure 5-2  Representative binding isotherms for binding of Ca?*
and Mg?* to site Il of N-cTnC

The top row shows the titration of 4 mM Ca?* into apo-state N-cTnC, following by the same

titration into the D67A/D73A mutant; these isotherms are scaled to 4 pcal*s to help visualize the

relative heat change. The bottom row shows the titration of 20 Mg?* into apo-state N-cTnC,

followed by the same titration into the D67A/D73A mutant; these isotherms are scaled to 2.5

pcal*s? to help visualize the relative heat change.
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Supplemental Table 5-1

Thermodynamic Parameters Derived for Ca?" and Mg?*
binding to full-length cTnC

Titrant

cTnC
condition

Ka
*10° (M)

Kq
(uM)

AH

(kcal*mol )

T*AS

(kcal*mol™")

AG

(kcal*mol ")

2 329 247¢ 406.1 A 0.091P 4710 -4.62A
Site Mg | Apo-State | 8 +05 £0.05 +79 +0.001 +0.01 +0.11
]
2.10 3248 31.08 1.93B 8.098 -6.16 B
Ca? 1 mM Mgz*‘ 8 +0.05 +0.9 +0.9 +0.09 +0.08 +0.59
2 24 2.96 29.18 3558 0.75¢ 6.83¢ -6.088
Ca? 3 mM Mg 10 +0.06 +1.7 +21 +0.03 +0.04 +0.54
Sites
nnv

6 mM Ca2* and 40 mM Mg?* titrations into 100 uM N-cTnC were the baseline conditions. CaZ* was also titrated into
protein pre-incubated with 1 and 3 mM Mg?* to study the competition for all three binding sites. Binding to site Il was
analyzed separately from binding to sites llll/IV where analysis of variance was used to test for a significant difference
in the means for each thermodynamic parameter. At the level of each parameter, Tukey’s post hoc test was carried
out. The results of this test are indicated by superscripted letters, where conditions with unique letters are significantly
different (p < 0.05).
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Supplemental Table 5-2 Thermodynamic Parameters Derived from ITC for Each
N-cTnC Titration Condition

N-cTnC
Condition

n N Ka*10° Kq AH T*AS AG

Titrant M) (uM) (keal*mol"") (kcal*mol"!) (keal*mol")

2+
+1mM Mg 6 1.00 £27 - x 2.5'IC £ 0.05C x ‘:l.mc i 0.'1.05G
2 2+ 20.9 48.9 1.73 7.62 -5.89
Ca™ |+3mM Mg 7 1.00 +1.3 5 + 2.31c + o.osD + o.nsD = 0.04F
14.0 72.3 1.52 717 -5.65
+5mM Mg” 7 1.00 +0.7 +3.17 +0.05 +0.04 +0.02

Apostate |5| 100 | 1547F | G5287° | 2647 | 697 | 435°

D67AID73A | 5| 1.00 Offoz: "f;‘;;f: O;Zﬁ: 4;7,,33:‘ '1335:

g |1 CE 5 1.00 0;50_505G 1??212‘\ 0;‘0'3; : 4;33? : '?;'Zf;A
+2mmca” 6| 100 | OFT7 | 29110 | 04l | 4% | o

+3mMca™ 8| 100 | 0527 | 209757 | 024 | 3827 | 3607

+5mMCa® |9 | 1.00 Ojgf o : 01‘5?2' i?ﬂ; S8 ;‘TA

4 mM Ca?* and 20 mM Mg?* titrations into 200 uM N-cTnC were the baseline conditions. For the Ca?* titrations, pre-
incubation with 1, 3, 5, 10, and 20 mM Mg?* prior to titrations was used to study the site Il occupation by both cations.
The affinity and enthalpy change associated with the interaction was decreased with increasing amounts of Mg+
incubated. For the Mg?* titrations, pre-incubation with 1, 2, 3, 5 mM Ca?* prior to titrations was used to study the
binding of both cations to site II. Increasing the concentration of Ca?* decreased the binding affinity of Mg2* to site Il
and decreased the enthalpy change, therefore less Mg#* binds N-cTnC in the presence of Ca2*. The D67A/D73A
mutant was used to reduce the binding of both cations to the EF hand of site Il, albeit to a different extent for each. All
parameters are displayed as mean + SEM, with the exception of the stoichiometric ratio for the Mg2* binding which was
constrained to 1.00 to facilitate fitting. Titrations not linked with the same superscripted letter were significantly different
(p<0.05). The first letter of the alphabet indicates the largest mean and each subsequent letter denotes a significantly
lower mean.
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Supplemental Table 5-3

lon restraints used for thermodynamic integration.

ASP67 CG | 2.7 A | ALA67 CB 42 A ASP67CG | 23A | THR710 1.9A
SER69 OG | 2.6 A | SER69 OG 26 A SER690OG | 3.7A | SER69 OG 20A
GLU76 CD | 2.8 A | GLU76 CD 28A THR710G1 | 45A | ASP65CG 23A

For each system, 3 restraints to the ion were used. Table shows atom and distance to restrained ion.
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Chapter 6.

The Effect of Magnesium on Calcium Binding to
Mutant Troponin C

6.1. Abstract

Cardiac troponin C (cTnC) is the calcium (Ca?") sensing component of the
heterotrimeric cardiac troponin (cTn) complex, where binding of this cation during systole
causes a series of conformational changes that culminate in force production. Mutations
in cTnC allosterically alter the binding properties of this protein to increase or decrease
affinity. It has been proposed that elevated force production and duration of time spent in
contraction may lead to the hypertrophic phenotype in what is likely a collective of
diseases termed Hypertrophic Cardiomyopathies (HCM).

Regulation of contraction has long been though to occur exclusively through Ca?*
binding to site 1l of cTnC, however the relative abundance of cellular magnesium (Mg?*),
coupled with sequence similarities between Ca?* and Mg?* binding motifs makes this
divalent cation a potential competitor for binding to the same sites. Despite findings by a
number of groups, the existing dogma still precludes the binding of Mg?* to site Il of
cTnC. We have used isothermal titration calorimetry (ITC) to explore the thermodynamic
properties associated with the interaction between Ca?*/Mg?* and the regulatory (N-
terminal) domain of cTnC (N-cTnC). Our data suggest that physiological concentrations

of Mg?* may bind to N-cTnC to compete with Ca?* at site .

We also explored the effect of a series of mutations located in N-cTnC. Three of
the mutants (A8V, L29Q, and A31S) had only slightly elevated affinity for Ca?* and Mg?*
relative to the WT construct. The other mutations (L48Q, Q50R, and C84Y), that are
closer to the C-terminal domain and surrounding the EF hand binding motif of site Il had
a more dramatic effect on affinity and altered the thermodynamics of the binding

interaction.

Our results suggest a physiologically significant role for cellular Mg?* at baseline

conditions and when elevated on the Ca?* binding properties of the contractile

202



apparatus. This may be especially true in diseased states which alter the binding
properties of both Ca?* and Mg?*, to alter contractile function.

6.2. Introduction

Familial Hypertrophic Cardiomyopathy (FHC) is the inherited subset of
Hypertrophic Cardiomyopathy (HCM). FHC is thought to afflict between 1 in 500 (Maron,
Gardin et al. 1995) and 1 in 200 (Semsarian, Ingles et al. 2015) and is the most common
cause of sudden cardiac death in young athletes (Maron, Shirani et al. 1996). To date
over 1000 mutations have been found in a variety of mostly sarcomeric proteins with
over 100 mutations in the cardiac troponin (cTn) complex (Harada and Morimoto 2004,
Ashrafian and Watkins 2007, Seidman and Seidman 2011). Despite such a wide range
of molecular precursors, the disease is consistently characterized by hypertrophy,
myocyte disarray, and fibrosis (Elliott and McKenna 2004). The devastating nature of
this disease is rooted in the frequent absence of overt symptoms combined with the age
of initial outward manifestation. The first sign is often sudden cardiac death, which is
normally attributed to ventricular tachycardia and/or fibrillation following premature

ventricular contractions (Davis, Davis et al. 2016).

It is generally believed that central to the mechanism of this disease is
mishandling of calcium (Ca?*), whereby increased sensitivity is thought to prolong the
contractile phase and reduce relaxation thus causing diastolic dysfunction and leading to
hypertrophy. Free Ca?* in the cardiomyocyte is tightly regulated and fluctuates from 100
nM during diastole up to 1 uM in systole (Bers 2000).
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Figure 6-1 N-cTnC within ¢cTnC and the Troponin complex

The cTn complex is shown on the left panel. This complex includes the Ca?* binding cTnC in red,
the inhibitory cTnl in blue, and the tropomyosin binding cTnT in green. Black spheres depict the
bound cations that interact with sites 11l/1V in the C-terminal domain and site Il in the N-terminal
domain. cTnC, shown in the middle panel in rainbow colors with the N-terminal domain in blue
and the C-terminal domain in red. The black spheres again depict the bound cations. The focus of
this work is on the N-domain of cTnC which is depicted in the right-most panel with each of the 6
studied mutations highlighted and labelled.

The heterotrimeric cardiac troponin (cTn) complex is the link between Ca?*
signaling and contraction. This complex includes: Ca?* sensing troponin C (TnC),
inhibitory troponin | (Tnl), and tropomyosin-binding troponin T (TnT) (Figure 6-1). The
cTn complex, along with actin and tropomyosin forms the cardiac thin filament (TF). The
TF interacts with multiple proteins such as myosin, myosin binding protein C, and titin

that form the thick filament of the cardiac contractile apparatus (Katrukha 2013).

TnC is a globular protein with 4 Ca?*/magnesium (Mg?*) binding EF hands.
Structural sites Il and IV, in the C-terminal domain bind Ca?* (Ka ~10” M) and Mg?* (Ka
~10* M) with high affinity to tether cTnC to the other components of the cTn complex
(Potter and Gergely 1975, Sturtevant 1977, Tikunova and Davis 2004). The N-terminal
domain of cTnC also contains two EF hand motifs, however site |, which binds Ca?* in
skeletal tissue is dysfunctional in cardiac muscle leaving site Il as the sole regulatory
site. Low affinity (Ka ~10° M) binding to site Il allows for this site to be unbound during
diastole and bound during systole. This binding acts as a switch, setting off a series of

conformational changes in the cTn complex.

Binding to site Il, results in the movement of helices NAD away from BC,
exposing a hydrophobic cleft. This region is then bound and stabilized by the switch

peptide of Tnl (residues 147-163) (Tnlsw). This leads to movement within the cTn
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complex and the rest of the TF exposing binding sites on actin and allowing for contact
with myosin heads, ultimately resulting in force production (Sia, Li et al. 1997,
Kirschenlohr, Grace et al. 2000).

Multiple FHC-associated mutations have been found in the N-terminal domain of
cTnC (residues 1-89) (Kalyva, Parthenakis et al. 2014). In this study we have focused on
A8V (Cordina, Liew et al. 2013), L29Q (Hoffmann, Schmidt-Traub et al. 2001), A31S
(Parvatiyar, Landstrom et al. 2012), and C84Y (Landstrom, Parvatiyar et al. 2008) in
addition to the engineered mutation L48Q (Tikunova and Davis 2004) and the Dilated
Cardiomyopathy (DCM) associated mutation Q50R (van Spaendonck-Zwarts, van
Tintelen et al. 2010) (Figure 6-1).

