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ABSTRACT

Heart disease is a leading global cause of death and results in significant economic and
healthcare burdens. A critical factor involved is mitochondrial dysfunction induced by cal-
cium overload. This form of dysfunction plays a major role in the injuries that develop
from acute myocardial infarctions. Thus, it essential to develop strategies to target these
organelles to enhance overall functionality. This thesis examines the critical role of mitochon-
dria in cellular energetics, with a focus on the effects of calcium on mitochondrial structure
and function and proposes strategies to advance our understanding.

It is proposed that i) mitochondrial structure is a critical regulator of cellular energetics,
and ii) inhibition of oxidative phosphorylation is a calcium-related phenomenon that involves
ultrastructural changes. To investigate the mechanisms behind the inhibitory effect of mi-
tochondrial calcium overload on ADP-stimulated respiration, high-resolution respirometry
and cryo-electron microscopy were used. The findings show that calcium accumulation leads
to the formation of calcium phosphate deposits, outer membrane rupture, inner membrane
fragmentation, and evisceration. This results in loss of respiratory control.

High-resolution, cryo-EM images of isolated mitochondria exposed to various conditions
designed to elucidate how calcium overload impacts structure and function were collected.
From these data, 3D reconstructions were generated for morphometric analysis. The results
show that higher levels of calcium can lead to a significant reduction in the density of the
cristae network, which ultimately impacts the integrity of the cristae. The impact of cal-
cium phosphate deposits on the mitochondrial matrix is also apparent, resulting in looser
and thinner matrices in mitochondria loaded with calcium compared to control or treated-
mitochondria with the permeability transition pore inhibitor Cyclosporin A. The study raises

questions about the potential link between cristae destabilization and the permeability tran-



sition pore, which can lead to mitochondrial rupture and cytochrome c release.

In addition, a phase separation-based approach was used to study the dynamics of mito-
chondrial ultrastructure pattern formation, which defined the mitochondrial ultrastructure
as a two-component system consisting of the inner membrane space and the matrix space,
with the outer membrane serving as the domain boundary. The study mimicked the ob-
served effects of calcium phosphate deposits, where calcium phosphate induces devastating
remodeling effects on the inner membrane, resulting in matrix expansion, intermembrane
space contraction, and cristae remodeling.

Finally, the thesis discusses a few compound libraries that were screened to find drugs ca-
pable of protecting isolated mitochondria from calcium overload and oxidative stress. Eleven
compounds passed the initial screening for protection against calcium overload. Future di-
rections for this line of research should expand the drug screening approach to validate the
compound hits and investigate the potential for combination therapies using multiple drug
candidates. Overall, these findings provide a promising starting point for further research
into the development of effective treatments and preventative measures for mitochondrial

dysfunction and related diseases.
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Chapter 1

Perspectives on the PTP: How Did
We Get Here?

1.1 Introduction

Cardiovascular disease is often caused by cardiac ischemia/reperfusion (IR) injury, colloqui-
ally known as a heart attack. Heart attacks lead to several types of injuries which affect
cardiac tissue on different time and spatial scales. One of the most devastating injuries is
known as lethal reperfusion injury. I became interested in this type of injury because it is
centered on the mitochondria. Surprisingly, there are no effective drug therapies to acutely
treat cardiac IR injury; therefore, understanding what governs and precipitates this type of
injury is of high importance.

Under normal conditions, myocardial tissue is constantly perfused with oxygenated blood
and nutrients. However, anything limiting or impeding myocardial blood flow will lead to
oxygen deprivation and make the tissue ischemic. The most common technique to reestablish
blood flow is known as percutaneous coronary intervention (PCI). PCI is also known as
balloon angioplasty, and it alleviates blockages to allow blood flow through ischemic tissue.
However, there is a paradoxical effect following reperfusion whereby more tissue damage is
induced. This is called ischemia/reperfusion injury.

There are multiple factors governing tissue damage following reperfusion. Free radical



generation, altered calcium handling, and altered cellular metabolism govern the acute re-
sponse. Immune activation and microvascular dysfunction constitute the delayed response.
These responses precipitate reentrant arrhythmias, myocardial stunning, the no-reflow phe-
nomenon, and lethal reperfusion injury. My thesis focuses on lethal reperfusion injury and
specifically addresses how calcium overload disrupts mitochondrial function. Hence, it is
relevant to understand how calcium is regulated at physiological levels at the mitochondrial
level.

Mitochondria generate cellular energy through the electron transport system ending with
the reduction of molecular oxygen to water molecules. This process involves the movement
of protons across the inner mitochondrial membrane which generates an electrochemical
gradient. This electrochemical gradient is used to generate ATP molecules in a process known
as oxidative phosphorylation. Calcium uptake is also driven by this electrochemical potential.
To be precise, the electrical component of this energy potential is used by the calcium
uptake pathways with the primary pathway in cardiac tissue consisting of the mitochondrial
calcium uniporter. Once inside the matrix, calcium accelerates mitochondrial respiration by
activating three dehydrogenases in the tricarboxylic acid cycle. During ischemia, myocardial
tissue is deprived of oxygen, and mitochondria become unable to sustain high rates of ATP
production. Consequently, ion homeostasis breaks down and metabolic pathways are rewired
in a futile attempt to sustain mechanical and electrical activity. At this stage, most cell death
is necrotic and not apoptotic in nature. However, that all changes upon reperfusion.

During reperfusion, the reintroduction of oxygen to the highly reduced respiratory chain
causes a burst of reactive oxygen species production. In the presence of calcium overload,
this burst of oxidants triggers the permeability transition phenomenon. This phenomenon

causes organelle swelling and membrane rupture and releases pro-apoptotic factors. As



such, the tissue damage is more apoptotic in nature at this stage. While this phenomenon is
universally observed in many diseases and organs following IR injury, the mechanism of how
calcium disrupts mitochondrial function is not well understood. From the work described in
this thesis, it can be shown that calcium overload impairs metabolic function by affecting
mitochondrial structure through the formation of calcium phosphate deposits within the
mitochondrial matrix in the calcium overloaded state.

For this thesis, I used Hartley albino guinea pigs to measure and quantify mitochondrial
function and test the effects of calcium overload on mitochondrial function and structure.
Of all the common rodent species used in research, guinea pigs are excellent animal models
for studies on heart metabolism for various reasons. First, the action potential of guinea pig
ventricular myocytes closely resembles that of humans. Hence, other rodent models lack the
pronounced plateau phase present in humans and guinea pigs. Second, calcium handling in
the ventricular cardiomyocytes is closer to that in humans than other rodent models. This
is, in part, due to the sodium/calcium exchanger playing a bigger role in calcium handling,
whereas in other rodent species, the sarcoplasmic reticulum calcium pumps dominate calcium
flow patterns. Third, the xanthine oxidase enzyme activity, involved in purine nucleotide
breakdown, is very low and comparable to human hearts, whereas in other rodent models, it
is highly active. Fourth, the guinea pig heart possesses a full complement of inhibitory factor
1 (IF1), an extremely relevant protein in IR injury, whereas rats and mice do not possess a
full complement. Overall, the guinea pig heart has more similarities to humans than other
typical rodent models used when it comes to calcium handling, myosin isoform expression,
purine nucleotide metabolism, and myocardial function. Thus, it is a suitable candidate for
these kinds of studies. However, this does not come without limitations, as I will address in

our discussion.



My thesis explores how calcium overload impairs mitochondrial ATP production and
bioenergetics which striking ultrastructural changes are also observed. It argues that mito-
chondrial structure is a critical regulator of cellular energetics, and the proteins and biophys-
ical mechanism responsible for fine tuning ultrastructure are suitable drug targets capable of
circumventing current therapeutic limitations. This Chapter provides a historical overview
of the elusive permeability transition phenomenon, while Chapter 2 introduces the concept
of calcium in mitochondrial structure and its impact on function. To complement this anal-
ysis, Chapter 3 examines the effects of calcium at the structural level using cryo-electron
microscopy, and Chapter 4 provides a computational perspective on mitochondrial structure
and function.

Chapter 5 delves into the impact of calcium overload at the cristae level, demonstrat-
ing how changes in structure can alter function. It also explicitly highlights the belief that
calcium overload observed during acute myocardial infarction damages mitochondrial func-
tion by altering its structure, mainly due to the formation of calcium phosphate deposits
that destabilize the cristae structures. Finally, Chapter 6 reports the results of a small,
5,000-compound library screened for cardioprotection against calcium overload and oxida-
tive stress. Despite the availability of such drugs on the market, none are currently used
from a mitochondrial pharmacological intervention standpoint.

Overall, this thesis lays out a project that provides a deeper understanding of the impor-
tant aspects that govern mitochondrial function and ultrastructure. Given the prevalence
of multiple diseases arising from mitochondrial calcium overload, developing strategies to
target mitochondria to enhance overall functionality in this condition is crucial. That said,
achieving this goal requires a thorough understanding of mitochondrial behavior under vari-

ous conditions which can be challenging given the dynamic nature of biological systems and



the limitations of current technologies.

1.2 Role of PTP in disease

In this chapter, I review insights on the molecular candidates thought to form the perme-
ability transition pore (PTP) phenomenon, their nature, and validated observations. The
aim of this text is to provide information on the influential experiments that supported the
hypothesis of certain molecular components. At the same time, I will examine the work of
those who contested those hypotheses. And, while this layout holds for most of the scenarios
therein, at the writing of this thesis chapter there are some molecular candidates yet to
be (dis)proven and currently undergoing intense scrutiny. My proposal is that pore forma-
tion can be, to some extent, explained by changes in the mitochondrial structure leading
to mitochondrial swelling, cristae destabilization, and membrane rupture. In essence, the
goal of this chapter is to provide an overview on the permeability transition phenomenon
which includes its role in disease, molecular discoveries, and the proposed models. I will also
discuss how these PTP models shifted over time due to their inability to withstand rigorous
experimental scrutiny.

When it comes to disease-associated perturbations, the PTP is in front of many patholo-
gies including, but not limited to, Alzheimer disease, Parkinson’s disease, optic atrophy factor
1 (OPA1), mitochondrial DNA disorders, multiple sclerosis, and cardiovascular diseases such
as heart failure [1-7]. All of which have been extensively reviewed elsewhere [1-7]. My dis-
cussion will be focused on heart failure in the context of myocardial ischemia and reperfusion
(IR) injury. The onset of IR injury is of high relevance in a clinical setting where high mortal-

ity rates and long-term organ dysfunction are observed. Injuries encompass acute coronary



artery syndrome, cerebrovascular and acute kidney injury, among others [4]. In this line
myocardial IR injury is a pathological manifestation centered on the mitochondria. While
the events leading to tissue injury have been reviewed elsewhere, they are briefly summarized
below [8, 9]. During ischemia oxygen levels in the tissue are low to non-existent removing
the electron transport system (ETS) from the equation as the main source of ATP supply to
maintain cellular functions. During an ischemic insult the cytosol acidifies, and calcium levels
become dysregulated. Under normal conditions, the levels of calcium are regulated between
100 nM and 1 M by the sarco/endoplasmic reticulum Ca?t-ATPase (SERCA), the plasma
calcium ATPase (PMCA), and the Nat/Ca®*t exchanger (NCLX). However, during ischemia
when ATP levels are low, calcium becomes dysregulated and soars into overload conditions
[10]. While there are pathways and reactions that can generate ATP during ischemia (e.g.,
glycolysis and creatine kinase), these ATP production pathways either run out of fuel or
become impaired during long durations of ischemia. Consequently, the AW,, collapses and
NADH and FADH9 accumulation near maximally reduce the ETS. In attempts of regulating
the mitochondrial membrane potential (AW,,), the F1F-ATP synthase reverses and further
consumes ATP generating ADP + Pi as a byproduct [11]. Overflow of fumarate from the
purine nucleotide breakdown and the succinate dehydrogenase (SDH) reversal exacerbates
the ischemic succinate accumulation. At this stage most of the tissue damage is necrotic in
nature and less associated with calcium overload [12-14]. This, in part, is due to the loss of
AV, required to drive calcium into the mitochondria. The mitochondrial and cellular acid-
ification inhibits the PTP activity [15, 16]. During reperfusion, oxygen levels and the AW,
are restored. Thus, allowing mitochondria to switch from ATP consumers to ATP producers
once more. The highly reduced ETS combined with succinate accumulation leads to the gen-

eration of reactive oxygen species (ROS) [14, 17]. This in combination with pH restoration



and rapid and energetically driven calcium accumulation into the mitochondria triggers the
mitochondrial permeability transition pore (PTP) [15, 16]. This phenomenon is known as
the oxygenation paradox in which reoxygenation of the ischemic tissue causes damage that
far exceeds the tissue injury observed during ischemia. Most of the tissue damage and cell
death following reperfusion is attributed to acute and delayed responses. The acute response
is more apoptotic in nature whereas the delayed response further exacerbates tissue damage
following the influx of inflammatory cells and complement proteins. Hence, understanding
the PTP phenomenon and the relationship between ROS production and calcium overload

remains a relevant topic of investigation and physiologically important [18].

1.3 The History of the PTP Concept

The permeability transition pore (PTP) is a term coined by Haworth and Hunter in 1979.
However, mitochondrial calcium overload and what is now recognized as "pore-like" behavior
has been a subject of vigorous debate for the last 60 years. Although different molecular
models have been suggested, none have withstood the examination provided by genetic abla-
tion. Originally, it was thought to be an artifact from experiments; however, it soon became
known that his phenomenon holds physiological significance. The classical view of the PTP
concept is that is a calcium-dependent phenomenon where swelling is observed. Some ex-
amples were shown in isolated rat heart muscle sarcomeres and isolated cow and rat heart
mitochondria incubated in sucrose buffer with high calcium content and phosphate [19-21].
In these experiments a rapid decrease in light scattering was followed by a slower and grad-
ual decrease. The rapid drop in light scattered is characterized by mitochondria swelling

very rapidly due to rapid diffusion of sucrose across the opened membranes when chal-



lenged with calcium. This sudden decrease in scattering is also referred to as high-amplitude
swelling, which is considered the benchmark for identifying the PTP opening. The gradual
drop in light scattering reflects the diffusion of sucrose through narrower pores. However,
this could be attributed to gradual pore opening in the more Ca2t-resistant subpopulation
of mitochondria. This reflects the heterogeneous nature of the mitochondrial population
response to PTP activity following a calcium challenge. Later, it was discovered mitochon-
drial swelling was stimulated by elevated Pi, oxidative stress, and fatty acids and prevented
by adenine nucleotides (including ADP) and cations such as Mg2t, Sr2t, Mn2t, and Ba2t
[22]. Altogether, the PTP phenomenon is preceded by mitochondrial swelling and calcium
is a prerequisite for its opening. During the initial stages of research, Haworth and Hunter
proposed that mitochondrial swelling could be a regulated proteinaceous channel. Later in
1990, Halestrap and Davidson showed similar activity in which a high-conductance channel
was activated by very high calcium concentrations. Around the same time, Szab6 and Zo-
ratti relied on patch clamp experiments and detected multiple conductive states inhibited
by cyclosporin A (CsA) [23]. Eventually, this effect was shown to be mediated by the matrix
receptor peptidyl-prolyl cis-trans isomerase cyclophilin D (CypD) which strengthened the
hypothesis of a giant channel or pore forming unit that controls the phenomenon. Halestrap
and Davidson termed this channel the mitochondrial megachannel (MMC; also referred as
the multiple conductance channel) with conductance substates below a maximum of 1.3 to
1.5 nS [23]. Szabé and Zoratti further concluded that the activity attributed to the MMC
and the PTP where the one and the same [24, 25]. Zoratti’s group included a genetic mouse
model lacking the CypD Ppif gene in later experiments. Despite the absence of this gene,
the mitochondria still demonstrated Ca2T-induced PTP opening, although at higher concen-

trations of calcium compared to wild type. Here, it was shown that mitochondria from the



Ppif =/~ mouse model do not exhibit PTP inhibition by CsA [26]. Thus, providing evidence
for CypD not as a molecular component but rather a PTP modulator. The significance
of CypD in more recent hypotheses will be discussed later. Experiments conducted in 1996
showed a transient-like pore, thus potentially functioning as a gate for the release of calcium.
All of which defined the bona fide PTP boundaries and its definition. In today’s literature
the PTP is a proteinaceous pore thought to form in the inner mitochondrial membrane
(IMM) and is permeable to solutes of up to 1.5 kDa in size [27]. Afterwards, agents that
promote PTP were discovered, which were found to work in synergy with pathophysiological
calcium levels including reactive oxygen species (ROS), Pi, membrane de-energization, and
matrix pH alkalinization. Regulators were also identified, acting on various sites of the mito-
chondria, such as ATP-synthase reversal and inhibition, and ETC complexes. Additionally,
pore inhibitors such as ADP, Mg2+, and acidic matrix pH were discovered. The discovery
prompted the proposal of several models and mechanisms featuring candidate pore-forming
units. Nevertheless, the molecular identity of the pore remains a mystery. Following this, I
will explore the present models and pore modulators, starting with an overview of the mi-
tochondrial proteins and the experiments that gave rise to many of the speculative models
described in current literature. It is important to note that most of these models have not
been established as fact. In this chapter, I will examine the studies that contest the proposed
models and put forth an alternative perspective that emphasizes the impact of structural

alterations on mitochondrial function.
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Figure 1.1: Cartoon representations of the prevalent permeability transition pore models.

