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Abstract

Intrinsically disordered regions (IDRs) are protein sequences that do not acquire a fixed 3-D
configuration under physiologic conditions. Their solvent-exposed nature makes them
susceptible to post-translational modifications like proteolysis, which makes them vital for
cellular regulation. However, this can also make the production of these protein sequences in the
lab challenging. One method of overcoming this difficulty is to direct their expression into
inclusion bodies by attaching IDRs to fusion partners. We used a membrane protein, PagP, as a
novel fusion partner to produce large IDRs, like the ones found in the cardiac troponin complex

(cTn), from E. coli bacteria.

cTn is part of the cardiac thin filament. It is comprised of three subunits: cTnl, the inhibitory
subunit; ¢TnT, the tropomyosin binding subunit; and ¢TnC, the Ca** binding subunit. cTnl
contains a well-structured core that is tightly bound to the other cTn subunits and two extended
IDRs corresponding to its N- and C-terminal tails. The cTnl C-terminal tail plays a vital role in
shutting off myocardial contraction by anchoring troponin-tropomyosin to a position on actin
that blocks actin-myosin cross-bridging, but the structural details have not yet been fully
elucidated. We were able to produce pure amounts of the cTnl C-terminal tail and study its
structure alone and also when bound to actin. Our NMR structural studies revealed that while the
tail is predominantly disordered, it does contain regions with helical propensity that become

more ordered in the presence of actin.

cTn leaks into the bloodstream in myocardial injury, along with other cardiac proteins. Clinical

assays measuring cTnl and cTnT have shown superior sensitivity and specificity for cardiac
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tissue, establishing them as the current gold standard biomarkers for diagnosing myocardial
infarction, that is, irreversible heart muscle death due to prolonged ischemia. The traditional
view is that cTn release requires irreversible cardiac myocyte death. However, studies have
documented cTn elevations in healthy volunteers after strenuous activity or with reversible
cardiac injuries without detectable infarcts by radiologic imaging. In addition, cTn levels were
found to poorly correlate with infarct size as measured by cardiac MRI. Thus, we and many
others postulate that cTn can in fact be released by sub-lethal injuries. Moreover, since cell death
leads to extensive activation of proteases, we further proposed that focal necrosis in myocardial
infarction would lead to extensively proteolyzed cTnl, while less severe reversible cardiac
injuries would release cTnl in a more intact form. We conducted a pilot study on 29 patients with
a wide variety of underlying cardiac injuries and found this assertion to be true. cTnl was
proteolyzed most consistently at its C-terminal tail with increasing severity of injury/infarct. Our
results suggest that accounting for the extent of cTnl proteolysis could improve the correlation

between serum cTnl concentrations and the severity of the underlying cardiac injury.

Our studies on characterising the structure and function of the disordered C terminal tail of cTnl
reveal a greater role for structural biology in overcoming current limitations of the cTn assay and

enhancing its clinical utility.
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Chapter 1. Introduction

1.1 Introduction

The troponin [Tn] protein complex was discovered in 1965 as the critical protein factor in the
thin filament linking muscle contraction to intracellular calcium'. That was followed by the
discovery in 1972 of the distinct subunits of the Tn complex, using a skeletal muscle
preparation®. The Tn complex consists of three subunits, C, I, and T, whose names are closely
related to their functions. TnC is the calcium binding subunit. Tnl is the inhibitory subunit that
blocks acto-myosin ATPase activity to shut down muscle contraction. Finally, TnT is the
tropomyosin binding subunit that interlocks together all the subunits of the troponin-tropomyosin

(Tn-Tm) complex.

There are three different isoforms of each Tn subunit: cardiac, slow skeletal and fast skeletal. For
TnT and Tnl, each of the isoforms is expressed by a separate gene®. However, cardiac and slow
skeletal muscle forms of TnC share the same isoform, which is distinct from the fast skeletal

isoform.

1.2 Structure of the Troponin Complex

Human cardiac Tnl is initially expressed as a 210-amino acid protein, but the first methionine
residue is subsequently removed and the following alanine is acetylated®, leaving the complex
with 209 amino acid residues and a total MW of 24 kDa. Because of this post-translational
modification, there are two alternative numbering systems used for the amino acid sequence of

cTnl. I will refer to the N-terminal acetylated alanine as residue 1 in this thesis.



In 2003, the X-ray crystal structure of the human cTn complex was solved® (Figure 1 -1). The
structure, for the first time, revealed the core of the troponin complex, where subunits C, I, and T
come together to form the rigid “IT arm”. cTnlzy.60 forms an alpha helix that binds with high
affinity to a large hydrophobic patch on the C-terminal domain of cTnC. cTnlgo.135 forms a helical
coiled coil with cTnT26.271, with the cTnTas6271 helix interacting with the other side of the cTnC
C-terminal domain. This structured IT-arm remains the same throughout the cardiac cycle and is
not believed to interact with actin or tropomyosin on the thin filament. While the X-ray crystal
structure was a major landmark in the structural biology of the thin filament, it provides no
information on the regions of the troponin complex that interact with tropomyosin and actin and
is missing more than half of cTnl and cTnT. These missing regions contain almost all of the
known cardiomyopathy-associated regions and are suspected to have a large proportion of
intrinsically disordered regions that are susceptible to post-translational modifications like

phosphorylation and proteolysis®’.



cTnl (1-37)
Disordered N-terminal tail

cTnl (135-209)
Disordered C-terminal tail

209

Figure 1-1 Calcium-saturated cardiac troponin complex. Cardiac troponin C (cTnC) consists of an N-
terminal domain (cNTnC) and a C-terminal domain (cCTnC) shown in green. Troponin | (cTnl) is shown
in red. The intrinsically disordered tails of cTnl (1-37) and (135-209) are drawn manually as scribbles.
Figure prepared using PyMOL and structure 4Y99 (PDB code). Calcium ions are shown in both N and C
domain of cTnC as yellow spheres. During systole, cNTnC binds calcium and adopts an open
conformation that binds the cTnl switch region (146-158) releasing the cTnl (135-209) inhibitory tail
from actin and allowing muscle contraction to proceed.

During diastole, the troponin complex anchors tropomyosin into a “blocked” position that
obstructs actin-myosin cross-bridging, preventing muscle contraction and promoting relaxation®.
This anchoring depends on the large N-terminal region of cTnT7,-23 holding the troponin
complex to tropomyosin, while the C-terminal tail of cTnl, residues 135-209, binds to actin to

anchor the entire troponin-tropomyosin complex to the blocked position (Figure 1 -2). During



systole, the cytoplasmic calcium concentration increases, and calcium binds to the regulatory N-
terminal domain of cTnC, which then binds to the switch region, residues146-158, of cTnl. This
releases cTnliss200 from actin, and the troponin-tropomyosin complex falls into a “closed”
position on the thin filament that allows actin-myosin cross-bridging and cardiac muscle
contraction to proceed’. This continues until diastole, when calcium is pumped out of the cell (as
well as into the sarcoplasmic reticulum), cTnC releases the switch region, and cTnl;35.209 binds
again to actin to bring troponin-tropomyosin back into the blocked position®. Very little is known
about the structural details of the interaction between cTnT7,.»>3 and tropomyosin and between
cTnli3s-200 and actin. On their own, these regions do not fold into soluble globular domains like
the two domains of cTnC. Instead, they are intrinsically disordered, but likely acquire some
structure upon binding to tropomyosin and actin, respectively. The small peptide comprised of
the cTnl inhibitory region 136 — 147 alone is sufficient to inhibit acto-myosin ATPase activity",
whereas residues 146 — 158 comprise the key switch region that binds the cTnC N-domain under
high calcium concentration as detailed above. cTnl residues 159 — 209 appear to further

potentiate the action of the inhibitory region"'.

The first N-terminal 32 amino acids of cTnl are unique to the cardiac isoform and are
intrinsically disordered'. This tail interacts with the regulatory N-terminal domain of ¢TnC to
modulate its calcium binding affinity. Our lab found that amino acid residues 19-37 are highly
positively charged, and these interact electrostatically with the highly negatively charged cTnC
N-terminal domain'>. We proposed that this interaction fixes the N-terminal domain into an
orientation that is ideally positioned to bind to the cTnl switch region, and this enhances

activation of the thin filament and the calcium sensitivity of the thin filament'".



A

Inhibitory region Actin binding
cNTNCbinding cCThC binding cInT binding Switch region binds cNThC
1 19 37 39 60 90 136 146 158 209
I I I I
Disordered N- Tarm Disordered Gterminal tail
terminal tail
Cardiac troponinl|
cInl binding site
Tropomyosin/ Actin binding sites C¢InChindingsite
2 71 224 259 270 288
| | | |
Disordered N-terminal Elongated helical region ITarm Disordered G
variable region terminal tail

Cardiac troponin T (Adult heart - 288a.a.)

Figure 1-2 The structural and functional regions of cTnl (A) and cTnT (288 a.a isoform) (B) highlighting
binding sites to tropomyosin, actin, and troponin subunits above and structural elements below.

cTnT, the tropomyosin-binding subunit of the troponin complex, is a 34-35 kDa protein and its
gene contains 15-17 exons'®. Alternative splicing of exons 4 and 5, located in the N-terminal
variable region, generates four different cTnT isoforms: cTnT1 (298 a.a) contains both exons and
is the most dominant isoform expressed in the embryonic heart. Exon 4 is spliced out in cTnT2
(293 a.a), which is also expressed in the embryonic heart, but to a lesser degree. In cTnT3 (288
amino acids), exon 5 is spliced out, and over prenatal development, it becomes the most

dominant form of cTnT and remains so in the adult heart®.



The N-terminal hypervariable region (1-71 a.a) of cTnT is not present in the slow or fast skeletal
muscle isoforms”. The region is very acidic, comprised of mostly aspartate and glutamate
residues, so it is expected to be intrinsically disordered. It does not have any known binding sites
for either tropomyosin or actin®. The middle conserved region of cTnT, comprised of residues
72-223, is also intrinsically disordered, but likely acquires a substantial amount of helical
structure upon binding to tropomyosin. The “first tropomyosin binding site” has been localized
to ¢TnT residues 88-127 and binds to the head-to-tail junction of tropomyosin®'. (Human cardiac
tropomyosin is 284 amino acids long and forms a continuous helical coiled coil dimer that lies
across 7 actin monomers along the thin filament.). The precise structural understanding of this
interaction is controversial, though there is an X-ray crystal structure of a short cInT-derived
peptide (PDB: 2Z5H) bound to the head-to-tail junction of tropomyosin®’. A second tropomyosin
binding site was mapped between cTnT residues 206 to 230*' and is thought to be near Cys190
of tropoymosin®. Apart from its multiple binding sites for tropomyosin, the middle cTnT7-23
segment is also believed to contain binding sites for actin that promote activation of actin-myosin

ATPase activity™.

The high resolution crystal structure of the cardiac troponin complex demonstrated the precise
binding sites of ¢cTnT with ¢cTnC and cTnl within the “IT arm”®. cTnT2427 interacts with cTnl g.
135 to form a long coiled-coil. A small segment of cTnT, cTnT 59071 , also interacts with the C-
terminal domain of cTnC® (Figure 1 -2). The arrangement places the C-terminal tail of ¢TnT,
cTnTy7s.088, directly adjacent to the key cTnliss.147 inhibitory region that is essential for shutting
down cardiac muscle contraction by binding to actin. The exact role of the intrinsically
disordered C-terminal tail of ¢TnT, cTnT2s.8s is still unknown, but it is also important in

promoting relaxation®.



1.3 Truncation Studies and Mutational Data of cTnl and cTnT

Clarifying the Function of Their Different Regions

1.3.1 The N-terminal tail of cTnl
As the N-terminal 31 amino acids are unique to the cardiac isoform of Tnl, this region has been
extensively studied to understand its role in cardiac contraction. Truncation mutants of this
region have revealed disruption to the capacity of cardiac muscle to compensate for different

pathological and physiological stressors.

The first 10 amino acids of cTnl are intrinsically disordered'? and not known to interact with any
other component of the thin filament. An A1V mutation affecting the N-terminal alanine residue
was linked to dilated cardiomyopathy (DCM)*, but this particular mutation was only identified
in a single family with remote consanguinity, and the DCM phenotype was manifested only in
homozygous individuals, indicating recessive disease. It is possible that this mutation is
incidental, rather than causative. Notably, transgenic mice bearing a deletion of the first N-
terminal 10 amino acid residues of cTnl showed no evidence of DCM and had anatomically

normal hearts, though the authors noted a decrease in maximal force generation®’.

Truncation mutations involving more of the cTnl N-terminal tail would be expected to have a
greater effect on cTn function. Knock-in mice lacking the first 28 amino acid residues of the
cTnl N-terminal tail had significantly faster rates of relaxation, with rates similar to wildtype
mouse hearts under B-adrenergic stimulation®. In a related study, replacing ¢Tnl with slow
skeletal Tnl, which altogether lacks the cardiac N-terminal 31 a.a residues, in transgenic mice,

resulted in cardiomyocytes that showed no contractile response to PKA phosphorylation *.



The ¢Tnl N-terminal tail is the main phosphorylation site in humans®. The first studies that
revealed the effect of phosphorylation on the heart also uncovered the importance of the cTnl N-
terminus to cardiac function®'. It mainly functions to enhance calcium affinity of the regulatory
N-terminal domain of cTnC, and phosphorylation at Ser 22/23 attenuates this effect.
Phosphorylation at this site is known to result from sympathetic stimulation of the heart through
adrenergic [ receptors®. It is well known that B-adrenergic stimulation of the heart is a crucial
regulator of cardiac performance®. It enhances contractile force (positive inotropy) and
accelerates heart rate (positive chronotropy) and relaxation rate (positive lusitropy)®. B
stimulation causes cAMP-mediated phosphorylation of many key targets via protein kinase A
(PKA)*. Phosphorylating myofilament proteins like cTnl and myosin binding protein C
decreases calcium sensitivity and enhances cross bridge cycling, respectively, with both effects
contributing to the positive lusitropic effect. Phosphorylating sarcoplasmic proteins like
phospholamban and ryanodine receptors also mediates positive lusi- and inotropic effects
through higher rates of calcium uptake and release kinetics, respectively®. Finally,
phosphorylating plasma membrane proteins like L type calcium channels further contributes to

positive inotropy due to increased calcium influx during action potential®.

R20C is a mutation in cTnl associated with hypertrophic cardiomyopathy (HCM) in humans®.
The mutation would be expected to interfere with PKA phosphorylation of Ser22/Ser23.
Consistent with these expectations, skinned cardiac muscle fibers with mutant R20C-cTnl
exchanged in showed a blunted response to PKA phosphorylation, and increased susceptibility to
cleavage by M-calpain compared to wild type was also observed®. However, the net inhibitory
activity of cTnl was not altered. Both homozygous and heterozygous knock-in mice with the

R20C mutation developed HCMY.



A biophysical study of progressive cTnl N-terminal truncation mutants was performed,
analyzing the impact on the calcium sensitivity of actomyosin ATPase activity or calcium release
rates from the cardiac troponin complex *. Removing up to the first 15 a.a residues did not
significantly impact calcium sensitivity or calcium release rates (the new N-terminal sequence
was "*APIRRRSS*). More extensive removal significantly decreased calcium sensitivity and

abolished PKA phosphorylation effects™.

1.3.2 The C-terminal tail of cTnl
The C-terminal tail of cTnl, comprising residues 135-209, is one of the most important
intrinsically disordered regions for the functioning of the heart. The inhibitory region (residues
136-147) binds actin to shut off cardiac contraction, while the switch region (classically, residues
147-163, but we are redefining it to 146-158 based on the X-ray crystal structure) is bound by
¢TnC in a calcium-dependent manner to activate cardiac contraction>''. Residues 159-209 are

11,14

less critical for function, but this region does bind to actin'"'* and appears to play an important

role in promoting cardiac muscle relaxation.

One study examined three different cTnl C-terminal truncation mutants: 1-199, 1-188 and 1-151
versus the wild type in cardiac myofibrils®. Native cardiac troponin complexes were exchanged
out for excess cTnT, and then the mutant cTnl constructs were diffused in. The authors
demonstrated that the wild type and the 1-199 mutant have similar capability to maximally
inhibit actomyosin ATPase in a concentration-dependant manner, while the other shorter mutants

only partially inhibited it.

One group has made a transgenic mouse expressing a truncated cTnl missing the 17 C-terminal

residues®. Although expression levels of the mutant transgene only made up < 20% total cTnl



expression, the authors found that the mice had dilated ventricles with depressed systolic
function, though no histologic features of dilated cardiomyopathy and no biomarker evidence of
heart failure. Further biophysical studies on this mutant using reconstituted cardiac thin filaments
revealed that the calcium-bound closed state of tropomyosin-troponin was shifted more towards
an activated state compared to the wildtype*'. The same truncation mutant was found to enhance
calcium sensitivity in myofibrils without impacting maximal tension generation compared to the

wild type®.

Perhaps the best indication of the role of the cTnl C-terminal tail is the large numbers of human
mutations found in this region associated with HCM*. The most common of these mutations are
located mainly in the inhibitory region [R140Q - R144G - R144W - R144Q)] and the C-terminal
actin binding tail [R161Q - R161W - S165F -AK182 — R185Q — S198N - AG202] as well as a
mutation in the switch region [A156V]*~. There are also about a dozen mutations in the C-
terminal tail associated with restrictive cardiomyopathy*!. Numerous biophysical studies have
shown increased calcium sensitivity and force generation associated with all these mutations
when compared to wild type®’. Additionally, greater enhancement of calcium sensitivity was
repeatedly reported in mutations that were associated with restrictive cardiomyopathy (RCM)*~
% C-terminal truncations of cTnl were associated with HCM when 8 amino acids were deleted™,

or RCM with the deletion of 42°% or 15 C-terminal amino acid residues®.