We have previously studied this series of mutations through isothermal titration
calorimerty (ITC) and Molecular Dynamics (MD) Simulations (Stevens, Rayani et al.
2017). ITC allows for the measurement of the thermodynamic parameters which underly
a binding interaction. Using this technique, we can elucidate the reaction stoichiometry
(N) as well as the affinity (Ka) and thus the dissociation constant (Kg), the change in
enthalpy (AH), change in entropy (AS), and change in Gibbs free energy (AG) (Freire,
Mayorga et al. 1990). A prevalent hypothesis in this field posits that mutations that
destabilized the closed conformation of the protein (prior to Ca?* binding) and/or those
that favor the open (Ca?* bound) state confer an increase in affinity (Willott, Gomes et al.
2010).

A8V is located in the N-helix of N-cTnC and causes a slightly elevated Ca?*
binding affinity relative to WT. L29Q and A31S are located between helices A and B and
caused a greater increase in Ca?* affinity with the reaction coordinates largely
maintained. Q50R and L48Q are located between helices B and C and significantly
increased the affinity of the protein for Ca?* and altered the energetics of the binding
interaction. C84Y which is located immediately before the DE linker also significantly
increased the affinity of the protein for Ca?* to well above the values observed in the WT

(Stevens, Rayani et al. 2017).

After potassium, Mg?* is the second most abundant cellular cation with a total
concentration of ~15 - 20 mM, but it is also tightly regulated with the majority buffered by

cytosolic components such as ATP. Even still, free Mg?* measures approximately 1 mMm
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and is about 1000 times as abundant as systolic Ca?* (Romani and Scarpa 1992, Dai,
Friedman et al. 1997, Maguire 2006).

Davis et al. have shown that Mg?* concentrations of 3 mM decrease the Ca?*
affinity in isolated cTnC (Tikunova and Davis 2004), and skinned psoas muscles (Davis,
Rall et al. 2002). Interestingly, in these fluorescence-based studies, Mg?* did not seem to
cause structural changes in cTnC (Tikunova and Davis 2004). We sought to further
explore the effects of Mg?* on Ca?* binding to the regulatory domain of cTnC and

possible modifying affects on the previously listed series of mutations.

Sequence variations outside the coordinating residues of the EF hands of cTnC
allosterically induce alterations in Ca?* affinity (Liang, Chung et al. 2008, Tikunova, Liu et
al. 2010). These changes in Ca?* binding have previously been linked to FHC and DCM-
associated mutations, thus insight regarding the underlying thermodynamics of this
foundational interaction may have far reaching implications (Gomes and Potter 2004, Li,
Stevens et al. 2013, Stevens, Rayani et al. 2017). In contrast, mutations outside the
binding residues of each EF hand are not thought to allosterically modify Mg?* binding
(Andersson, Malmendal et al. 1997, Ohki, Ikura et al. 1997, Malmendal, Evenas et al.
1998), therefore the role of this cation in FHC is currently unclear.

Our ITC studies on the binding of Ca?* and Mg?*to mutant N-cTnC suggest that
Mg?* may interact with this protein even at normal cytosolic free concentrations. The
affinity of each of the 6 mutants for Mg?* was higher than the WT which was measured
to have a physiological significant affinity for Mg?*. Therefore, the presence of Mg?* at
baseline levels may play a physiologically significant role. Higher than baseline
concentrations of Mg?* that accompany certain energy-depleted states may further

accentuate the effects of inherited mutations and exacerbate disease phenotypes.

6.3. Methods

6.3.1. Construct Preparations

Recombinant proteins were expressed and purified as described previously
(Stevens, Rayani et al. 2016). In brief, the human cTnC gene (TNNC1) within the pET-
21a(+) vector was ordered from Novagen and the Phusion site directed mutagenesis kit

(Thermo) used to introduce a stop codon at residue 90, followed by single base pair
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changes to introduce all 6 mutations of interest (A8V, L29Q, A31S, L48Q, Q50R, and
C84Y) on separate N-terminal constructs (cTnCi.s9). Mutagenesis was carried out with
preliminary steps using the DHSa E. coli strain to house the plasmids. Following the
mutagenesis and confirmation by sequencing, the constructs were transformed into the

BL21(DE3) expression strain and stored as glycerol stocks.

6.3.2. Protein Expression

100 mL of Lysogeny Broth (LB) supplemented with 50 pg/mL of Ampicillin and a
stab of the glycerol stock was grown overnight at 37°C for 16 — 20 hrs with shaking at
225-250 rpm. 1 L flasks of LB were induced with 1-5% of the over night culture and
supplemented with the same concentration of antibiotic and grown under the same
conditions for ~3 hrs (until ODeoo Was between 0.8-1.0). The culture was then
supplemented with 1 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG) and grown for a
further 3 — 4 hrs. Cells were then harvested by centrifugation and resuspended in the
Lysis Buffer (50 mM Tris-Cl and 100 mM NaCl at pH 8.0). The suspended pellet was
stored at -80° C until purification.

6.3.3. Protein Purification

The pellet was thawed and sonicated at ~80% amplitude in 30 second intervals
for a total time of 3 — 4 mins with each intermittent period spent on ice. The cells were
then spun 2 times, for 15 minutes each at 30,000 xg and the supernatant kept and the
pellet discarded. The supernatant was filtered as needed and applied to a 15 mL fast-
flow DEAE or Q Sepharose column (GE Healthcare), pre-equilibrated with Buffer A (50
mM Tris-Cl, 100 mM NaCl, and 1 mM Dithiothreitol (DTT) at pH 8.0). Buffer B (Buffer A +
0.55 M NaCl) was applied over a 180 mL protocol, where the concentration was ramped
up from 0 to 100% to elute the proteins of interest. Fractions containing the N-terminal
cTnC construct were identified by SDS PAGE and pooled. An Amicon centrifugal
concentrator (Millipore) with a 3 KDa cut-off was used to concentrate the pooled
samples to a volume of 3 — 5 mL. The pooled samples were then applied to a HiPrep
26/60 Sephacryl S-100 column (GE Healthcare) equilibrated with Buffer A. The fractions
were again analyzed by SDS PAGE and those containing the protein of interest, free of

contaminants were pooled, concentrated, and stored at -80°C.
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6.3.4. Preparation for ITC Experiments

The protein was dialyzed against 3 exchanges of 2 L for at least 6 hrs each with
ITC Buffer 1 containing 50 mM HEPES, 150 mM KCI, 2 mM of EDTA, and 15 mM -
mercaptoethanol (BME) at pH 7.2. ITC Buffer 2 was identical to the first but did not
contain EDTA. ITC Buffer 3 was identical to the second but contained 2 mM BME. The
nanodrop was used to gain a preliminary measure of the protein concentration using an
extinction coefficient of 1490 M**cmand a molecular weight of 10.4 kDa. An initial ITC
run, was used to determine the molar ratio (N). Given that the concentration of the titrant
is known and the number of binding sites in N-cTnC is 1, the concentration of folded,
functional protein can be determined and adjusted in subsequent runs to give an N of
1.0.

The protein was diluted in the final dialysis buffer to a final concentration of 100
UM. The titrating solutions were prepared from 1.00 M Ca?* and Mg?* stocks (Sigma) by
serial dilution in the final dialysis buffer.

6.3.5. ITC Protocol

The titrations were done with 2 mM Ca?* and 20 mM Mg?*, with the exception of
the L48Q which was titrated with 2 mM Mg?*. 19 titrations, 60 seconds apart were
performed with the first being 0.8 yL and each subsequent injection 2 pL. The cell
contents were mixed at 750 rpm throughout the titration. All titrations were carried out at
25°C.

6.3.6. Data Processing and Statistical Analysis

Data were imported and analyzed in Origin 8.0 software for Microcal ITCzq
(Northampton, MA). After saturation, the final 2-3 data points were averaged, the heat
was subtracted from all injections as a control for heat of dilution and non-specific
interactions. Least-squares regression was used to fit each titration after the first
(dummy) injection was removed with minimization of chi-square and visual evaluation
used to determine the goodness-of-fit for a single binding site model. Following
establishment of the protein concentration based on the obtained N value for each apo-

state Ca?* titration for each construct, the same dilution of protein was used for each
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other titration and the N-value fixed to 1.00 to facilitate data fitting. The various
thermodynamic parameters were averaged and reported as a mean + SEM. The
difference between the means was compared using a one-way ANOVA, where all the
titration conditions had p<0.001. This was followed by Tukey’s post-hoc test to determine
where significant differences existed (p<0.05) (Tables 6-1 and 6-2).

6.4. Results

All of the studied mutations increased Ca?* and Mg?* binding affinity relative to
the WT construct (Tables 6-1 and 6-2). The smallest increase was associated with A8V
and the greatest with L48Q. In general, the mutations located most adjacent to site I
(L48Q, Q50R, and C84Y) increased the affinity for each cation to a greater extent and
altered the thermodynamic profile of the binding interaction more dramatically; the

changes associated with the other mutants was subtler.

The Ka associated with Mg?* binding was orders of magnitude lower than that
with Ca?* binding for all constructs (Figure 6-2 and S6-5). The addition of 1 mM Mg?*
generally decreased the affinity for Ca?* but also decreased the extent to which Ca?* was
able to bind site Il (as visualized through a reduction in AH) (Table S6-5). Addition of 3
mM Mg?* further decreased both the Kx and AH (Table S6-6).

Mutations with the closest proximity to site 1l, namely Q50R and C84Y responded
most dramatically to the presence of Mg?*. Pre-incubation caused the reaction
landscape to change significantly such that endothermic apo-state interactions became

exothermic.

6.4.1. Titration Based comparison

Calcium binding

L48Q, Q50R, and C84Y had significantly higher affinities than WT and were
characterized by a significantly greater AG (Table 6-1). L29Q and A31S also changed
the Ky significantly compared to the WT protein with the A8V mutation being the only
construct that did not cause a significant elevation in affinity for Ca?*. L48Q, Q50R, and
C84Y had lower than WT changes in entropy. The Ca?*-L48Q interacted was

exothermic.
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Table 6-1 The thermodynamic properties of the titration of Ca?" into apo-state

N-cTnC
1.01 64.48 15.79 3.58 10.14 -6.56
+0.01 +3.09 +0.74 + 0.07 +0.08 +0.03
1.02 75.57 13.25 3.43 10.09 -6.66
+0.01 +1.29 +0.23 +0.04 +0.04 +0.01
1.04 112.10 9.05" 3.47 10.35 6.89°
+0.01 +6.71 +0.55 +0.08 +0.07 +0.03
1.00 121.30 8.60" 228" 9.20° 6.93"
+0.01 +11.42 +0.77 +0.07 +0.03 +0.06
- ;101 394.71° 254" 651" 1.12° -7.63"
+0.01 +7.26 +0.05 +0.04 +0.03 +0.01
- ;101 232.86° 461" 143" 8.74" 7.31°
+0.01 +24.14 +0.52 +0.04 +0.04 +0.06
- 2 1.00 284.29° 447" 0.64" 8.01° 7.37°
+0.01 + 59.60 +0.83 +0.03 +0.11 +0.12

For each parameter and across the construct type, the difference in mean value was tested using ANOVA followed by
Tukey's post-hoc test; constructs differing in their mean p<0.05 from the WT are marked by *. Each parameter is
displayed as mean + SEM.