1.4 Proposed Models for the PTP

The ANT as a Pore Component

The first proposed molecular component of the PTP was the adenine nucleotide translocator
(ANT) as shown in Figure 1.1a [23]. The ANT family is a group of transporters and the
most abundant protein of the IMM. It controls the exchange of ADP and ATP between the
mitochondrial matrix and IMS against a large electrochemical potential generated across
the IMM by exchanging nucleotides in a “ping-pong” type kinetic mechanism [28]. The

negatively charged nature of adenine nucleotides is compensated by the electrostatic prop-
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erties of the binding residues in the main substrate-binding site of the ANT. A recent study
suggests three positively charged residues (K30, R88 and R287) serve as counter charges to
achieve substrate specificity to neutralize the negative charges of ADP3~ and ATP*~ and
reorient substrates during translocation [28]. The repulsion of these positive charges poses a
high energy barrier when ANT is unoccupied. Upon substrate binding, the charge neutral-
ization lowers the energy barrier and effectively minimize the electrophoretic forces during
transport to allow proper nucleotide translocation [28]. Multiple ANT isoforms exist with
gene expressions varying between organisms and tissue specificity. For instance, the human
mitochondria contain 4 ANT isoforms (ANT1 — 4), whereas rodents express 3 genes (ANT1,
2, and 4) [22]. When it comes to tissue specificity, ANT1 dominates in skeletal muscle and
heart mitochondria. Whereas ANT2 dominates most of the other tissue and organs (partic-
ularly liver and brain) and ANTY is restricted to the sperm flagellum [29]. The nucleotide
movement by the monomeric carriers is achieved by cycling between two open states: (i) the
matrix-state (m-state) and (ii) the cytosolic-sate (c-state) (Figure 1.1a). In the m-state,
the matrix nucleotide binding site is exposed making the binding site facing the IMS un-
available. Whereas on the c-state, the cytosolic nucleotide binding site allows the exchange
of nucleotides towards the IMS. The involvement of the ADP/ATP carrier, also known as
the ANT, as a crucial regulator of PTP has been well-documented in the literature since
1979. Studies by Haworth and Hunter shed light on the role of the ANT in the Ca?*-induced
transition state [30]. Two mitochondrial morphologies were observed following electron mi-
croscopic imaging: the “orthodox” and the “aggregated” form. Samples with lightly stained
and swollen matrices were classified to have an orthodox form, whereas darkly stained and
condensed were classified to have an aggregated form. Mitochondria in the orthodox form

were characterized by having low cristae densities. In this form, mitochondria are uncoupled
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and unable to generate ATP. In contrast, the aggregated form contains condensed matrices
and are well-coupled and able to synthesize ATP. This pertains to the preservation of the
cristae structure, which enables the ATP synthase and respiratory chain units to work in
closer proximity with minimal diffusion barriers. While looking at the effect of PTP opening
by uncouplers, ionophores, and NADH oxidizing agents, Hunter and Haworth noticed that
the ANT inhibitors atractylate (ATR) and bongkrekate (BKA) regulated the Ca?*-induced
transition state in a reciprocal manner. Specifically, ATR increases PTP opening while
bongkrekate (BKA) inhibits it. This was significant at the time given it placed the PTP as
a physiological significant phenomenon due to the cell flexibility in regulating PTP activity
[30]. The ANT hypothesis solidified in 1996 when Brustovetsky and Klingenberg purified the
ANTs, using hydroxyapatite exclusion chromatography, and reconstitute them in liposomes
followed by patch-clamp analysis [30, 31]. This revealed that ANT generates conducting
channels in the order of 300 — 600 pS in a Ca2+—dependent manner as observed previously
[31]. The effect of ATR promoting Ca?t-activated PTP and BKA its inhibition, potentiated
by ADP, were observed. However, the unique interaction of BKA with ANT, along with the
consistent bona fide PTP activity, led Brustovetsky and Klingenberg to concluded that the
ANT was a component of the PTP. Similar conclusions were reached by others [32]. While
the mechanisms for PTP opening seemed promising, the proposed models of pore assembly
started to fall short when challenged with genetic models [33]. The ANT as a pore compo-
nent came into question by Kokoszca et al., in 2004 when isolated liver mitochondria lacking
ANT1/2 isoforms still showed PTP activity [34]. And while higher levels of Ca®* where
needed to induce pore activity, ANT-deficient mitochondria displayed CsA-induced PTP in-
hibition and higher cytochrome ¢ (cyt. ¢) content release. Hence, Kokoszca et al., concluded

that ANT is not an essential component but rather a regulator of the pore. However, as

12



discussed above, mice possess 3 Ant genes (Antl, Ant2, Ant4) which raised questions as to
whether other Ant genes could compensate in the original knockout models. More recently,
Karch et al. generated a double ANT1/ANT4 knockout model with a conditional, liver spe-
cific ANT2 knockout. While these models where resistant to PTP, large amplitude swelling
was still observed at higher calcium loads in a CsA-sensitive fashion [35]. Similar results
were shown in quadruple gene-deleted mice additionally lacking the Ppif gene that encodes
CypD (a target of CsA). As expected, these mitochondria where resistant to Ca?*-induced
PTP opening. They concluded that the data supports a “multi-pore model” in which PTP
is composed of at least two components. However, the data conflicts with the proposal given
that the triple ANT knockout models still responded to ADP addition and wild type traces
of oxygen consumption rates, along with membrane potential analysis and swelling assays,
were not included (referring the reader to ref. [35] Supplemental Figure 1B). Here they con-
cluded that the ANT function could be compensated by the mitochondria by another Slc25a

family member.

VDAC Joins the PTP Model as a Component

In the early 1990s, Szabd and Zoratti’s experiments led them to propose the pore was
made up of voltage-dependent anion channel (VDAC) molecules (Figure 1.1b) [36]. At
the time this sounded promising given VDAC is the most abundant outer mitochondrial
membrane (OMM) protein. And when it comes to mitochondrial bioenergetics, its role
is essential. VDAC controls the flux of small solutes, metabolites, and protein diffusion.
There are three mammalian isoforms VDAC1 — 3; with VDAC1 mostly expressed in cardiac
mitochondria. While VDAC allows the movement of cations, it preferentially allows anions

to flow through. This is significant given the anionic nature of most metabolites. This effect
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is attributed to the electrostatic environment of the channel (charged channel walls) and
the conformational changes induced to the channel by the passing metabolites [37]. The
channel has a 1.8 or 2.5 nm diameter in its open or closed state, respectively [37]. Ton flux
through VDAC is tightly regulated by an electrical potential that controls VDAC channel
opening and closing. It is fully opened at voltages of 0 mV and preferentially moves inorganic
anions over cations. Whereas higher voltages favor the closed state and preferentially moves
cations over inorganic anions [38]. However, given the aqueous pore size some suggest it has
evolved to control metabolic fluxes in and out of the mitochondria, particularly ATP and
ADP [37]. ATP flux studies performed in VDAC reconstituted in liposomes showed that the
open probability linearly increases at greater ATP concentrations [37]. Hence, VDAC serves
as a gatekeeper for biochemical function and compartmentalizes signaling events between
the cytoplasm and mitochondria. Shortly after the proposal of the VDAC model, multiple
experiments provided evidence that ANT and VDAC copurify with the translocator protein
(TSPO), also known as peripheral benzodiazepine receptor [39]. A second study looking
at the effect of benzodiazepines targeting TSPO show the ability to inhibit permeability
transition pore opening and suggested the ANT-VDAC-TSPO complex is associated with
the contact-site hypothesis [40]. The idea of the contact site hypothesis emerges from protein-
protein interactions between the outer membrane protein VDAC and inner membrane protein
ANT. At the time, this was of relevance given the PTP was attributed to this interaction
and a third unknown component (later attributed to CypD or other proteins). This model
is accredited to Le Quoc, Halestrap, and Crompton’s work [41-43]. Studies by Crompton
et al. in 1996 were the first to show that CsA inhibits pore activity. CsA was also key on
identifying CypD as a potential pore component. CypD is a mitochondrial matrix protein

of ~22 kDa consisting of a sequence of 207 amino acids that is further cleaved to a ~19 kDa
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protein in the mitochondrial matrix with a cyclophilin domain that imparts the peptidyl-
prolyl cis-trans isomerase (PPlases) activity [24, 44]. Its activity is conserved across the
cyclophilin gene family and many organisms within the eukaryotic and prokaryotic kingdom
[24]. Inspired in the findings of Fournier et al. and Jung et al., Crompton et al. confirmed
and extended that CsA inhibits a Ca?t-dependent pore in the IMM [24, 45]. This matched
quite well with the bona fide PTP activity. Indeed, several studies confirmed CsA interaction
with CypD abrograted PTP opening. This suggested that CypD was the pore component by
interacting with the pore regulator ANT [23, 46-48]. The strongest case for CypD as a pore
component came from the Ppif genetic knockout mice model where mitochondria resisted
swelling and PTP opening in Ca2t overloaded states, ROS, and cardiac I /R-induced injury
[46]. These findings also made the distinction that while PTP inhibition is not closely related
to cellular apoptosis, it does not exclude its participation given that CypD knockout models
prevented Ca?T- and ROS-induced cytochrome ¢ (cyt. c) release [46]. A distinction that
is made in the literature by some is that PTP opening is mediated by necrosis and not
apoptosis [46, 49]. This idea came from genetic CypD knockout studies showing the lack of
involvement of proapoptotic factors, i.e., the Bel-2 family, during CaZt-induced PTP activity
[49]. Despite this evidence, earlier studies showed that proapoptotic factors interact with
PTP regulators including VDAC and the ANT to regulate apoptotic events and cyt. c release
[50-53]. Hence, both apoptotic and necrotic signaling events should be considered and valid
when PTP is concerned. A CypD deficient model showed a lack of caspase activity while
conferring protection from I/R-induced injury. This effect is exacerbated when overexpressed
[54]. Similar conclusions were reached by others which strengthened the CypD hypothesis as
a PTP component [55]. When it comes to VDAC, it has been shown to interact with Bax to

form large non-selective conducting channels of 1.8 to 2.3 nS (Figure 1.1b) [56]. This was
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of relevance as it matched the bona fide conductance state ranges for pore formation. This
idea connected well with the notion that cell death by the pro-death Bcl-2 family member
Bax was directly related with pore formation. However, a recent report in Vdacl-, Vdac3-
and Vdacl — 3-null mice yet exhibited calcium tolerance, oxidative stress, cyt. c release,
caspase release and PTP activity similar to wild type animals [57]. Furthermore, mouse
models lacking VDAC still exhibited cell death in a Bax dependent fashion. Altogether,
these results suggest that VDAC function for PTP activity and pro-apoptotic signaling is
dispensable and it serves a modulatory role for the so-called pore opening. It did not take
long to test this mode of regulation with known models in attempts of unifying previous

observations.

The Contact-Site Hypothesis

As such, the contact-site hypothesis started emerging as a strong candidate for the PTP
phenomenon. This work is mainly attributed to Le Quoc, Halestrap, and Crompton’s work
[41-43]. Studies by Crompton in reconstituted proteoliposomes from VDAC, ANT, and
CypD, from rat heart mitochondria, revealed an apparent triprotein complex whose bind-
ing is unaffected by calcium and a 10-fold CsA treatment (Figure 1.1c) [42]. Despite
this, proteoliposomes displayed PTP activity, sensitive to CsA inhibition, when exposed to
calcium and phosphate. Interestingly, either calcium or phosphate did not induce PTP ac-
tivity by themselves. This begs the question whether calcium phosphate precipitation takes
place and disrupt the interaction of these proteins to induce PTP opening. The idea of
calcium phosphate precipitates, however, will be of relevance later in Chapters 2, 3, and
4. Others suggested that the mitochondrial creatine kinase (mCK), hexokinase II (HKII),

and translocator protein (TSPO) stabilize the VDAC and ANT channel in conjunction with
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CypD (Figure 1.1c) [58]. However, conditional knockouts of TSPO and genetic deletion
of all VDAC isoforms, in mice and fibroblasts, still exhibited calcium induced-PTP [57, 59,
60]. By the same token, genetic loss of function studies on CypD knockout models classified
CypD as pore modulator but not essential for PTP formation [24]. Evidence for CypD as
a pore modulator came from knockout models where mitochondria displayed a remarkable

ability to withstand high amounts of calcium and its uptake prior to permeabilization [61].

The PiC Link to the PTP

Shortly after the contact-site hypothesis, Herick et al. show that the phosphate carrier (PiC)
was able to generate Ca?T-dependent currents [62]. The PiC is a ~31 — 34 kDa size mito-
chondrial solute carrier that is a part of the solute carrier family SCL25A that includes the
ANT, oxoglutarate carrier, and uncoupling proteins, citrate carrier, mitoferrins, among oth-
ers [63-66]. It catalyzes the movement of Pi/H' symport (or Pi/OH™) and Pi/Pi antiport
in an electroneutral fashion across the IMM [63, 64]. The mammalian phosphate carrier
has two isoforms (PiC-A and PiC-B) that share a common 6 helix structure with conserved
motifs [67]. Isoform A predominates mostly in the heart, diaphragm, and skeletal muscle
[63]. Whereas isoform B is ubiquitous and expressed in all tissues. The less than 30 %
difference comes from the alternative exon 3A splicing affecting amino acids 4 — 45 from
the total sequence comprising the PiC. Hence, alternative splicing determines and explains
the divergence in affinity and transport activity between the isoforms. When it comes to
Pi affinity, the isoform PiC-B has ~3-fold higher affinity than PiC-A [63]. A recent study
suggests that the ubiquitous expression of PiC-B and its affinity for Pi allows the anion han-
dling in high energetic tissue. Such that when this system saturates, at increasing Pi levels,

PiC-A Pi affinity activates the carrier to continue compensating the energetic demand [63].
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Following the experiments by Herick et al., in 1997, Halestrap’s group proposed a model for
PTP whereby the PiC undergoes conformational change upon calcium exposure facilitating
binding to CypD [62, 64]. The PiC-CypD interaction was CsA-sensitive which may or may
not include ANT binding, depending on the isoforms described earlier (Figure 1.1c). Phos-
phate has been shown to possess potent PTP opening properties, and overexpression of the
PiC has been observed to trigger apoptosis [68, 69]. However, according to other studies,
Pi is a PTP inhibitor [70]. Leung et al. suggested the PiC may be a critical component of
the PTP and proposed a model whereby CypD interacts with PiC to induce pore opening
(Figure 1.1c) [64]. However, PiC from Saccharomyces cerevisiae reconstituted into giant
liposomes have a conductance of 25 + 5 and 40 £+ 10 pS in the presence and absence of diva-
lent cations, respectively [62]. The conductance of the channel formed by the PiC is about
50 times too low to account for the PTP. Additionally, PiC~/~ mice display similar oxy-
gen consumption rates and Ca2t-induced PTP relative to the non-transgenic mouse models
[71]. Altogether, these results suggests that PiC is not an essential component of the PTP
phenomenon. The field has since become static following the genetic ablation studies that
harpooned the old consensus PTP models. The latest PTP models now include F1Fy-ATP

synthase.