In conclusion, the cTnl flexible C-terminal tail plays a critical role in promoting cardiac

relaxation, which is disrupted upon truncation.
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1.3.3 N-terminal region of cInT
An increased level of N-terminally truncated cTnT was observed in primary cultures of adult
cardiomyocytes upon calcium overload™. Given that p-calpain is a calcium-activated protease,

selective proteolysis of cTnT could be due to p-calpain.

Expression of the N-terminally truncated cTnT in transgenic mice hearts preserved overall
cardiac function. However, this truncation mutant exhibited moderately reduced velocity of
ventricular contraction, which significantly prolonged left ventricular rapid ejection phase and

increased stroke volume at high afterload™.

1.4 Studies of Proteolytic Degradation

Proteolytic digestion of cTnl and cTnT was shown to negatively affect cardiac function beyond
the direct tissue damage caused by the original insult, as in ischemia reperfusion (IR) injury. The
main culprit enzymes that have been suggested are intracellular matrix metalloproteinases

(MMPs), calpains, and caspases.

MMP-2 is the main cardiac member of this Zn-dependant family of 25 endopeptidases™. As its
name suggests, it was originally found to digest the extracellular matrix. However, intracellular
localization and intracellular targets have since been demonstrated as well**. MMP-2 is involved
in both normal cardiac development and pathological states. Being produced as an inactive
zymogen, it requires activation by either proteolytic removal of its pro-peptide domain or post-
translational modification by oxidative stress to remove an inhibitory cysteine sulthydryl group
from the catalytic zinc ion®". Both processes likely occur in IR injury, myocardial ischemia, and
heart failure. Increased MMP-2 activity has been correlated with myocardial dysfunction and has

been reported in various animal models for aging hearts, hypertension, and severe
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tachyarrhythmia®**. In addition, it was shown to be activated as early as 1 minute after releasing
the aortic cross clamp in patients undergoing coronary artery bypass grafting (CABG)®. Thus,
MMP-2 appears to be an important intracellular protease activated in a variety of pathological

conditions.

cTnT and cTnl, but not cTnC, were shown to be degraded by MMP-2 in a concentration
dependent manner and inhibited by MMP inhibitors™. Inhibiting MMP-2 with doxycycline or O-
phenanthroline improved myocardial recovery from IR injury in rat hearts® which correlated

with prevention of IR-induced c¢Tnl degradation®®.

Calpains are a family of 15 calcium-dependent proteases that are mainly localised to the cytosol
and mitochondria®. Two isoforms have been linked to ischemia and IR injury; p-calpain and M-
calpain. They are mainly activated by increased intracellular calcium concentrations®®. In many
cardiac pathologies like ischemia and IR injury, cellular calcium handling is altered leading to
elevated cytosolic calcium levels and calpain activation®. Calpain is known to mediate

proteolysis of many sarcomeric proteins including cTnl and cTnT®%,

Stunned myocardium and skinned trabeculae incubated with calpain both showed a cTnl
degradation band that was prevented by calpastatin®. In isolated rat hearts, even though calpain
was translocated to the membrane during ischemia, it was not activated until the pH was
normalized upon reperfusion. Myocardial protection was achieved with calpain inhibitor MDL-
28170 early in reperfusion, significantly reducing infarct size®. This observation was confirmed
in porcine hearts using a different inhibitor, A-705253, 15 minutes before ischemia and during
reperfusion. Reduced infarct size and improved hemodynamics and contractility were observed

in the intervention pigs compared to the control ones®. Notably, p-calpain seems to rapidly
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proteolyse cTnT and cTnl in purified cTn complex” more than in the intact myofibril, where p-
calpain effect is more pronounced in Z-line proteins like desmin "', which might rather explain

the functional deterioration after reversible injury attributed to calpain.

Caspases (or cysteine aspartases) are a family of twelve endoproteases that are secreted as
zymogens and require activation to attain their catalytic activity’>. They play a crucial role in
regulating cellular homeostasis, apoptosis, and inflammatory responses. Caspases act mainly by
hydrolysing the peptide bonds following aspartic acid residues”. Caspase inhibitors showed
promising effects in the reduction of brain IR injury after stroke in neonatal rats”. Caspase-1
expression was upregulated in a rat heart failure model”, while deletion of the same endogenous
caspase ameliorated post-MI heart failure. In addition, caspase knockout mice had smaller infarct
sizes after myocardial IR injury”. These beneficial effects were explained in terms of inhibiting
apoptosis. One study examining troponins as a direct substrate for caspases showed cTnT
fragmentation after incubation of the cTn complex, though not the individual subunits, and rat
cardiac myofilaments with caspase-3"°. Moreover, caspase inhibitors abolished cTnT proteolysis.
More studies are needed to further explore the role of caspases in proteolyzing myofibrillar

proteins beside its role in apoptosis.

1.4.1 Myocardial ischemia and ischemia reperfusion injury [mainly
cTnl C-terminal degradation and cTnT N-terminal
degradation]

In global IR injury in rat hearts, cTnl was found to be partially proteolysed®”’. The degraded
fragments’ molecular weights were between 12 and 23.5 KDa, while higher MW fragments were
observed and thought to be due to covalent attachment to cTnT and cTnC, though this was not

confirmed. These modifications, especially proteolysis, correlated with myofibrillar dysfunction.
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In addition, in vivo cTnl C-terminal degradation was shown to correlate with prolongation of
ischemia in rat hearts, with a proposed cut site between 188-199””. With more severe ischemia -
enough to cause necrosis - followed by reperfusion, more extensive degradation was noted in
cTnl and other myofilament proteins, with a specific truncation estimated to remove the C-
terminal 17 a.a residues of ¢TnlI’®. This truncation was shown to lead to functional impairment of
the heart in in vivo and in vitro studies and decreasing the maximal response to calcium**. This
degradation pattern was proposed to be the main contributor to the impaired cardiac function
seen in stunning [ 15 min ischemia and 45 min reperfusion]. Other studies have also correlated
cTnl degradation with a decline in functional performance, and protease inhibition prevented

stunning>®’*%,

One study found that proteolysis of the cTnl C-terminal tail was affected by phosphorylation.
Pseudophosphorylation at Ser199 by mutating the Ser to Asp [phosphorylation-mimic] or Ala
[dephosphorylation-mimic] caused altered cTnl susceptibility to preoteolysis and enhanced
myofilament Ca sensitivity®. Moreover, p-calpain was found to strongly proteolyse ¢TnT and
cTnl, not cTnC, in both purified protein form and in myocardial cryosections, an action that was
modified by different phosphorylation enzymes like PKA and PKC”’. Further studies are needed

to clarify the underlying mechanisms of cTnl phosphorylation-proteolysis cross-talk.

However, many subsequent studies questioned the role of cTnl proteolysis in IR injury®. No in
vivo degradation of cTnl was associated with ischemia or IR injury in swine models®**, In rabbit
hearts, only minimal cTnl degradation was observed after extensive ischemia, which did not vary
with functional recovery of the stunned hearts®. Furthermore, canine hearts displayed differential
cTnT degradation, but not cTnl degradation, after ischemia®, which again did not correlate with

the cardiac dysfunction. In addition, some authors believe that cTnl degradation in the context of
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IR injury is mainly due to increased preload. Eliminating elevations in preload after global
ischemia-induced stunning prevented cTnl degradation®. It was concluded that elevations in
preload produced in the isovolumetric heart preparations rather than the effect of reversible
ischemia was independently responsible for cTnl degradation. In this study, increased preload in
isolated rat hearts was associated with the appearance of cTnl degradation products which
seemed to be due to calpain cleavage. Inhibiting calpain with calpeptin led to improved

ventricular function.

Studies of myocardial tissue samples from elective cardiac bypass surgery patients did not show
consistent patterns of cTnl proteolysis occurring during periods of ischemia followed by
reperfusion”. ¢Tnl proteolysis was observed in many patients, but the degraded band did not
show a consistent pattern before and after cross clamping (degradation appeared in 10,
disappeared in 12, and did not change in 12 patients). Perhaps degradation implies an underlying

cardiac ischemic condition.

Several in vivo experimental models demonstrated that the structural integrity of ¢cTnT in cardiac
myocytes is determined by its incorporation into myofilaments. In adult dog hearts, cTnT
undergoes rapid turnover, and the half-life of ¢TnT is estimated to be approximately 3.5 days®. It
was determined that cTnT that is not associated with the myofilament is rapidly degraded in
cardiomyocytes®. This potent degradation of non-myofilament-associated cTnT might be critical
for maintaining normal protein stoichiometry of the myofilament regulatory system®. Without
myofilament incorporation, the conserved C-terminal and middle regions of cTnT induced cell
apoptosis, whereas the N-terminal variable region did not exhibit any apoptotic effects®.
Proteolytic cleavage of cTnT by activated caspase-3 was shown in apoptotic rat cardiomyocytes

to remove 92 amino acids from the N-terminal variable region and a part of the middle conserved
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region, producing a 25 kDa truncated cTnT fragment’®. Caspase-3 mediated cleavage was shown
to have deleterious effects on cardiac muscle contractile function, myofibril force generation, and

myosin ATPase activity'.

The variable N-terminal region of cTnT is highly susceptible to proteolysis by p-calpain during
myocardial IR injury”. During acute myocardial IR injury and left ventricular pressure overload
in vitro, myofilament associated p-calpain selectively cleaves the N-terminal variable region
(amino acids 1-71) in mouse, rat, and pig hearts®'. This proteolysis selectively removes the entire
N-terminal variable region, but preserves the conserved region of cTnT, unlike caspase-3-
mediated cleavage, as discussed above'®”'. The removal of the N-terminal region has no
significant effect on the binding affinity of cTnT for tropomyosin. Extending the deletion from
the N-terminal 1-71 to 1-91 amino acids (getting into the conserved middle region) results in
increased calcium sensitivity of the troponin complex and weakened binding affinity for

tropomyosin®®,

1.4.2 Microgravity [Mainly cTnlI N-terminal degradation]
The microgravity model exerts stress on the cardiovascular system by redistributing blood
volume towards the head®. In humans, this state is achieved in astronauts and objects floating in
space. On Earth, this condition could be transiently experienced in a free-fall situation, like going
over a big hill. It has drawn extensive interest because of the cardiovascular changes that occur
in astronauts®. Neurohormonal adaptation mechanisms during microgravity lead to an decreased
indices of cardiac function like stroke volume and left ventricular end diastolic volume®.
Although the underlying molecular changes are not fully elucidated, contractile proteins are
structurally and functionally modified in cardiac adaptation to microgravity. In a 14-day tail-

suspended rats simulating microgravity, cardiac contractile force was decreased compared to
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control rats, despite no changes in calcium sensitivity”’. However, the major finding of the study
was upregulation of a ~22 kDa N-terminally truncated fragment of cTnl when the rats were tail
suspended for four weeks. Sequencing revealed targeted cTnl proteolysis producing cTnl
fragments 1-25, 1-26, and 1-29%, which is consistent with the calpain cleavage sites that we have
mapped. In another study of tail suspended rats, increased cTnl degradation was observed in the
N-terminal end, which was associated with decreased myocardial response to the {3 stimulant,
isoproterenol®. This was associated with decreased calcium sensitivity and PKA-induced
phosphorylation. This was not surprising as proteolysis at this position would eliminate the
phosphorylation site, the main site in cTnl affected by beta-adrenergic stimulation. Similarly, ex
vivo hearts from 4-week suspended rats showed less enhanced contractility with isoproterenol
infusion®. Evidence has also been accumulating about translocation and activation of M-calpain

19191 "and ¢Tn degradation in this animal model was partially

associated with microgravity
inhibited by non-specific inhibitor PD150606'%, an alpha-mercaptoacrylic acid derivative that

was found to inhibit both calpain and MMP-2'%> 194105,

1.4.3 Miscellaneous conditions
cTn degradation is well documented in cardiac injury, and the available clinical assays are able

to detect both intact and degraded forms'*

. One study looked into cTnl degradation in the
context of iatrogenic induction of myocardial necrosis in hypertrophic obstructive
cardiomyopathy patients receiving percutaneous transluminal septal myocardial ablation'®’. The

108 jh addition to two more

degradation pattern in this study matched that of STEMI patients
bands. cTnl degradation has been reported in the failing heart and was shown to be altered by

other factors like when Ser199 is hyperphosphorylated'®. Further studies in transgenic

pseudophosphorylated mice revealed significantly less C-terminal proteolysis after IR injury'*.
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In vivo experiments done by the same group, where the same pseudophosphorylation was
introduced to human cardiac myofilaments resulted in significantly less p-calpain induced

percentage of proteolysed cTnI®.

A few studies have described the underlying remodelling mechanisms that happen in atrial
fibrillation including degradation of myofibrillar proteins. Decreased calcium uptake, lowered
pH after relative atrial ischemia and increased calcium influx all lead to increased cytosolic
calcium which in turn activates divalent dependant proteolytic enzymes, like calpain'"".
Attenuating cTn degradation and improving cardiac dysfunction was achieved using calpain
112

inhibitors"“. The calpain inhibitors used in the experiment have shown inhibitory effect on

MMP-2 as well'® so a role for MMP-2 cannot be excluded.

1.5 Role of Troponins as a Biomarker of Cardiac Injury

In the heart, prolonged ischemia can lead to irreversible cellular necrosis, a condition known as
myocardial infarction (MI). Irreversible death of cardiomyocytes is accompanied by the release
of many of its components, some of which are unique to the heart, including cardiac troponins.
cTn is released into the bloodstream, where it is reliably detected, making the cTn assay the
current gold standard for the detection of myocardial injury and diagnosis of MI. Given that
cardiac and slow skeletal TnC are the same isoform, detection of ¢cTnC in the bloodstream would
not specifically indicate if the injured muscle is cardiac or slow skeletal. Currently available cTn
commercial assays target cTnl or cTnT for diagnosing cardiac injury. Thus, cTnl and cTnT could
potentially serve as useful probes of proteolysis and post-translational modifications that occur in

the human heart during various disease processes.
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Since the emergence of the first cTnl assay in 1987'"* followed by the first cTnT assay in 1989'",
further refinements have resulted in the development of high sensitivity assays. cTn assays have
shown superiority in terms of specificity to all previously used biomarkers for diagnosing MI
like LD, CK-MB and even ECG'*"". Enhancing the analytical sensitivity of the assay allows
measurement of cTn even in apparently healthy individuals, raising issues of what are clinically
significant cut-off levels. The current guidelines recommend using the high sensitivity assays to
diagnose myocardial injury, now requiring only a small acute elevation of cTnl or cTnT above

the 99" percentile upper reference limit for a healthy population'®

. These high sensitivity assays
measure cTn concentrations fivefold to 100-fold lower than conventional ones, should be able to
detect cTn concentrations below the 99th percentile in >50% of normal individuals, and should
have imprecision measured as the coefficient of variation <10% at the 99th percentile value'”.
The pathological definition of MI encompasses irreversible necrosis of the cardiac muscle cells
due to prolonged ischemia. The clinical definition, however, has evolved along with the
evolution of cTnl and cTnT assays. The most current Fourth Universal Definition of MI ''®'%
acknowledges that cTn elevations are possible in reversible cardiac conditions without actual
infarction, challenging the traditional view that cTn elevations necessarily require necrosis.
Moreover, the cTn elevations are not necessarily reflective of an acute injury as chronic
conditions might lead to stable elevations, such as chronic kidney disease or structural heart

121

disease'”'. A new category of “myocardial injury” has been suggested. Strenuous exercise'*,

125126 are all conditions with

atrial pacing induced tachycardia'®, myocarditis'*, and pericarditis
documented cTn release of unknown mechanism, though many theories have been suggested.

Damaged cell membranes that allow leaking of cTn, cytoplasmic blebbing and microparticle
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formation, activated cellular apoptosis, sarcolemmal disruption by lysosomal membranes, and

accelerated turnover of cardiomyocytes have all been suggested as possible mechanisms'*'**,

In patients with supraventricular tachycardia (SVT) without significant underlying coronary

artery disease (CAD), almost a third exhibited elevated cTnT levels'*

. As the level only
correlated with the maximum heart rate during the SVT episode, shortened diastole resulting in
minor subendocardial ischemia was proposed as the underlying mechanism in these patients.
Similarly, no significant differences in CAD diagnosis were observed in another cohort of SVT

patients. However, with longer follow up of patients in the GISSI-AF trial, elevated cTnT was

related to recurrent atrial fibrillation in patients who recovered from recent atrial fibrillation'.

cTns are not only released in cardiac diseases, but also in a wide range of non-cardiac conditions
that can cause myocardial injury. For instance, elevated cTn levels have been detected early in
the course of acute ischemic stroke. Intact and seven degradation Tnl fragments were found in
serum samples from acute ischemic stroke patients™'. In general, elevated cTnl in stroke patients
was found to be associated with poorer short term prognosis'** and even predictive of new onset

of atrial fibrillation'*.