The Gibbs free energy reflects both the AH and the AS and as such
demonstrates that the most favorable interaction occurs in L48Q, then Q50R/C84Y,

followed by the other mutants.

Magnesium Binding

It is important to note that the interactions with Mg?* are endothermic and
entropically driven for all 6 mutants and the WT protein (Table 6-2). The highest affinities
were seen in L48Q, Q50R, and C84Y. While the Kq was significantly lower than the WT
for all the mutants, the lowest by two orders of magnitude was seen in L48Q. There is a
great deal of overlap in the AH associated with the interaction of Mg?* and each
mutant/WT construct. The exception is L48Q where a significantly greater amount of
binding occurs as indicated by the absolute value of AH. Every mutant was associated
with a higher than WT AS, with the highest values associated with L48Q, followed by
Q50R, and C84Y.

Competition
1 mM Magnesium Competition

As expected from the affinity for each individual cation, the L48Q construct had
the highest affinity for Ca?* in the 1 mM Mg?* pre-incubation condition. The largest
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affinities were seen in A31S, Q50R, and C84Y, with A8V and L29Q not distinguishable
from the WT (Table S6-5).

Table 6-2 Parameters for the titration of Mg?* into apo-state N-cTnC

1.00 711.08 6.79 -4.29
+007 + 32.67 +018 +0.17 +0.03
1.00 2.99 33549 2.75 7.48" -4.74
+0.08 +10.11 +0.07 +0.06 +0.02
1.00 2.88 358.47" 2.94 765" -4.70
+0.23 +28.10 +0.06 +0.06 +0.05
- 6 100 4.24 24569 2.72 7.65° -4.93
+0.35 +24.04 +0.08 +0.10 +0.05

- 7 1.00 175.70 6.29" 3.91° 11.04 " -10.50 *
+23.50 +0.84 +0.23 +0.19 +2.18
- 7 100 22.03 4597" Gy 8.18" -5.92
+0.99 +2.14 +0.10 +0.09 +0.03
- 8 1.00 29.89 36.52 2.29 8.37" -6.08
+ 3,63 +3.92 +0.06 +0.05 +0.06

The thermodynamic properties of the Mg?* binding interaction with WT N-cTnC and each of the mutants are listed. For
each parameter and across the construct type, constructs differing in their mean p<0.05 from the WT are marked by *.
With the exception of N which that fixed to 1.00, each parameter is displayed as mean + SEM.

The amount of binding can be tracked through the value of AH. The greatest
change was seen in the 4 C-terminal most mutations that are also driven by exothermic
interactions. The A8V and L29Q, while different from WT, were nonetheless similarly

endothermic.
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Figure 6-2  Comparing the Kq for Ca?* binding (A) and Mg?* binding (B) in each
titration condition between all N-cTnC constructs
SEM error bars are used to depict where significant differences exist in the mean values.

The same four mutations: A31S, L48Q, Q50R, and C84Y showed a less
favourable entropy change compared to the WT. Despite this, binding was more
spontaneous, this was driven by the change in AH associated with each interaction. A8V

and L29Q also interact spontaneously due to a favourable change in AS.

3 mM Magnesium Competition

The patterns observed in the 1 mM pre-incubation condition were largely

maintained and accentuated further in the 3 mM pre-incubation condition. In general, the
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highest Ka was seen in the mutants most adjacent to site Il, with A8V and L29Q virtually
indistinguishable from the WT construct (Table S6-6).

L48Q had the highest affinity for Ca?* in this state as expected from its affinity for
each individual cation. The AH was characteristic of an exothermic interaction in the
A31S, L48Q, Q50R, and C84Y constructs and drove these more spontaneous reactions

which again had the least favourable AS values.

A8V and L29Q are most WT like; they have the most favourable changes in

entropy that resulted in spontaneous interactions despite endothermic binding.

6.4.2. Construct Based Comparison

Ratio of K4 between 0 and 1 mM Mg?*

45 -
4.0 + b
35 4
3.0 + E
25 +
2.0 4
15+ B
1.0 +
05 | m
0.0 -
WT A8V L29Q A31S L48Q Q50R c84ay

Figure 6-3  Ratio of change in Kq4 for Ca?* binding between the apo-state
titrations and the 1 mM Mg?* pre-incubation experiments

SEM error bars are shown for each construct. ANOVA and Tukey’s post-hoc test were used to

determine that a significant different exists between each mutant and WT N-cTnC, p<0.05.

Figure 6-3 shows the change in Kqfor Ca?* as a result of adding 1 mM Mg?* to
the N-cTnC construct. A31S had a significantly lower Kq in the presence of 1 mM Mg?*.
The other 5 mutants also had a significant response to Mg?* in comparison to WT N-
cTnC. In each of these mutants, Ca?* binding to site Il occurred with significantly lower
affinity in the presence of Mg?*. In the WT N-cTnC and all of the mutants, the presence

of Mg?* significantly altered the binding affinity for Ca?",
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WT N-cTnC

The interaction of Ca?* with WT N-cTnC was endothermic and entropically
driven. The Ky value associated with the interaction was 15.79 + 0.74 uM. Mg?* affinity
was more than an order of magnitude lower but similarly endothermic and entropically
driven. 1 mM Mg?* lowered binding affinity by 35% and reduced the amount of binding
(as indicated by lower AH) and the entropic favourability of the interaction (Figure 6-3). 3

mM Mg?* further accentuated these changes.

A8V N-cTnC

The changes observed in our system should be considered relative rather than
absolute. A8V had similar to WT isotherms and parameters with only a moderately
higher affinity for both Ca?* and Mg?*. Both interactions were endothermic and
entropically driven. The addition of 1 mM Mg?* reduced the Ca?* affinity approximately 3-
fold and significantly reduced the amount of binding to site Il (AH was reduced to less
than half) (Figure 6-3). The effects of 3 mM Mg?* pre-incubation was similar in that the
Ka, AH, and AS were reduced such that the reactions were less spontaneous and
binding occurred with a K4 that was nearly 7-fold higher than the apo-state condition.
Therefore, the effect of Mg?* pre-incubation on Ca?* binding was more significant in the
A8V mutant compared to the WT protein.

L29Q N-cTnC

The changes observed in L29Q relative to the WT protein was in line with the
trends seen in the previous mutant. The affinity was higher than seen in the WT protein
and the interaction was again, endothermic and entropically driven. The affinity of the
mutant was nearly 2-fold higher than seen in the WT. The addition of 1 and 3 mM Mg?*
decreased the affinity such that Ky increased nearly 3- and 9-fold, respectively (Figure
6-3). The AH, indicative of the amount of binding also decreased in a graded manner
with increasing amounts of Mg?* such that a favourable AS was nearly the sole factor

driving this interaction.

A31S N-cTnC

Ca?* binding to A31S was endothermic and entropically driven and occurred with
higher affinity than seen in the WT protein. The affinity of the mutant for Mg?* was 3-fold
higher than the WT. Given this, it was not surprising that the addition of 3 mM Mg?*
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decreased the affinity for Ca?* to about half of that seen in the apo-state binding
condition. However, two surprising findings were seen. Firstly, the addition of Mg?*
altered the reaction kinetics such that the interaction became exothermic. Secondly, the
1 mM preincubation condition was characterized by higher than apo-state affinity for
Ca?* (Figure 6-3). This may be due to the more than 30-fold higher affinity for Ca?* such
that 1 mM Mg?* enhanced binding, despite assumed occupation of some percentage of
the binding sites. Even still, the affinity for Ca?* was further reduced when Mg?* was

elevated to 3 mM.

L48Q N-cTnC

Among the constructs studied, L48Q had the highest affinity for both Ca?* and
Mg?* by a significant and substantial margin. It was characterized by an exothermic
interaction when binding Ca?* and an endothermic interaction with Mg?*. The addition of
1 mM Mg?* decreased the affinity by less than 2-fold (Figure 6-3) and 3 mM Mg?*
decreases affinity by nearly 5-fold. In both pre-incubation conditions, the interaction with
Ca?* was still exothermic, but the change in entropy was negligibly small such that the

reaction was driven almost entirely by the dissipated heat.

Q50R N-cTnC

The affinity of Q50R for both Ca?* and Mg?* was higher than the WT. Binding was
similarly endothermic and characterized by a positive AS. However, the addition of 1 mM
Mg?* had significant effects on the reaction such that binding of Ca®* occurred with one
third of the affinity (Figure 6-3) and the interaction became exothermically driven as the
change in entropy was much less favorable (about one quarter the T*AS). The addition
of 3 mM Mg?* further reduced the affinity such that it was about 5-fold lower but still
exothermic. It should be noted that with greater concentration of pre-incubated Mg#*, the

amount of binding was reduced as seen through a lower AH.

C84Y N-cTnC

After the engineered L48Q mutation, C84Y caused the largest change in affinity
for both Ca?* and Mg?* relative to the WT protein. This was in keeping with the trend of
the C-terminal most mutations having a larger effect and enacting more significant
changes on the energetics of these titrations. In the apo-state, the interaction with both

cations was endothermic (though the absolute value indicated that the amount of binding
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was much less than the WT) and entropically driven. The relative contribution of these
parameters indicates that entropic favorability played a relatively large role in driving
these reactions. Preincubation with 1 mM and 3 mM Mg?* reduced affinity by
approximately 3 (Figure 6-3) and 5-fold respectively, with the reaction becoming
exothermic.

6.5. Discussion

The binding of Ca?* to site Il within the N-terminal domain of cTnC is the
fundamental molecular precursor to a series of conformational changes that culminate in
force production. As such, changes in the sequence of this highly conserved protein
often have grave consequences for the force production capabilities of the heart (Gillis,
Marshall et al. 2007). The 6 mutations that we have studied all occur outside the EF
hand binding region and allosterically alter affinity. Given the location of each mutation of
interest and the desire to focus on changes in the binding interaction, we exclusively
studied the N-terminal domain of cTnC. The mutations in question have also been
studied at various levels of complexity by numerous groups, whose findings agree to a

reasonable degree with our conclusions (Table S6-3).

ITC directly measures the binding interaction and subsequent conformational
change as an alternative to the introduction of naturally occurring fluorophores such as
F27W (Gillis, Blumenschein et al. 2003) or bulky fluorophores such as IAANS (Dong,
Wang et al. 1997, Li, Stevens et al. 2013). These fluorophores can be used to report on
structural changes that proceed the binding interaction and thus, indirectly measure
affinity. Fluorescence can also be used to report on the dissociation of Ca?* from cTnC,
cTn, or the TF by utilizing chelators such as EDTA and rapid fluid changes through a
stopped flow apparatus (Tikunova, Liu et al. 2010).