The F-ATP Synthase

The F1Fp-ATP synthase, also known as complex V, is a 600 kDa multisubunit complex in
charge of producing and consuming ATP based on the mitochondrial energetic demand. It is
composed of a catalytic part (F1) and a membranous component (F() connected by a central
and peripheral stalk (Figure 1.2) [72]. The mammalian F} consists of a catalytic agf3

domain arranged alternately and connected internally to the rotatory central stalk . At the
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Figure 1.2: Cartoon representation of the F1Fo-ATP synthase structure. Updated model
adapted from Bonora, Giorgio, and Pinton [59].

bottom, the central stalk interacts with the Fp inner mitochondrial membrane-embedded
complex c-ring subunits through subunits ¢ and € [73]. The Fp domain is comprised of
subunits e — g, and A6L embedded in the inner mitochondrial membrane and one copy of
subunits a, b, d, F6 and the oligomycin sensitivity-conferring protein (OSCP) [73]. The
latter subunits (a, b, d, F6, OSCP) form the peripheral stalk in one side of the complex
and it is thought to serve the purpose of a stator countering the rotatory movement upon
ATP synthesis/hydrolysis termed “rotatory catalysis” [73]. Briefly, the pumping of protons
established an electrochemical gradient (Apgr) across the IMM. It can be broken up into
two components: the electrical potential (AW,,) and the pH gradient (ApH). Together,
when expressed in mV units, these two components sum up to what we call the proton
motive force (pmf). The pmf is the (Aug) but in voltage units instead of units of Gibb’s
free energy (joule/mol). The potential energy generated from the electrochemical gradient

powers the rotation of the c-ring subunits within the F5 domain and the central stalk
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allowing ATP to be synthesized/hydrolyzed within the /3 subunits of the F; domain [73].
This catalysis requires the a3 domain to remain static relative to the c-subunit ring which
is achieved by the peripheral stalk. The synthesis of ATP requires ADP and inorganic
phosphate (Pi:HQPO4*) binding whereas its hydrolysis requires and yields the opposing
reaction. When conditions are unfavorable (i.e., wasteful hydrolysis of ATP), the inhibitory
protein IF1 binds to the ATP synthase to halt its activity at the expense of AWV,,. IF1
interacts as a homodimer with the F; ATP synthase catalytic sectors through subunits
and v with increasing effectiveness at lower pH values. Hence, it plays a protective role in
pathophysiological conditions as those observed in cerebral, myocardial, and kidney during
hypoxic ischemic insults [74, 75]. Interestingly, the levels of IF'1 expression can vary by tissue
level, with the heart tissue having one of the highest. Therefore, the expression variability

of TF1 might dictate the extent or degree of protection that occur on different tissues [74].

F-ATP Synthase Dimers, Oligomers, and Cristae Structures

The F1Fp-ATP synthase forms dimeric and oligomeric arrays in the inner mitochondrial
membrane stabilized by IF1 [72]. The assembly of two identical monomers forms V-like shape
dimeric structures that provides stabilization to the complex, facilitates ATP synthesis, and
shapes the inner mitochondrial membrane [73, 76]. The dimeric assembly can then organize
into oligomeric arrays across the IMM giving the membrane its shape and the apex of the
cristae its typical curvature. Interestingly, various PTP models of the ATP synthase have
been proposed. This is interesting given that cristae formation is highly dependent on the
F1Fo-ATP synthase membrane organization. IF'1 also regulates mitochondrial structure and
function. This was observed on a recent study looking at IF1 overexpression, or lack thereof,

in a population of cells cotransfected with a mitochondrial green fluorescent probe (mtGFP)
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using electron microscopy [74]. It was observed that mitochondria in the absence of IF1 had
disorganized cristae structures whereas in its presence mitochondria displayed densely packed
cristae structures relative to control [74]. In addition, IF1 was shown to modulate F1F-
ATP synthase at rest by increasing the proton flux and NADH oxidation [74]. Altogether,
these results suggested that alterations in the F1Fo-ATP synthase structure and activity
can destabilize structure and function. However, additional evidence suggests that the ATP

synthase enzymatic activity is also regulated by the CypD.

CypD and its Relationship with the F-ATP Synthase

As previously mentioned, CypD is the only generally accepted modulator of the mitochon-
drial PTP. Hence, the field focused on possible interaction with the ATP synthase. To
understand recent models of CypD and ATP synthase on regulating pore activity, 1 will
discuss CypD regulation on the ATP synthase at a structural level. Recent evidence suggest
CypD regulates scaffolding function to effect changes in mitochondrial physiology [44]. Ini-
tial experiments seeking answers on CypD interactions with complex V showed that CypD
binds to F1Fp-ATP synthase oligomers through its interaction with subunits OSCP, b, and
d from the peripheral stalk and decreases the enzymatic activity of the complex [72]. The in-
hibitory effect was potentiated by Pi and reduced by CsA. The effect of Pi inhibition might
come from conformational changes upon binding to the catalytic site of the F1 subunit.
Whereas CsA presumably displaces CypD from the OSCP subunit favoring ATP synthesis.
The involvement of the lateral stalk and CypD is intriguing given that the former stabilizes
the rotation of the F1Fp-ATP synthase and dimeric and oligomeric assembly in an IF1 in-
dependent fashion. Hence, the authors speculated that CsA might enhance oligomerization

explaining the increased activity of the F1Fp-ATP synthase. Subsequent studies, investi-
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gating the effect of CsA on isolated rat kidney or liver mitochondrial respiration, found CsA
can inhibit energized mitochondria fed with complex I and II substrates following an ADP
bolus [24, 77]. Although CsA appears to inhibit respiration in a concentration-dependent
manner, our group and others have reported similar maximal ADP-stimulated respiration
responses between mitochondria treated with CsA and those not treated with CsA [78, 79].
Discrepancies on these measurements with our results might be due to the mitochondrial
protein quantity or CsA concentration. In agreement, the capacity of CsA to accumulate
higher loads of calcium prior to PTP has been observed and well-documented by our lab
and others [78, 79]. Recently, the paralogue of the heat shock protein 90 (Hsp90) tumor
necrosis factor receptor associated protein 1 (TRAP1) was shown to form a complex with
CypD and subunits «, 3, 7, d, g, and OSCP of the F1Fp-ATP synthase [61, 80]. TRAP1
is mainly restricted to mitochondria, exerts its chaperone activity using ATP, and, while
highly expressed in tumors, its expression in normal tissue is low [81]. While its physi-
ological function is still in the nascent stages, TRAP1 has been linked in mitochondrial
dynamics regulation, mitophagy and antioxidant capacity [82]. Recently, TRAP1 has been
associated with controlling PTP opening where its inhibition or downregulation led to cell
death, apoptogenic factor release, and membrane potential collapse [61]. Furthermore, the
TRAP1/CypD complex was shown to be inhibited by CsA and p53 but not with agents that
abrogate its ATPase activity [61]. Given that TRAPI interacts with CypD and binds to
several subunits of the F1F-ATP synthase, this begs two questions 1) whether the complex
disruption between TRAP1 and CypD are inhibited by competitive binding between p53
and CsA and 2) whether the protective effects of TRAP1 on PTP activity are exerted by

binding to CypD and inhibiting the latter binding to the F1F-ATP synthase.
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F-ATP Synthase as a PTP Component

In recent years, several models have been proposed that link the F1Fo ATP synthase to the
pore. One of the earlier models, put forth by Giorgio and Bernardi et al., suggested that
F1Fo ATP synthase dimers constitute the pore (Figure 1.1d) [83, 84]. A newer model from
Mnatsakanyan and Jonas et al. proposes that a single F1Fo ATP synthase can produce the
pore by detachment of the c-ring subunit of Fp from F; to form an aqueous pore (Figure
1.1d). This model was later updated by Gerle, who proposed a "death-finger" mechanism
involving the displacement of a lipid plug embedded in the center of the c-ring [85]. Accord-
ing to Gerle’s model, this plug dissociates from the enzyme when Ca2t binds to subunit
of F1, a process that is enhanced when CypD binds to the OSCP subunit [22, 85]. Another
PTP model involves a tripartite protein complex consisting of the tumor suppressor pb3,
CypD, and IF1 [22]. However, this tripartite model was later discredited [72]. Altogether,
various models of F1Fp-ATP synthase were proposed and updated to constitute the pore.
However, only the mono- and dimeric mode of pore regulation were mostly accepted. The
F1Fp-ATP synthase also interacts with the PiC and the ANT (and mtCK in striated my-
ocytes) to form the “ATP synthasome” [86]. Protein binding occurs adjacent to the Fgp
domain in a 1:1:1 F1F5:PiC:ANT stoichiometry [87]. In addition, the oligomeric assembly
of synthasomes elongates tubular cristae structures [86, 88]. This assembly is thought to
increase the efficiency of ATP production. From a bioenergetic standpoint, these protein-
protein interactions could enhance energy transfer rates in an on-demand basis [86]; however,
these complexes could increase protein subunit stability via hydrophobic interactions. An-
other perspective includes cristae-mediated protein interactions that enhance ATP synthesis

via kinetic and thermodynamic arguments [86, 89-91]. This idea goes accordingly with the
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proposed respirasome assembly in which certain complexes of the ETS interact with each
other to form super complexes. The super complexes are the assembly of mitochondrial
respiratory complexes I, III, and IV into a bigger complex of varying stoichiometry. The
stoichiometry L:1119:1V,, (n = 1 — 4), also known as the synthasome, is commonly discussed
92, 93]. However L:11Is and I115:1V,, (n = 1 or 2) are not rare [94]. These complexes are pre-
sumed to increase the ETS efficiency and lowers ROS production [95]. While the existence
of these types of supercomplexes is intriguing, we do not have the necessary data to conclude
that they are indeed functionally relevant. Recent studies suggest the regulation of syntha-
some assembly by CypD. The synthasome is a macromolecular complex thought to play a
critical role in oxidative phosphorylation (OXPHOS) by facilitating the interaction between
respiratory complexes and ATP synthase. Using the mouse heart homogenates and the blue
native gel technique, Beutner et al. found that the opening of the mitochondrial PTP dis-
rupted synthasome formation, whereas promoting OXPHOS or removing CypD maintained
the integrity of the synthasomes [86]. This suggests that CypD is a key regulator of PTP
activity and thereby influences the formation of the synthasome complex. This led them to
propose that CypD is a master regulator of PTP activity. CypD interaction can be modified
through post-translation modifications to regulate PTP opening. Studies led by Miura et al.
showed that inactivation of glycogen synthase kinase-33 (GSK-3() inhibits PTP opening and
protects the cardiomyocytes against reperfusion-induced necrosis [96]. Miura et al. suggests
that phosphorylation of the GSK-35 might suppress the ANT-CypD interaction. The mech-
anism involves phosphorylated GSK-35 interaction with ANT and not with CypD. However,
studies on tumor cell lines including epithelial prostate RWPE-1, osteosarcoma SAOS-2, and
metastatic prostate cancer DU145 cells, show that GSK-35 phosphorylates CypD and pro-

motes PTP opening [97]. Whereas inhibiting GSK-34 protects from PTP activity [97]. This
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mode of inhibition will be relevant in Chapter 6 when discussing therapeutic strategies.
Parks and colleagues conducted a study using a mouse model with a mitochondrial cal-
cium uniporter (MCU) knockout, in which increased phosphorylation of serine residue 42
(CypD-S42) on CypD sensitizes PTP opening to calcium [98]. Hurst et al. further eval-
uated CypD phosphorylation on PTP opening using HEK cells lacking endogenous CypD
and rescued with either a wild type or a serine to alanine CypD S38-43A mutant [99]. In
this study S191A, and not S38-43A mutations, completely abolished phosphorylation and
increased the calcium uptake threshold before PTP opening. Thus, suggesting the S191A
mutant gives similar protection as the CypD inhibition in the regulation of pore opening [99].
The authors proposed a model in which the S191 residue phosphorylation through GSK-3/3
induces CypD binding to the OSCP subunit of the F1F5 ATP synthase; this favors PTP
activity. Overall, these studies provide insight into the regulation of PTP opening by CypD
following post-translational modification and potential mechanism for CypD interaction with

the F1Fp-ATP synthase.

Clash of the Titans

The British biochemist John E. Walker is known for his work on elucidating the enzymatic
mechanism of ATP synthase. For this work, he received and shared the Nobel Prize in
Chemistry in 1997 with Jens C. Skou and Paul D. Boyer. In 2017, Walker and his team
entered the PTP field and made some substantial contributions. They demonstrated that
pY cells lacking mitochondrial DNA, as well as cells in which the genes for subunits of the
F1Fo-ATP synthase have been disrupted, can still exhibit PTP activity. [100-102]. This
provided strong evidence against the F1Fp-ATP as the pore component. In a series of back-

and-forth commentaries,; Walker and Bernardi debated the molecular mechanism of pore
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formation using results generated from transgenic animal studies. Bernardi pointed out that
cells lacking F1F-ATP synthase, mitochondrial swelling is slower than control cells, and
the channel conductance was a fifth (~0.3 nS) relative to control. Bernardi interprets these
observations as evidence in support of his argument that the F1Fo-ATP synthase is indeed
the pore [103]. This led Bernardi to suggest that mitochondria possess at least two pathways
for permeabilization: one inhibited by CsA and not BKA and the second inhibited by both
agents [104]. Bernardi’s viewpoint remains unchanged and believes that the F1Fo-ATP
synthase remains a strong candidate as the molecular identity of the pore. In a follow-up
letter to Bernardi, Walker reiterated his findings and strongly suggested the ATP synthase
is not associated with the PTP [104]. That said, John Walker maintains an open mind
and correctly points out that this controversy would not be solved until the native, dimeric
structure of the enzyme complex is revealed. If F1Fp-ATP synthase dimers do form the
pore, there should be an aqueous channels within the complex of approximately 20 — 30 Ain
diameter [105]. Overall, the genetic ablation of the proposed putative components of the
PTP did not prevent the occurrence of PTP opening. Hence, many unanswered questions
await an explanation or require further evaluation. Thus far, CypD is the only generally
accepted PTP modulator. For this reason, CypD is used as a bait for newly proposed
PTP candidates [103]. Altogether, this shows a striking ability of the mitochondria to
devise mechanistic redundancies to display PTP activity when calcium homeostasis is heavily
disrupted. However, I present an alternative hypothesis that explains how calcium overload

alters the mitochondrial structure and hence function [79, 106].
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1.5 The Lesser of Two Evils: F-ATP Synthase and
ANT Mediate Distinct Permeability Pathways

A recent experiment in HAP1-A12 mitoplasts lacking the c-subunit of the F1Fo-ATP syn-
thase recorded a pore conductance of ~300 pS [107]. Mitoplasts are swollen mitochondria
that do not possess an outer membrane. The F1Fp-ATP synthase pore conductance is be-
tween 4 to 5 times lower than the currently accepted bona fide pore conductance of 1.3 —
1.5 nS and surprisingly still sensitive to BKA. The channel clamped on to in the HAP1-
A12 experiments resembled the 300 — 600 nS conductance from purified heart mitochondria.
This conductance range matched those obtained from studies using ANT enriched proteoli-
posomes [29, 31, 108]. Similarly, addition of BKA to control mitoplasts generates currents
about 300 pS which could be inhibited by CsA and ADP [61, 107]. Experiments by Carrer et
al. showed that mitoplasts were sensitive to CsA and refractory to BKA [61]. This supports
the F1Fp-ATP synthase as the pore mediating pathway. Whereas ablating subunit g, and
by extension subunit e, reflects mitoplasts sensitive to CsA but not BKA [61]. This supports
the ANT as the pore mediating pathway. Altogether, this led to a new PTP regulation
model in which pore formation occurs by, at least, two CypD-dependent pathways: 1) The
F1Fp-ATP synthase assembling the pore and, in the absence of c-subunits, 2) the involve-
ment of the ANT to assemble the pore. While the two CypD-dependent pathways involving
the F1Fo-ATP synthase and the ANT are currently the most well-supported models for the

PTP, there are other proposed mechanisms that don’t fit into these categories.
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1.6 PTP Caused by Protein Misfolding

Lemasters and colleagues proposed that the process of pore opening may involve protein
misfolding with two basic modes of operation [109]. The first mode occurs when there is
sufficient chaperone-like proteins, such as CypD, available to bind and block the conductance
generated by misfolded proteins to minimize PTP formation. The production of misfolded
proteins is triggered by severe insults, such as oxidative stress and calcium overload. Higher
levels of calcium can regulate pore opening, whereas CsA inhibits pore formation. However,
the second mode of PTP formation is unregulated and insensitive to CsA, if the number
of misfolded proteins exceeds the binding capacity of chaperone-like proteins. Overall, this
hypothesis suggests that a delicate balance exists between the binding capacity of chaperones
like CypD and the number of misfolded proteins to inhibit pore activity. When this balance
is disrupted, the unregulated and CsA-insensitive component of the pore ensues, leading to
pore opening and ultimately cell death. Although this idea of PTP regulation seems unlikely,
Lemasters et al. correctly anticipated the involvement of heat shock proteins, a large family
of molecular chaperones, in regulating pore function through cyt. c release [109]. Recent
research indicates that the heat shock protein TRAP1 might play a role in controlling PTP

opening. Despite this, the validity of this model of PTP modulation remains unproven.