Examination of various human blood samples reveals extensive degradation of cTn. cTn in the
blood of MI patients was found to be comprised of a heterogeneous mixture of free cTnT, binary
cTnC-cTnl complexes, and ternary cITnC-cTnl-cTnT complexes, in addition to proteolytic

fragments of different MWs'**'*, ¢TnT cleavage was also detected in human sera, whether in

136

samples drawn from MI patients or after incubating cTnT in sera from controls™*®. Extensive

135,137

proteolysis has been shown in MI patients using gel filtration chromatography and by

immunoblots™*. In the cardiomyocyte cTnT is mainly proteolysed by p-calpain between R68 and
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S69 producing a 29 kDa fragment, and that cleavage is modulated by PKA-mediated
phosphorylation”. However, it was demonstrated in a more recent study that thrombin also
cleaves at this particular site, which is prevented by incubation in heparin plasma'*®. In fact, the
intact form was shown to quickly disappear from serum samples within 12 hours after MI, with

only degradation fragments being detected afterwards'*

. A western blot analysis in a similar
patient cohort confirmed these observations and showed the time dependence of degradation'®.

A more recent study on human serum samples from human MI patients identified an additional

cleavage site in ¢cTnT between GIn189 and Lys190'*.

In a longitudinal study, up to 100% of end stage renal disease patients at some time points were
found to have elevated cTnT levels and higher cTn levels were related to higher incidence of

adverse events'

. Examining the sera of chronic kidney disease (CKD) patients undergoing
dialysis revealed extensive cTnT fragmentation'*. It is believed that cardiac troponin is too big
to be excreted through the kidney. However, isolated cTnT or fragments thereof might be
candidates for renal clearance. Thus, the observation of elevated levels of fragmented cTnT in
CKD patients would explain its elevation in the serum due to impaired renal clearance in the
absence of apparent cardiac conditions. This issue is most pronounced for cTnT, which showed

higher concentrations than cTnl in CKD patients with a history of cardiac MI'*

. However, both
cTnl and cTnT show elevated levels in CKD patients, and these correlated with left ventricular

mass and estimated GFR, and not with coronary artery calcification as measured by CT.

Since cTnT is readily cleaved by thrombin in the serum, and since its cleavage products are
cleared by the kidney, serum cTnl may be a better probe of intracellular proteolysis in humans.
In contrast to cTnT, for which there are only two available commercial assays (Roche and the

more recent Radiometer assay), there are many different cTnl assays, which use different
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antibody epitopes for capture and detection. There is currently no universal standardisation for

the cTnl assays'*

. The heterogeneous mixture of proteolytic fragments released into the blood
likely contributes to major discrepancies between different commercial assays'** (epitopes

detected by different commercial assays can be can be viewed in this IFCC document:

http://www.ifcc.org/media/276661/IFCC%20Troponin%20Tables%20ng 1.%20DRAFT

%20Update%20NOVEMBER%202014.pdf ).

Factors that might affect cTnl degradation are infarct zone size, reperfusion rate, time elapsed
between injury onset and sample collection, and other biochemical features, like traumatic
sample collection and sample handling methods that affect protease load in the sample'®.
However, recent studies (including chapter 3 of this thesis) have suggested that proteolytic

degradation of cTnl is an accurate reflection of its state in the cardiomyocyte'*>'*,

Given the complexity of the cTn complex structure, and the wide variety of modifications that
occur in different regions of its components, detecting the different fragments can be challenging
and the interpretation of its signal might become confusing and misleading when clinicians try to
fit it into the clinical context. Better characterization of the modifications in cTn and unraveling
the underlying mechanisms of the modifications has potential for enhancing their utility in
cardiac diagnostics. In one study, the authors detected extensive degradation of cTnl after
incubation in necrotic cardiac tissue and in AMI patients’ sera at the N- and C-termini, while the
most stable part was noted to lie between 30-110'%, which corresponds roughly to the well-
structured region of cTnl is made up of residues 39-134. In a more recent study examining
STEMI patient serum samples over the first 36 hours from symptom onset, extensive proteolysis
of both N- and C-terminal tails'*. We recently examined (in chapter 3 of this thesis) cTnl

fragments released in the sera of serum troponin-positive patients with a variety of underlying
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conditions'#

. A modified assay was developed to quantify cTnl using antibodies that detect the
N-terminal tail, structured core, or C-terminal tail, thus distinguishing between intact cTnl and
cTnl that was proteolyzed. Our study showed that the degree of proteolysis, particularly at the C-
terminal tail, increased with increasing severity of ischemia, with the highest degree of
proteolysis observed in STEMI patients, and lower degrees observed in NSTEMI patients and
type 2 MI patients. The study suggested that benign causes for elevated cTnl (like peri-
procedural elevations detected incidentally) can give abnormally high readings by the traditional
assay, since intact non-degraded troponin is more readily detected by most commercial assays
(which make use of N- or C-terminal epitopes for antibody binding). On the other hand, a severe
infarct could be underestimated by the cTnl level due to extensive proteolysis of the cTnl N- or
C-terminus. Thus, accounting for troponin degradation should give a more reliable indication of
infarct severity than the troponin levels measured by the conventional assays. As well, our study

suggests that it may be possible to derive important clinical information about the disease

process impacting the cardiomyocyte from which the cTnl was released.

A crucial area for future research is mapping the exact cleavage sites. Mass spectrometry could
be ideal to identify the degradation patterns under different pathological condition. Additionally,

identifying the responsible proteases with unbiased experiments is needed.

Cardiomyocyte intracellular proteases like MMP-2 or calpain are plausible therapeutic targets to
prevent or attenuate ischemia-reperfusion injury in MI patients. Despite there being more than
two dozen MMP inhibitors available, none of them are used in clinical practice due to a variety
of side effects'”’. In this regard, it is interesting to note that doxycycline , a commonly used

antibiotic that is also a weak inhibitor of MMP-2, showed promising effects on imaging like
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reduced end-diastolic volumes index, infarct size, and infarct severity*, in a recent Italian

clinical trial (TIPTOP) ',

1.1 Objectives and Hypotheses:

Within proteins, intrinsically disordered regions (IDRs) are highly exposed and susceptible to
protein-protein interactions, making them highly important for function and regulation. The C-
terminal tail of cTnl is an example of an important IDR, alternating between binding partners,
actin and cardiac troponin C, to control the cardiac cycle. My overall hypothesis for the thesis is

as follows:

¢ Asan IDR that forms critical protein-protein interactions, the C-terminal tail of cTnl
(135-209) would be expected to be susceptible to enzymatic proteolysis. Because
increasing severity of cardiac injury leads to progressively greater activation of proteases,
the proteolytic digestion pattern of cTnl (or lack thereof) will inform us about the severity
of the underlying injury. This has implications for the physiologic function of cTnl as

well as its use as a biomarker for cardiac injury.

1.1.1 Combining a PagP fusion protein system with nickel ion-
catalyzed cleavage to produce intrinsically disordered
proteins in E. coli.

As intrinsically disordered regions (IDRs) are solvent-exposed and potentially very susceptible
to proteolysis, it can be exceptionally difficult to express and purify them in the lab. We have

been developing the use of the integral membrane protein, PagP, as a novel fusion partner to
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direct the expression of IDRs into inclusion bodies, protecting them from proteolysis. The target
IDR is connected to PagP by a short linker containing the sequence: SRHW. This sequence was
shown to be particularly susceptible to nickel ion-catalyzed peptide bond hydrolysis under

denaturing conditions. Chapter 2 tested the following hypothesis:

¢ The novel fusion protein, PagP, combined with nickel ion-assisted hydrolysis, is an

effective method for producing the disordered C-terminal tail of cTnl in E. coli bacteria.

Chapter 2 sought to achieve the following objectives:

1. Protein expression and purification of the cTnl disordered C-terminal tail (135-209) fused
to PagP. We demonstrate that our fusion protein is more than 95% pure after nickel
affinity chromatography.

2. Nickel ion-catalysed removal of cTnl (135-209) from its fusion partner. We demonstrate
efficient and specific cleavage only at the N-terminal side of the target sequence SRHW
(no additional fragments were observed).

3. Isolation of cTnl (135-209) revealed a final yield of 15 mg from 1 L. M9 minimal media.
Characterisation by MALDI-TOF mass spectrometry and NMR spectroscopy confirmed

the target protein MW with no additional amino acid modifications to the protein.

1.1.2 Degradation of serum cTnl C-terminal tail as a more specific
marker for the severity of myocardial infarction
The cTn assay is the current gold standard for diagnosing MI. However, it is not entirely specific

for the focal necrosis produced by a type I M1, a life-threatening condition that entails abrupt and
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focal loss of blood supply causing a region of cellular necrosis. cTn elevations have been
detected in reversible cardiac injury without radiologically detectable infarct. As previous studies
have shown that cell death activates intracellular proteases, Chapter 3 tested the following

hypothesis:

¢ It has already been established that serum cTnl is proteolytically degraded in the setting
of MI. We postulate that cTnl released in focal infarct will be more proteolytically

degraded than that released by milder ischemic processes.

1.1.3 Determining the structure of cTnl C-terminal tail (135-209)
alone and in the presence of actin using NMR
spectroscopy

Chapter 4 tested the following hypothesis:

¢ The C-terminal tail of cTnI(135-209) is intrinsically disordered and acquires a more

structured form upon interacting with actin

Producing pure amounts of the C-terminal tail of cTnl (135-209) as described in chapter 2

enabled us to use solution NMR to achieve the following objectives of chapter 4:

1. Examining the structure of free cTnl (135-209) using solution NMR confirmed the
disordered nature of this region. Secondary structure analysis using the chemical shift
analysis program 62D revealed o helical propensity especially in the residues (150-159).

2. Investigating the structure of the C-terminal tail in the presence of monomeric actin-

DNase I demonstrated rigidification along its entire length, but especially in the region
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corresponding to the inhibitory region, switch region, and “second actin binding site”

(residues 135-177).
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Chapter 2. Combining a PagP fusion
protein system with nickel ion-catalyzed
cleavage to produce intrinsically

disordered proteins in E. coli

2.1 Abstract

Many proteins contain intrinsically disordered regions that are highly solvent-exposed and
susceptible to post-translational modifications. Studying these protein segments is critical to
understanding their physiologic regulation, but proteolytic degradation can make them difficult
to express and purify. We have designed a new protein expression vector that fuses the target
protein to the N-terminus of the integral membrane protein, PagP. The two proteins are
connected by a short linker containing the sequence SRHW, previously shown to be optimal for
nickel ion-catalyzed cleavage. The methodology is demonstrated for an intrinsically disordered
segment of cardiac troponin I. cTnI[135-209]-SRHW-PagP-His. fusion protein was
overexpressed in E. coli, accumulating in insoluble inclusion bodies. The protein was
solubilized, purified using nickel affinity chromatography, and then cleaved with 0.5 mM NiSO,
at pH 9.0 and 50°C, all in 6 M guanidine. Nickel ion-catalyzed peptide bond hydrolysis is an
effective chemical cleavage technique under denaturing conditions that preclude the use of
proteases. Moreover, nickel-catalyzed cleavage is more specific than the most commonly used

agent, cyanogen bromide, which cleaves C-terminal to methionine residues. We were able to
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produce 15 mg of purified cTnI[135-209] from 1 L of M9 minimal media using this protocol.
The methodology is more generally applicable to the production of intrinsically disordered

protein segments.

2.2 Introduction

Intrinsically disordered regions (IDRs) are protein segments that lack a fixed three-dimensional
structure under physiologic conditions. Genomic analyses indicate that >30% of eukaryotic
proteins contain at least one disordered region spanning 50 residues or more'*. IDRs are solvent-
exposed and susceptible to post-translational modifications such as phosphorylation and
proteolysis. Thus, they are highly important in the regulation of numerous biological processes

and cellular signal transduction".

It is of great interest to determine how post-translational modifications of IDRs gives rise to

changes in function, but the structural malleability of IDRs can make biophysical
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characterization difficult™. Producing large quantities of pure intrinsically disordered proteins

can also be challenging due to their susceptibility to proteolytic digestion both during expression

153

and purification stages™”. One solution is to target IDRs to inclusion bodies, an old method that

is used to mass-produce a number of clinically important peptides like insulin'**. Inclusion
bodies are dense particles of aggregated (and usually misfolded) protein, a form that is largely

155, The strategy allows for easy purification, since inclusion

protected from proteolytic enzymes
bodies can be separated from other cellular components through centrifugation. The primary
disadvantage of producing proteins from inclusion bodies is that they are misfolded and have to
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be reconstituted into an active folded form™®. Of course, this is not an issue for IDRs, suggesting

that it might be an ideal strategy for their production.
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Many proteins have been used as fusion partners to direct the expression of target proteins into

inclusion bodies"’

. We previously developed a new fusion system based on PagP for this
purpose'*®. PagP is a B-barrel integral membrane protein found in the outer membranes of many
pathogenic Gram-negative bacteria'. It is directed to the outer membrane by a signal sequence,
but when the signal sequence is deleted using recombinant DNA techniques, the misdirected

protein accumulates in cytoplasmic inclusion bodies'®

. We used our PagP fusion protein to
produce large amounts of a fragment of human cardiac troponin I, cTnlI[1-71], which contains a
large intrinsically disordered region spanning residues 1-38'. Our PagP fusion protein was more
effective at targeting large constructs into inclusion bodies than the commercially available

fusion protein system based on ketosteroid isomerase (KSI) as a fusion partner, making feasible

isotopic enrichment and multinuclear multidimensional NMR studies of ¢TnI[1-71]".

One challenge of using fusion proteins for protein expression is that the fusion partner must be
cleaved and removed from the target protein. This is especially challenging in the case of

inclusion body-targeted expression, because the inclusion bodies are usually solubilized in harsh
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denaturants or detergents™, so that enzymatic cleavage (for example, with TEV protease or

thrombin) is not possible. Cyanogen bromide (CNBr) is the most commonly used chemical

cleavage technique'®

, given that it is specific and highly effective even at room temperature.
Cyanogen bromide cleaves peptide bonds C-terminal to methionine residues'®, though with
reduced efficiency when the methionine is preceded by serine or threonine. The main

disadvantage of CNBr cleavage is that the target protein of interest cannot contain internal

methionine residues.

In our previous work expressing PagP-cTnl[1-71]-Hise fusion protein, we used CNBr as the
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peptide bond-cleaving agent>®. Achieving near-100% cleavage was challenging, but cleavage
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was more complete when steps were taken to ensure that methionine residues were fully reduced.
Another issue was that CNBr predictably cleaved PagP at multiple methionine-containing sites,
yielding multiple fragments. This did not create any issues for our construct, which had a C-

terminal His-tag that facilitated purification of cTnI[1-71]-His6 from fragments of PagP.

One research group has recently discovered that aqueous nickel ions can be used to selectively
cleave the peptide bond N-terminal to the sequence S/T-X-H-Z, where “S/T” can be serine or
threonine and “H” is histidine. The cleavage is most effective when “X” is a positively charged
residue (R or K) and “Z” is I, K, L, R, or W'®. The reaction is favoured by high temperatures,
high Ni** concentrations, and alkaline conditions. It was demonstrated that incorporation of the
sequence SRHWAPH; into the C-terminus of recombinant SPI2 protein yielded a His-tag that
could be purified via immobilized metal affinity chromatography and then removed by Ni**-

catalyzed cleavage '*.

In the current study we combine our previous work with PagP as a fusion protein partner with
nickel ion-catalyzed cleavage. Nickel ion-catalyzed cleavage is ideally suited to the PagP fusion
protein system because it can be carried out under denaturing conditions. Moreover, the cleavage
reaction is selective for sequences in the form S/T-X-H-Z, which is less common in protein
sequences than the individual methionine residues targeted by CNBr. Thus, our system should be
readily applicable to any intrinsically disordered protein segment, including those that include
internal methionine residues. We demonstrate the utility of our new construct in producing an
unstructured fragment of cardiac troponin I, cTnI[135-209], which contains three internal

methionine residues.
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2.3 Materials and Methods

2.3.1 Design of PagP fusion partner plasmid
A novel plasmid, pELECTRA-PagP-Hises, was developed with DNA 2.0 for expressing target
proteins fused to PagP-Hiss. In contrast to our previous system'” , the current plasmid fuses the
C-terminus of the target protein to the N-terminus of PagP. Thus, when a nickel cleavage-
sensitive SRHW site is added to the target protein C-terminus, nickel-mediated proteolysis will
yield the target protein with its native C-terminus (see Figure 2 -3 A). The SRHW site was not
included in pELECTRA-PagP-Hisg, so that any cleavage site (whether for chemical or enzymatic
cleavage) could be introduced onto the C-terminus of the target protein through recombinant
DNA methods and inserted into the pELECTRA-PagP-Hisg plasmid. Because of this, all the
internal methionine residues in PagP were also mutated to other residues (corresponding to other
residues found in other Gram-negative bacterial homologues, see Figure 2-1B), so that a
methionine residue could also be included in the linker sequence, allowing separation via
cyanogen bromide cleavage without fragmentation of the PagP-Hise fusion partner (although this
strategy was not used in the current study).

(A)

2
NI~ cleavage

A

cTnl[135-209] | SRHW PagP Hise-tag
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(B)

MRGKFKRPTL RRVRISADAM MQALLGARAK ESLDLRAHLK QVKKEDTEKE NREVGDWRKN

70 80 90 100 110 120

IDALSGMEGR KKKFESSRHW GNADEWLTTF RENIAQTWQQ PEHYDLYIPA ITWHARFAYD

130 140 150 160 170 180

KEKTDRYNER PWGGGFGLSR WDEKGNWHGL YAIAFKDSWN KWEPIAGYGW ESTWRPLADE

Figure 2-3 (A) The cTnl[135-209]-SRHW-PagP-Hiss fusion protein. The SRHW sequence allows for
nickel-catalyzed peptide bond cleavage N-terminal to the serine residue, allowing separation of the
CcTnl[135-209] target protein from SRHW-PagP-Hiss.