Equilibrium dialysis studies indicate that Mg?* does not compete with Ca?* for
binding to the N-terminal cTnC, and exclusively binds the C-terminal sites (Holroyde,
Robertson et al. 1980). This notion has endured for almost 4 decades. However, our
studies utilize ITC, that has the capability to detect minute changes in enthalpy (within

0.1 pcal) which accompany these interactions (Freire, Mayorga et al. 1990).
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The binding of Ca?* to N-terminal cTnC is governed by the balance between
conformational strain resulting from the interaction and the energetics of exposing a
hydrophobic cleft to the aqueous environment (Gifford, Walsh et al. 2007). Therefore, we
posit that the changes in affinity seen in each mutant result from either the
destabilization of the apo-state protein or the stabilization of the solvent exposed state.

In general, we found that the mutants had a more negative AG compared to the
WT, consistent with the MD Simulations published previously (Stevens, Rayani et al.
2017). Work by Bowman and Lindert corroborates these findings and suggests a
unifying theory that increased frequency of opening may result from the lowered
energetic cost of exposing the N-terminal domain of cTnC. The placement of more
hydrophilic amino acids that destabilize hydrophobic packing in the closed state and
stabilize the open, solvent-exposed state that follows, may allow for this mechanism of

action (Bowman and Lindert 2018).

A8V was only moderately different from the WT, consistent with previous findings
that suggest this mutation alters the interaction of cTnC with other TF proteins rather
than altering the Ca?* binding affinity directly (Landstrom, Parvatiyar et al. 2008, Pinto,
Parvatiyar et al. 2009). The location of this mutation near the interface with N-cTnl and
strengthened interaction with the switch peptide makes this a distinct possibility (Zot,
Hasbun et al. 2016, Stevens, Rayani et al. 2017). Nuclear Magnetic Resonance (NMR)
data suggest a slight increase in the opening frequency in the apo-state relative to the
WT (Cordina, Liew et al. 2013). In our study, the binding affinity of this mutant for Mg*
was higher than the WT and as a result of this, in the pre-incubation conditions, the A8V
construct had lower than WT affinity for Ca®* (Figure 6-6 and Table 6-6).

L29Q is the next most proximal mutation to the N-helix and caused a statistically
significant reduction in the K4 for Ca?* binding compared to the WT. It also had greater
than WT Mg?* binding affinity but similar thermodynamic parameters and isotherm
characteristics. Fluorescence studies on isolated cTnC containing the L29Q mutations
showed increased Ca?* affinity. A complex system containing the entire contractile
apparatus with L29Q cTnC had similar to WT Ca?* sensitivity (Dweck, Hus et al. 2008).
This mutation changes sensitivity of force generation in a length and phosphorylation-

dependent manner (Liang, Chung et al. 2008).
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Alteration of a hydrophobic residue to one that is polar underlies sensitization of
site Il (Pearlstone, Borgford et al. 1992, da Silva, de Araujo et al. 1993). Mechanistically,
solvent exposure of an uncharged glutamine may facilitate a greater extent of opening
than a hydrophobic leucine (Stevens, Rayani et al. 2017). However, our previous work
suggests that this mutant has the highest closed probability amongst the 7 constructs
and lowers opening frequency (Stevens, Rayani et al. 2017). In contrast, it has been
shown through NMR that this mutation may cause a more open N-domain in the cTnC in
both the apo- and holo-states (Potluri, Cordina et al. 2019). L29Q may open in the holo-
state with similar frequency as the WT and have similar energetic requirements as the
WT for opening in both the apo- and holo-states (Bowman and Lindert 2018). Therefore,
it is likely that the effects of this mutation in isolated N-cTnC is minimal and that changes
are enacted through modification of the interaction with other cTn complex proteins (Li,
Stevens et al. 2013).

A31S is located in the EF hand of the defunct site | and changes a hydrophobic
amino acid for an uncharged one. In skeletal tissue, there is a great deal of cooperativity
between binding to the two N-terminal sites of TnC (Johnson, Collins et al. 1978). This
mutant had a significantly lower Kq for both Ca?* and Mg?* compared to the WT and
significantly higher affinity for Ca?* in both pre-incubation conditions. A31S was found
through MD simulations to sample a greater number of interhelical angles and to have a
lower average angle between helices A and B (Stevens, Rayani et al. 2017). The most
interesting finding was that pre-incubation with 1 or 3 mM Mg?* completely changed the
reaction isotherm (Figure S6-3).

AH reflects the strength of hydrogen bonds, van der Waals interactions, and
electrostatic forces between the titrant and the target ligand. Optimal placement of
hydrogen bond donors and acceptors balances de-solvation of polar groups to contribute
to the enthalpy change (Ward and Holdgate 2001). The significant change in enthalpy
suggests alteration of the number of bonds formed by the side chains of binding site
residues or those exposed to the environment following the conformational change. This
mutation may stabilize the binding site | between helices A and B through formation of
an additional hydrogen bond causing local changes that minimally alter global structure

(Parvatiyar, Landstrom et al. 2012).
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L48Q caused by far the largest change in affinity and altered the
thermodynamics of each isotherm to the greatest degree. This mutation is located within
the BC helical bundle and was strategically engineered to increase the Ca?* sensitivity of
force production (Tikunova and Davis 2004). The combination of high Ca?* and Mg?*
affinity resulted in the lowest observed Kq in both competition conditions.

Our previously published MD simulations suggest that the absence of a
hydrophobic residue disrupts hydrophobic packing in the AB domain. We also found that
the L48Q mutant opens more frequently than the other constructs (Stevens, Rayani et
al. 2017). Bowman and Lindert’s work also suggests that L48Q samples the open state
much more frequently than the WT protein (Bowman and Lindert 2018). The changes in
AH are likely, at least in part, due to the presence of an additional hydrogen bond
resulting from the introduction of a polar amino acid in a key domain of cTnC. In vivo,
this would increase the opportunities for interaction with the Tnlsy (Wang, Robertson et
al. 2012, Davis, Davis et al. 2016, Shettigar, Zhang et al. 2016).

Tikunova et al. originally suggested that despite a shift towards the Ca?*-bound
state, resulting from a reduction in hydrophobic contact between helices NAD and BC,
the solvent exposure of the N-domain is minimized by numerous side chain contacts.
Their hypothesis regarding the disruption of hydrophobic interactions and minimization of
exposure to the surrounding solvent is reconcilable with our findings and explains the

much lower AS associated with this set of titrations (Tikunova and Davis 2004).

Q50R is a relatively recently identified mutation that has yet to be fully explored.
This change replaces a polar side chain with one that is bulky and charged. Given the
hypothesized form of action seen in L48Q and the vicinity of these residues, it is
conceivable that the packing of helices NAD and BC is also disrupted by this mutant.
This mutant had a much higher affinity than WT for both Ca?* and Mg?* which bind
endothermically. Similar to L48Q, the interaction with Ca?* was exothermic in the pre-
incubation condition. Our previous work suggests that Q50R is more frequently open
than the WT c¢TnC (Stevens, Rayani et al. 2017). The reduced entropic cost of exposing
a charged residue to the aqueous environment may explain the decreased AS of the
system. Further, the energetic cost of opening the hydrophobic patch is increased in this
mutant in comparison to the WT protein that has a less stable closed conformation
(Bowman and Lindert 2018).
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C84Y places a bulky hydrophobic side chain in the region immediately preceding
the flexible DE linker that is bound and stabilized in the open state by the Tnlsw. This
bulky tyrosine may act as a wedge to reduce interaction with the Tnlsw and thus increase
the Ca?* sensitivity of force development in skinned fibers (Landstrom, Parvatiyar et al.
2008, Pinto, Parvatiyar et al. 2009). This mutation was thermodynamically similar across
all titrations with Q50R, which given the location of each does not necessarily suggest a
similar mode of action. Interestingly however, our MD Simulations previously showed
that a hydrophobic interaction between C84 and Q50 may be disrupted by this mutation.
The bulky tyrosine in helix D may reduce the entropic cost of opening associated with
the binding interaction, this is consistent with the observed, lower than WT AS values in
C84Y N-cTnC (Stevens, Rayani et al. 2017).

The results presented in Figure 6-3 show that WT N-cTnC and each of the
mutants responded significantly and variably to the presence of Mg?*. For the mutants,
with the exception of A31S, the Ca?* binding affinity of site Il was significantly lowered in
the presence of 1 mM Mg?*. This desensitization was most pronounced in
A8V>L29Q>Q50R>C84Y>L48Q. Given this observations, it is possible that Mg?* binding
dampens the presupposed sensitizing effect of HCM-associated mutations (Chang and
Potter 2005). The change in pCaso relative to the WT, presented in Table 7-1 should be
interpreted in light of these results; at the very least, the effect of Mg?*in modifying Ca?*

sensitivity of force production cannot be ignored.

The abundance of Mg?*, its similarities as a divalent cation and the small
difference in atomic radius with Ca?* suggests that this ion is a candidate for binding to
site Il of cTnC. Despite previous work in this field, the central dogma in the literature is
largely dismissive of the possibility that physiologically relevant concentrations of Mg?*
bind to site II. A polar serine residue at the 69™ position and a negatively charged
glutamic acid at the 76™ position in the EF hand binding site Il of N-cTnC, create a
domain that is amicable to Mg?* binding (Reid and Procyshyn 1995, Tikunova, Black et
al. 2001). We have explored the hypothesis that binding of both Ca?* and Mg?* occurs in
a competitive manner to this site, where affinity for each cation is further modified by

single amino acid changes outside the binding domain.

Tikunova and Davis have shown that Mg?* does not cause a structural change

upon binding but does significantly alter the affinity of cTnC for Ca?* with 3 mM Mg?*
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causing a more than 3-fold reduction in Ca?* binding affinity. Moreover, Mg?* reversed
the fluorescence change of Ca?* saturated cTnC. That is to say, 3 mM Mg?* competes
for binding to site Il (Tikunova and Davis 2004).

The importance of cellular Mg?*is recognized, but the molecular mechanism
requires further exploration. We measured a 47-fold difference in the affinity of WT N-
cTnC for Ca?* (15.79 + 0.74 uM) and Mg?* (711.08 + 32.67 uM). However, Mg?* is at
least 1000 times more abundant in the cytosol at systole than Ca?* 1 uM vs. 1 mM (Dai,
Friedman et al. 1997, Bers 2002) and may compete for binding to site Il in addition to the
structural sites Il and IV. Mg?* deficiency has been linked to cardiac disease including
arrythmias, hypertension, and congestive heart failure (Touyz 2004, Weglicki, Quamme
et al. 2005, Mazur, Maier et al. 2007). It is possible that Mg?* modulates the role of Ca?*

and alters activation of contractile pathways that are governed by this messenger.