1.7 Fatty Acids Alter Mitochondrial Bioenergetics and
Promotes PTP Opening

Fatty acids (FA) play a crucial role in various cellular processes, including cell signaling path-
ways, membrane composition, and energy production. Esterified FAs serve as the primary

energy storage and are a component of phospholipids. On the other hand, non-esterified
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FAs can be associated with membranes, bound to FA-binding proteins, or free. Although
FAs are an efficient source of energy production, their dysregulation can result in changes
in membrane permeability and energy coupling [106]. Recent studies have suggested that
FAs are involved in proapoptotic signaling events and PTP opening [110]. PTP activity by
FA is influenced by the number of saturations and hydrocarbon chain length. Increasing
unsaturation across the hydrocarbon chain leads to mitochondrial membrane depolarization
and cell cytotoxicity in situ [110]. This effect may be due to the ability of FAs to uncou-
ple mitochondrial respiration, which increases with the number of unsaturation and chain
length. However, the protonophoric activity, i.e., HT cycling through the IMM, of long-
chain FAs occurs over several minutes and does not significantly affect the proton motive
force [110]. This may be due to the slow movement of FAs across hydrophobic membrane
barriers, which are dependent on their protonated, unprotonated, or anionic states, and have
low permeability. The uncoupling effect of FAs has been known since 1965 when exposure
to cold conditions led to a burst of heat production in skeletal mitochondria from pigeons
[111, 112]. This is known as nonshivering thermogenesis; a process regulated by the un-
couple protein 1 (UCP1 or thermogenin). UCP1 are expressed in brown and beige adipose
tissue [113]. Other UCP homologues, including UCP2 and UCP3, have been identified in
other tissues with poorly understood roles. The uncoupling effects of FAs was later pro-
posed to occur through interactions with ANT [111]. Interestingly, adding FA to isolated
mitochondria leads to mitochondrial swelling, cytochrome c release, and OMM rupture in a
concentration-dependent manner, suggesting a potential PTP role [110]. When CsA is added
to inhibit PTP activity following FA exposure, various responses are observed in situ and in
vitro. For example, CsA-insensitivity is seen in C14-C16 FAs, whereas CsA-sensitivity is seen

in C18-C20 FAs [110]. This sets up a scenario where both FA-dependent and independent
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PTP mechanisms may be involved. Penzo and Bernardi et al. suggest that the difference on
PTP activity and cytotoxity between saturated and unsaturated fatty acids arise from their
availability for biosynthesis and esterification [110]. On the one hand, differences between
saturated FAs arise from esterification. Whereas differences between unsaturated FA may
arise from physicochemical properties, their role in signaling pathways, and the biosynthesis
process of a given FA along with its transport and delivery mechanisms [110]. To summarize,

FAs seem to play a role in PTP but requires further investigation.

1.8 The Metalloprotease SPG7 as a Regulator of the
PTP

The nuclear-encoded mitochondrial metalloprotease spastic paraplegia 7 (SPGT) is found
in the inner mitochondrial membrane and is associated with hereditary spastic paraplegic
patients with SPG7 mutations [114]. SPG7 forms homo-oligomeric complexes with the met-
alloprotease AFG3 Like Matrix AAA Peptidase Subunit 2 (AFG3L2) [22], and both proteins
are involved in IMM protein quality control [22, 115]. Furthermore, SPG7 interacts with
CypD and VDAC to promote PTP formation [114]. To identify the PTP component, ex-
perimental models of HEK293T and Hela cells silenced by short hairpin RNA (shRNA)
were developed. While mitochondria exhibited an enhanced mitochondrial calcium reten-
tion capacity, these models were not exempt from PTP opening [114]. Interestingly, cells
with shRNA of SPG7 exhibited elongated mitochondria without altered calcium handling.
However, mitochondria elongation might be attributed to AFG3L. A recent study showed
that AFG3L mutation destabilizes fusion proteins by hyperactivating specific metallopepti-

dases involved in cristae remodeling [115]. These cells displayed similar calcium retention
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to cells exposed to VDACT and CypD shRNA. Therefore SPG7 is a pore modulator rather

than a PTP component.

1.9 An Abandoned Model: Complex I and PTP Reg-
ulation

Fontaine et al. were among the first to demonstrate the involvement of complex I with PTP
[116]. In their experiments, skeletal muscle mitochondria were energized with either com-
plex I substrates (NADH-linked) or complex IT substrates (FADHg-linked), followed by the
addition of calcium in the presence or absence of CsA. The researchers recorded various mito-
chondrial parameters, such as AW,,, calcium retention capacity (CRC), oxygen consumption
rate, and pyridine nucleotide pools. The results showed that complex I substrates sensitized
the mitochondria to PTP opening, while complex II substrates did not. The authors con-
cluded that PTP opening is regulated by the rate of electron flow through complex I and
not by differences in AW,,, matrix pH, Ca2t uptake, oxidation-reduction status of pyridine
nucleotides, or production of hydrogen peroxide. These results are surprising given all of
these are hallmarks of bona fide PTP. However, inhibiting complex I activity using rotenone
inhibited the Ca2t-dependent PTP opening, and the addition of catalase suggested that
ROS are not involved in complex I substrate-dependent PTP opening [116]. The Fontaine
et al. study results show that there exist substrate-dependent nucleotide redox status. The
pyridine nucleotide pool is highly reduced with complex I substrates which could be asso-
ciated with lower oxygen consumption rates, preserved AWV,,, and enhanced CRC. Similar
effects were observed with complex II substrates; however, the authors did not provide de-

tails of the nucleotide pool redox state between the substrates. Therefore, it is unknown to
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what degree the ETS circuitry is rewired, which is relevant given that the major sources of
ROS in mitochondria come from complex I and III. This is relevant given that most studies
suggest the superoxide production is enhanced when the NAD™ pool is reduced [117-121].

Overall, this study obfuscates the already complicated regulatory landscape of the PTP.

1.10 Concluding Remarks

Throughout the 65 years of research on PTP, numerous molecular models of varying depth
and complexity have been proposed, but many have failed to withstand genetic scrutiny
while others remain unproven. Despite the confusion and difficulty in navigating the litera-
ture on PTP, understanding this phenomenon is crucial in developing effective therapeutic
interventions for diseases where PTP is prominent. The handling of calcium is a common
feature among these models and influences mitochondrial function. To seek answers, my
proposal is focused on understanding the effects of calcium-induced mitochondrial function
from a structural perspective. Recent findings suggest that cristae structure is highly dis-
rupted during calcium overload, leading to loss of function. In the following chapters, I
propose a morphological argument that links mitochondrial structure with the observed loss
of function during calcium overloaded states, potentially explaining some of the proposed

models.
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Chapter 2

Calcium Overload and Mitochondrial
Metabolism

2.1 Introduction: Mitochondrial Calcium - The Good
and the Bad

ATP is coupled to nearly every reaction in the body and is necessary for an organism’s
survival. This essential energy metabolite is primarily produced by mitochondria in a process
known as oxidative phosphorylation. Oxidative phosphorylation is regulated in a manner
that ensures the optimal rate of mitochondrial ATP production. ATP breakdown products,
ADP, and inorganic phosphate (Pi) are the most potent regulators of oxidative phosphory-
lation. That said, calcium is also an important regulator but acts as a double—edged sword
regarding oxidative phosphorylation [78, 122]. Calcium ions enter and leave mitochondria
through a variety of specialized channels and transporters in a tissue-specific manner [123].
Moreover, mitochondria possess a unique ability to accumulate massive quantities of cal-
cium in their matrix with devastating consequences [78, 122, 124, 125]. While relatively low
amounts of calcium (0 < 40 nmol/mg mitochondria) are essential for energy production,
high levels of calcium (> 500 nmol/mg) leads to the total collapse of energy homeostasis
(Figure 2.1) [126]. In between, a state known as calcium overload (40 — 500 nmol/mg),
calcium impairs oxidative phosphorylation and presumably contributes to long—term organ

dysfunction. These ranges were identified using guinea pig cardiac mitochondria, and exter-
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Figure 2.1: Calcium overload. In low amounts, calcium enhances mitochondrial function by
activating several CaZtsensitive catabolic enzymes. In moderate amounts, depressed rates
of oxidative phosphorylation become observable. In extreme amounts, mitochondria become
structurally compromised and consume ATP in a futile attempt to restore homeostasis.

nal effectors such as cyclosporin A (CsA) can modulate them [122, 127]. Thus, the regulation
of mitochondrial calcium content is of utmost importance for living tissue.

In this intermediate calcium overloaded state, ATP synthesis is inhibited by total mi-
tochondrial calcium in a titratable manner [78, 122, 128]. This inhibition is relieved after
calcium is removed from mitochondria if the total content is below 500 nmol/mg, and cal-
cium removal only partially recovers ATP synthesis capacity at higher loads [125]. Phosphate
facilitates mitochondrial calcium uptake but can ultimately lead to cell death via the mi-
tochondrial permeability transition phenomenon [125, 129]. While phosphate is thought to
act as a permeability transition inducer, it may also serve a dual purpose as a desensitizer
under certain conditions [130]. While the molecular details of the mitochondrial permeability
transition phenomenon are still debated, the current consensus revolves around the idea of
the formation of a proteinaceous pore [127, 131]. That said, the conditions required to open

this pore in vitro are extreme and would result in irreversible cell death in wvivo. Thus, it
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may not play a significant role in how calcium regulates energy metabolism in living tissue.
There are numerous review articles discussing our current understanding of this phenomenon
[132, 133]. Discussed herein, and previously by our group [122, 125], is an emerging idea
that views this phenomenon from a different perspective which involves a conceptual link

between mitochondrial ultrastructure and function.

2.2 Materials and Methods

Mitochondria isolation and protein quantification

Cardiac mitochondria were obtained from Hartley albino guinea pig hearts weighting 350
— 450 g (4 — 6 weeks old). The animals were injected with heparin (500 units/mL) in the
intraperitoneal cavity and subjected to anesthesia with 4 — 5 % isoflurane prior to guillotine
decapitation. The heart was obtained following a thoracotomy procedure and perfused with a
cold cardioplegia solution. The heart tissue was minced into ~10 mm pieces and homogenized
using a handheld homogenizer at 18,000 rpm for 20 seconds. Mitochondria were isolated
using differential centrifugation as described in [122, 125, 127]. The mitochondrial protein
quantification was performed using the BIORAD bovine serum albumin (BSA) standard set
kit and the bicinchoninic acid (BCA) assay. The mitochondrial suspension was diluted to

40 mg/mL and kept on ice throughout the duration of the experiments (4 - 5 hours).

Mitochondrial quality control

The mitochondrial respiratory control ratio (RCR) was determined using an Oxygraph 2k
(Oroboros Instrument Corp., Innsbruck, Austria) by loading 2 mL of a respiratory buffer

containing 130 mM KCIl, 5 mM KoHPO4, 20 mM 3-(N-morpholino) propanesulfonic acid
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(MOPS), 1 mM MgCls, 1 mM ethylene glycol-bis(3-aminoethyl ether)-N,N,N’ N’-tetraacetic
acid (EGTA), and 0.1 % (w/v) BSA at a pH of 7.1 and 37 °C. Before the addition of 0.1
mg/mL mitochondria, 5 mM sodium pyruvate and 1 mM L-malate (pH 7.0) were added. All
the following experiments were performed using the described conditions and buffer. The
leak state was recorded for 5 minutes following the addition of 0.1 mg/mL mitochondria.
Here, we define leak state as the rate of oxygen consumption by the mitochondria in the
presence of substrate and absence of ADP. At 5 minutes, a bolus of 500 tM ADP was added
to determine the maximum ADP-stimulated respiratory rate. The mitochondrial quality
was assessed by computing the RCR obtained by dividing the maximal ADP-stimulated
respiration rate by the leak respiration rate. Only Mitochondria with RCR values greater

than or equal to 16 met the quality criteria and used for experiments.

Calcium Effects on Mitochondrial Respiration

To assess the effects of calcium on mitochondrial function, leak state was recorded after
the addition of 5 mM sodium pyruvate and 1 mM L-malate and 0.1 mg/ml mitochondria.
At 5 minutes, water vehicle, 25 pM CaCls, or a 50 pM CaCls bolus was injected into the
oxygraphy chamber. For the zero Ca?t conditions, 1 mM EGTA was present throughout
the experiment. When the water vehicle is used, it is important to note that 4 pM residual
Ca?*t from buffer contaminants is initially present. At 10 minutes, a 500 pM ADP bolus was

injected to induce maximal ADP-stimulated respiration rates.
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Cryo—Electron Microscopy (Cryo—EM) Sample Vitrification and
Tomographic Acquisition

Isolated mitochondria were suspended at a concentration of 0.1 mg/mL in 2 mL of respiration
buffer containing 5 mM sodium pyruvate and 1 mM L-malate. At 5 minutes, water vehicle,
1 mM EGTA, 25 pM CaCls, or a 50 utM CaCly bolus was injected into the oxygraphy
chamber. For the cyclosporin A (CsA) treatment, 1 pM CsA was added to the suspension
before the addition of mitochondria. At 10 minutes, 5 pl. samples were pipetted from the
mitochondrial suspension and deposited on Quantifoil R2/2 holey carbon grids pretreated
with a Pelco EasiGlo glow discharge unit for 1 minute. The grids were set on a Vitrobot
Mark IV chamber with automated temperature regulation (4 °C), blotting (3 seconds),
and humidity control (100 %). Samples were blotted to thin the water layer, plunged into
liquid ethane, then transferred and stored in liquid nitrogen until imaging. The imaging
and tomographic acquisition was collected using a FEI Talos Artica at 200 keV in low dose
conditions on a Falcon 3EC direct electron detector with an electron dose of ~2 e-/A? per
tilt image. The tomographic images were collected at 22,000 x magnification obtaining a

final product of 4.7 A /pixel with a total electron dose of ~100 e~ /AZ.

Tomogram Alignment and 3D Reconstruction

Motion correction was performed on each individual micrograph using Motioncor2 v1.2.6
with an index factor of 7. Briefly, a cross-correlation algorithm was performed to identify
the translation and rotation of the 7 images with respect to the reference image. This
information was used to align all the images to reduce the motion blur and increase the
signal-to-noise ratio. The tilt series alignment was performed using IMOD v4.9.12 and the

Simultaneous Iterative Reconstruction Technique (SIRT) feature with 7 — 10 iterations. The
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3D reconstruction tracings were performed using IMOD (3dmod) drawing tool functionality

[134].

Statistics

All data were analyzed and plotted using MATLAB 2022a (Mathworks, Inc., Natick, MA,
USA). The data in Figure 2.4 are presented as a mean + standard deviation from at least

n > 8 independent observations.