(B) Amino acid sequence of cTnl[135-209]-SRHW-PagP-Hiss. The nickel-sensitive SRHW sequence, Hiss
tag, and former methionine residues in PagP mutated to other residues are highlighted in red.

The pELECTRA-PagP-Hiss plasmid contains a lacl repressor gene and a T5 promoter flanked
with lacO sites, allowing for IPTG-inducible expression in any E. coli host (the T5 promoter
utilizes native E. coli RNA polymerase). It also incorporates ampicillin selection, a high copy
number origin of replication, and a strong ribosome binding site (Figure 2 -4). The pELECTRA
—PagP-Hisg plasmid is designed to allow insertion of any target sequence using the patented
Electra cloning system of DNA 2.0 (see DNA 2.0 website:
https://www.dna20.com/products/expression-vectors/electra-system#2). The double-stranded
target sequence must have a 5’-ATG overhang at one end corresponding to the start codon
(coding for methionine) and 5’-ACC overhang at the other end corresponding to the anti-sense
codon of a C-terminal glycine residue (which is thus the last residue in the insert). The target
sequence (in this case, cTnI[135-209]-SRHW) was synthesized by DNA 2.0 and inserted into the
pELECTRA-PagP-Hiss plasmid, generating the sequence shown in Figure 2 -3 B and the

cTnl[135-209]-SRHW-PagP-Hiss plasmid shown in Figure 2 -4.
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Y
;:," ¢Tnl(135-209)-PagP-Hiss

Figure 2-4 A map of the cTnl[135-209]-SRHW-PagP-Hiss expression plasmid. The graphic was produced

using the website: http://www.premierbiosoft.com/plasmid _maps/index.html, using the SimVector
application

2.3.2 Protein expression and purification
The cTnl[135-209]-PagP-Hise plasmid was transformed into calcium chloride-treated competent
BL21(DE3) cells (though we did not need the T7 polymerase encoded by BL21(DE3) strain). A
few transformed colonies were inoculated into 10 mL LB media containing 100 mg/L. ampicillin.
After reaching an Agy of about 1.0, the cells were diluted into M9 minimal media and allowed to
grow overnight at 25°C until A600 ~ 0.9. The cells were then induced with 200 mg of Isopropyl
B-D-1-thiogalactopyranoside (IPTG) and grown for an additional 6 hours at 37°C. The cells were

harvested at 4,500 x g for 10 minutes. The wet weight of the pellet was 5.3 g from a 1 L growth.

The cell pellet was resuspended in a total volume of 20 mL lysis buffer: 50 mM Tris, pH 8.0, 10
mM MgSO04, and 10 pg/mL DNAse I. Then, 200 mg deoxycholic acid and 20 mg lysozyme,
each predissolved in 1 mL of distilled water, were added to the sample, which was then

thoroughly mixed and incubated at room temperature for 20 minutes. The cell lysate was
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centrifuged at 27,000 x g for 10 minutes, and the pellet was resuspended with 20 mL of 1%
Triton X-100 solution containing 5 mM EDTA, and vigorously stirred for an hour, followed by
repeat centrifugation at 27,000 x g for 10 minutes. The pellet was washed with water and then
dissolved in denaturing nickel column binding buffer: 6 M guanidine-HCl, 20 mM Tris-HCI, 0.3
M NaCl, and 10 mM imidazole, pH 7.9. The sample was applied to a Ni-NTA column, which
was further washed with binding buffer and then with wash buffer, which was identical to the
binding buffer except that 33 mM imidazole was used. Finally, the fusion protein-target protein
was eluted with the elution buffer, which contained 250 mM imidazole. Fractions were assessed

by UV-vis spectrophotometry at 280 nm and SDS-PAGE.

2.3.3 Nickel cleavage and final purification
Purified cTnI[135-209]-PagP-Hiss protein at 0.1 mM was cleaved with 0.5 mM NiSO,4 in 6 M
Gdn-HCl, 50 mM HEPES buffer under different conditions of pH and temperature. The pH
corresponds to that of a 1 M stock solution of HEPES buffer. No attempt was made to measure
the final pH of the solutions containing 6 M Gdn-HCI, since the high concentrations of Gdn-HCl

complicates pH measurement'®,

After the cleavage, our sample protein was then dialysed against water 3 times for 4 hours each,
then overnight to get rid of the Guanidine and PagP, causing PagP to precipitate, while the target
protein remained soluble. PagP was removed by centrifugation. Finally, the sample was

lyophilized and then stored at 4°C.
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2.4 Results

2.4.1 Protein expression and purification
cTnl[135-209]-PagP-Hiss was robustly produced in E. coli following induction with IPTG
(Figure 2 -5). The predicted molecular weight of the fusion protein is 29.4 kDa, and there is a
corresponding band appearing on the SDS-PAGE gel post-IPTG induction (Figure 2 -5, lane 2).
Another band is seen at ~24 kDa, corresponding to folded PagP. PagP typically migrates as a
double band in SDS-PAGE, with one band corresponding to a folded (p-barrel) form and the
other corresponding to an unfolded form. This unusual behavior stems from the fact that PagP,
unlike most other proteins, is an integral membrane protein that is capable of forming a folded
structure even within an SDS micelle'®. Depending on the composition of the SDS-PAGE gel,
sometimes the folded form of PagP migrates slower and sometimes faster than the unfolded

form.

Almost all of the cTnI[135-209]-PagP-Hiss fusion protein appeared in the insoluble fraction
(Figure 2 -5, lane 4) and not in the soluble fraction (lane 3), as expected for PagP protein on its
own. However, the insoluble fraction was not as pure as when PagP is expressed on its own or

with other PagP fusion constructs'*®

, suggesting that the cTnI[135-209] protein sequence may
drag other protein contaminants into inclusion bodies. The cTnl[135-209]-PagP-Hiss fusion
protein was purified to >95% purity by nickel affinity chromatography, as judged by SDS-

PAGE.

36



150

100
75

50
37

25
20
15
10

Figure 2-5 SDS-PAGE gel stained with Coomassie Brilliant Blue, showing production and purification of
CcTnl[135-209]-PagP-His6 protein. Lane 1: whole cells prior to induction. Lane 2: whole cells 6 hours
post-induction with IPTG. Lane 3: cell lysate, soluble fraction. Lane 4: cell lysate, insoluble fraction.
Lane 5: insoluble fraction dissolved in 6 M Gdn-HCI and purified on a Ni-NTA column under denaturing
conditions.

2.4.2 Nickel ion-catalyzed cleavage
Ni**-catalyzed cleavage is predicted to generate two fragments, the target protein ¢TnI[135-209]
with a molecular weight of 8.8 kDa, and the fusion partner, SRHWG-PagP-Hiss with a molecular
weight of 20.5 kDa. The cleavage reaction produced two fragments, although on SDS-PAGE,
SRHWG-PagP-His6 ran as a doublet at about 20 kDa, corresponding to folded and unfolded
forms, and cTnI[135-209] ran as a band at about 12 kDa (see Figure 2 -6). It is possible that the
positively charged nature of cTnI[135-209] caused it to migrate slower than expected, and its
true mass was confirmed by MALDI-TOF (see below). No additional cleavage products were
observed. The sequence most similar SRHW in our fusion construct was noted to be "*TWHA
(see Figure 2 -3 B), though a previous study of combinatorial peptide libraries predicted that 0%
cleavage would occur at this site'®. Indeed, no additional fragments corresponding to this

potential cleavage site were observed.
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Figure 2-6 Nickel cleavage time course. Lane 1: Purified fusion protein before cleavage. Lane 2: After
30 minutes. Lane 3: 60 minutes. Lane 4: 90 minutes. Lane 5: 2 hours. Lane 6: 3 hours. Lane 7: 4 hours.

Previous work had demonstrated that nickel-catalyzed cleavage required high temperatures and
high pH. We found near-complete cleavage after 4 hours at 45°C and pH 9.0. Figure 2 -7 shows
partial cleavage under milder temperatures and pH conditions. At pH 9.0 and above, nickel

hydroxide precipitate was apparent by the end of the incubation.
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Figure 2-7 Different conditions for Nickel cleavage of cTnl[135-209]-PagP-Hiss, all taken after 4 hours.
Lane 1: Purified protein before cleavage. Lane 2: pH 7.0 at 45°C. Lane3: pH 7.5 at 45°C. Lane 3: pH 8.0
at 45°C. Lane 4: pH 8.5, at 45°C. Lane 5: pH 9.0, at 45°C. Lane 6: pH 9.0 at 37°C. Lane 7: pH 9.0 at
30°C. Lane 8: pH 9.0 at 25°C.

2.4.3 Isolation and characterization of final product
After nickel-catalyzed cleavage, an excess of 15 mM EDTA and 55 mM sodium acetate, pH 4.0

was added, and the reaction mixture was incubated at 50°C for an additional 2 hours. The
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prolonged incubation under acidic conditions and elevated temperature was necessary to chelate
Ni** that had precipitated out as nickel hydroxide. Following this, the sample was extensively
dialyzed against water (for a minimum of 3 days and at least five 4 L changes). This caused PagP
and any uncleaved fusion protein to precipitate out of solution, and this was removed by
centrifugation. The remaining supernatant consisted mainly of cTnI[135-209] then was syringe
filtered through a 0.45 pm filter. Thus, cTnI[135-209] retained its solubility in the presence of
insoluble PagP. The purification protocol had also been performed without the prolonged
incubation with EDTA under acidic conditions at 50°C. This step was not always needed for the
current construct, though other constructs for expressing other fusion partners required this step,

since separation from PagP required repeat nickel affinity chromatography (results not shown).

The final product, cTnI[135-209] was lyophilized and stored long-term at 4°C. Amino acid
quantitation showed the expected amino acid composition and a final yield of 15 mg from 1 L
M9 minimal media. MALDI-TOF mass spectrometry showed that the molecular weight of the
final product was 8850, close to the expected molecular weight of 8842 (Figure 2 -8). An
additional minor peak of unknown significance at 8948 was also observed, though this could be a

sulfate ion (added to the cleavage reaction in the form of nickel sulfate).
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Figure 2-8 Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry of
final purified cTnl[135-209] product.

Protein production procedures were also repeated using M9 minimal media supplemented with
"NH,CI and uniformly "*C-labeled glucose to produce double “C,"N-labeled cTnI[135-209]. We
were able to assign almost all 'H, "°C, and "°N atom NMR resonances for the sample in aqueous
conditions, suggesting that there were no chemical modifications for any of the amino acid
residues. Moreover, there were only single NMR resonances for every atom and no multiple
peaks suggestive of heterogeneity. As a side note, NMR studies revealed that EDTA [that was
added to 15mM to chelate nickel and stop the nickel-catalysed cleavage] was still present in the
final product despite extensive dialysis. It is well known but not well documented that EDTA is
not readily removed by dialysis for unknown reasons. Extending dialysis times to a week could

eventually remove EDTA.

2.5 Discussion

We have previously demonstrated the utility of PagP as an N-terminal fusion partner for

directing target proteins into inclusion bodies'®. In the current study, we demonstrate that PagP
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is also effective at targeting proteins to inclusion bodies as a C-terminal fusion partner, so it does
not seem to matter that the target protein is translated by the ribosome before PagP. The PagP
protein sequence used in the current study also has a C-terminal histidine tag with all internal
methionine residues mutated out, and these changes do not appear to disrupt the ability of PagP
to direct fusion partners into inclusion bodies. Use of PagP as a C-terminal fusion partner is
advantageous when combined with an SRHW sequence-containing linker region, because Ni**-
catalyzed cleavage N-terminal to the serine residue leaves the SRHW sequence attached to PagP,

leaving the native C-terminus of the target protein intact.

A previous study identified SRHW as the optimal sequence for Ni**-catalyzed cleavage'®.
However, the influence of residues N-terminal to this sequence has not been studied, and it is
possible that certain amino acid types could inhibit or facilitate the reaction. Solvent exposure of
the target sequence is another important factor affecting cleavage efficiency. This is more of a
concern under physiologic conditions than in the harsh denaturant used in the current study.
However, solubility could be an issue even in 6 M Gdn-HCI. We have found that some fusion
partners are difficult to solubilize, and this may be a function of metal ion binding sites. Our
fusion protein construct contains at least two metal ion binding sites, SRHW and HHHHHH.
Additional Cys, His, Ser, Thr, GIn/Glu, or Asn/Asp residues could potentially contribute
additional weak metal ion binding sites leading to metal-ion-bridged aggregation and poor
cleavage efficiencies. We have found that nickel-catalyzed cleavage efficiency varies with the
nature of the fusion partner. The construct used in the current study was unusual in that it
required only 4 hours to achieve near-complete cleavage. Other constructs we have studied

required overnight or even 48-hour incubations (data not shown).
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Another factor limiting nickel-catalyzed cleavage efficiency is the inherent instability of the
reaction mixture. The solubility product, Ks,, of Ni(OH), at 25°C is only 5.48 x 10™'® '’ so that
the cleavage reaction could not be substantially enhanced by addition of more Ni** or base.
Under the reaction conditions employed in this study, Ni(OH), precipitate is invariably present at
the end of the reaction. Care must be taken to ensure that Ni(OH), does not precipitate at the
beginning of the reaction, as can occur if concentrated Ni(OH), stock solution is added to a pH
9.0 solution (thus, NiSO4 should be diluted before alkaline buffer is added). We note that the pKa
of HEPES buffer, used in the current study as well as in the original nickel cleavage study using
recombinant protein'®, is only 7.5, so that one would expect the pH to drop significantly as
Ni(OH), precipitates out of solution, since a pH above 8.0 is beyond the optimal buffering
capacity of HEPES. The drop in pH would be expected to directly slow the rate of nickel-
catalyzed hydrolysis, but it would also help to keep more Ni** in solution. A buffer with pK, >
9.0 would be expected to better maintain the pH of the reaction mixture and use of CHES buffer
(pKa 9.3) was found to yield slightly better peptide hydrolysis rates. Finally, certain buffers with
Ni**-coordinating activity do prevent the formation of Ni(OH), precipitate (like imidazole and
Tris), but these also interfered with the peptide hydrolysis reaction (inhibition by imidazole >>

Tris).

The primary concern about Ni**-catalyzed peptide bond hydrolysis is the possible effects of high
temperature and pH on amino acid sidechains'® '® '”°, There was no evidence of oxidation from
MALDI-TOF mass spectrometry or multinuclear NMR spectroscopy. In particular, there was no
evidence of modification of Phe, Trp, His, or Met, the amino acid residues in cTnI[135-209] that
are most sensitive to oxidation. Moreover, NMR analysis found no evidence for hydrolysis of

Asn or Gln residues to Asp/Glu, modifications that would not be detectable by MALDI-TOF.

42



There are no Tyr or Cys residues present in cTnI[135-209]. Cys residues would be inevitably
oxidized in the presence of Ni** and alkaline pH. Thus, they would either need to be protected

before the cleavage reaction or reduced afterwards.

Our study further confirms the utility of nickel ion-catalyzed cleavage as a method for cleaving
specifically designed linkers for fusion protein expression. We suggest that the technique is most
useful in the setting of protein expression from inclusion bodies, where the high concentrations
of denaturant employed precludes the use of proteases. The technique is generally applicable, but
further experience with a wide range of systems is needed to better define its limitations. Further
refinements are needed to allow for less harsh conditions in terms of pH and temperature.
Interestingly, other group 10 element ions besides nickel, namely palladium and platinum, have
been found to be useful for the cleavage of peptide bonds "' 7>, A complete exploration of these
agents, their mechanism of action, amino acid sequence specificity, and effect of co-ordinating

small molecules can be expected to further improve upon the current strategy.
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Chapter 3. Proteolytic digestion of serum
cardiac troponin I as a marker of

ischemic severity

3.1 Abstract

Background

The cardiac troponin assay is the biochemical gold standard for detecting myocardial infarction
(MI). A major diagnostic issue is that troponin levels can rise with reversible injuries in the

absence of radiologically detectable infarct.
Hypothesis

Since cell death activates intracellular proteases, troponin released by irreversible infarct will be
more proteolyzed than that released by milder processes. Our goal was to quantitate proteolytic

digestion of cardiac troponin I in patients with varying degrees of myocardial injury.
Methods

Serum or plasma samples from 29 patients with cardiac troponin I elevations were analyzed for
proteolytic degradation, using three different sandwich ELISA assays designed to specifically

detect the N-terminal, core, or C-terminal regions of cardiac troponin I, respectively.
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Results

As predicted, the degree of proteolytic digestion increased with increasing severity of injury, as
estimated by the total troponin level, and this trend was more pronounced for C-terminal (versus
N-terminal) degradation. The highest degree of proteolytic digestion was observed in patients
with ST-elevation MI, and the least in type 2 MI (supply-demand ischemia rather than acute

thrombus formation).

Conclusions

The proteolytic degradation pattern of cardiac troponin I may be a better indicator of clinically
significant MI than total serum troponin level. Distinguishing between intact and degraded forms
of troponin may be useful for: 1) identifying those patients with clinically significant infarct in
need of revascularization, 2) monitoring intracellular proteolysis as a possible target for
therapeutic intervention, and 3) providing an impetus for standardizing the epitopes used in the

troponin I assay.