6.6. Conclusions

The interaction of Ca?* with mutant N-cTnC occurred with higher than WT
affinities, with the highest affinity seen in the L48Q mutant. In general, A31S, L48Q,
Q50R, and C84Y had the highest affinities for both Ca?* and Mg?*. Thermodynamic,
structural, and simulation work by our group and multiple others suggests a common
mechanism whereby the mutants disrupting stabilizing hydrophobic interactions between
helices NAD and BC cause an elevation in binding affinity (Pinto, Parvatiyar et al. 2009,
Wang, Robertson et al. 2012, Cordina, Liew et al. 2013, Stevens, Rayani et al. 2017).

We found that the affinity for Mg?* was at least an order of magnitude lower than
seen for Ca?*. The change in affinity observed when comparing the Mg?* pre-incubated
N-cTnC and apo-state protein was variable in each mutant and significantly different
from the WT (Figure 6-3). Moreover, 1 mM and 3 mM Mg?* decreased the amount of
binding and affinity for Ca?* in a graded manner and may, play a significant role in the

cardiomyocyte E-C coupling (Ogawa 1985, Tikunova and Davis 2004).

Less than 15 mins of ischemia can decrease [ATP]; to increase [Mg?*] three-fold
(Murphy, Steenbergen et al. 1989, Hongo, Konishi et al. 1994, Tessman and Romani
1998). This elevated Mg?* may compete with Ca?* for binding to cytosolic buffers.

Overall, our study suggests that the effect of cellular Mg?* on the Ca?* binding properties

221



of site Il within N-cTnC is not negligible. This effect is even more pronounced in HCM-
and DCM-mutant N-cTnC, where both cytosolic concentrations of free Mg?* (1 mM) and
elevated Mg?* that may accompany energy depleted states (3 mM) caused a more than
WT reduction in the affinity of the protein for Ca?* and in multiple mutants (especially
L48Q, Q50R, and C84Y) changed the energetic landscape of this interaction

significantly.
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6.7. Supplementary Appendix
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Supplemental Figure 6-1  Sequence of N-cTnC and key regions within.

The Sequence of the first 89 residues in human cTnC are shown in black, the location of the 6
residues of interest are bolded. The a-helices that determine the secondary structure of the
protein are labelled in green. The Binding sites | and Il are shown and labelled in blue.
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Supplemental Figure 6-2  Representative isotherms for each titration condition
in the WT N-cTnC construct

On the left most panel, titration of Mg?* into apo-state protein is shown with the next panels

showing the titration of Ca?* into apo-state N-cTnC. The next two panels show the titration of

calcium into 1 mM and 3 mM Mg?* incubated WT N-cTnC. All of the titrations are characterized by

an endothermic interaction.
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Supplemental Figure 6-3  Representative isotherms for each titration condition
into A8V, L29Q, and A31S N-cTnC
The 3 most N-terminal mutations are shown; A8V, L29Q, and A31S from top to bottom. On the
left most panel, titration of Mg?* into apo-state protein is shown with the next panels showing the
titration of Ca?* into apo-state N-cTnC. The next two panels show the titration of Ca2* into 1 mM
and 3 mM Mg?* incubated WT N-cTnC. The majority of titrations are characterized by an
endothermic interaction with the exception of A31S, where pre-incubation with Mg?* resulted in an
exothermic interaction with Ca?*.
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Supplemental Figure 6-4  Representative isotherms for each titration condition
for L48Q, Q50R, and, C84Y N-cTnC
In the 3 most N-terminal mutations are shown; L48Q, Q50R, and C84Y from top to bottom. On
the left most panel, titration of Mg2* into apo-state protein is shown with the next panels showing
the titration of Ca?* into apo-state N-cTnC. The next two panels show the titration of Ca?*into 1
mM and 3 mM Mg?* incubated WT N-cTnC. These three mutants caused the greatest deviation in
thermodynamic properties form the WT titration conditions. The Ca?* into apo-protein titration is
endothermic for Q50R and C84Y but exothermic for L48Q. The Mg?* into apo-protein titration is
endothermic for all 3 mutants. The pre-incubation condition with both 1 mM and 3 mM Mg?*
resulted in an exothermic interaction with Ca?*.
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Supplemental Figure 6-5 Comparing the affinity for Ca?*/Mg?* in each titration
condition between all N-cTnC constructs

SEM error bars are used to depict where significant differences exist in the mean values. With the

exception of L48Q, the highest affinity is seen in the Ca?* titration and the lowest in the Mg?*

titrations. L48Q has the highest Mg?* binding affinity by over an order of magnitude. Increasing

Mg?* from 0 to 1 to 3 mM lowered Ca?* binding affinity in a graded manner. The more C-terminal

mutations cause a greater increase in Ka relative to the WT.

Supplemental Table 6-1 Ca?" into 1 mM Mg?* incubated N-cTnC titration-derived
parameters

The thermodynamic properties of the Ca?* binding interaction with WT N-cTnC and each of the mutants are listed. For
each parameter and across the construct type, those differing in their mean p<0.05 from the WT are marked by *. With
the exception of N which was fixed to 1.00, each parameter is displayed as mean + SEM.
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Supplemental Table 6-2 Ca?" into 3 mM Mg?* incubated N-cTnC titration-derived
parameters

The thermodynamic properties of the Ca?* binding interaction with WT N-cTnC and each of the mutants are listed. For
each parameter and across the construct type, those differing in their mean p<0.05 from the WT are marked by *. With
the exception of N which was fixed to 1.00, each parameter is displayed as mean + SEM.

Supplemental Table 6-3 A comparison of the dissociation constant associated
with each of the studied mutations

S Approximate reportEd Kd (HM)
11

WT Liang, Chung et al. 2008
13 Pinto, Parvatiyar et al. 2009
8 Liang, Chung et al. 2008
12 Parvatiyar, Landstrom et al. 2012
Tikunova and Davis 2004
van Spaendonck-Zwarts, van Tintelen et al. 2010
4 Pinto, Parvatiyar et al. 2009
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Chapter 7.

General Discussion

The overarching goal of this thesis is to provide insight into the fundamental
interaction of thin filament proteins that underly cardiac contractility. To this end we
focused primarily on the binding of Ca?* to site Il within the N-terminal domain of cTnC
but also explored this interaction at the level of full length cTnC. ITC, the primary
technique used in these studies, as any other technique, has inherent advantages and
disadvantages. The narrow scope of this study, while providing great sensitivity, is
perhaps the largest limitation that needs be considered when interpreting our findings.
However, it is hoped that relative changes are transferable, and the perspectives gained

in this system can still be used to understand the function of cTnC in general.

This thesis project has explored the effects of a series of cardiomyopathy-
associated mutations in the N-terminal domain of cTnC that alter the Ca?* sensitivity of
force production in cardiac tissues. The modifying role of cellular Mg?* in the control of
contraction has largely been overlooked in the past. Our work suggests that this cation
may play a significant role in modulation of contraction at baseline and in the diseased

state.

7.1. Ca* Signaling and hypertrophy

Mutations that alter Ca?* sensitivity disrupt the exquisitely tuned balance needed
for optimal force generation. Even small temporal changes in the duration of force
production could lead to a significant shift in the energetic balance of the cell. This is to
say; prolonged force production would utilize greater energy. Also, SERCA2a which is
the second most common sink of myocyte ATP after the myosin ATPase, would be
overactive as a result of an elevation in the Ca?* signal (van der Velden and Stienen
2019). These alterations may occur chronically and over many years, potentially lead to
structural remodelling of the heart, possibly through expression of the so-called fetal

gene expression program.

The hypertrophic phenotype is highly dependent on the animal model in which

they are observed. This means that systems with inherently higher than human rates of
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contraction, such as murine models, when incorporated with human mutations may not
develop overt hypertrophy. For example, in work by Davis et al., treatment with the [3-
receptor antagonist Metoprolol unmasked the effects of L48Q cTnC, causing a
significant increase in: the left ventricular wall thickness, septal wall thickness, and
cardiac mass (Davis, Davis et al. 2016). Similarly, treatment of the mice with lvabradine
(an HCN antagonist) caused hypertrophy of hearts infected with L48Q cTnC despite only

~15% incorporation of the mutant cTnC (Davis, Davis et al. 2016).

In general, it is posited that HCM-causing mutations increase and DCM-
associated mutations decrease the Ca?* sensitivity of force production. In fact, HCM
mutants are often associated with diastolic dysfunction and DCM mutants with systolic
dysfunction; though it is clear that this is highly system dependent and even still not
consistently applicable to all HCM and DCM-associated mutants (Robinson, Griffiths et
al. 2007). A recently developed unifying mechanism may be more predictive of the HCM
and DCM phenotype and utilizes an index of force production (Davis, Davis et al. 2016).
This study found that mutations that induce Ca?* retention lead to greater duration of
force production and cause concentric hypertrophy consistent with HCM. In contrast,
mutations that cause a lower sensitivity towards Ca?* and therefore interaction with the
cation for a shorter period of time (and produce force for an attenuated period) induce
dilation consistent with DCM (Davis, Davis et al. 2016).

While considering these points, it also seems appropriate to conclude this thesis
by discussing, albeit briefly the complex mechanisms that underly the hypertrophic
phenotype which is commonly a hallmark of HCM. To this end, a few key and
interrelated pathways will be discussed. These pathways seem to be activated by the
main culprit within this disease, that is mishandled Ca?*. While hypertrophy is likely
adaptive, when prolonged it leads to increased risk of heart failure and sudden cardiac
death (Vakili, Okin et al. 2001).

Altered Ca?* handling is undoubtedly an area of interest in HCM pathophysiology.
Downregulation of SERCAZ2a that has been observed in HCM patients (Somura, Izawa
et al. 2001) would lead to elevation of diastolic Ca?* and delayed decay of the Ca?*
signal. In fact, the Ca?*-sensitive dye Fluoforte was used in isolated single cells from
mouse models of HCM to establish elevated diastolic concentrations of cytosolic Ca?*.

While this dye provides a relative measure of Ca?*, it cannot be used to determine
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absolute levels (Coppini, Ferrantini et al. 2013). Adenoviral delivery of SERCA2a in HCM
mutant mice is protective against hypertrophy (Pena, Szkudlarek et al. 2010).

Ca?* can affect a variety of targets such as CaMKII which in turn alters PLN
phosphorylation to indirectly affect SERCA2a (Guinto, Haim et al. 2009). Moreover, the
CaMKII regulated transcription factor MEF2 directly associates with histone
deacetylases that promote chromosomal condensation and gene repression (McKinsey,
Zhang et al. 2002). Interestingly, transgenic overexpression of the Ca?* buffer,
parvalbumin is also protective against impaired relaxation in mice carrying a tropomyosin

mutation known to cause HCM (Coutu, Bennett et al. 2004).

7.2. Altered force requirements

In HCM, the duration of interaction with Ca?* (Davis, Davis et al. 2016), possibly
modified by the amount of cTnl that cTnC “sees” (Siddiqui, Tikunova et al. 2016) alters
the duration of force production, increases crossbridge turnover, and thus the amount of
energy utilized in this ATP dependent process (Abozguia, Clarke et al. 2006, Belus,
Piroddi et al. 2008). HCM causing mutations that increase the energetic cost of force
production, cause bioenergetic alterations that may be causative for remodeling and the

hypertrophic phenotype (Timmer, Germans et al. 2011).