2.3 Calcium Homeostasis, Entry, and Exit Pathways

Mitochondrial calcium homeostasis is primarily regulated by three pathways: the mito-
chondrial calcium uniporter (MCU), Nat/Ca®t /LiT exchanger (NCLX), and calcium hy-
drogen exchanger (CHE). The MCU is the dominant uptake pathway and is comprised of
a heteromeric protein complex composed of various subunits including the mitochondrial
Ca?t uptake family (MICU 1, 2, and 3), essential MCU regulator (EMRE), MCU regula-
tor 1 (MCUR1), MCU dominant negative S—subunit (MCUDb), and the solute carrier 25A23
(SLC25A23) [135]. These subunits form a complex on what appears to be an on demand
basis [135-138]. While an in—depth review on the molecular structure and function of these
subunits are beyond the scope of this mini review/perspective, we would like to refer our
readers to references [135, 136, 138]. Other pathways for Ca?T uptake including the rapid
mode calcium uptake and ryanodine receptors are also speculated to play an important role
under certain conditions [139-141]. The MCU channel has a high affinity for Ca?* (Kd <
2 nM); however, it has a low half activation constant (Kg 5 ~20 mM) [142]. In other words,

it is highly selective for CaZt but requires high levels of calcium in the millimolar range
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to activate. As a result, the MCU is less active at lower concentrations of calcium (0.1 —
1 pM) and more active at higher extramitochondrial calcium loads as defined by the Kd
[141]. The efflux pathways are primarily controlled by the NCLX and CHE. The NCLX is
an electrogenic exchanger that swaps 3 Na™ (or Li™) for 1 CaZt [143, 144]. Consequently,
this reaction is electrogenic and sensitive to the mitochondrial membrane potential. Under
physiological conditions, the CHE swaps calcium out for protons in the matrix in a manner
that is presumed to be an electroneutral ratio of 1 Ca?* per 2 HY [128]. The calcium hydro-
gen exchanger functions independently of sodium and is present at much lower activities in
tissues with high energy demand [145]. For instance, the CHE is dominant in the liver and
other relatively quiescent tissues, while NCLX is predominant in the heart, brain, and other
high activity tissues [131, 146-150]. Under basal conditions, cytosolic Ca2t concentrations
are maintained in the 100 nM range [151]. For cardiomyocytes and skeletal myocytes, the
range of global or average cytosolic Ca?t concentrations during peak contraction that mi-
tochondria are exposed to fall within 1 pM but can peak two to three times higher under
stimulatory conditions [152]. That said, some mitochondria are exposed to higher concen-
trations (~10 — 100 pM) in microdomains associated with mitochondrial-SR contact sites
[153-155]. In either the basal or stimulatory condition, intramitochondrial Ca?* levels re-
main low as long as mitochondria remain coupled [156]. This form of calcium regulation is
attributed to the mitochondrial calcium buffering system, which refers to the ability of mi-
tochondria to store large amounts of calcium in their matrix [65]. As a result, mitochondria
are particularly relevant in scenarios of calcium overload, where their ability to buffer and
regulate calcium helps maintain cellular homeostasis

This is of relevance in high—energy demand tissue as the mitochondrial membrane po-

tential, Ca2+, and Na™ are the main regulators of mitochondrial calcium homeostasis. And
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while Ca2™ uptake is very sensitive to changes in membrane potential, Ca2t efflux is less
sensitive [157]. As a result, the MCU channel can load Ca?T into the matrix at a rate far
exceeding the NCLX matrix calcium clearance (1,400 and 20 nmol Ca?* min~! mg mitochon-

L respectively) [158]. Hence, under conditions that disrupt cytosolic calcium

drial protein™
homeostasis, Ca2t uptake through MCU floods the matrix of energized mitochondria with
massive amounts of Ca2t [128]. Left unchecked, membrane potential loss precipitates a
catastrophic collapse in energy homeostasis [122, 159]. This phenomenon is often ascribed
to the permeability transition phenomenon and has detrimental consequences for cell health
and longevity [124, 129, 132, 158, 160]. This scenario places mitochondria in a vulnerable
position, leading some to view the permeability transition phenomenon as a calcium overload
release valve [104, 161]. Regardless, the mitochondria Ca?T uptake and removal processes
are highly regulated with compensatory mechanisms in place to ensure cellular homeostasis

and survivability. When such regulatory mechanisms fail, mitochondria become overloaded

with calcium, and energy homeostasis collapses.

2.4 Calcium TCA and ETC

Calcium also influences mechanisms driving mitochondrial energy production and metabolic
activity. For example, calcium regulates the activity of metabolic enzymes in the TCA cycle
including pyruvate dehydrogenase, isocitrate dehydrogenase, and a—ketoglutarate dehydro-
genase [125]. The TCA cycle generates reducing equivalents (such as NADH and UQHs)
used by the proton pumps that establish the membrane potential and alkalize the mitochon-
drial matrix relative to the cytoplasm [26]. This, in turn, biases ATP synthase away from its

more favorable ATP hydrolysis set point to an operating regime conducive for ATP produc-
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tion via oxidative phosphorylation. Therefore, in high—energy demanding tissue where cells
are constantly exposed to transient CaZt signals, calcium homeostasis is intrinsically linked
to ATP production both through the TCA cycle and oxidative phosphorylation (OXPHOS)
to regulate cellular bioenergetics. Under most conditions, the membrane potential is the
primary determinant of the ratio of matrix ATP to ADP and inorganic phosphate (i.e., the
matrix ATP/ADP/Pi ratio). As Ca?* is injected into mitochondria, matrix ATP/ADP ra-
tios decline, the membrane potential depolarizes to a degree, and matrix pH increases [160,
162]. As the matrix pH becomes more basic, dihydrogen phosphate (HoPOy ) is effectively
driven into the mitochondria in symport with HT in an electroneutral fashion. The phos-
phate carrier facilitates his symport, and when HoPO, enters the matrix, it undergoes a
deprotonation event and forms HPO?[ [163]. Under these conditions, elevated Pi levels in
the matrix facilitate the formation of calcium phosphate complexes. The formation of these
complexes involves the deprotonation of HPOE_ into the phosphate trianion (POi_) further
releasing a H™. This helps counteract the significant alkalizing effect of accelerated proton
pumping and charge replacement caused by Ca®t uptake. Overall, a slight depolarization
will alkalize the matrix pH which has the net effect of enhancing mitochondrial Ca2t se-
questration [159]. However, when the current generated by CaZt uptake exceeds the proton
pumping current, thermodynamic driving forces reverse the F1Fo ATP synthase activity
and pumps protons out of the matrix via ATP hydrolysis [126]. When ATP is hydrolyzed
from this reversal, the phosphate released can participate in phosphate precipitate formation
until ATP is exhausted and the metabolic system collapses [65, 164]. This is just one possible
scenario as ATP hydrolysis isn’t a required source of inorganic phosphate during precipitate
formation. In the presence of oligomycin, ATP synthase is inhibited and mitochondria still

possess the ability to take up massive amounts of Ca?t when sufficient Pi is present [165].
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Ultimately, when matrix Ca?t concentrations exceed a threshold level, the formation of cal-
cium phosphate precipitates in the matrix has the effect of reducing the mitochondrial free
Ca2t levels to manageable amounts via a type of buffering mechanism but at the expense

of oxidative phosphorylation capacity [78, 141].

2.5 Mitochondrial Calcium Buffering

We know that the consequences of precipitate formation operate on a spectrum (Figure
2.1), but we do not fully comprehend the mechanism. At low concentrations, calcium phos-
phate precipitates can have a protective effect. Whereas at high concentrations, precipitates
can destabilize the mitochondrial cristae network [122, 125]. This has been confirmed by
others in which mitochondria loaded with Ca2t resulted in calcium phosphate precipitates
occupying more than 20 % of the matrix volume [122]. One potential mechanism that leads
to metabolic dysfunction is that precipitates may mechanically destabilize membrane struc-
tures by disrupting proteins involved in maintaining the cristae structure [125]. Another
idea is that precipitates may serve as physical barriers limiting metabolite and substrate dif-
fusion across the matrix [78]. The regulatory characteristics of the phosphate precipitation
buffering mechanism remain enigmatic, but one concept boils down precipitate formation
to a simple thermodynamic argument [65, 164]. A second concept includes the idea that
precipitate formation requires nucleation sites [129]. Full occupancy of these sites might
dampen the extent of phosphate buffering within the mitochondrial matrix and send free
CaZt high into pathological concentrations. The unknown nature of these potential nucle-
ation sites makes it challenging to devise effective genetic and pharmacological approaches

to manipulate mitochondrial calcium buffering. Thus, further study is required to resolve
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some of these unknowns.

2.6 Potential Role of Annexins in Mitochondria

Under appropriate conditions, when the mitochondria are energized, and magnesium and
phosphate are present, adenine nucleotides are taken up with Ca2t during precipitate forma-
tion [166]. However, the mechanism as to how precipitate formation is accomplished is yet to
be elucidated but may be linked to annexins [167, 168]. These proteins consist of a multigene
family of Ca?t-regulated proteins with a calcium and lipid-binding modules known as the
core domain. Some even possess GTP/ATP binding capabilities that enhance CaZt /lipid in-
teractions [169, 170]. Their ubiquitous nature covers a variety of cellular functions including
membrane transport, membrane-domain organization, anti-inflammatory and fibrinolytic
activities, membrane repair, CaZt signaling pathways and even mitochondrial morphogen-
esis [165, 171-173]. Others have theorized that annexins can act as a “lipid patch” to aid
in injury repair [174]. And while the various annexin affinities for Ca?* are different, it was
demonstrated that increased annexin Ca2t binding is correlated with plasma membrane
repair [175]. Initially, annexins most sensitive to Ca?t are bound and as the healing pro-
cess proceeds, Ca?t concentrations increase and the annexins presented are less sensitive
to Ca?t. That said, annexins may also bind to the inner membrane and form nucleation
sites for precipitate growth [168]. In doing so, annexins can reduce free Ca?t concentrations
and prevent the activation of Ca2T—dependent degradation processes in the matrix. Hence,
annexins may be involved in signaling related to mitochondrial calcium overload, but the
extent of which is currently unknown. Perhaps the biggest question is whether annexins

are linked to the permeability transition phenomenon or the Ca2t buffering system. Hence,
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functional studies, coupled with structural assessments, looking at the expression and activ-
ity of annexins with respect to Ca2t handling in cardiac mitochondria could prove fruitful.
However, the connection between mitochondrial ultrastructure and energy transduction is
an emerging field. That said, we are still quite limited today, but cryo-EM has shed new

light on the subject.

2.7 Structure/Function Axis

Mitochondrial ultrastructure undergoes dramatic changes during metabolic perturbations or
in the presence of certain genetic modifications [176-183]. As such, calcium overload is a
way to induce mitochondrial structural modifications. The response of mitochondria to CaZt
was first reported about a half-century ago and was shown to decouple mitochondrial ATP
production in extremely overloaded states via the permeability transition phenomenon [44,
59, 60, 72, 75-77, 184-188]. A different perspective on the matter involves the incorporation
of structural information with coincident function data which is summarized in Figure 2.1.
The idea linking structure to function is not new; however, the effect of Ca2t on ultrastruc-
ture is novel and warrants further investigation. The importance of this concept is borne
out through two simple facts. The first involves matrix contracture following ADP binding
[111]. This presumably enhances energy transduction, a theory yet to be experimentally or
computationally verified. The second encompasses ultrastructural changes induced by the
presence of excess Ca2t [17, 122, 189]. From this mechanism, the intriguing phenotypes
reported in prior work can be explained by a metabolic flux imbalance caused by CaZt-
induced cristae network disruption via metabolite permeability changes induced by cristae

junction modifications. Following up on our previous modeling study [78], we have identified
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novel structural changes associated with calcium overload and treatments known to pro-
tect against its devastating effects [125]. We hypothesize that differential cristae junctional
protein processing underly the differences in these phenotypes. Figure 2.2 shows that as
the Ca2T load increases, the ultrastructural changes become more and more pronounced.
These changes in ultrastructure are responsible for depressed ATP synthesis rates [127]. In
the calcium overloaded state, the cristae network becomes “stringy”, and the matrix volume
expands with embedded Ca2t phosphate precipitates located within the matrix near cristae
junctions [122]. Intriguingly, the impact of cyclosporin A (CsA) on ultrastructure aligns
with prior work which shows that this compound causes cristae membrane condensation and
enhances metabolic flux [125, 190]. These morphological changes are independent of the
permeability transition pore [127] and require new approaches capable of demystifying the

links between membrane morphology and energy transduction.
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Figure 2.2: Mitochondrial ultrastructural changes associated with calcium overload. From
left to right, IMOD [134] 3D mitochondrial reconstructions from cryo—electron tomography
data where mitochondria were exposed to zero Ca2t, a bolus of 25 pM CaCls, a bolus of 50
nM CaCly [125], and 1 pM CsA. Calcium causes a decrease in cristae volume in a titratable
manner. CsA leads to an expanded cristae volume and altered outer membrane morphology.

While these images reveal a striking effect of calcium and CsA on the ultrastructure of

isolated mitochondria, they only provide possible explanations for the observed reduction
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of maximum rates in oxidative phosphorylation in the calcium overloaded state. One clue
lies within the Og respiratory dynamics during oxidative phosphorylation in the various

conditions.

2.8 Oxygen Utilization in the Calcium Overloaded State

Prior studies have identified that when mitochondria are in a calcium overloaded state, their
ability to oxidatively phosphorylate ADP is compromised [127, 130]. This could be due to
transient permeability transition events which decouples proton pumping from ATP synthe-
sis. Alternatively, ultrastructural changes could underly the altered respiratory dynamics
that occur during oxidative phosphorylation. One way to test this is to estimate the amount
of Og utilized per ADP phosphorylated. Estimating these values is difficult and requires the
right protocols. Since we collected our data with a different objective in mind, we developed
a suitable alternative approach. Using the information of the time derivative of the respira-
tory rate (JO2), we estimated the duration of oxidative phosphorylation in a manner that
is robust against experimental condition. The method is summarized in Figure 2.3. At
the time point when oxidative phosphorylation is winding down, there is a transition that
marks when the system is entering its final approach to a new steady state. This method
was robust with respect to environmental conditions and produced ATP/O9 ratios close to
the theoretical value. That said, the exact time or transition point in the vicinity of our
selection is not critical if the respiratory phase or transition is the same between conditions.

Figure 2.4 summarizes the effect of calcium overload on oxygen utilization during oxida-
tive phosphorylation in the absence and presence of CsA. The apparent ATP produced per

O2 consumed for each condition are shown in Figure 2.4A. This was calculated based on a
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Figure 2.3: Method used to calculate the duration of oxidative phosphorylation. The
transition is marked with an open circle and a shaded area for each condition that was used
to estimate the point the majority of the O flux switches from oxphos using the original ADP
bolus to futile ATP cycling. This ATP cycling occurs when the rate of mitochondrial ATP
eflux matches the ATP hydrolysis rate from extramitochondrial ATPase contaminants. All
mitochondrial preparations when Mg2Jr is present contain these contaminants. The arrows
point to the start and end of oxphos for each condition.

total ADP bolus of 500 pM and assuming enough is converted to ATP before ATP cycling
occurs at an appreciable rate so that a reliable estimate of O9 cost may be calculated. CsA
has little to no effect on these values; therefore, the permeability transition phenomenon is
not relevant here. As the Ca2t load increases, fewer ATP molecules are produced from the
same number of O molecules. This occurs because background cation cycling (H™, Na™,
K™, and Caz+) draws current from the electron transport pumps and thus consumes Os.
Figure 2.4B shows the estimated ATP/Og calculated using the following assumptions: 1)
Total Og cost only includes Og used for oxidative phosphorylation and O9 used to power

cation cycles. The Og consumed by the electrode is assumed to be negligible at these flux
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rates. Assuming the average excess Og utilization (waste) shown in Figure 2.4C is repre-
sentative for each calcium load, this relationship was used to correct for total O9 utilization
shown in Figure 2.4A to remove O used to run futile cation cycles during oxidative phos-
phorylation. This relationship was approximated from the actual O9 use and the theoretical
amount for the given bolus of ADP. Figure 2.4D shows how excess O9 utilization correlates
strongly with duration of oxidative phosphorylation, which supports the idea that the O
waste during oxidative phosphorylation occurs at a relatively constant, calcium load specific,
and predictable rate. Lastly, Figure 2.4E shows that after a threshold, calcium load begins
to impair oxidative phosphorylation rates and forces mitochondria to phosphorylate ADP at
a slower rate relative to when calcium is low or absent.