IMPACT STATEMENT

The gold standard diagnostic test for myocardial infarction is the cardiac troponin assay.
However, serum troponin elevations do not always correlate with clinically significant infarct,
creating uncertainty in the management of troponin-positive patients. We demonstrate that severe
infarct releases cardiac troponin I that is more proteolytically digested than that released by
milder ischemic conditions. Quantifying troponin degradation products might lead to the

development of a novel biomarker that better informs about the underlying cardiac pathology.
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3.2 Introduction

The 2012 Third Universal Definition defines myocardial infarction (MI) as myocardial necrosis
in the setting of ischemia'®, divided into 5 distinct sub-types. Type 1 MI is the classic “heart
attack”, in which a coronary vessel is occluded by acute thrombus. Type 1 MI can be further
subdivided into ST-elevation MI (STEMI) and non-ST-elevation MI (NSTEMI), based on the
electrocardiogram. STEMI is associated with complete major vessel occlusion'’, necessitating

174 Management of

urgent revascularization using thrombolytics or invasive procedures
NSTEMI, associated with partial vessel occlusion, is less clear-cut. An early invasive strategy is
favored in high-risk patients, while a more conservative ischemia-guided approach is reserved

for low-risk patients'”,

In clinical practice, myocardial necrosis is detected using serum biomarkers, of which cardiac
troponin has emerged as the gold standard'**'”®. However, recent observations have questioned
whether serum troponin elevations necessarily indicate irreversible myocardial cell death'””'7®,
Troponin elevations can occur in the absence of infarct detectable by cardiac MRI (the gold

)179

standard for imaging)'”® and in healthy individuals following strenuous exercise'® or atrial

123 Moreover, any condition that creates a vascular supply-demand

pacing-induced tachycardia
imbalance (tachyarrhythmias, anemia, or shock) can cause a troponin elevation, a situation
classified as a type 2 MI'™". In the seriously ill patient, it is vitally important to distinguish

whether an observed troponin elevation is due to generalized cardiac strain or a critically stenotic

lesion in need of urgent revascularization.

The problem with the conventional blood troponin measurement is that it does not distinguish

between a focal area of intense infarct and more diffuse injury. It is known that troponin is
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proteolytically degraded in the setting of ischemia and/or infarction®*'*

through the activity of
proteases'® like caspases'®, calpains'®, and intracellular matrix metalloproteinase-2'*.
Furthermore, the degradation of the cardiac troponin I subunit (cTnl) in particular is known to
produce a heterogeneous mixture of degradation products that complicates its standardization

and measurement'*

. We hypothesize that the degree of proteolysis correlates with severity of
ischemic injury. We therefore propose to quantitate degradation of cTnl as a marker of the

ischemic state (ranging from mild injury to irreversible necrosis) of the cells from which it

originated.

3.3 Methods

3.3.1 Design of troponin I degradation assay

To quantify proteolytic degradation of cardiac troponin I (cTnl), we designed a series of three

sandwich enzyme-linked immunosorbent assays (ELISAs) employing commonly used antibodies

(HyTest Inc. Finland): 19C7 (targeting troponin I core residues 41-49) as the capture antibody
and as detection antibodies, M 18 (N-terminal residues 18-28), 560 (core residues 83-93), and

MF4 (C-terminal residues 190-196) (see Figure 3 -9)
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Figure 3-9 Ribbon diagram of the human cardiac troponin complex (PDB code 1J1E). The unstructured
ends of troponin | have been drawn in as squiggles and are highlighted in cyan. These are solvent-
exposed and susceptible to proteolytic degradation. Antibodies used in this study and their epitopes in
cardiac troponin | are shown below. In the current study, antibody 19C7 is used as the capture
antibody, while antibodies M18, 560, and MF4 detect the N-terminal, core, and C-terminal regions,
respectively. The Beckman Access system uses antibodies that bind epitopes that correspond to 19C7
for capture and 3C7 for detection.
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Figure 3-10 Schematic showing the impact of increasing severity of focal atherosclerotic lesions (along
x-axis) and generalized cardiac strain (along y-axis) on infarct size in the heart (shown as circles on an
oval-shaped heart). Both the quantity of troponin released, and its degree of proteolytic degradation
increase with increasing ischemic severity. The boxed area with dashed border highlights situations in
which the decision of whether or not to proceed with angiography is debatable.

Polystyrene 96-well plates were coated with 2 pg/mL 19C7 antibody in phosphate-buffered
saline (PBS) overnight at 4°C, then blocked with 7% skim milk in PBS for one hour. Patient
plasma or serum samples were added undiluted or at 2-fold, 5-fold, or 10-fold dilution, and
incubated at room temperature for two hours. 2-4 pg/mL biotin-conjugated detection antibodies
(EZ-link™ biotinylation kit, Thermo Fisher Scientific) in Superblock (TBS, Tris-buffered saline)
blocking buffer (Thermo Fisher Scientific) were then added and incubated for 90 minutes at
room temperature. Detection was achieved using NeutrAvidin-horseradish peroxidase conjugate
(Thermo Fisher Scientific) and 3,3',5,5'-tetramethylbenzidine substrate (Sigma-Aldrich).
Extensive washing (5 times) with PBS-0.05% Tween 20 buffer was performed between every

step. Every patient sample was run in duplicate for every capture-detect antibody pairing.
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As a control, cTnl levels were measured on all clinical specimens using the Beckman Access
system. A fundamental issue with all troponin I assays is the lack of universal standardization'®.
Inter-assay measurements on a single sample can differ by over an order of magnitude'. One

major reason for this is heterogeneity caused by post-translational modifications to troponin

1109,188 78,134,189

, especially proteolytic digestion . Attempts to standardize our assays against a
previously proposed reference material, SRM 2921'", failed to yield consistent relationships
between our three sandwich ELISAs. Thus, in keeping with the recommendation of the
International Federation of Clinical Chemistry and Laboratory Medicine (IFCC) Troponin
Standardization Committee to normalize readings against pooled troponin-positive human
serum'®, we normalized readings so that the average troponin level for non-STEMI patients
matched that obtained by the Beckman Coulter Access system. (STEMI patients were excluded
from the normalization process because they showed extensive proteolytic degradation, see

Results section.) Assaying all samples in a single run minimized variation, facilitating consistent

comparisons across all patient samples.

3.3.2 Patient sample collection
All patients provided written informed consent and all protocols were approved by the
University of Alberta Health Research Ethics Board. Patients with positive plasma cTnl readings
>1 ng/mL were identified. The most recent (<24 hours old) plasma sample for each study patient
was pulled from the hospital lab and frozen at -80°C. An additional serum sample from each
patient was collected with the next scheduled blood draw. This strategy resulted in the collection
of patient samples from a wide range of time points in their clinical trajectory for this pilot study.

A future study will have to address how cTnl degradation levels vary as a function of time for
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different patients. cTnl levels were read using the Beckman Coulter Access system. For each

patient, the sample with the higher reading, serum or plasma, was used and reported in this study.

3.4 Results

3.4.1 Patients
We assayed cTnl degradation in a total of 29 patients classified by the hospital admitting service
or cardiology consult service independently of the study investigators as follows: 12 had a
STEMLI, 5 were classified as NSTEM]I, 1 patient had a type 4a MI following an elective
percutaneous coronary intervention for chronic stable angina, while another patient had

myocarditis (confirmed by cardiac MRI), and 10 patients were considered to have type 2 MI

(Table 3-1).

Table 3-1 Clinical presentation and characteristics of study patients classified as having type 2 MI.
(Abbrevations: Hgb, hemoglobin; pCO2, partial pressure carbon dioxide; COPD, chronic obstructive
pulmonary disease)

Patient Clinical presentation and characteristics

24 Decompensated acute heart failure; angiogram showing ectatic right
coronary artery with old stent, 70-90% occlusions

35 Melena over 2 weeks, Hgb 59; chest pain and ECG changes resolved with
transfusion of 3 units packed red blood cells

26 Multiple embolic strokes due to culture-negative endocarditis (1.6 cm

vegetation on mitral valve); normal left ventricular function on
echocardiogram; ST-segment elevations on ECG attributed to stroke

22 Takotsubo cardiomyopathy, with angiogram showing only moderate, non-
occlusive coronary artery disease; hypercarbic (pCO, 70mm Hg) respiratory
failure, acute exacerbation of COPD

32 New onset atrial fibrillation, heart rate 130s; severe aortic stenosis;
decompensated acute heart failure
23 Chest pain with ventricular tachycardia (heart rate 185), resolved with

cardioversion; echocardiogram showing aneurysm in left ventricle
inferoposterior wall; angiogram showing extensive multi-vessel disease and
old grafts, but no change from previous
6 Diabetic ketoacidosis; normal left ventricular function on echocardiogram
28 On day 3 of admission for decompensated acute heart failure, collapsed with
chest pain, blood pressure 80/50, bigeminy on ECG; chronic peritoneal
dialysis; angiogram showing a single tight (90% occluded) ostial lesion in
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Patient Clinical presentation and characteristics
the obtuse marginal branch of the left circumflex artery

9 Tibia fracture post-op day 3, embolic pontine stroke coinciding with troponin
elevation; angiogram showing 80-90% occlusions of the distal left
circumflex artery

7 Rhinovirus-positive upper respiratory tract infection; akinetic apex and
ejection fraction 30-35% on echocardiogram, adverse changes from 2014;
progressively worsening pulmonary edema and cardiorenal syndrome, died
after one month in hospital

3.4.2 cTnl is extensively degraded in STEMI patients
Three sandwich ELISAs using three different detection antibodies yielded troponin readings that

correlated well with the Beckman Access system (correlation coefficient, r=0.92-0.96).

Figure 3 -11 shows that as cTnl levels increase in type 1 MI patients, there is proportionately
less detection by MF4 antibody at the C-terminal region compared to detection by 560 antibody
at the core region, suggesting that the C-terminal degradation of cTnl increases with increasing
infarct severity. (Compare this with the less consistent degradation at the N-terminus by the M18
antibody in Figure 3 -12). Thus, the remainder of our analysis will center on C-terminal

degradation of cTnl.
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Figure 3-11 Plasma/serum troponin | levels in patients with type 1 MI (plus one patient, 37, with
myocarditis. Troponin levels measured using two different detection antibodies: 560 (core region)
versus MF4 (C-terminal region). Error bars represent the average standard deviation between
duplicate measurements.



200 - —a—Total troponin (560)
180 - Troponin, intact N-terminus (M18)

160 -
140 -
120 -
100 -
80 -
60 -

20 ~ h*—/ :

U L] " || L] L L| L| n n | | n I L| L] L N

34 313710 5 1 16 18 13 3 1917 2 15 14 12 11 2
Patient number

Troponin level (ng/mL)

Figure 3-12 Plasma/serum troponin | levels in patients with type 1 MI (plus one patient, 37, with
myocarditis). Troponin levels measured using two different detection antibodies: 560 detects the core
region of troponin I, while M18 detects the N-terminal region.

NSTEMI patients (patients 34, 31, 5, 1, and 3) showed a lesser degree of cTnl degradation than
STEMI patients, consistent with the expectation that complete vessel occlusion leads to a more
focal and intense area of infarction and proteolytic degradation. As shown in Figure 3 -13,
STEMI patients tend to have higher cTnl levels, but the total cTnl level does not reliably
differentiate between STEMI and NSTEMI. In contrast, when patients are ordered according to
the proportion of intact (versus proteolytically degraded) cTnl, a clear distinction between
STEMI and NSTEMI can be seen Figure 3 -13. Of note, the lone patient in our study with acute

myocarditis (patient 37) showed cTnl degradation levels comparable to STEMI patients. Possible
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mechanisms could be: direct injury of the cardiomyocytes by the lytic enzymes’ load of the

191-193

viruses and indirect injury whether by the release of cytokines as part of the inflammatory

2194

process that would eventually lead to activating proteolytic enzymes like MMP-2"* or by the
autoimmune mechanisms involved in the pathogenesis of viral myocarditis'®. Further studies are

needed to confirm this interesting observation and disclose its underlying mechanisms.
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Figure 3-13 (A): Patients ordered according to total troponin level (measured by the Beckman Access
system). (B) Patients ordered according to the proportion of troponin | degraded, determined by the
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ratio of troponin level determined using MF4 detection antibody (corresponding to intact troponin) to
that determined using 560 detection antibody (corresponding to total troponin). The ratios were

normalized to patient 27, assuming that the patient that showed the least amount of degradation had
no degradation.

3.4.3 Degradation of cTnl is variable in Type 2 MI patients
Type 2 MI patients consistently showed less cTnl degradation than type 1 STEMI patients
(Figure 3 -14). However, a clear distinction could not be made between NSTEMI and type 2 MI,

though there was a trend towards less degradation in type 2 MI patients (compare purple and

blue bars, Figure 3 -13).

Total troponin (560) Troponin, intact Gterminus (MF4)

Troponin level ng/mL
()] oo
—o—
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35 27 24 22 6 32 28 7 23 26 9
Patient number

Figure 3-14 Patients with potential type 2 MI. Comparison between troponin levels detected by
antibody 560 (core region) and MF4 (C-terminal region).

The lone type 4a MI patient, patient 27, showed significant improvement of chronic angina and
improved exercise capacity post-PCI, suggesting that the observed post-procedural cTnl
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elevation was benign. This patient showed the least cTnl degradation out of all study patients
(see Figure 3 -13), though the conventional cTnl test could not differentiate the clinical situation

from a more serious type 1 MI.

3.5 Discussion

According to our pilot study, proteolytic degradation of cTnl appears to correlate with ischemic
severity, with type 1 STEMI patients showing the highest degree of degradation, followed by
NSTEMI patients. Consistent with clinical experience, patients labeled as having type 2 MI were
a heterogeneous group showing varying degrees of degradation. Those with severe medical
illness and non-critical atherosclerotic disease show the release of relatively intact cTnl, while
those with more severe underlying atherosclerotic lesions had cTnl degradation levels

comparable to type 1 NSTEMI patients (Table 3 -1).

Our study suggests that most commercial cTnl assays, which utilize at least one N- or C-terminal
epitope, may favor detection of more intact forms of cTnl released by milder injuries. This may
explain the observation that total troponin levels correlate poorly with radiologically determined
infarct size in NSTEMI patients'®. Further studies are needed to determine whether specific

quantitation of degraded troponin would lead to improved correlation with infarct size.

Thus, accurate quantitation of degraded troponin may be more useful in guiding clinical
management than a single troponin level obtained by a conventional assay. Our proposed cTnl
degradation assay can be easily implemented, since it employs antibodies that are already
routinely used. One potential side benefit of measuring cTnl degradation and standardizing the
epitopes used for its quantitation is that it may also become possible to achieve universal

standardization of ¢Tnl assays'*'’.
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Chapter 4. Structure and proteolytic
susceptibility of the inhibitory C-terminal

tail of cardiac troponin I

4.1 Abstract

Background

Cardiac troponin I (cTnl) has two flexible tails that control the cardiac cycle. The C-terminal tail,
cTnli35.209, binds actin to shut off cardiac muscle contraction, whereas the competing calcium-
dependent binding of the switch region, cTnli46.158, by cardiac troponin C (cTnC) triggers
contraction. The N-terminal tail, cTnl.s;, regulates the calcium affinity of cTnC. cTnl is known
to be susceptible to proteolytic cleavage by matrix metalloproteinase-2 (MMP-2) and calpain,

two intracellular proteases implicated in ischemia-reperfusion injury.
Methods

Soluble fragments of cTnl containing its N- and C-terminal tails, cTnl;.;; and cTnl;35.209, Were
highly expressed and purified from E. coli, allowing structural studies using solution NMR and

in vitro proteolysis studies using liquid chromatography-mass spectrometry (LC-MS).
Results

cTnli35009 is intrinsically disordered, though it contains three regions with helical propensity

(including the switch region) that rigidify upon actin binding. We identified three precise MMP-
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2 cleavage sites at cTnl P17-118, A156-L157, and G199-M200. In contrast, calpain-2 has
numerous cleavage sites throughout Y25-T30 and A152-A160. The critical cTnl switch region is

targeted by both proteases, though it is partially protected when bound to cTnC or actin.

Conclusions

Both N- and C-terminal tails of cTnl are intrinsically disordered, but only the C-terminal tail
acquires rigid structure when bound to cTnC or actin. Still, both remain susceptible to cleavage

by MMP-2 and calpain.

General Significance

cTnl is an important probe of cardiomyocyte intracellular proteolysis, given its many protease-
specific cut sites, high natural abundance, indispensable functional role, and clinical use as gold

standard biomarker of myocardial injury.

4.2 Introduction

The cardiac troponin complex (cTn) links cyclic Ca** fluctuations to cardiac muscle contraction
and relaxation'®®'°, It is comprised of three subunits* ¢TnC binds calcium; ¢TnT anchors the
complex to tropomyosin; and cTnl is the inhibitory subunit (Figure 4 -15). Cardiac troponin I
(cTnI) has two flexible tails that are critical to its function. The N-terminal tail, cTnl;.3s, interacts
with the regulatory domain of cTnC (cNTnC) to enhance its calcium affinity. This effect is
attenuated by phosphorylation of ¢Tnl Ser22/Ser23*®, the primary post-translational

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

The C-terminal tail, cTnli35.209, binds actin to anchor the troponin-tropomyosin complex to a

“blocked” position that prevents actin-myosin cross-bridging during diastole (the ventricular
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relaxation phase of the cardiac cycle). During systole (the ventricular contraction phase), cNTnC
binds the cTnl switch region, cTnls6.153, in a calcium-dependent manner, to release the inhibitory
effect of cTnliss200. Thus, the cTnli3s.209 C-terminal tail cycles back and forth between actin and
cTnC during diastole and systole, respectively, driving the cardiac cycle. The interactions
between cTnland cTnC have been well established by X-ray crystallography and NMR

spectroscopy>'"**, but very little is known about the interaction between ¢Tnl and actin.