7.2.1. Energetic balance

An increase in ATP turnover and metabolic imbalance has been seen in models
of HCM (Ashrafian, Redwood et al. 2003). In patients carrying specific HCM-causing
mutations, phosphocreatine (PCr) which is used by creatine kinase to phosphorylate
ADP, is depleted (Abraham, Bottomley et al. 2013). In general, it is thought that in the
hypertrophic heart, fatty acid utilization is decreased and glucose use is increased
(Depre, Shipley et al. 1998). Decreased PCr/ATP ratio in HCM patients, prior to the
manifestation of hypertrophy indicates an increase in carbohydrate utilization in
response to greater energetic demands (Jung, Sieverding et al. 1998). Similarly,
transgenic mice with a specific HCM-causing myosin mutation have decreased PCr/ATP

ratio and mitochondrial abnormalities (Spindler, Saupe et al. 1998).
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7.2.2. Energetic distribution as predictive of HCM

Greater amounts of ATP are used per unit of force produced in HCM mutant
mouse models (Ferrantini, Coppini et al. 2017) and human hearts (Witjas-Paalberends,
Ferrara et al. 2014). Interestingly, inefficient energy utilization seems to precede
hypertrophy in HCM (Timmer, Germans et al. 2011, Witjas-Paalberends, Ferrara et al.
2014). Numerous studies show that HCM-causing mutations impair cellular energetic
balance prior to cardiac remodeling (Spindler, Saupe et al. 1998, Frey, Brixius et al.
2006, Luedde, Flogel et al. 2009).

Force production and energy generation are co-regulated in the myocyte. CICR
activates the thin filaments but also allows for Ca?* entry into the mitochondria to
regulate the carboxylic acid cycle and energy production (Maack and O'Rourke 2007).
Numerous studies have pointed to altered energetics in HCM leading to the reasonable
conclusion that this imbalance would further exacerbate Ca?* mishandling by affecting
key ATPases such as: myosin, Na*/K* ATPase, and SERCA2a (Javadpour, Tardiff et al.
2003, Critoph, Patel et al. 2014).

7.2.3. Energy unbalancing mutations cause HCM-like phenotype

AMP-activated protein kinase (AMPK) is activated during energy-depleted states
to restore cellular ATP stores. AMPK mutants have an HCM-like phenotype of
asymmetrical septal hypertrophy (Blair, Redwood et al. 2001). Moreover, mutations in
mitochondrial DNA also have the potential to cause an HCM-resembling phenotype
(Elliott and McKenna 2004).

The inability of the heart to provide sufficient ATP, especially during times of
increased demand (such as during exercise) may underly sudden cardiac death events
(Ashrafian, McKenna et al. 2011). Further, the effects of altered Ca?* sequestration in
the mitochondria may be mediated through reactive oxygen species (ROS) that cause
direct damage or alter signaling pathways (Terentyev, Gyorke et al. 2008). In general, it
has been suggested that reduced availability of energetic substrates leads to elevated
Ca?"in the cytosol and imbalance in other ionic gradients, which in turn can activate
pathogenic signaling and possibly lead to arrhythmic events (Ashrafian, Redwood et al.

2003). In support of this, when the adenine nucleotide translocator-1, that exports ATP
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from the mitochondria is knocked out, the HCM phenotype is seen in mice (Graham,
Waymire et al. 1997).

7.3. Hypertrophic signaling pathways

7.3.1. Calcineurin/NFAT pathway

There is evidence that the nucleus functions as a Ca?* microdomain, where the
phosphatase calcineurin senses the presence of this signal and modifies transcription of
nuclear factor of activator T-cells (NFAT) DNA (Olivares-Florez, Czolbe et al. 2018).
Calcineurin expression and activity is increased by pressure overload in the heart (Lim,
De Windt et al. 2000). Elevated contractile Ca?* has also been shown to activate
cytosolic calcineurin leading to the dephosphorylation of NFAT. This in turn unmasks
nuclear localization signals, NFAT is translocated to the nucleus, and activates
numerous gene targets leading to pathological hypertrophy (Molkentin, Lu et al. 1998,
Houser and Molkentin 2008, Makarewich, Correll et al. 2012). Stressors such as
catecholamines and Ca?* transient frequency may act through caveolin microdomains to
activate the calcineurin-NFAT pathway and induce a pathological hypertrophic response
(Tavi, Pikkarainen et al. 2004, Colella, Grisan et al. 2008).

A distinction has been made between pathological and “physiological’
hypertrophy with the latter being attributed to exercise-induced hypertrophy and linked
with specific microdomain signaling (Houser and Molkentin 2008). G-protein coupled
receptors (GPCRs) including a- and 3-adrenergic receptors can be activated to turn on
phosphoinositide 3 kinases (PI3Ks) in which the primary target is Akt (a serine/threonine
protein kinase). The Akt-GSK3 (Glycogen synthase kinase 3)-mTOR (mammalian target
of rapamycin) pathway is a distinct signaling cascade that has been purported to
modulate the physiological hypertrophy resulting from exercise (Knollmann, Kirchhof et
al. 2003, Heineke and Molkentin 2006, Backs, Backs et al. 2009). During moderate
exercise, the Akt-GSK3-mTOR pathway suppresses the effects of imbalanced Ca?*
signaling (Wilkins, Dai et al. 2004).

Kinases such as GSK3, p38, and c-Jun N-terminal kinases (JNK) phosphorylate
the N-terminal region of NFAT to decrease cardiac hypertrophy (Haqg, Choukroun et al.

2000). Similarly, mTOR is a large kinase, which when activated reduces protein
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synthesis and limits increase in cell size by inhibiting p70S6 and other kinases (Fingar,
Salama et al. 2002). Akt (also known as protein kinase B) phosphorylates GSK3, which
in turn phosphorylates and masks nuclear translocation signals in the N-terminal domain
of NFAT (Zhou, Sun et al. 1998). It is important to note then that NFAT signaling may be
a link between pathological and physiological hypertrophy. In addition to NFAT, GSK3
regulates numerous transcription factors such as Myc, GATA4, Jun, and STAT, all of
which have been implicated in development of cardiac hypertrophy (Frey and Olson
2003).

7.3.2. Pakl signaling

There is also some level of interplay between the NFAT and p21 activated kinase
1 (Pakl) pathways. Pakl is part of the angiotensin Il (Ang Il) signaling cascade and
controls expression of genes that alter control of the Ca?* transient, including expression
of: T-tubules, LTCC, SERCAZ2a, and NCX (Wang, Tsui et al. 2015). Ang Il signaling also
increases translocation of Ca?* into the nucleus through inositol 3 phosphate receptors
(IP3Rs), where it is sensed by nuclear calcineurin and alters NFAT DNA expression
(Olivares-Florez, Czolbe et al. 2018).

Exercise training has been shown, under certain conditions to increase
myofilament sensitivity towards Ca?* (Wisloff, Loennechen et al. 2002). The type of
exercise is thought to determine the remodeling that occurs ie. resistance training
causes pressure overload and leads to concentric hypertrophy. Conversely, aerobic
training causes volume overload leading to eccentric training. Remodeling in response to
regular aerobic exercise seems to be mediated in part by Pak1, which has been shown
to have anti-hypertrophic effects in pathologically-stressed hearts (Ke, Wang et al.
2004). Pak1 is needed for normal phosphorylation of TnT, Tm, MyBP-C, Ser 16 in PLN,
as well as elevation of calcineurin which accompanies exercise training. Knock-out of the

gene for this kinase is significantly maladaptive in mice (Davis, Simon et al. 2015).

7.3.3. MEK/ERK1/2 pathway

MEK1 is a mitogen-activated protein kinase (MAPK) that activates extracellular
signal-regulated kinase (ERK) (Bueno, De Windt et al. 2000). The MAPK/ERK pathway

is involved in pressure overload-induced cardiac hypertrophy. Ras is a small G-protein
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that is involved in hypertrophic gene expression in the heart and is linked to downstream
effectors such as Raf, PI3K, and the MAPK/ERK1/2 pathway (Fuller, Gillespie-Brown et
al. 1998). Ras is involved in the calcineurin pathway and causes nuclear translocation of
NFAT3 (Ichida and Finkel 2001).

This pathway involves extracellular signaling and activates intermediate players
such as the proto-oncogene Raf, ultimately activating transcription factors such as Myc
and altering hypertrophic gene targets (Nicol, Frey et al. 2001, Bernardo, Weeks et al.
2010). The MEK-ERK pathway is closely related to hypertrophic signaling through
calcineurin and implicated in the HCM phenotype leading to increased myocyte width. In
contrast, DCM mutations also increase signaling through calcineurin but reduced
activation of the MEK-ERK pathway resulting in cardiomyocyte elongation (Davis, Davis
et al. 2016).

These pathways are understandably complex, still under investigation, and
largely beyond the scope of this dissertation. However, by discussing them in brief here,
we explore the complex nature of numerous signaling pathways that mediate the
manifestation of hypertrophy. Understanding of these pathways is essential to our
studies given that the link between HCM-causing mutations and hypertrophy in the
disease is yet to be determined.

7.4. Effect of N-terminal mutations on Ca?* binding affinity

In the early stages of our study, we established a workflow that incorporated the
use of melting point analysis to explore global stability. We relied to a greater extent on
MD Simulations and ITC experiments to explore the energetic landscape of the Ca?*-N-
cTnC interaction. The advantages of ITC (as laid out in chapter 2 of this thesis) are
numerous, with the most significant being the absence of any changes in the protein
backbone, including the incorporation of bulky fluorophores that are also highly system
dependent. Moreover, ITC allows for exact control of the experimental conditions and
certainty is the obtained results through minimization of potentially confounding factors
(Davis, Norman et al. 2007, Johnson, Fulcher et al. 2019).
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7.4.1. The mutations investigated in this dissertation