In addition, CsA tends to lower this duration back towards baseline, yet it did not
impact the apparent or estimated ATP/Og ratio. This effect of CsA is intriguing and is
not likely to be related to its effect on the permeability transition phenomenon (i.e., pore
gating). The effect is still present at low calcium loads, albeit very subtly. An alternative
explanation of this effect ties into the role CsA plays in modulating mitochondrial ultrastruc-
ture [125]. Cryo-EM imaging reveals that CsA leads to a more condensed cristae network
and presumably enhances energy transduction rates, and this observation lines up with the
shorter durations of oxidative phosphorylation. All that said, the inhibitory role calcium
plays during oxidative phosphorylation is becoming clearer and is still a potential target for

ischemia/reperfusion (I/R) injury and other metabolic-—related disorders.
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Figure 2.4: Analysis of Oy cost for each experimental condition. A) Observed ADP con-
sumed (ATP produced) per Og across a range of calcium loads with and without CsA.
B) Estimated ATP/O2 ratios across a range of calcium loads with and without CsA. The
theoretical PO9 value for NADH linked substrates is approximately 5.46 assuming % + 1
H™ per ATP generated and exported and 20 H™ per Og consumed. C) Calculated mean
O9 waste during the oxphos period used to correct apparent ADP per Oo data shown in
panel A to estimate the POg values shown in panel B. D) Calculated excess Og cost plotted
against oxphos duration from panel C. E) Oxphos duration estimated from data for each
condition. Color key: blue, EGTA; orange, 40 nmol/mg, yellow, 250 nmol/mg, and purple,
500 nmol/mg Ca?* condition. Data are presented as the mean 4 standard deviation for a
sample size of n > 8.

2.9 Concluding Remarks

How exactly do calcium phosphate precipitates impair oxidative metabolism? Do they di-
rectly or indirectly affect mitochondrial ultrastructure? Are the observed ultrastructural
changes causal to the reduced capacity of calcium loaded mitochondria to produce and ex-
port ATP? These precipitates have been seen in rather tame cell culture conditions [191],

but do they exist in cardiac mitochondria in living cardiac tissue? They have been found
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in infarcted cardiac tissue [192], but EM processing artifacts cannot be ruled out. As ex-
perimental techniques are limited, computational modeling is necessary to answer these
questions related to metabolic functional capacity and ultrastructural features. The results
presented herein reveal that the inhibition of oxidative phosphorylation is a calcium related
phenomenon and is not caused by a direct decoupling of energy metabolism. In the calcium
overloaded state, oxidative phosphorylation becomes rate limited by a yet to be determined
mechanism that point towards either enzyme activity changes [78], ultrastructural modifi-
cations [122; 125], or a combination of the two. As these questions are quite challenging to
answer using today’s technology, detailed biophysical modeling of this phenomenon is the
next best approach. Fortunately, several promising models [122, 193-195] are available to

establish a solid foundation from which to pursue the answer to these questions.
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Chapter 3

The Mitochondrial PTP Elucidated
by Cryo-EM: The Impact of Calcium
Overload on Mitochondrial Structure
and Function

3.1 Introduction

Mitochondria regulate cell fate through a variety of means [23, 134, 136, 190, 196]. Their
extensive networks and dynamic architecture facilitate metabolic signaling to ensure proper
cellular function and survival. Mitochondria achieve this by integrating intracellular cues
and physiological stimuli to regulate ATP production, metabolite oxidation, Ca2t signal-
ing, phospholipid and steroid hormone biosynthesis, and mitochondrial fission and fusion
processes [125, 146, 148, 197-201]. As such, mitochondria must operate under a range of
physiological conditions including transient changes in energy demand, oxidative stress, and
moderate Ca2t overload. For example, in highly metabolic organs such as heart, brain
and kidney, their response to these conditions is crucial for cell survival [202]. However,
in pathological conditions, such as during an ischemia/reperfusion event, mitochondria un-
dergo a phenomenon known as the mitochondrial permeability transition (MPT). MPT is a
gateway mechanism of cell death and involves the opening of a non-selective pore that allows

small molecules and metabolites up to 1.5 kDa in size to [2] freely diffuse across the inner
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mitochondrial membrane [203]. When the pore is open, the membrane potential (AW, is
dissipated, there is a loss of respiratory control, ATP is hydrolyzed, and osmotic swelling
occurs [196]. The swelling causes inner membrane unfolding, outer membrane rupture, and
eventually release of apoptogenic molecules, including cytochrome ¢ (cyt. c) that ends in
cell death.

While the consequences of MPT are well appreciated, the molecular composition of the
pore is currently unknown. The MPT phenomenon was first observed nearly seven decades
ago when early studies in the mid 1950’s to early 1960’s demonstrated massive mitochondrial
swelling under certain conditions [94, 188, 189, 204, 205]. These conditions involved Ca?*
overload, high inorganic phosphate concentrations, fatty acids, oxidative stress, and adenine
nucleotide pool depletion. Interestingly, acidosis, adenine nucleotides, divalent cations (e.g.,
Mg2+, Mn2t, Ba?t and Zn2+), and some metabolic cofactors [202] prevent pore opening. In
the late 1970’s, Haworth and Hunter introduced the term ‘permeability transition’ and high-
lighted two important points: 1) pore opening is triggered by Ca?™ and 2) it is closed when
Ca?T is removed from the environment [206]. Their results were later confirmed by Cromp-
ton et al. [207] who further proposed that the pore may have a protein identity with some
physiological role [196, 203, 206, 208]. Soon after, other pioneering studies demonstrated that
this phenomenon was involved in many pathophysiological diseases and conditions such as
neurological disorders, aging, response to toxins, cancer, muscular dystrophy, and ischemia-
reperfusion injury [27, 29, 202, 209, 210]. Despite the well-known effects of Ca®*t overload
on mitochondrial function, the specific details remain a mystery.

As of now, the current dogma of mitochondrial Ca?t overload is that mitochondrial
dysfunction arises from the opening of a Ca?t-dependent, free radical sensitized, and pro-

teinaceous molecular pore whose molecular identity thus far remains elusive. Unfortunately,
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efforts to identify the gene products responsible have been a rollercoaster ride of misleading
discoveries and dashed hopes [100, 211, 212]. Instead of focusing on the pore, we sought
to investigate the consequence of excessive Ca2T overload on a population of isolated mito-
chondria by analyzing cryo-electron microscopy (cryo-EM) time-course data. This powerful
imaging technique was coupled with high-resolution respirometry and spectrofluorimetry to
structurally analyze the effect of Ca®t overload on mitochondrial function. We identified a
novel mechanism that links Ca2t phosphate granule formation to cristae structural changes,
inner membrane fragmentation, and ultimately mitochondrial permeabilization. This mecha-
nism is not mutually exclusive with the current dogma as it integrates many past findings in a
concise, overarching theoretical framework. However, our new data add exciting therapeutic

targets for mitochondrial-protective therapies.

3.2 Methods

Ethical Approval

This work conformed to the National Institutes of Health’s Guide for the Care and Use of
Laboratory Animals and was approved by Michigan State University’s Institutional Animal

Care and Use Committee.

Mitochondria Isolation and Protein Quantification

Cardiac mitochondria were isolated from guinea pig hearts using differential centrifugation
as described in Wollenman et al. [213] Briefly, Hartley albino guinea pigs weighing 350 — 450

g (4 — 6 weeks) were injected with heparin (500 units/mL) into the intraperitoneal cavity to
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prevent blood clotting during the cardiac mitochondrial isolation. Before heart removal, the
animals were deeply anesthetized with 4 — 5 % isoflurane. Prior to decapitation by guillotine,
a noxious stimulus (paw pinch and eyelid reflex) confirmed the animals were fully sedated.
After decapitation, a thoracotomy was performed. The heart was then perfused with cold
cardioplegia solution and homogenized as described previously [213]. Mitochondrial protein
content was quantified using the BIO-RAD Bovine Serum Albumin (BSA) Standard Set Kit
and the BCA assay. The mitochondrial suspension was diluted to a working concentration
of 40 mg/mL and kept on ice for the duration of the experiment (4 — 8 hours). Substrate

stock solutions were neutralized to pH 7.0.

Mitochondrial Quality Control

The mitochondrial quality was determined using an Oxygraph 2k (Oroboros Instruments
Corp., Innsbruck, Austria) under constant stirring. The O2k chambers were loaded with 2
mL respiratory buffer containing 130 mM KCI, 5 mM KoHPOy4, 20 mM MOPS, and 1 mM
MgClg, 1 mM EGTA, 0.1 % (w/v) BSA at a pH of 7.1 and 37 °C. All subsequent experiments
were done using this buffer and temperature. At 0 mins, 5 mM sodium pyruvate and 1 mM
L-malate were added followed by 0.1 mg/mL mitochondria. Here we defined leak state as
the rate of oxygen consumption by mitochondria only in the presence of substrates. At 5
mins a bolus of ADP (500 uM) was added to induce maximal ADP-stimulated respiration.
Quality was assessed by computing the respiratory control ratio (maximal ADP-stimulated
rate divided by the leak rate). Only mitochondria with an RCR value greater than or equal

to 16 were used in the experiments.
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Ca?t Contamination and Buffer Ca2* Measurements

The amount of contaminating Ca®T present in the respiratory buffer was 4.0 uM + 0.43 uM
which comes from reagent impurities [213]. This was measured using a perfectlONTM a2+
selective electrode (Mettler Toledo, Columbus, OH). Results were further confirmed using 1
puM Ca2t fluorescent indicator Ca?t Green 5N (503 nm excitation and 531 nm emission)

using an Olis® DM245 spectrofluorimeter (Olis, Inc., Bogart, GA, USA).

Ca’" Effects on Respiration and Oxidative Phosphorylation

CaZt effects on mitochondrial leak and ADP-stimulated respiration were determined by
quantifying changes in leak and ADP-stimulated respiration rates after a Ca2t challenge in
the presence or absence of cyclosporin A (CsA). At 0 mins, 5 mM sodium pyruvate, 1 mM
L-malate, 1 pM CsA, 0.1 mg/mL mitochondria were injected into each 2 mL chamber con-
taining respiratory buffer. At 5 mins, a Ca?® bolus of either 75 or 100 M Ca2T chloride was

injected. At 10 mins, 500 uM ADP was added induce maximal ADP-stimulated respiration.

Mitochondrial Swelling Assay

Mitochondrial swelling was quantified by measuring absorbance at 540 nm using an Olis®
DM245 spectrofluorimeter with a dual-beam absorbance module. At 0 mins, 5 mM pyruvate
and 1 mM L-malate was added to a polystyrene cuvette with respiration buffer containing 1
uM CsA followed by the addition of 0.1 mg/ml mitochondria. At 5 mins, a 75 or 100 uM
Ca2* chloride bolus was added and the absorbance was recorded for a total of 15 mins. The
minimum absorbance signal was determined by adding the uncoupler FCCP (1 gM) and the

channel forming peptide Alamethicin (10 pg/mg). To normalize the raw traces, we used the
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minimum absorbance value followed by the absorbance just before the addition of a Ca2t

bolus.

Ca’* Uptake Dynamics

Ca?t uptake dynamics were quantified using the fluorescent dye, Ca?T green 5N (CaGrbN).
Fluorescence was measured using an Olis® DM245 spectrofluorimeter. The dye was excited
at 506 nm and the emission recorded at 531 nm. To minimize variability in dye concentration,
1 uM CaGr5N was added to 50 mL stocks of respiration buffer as opposed to adding small
volumes to the 2 mL assay volume. At 0 mins, 1 uM CsA, 5 mM sodium pyruvate and 1 mM
L-malate, and 0.1 mg/mL mitochondria were added to a polystyrene cuvette. At 5 mins, a
bolus of either 75 or 100 uM Ca?* chloride was added and the fluorescence was recorded for

15 mins.

Cryo-EM Sample Vitrification and Imaging

Isolated mitochondria were suspended at a concentration of 0.1 mg/mL in 2 mL respiration
buffer with 5 mM sodium pyruvate and 1 mM L-malate. At the collection times indicated,
5 pli samples were pipetted from the mitochondrial suspension and deposited on Quantifoil
R2/2 Holey Carbon grids that had been plasma-cleaned for 20 seconds using a Fischione
Instruments model 1020 plasma cleaner. Grids were blotted to thin the water layer, and
subsequently plunged into liquid ethane at room temperature using a manual plunge-freezing
device (Michigan State University Physics Machine Shop). Grids were then transferred and
stored in liquid nitrogen until imaging. Data for the 75 uM Ca2* chloride experiments were

collected in the cryo-EM facility at the University of Pittsburgh School of Medicine using
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an FEI Polara G2 cryo-electron microscope with a field emission gun operating at 300 kV at
nominal magnification of 9,400x with a post-column magnification of 1.4x to obtain a ~12
- 10 A/ pixel resolution. Images were recorded on a FEI Falcon 3 direct electron-detecting
camera. Data for the 100 pM Ca2t chloride experiments were collected in the cryo-EM
facility at the University of Pittsburgh School of Medicine using a FEI TF20 cryo-electron
microscope with a field emission gun operating at 200 kV. The images were collected using
a nominal magnification in the range of 5,000x on a TVIPS XF416 CMOS camera with a
post-column magnification of 1.4x to obtain a 22 A /pixel resolution. At these magnifications,

the electron dose (e-/A?) is low enough to avoid significant sample destruction.

Ca’t Phosphate Granules, Posner’s Clusters, and Mitochondrial

Structure Quantification

The program EMAN2 [163] was used to quantify the total number of granules for each mito-
chondrion under each condition from TEM images. A total of 1345 individual mitochondrial
images were acquired in the presence and absence of CsA for two Ca?t treatments. For the
75 M Ca?*t chloride treatment, there were 235 images of control mitochondria and 645 im-
ages of CsA-treated mitochondria. For the 100 uM Ca?* chloride treatment, there were 231
images of control mitochondria and 234 images for CsA-treated mitochondria. Mitochon-
drial and phosphate granule diameters were computed from three averages of two diagonal
and one horizontal diameter measurement. Pixel resolution was converted to nanometers
based on the magnification level. The fractional area that the Ca2t phosphate granules
occupy per mitochondrion was calculated by multiplying the number of granules within a
mitochondrion times the sum of all the granule areas divided by the area of the mitochon-

drion (Ngmnufz;fgogm”mes). The Ca®t phosphate nanoclusters (n = 227) were determined
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by measuring the electron-dense regions located within the granules using ImageJ (NIH,

Bethesda, MD, USA).

Statistics

The Shapiro-Wilks test was used to confirm data normality. All data were analyzed and
plotted using MATLAB 2019a (Mathworks, Inc., Natick, MA, USA). The data in Figures
3.1, 3.2, and 3.3 (n = 3 — 4) and stats presented for the CaZt phosphate nanoclusters
are presented as mean + standard deviation. Mitochondrial images with Ca?® phosphate
granules were only included for the histogram analysis (n value in the figures). To assess the
statistical significance of the differences between the distributions of control and CsA his-
tograms, a two-sample Kolmogorov-Smirnov test was performed (see Supplemental Table
A.2 for the analyses). For the respirometry data at 75 pM and 100 pM CaClsp, a Levene’s
test was conducted to assess the equality of variances between the two group and followed
by a t-test was used to compare the CsA treatment with the control group. A p value of
<0.01 was assumed to be statistically significant. An n-way ANOVA was run to determine
significant effects between treatments at various Ca®t loads and different time-points. A p

value <0.05 was assumed to be statistically significant.