-
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Figure 4-15 Calcium-saturated cardiac troponin complex. Cardiac troponin C (cTnC) is shown in blue
and consists of an N-terminal domain (cNTnC) and a C-terminal domain (cCTnC). Troponin I (cTnl) is
shown in magenta and red, with the red regions corresponding to the two constructs used in this
study: cTnli.;; and cTnliss.209. The inset highlights the N- and C-terminal tails of cTnl, with intrinsically
disordered drawn manually as squiggles. Figure prepared using PyMOL and structure 4Y99 (PDB code)

At resting calcium concentrations, cNTnC releases calcium (yellow sphere), adopts a closed

conformation, and cTnliss.200 binds to actin.
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The N-terminal and C-terminal tails of cTnl are flexible, solvent-exposed, and susceptible to
post-translational modifications like proteolysis*****. Western blot analysis of serum cTnl in
myocardial infarction patients demonstrates multiple cut sites within the cTnl N- and C-terminal
tails*”. In animal models, proteolytic digestion of cTnl has been demonstrated to occur in
myocardial ischemia-reperfusion injury®*’***, Two major mechanisms are known to contribute
to ischemia-reperfusion injury: generation of excess reactive oxygen-nitrogen species
(RONS)*”*% and calcium overload*®*'. Both processes activate downstream proteases that can

compromise structural integrity and promote cell death.

Matrix metalloproteinases (MMPs) were originally identified as extracellular proteases but were
subsequently found to localize to intracellular compartments as well***", with matrix
metalloproteinase-2 (MMP-2) being the predominant isoform in cardiomyocytes. MMPs are
synthesized as inactive zymogens, with an inhibitory cysteine residue in the pro-peptide domain
complexing the catalytic zinc ion. MMPs are activated by proteolytic removal of the pro-peptide
domain or by chemical modification of the inhibitory cysteine sulfhydryl group, as occurs when

212

reactive oxygen-nitrogen species, particularly peroxynitrite='*, are generated during ischemia-

reperfusion injury*'*>',

Calpains are a family of calcium-dependent cysteine proteases that are involved in cytoskeletal
remodeling, signal transduction, and cell death*'**"”. Calpain-1 (p-calpain) and calpain-2 (m-
calpain) are ubiquitously expressed and are activated by elevated intracellular Ca**
concentrations®?%?'%?1#219 These calpains have nearly indistinguishable substrate

specificities**”*' but differ in the concentration of calcium required for activation.
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Both MMP-2 and calpain have been shown to cleave cTnl in animal models of ischemia-
reperfusion injury®®”®, Small molecule inhibition of MMP-2°%%' or calpain'®******** has been shown

to attenuate ischemia-reperfusion injury in animal models.

The structured “IT-arm” core of cTnl (residues 39-134) is known to be relatively resistant to

proteolytic digestion'*

. Moreover, since full-length cTnl misfolds and aggregates on its own, we
generated two soluble fragments of cTnl containing its flexible protease-susceptible N- and C-
terminal tails, cTnly7; and cTnliss.00, respectively. Using purified proteins and mass
spectrometry, we have mapped out the precise cTnl cleavage sites for MMP-2 and calpain-2.

Since cTnl interacts primarily with cTnC and actin in vivo, we also examine its proteolysis in the

presence of these binding partners.

Given the extensive biophysical characterization of the troponin complex over the past six
decades, it is possible to understand the proteolytic susceptibility of cTnl in terms of its structure.
However, relatively little is known about the structure of the critical C-terminal tail bound to the
actin, because the intrinsic disorder of the tail, combined with the filamentous nature of actin, is
difficult for any one biophysical technique to tackle comprehensively. In the current study, we
use solution NMR spectroscopy to probe the structure of the C-terminal cTnlss.,09 tail alone and
in the presence of actin maintained in a monomeric form by its complex with DNase I (so that it

can be studied by solution NMR).

4.3 Materials and methods

4.3.1 Protein expression and purification
Soluble recombinant human cTnl proteins, cTnl;.;;and cTnl;ss00, Were expressed in Escherichia

coli and purified as described previously'****. Briefly, both recombinant proteins were expressed
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as fusions to the -barrel membrane protein, PagP. This causes the fusion protein to accumulate
in insoluble inclusion bodies, which can be harvested by centrifugation, solubilized in 6 M
guanidine-HCI, and then purified by nickel affinity chromatography. cTnl,;; was separated from
PagP via cyanogen bromide cleavage in 0.1 M HCI'>'8, while ¢Tnl;3s200 was separated using
nickel ion-catalyzed cleavage®**. cTnliss.000 was produced with N- and/or "*C-isotope enrichment

for solution NMR studies.

4.3.2 NMR Spectroscopy
All NMR data used in this study were generated at 30°C using a Varian Inova 500 MHz
spectrometer equipped with a triple resonance probe and pulsed field gradients. NMR samples
contained 500 pl of aqueous NMR buffer consisting of 10 mM imidazole, 0.5 mM 2,2-dimethyl-
2-silapentane-5-sulfonate-d6 sodium salt (dg-DSS), and 0.01 % NaNj3 in 90% H,0, 10% D,O or
100 % D-0 at pH 6.8. Three-dimensional HNCACB and CBCA(CO)NH experiments were
carried out to obtain backbone 'H, °N, *C chemical shift assignments for a sample of 2.8 mg
cTnli35200 dissolved in NMR buffer. In addition, both (H)C(CO)NH-TOCSY and H(C)(CO)NH-
TOCSY experiments were conducted to obtain side-chain 'H and "*C chemical shift assignments.
3D "N-edited and "*C-edited homonuclear '"H-'"H NOESY experiments were also performed and
analyzed to obtain NOE information. All two- and three-dimensional NMR data were processed
using NMRPipe/NMRDraw software**. NMRviewJ** from One Moon Scientific

(http://www.onemoonscientific.com/nmrview]) was used to further visualize and

analyse spectra. The §2D program®’ (http://www-mvsoftware.ch.cam.ac.uk/) was used

to quantitate secondary structure propensities (a-helix, f-strand and random coil) using backbone

chemical shift assignments®®,
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Recombinant bovine cardiac muscle actin (>99% pure, Cat. # AD99-A) was purchased from
Cytoskeleton, Inc (U.S.A). RNase-free and protease-free deoxyribonuclease I (DNase I) was
purchased from Worthington Biochemical Corporation. Actin was maintained in a monomeric

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

“N-labeled cTnli35.000 (1.1 mg) was dissolved in 500 pL. NMR buffer with an additional 10 mM
DTT. A baseline (‘H, N)-HSQC spectrum was recorded of this sample. Next, 1 mg of actin was
dissolved in 200 pL. NMR buffer + 10 mM DTT and then added to 1 mg DNase I, and the
mixture was added to the 500 pL solution of N-labeled cTnli35.00. The (‘H, "N)-HSQC
spectrum was repeated, and a comparison of peak intensities before and after addition of

monomeric actin-DNase I was obtained.

4.3.3 SDS-PAGE analysis of in vitro proteolysis
Purified human recombinant MMP-2 (72 kDa) (200 pg/ml) was activated chemically by 1 mM
of 4-aminophenylmercuric acetate (APMA) in activation buffer (100 mM Tris-HCI, 10 mM
CaCl,, pH 7.6), as previously described”. Recombinant rat calpain-2 was expressed and purified
as previously described®*!. APMA-activated recombinant human MMP-2 was incubated with
cTnly.77 (0.1 pg/ pl) or cTnliss200 (0.1 g/ pl) in incubation buffer (50 mM Tris-HCI, 5 mM CaCl,,
150 mM NaCl, pH 7.6) for 2 h at 37°C. Similarly, recombinant rat calpain-2 was also incubated
with cTnly.77 (0.1 pg/ pl) or cTnlizs0 (0.1 pg/ pl) in incubation buffer (50 mM Tris-HCI, 5 mM
CaCly, 150 mM NaCl, 10 mM beta mercaptoethanol, 10 mM DTT, pH 7.6) for 2 h at 37 °C.
Proteolytic assays were carried out with enzyme-to-substrate molar ratios ranging from 1:500 to
1:10000 and 1:250 to 1:5000 for MMP-2:cTnl and calpain-2:cTnl respectively. As controls, 2-
[((1, 1’-Biphenyl)-4-ylsulfonyl)-(1-methylethoxy) amino]-N-hydroxyacetamide (ARP-100) and
MDL-28170 inhibitors [Cayman Chemical, USA] were used to block MMP-2 and calpain-2
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activity, respectively. The products of all proteolysis assays were separated by electrophoresis in

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

In an additional set of experiments, activated MMP-2 or calpain-2 were incubated with cTnl;.;; or
cTnli3s.200 in the presence or absence of cTnC or actin. cTnC binds to cTnl with a 1:1
stoichiometry, so 0.32 pg/pl cTnC was used [produced in our lab], corresponding to a 1.5:1
c¢TnC:cTnl ratio (excess cTnC). For actin, a 1:1 stoichiometry was suspected (discussed further
in the Results section), therefore actin was added at a concentration of 0.50 pg/ pl, corresponding
to a 1:1 molar ratio. The actin concentration was then serially diluted two-fold to yield molar
ratios ranging from 1:1 to 0.0625:1. Note that under these conditions, actin is predominantly in
the filamentous F-actin form, though at the lowest concentrations used, there would be a more

significant proportion of monomeric G-actin®?,

4.3.4 Mass spectrometric analysis of in vitro proteolysis
A cocktail of MMP-2 (1 ng/pL) with ¢TnI1-77 (0.43 pg/ul) or MMP-2 (1 ng/pL) with ¢cTnI135-
209 (0.44 ng/pl), each at 1:5000 molar ratio, was incubated at 37°C for a time course study from
0 min to 24 h. The same time course study was applied to calpain-2 (4 ng/pL) with cTnI1-77
(0.43 pg/pl) and calpain-2 (4 ng/pL) with cTnl135-209 (0.44 pg/ul), each incubated at 1:1000
molar ratio at 37 “C. Formic acid (1% v/v) was used to denature the proteins and stop the
reaction, and the samples were immediately flash frozen with liquid nitrogen. For protein
molecular weight determination reverse phase high performance liquid chromatography followed
by mass spectrometry (RP-HPLC-MS) was performed using an Agilent 1200 SL. HPL.C System
with a Poroshell 300SB-C8, 5-micron particle size, 75x0.5mm column (Agilent Technologies,
USA), with Opti-pak trap cartridge kit, 5pL. BED, C8, thermostated at 60 °C or a Phenomenex

Aeris 3.6um, WIDEPORE XB-C8, 2004, 2.1x50 mm with guard column, thermostated at 50 °C.
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For the Poroshell column a buffer gradient system composed 0.1% formic acid in water as
mobile phase A and 0.1% formic acid in acetonitrile (ACN) as mobile phase B was used. An
aliquot of 5 pL of sample was loaded onto the column at a flow rate of 0.15 ml/min and an initial
buffer composition of 95% mobile phase A and 5% mobile phase B. After injection, the column
was washed using the initial loading conditions for 3 min to effectively remove salts. Elution of
the proteins was done by using a linear gradient from 5% to 50% mobile phase B for 10 min,
50% to 95% mobile phase B for 2 min, 95% to 98% mobile phase B for 4 min and back to 5%

mobile phase B for of 1 min.

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

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

Mass spectra were acquired in positive mode of ionization using an Agilent 6220 Accurate-Mass
TOF HPLC/MS system (Santa Clara, CA, USA) equipped with a dual sprayer electrospray
ionization source with the second sprayer providing a reference mass solution. Mass correction
was performed for every individual spectrum using peaks at m/z 121.0509 and 922.0098 from
the reference solution. Mass spectrometric conditions were drying gas 10 L/min at 325 °C,
nebulizer 20 psi, mass range 100-3000 Da, acquisition rate of ~1.03 spectra/sec, fragmentor 200
V, skimmer 65 V, capillary 3200 V, instrument state 4 GHz High Resolution. Data analysis was
performed using the Agilent MassHunter Qualitative Analysis software package version B.03.01
SP3. From the masses, the proteolysis fragments from both recombinant proteins were

determined by using the online bioinformatics tool FindPept from the ExPASy server*, (http:/

66


http://web.expasy.org/findpept/

web.expasy.org/findpept/). SequenceEditor (Build 5.65) from Bruker Daltonics Biotools 3.2 SR3

(https://www.bruker.com/service/support-upgrades/software-downloads/mass-

spectrometry.html) was also used to analyse the peptide masses.

4.4 Results

4.4.1 Structure of free cT'nl;35..00 by NMR spectroscopy
The 'H-""N HSQC spectrum of cTnl;35.0 alone shows narrow and intense peaks with poor
chemical shift dispersion, suggestive of intrinsically disordered regions. Some peaks are weak
due to rapid backbone amide-solvent exchange (becoming more visible at more acidic pH due to
the slowing of base-catalyzed solvent exchange), especially peaks corresponding to inhibitory
region residues, 135-147. Near-complete chemical shift assignments of backbone and side chain
resonances were obtained (deposited in the Biological Magnetic Resonance Bank, BMRB#

27476).

Secondary structure analysis showed predominantly random coil structure, using the chemical
shift analysis program 62D, which determines the percentage of secondary structure based on
HN, N, Ha, Ca, CO, and Cf chemical shifts on a per residue basis. cTnl residues 150-159 are
known to form an alpha helix when the switch region binds cNTnC, and 62D indicates that this
region has the highest helical propensity (up to 50%) in cTnl3s.209 in the absence of cTnC (Figure
4 -16 A). Some helical character extends beyond the switch region out to residue 172, though

>!7_ Helical propensity was also observed from

this is not observed in X-ray or NMR structures
residues 189 to 202 (though only up to ~10%). There was no significant $-sheet propensity

anywhere in the cTnli35.200 Sequence.
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Regions with helical propensity indicated by 62D also had corroborating NOEs obtained from
BC- and ""N-edited NOESY-HSQC experiments. Figure 4 -16 B shows medium range dog (i, i +
3) NOE:s that correspond to the helical regions identified by chemical shift analysis. The
strongest helical NOEs were observed in the switch region, as shown in Figure 4 -16 C, which
shows 6 strip plots extracted from "°N- and "C-edited NOESY spectra. The NOE pattern

confirms nascent helix formation in residues 149-159, 165-172 and 187-197.
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Figure 4-16 (A) Residue-specific secondary structure of cTnliss.200 calculated by the program 62D using
backbone NMR chemical shifts. The functional regions shown highlight the results of limited binding
studies in the past, rather than exact boundaries determined from structure. (B) Summary of medium-
range NOE connectivities dug , i+3 that are specific for alpha helix. (C) Representative strip plots
showing helical medium-range NOEs from 3D **N- edited NOESY-HSQC and 3D *3C edited NOESY-HSQC.

69



Our analysis of the cardiac troponin I C-terminal region is consistent with the results of
Blumenschein et al.”**, who documented primarily disordered structure in the corresponding
region in fast skeletal troponin I (though their analysis did not include the inhibitory and switch

1.>%, who noted

regions). Our findings also partially agree with the findings of Murakami et a
similar regions of alpha-helicity in fast skeletal troponin I. However, we could find no evidence
to corroborate the “mobile domain” of Murakami et al., which would require packing of the C-

terminal helix against a small anti-parallel 3-sheet extending from residues 175 to 186, for which

we found no supportive NOEs or chemical shift data.

4.4.2 Rigidification of cTnl;3s5.209 in the presence of monomeric
actin-DNase I
Many intrinsically disordered segments of proteins acquire structure upon binding to a protein
partner. However, we previously found that cTnl;.3; does not acquire any rigid secondary
structure upon binding the cNTnC domain through predominantly electrostatic interactions'*. In
contrast, the hydrophobic binding of cTnl4s.155 to cTnC is associated with formation of a rigid

alpha helix comprising cTnl residues 150-158>".

When we added cTnlss.09 to filamentous F-actin, all NMR signals broadened out beyond
detection, consistent with a molecular tumbling rate too slow to allow the use of solution NMR
spectroscopy. We, therefore, added DNase I to actin to maintain it in a monomeric form, with the
total molecular weight of the complex ~74 kDa. Addition of a 10% molar ratio of actin-DNase I
to cTnliss200 caused sequence-specific broadening of cTnliss200 (Figure 4 -17 A), indicating that
the kinetics of cTnli3s.200 binding to actin-DNase I occur within the fast exchange regime with
respect to the NMR signal frequency differences between free and bound states. (If binding were

in the slow exchange regime, binding of a 1:10 ratio actin-DNase I to cTnli3s209 could at most
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obliterate 10% of the signal.) The degree of signal attenuation provides a rough estimate of

which regions of cTnli3s.200 become rigidly structured upon interacting with actin-DNase I, with

more tightly bound residues having a greater degree of signal broadening due to the slower

molecular tumbling of the complex and a larger chemical shift difference between free and

bound states.
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of a small amount of monomeric actin-DNase | complex into cTnliss..00 causes differential signal
broadening (right). (B) The observed reduction in signal intensities in the 2D [*H, >N]J-HSQC signals of
CcTnli35.209 When actin-DNase | complex is added. Overlapped signals or signals with weak intensity were
excluded.

In the 2D 'H-"N spectrum of c¢Tnliss5.000 alone, the inhibitory region, residues 135-147, contain
weak signals that became undetectable upon addition of actin-DNase I, confirming that the
region interacts with actin, as expected (Figure 4 -17A). A small peptide consisting of only cTnl
residues 136-147 alone is capable of completely inhibiting actin-myosin cross-bridging,
demonstrating this to be the minimal actin-binding inhibitory region'’. Residues 147-177, which
includes the switch region, broaden considerably upon addition of actin-DNase I, suggesting
substantial rigidification upon binding to actin-DNase I. This finding is consistent with the work
of Tripet et al.", which showed a “second actin-binding region” within a region corresponding to
cTnl residues 164-180. In summary, our data indicate that residues 135-177, comprising the
inhibitory region, switch region, and second actin-binding region, acquires rigid structure upon

interaction with actin-DNase I.