Table 7-1 Summary of information regarding studied cTnC mutants
Clinical NP - 1 X-ray or NMR
TnC 3 Distinguishing Ca? Sensitivity of Force Production (Change o o 5 . =
Re::;; (i Phenotype in Probands in pCa Units Relative to WT) EagiiiChangini et el Stru:rl‘:r)-e i
->Landstrom A
ABY AP, Parvatiyar ~Proband with 18 mm of >Actomyosin ATPase (+0.51) ->'MNS_0ﬂ g%refg Z"‘:,":;J’;‘jﬁf;";ﬁ P, N/A
MS, et al. LV wall thickness “Reconstituted porcine fibers (+0.36)® LR SIVICED i
2008!
Variable data from different labs: PDB:2N79
-Hoffmann B, =860 year old proband =>Actomyosin ATPase ->|AANS fluorescence in Tn and TF (+0.06 pM (Ca?*-.bound)
L29Q Schmidt-Traub with 15 mm of LV wall & invitro motility assays (-0.13)” and +0.46 uM respectively)® PDB:4GJF
H et al. 20012 thickness ->Reconstituted mouse cardiomyocytes (-0.45)% —>F27W fluorescence in cTnC (-3.3 uM)? (© d“—lboun d)
->Reconstituted mouse fibers (+0.25)%
-5 year old with
->Parvatiyar asymmetrical .
A31S MS, hypertrophy, 20 mm of ->Actomyosin ATPase assay (+0.38)° _)IMNS. ﬂgoresoence n lsPIated e T" N/A
. ; . complex, thin filaments, and thin filament with S1
Landstrom AP, LV wall thickness, and -»Reconstituted porcine fibers (+0.17)* heads (+3.6, +0.1, +0.5, and +0.01 respectively)®
etal. 2012% presenting with episodic AR . P Y
VF
STikunova >F27W fluorescence in cTnC (-6.44 pM)®
L48Q SB. Davis J ->Engineered mutation > Actomyosin ATPase assay (+0.3)'° =>IAANS fluorescence in Tn complex, thin N/A
'20045 -Reconstituted rabbit cardiomyocytes (+0.5)1 filament, and thin filament with S1 myosin heads
(-0.37, -4.9, and -0.76 pM respectively)'®
Soan 16 month old with
paendonck- 3
peripartum i Lo 12 N/A
Q50R Zwarts, van 5 No data available =ITC binding data N-cTnC (-9.05 puM)
Tintelen et al. carldlomyopaihy )
2010 family history of DCM
-»Landstrom 217 year old with 19
caay AP, Parvatiyar mm LV wall thickness - Actomyosin ATPase assay (+0.56)° —IAANS fluorescence in ¢TnC and ¢Tn (-24.9 N/A
MS, et al, and exertion induced -~Reconstituted porcine fibers (+0.27)8 and -0.03 pM respectively)s
2008! syncope

Normal LV wall thickness is approximately 8 mm. In the absence of family history 15 mm is the upper limit of normal LV
wall thickness. The upper limit of normal is 13 mm for those with family history of heart disease. Numbered citations
are as follows: Landstrom, Parvatiyar et al. 2008"; Hoffmann, Schmidt-Traub et al. 20012; Parvatiyar, Landstrom et al.
20123; van Spaendonck-Zwarts, van Tintelen et al. 2010¢4; Tikunova and Davis 20045; Pinto, Parvatiyar et al. 2009¢;
Schmidtmann, Lindow et al. 20057; Li, Stevens et al. 20138; Liang, Chung et al. 20089; Tikunova, Liu et al. 20101,
Shettigar, Zhang et al. 20161, Stevens, Rayani et al. 201712,

We have selected several mutations localized to the N-terminal domain of cTnC.
All of these mutations are adjacent to regulatory site Il of cTnC and have been
associated with HCM (A8V, L29Q, A31S, and C84Y), DCM (Q50R), and a “synthetic”
increase in Ca?* binding affinity (L48Q) (Tikunova and Davis 2004, Liang, Chung et al.
2008, Pinto, Parvatiyar et al. 2009, van Spaendonck-Zwarts, van Tintelen et al. 2010,
Parvatiyar, Landstrom et al. 2012).

A8V was first identified in a patient with increased left ventricular wall thickness.
(Landstrom, Parvatiyar et al. 2008). The left ventricular wall is normally ~8 £ 1 mm and
thus 18 mm of thickness that was observed represents significant hypertrophy by clinical
standards (Kawel, Turkbey et al. 2012). Other probands have also been identified,
therefore this may not be a de novo mutation (Jaafar, Girolami et al. 2015). Large
structural deviations were observed in this variant, which appears to have significantly

more open apo and holo-states compared to the WT ¢TnC (Pinto, Parvatiyar et al. 2009,
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Cordina, Liew et al. 2013). However, when tested in isolation, A8V ¢TnC had similar to
WT Ca?* sensitivity, a finding that we also corroborated. In contrast, IAANS
fluorescence-based studies in reconstituted TF, showed higher than WT sensitivity
(Pinto, Parvatiyar et al. 2009).

Tnl phosphorylation caused a greater degree of desensitization of the
actomyosin ATPase when in complex with the A8V mutant compared to WT cTnC
(Albury, Swindle et al. 2012). Stopped-flow analysis suggested a slower dissociation rate
from both the non-phosphorylated and phosphorylated Tnl (Albury, Swindle et al. 2012).
This may be mitigated in part by the greater affinity of A8V cTnC for binding by the
regulatory region of cTnl (Swindle and Tikunova 2010). In general, the reduced
dissociation rate of Ca?* from A8V c¢TnC offsets the unchanged affinity of site Il in

isolation to cause elevated sensitivity of the mutant in systems of greater complexity.

L29Q was the first HCM-associated variant identified in cTnC. It presented
clinically for the only time in a 60 year-old patient with mild ventricular hypertrophy (15
mm) (Hoffmann, Schmidt-Traub et al. 2001). Reconstituted filaments had unchanged
sensitivity of force production compared to the WT (Neulen, Stehle et al. 2009). Others
however, showed a small but significant increase in the mutant for both peak force and
sensitivity of force production in reconstituted rat papillary fibers (Gollapudi and Chandra
2012). Skinned and reconstituted mouse cardiac fibers had increased sensitivity of force
production with reduced LDA (Liang, Chung et al. 2008) and abolished effect of Tnl
phosphorylation (Li, Stevens et al. 2013) compared to the WT. Stopped-flow spectro-
fluorometry also showed that dissociation of Ca?* from cTnC is greater in phosphorylated
cTn complex with WT cTnC compared to the mutant (Dong et al. 2008). Actomyosin
ATPase assays were used to determine that the interaction of the mutant cTnC is
weakened with the N-terminus of cTnl (Schmidtmann, Lindow et al. 2005) thus
explaining the reduced effect of Tnl phosphorylation observed through NMR
spectroscopy (Baryshnikova, Li et al. 2008).

A similar overall NMR-derived structure was seen when comparing L29Q cTnC
to the WT (Baryshnikova, Li et al. 2008, Robertson, Sevrieva et al. 2015). Recent ITC
and MD Simulations on the N-terminus of cTnC indicates a similar affinity by site Il for
Ca?"in the WT and the L29Q mutant (chapter 4). Studies utilizing IAANS fluorescence

suggest that systems of greater complexity result in lesser degrees of difference
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between the L29Q mutant and WT cTnC (Dweck, Hus et al. 2008). This mutation may
destabilize the A-helix, thus leading to disruptions in Ca?* binding properties of site II
(Liang, Chung et al. 2008). In general, this relatively mild mutation seems not to alter
cTnC structure but may affect moderate changes in affinity of the Ca?*-sensor for cTnl
and thus modulation through phosphorylation of this protein.

A31S was identified in a 5-year-old with 20 mm of left ventricular wall thickness
and presenting with episodes of ventricular fibrillation. Isolated cTnC carrying the A31S
mutation was found to have similar to WT structure in both the apo and Ca?*-bound
states. However, both actomyosin ATPase and reconstituted porcine fibers had higher
than WT Ca?* sensitivity when incorporated with A31S cTnC (Parvatiyar, Landstrom et
al. 2012).

IAANS-based fluorescence change was used to follow affinity for Ca?* in systems
of: isolated cTnC, cTn, TF, and TF with myosin S1; A31S cTnC containing systems had
higher than WT affinity in each case (Parvatiyar, Landstrom et al. 2012). These changes
in sensitivity are inconsistent with our ITC studies on affinity of site Il, where we found
similar to WT affinity in a system including only the N-terminal domain of cTnC (chapter
4). Our simulations suggest that the A31S mutation stabilizes the loop between helices A
and B with a hydrogen bond not present in the WT cTnC. However, this mutant also
samples the open-state with greater frequency. Moreover, significant changes in
hydrophobicity of the exposed surface area and potentially reduced interaction energy
with the Tnlsw also merit mention (Stevens, Rayani et al. 2017). The lack of data on this

mutant necessitates further structural and functional exploration of its mode of action.

L48Q is an “engineered” mutation that was conceived to increase Ca?* sensitivity
by replacing a hydrophobic residue with polar glutamine in the interface between helices
BC and NAD (Tikunova and Davis 2004). Using the F27W fluorescent reporter, this
mutant was shown to increase the affinity of isolated cTnC. Moreover, Quin-2
fluorescence was used to show faster association rates and similar to WT dissociation
rates in this mutant (Tikunova and Davis 2004). In a later publication, the same group
used IAANS fluorescence to explore the sensitivity of L48Q at increasing levels of
complexity; from the isolated cTnC to the TF + myosin S1 and found an increase in

sensitivity for Ca?* at all levels. This mutant also significantly reduced the dissociation
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rate from the cTn complex as seen through stopped flow studies (Tikunova, Liu et al.
2010).

Incorporation of the L48Q mutant into cardiomyocytes by adeno-viral
transduction was used to deliver cDNA (only ~20% exchange); this enhanced sensitivity
and force production, seemingly without alterations in relaxation (Feest, Steven Korte et
al. 2014). These findings were also shown in skinned myofibrils and cardiac tissue
where enhanced sensitivity was accompanied by only slight delays in relaxation due to
more complete exchange of the native protein (Kreutziger, Piroddi et al. 2011, Korte,
Feest et al. 2012). The most recent work on this mutant involves in vivo incorporation of
the L48Q cTnC into mice resulting in normal baseline heart characteristics and function
with enhanced cardiac function during exercise (with the caveat that only ~15% of native
cTnC was replaced). The researchers suggest a therapeutic use for this mutant
(Shettigar, Zhang et al. 2016).

The design of such a mutant, based on an understanding of the dynamics that
govern ¢TnC is heartening; such an understanding opens the the path to a potentially
unifying mechanism of disease-causing mutations in cTnC. We found corroborating
evidence through our ITC and MD Simulations (chapter 4), whereby the openness of the
apo-state cTnC initially and the propensity to opening in the holo-state (once site Il is
bound by Ca?*) plays a significant role in modulating affinity for Ca?* (Stevens, Rayani et
al. 2017).

Q50R was identified in a 16 month-old patient demonstrating peripartum
cardiomyopathy and with a family history of the disease (van Spaendonck-Zwarts, van
Tintelen et al. 2010). This DCM-associated mutation was explored to add a point of
comparison with the HCM mutants. In general, DCM mutants are thought to decrease
the sensitivity of force production with a major effect of potentially uncoupling the cTnl-
cTnC interaction (Vikhorev, Song et al. 2014).

It has been suggested that the Q50R variant has similar to WT interhelical angles
and higher free energy of opening as it stabilizes the closed regulatory domain (Bowman
and Lindert 2018). To our knowledge, the work presented herein (chapter 4) and

published by our group was the first biophysical characterization of this mutant (Stevens,

244



Rayani et al. 2017). Our determination of a higher than WT binding affinity for Ca?* at site
Il necessitates exploration of this mutant in systems of higher complexity.