Reagents

All reagents were purchased from Sigma-Aldrich unless otherwise stated. Ca2t Green™

5N hexapotassium salt was purchased from Thermo Fisher Scientific.
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3.3 Results

Respiratory Inhibition by Ca?" Overload is Reversible in Low-to-
Moderate Ca?t Overload

While mitochondrial Ca?* concentrations lower than 100 nmol Ca?* /mg mitochondria sup-
ports ATP production [125, 199, 214], levels above 500 nmol /mg mitochondria depress oxida-
tive phosphorylation [78, 151, 215, 216]. In one of these studies, it was proposed that CaZt
phosphate precipitates form in the mitochondrial matrix at high Ca?t loads and reduce
ATP production rates by either impeding metabolite transport and diffusion or destabilizing
cristae, the functional units of mitochondria. However, the lasting effects of significant Ca2t
accumulation were not explored in either of these studies. To test this, we monitored mito-
chondrial respiration rates following the addition of the Ca®t chelator EGTA under various

Ca2t boluses in the range of 0 to 500 nmol/mg as shown in Figure 3.1.
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Figure 3.1: EGTA rescues mitochondrial function at low-to-moderate Ca?T loads but not
high loads. (A) Representative traces of ADP-stimulated respiration from Ca’t loaded
mitochondria following the addition of EGTA. Mitochondria (0.1 mg/mL) were energized
with 5 mM sodium pyruvate and 1 mM L-malate and exposed to various Ca2t boluses (0,
12.5, 25, and 50 puM). Five mins after Ca?t uptake, 1 mM EGTA was added to chelate all
Ca?t in the system. Following an additional 5 mins, a bolus of 500 uM ADP was added to
induce maximal ADP-stimulated respiration. (B) ADP-stimulated mitochondrial respiration
is recovered after EGTA addition for all but the 50 M Ca2% bolus. Data are presented as
mean + standard deviation for a sample size of n = 4. Statistical comparisons are made
with respect to 0 uM Ca2t. * represents a p value less than 0.01.
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The results in Figure 3.1 show that the inhibitory effect of Ca?* overload is reversible
for all but high Ca®t loads. As expected, the respiratory rates — the amount of oxygen
consumed per mitochondrial content at a given time — before Ca?t addition were equal
across conditions. After a transient increase in respiration due to Ca2t uptake, respiration
remains elevated because of the activation of Ca?t-sensitive matrix dehydrogenases and
sodium/ Ca?t cycling. When 1 mM EGTA was added to chelate buffer Ca?T, the ADP-
driven respiratory rates were similar across all conditions except for the highest dose tested.
These results suggest that when Ca2t overload exceeds a certain threshold, mitochondrial
oxidative phosphorylation is irreversibly inhibited. This effect does not involve mitochondrial
calpains [78] and may involve some sort of structural change that lowers ATP production
rates. Thus, the effect of Ca®t overload lies on a spectrum whereby higher levels of Ca2t

result in detrimental changes in mitochondrial bioenergetic pathways.

CsA Preserves the Mitochondrial Function Under High Ca?* Loads

We then measured mitochondrial respiratory rates during excessive Ca2t overload by adding
a 75 pM or 100 pM Ca?T bolus in the presence or absence of CsA, a known PTP inhibitor
(Figure 3.2A and 3.2B). In agreement with results from Figure 3.1, increasing the extent
of Ca2t overload impairs oxidative metabolism. However, the depressive effects of Ca2t
on ADP-stimulated respiration is much more severe at these higher doses. The respiratory
rate after ADP addition drops below 50 nmol O2/mg/min after the 75 uM CaCly bolus and
drops below 20 nmol O2/mg/min for the 100 uM CaCly bolus. When CsA was present,
this Ca?t-dependent inhibitory effect is partially mitigated with the rate reaching nearly
320 nmol Og/mg/min after the 75 puM bolus and 280 nmol Og2/mg/min for the 100 M

bolus. These results are statistically significant as shown in the Supplemental Table A.2.
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Therefore, as others have found, CsA partially preserves mitochondrial function in the face
of overwhelming Ca2t overload (143, 175, 211, 217, 218]. This effect is typically attributed
to the ability of CsA to inhibit PTP opening; however, our structural data shown in the

following sections suggest the existence of a novel protective effect of CsA.
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Figure 3.2: CsA preserves ATP synthesis, increase the absorbance, and enables CaZt
uptake in a Ca?t dependent manner. (A) and (B) The addition of 1 pM CsA prevented
a near-total collapse of ADP-stimulated respiration after a bolus of 75 or 100 utM CaCls.
Mitochondria were energized as described in Figure 3.1. (C) Mitochondrial swelling was
monitored in parallel by quantifying absorbance at 540 nm. Large amplitude swelling was
only observed in the 100 pM Ca2* bolus group when CsA was absent. (D) Experimental
conditions for CaZt uptake were similar except these experiments were performed in a cuvette
open to atmosphere and tracked using CaGr5N (1 uM). In the absence of CsA, both Ca2t
boluses were not completely taken up by the mitochondria. In some instances, mitochondria
can uptake Ca2t followed by release as shown after the addition of a 75 1M CaCly bolus.
In contrast, CsA enables near-complete Ca2t uptake of either bolus. Data are presented as
mean + standard deviation for a sample size of n = 3 — 4.

In addition to the respirometry studies, mitochondrial absorbance data obtained in paral-
lel (Figure 3.2C) shows that only the 100 M Ca?* chloride bolus elicited large amplitude

swelling, a classic indicator of mitochondrial permeability transition [219]. In contrast, the
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addition of a 75 uM Ca®*t chloride bolus induced an increase in absorbance due to the for-
mation of Ca2t phosphate granules scattering light at this wavelength [220]. The gradual
decrease in absorbance that follows is attributed to mitochondria fragmenting over time in
response to the Ca2T insult. For both CsA-treated groups, the Ca2t-dependent increase
in absorbance was sustained followed by a much slower decrease. However, the decrease
in signal is not due to mitochondrial fragmentation but rather due to the inner membrane
reorganization and matrix expansion [26, 191]. This phenomenon is discussed in latter sec-
tions of this report when classifying CsA-treated mitochondria. These results are similar to
findings from a recent study that looked at the effects of the mitochondria-targeting peptide
SS-31 on reducing infarct size of reperfused ischemic hearts [171]. In that study, the changes
in absorbance after CsA treatment following addition of Ca?T chloride are very similar to
our results.

Our interpretation of the absorbance data is supported by our CaZt uptake data shown
in Figure 3.2D. These data also demonstrate the profound beneficial effects of CsA on
mitochondrial Ca?t sequestration. When CsA was absent, mitochondria were not able to
maintain Ca2t homeostasis and Ca?t was released into the buffer. For the 75 M CaZt chlo-
ride challenge, this release was gradual and suggests there is a snowball-like effect in which
mitochondria with lower Ca2t tolerances release their Ca2t loads and force other mitochon-
dria to take up even more Ca®t [125, 203, 221]. This results in additional mitochondria
losing their ability to retain Ca?t, and the process repeats until the entire mitochondrial
population is compromised. In contrast, mitochondria were not able to effectively take up
and store the 100 uM Ca®t bolus at all when CsA was absent. This level of Ca?t overload

is sufficient to rapidly compromise the entire population in short order.
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The Effects of Ca?t Overload on Mitochondrial Ultrastructure

To capture mitochondria undergoing MPT during Ca?™ overload, we used the sampling
scheme shown in Figure 3.3. These samples were drawn from a cuvette of isolated mito-
chondria at the indicated time points and subsequently vitrified in liquid ethane and imaged
using cryo-EM. A total of 1345 cryo-EM images were analyzed and organized by sample
time-point; before adding Ca?* (t0) and 1.5 mins (t1), 4 mins (t2), and 10 mins (t3) after

adding a Ca2t bolus.
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Figure 3.3: Cryo-EM sample collection protocol and time-points. (A) For the 75 uM CaClg
bolus, 5 pul of the mitochondrial suspension were collected and deposited on the Quantifoil
holey-carbon grid at 5 mins just before Ca2t addition (t0), approximately 1.5 mins after
Ca2t addition (t1), 4 mins after Ca®t addition (t2), and 10 mins after Ca®t addition (t3).
(B) For the 100 M CaCls bolus, the mitochondrial suspension was sampled at t1 and t3. In
all conditions, mitochondria (0.1 mg/mL) were energized with 5 mM sodium pyruvate with
1 mM L-malate. (C) The effect of Ca?* in the presence or absence of CsA was quantified
for each time-point. In the absence of CsA, mitochondrial respiration decreases dramatically
as a function of time and the effect is exacerbated at greater Ca?t loads. In the presence
of CsA, mitochondrial respiration was maintained. Data are presented as mean + standard
deviation for n = 3 — 5 biological replicates.

We found that many mitochondria shared certain features at each time point and grouped
them into 5 stages based on morphology and structure. Each stage represents the transition
leading towards complete fragmentation and loss of function in the context of Ca2® phos-
phate granules abundance, growth, outer membrane rupture, cristae integrity, and inner

membrane fragmentation (Table 3.1). These panels represent the typical process induced
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by a 75 uM bolus of Ca?t in a population of isolated mitochondria.

Stage | Characterization n
1 Rounded mitochondria, intact IMM/OMM with small or no granules present | 33
2 Large granules are present, initial localized OMM rupture, altered OMM | 59

morphology
3 OMM partially or completely lost, IMM evisceration begins, granules dis- | 48
solve
4 Significant IMM fragmentation, granules mostly dissolved 69
5 Complete IMM fragmentation and granules completely dissolved 65

Note: IMM - inner mitochondrial membrane; OMM - outer mitochondrial membrane.

Table 3.1: Mitochondrial Stages of Permeabilization Inferred from Structural Data

Figures 3.4 shows the effects of calcium on mitochondria. Adding a 75 uM calcium bolus
induces the formation of calcium phosphate granules in the mitochondrial matrix, as seen in
representative images from stages 1-4. The lighter circle is the hole of the Quantifoil carbon
grid. Mitochondria typically adhere to the carbon support film that is made hydrophilic
after plasma treatment, so they are often either entirely on the carbon or half-on and half-off
as shown in these images. The images from stage 2-4 contain ice contamination. These ice
crystals appear as dark spots with a white fringe or halo outside and below or to the side of the
mitochondria. These are easily distinguishable from CaZt phosphate granules located in the
mitochondrial matrix. Mitochondria in stage 1 have intact inner and outer membranes and
are typically round (Figures 3.4A and Supplemental Figure A.1). Cristae structures
in this set of images are hard to distinguish; however, some are identifiable. Before the
addition of a Ca2t bolus mitochondria are smaller and their inner and outer membranes
remain intact as shown by the insets in Figure 3.4B — D. The number of Ca%t phosphate
granules is relatively low with sizes averaging less than 100 nm in size. After the addition
of 75 pM Ca2™T chloride, mitochondria begin to fragment and lose bioenergetic competency.

The beginning of this process is characterized by stage 2 (Figures 3.4 and A.2).
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Figure 3.4: Ca?t induces Ca?T phosphate granule formation, OMM rupture, and IMM
evisceration. (A) Representative images of mitochondria from stages 1-5 show Ca?t. Scale
bars: 250 nm. The insets for Stage 1 histograms (B-D) were calculated from images collected
before a 75 pM Ca2t bolus, where granules resulted from ~4 pM Ca2t contamination. A
75 pM Ca®* bolus leads to larger, abundant granules. (B-D) Mitochondrial size and Ca®*
phosphate granule number and size were quantified. Mitochondrial size is constant, and
granule abundance decreases by stage 4. Granules dissolve following IMM fragmentation
and loss of AW,,. n represents the analyzed images per stage. Histogram data represents
only mitochondria with granules. Arrows point to CaZt phosphate granules.

In this stage, regions of localized outer membrane rupture are observed and are always
accompanied by the appearance of Ca2t phosphate granules. While the size of granules
within a mitochondrion does not vary significantly, differences between mitochondria are
common and noticeable (Supplemental Figure A.3). During the transition from stage

2 to stage 3, outer membrane definition is lost and the inner membrane is released. The

inner membrane also begins to fragment in this stage. In some instances, CaZt phosphate
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granules are still present indicating that the inner membrane is still energized. However, there
are also images of this stage showing granules in the middle of dissolution (Supplemental
Figure A.4), so this stage is when depolarization begins. Unexpectedly, the granules appear
to dissolve from the inside out. In stage 4, the outer membrane is almost entirely gone,
and inner membrane is extensively fragmented. Stage 5 is characterized by the complete
fragmentation of the mitochondrial inner membrane and is the dominant stage at the 15
min time point. In this stage, mitochondria are deenergized and contain no Ca?t phosphate
granules. Therefore, Stage 5 mitochondria was excluded from the analysis.

Interestingly, there were no large differences in mitochondrion sizes between the time
points (ranging 500 — 3000 nm with mean values ~1400 nm), but there were some clear
differences in the size and number of granules (Figure 4.4A — D). As mitochondria tran-
sition from stage 1 to stage 3, the increase in absorbance shown in Figure 3.2C is caused
by the increases in numbers and sizes of Ca2t phosphate granules. In fact, the number of
Ca?t phosphate complexes per mitochondrion reaches a maximum by stage 3 and decreased
in the following stage as shown in Figure 4.4C. The decrease in size and abundance by
stage 4 is due to more complete mitochondrial permeabilization and fragmentation. Hence,
for the first time to our knowledge, the MPT phenomenon now has direct visual confirma-
tion of the processes proposed to occur. However, our results elucidate a mechanism that
pinpoints cristae remodeling and inner membrane fragmentation as the key determinant of

mitochondrial dysfunction as discussed further below.

CsA Preserves the IMM, Promotes Granules of Greater Size, and

Increases their Abundance

Next, we repeated the calcium overload imaging experiments in the presence of CsA
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to understand how mitochondrial respiration and calcium handling were preserved from an

ultrastructural perspective (Figure 3.5 and Supplemental Figure A.5).
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Figure 3.5: The effects of CsA on mitochondrial morphology and calcium-induced calcium
phosphate granule formation. The images were taken before the addition of a 75 pM calcium
bolus (t0) in the presence of 1 pM CsA. (A) Four classes of CsA-induced mitochondrial mor-
phological changes are described in Table 3.2. (B) The mitochondrial size was significantly
greater in the absence of CsA before the addition of calcium, but not after its addition (see
Supplementary Table A.2). Furthermore, the group treated with CsA exhibited signif-
icantly larger and more calcium phosphate deposits compared to the control group before
the addition of calcium, but not after (see Supplementary Table A.2). The scale bars
are 250 nm. In this study, the scale bars used to represent the images were set at 250 nm. A
total of 33 and 60 images were analyzed for the control and CsA groups, respectively, before
the addition of calcium (t0), while 8 and 37 images were analyzed for the control and CsA
groups, respectively, after calcium was added.

Similar to control mitochondria, CsA-treated samples were grouped into 4 classes based
on morphology (Table 3.2). However, the classes are not related to a sequence of events like
the stages, rather they are descriptive. Many of the images showed normal looking mitochon-
dria with well-defined inner and outer membranes. These are class 1 mitochondria. Some
of these mitochondria contained granules caused by uptake of low levels of contaminant cal-
cium. In addition, some mitochondria had a condensed inner membrane that was sometimes

localized to one side of the mitochondrion. These electron-dense regions are presumably
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area of high cristae density. Interesting, some images showed mitochondria with the outer
membrane ruptured with the inner membrane partially or more completely ejected from the
mitochondrion. These mitochondria are classified as class 2 mitochondria. In other images,
mitochondria were clustered together and are defined as class 3 mitochondria. Lastly, after
the calcium treatment, images revealed mitochondria with no outer membrane, large calcium
phosphate granules, and the inner membrane spread across the carbon grid. These mito-
chondria are classified as class 4 mitochondria. Because of morphological changes induced by
CsA and calcium addition, the sizes of these mitochondria are larger than mitochondria in
the other classes. In addition, mitochondria in this class had granules of heterogeneous sizes
between but rarely within a single mitochondrion (Supplemental Figure A.6). Despite
these radical changes in ultrastructure, the mitochondria remain functionally competent as
shown in Figure 3.2. The best explanation for this observation is that the cristae junctions

and inner membrane integrity is preserved by the CsA treatment.