The rest of the C-terminal tail of cTnl, residues 178-209, appear to be more loosely tethered to
actin-DNase [ than residues 135-177 (Figure 4 -17 B). However, the helical C-terminal region
from residues 190-198 appears to be more tightly bound than adjacent segments. This is
consistent with the study of Ramos', who found that the last 17 residues of chicken skeletal
troponin I (corresponding to residues 193-209 in the current construct) also contribute to a third

actin-interacting region in cTnl.

It is noteworthy that the regions of cTnliss0 that become the most structured upon binding

actin-DNase I are the same regions found to possess alpha-helical propensity (Figure 4 -17 B),
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with the exception of the inhibitory region cTnliss.147. It is therefore quite possible that the same
regions acquire helical structure when bound to actin. In contrast, residues 178-192 and 201-209
have negligible intrinsic helical propensity and do not appear to become as structured upon
binding actin (which suggests that the folded “mobile domain” detected by Murakami et al.***
could be formed by cTnl residues 135-177, rather than 164-209, as originally proposed).
Nevertheless, it is important to note that all residues in cTnl;3s.200 broaden upon binding actin-
DNase I, including the less structured regions, which may represent flexible loops that bind to
actin through predominantly electrostatic interactions. In fact, mutations associated with
hypertrophic or restrictive cardiomyopathy are found throughout the sequence of cTnl;ss20 *°,
suggesting that residues along its entire length are important to interactions with the actin thin

filament.

4.4.3 In vitro proteolysis of cTnl by MMP-2 and calpain-2
Proteolytic cleavage of purified recombinant human cardiac troponin constructs, cTnl;.7; and
cTnli3s.209, was monitored by SDS-PAGE. cTnl;.7;runs as a single 16 kDa band, which is higher
than its actual (mass spectrometry-confirmed) weight of 8.6 kDa, likely due to its high
proportion of positively charged residues. cTnliss.209 similarly runs slower than predicted on
SDS-PAGE. cTnly.77and cTnl;3s.200 were readily proteolysed by MMP-2, and this was almost
entirely abolished by the MMP inhibitor, ARP-100 (Figure 4 -18 A&B). Similarly, calpain-2
readily cleaved cTnl;.7; and cTnliss.209, and this was blocked by the calpain inhibitor, MDL-
28710. (Figure 4 -18 C&D). The pattern of bands on the gels in Figure 4 -18 is explained by

mass spectrometry in the next section.

73



A cTnl [1-77]+ MMP-2 B cTnl [135-209]+MMP-2

MMP-2: cTnl [1-77] MMP-2: cTnl [135-209]
= =) i
= 2 5
(=9 = [« % d
& r~ e th
g Bl 2 5 g8 %
™
2 a0 3 888 % =% £ 00888~ =
s B R 2 QREE =& s P RERBLE E
- -— -
= s = aE B = R R TR T
20_|
7 - =t T e
T e™ ameaRE® mET=
C  cmin-+calpain-2 D  cwinss-209+calpain-2
calpain-2: cTnl [1-77] calpain-2: cTnl [135-209]
= =
= ir &=
~ o d
i o :
=y ] o E:
B = m =
o - ] [ (=] + T - [=] -] o +
L o (g
- R -cRi L T L = b = gigE s = o
25— L T ==
20— 20— —
17— — — — -- 17— —
g e - - = L — | — T ——
1n—{= 11— -
o =

Incubation
(2 hours, 37°C)

Figure 4-18 Representative Coomassie Blue-stained 16% Tris-Tricine gels illustrating in vitro
proteolysis of cTnly.;; or cTnlizs.200 by proteases MMP-2 or calpain-2 (N=3). Molar protease-to-substrate
are shown above each gel. 2 ug of cTnl was loaded in every reaction lane. Incubations were 2 h at 37
°C. Inhibition of MMP-2 and calpain-2 activities by ARP-100 and MDL-28710, respectively, is also
shown.

4.4.4 Mass spectrometric identification of MMP-2 cleavage sites of

cI'nl
Reversed-phase high-performance liquid chromatography-mass spectrometry was used to

identify MMP-2-derived cleavage sites in cTnl;.77and cTnli3s.200. We observed cleavage products
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after incubation with MMP-2 for 0 min, 10 min, 30 min, 2 h, 6 h and 24 h (see Appendix A,
Appendix B, Appendix C and Figure 4 -19). At 0 min, intact cTnl,.7; appeared at its expected
molecular weight, 8627 Da. Within 10 min of incubation, cleavage products were formed
corresponding to cTnl;.;7 (1663.8 Da) and cTnls.77 (6980.9 Da) (Appendix A), and these
continued to predominate even after 24 h of digestion. Thus, there appears to be a single main

cleavage site for MMP-2 within c¢Tnl,.;; at “RPAPAP-IRRRSS®.
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Figure 4-19 Summary of mass spectrometric analysis identifying MMP-2 and calpain-2 cleavage sites
within cTnly.;;and cTnlizs.200. Note that our numbering of cTnl excludes the N-terminal methionine,
which is removed and replaced by an acetyl group in post-translational processing.

MMP-2-mediated cleavage of cTnliss200 0CCurs at two sites that were apparent after 10 min of
digestion: "'DAMMQA-LLGARAK'® and "IDALSG-MEGRKK** (Appendix A). The

cleavage site at A156-L.157 is preferred, because it is entirely cleaved at 2 h, whereas the more
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C-terminal site at G199-M200 is not entirely cleaved, even after 24 h. (Note that cTnl;3s.200 Was
“N-labeled for NMR studies, so its molecular mass was increased by the amount expected from

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

The MMP-2 cleavage sites identified within cTnl;.;; and cTnli3s200 are consistent with computer-

aided prediction of MMP-2 cleavage sites http://cleavpredict.sanfordburnham.org/ **

and consensus sequences derived from MMP-2-catalyzed cleavage of peptide libraries*”>*,

which show a strong preference for a hydrophobic residue (particularly leucine, isoleucine,
methionine) in the P1’ site (the residue immediately C-terminal to the cleavage site), as well as a
proline or hydrophobic (3-branched residue (valine or isoleucine) at P3 (the third residue N-
terminal to the cleavage site). A feature that is somewhat unique to MMP-2 is its predilection for

small amino acid residues like glycine, alanine, or serine at positions P2, P1, and P3’.

4.4.5 Mass spectrometric identification of calpain-2 cleavage sites
of cTnl

We also mapped calpain-2 specific cleavage sites within cTnl;.;;and cTnl;35.200 using mass
spectrometry (Appendix A, Appendix B, and Appendix C). We identified calpain-2-mediated
cTnl;.7;and cTnli3s.200 cleavage products after 0 min, 10 min, 2 h, 6 h and 24 h (Appendix B and
Appendix C). At 0 min, intact cTnl;.;;is observed at its expected molecular weight 8627 Da,
though cleavage products have already appeared, with the most prominent fragments being
cTnli.»5 (3088 Da), cTnli.2 (3159 Da), cTnlx.77 (5557 Da), cTnls.77 (5486 Da), and cTnls77 (3225
Da), suggesting rapid proteolysis even before the reaction is immediately stopped by adding 1%
v/v formic acid and the reaction vial frozen in liquid nitrogen. Thus, calpain-2-mediated
proteolysis of cTnl occurs at a much faster rate than that observed with MMP-2. By 10 min,

intermediate cleavage products like cTnly.49(5419.9 Da) and cTnl3o.77(5486.1 Da) are
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disappearing, while smaller cleavage fragments begin to predominate: cTnl;.»s (2697.4 Da),
cTnl;.25(3087.6 Da), cTnli29(3158.6 Da), cTnly;.49(2583 Da), cTnlz49(2739.6 Da), cTnls.77
(3224.8 Da), and cTnls3.77 (2897.6 Da). These terminal products are still present after 24 h,
suggesting that the major cleavage sites for calpain are all clustered around cTnl residues 25-30

and 49-53.

For calpain-2 digestion of cTnl;ss200, we identified intact °N labelled cTnli3s.00 with expected
molecular weight 8964.4 Da at 0 min (See supplementary file 3). Similar to cTnl;.;;, the major
cleavage products of cTnl3s.200 can also be detected from 0 min. After 10 min incubation,
numerous major cleavage sites are apparent. Strikingly the calpain-2 activity localizes
predominantly to the hydrophobic switch region, with a total of 6 different sites located between
residues 152 and 160 (Figure 4 -19). This is consistent with the known sequence preferences of
calpains-1 and -2. Of note is the cleavage site at "*ALL-GAR'"", which has a striking similarity
to the optimal calpain cleavage sequence PLF-AAR determined by peptide library analysis** and
alanine scanning mutation®”', with hydrophobic residues on either side of the central scissile
bond. Additional calpain cleavage sites are located N-terminal to residues R145, A170, and

Q174.

In contrast to the very specific cut sites of MMP-2, calpain-2 appears to possess much broader
substrate specificity, having multiple cleavage sites within cTnl;.;; and cTnlizs200 (Figure 4 -19).
Remarkably, calpain cut sites occur in all cTnl segments that are involved in protein-protein
interactions. It seems as though calpain targets protein regions above a certain threshold of
hydrophobicity, and these tend to be the same segments involved in protein-protein interactions:
cTnls 35 contains four calpain cleavage sites and is the most hydrophobic segment of cTnl;q.37,

which binds electrostatically to the N-terminal domain of cTnC; cTnlsgs; contains three calpain
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cleavage sites and is the most hydrophobic segment of cTnlsq.¢0, which forms an alpha helix that
binds tightly to C-terminal domain of cTnC; and cTnl;s;-160 contains six calpain cleavage sites
and includes the most hydrophobic segment of the cTnl switch region, cTnl4.155. Full activation
of calpain would have a devastating effect on cardiac troponin I function, severely disabling
calcium-mediated excitation-contraction coupling. However, it is necessary to determine which
physiologic protein-protein interactions protect cTnl from proteolysis, as detailed in the sections

below.

4.4.6 In vitro proteolysis of cTnl;.;; in the presence of cTnC
We therefore examined proteolysis of cTnl;.;;in the presence of its only known binding partner,
c¢TnC. cTnl;.7; interacts with both globular domains of cTnC in two distinct ways. cTnl residues
39-60 bind tightly to the C-terminal domain of cTnC (cCTnC) as a well-structured alpha helix
that extends down to residue 79°. In contrast, cTnl;s; is intrinsically disordered, with cTnl;q.3;

interacting with the cNTnC domain through predominantly electrostatic interactions'.

There was no observable proteolysis of cTnC itself in the presence of MMP-2 or calpain-2
(Figure 4 -20). cTnC binding had virtually no effect on MMP-2-mediated digestion of cTnl;.7;
(Figure 4 -20 A), which occurs between residues 17 and 18 (Figure 4 -19). This cut site lies just
N-terminal to c¢Tnlg.37, which interacts with cNTnC'. Calpain-2-mediated digestion of ¢Tnl, 7,
yields two partially digested intermediate fragments at 11 and 12 kDa on SDS-PAGE
corresponding roughly to fragments cTnls.7; and cTnl;.49, respectively. Upon addition of cTnC,
the larger fragment corresponding to residues 1-49 disappears completely (Figure 4 -20 C),
which makes sense because the cut sites between residues 49 and 53 lie exactly in the middle of
the alpha helix (cTnl residues 39-60) that binds very tightly to cCTnC. Thus, formation of a rigid

alpha helix precludes calpain-mediated proteolysis at this site in its native biologic context. In
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contrast, when cTnlis.3; binds electrostatically to the cTnC N-terminal domain, cTnl residues 25-
31 display a partial restriction in mobility, but retain an intrinsically disordered random coil
state'?. Apparently, this interaction provides only partial protection from calpain-mediated
proteolysis, as suggested by Figure 4 -20 C (that is, digestion at this site still produces a

prominent 11 kDa band in the presence of cTnC).

Based on earlier biophysical studies, proteolytic removal of the first 17 residues of cTnl by
MMP-2 would be expected to slightly decrease the calcium sensitivity of the troponin complex,
but not to the same extent as the physiologic phosphorylation of Ser22 and Ser23 *. Hence,
while cTnl is vulnerable to MMP-2 digestion at residues 17-18 when in complex with cTnC,
proteolytic cleavage at this site would not be expected to have a devastating impact on cardiac
function. In contrast, cleavage at cTnl residues 25-30 by calpain would remove more of the N-
terminal tail and have a much bigger calcium desensitizing effect®. In addition, removing this
region might negatively interfere with the diagnostic accuracy of many of the available
commercial assays that target this region for detection. Examples include assays that use epitope
24-40 for either capturer or detection, whether point of care assays like Abott AXSYM ADV,
Beckman Access AccuTnl, Ortho Vitros ECi ES or high sensitivity assays like Abbott

ARCHITECT and Beckman Access**!.
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Figure 4-20 Comparison of in vitro proteolysis of cTnl,.;;and cTnliss.200 in the presence or absence of
cTnC by MMP-2 (A, B) and calpain-2 (C, D) in representative Coomassie Blue-stained SDS-PAGE gel
(N=3). Cardiac troponin C is not susceptible to either MMP-2 or calpain-2 proteolysis and appears
intact as a single band at ~21 KDa. 2 ug of cTnl was loaded in every reaction lane. Molar cTnl-to-cTnC
ratio was 1 to 1. The incubation period was 2 h at 37 °C.

4.4.7 In vitro proteolysis of cTnli3s5.200 in the presence of cTnC
Note that MMP-2 has only two cut sites (between residues 156-157 and 199-200) in cTnli3s.20s,
leading to the production of five different degradation products, producing a surprisingly
complex appearance on the SDS-PAGE gels for so few cut sites (Figures 4-6 and 4-7). cTnC

binding to cTnliss..00 resulted in proteolytic protection against MMP-2 (Figure 4 -20 B) primarily
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at the cut site between residues 156 and 157. This results from the binding of the switch region,
cTnli46.158, to cNTnC, with an alpha helix extending from residues 150-159. In contrast, the C-
terminal cut site between cTnl residues 199 and 200, which is not known to form any interaction
with ¢TnC, remains exposed to MMP-2 cleavage. Thus, in the presence of cTnC, this C-terminal

locus becomes the preferred MMP-2 cut site in cTnliss-209.

Binding of cTnli3s200 to cTnC significantly changes its proteolysis pattern by calpain (Figure 4 -
20 D). In the absence of cTnC, the most favoured cut sites are distributed throughout the switch
region, between residues 152 and 160, yielding a fragment at about 11 kDa (cTnl;s3.209) On the
SDS-PAGE gel and a smaller fragment that runs at the bottom (cTnl;3s.15,). However, binding of
the cTnly6.158 switch region to cNTnC shields it from cleavage, making the cut sites flanking the
switch region more probable and altering the pattern of SDS-PAGE-visible proteolytic

fragments.

Cleavage of the switch region would be expected to have a devastating effect on cardiac
function, making it impossible to activate cardiac muscle contraction. However, it is apparent
that binding of cTnl3s..09to cTnC specifically protects the switch region against proteolytic

digestion by MMP-2 and calpain, as would be expected.

4.4.8 In vitro proteolysis of cTnli35.200 in the presence of actin
We next examined the proteolysis of cTnliss..00 in the presence of actin. The current NMR study
of cTnli35200 Suggests a partial rigidification throughout its entire length upon interaction with
actin. Incubation of cTnliss..00 with actin showed pronounced concentration-dependent inhibition
of MMP-2 proteolytic activity, almost completely inhibiting cTnl proteolysis at the highest

concentration of actin studied, at a molar ratio of cTnli35200to actin of 1:1 (Figure 4 -21 A).
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However, even at this concentration of actin, some residual proteolysis at both MMP-2 cut sites

are still evident.

Calpain-2-mediated digestion of cTnliss.200 in the presence of actin at a 1:1 molar ratio showed
partial proteolytic protection of all cut sites, leading to significant preservation of intact cTnl;ss.
200 (Figure 4 -21 B). The degradation band at 11 kDa, corresponding to cleavage of the switch
region, remains prominent in the presence of actin. This suggests that actin binding does not

protect the switch region to the same extent as binding to cTnC.

It should be noted that within the sarcomere, the stoichiometry of cTnl:actin is 1:7. However,
this is the result of a single troponin complex being associated with a single tropomyosin coiled-
coil that lies along seven actin monomers. Presumably, in the absence of tropomyosin, the
binding site for cTnl is limited to a single actin monomer. The protection of cTnlizs20 by a 1:1

molar ratio of actin is suggestive of a 1:1 stoichiometry of binding, as expected.
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Figure 4-21 Representative Coomassie Blue-stained SDS-PAGE gels showing in vitro proteolysis of
CTnli35.209 in the presence of A) MMP-2 (N=3) or B) calpain-2 (N=3). Molar actin:cTnl ratios are
indicated above the gel. Incubation duration was 2 h at 37°C. 2 ug of cTnl was loaded in every reaction
lane. MMP-2-to-cTnl ratio was 1:500, and calpain-2-to-cTnl ratio was 1:250.