C84Y was identified in a 17 year-old patient with a left ventricular wall thickness
of 19 mm (indicating significant hypertrophy) and exertion-induced syncope (Landstrom,
Parvatiyar et al. 2008). There is a limited amount of in vitro work on the functional
consequences of this mutation. Circular dichroism showed lower than WT a-helical
content in the mutant in the apo-state that was normalized in the holo-state (Pinto,
Parvatiyar et al. 2009). Moreover, IAANS fluorescence in isolated C84Y cTnC indicated
lower than WT affinities at the C-terminal sites and similar to WT affinity at site Il (Pinto,
Parvatiyar et al. 2009). Our studies (presented in chapters 4 and 6) are closest to this
system and suggest greater openness of the N-domain of cTnC and increased affinity at
site Il for Ca?*. Moreover, actomyosin ATPase activity has also shown increased Ca?*
sensitivity. Work on experimental systems of greater complexity has included porcine
fibers, which when reconstituted with the mutant had higher than WT Ca?*-sensitivities

(Landstrom, Parvatiyar et al. 2008).

Based on previous studies, we posit that mutations that alter the stability of cTnC
in the closed form, alter the interaction with the Tnlsw, or alter the hydrophobicity of the
patch that is exposed upon Ca?* binding have an affect on the Ca?*-affinity of site Il
(Johnson, Collins et al. 1980, Pinto, Parvatiyar et al. 2009, Lindert, Kekenes-Huskey et
al. 2012, Schlecht, Li et al. 2016).

In chapter 4, we probed the effect of the above cTnC point mutations on their
Ca?* binding affinity. The interactions were entropically driven and endothermic in
nature, with the exception of L48Q. The global stability of most constructs was similar
with only A8V and L48Q having a lower than WT melting temperature; which may
explain our finding that these two constructs spend the least time in the closed state.
Moreover, among the mutants only L48Q, Q50R, and C84Y had a higher than WT
affinity for Ca?*. These true measurements of site Il affinity differ with the majority of
studies relying on a pseudo-measure of affinity, namely the sensitivity (Gillis,
Blumenschein et al. 2003, Tikunova, Liu et al. 2010). This true measure is associated
with caveats however, as previous results (Katrukha 2013, Li, Stevens et al. 2013) and

current findings make clear that Ca?* binding is highly system dependent.
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A unifying method for analyzing the affinity of these mutants that we propose
may also be applied to cTnC in general is the openness of the N-terminal domain that
seems to play a determining role in controlling affinity. The mutations that increased
binding affinity (L48Q, Q50R, C84Y) all introduce a polar residue into the hydrophobic
region between helices NAD and BC and create at least one additional stabilizing
hydrogen bond (Stevens, Rayani et al. 2017).

7.5. Systemic complexity and the distinction of affinity and
sensitivity

Of paramount importance is the often-ignored effect of inter-protein interactions
that give rise to the difference between sensitivity (which can be measured at any level
of complexity) and affinity which is the direct measure of Ca?* binding to site Il (achieved
at the level of cTnC). Significant differences in molecular etiology despite similarities in
clinical manifestation of the disease phenotype lead us to believe that understanding the
molecular underpinnings is essential to the interpretation of phenotypic manifestation.
We hope that this understanding will pave the path, in the future to appropriate

treatments through rational drug design.

The mutations discussed in this project are HCM associated and thus generally
expected to increase the Ca?*-sensitivity of force production (Chang and Potter 2005).
We tested the hypothesis that changes in force production (visualized as altered pCasg)
would result from underlying changes in Ca?* binding affinity of site 1l. The work
presented in chapter 4 shows that this is not the case. Despite this, reductionist studies
that focus on isolated cTnC or the N-cTnC are valuable in that they provide information

about the mechanism of action of a given mutation.

Indeed, as shown above in section 7.4.1, these mutations are highly system
dependent. This further corroborates our previously published work, which showed that
mutations need to be tested at higher levels of complexity such as in single
cardiomyocytes or reconstituted myofibrils to better understand their functional impact
(Li, Stevens et al. 2013). Studies carried out at the level of the TF or in a system of lower
complexity that utilizes fluorescence can be quantified through Kq values. In contrast,
experiements at higher levels of complexity are quantified through pCaso values. Table

7.1 represents an attempt to summarize the findings regarding each mutation of interest
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through both these parameters. A brief glance will make clear that there is often a lack of
consensus regarding changes induced by the mutations. Even with the same technique,
numerous fineries such as the phosphorylation state of cTnl can cause significant
changes (Li, Stevens et al. 2013). When conflicts arise regarding the directional change
in Kq or pCaso relative to the WT, systems of study will likely be to blame. Presumably,
higher complexity systems that best maintain intermolecular interactions will be most

physiological and should be deferred to.

In regards to each HCM mutation, the existing body of work shows that
reconstituted fibers generally cause a left shift in the force-pCa relationship. Increases in
units of pCa relative to the WT are seen for each of: A8V (+0.36) (Pinto, Parvatiyar et al.
2009), L29Q (-0.45->+0.25) (Li, Stevens et al. 2013, Liang, Chung et al. 2008), A31S
(+0.17) (Parvatiyar, Landstrom et al. 2012), L48Q (+0.5) (Shettigar, Zhang et al. 2016),
and C84Y (+0.27) (Pinto, Parvatiyar et al. 2009). A few points to note are that Q50R (van
Spaendonck-Zwarts, van Tintelen et al. 2010) has not yet been characterized in
reconstituted fibers, L48Q is an “engineered” mutation (Tikunova and Davis 2004), and
L29Q is highly variable and system dependent (Li, Stevens et al. 2013, Liang, Chung et
al. 2008). In general, however, the direction of change in pCaso is consistent across the
studied mutants.

As mentioned previously, alterations in Kq are even more system dependent than
pCaso and thus differ significantly based on the prepartion (Table 7.1). Generally, Kq
would be expected to decrease (corresponding to an increase in affinity) in HCM
associated mutation containing systems (Chang and Potter 2005). The thin filament is
the highest level of complexity at which K4 was measured for the majority of the mutants
(some systems also included S1 myosin heads). The change in Kq units, relative to the
WT is as follows: A8V (+0.2 uM) (Pinto, Parvatiyar et al. 2009), L29Q (+0.46 uM) (Li,
Stevens et al. 2013), A31S (+0.5 uM) (Parvatiyar, Landstrom et al. 2012), and L48Q (-
4.9 uM) (Tikunova, Liu et al. 2010). The highest level of complexity available for Q50R is
the N-cTnC where Ky changed -9.05 pM units relative to WT (Stevens, Rayani et al.
2017) and the highest available level of complexity for C84Y is the cTn complex where
Kqchanged -0.03 pM units relative to the WT (Pinto, Parvatiyar et al. 2009). With these
results, it is clear that there are inconsistencies, which point to the pitfalls of using
structural changes (as reported by change in fluoresence) to quantify alteration of force

production capability. Given the observed changes in pCaso (Table 7.1), we hypothesize
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that unaltered or elevated Kq observed in some of these mutants may be informative
about the mechanism. The mutations which elevate K4, may be dependent on other
interacting partners in the thin filament to bring about their effects.

7.6. The role of cytosolic Mg?* in modifying the binding of
Ca? to cTnC

Mishandling of Ca?*is a common hallmark of HCM that seems to lead, through
multiple complex and interacting signaling pathways to the disease phenotype. To make
matters worse, the signaling pathways, presumably in place to offset minimal
disturbances are unable to alleviate the effects of extensive changes imposed on the
tissue and thus become maladaptive, such that the function of the heart is further
affected. These pathways have been discussed previously and will not be covered
further here. However, it is clear from our most recent studies (presented in chapters 5
and 6) that altered Ca?* handling may be affected by Mg?* binding. That is to say that
competition between these two cations for binding to the contractile apparatus may have
previously ignored implications on the force production capabilities of the heart, even
under normal conditions. This competition may become even more significant if cytosolic
free Mg?*is elevated. Regardless, the major goal of the later sections of this thesis is to
advocate for the inclusion of cellular Mg?* in the conversation regarding cardiac
contractility. It is clear from our work and that of others that this cation interacts with the

regulatory site of cTnC at physiologically relevant affinities.

Mg?* is more than 3 orders of magnitude more abundant than Ca?* in the cytosol
and these cations are similar in ionic radius, charge, and many other properties. Despite
this, the current paradigm states that both cations bind the structural sites (Il and V) of
cTnC with high affinity to tether this protein to the rest of the cTn complex. However,
Mg?* binding to site Il is thought to be non-existent or non-significant. Our studies cast
reasonable doubt on this theory. Moreover, work by Davis’ group suggests that Mg?*
binding to site Il may indeed be significant at physiological concentrations of the ion
(Davis, Rall et al. 2002, Tikunova and Davis 2004).

Details of this work (presented in chapter 5) will not be covered here once again.
However, in brief, we found that Mg?* binding would occur significantly to site 1l of cTnC

and at the measured affinities compete with Ca?* for binding to this site. Given that ~90%
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of Mg?* is buffered to cellular ATP, energy depletion may liberate Mg?* and thus lower
sensitivity of force production, possibly in a protective mechanism.

7.7. Cellular Mg?* interaction with cTnC N-terminal mutants

In chapter 4, we showed that mutations that are associated with an increase in
sensitivity of force production do not necessarily increase Ca?* binding affinity (A8V,
L29Q, A31S). Chapter 5 established that Mg?* may compete with and limit the binding of
Ca?" to site Il of cTnC. However, it was not clear if the observed changes in Ca?
sensitivity of force production in the subset of mutations studied in chapter 4 was in any
way modulated by Mg?*. Therefore, in chapter 6 we sought to explore role of Mg?*
binding to cTnC harboring the previously discussed mutations in modulating their

interaction with Ca?*.

The implications of these findings can only be guessed at, as the role of Mg?* in
diseases that alter sensitivity of the contractile apparatus is not yet widely
acknowledged. The findings communicated in chapter 5 of this thesis build on previous
work by the Davis and Tikunova laboratories (Davis, Rall et al. 2002, Tikunova and
Davis 2004). Despite this, the contributions of these well-established labs to this domain
of the field of research appear to be largely overlooked based on citations. It is clear that
Mg?* could play a key role in the regulation of contraction and given both the abundance
of the cation in the cell, as well as the similarities with Ca?*, this possibility is not at all far
fetched.

We have established a solid workflow that allows for the exploration of molecular
interactions governing cardiac contractility. However, the work presented in this thesis
gives rise to numerous questions. Our findings are in good agreement with other work in
the field that uses systems of greater physiological complexity. Numerous labs have
previously explored the role of Mg?* at the level of the thin filament and muscle fibers.
The role of the mutations explored herein merits exploration in fluorescence-based
systems containing all TF proteins. Further, systems such as the skinned myofibril and
single myocyte reconstituted with recombinant Tn provide great strength in further
testing our hypotheses and allow for the study of length-dependent force production
capabilities. Such studies are the logical continuation of this project and would have

been explored as such if not for technical and temporal limitations. Therefore, we
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propose that the work contained in this thesis provides valuable insight into the
mechanisms that underlie the action of disease-causing mutations in cTnC and points to
a potential modifying role by Mg?".
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