4.5 Discussion

Our study demonstrates that the C-terminal tail of cTnl contains three regions with intrinsic
helical propensity, corresponding to the critical switch region that binds to cNTnC, the “second

»11

actin binding region”", and the “third actin binding region”'*. We further show that all of these
regions become more rigid in the presence of actin, and it would not be unreasonable to postulate
that they acquire more helical character. Finally, we demonstrate that the C-terminal tail is
susceptible to cleavage by MMP-2 and calpain-2, two intracellular proteases that are activated in

ischemia-reperfusion injury°®'#4211219223,

Numerous studies in different animal model systems have attempted to address the issue of cTnl

proteolysis in ischemia-reperfusion injury*-°%¢778-80838110 " A fundamental question is which
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proteases are activated, and at what degree of ischemic injury. The severity of ischemic injury
depends on the degree and duration of ischemic insult, and one can envision a full spectrum of
ischemia-reperfusion injury ranging from immediate recovery of function to irreversible cell
death. Even with cell death, there is a spectrum of functional impairment ranging from
ventricular wall akinesis to aneurysm to wall rupture. Central to the understanding of structural
damage is the activation of intracellular proteases, of which MMP-2, calpains, and caspases have

been identified as major players. (Caspase was found to not digest cTnl in an earlier study’).

“Myocardial stunning” is a form of reversible injury*** in which restoration of blood flow
relieves ischemia, but the viable, post-ischemic myocardium does not recover full contractile
function immediately, sometimes requiring hours to days for full restoration******. The exact
mechanism behind stunning remains a mystery, though the stunned cardiomyocyte is believed to
be structurally and metabolically intact*®”**°, Most investigations have indicated that calcium
handling is unperturbed, but there is decreased maximum force generation and either decreased

or unchanged calcium sensitivity””**>*,

Proteolytic digestion of cTnl has previously been proposed as an explanation for myocardial
stunning. Past studies focused on a 17-residue C-terminal truncation of cTnl, cTnl;.103, that was
associated with decreased Ca** sensitivity and myocardial stunning®. Separate biochemical
analyses of this cleavage product demonstrated increased, rather than decreased, Ca**

sensitivity*>*

. We found no evidence to suggest that cTnl;.g; is generated by either MMP-2- or
calpain cleavage. On the other hand, we have determined that within the C-terminal tail of
cTnl, the critical switch region is most susceptible to cleavage, both by MMP-2 and calpain,

and cleavage at this site would provide the simplest possible explanation for the phenomenon of

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

all experimental and clinical settings involving ischemia-reperfusion injury.

The proteolytic cleavage of cTnl residues C-terminal to the switch region would likely also have
a negative impact on cardiac function. The importance of C-terminal residues is underscored by
the existence of many hypertrophic cardiomyopathy-associated mutations that extend all the way
to Glu208*. A recent case study of a 30-year-old man with progressive heart failure associated
with restrictive cardiomyopathy identified a 15-residue (D195-5209) deletion from the C-

terminus of cTnI®.

Another recent study in transgenic mice found that the pseudophosphorylation mutation S198D
decreased formation of a proteolyzed form of cTnl following 30 min of global ischemia and 1 h

of reperfusion'"’

. A S198A mutation did not attenuate proteolytic digestion. The simplest
explanation is that the cTnI S198D mutation abolishes the MMP-2 cleavage site, whereas the
S198A mutation does not, as suggested by MMP-2 cleavage site amino acid preferences at

position P2%,

Proteolytic digestion of cTnl during myocardial ischemia has clinical consequences beyond

impairment of cardiac function. Proteolytic cleavage results in the generation of heterogeneous
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fragments of cTnl that are released into the bloodstream and used in the detection and diagnosis
of myocardial infarction'**"’°, In a recently published study, we demonstrate that the degree of
proteolysis in cTnl depends on the severity of ischemic injury, with the highest degree of
digestion observed in patients with ST-elevation myocardial infarct and lesser degrees of
digestion seen in supply-demand ischemia'*. It is thus quite possible that the pattern of cTnl

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

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

function, as well as for the clinical diagnosis of myocardial infarction.
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Chapter 5. Conclusions

Christian Anfinsen’s studies of protein folding in the 1960s, awarded with a Nobel prize in 1972,
led to his proposal that a protein’s primary amino acid sequence determined its unique secondary

and tertiary structures®'

. This assertion has proven to be essentially correct, but it is now known
that a given amino acid sequence can adopt different structures in different contexts. As well,
many intrinsically disordered regions [IDRs] do not adopt a well-defined structure until they are
bound to a binding partner, and some never adopt a fixed structure. Despite the lack of structure,
many of these IDRs are indispensable for function. Given their high adaptability and solvent

accessibility, IDRs are highly susceptible to posttranslational modifications, and there has been a

great deal of research focusing on how such modifications modulate cellular function.

The same factors that make IDRs susceptible to protein-protein interactions and post-
translational modifications can make them extremely difficult to produce in large enough
quantities for biophysical studies. We have overcome this problem by attaching the IDR-
containing protein of interest to a fusion partner to direct its cellular expression into inclusion
bodies, protecting it from proteolytic degradation. Subsequent purification steps are also carried
out in strong denaturant, which also protects against proteolytic digestion. Our lab has been able
to produce large amounts of pure IDRs from a number of different proteins using the bacterial

membrane protein, PagP, as a fusion partner (as mentioned in chapters 2 and 4).

PagP is removed from the IDR of interest using nickel ion-assisted hydrolysis, which can be
carried out under denaturing conditions. Even though this protocol has enabled us to produce a

wide variety of important IDRs, it does have some limitations. First, there is wide variability in
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the efficacy of the nickel-catalyzed cleavage. This seems to be construct-dependent and likely
depends on the amino acid sequence surrounding the nickel ion-susceptible SRHW amino acid
sequence. Further research into the ideal sequence for nickel-catalyzed cleavage would be useful.
Secondly, even under ideal conditions, the nickel catalysed cleavage requires harsh pH and
temperature conditions that might inadvertently lead to modification of the protein of interest. In
particular, cysteine residues are likely to be oxidized (favoured by high pH and the presence of
metal ions), and none of the protein constructs we have produced using this approach contain
cysteine. Thus, it will be important to explore other cleavage techniques like acid-catalysed
hydrolysis, to overcome these limitations. Currently, it is known that the amino acid sequence
DP (Asp-Pro) is particularly susceptible to acid-catalysed peptide bond hydrolysis"’, but besides
this, the optimal sequence has not been elucidated to the same extent as was done for nickel-

catalyzed hydrolysis to obtain the SRHW sequence'®.

IDRs are believed to comprise more than 40% of any eukaryotic proteome?>2. Our main protein
of interest, cardiac troponin I (cTnl), is made up of >50% IDRs that are crucial for its regulatory
function, making it susceptible to post-translational modifications like phosphorylation and
proteolytic degradation. The N-terminal IDR of cTnl is essential for stabilising the inter-domain
orientation of the regulatory N-terminal domain of troponin C and regulating its calcium binding
affinity. The C-terminal IDR plays the essential role of controlling every single heartbeat by
alternatively binding to troponin C during systole (ventricular contraction) and actin during
diastole (ventricular relaxation). While the structure of this region bound bound to troponin C is
well known, very little was known about its structure while bound to actin. Our solution NMR
work indicates that there are some regions with helical propensity that rigidify upon interaction

with actin, but solving the atomic resolution structure by NMR would be extremely difficult. To
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this end, we have started a collaboration with Dr. Stefan Raunser®* at the Max Planck Institute in
Germany to determine the cryo-electron microscopy structure of cTnI[135-209] bound to the

actin thin filament.

We have used our PagP fusion protein system to produce full-length cTnl and cTnT, as well as
fragments thereof. In contrast, cInC expresses well on its own as a soluble globular protein.
Interestingly, PagP alone was not effective in targeting full-length cTnl and cTnT into inclusion
bodies, and effective expression required fusion to another inclusion body-directing tag in
addition to PagP. Our ultimate goal is to produce, purify, and then refold all of the cTn complex
components together to produce a highly pure, soluble and stable end product that can be used to
solve the cryo-electron microscopic structure of intact thin filament. As a first step towards this
goal, I tested many different conditions for optimal folding and/or stability of reconstituted
troponin complex using the protein thermal shift assay. Briefly, the method uses a qPCR
machine to measure protein thermal denaturation curves. Denaturation is detected by an increase
of fluorescence caused by the binding of hydrophobic fluorescent probes that bind non-
specifically to hydrophobic segments of a protein when it unfolds. I discovered that magnesium
ions surprisingly have a stabilizing effect on the complex (increasing its temperature of
unfolding), whereas calcium had a destabilizing effect. This was somewhat unexpected, given

the preference of cTnC for binding calcium.

Besides using our purified reconstituted troponin complex for biophysical studies, it will also be
used as a calibration standard for our serum cardiac troponin proteolysis assay (see Chapter 3),
which requires a protein standard containing all of the relevant epitopes detected by the

antibodies used for the ELISA-based assays.
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As highlighted by the most recent definitions of myocardial infarction (MI)"'®, the cTnl and cTnT
assays have become a cornerstone in diagnosing MI, due to the reliable release of these proteins
and their very high cardiac tissue specificity. Despite its status as the gold standard biomarker for

MI, there are a number of serious limitations associated with its use.

One major challenge in interpreting blood troponin concentrations is that an elevated level does
not necessarily indicate the presence of a myocardial infarct. Troponin elevations are observed
after healthy runners complete a marathon'** (without cardiac complication), as well as after

123

pacemaker-induced tachycardia <. Moreover, even when there is a true infarct present, the

magnitude of troponin elevation appears to correlate poorly with infarct size determined by

imaging, particularly in the case of NSTEMI patients'”

. These observations challenge the
traditional dogma that troponins are released only as a result of cellular necrosis — irreversible
cell death. However, it appears reversible cellular injury, either as a result of mechanical strain or
sub-lethal injuries due to ischemia or inflammation, can also result in elevated cardiac troponin
concentrations. Our troponin proteolysis study suggests that these milder injuries may release
less proteolyzed troponins, which are more readily detected by commercially available cTnl
assays. Moreover, the degree of proteolytic degradation in cTnl correlates with the severity of
ischemic injury, with the most severe degradation observed in STEMI patients and the least
degradation observed in type 2 MI patients. Thus, we hypothesize that proteolyzed cTnl
fragments may correlate better with true infarct size than total troponin I levels, which would
contain a mixture of intact and proteolyzed forms. Future clinical studies should be undertaken to
measure the correlation between proteolyzed cTnl levels and infarct size, as measured by cardiac

MRI (the current clinical gold standard for measuring infarct size***). It would be clinically

advantageous to be able to estimate infarct size with a convenient biomarker. Cardiac MRI is a
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limited and expensive resource. Acute NSTEMI patients with larger evolving infarcts may be
more likely to benefit from invasive revascularization®”. Current management of NSTEMI
patients does not have clear guidelines as to when to pursue invasive revascularization, in

contrast to STEMI patients.

Another area of controversy surrounding the cardiac troponin assay is how to make the
distinction between type 1 NSTEMI and type 2 MI. The treatment of these conditions is very
different, with NSTEMI patients treated with antiplatelet agents and anticoagulants and
potentially invasive revascularization for the more unstable patients, in order to treat an acute
coronary artery blockage due to thrombosis®°. In contrast, type 2 MI patients do not have an

acute thrombus and would not benefit from such a treatment*'®

. Our clinical study of cardiac
troponin I proteolysis suggested a trend towards less proteolysis in type 2 MI patients, but there
was considerable overlap between the NSTEMI patients and type 2 MI patients in relation to the
degree of troponin I proteolysis observed. This is most likely due to the clinical ambiguity that
exists between the two conditions — that is, an inability to distinguish between the two conditions
with no gold standard. Some of the patients classified as having an NSTEMI probably in fact had
an element of type 2 MI, while other patients classified as having type 2 MI were probably
having an NSTEMI. In many clinical situations, there is no way to distinguish between the two
conditions. However, we note that in unambiguous cases, there was a clear distinction in
degradation patterns between type 2 MI patients and NSTEMI patients. For example, a patient
with a clear type 2 MI (a troponin elevation associated with acute gastrointestinal bleeding and a
hemoglobin level less than 60 g/L, with complete clinical resolution of ischemia after receiving

blood transfusions) had very low levels of troponin degradation compared to a patient with a

clear type 1 MI (no other physiologic stressors and a clear lesion on angiography, along with
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resolution of symptoms post-stenting). Thus, it would be valuable to conduct a larger study that
selected only patients with very clear-cut type 2 MI versus those with clear-cut type 1 NSTEMI
to test whether a clear distinction can be made on the basis of cTnl proteolysis. Establishing the
utility of this test under known conditions would make it useful in cases where there is more

diagnostic uncertainty.

In the era of high sensitivity cTn assays and with the incorporation of delta levels into the
diagnostic criteria of MI'", it is necessary to recognise that any elevated cTn concentration above
the predetermined 99" percentile level is concerning and necessitates medical management
because it reflects cardiac injury that is significant enough to cause the respective elevation.

Intervening in these patients has been shown to improve patients’ outcomes>’

. Generally, we
expect to observe relatively low amounts of cTn degradation in these patients with very small
cTn elevations (since the degree of cardiac injury is milder, so there would be less cell death) if

their samples were to be tested in our degradation assay, but more research is needed to improve

the sensitivity our degradation assay to the level of modern high sensitivity cTn assays.

One of the interesting observations in our clinical study of troponin proteolysis was the
degradation pattern observed in two unique patients. One was a young otherwise healthy patient
with myocarditis, whose cTnl degradation pattern matched that of STEMI patients in terms of
severity. In contrast, a type 4a MI patient (a relatively benign troponin elevation following
uncomplicated elective cardiac stent placement) whose cTnl showed the least degradation out of
all the patients in the study. Separate studies could target each of these categories to determine if

patients with these conditions show similar cTnl degradation profiles.
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As proteolysis of cardiac proteins is known to be part of a pathological sequence of events during
myocardial ischemia and necrosis, targeting this process could be a plausible therapeutic option.
Using compounds that are known to inhibit the well-studied proteases like MMP-2 or calpain or
both as part of the early treatment regimen of acute coronary syndrome patients in a well-
designed clinical trial might reveal valuable long-term health benefits. Such studies could also
look into the extent of cTn degradation, if the levels are affected by the use of protease inhibitors
like doxycycline, and whether the levels of proteolyzed cTnl correlate with future major adverse

cardiovascular events (MACE).

One major limitation of our clinical study of cTnl proteolysis in patients is that it utilized only a
single technique, sandwich ELISA, to detect cTnl. The basis of the technique (sandwich
immunoassays) is used for almost all clinical chemistry tests, but it does not provide a complete
profile of the degradation products present in the patient’s serum. I attempted to combine
immunoprecipitation with western blotting, which depends on using two different antibodies
(one for immunoprecipitation and one for detection) to select for different epitopes on cTnl. The
use of two antibodies, should in theory, provide relatively specific detection of cTnl, as in the
case of sandwich ELISA. However, it was difficult to obtain reproducible results using this
technique. One issue we encountered was the detection of intense bands at apparent molecular
weights higher than that of intact cTnl. It is possible that this is due to cross-reactivity with
another protein, though this would require both immunoprecipitation and detection antibodies to
cross-react. We used a secondary detection antibody specific for non-denatured mouse antibody,
so that light and heavy chains from the immunoprecipitation would not be detected, so it seems
unlikely that the higher molecular weight bands came from immunoglobulin heavy chain. One

possibility is that cTnl is cross-linked or covalently attached to another protein, which has been
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suggested in other publications’™. Very recently, Katrukha et al, working for the leading
worldwide supplier of anti-cTnl antibodies in clinical use, Hytest Inc., presented a study of cTnl
proteolytic degradation profiles from the serum of MI patients, using a wide range of detection

antibodies'*

. The profiles are consistent with the MMP-2 and calpain cleavage sites we
determined by our in vitro proteolysis studies. However, we note that the gels in this study were
not displayed in their entirety, particularly at molecular weights higher than intact cTnl. It would

be interesting to observe whether the authors of this publication also observed bands at high

molecular weights greater than cTnl or not.

An even better technique to analyze proteolytic fragments would be mass spectrometry, which
could identify exact protease cleavage sites. We made some initial attempts to analyze
immunoprecipitated cTnl from plasma samples of STEMI patients using mass spectrometry. We
were able to detect proteolytic fragments corresponding to cTnl after limited trypsin digestion,
but no fragments indicative of intracellular proteolysis were identified. In collaboration with Dr.
Olivier Julien, affiliated with the University of Alberta Department of Biochemistry with
specialization in proteolysis, proteomics, and mass spectrometry, our lab intends to build upon
our initial efforts to map the exact cleavage patterns in cTnl, both in animal models of ischemia-
reperfusion injury (with collaborator and committee member, Dr. Richard Schulz) and plasma
samples from patients with MI. Identifying biologically relevant cut sites in cTnl is an important
step towards determining the culprit proteases most responsible for causing intracellular
structural damage in the setting of ischemia-reperfusion injury. Based on the work of Dr. Schulz,
we believe that MMP-2 will be one of the most important proteases activated early in the course
of ischemia-reperfusion injury, while calpain activation will require more severe and prolonged

ischemia. Hopefully, many other protease substrates will be identified from mass spectrometric
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analysis of ischemia-reperfusion injury as well, giving a more complete of the extent of

proteolytic digestion that is occurring in the cardiac muscle cell.
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Appendix A

Proteolysis of ¢Tnl [1-77] by MMP-2

Mass spectrometry data cTnl [1-77]
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Proteolysis of ¢Tnl [135-209] by MMP-2

Mass spectrometry data cTnl [135-209]
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Appendix B

Proteolysis of ¢Tnl [1-77] by p-calpain

Mass spectrometry data cTnl [1-77]
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Appendix C

Proteolysis of ¢Tnl [135-209] by p-calpain

Mass spectrometry data cTnl [135-209]
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