Class | Characterization n
1 Intact mitochondria with defined OMM and condensed OMM =+ granules 215
2 IMM ejection 48
3 Clustered mitochondria 81
4 IMM spread out but intact with granules present 219

Note: IMM = inner mitochondrial membrane, OMM = outer mitochondrial membrane.

Table 3.2: Mitochondrial Classes of Inferred After CsA Treatment

The results showed that before the addition of calcium (t0), the average mitochondrial
size, abundance, and size of calcium phosphate granules per mitochondrion are significantly
lower and smaller in the presence of CsA compared to the control group (see Figure 3.5).
Specifically, the average size of control mitochondria was 1319 4+ 550 nm (n = 33), the average
granule size was 68 £+ 14 nm (n = 33), and the average number of granules per mitochondrion

was 9.7 &+ 3.1 (n = 33). In contrast, the average size of CsA-treated mitochondria was 1180
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+ 400 nm (n = 60), the average granule size was 55 £ 16 nm ( n = 60), and the average
number of granules per mitochondrion was 5.1 + 2.3 (n = 60) (Supplemental Figure
A.12. Although noticeable differences were observed following calcium administration (t3),
these differences were not statistically significant (see Supplemental Table A.2). At t3,
the average mitochondrial size for control mitochondria was 1473 4+ 530 nm (n = 8), the
average granule size was 90 £+ 22 nm (n = 8), and the abundance was 18.0 £ 4.3 (n = 8)
per mitochondrion, while the CsA-treated group had an average mitochondrial size of 1625
+ 400 nm (n = 37), an average granule size of 102 £ 36 nm (n = 37), and an abundance
of 26.0 + 5.1 (n = 37) per mitochondrion (Supplemental Figure A.12). Notably, only a

small number of control mitochondria survived until the last time point (see Figure 3.5C).

Mitochondrial Membrane Fragmentation Occurs More Rapidly at
Greater Ca’' Loads but is Mitigated by CsA

Seeking to understand the observed large amplitude swelling for the control group after
the addition of a 100 pM calcium chloride bolus, 8 images of intact control mitochondria
were collected after a 100 ntM calcium bolus addition. Most of the images displayed outer
membrane rupture at multiple regions suggesting a rapid expansion of the inner membrane
compared to the 75 pM calcium bolus (Figure 3.6 and Supplemental Figures A.7 and
A.8). Thus, at this high of a calcium bolus, the morphological changes were caused by what
appears to be bona fide permeability transition pore opening. As expected, CsA prevented
this rapid expansion and led to the formation of numerous and large calcium phosphate
granules. This effect was observed consistently in all 33 intact mitochondrial images that
were analyzed. Without CsA, the size and abundance of the granules were noticeably de-

creased (Figure 3.6B and Supplemental Figure A.12). While there were no differences
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in mitochondrion sizes between treatments shortly after calcium addition (1315 + 370 nm
(n = 17) vs 1487 + 380 (n = 68)), the average control mitochondrial size decreased to 1163
+ 440 nm (n = 12) in the last time point (Figure 3.6C and Supplemental Figure A.12). In
contrast, the average CsA-treated mitochondrion size increased to 1710 &+ 440 nm (n = 83).
The average number of granules in control mitochondria as a function of time was reduced
from 9.6 + 3.1 (n = 17) to 6.6 £ 2.6 (n = 12). The average size of these granules marginally
increased from 84 £+ 32 (n = 17) to 90 £ 37 nm (n = 12). The average number of granules
in CsA-treated mitochondria increased from 46.1 + 6.8 (n = 68) to 107 £+ 10 (n = 83) with
average sizes increasing from 121 + 21 (n = 68) to 133 £ 28 nm (n = 83). These values are
greater compared to the values measured after a 75 pM calcium bolus was given. This is
consistent with CsA increasing calcium accumulation and preserving mitochondrial function
even at these high calcium loads. However, the oxygen consumption rate after the 100 pM
calcium bolus was significantly lowered compared to the 75 nM calcium bolus (Figure 3.2A
and 3.2B). Hence, we conclude that calcium induces irreversible effects on mitochondrial
function and CsA, although not entirely protective, delays complete loss of function and

allows more calcium uptake.

Calcium Phosphate Deposits are Composed of Smaller Structural
Units

Calcium phosphate complexes are considered the main component of the mitochondrial
calcium sequestration system [78, 164, 222]. Pioneering studies by Posner and others sug-
gested that amorphous calcium phosphate consists of many smaller spherical elements with
a chemical composition of Cag(POy)g [223-226]. These elementary calcium phosphate units

were named as Posner clusters with a diameter ranging from 0.7 to 1.0 nm [226]. In the
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Figure 3.6: At extreme calcium loads, CsA preserves the IMM. Representative images
before a 100 pM CaCly + 1 pM CsA. (A) Granules of various sizes between but not within
a mitochondrion are observed following a 100 pM CaCly bolus. Membrane rupture ensues
in control mitochondria in multiple location as shown by the arrows. However, mitochon-
dria treated with CsA were protected. (B) There are no differences in the mitochondrial
size following Ca?T addition between control and CsA-treated mitochondria at t1 (see Sup-
plemental Table A.2). (C) At 10 mins following a CaCly bolus, the mitochondrial and
granule size and number become larger following CsA treatment. The opposite is true for
control mitochondria due to membrane fragmentation and evisceration. A total of 17 and
68 images were analyzed for the control and CsA groups, respectively, shortly after the addi-
tion of calcium (t1), while 12 and 83 images were analyzed for the control and CsA groups,
respectively, 10 minutes after calcium was added (t3). Scale bars are 250 nm.

present study, we lack the image resolution to resolve individual Posner clusters. However,
our data show that the calcium phosphate granules are composed of highly electron-dense
regions that resemble Posner clusters stacked together forming a higher order granule struc-
ture as shown in Figure 3.7. Our data also reveal that these structures are independent of
CsA treatment or sampling time with the only major difference between clusters being their
size. Assuming that these higher order granule structures are packed in a body-centered
cubic lattice, the volume fraction of solid calcium phosphate is approximately 70 %. Com-

puting the total volume fraction of these granules by multiplying the volume of individual
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granules and their numbers per estimated mitochondrial volume (based on measured diam-
eters and approximate thickness of 300 nm) gives an average volume fraction of 0.025. The
thickness is a constraint applied after thinning the water layer before vitrification. Then by
assuming a Posner cluster volume of 0.32 nm?, the average calcium load per mitochondrion
is 796 nmol/mg. To convert from mitochondrial volume to mitochondrial mass, we used the
estimate of 6x10° mitochondria/mg reported in Beavis and Garlid [191]. This value, 796
nmol/mg, is strikingly similar to the expected value of 750 nmol/mg calculated from the
calcium uptake data shown in Figure 3.2D. Thus, these images yield expected values of
calcium uptake and show the overwhelming majority of calcium taken up by mitochondria

is stored in these calcium phosphate granules.
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Figure 3.7: Calcium phosphate granule structure. (Left) Representative images of calcium
phosphate granules for each calcium condition in the presence or absence of CsA shows near
identical structure. (Right) Each granule consists of many individual electron-dense calcium
phosphate nanoclusters with a diameter of 5.3 + 2.1 nm. Scale bars are 25 nm.

While most of the isolated mitochondria contained calcium phosphate granules following
the calcium addition, a few did not. There are two possible explanations for this phenomenon;
either this group of mitochondria is 1) de-energized preventing calcium uptake or 2) they
lack mitochondrial calcium uniporters (MCU). Based on the following statistical arguments,

the latter is a more likely explanation. Assuming there are 40 MCUs per mitochondrion
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[125] with an estimated standard deviation of 20, the probability of randomly selecting a
mitochondrion without an MCU channel is 2.3 %. This corresponds to 11 mitochondria
in our total set of 502 images. In agreement with this estimation, our data show that 17
mitochondria do not possess granules after either calcium bolus was given which corresponds
to 3.4 % of the number of mitochondria imaged. This percentage is independent of treat-
ment with 3.5 % of control mitochondria and 3.6 % of CsA treated mitochondria without
any calcium phosphate granules. These results also match the respirometry data given in
Figure 3.2 whereby even after a large bolus of calcium chloride, some mitochondria are
bioenergetically competent and synthesize ATP after the ADP bolus. Assuming that the
boluses of calcium were enough to elicit MPT in the mitochondria with an MCU channel, the
measured ADP-stimulated respiratory rate increase must be due to mitochondrial lacking
an MCU. In line with this observation, the maximum ADP-stimulated respiratory rate for
each calcium treatment relative to the maximum rate without calcium (as shown in Figure
3.2),is 11.1 % + 4.6 (n = 3, p = 0.0007) and 6.9 % + 1.4 (n = 3, p = 0.00004) for the 75
pM and 100 pM calcium bolus, respectively. These values are strikingly close to the value

estimated from the imaging data.

A New Sequence of Events that Leads to Mitochondrial Dysfunc-
tion

The current leading hypothesis of calcium-induced mitochondrial dysfunction involves
the peptidyl-prolyl cis-trans isomerase, cyclophilin D (CypD), interacting with as yet to be
identified inner membrane proteins to form the permeability transition pore [132, 139, 207,
211, 227]. When open, the pore results in sustained membrane depolarization, large ampli-

tude swelling, and calcium release [149, 206], and loss of mitochondrial respiratory control.
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However, CsA can bind to CypD and sequester it so that its interaction with its target is
prevented [143]. However, CsA is not fully protective. It is thought that it only increases the
calcium threshold required to open the pore. This idea is based on studies that show CsA
increases the calcium retention capacity by nearly 3-fold [220]. While an attractive hypoth-
esis, this model has problems that are easier to explain using a different mechanism. As an
alternative, we propose a novel mechanism of action whereby CsA enables robust calcium
accumulation in the context of promoting calcium uptake and calcium phosphate granule for-
mation. This mechanism involves the interaction between putative CsA-regulated proteins,
and cristae structural proteins to preserve the inner membrane intactness. While the calcium
phosphate granules may induces changes in morphology by mechanically disrupting mem-
branes, it is plausible that free calcium interacts with proteins regulating inner membrane
and cristae maintenance (namely the optic atrophic factor 1 and the mitochondrial contact
site and cristae organizing system; known as OPA1 and MICOS) or additional regulators of
this system. For instance, the stress-sensing overlapping activity with m-AAA protease 1
(OMAL1) is a zinc metallopeptidase found in the inner mitochondrial membrane regulating
mitochondrial dynamics through OPA1 processing [123, 131, 228]. OMAL1 is activated un-
der stress conditions including AWV,,, dissipation, decreased ATP levels, and oxidative stress,
among other insults [131]. Upon activation, OMA1 cleaves the long isoform inducing cristae
remodeling and cyt. c release [123, 229-232]. This mechanism can explain the morpholog-
ical and functional changes included by calcium overload that we observed in our cryo-EM
images and bioenergetics data.

Indeed, we demonstrated that calcium overload impairs mitochondrial ATP production
at greater calcium loads and depleting mitochondria of calcium did not fully restore func-

tion which indicates an irreversible component. These data revealed an underappreciated
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energetic consequence of calcium overload on the mitochondrial function that supports a
direct role of the mitochondrial calcium buffering system. In cardiac tissue, the steady-state
cycling of calcium across plasma membranes maintains cytosolic calcium levels at ~100 nM
during diastole; however, the peak calcium concentration during systole can rise to the low
micromolar range [155, 197, 214]. Whether the mitochondria can respond to these transient
changes to meet metabolic demand is a subject of debate (reviewed in [197]) that revolves
around the mitochondrial calcium uniporter (MCU) being unable to approach maximum flux
rates in the transient rise of cytosolic calcium due to its low affinity for calcium [78]. Alterna-
tive hypotheses regarding calcium microdomains have been proposed in an attempt to argue
in favor of significant mitochondrial calcium uptake during systole [127, 154, 164, 166, 233];
however, direct imaging studies do not support this [155, 234]. A recent study by Wescott et.
al found that physiological cytosolic calcium transients causes a gradual, step-wise increase
in matrix calcium concentration per beat rather than large transient peaks [125]. They also
showed that at high pacing rates, the matrix calcium concentration did not change any fur-
ther. Indeed, further studies are required to determine whether these results are due to equal
influx and efflux of calcium per cycle or due to calcium buffering. At this point, we think the
calcium buffering in the form of calcium phosphate granules system becomes relevant. In a
separate study, calcium phosphate granule deposits were observed in the matrix near cristae
junctions in a variety of different eukaryotic cells under physiological conditions [222]. Given
the relevance of calcium in bioenergetics, the presence of these calcium deposits may exert
some degree of control over mitochondrial signaling and metabolism.

In Figure 3.8, we present a model that accounts for various characteristics of membrane
fragmentation before the MPT onset. This model integrates findings from our cryo-EM

analysis with mitochondrial function and recapitulates the effects of calcium on the mito-
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chondrial structure. Based on our findings, we think that changes in mitochondrial ultra-
structure can explain the loss of mitochondrial function in calcium overload as well as the
protective effects of CsA. Our results suggest that mitochondrial outer membrane rupture
and inner membrane fragmentation are caused by calcium overload whereas the formation
of granules are a consequence of calcium uptake and accumulation. In the present study, the
detrimental effects of calcium overload on mitochondrial function are mitigated when CsA
is present. Regardless of the calcium bolus, the number and size of granules in CsA-treated
mitochondria increased, suggesting that CsA increases the mitochondrial calcium buffering
capacity, thus explaining why CsA allows robust calcium uptake and increases the threshold
for permeability transition pore activation [143, 175, 211, 235].

To interpret these results, we sought confirmation of our findings from work by others.
A study by Pinton’s group [217] studied the effect of calcium overload on mitochondria in
HeLa cells. Exposing HelLa cells to the ionophore ionomycin resulted in mitochondrial net-
work fragmentation. However, in the presence of CsA, the mitochondrial network condensed
and maintained its integrity after ionomycin treatment. In addition, a study looking at mi-
tochondrial swelling using light transmittance in a single mitochondrion showed that calcium
induces mitochondrial swelling in a concentration-dependent fashion [223]. CsA decreased
this effect in a calcium-dependent manner, which led the authors to conclude that either CsA
induces mitochondria shrinkage or calcium accumulation induces light scattering. We show
that CsA increases the absorbance in a calcium-dependent manner and induces changes in
mitochondria ultrastructure including condensed inner membranes and loss of outer mem-
brane that often led to inner membrane unraveling. Therefore, our results are consistent
with these studies but quantitatively describe the ultrastructural changes associated with

calcium overload and how these changes are linked to mitochondrial function.

76



(nmol O,/mg/min)

3o (001 O,mgirin)
PEEEINTEY

%,

Cell Survival
ADP +Pi  ATP

Calcium
Cristae addition
junction

Aberrant outer Small calcium Initial outer Preserved inner membrane

membrane and phosphate phosphate membrane lost and mitochondrial function
greater cristae granules granules
density

Cell Death
ADP +Pi  ATP

Non-treated

mitochondrion
@ Cytochrome ¢

Matrix

Calcium phosphate granule

Sl

2 a & cyt. c\@o'@'@

Well-defined Initial outer Continuing membrane Significant membrane rupture; Complete permeabilization,
membranes; membrane burst rupture; evisceration near complete evisceration only fragments remain
small granules

Calcium
addition

3, (omol O jmgmin)
4o, (0mo1 0, mimin)

-
o
/
[
[
J,_ (8ol 0jmg/min)
8 g
l
U, (omol OJmgmin)

Tine (i) ° Time (i) Tima )

Figure 3.8: Schematic representation of calcium overload leading to mitochondrial frag-
mentation and permeabilization. In energized mitochondria, the AW,, creates the driving
force for calcium to accumulate in the mitochondrial matrix. This induces mitochondrial
swelling and outer membrane rupture, IMM fragmentation and cyt. c release. This causes
AW, dissipation and calcium-phosphate complex disassembly. CsA, however, alters the
membrane morphologies and allows for robust calcium uptake after the addition of a CaCls
bolus. The IMM remains tethered and the cristae junctions intact. This avoids cyt. c re-
modeling and preserves the bioenergetic status despite the calcium effects on mitochondrial
respiration. The representative respirometry traces are shown for each stage.

A major challenge in this study is the lack of cristae structural definition in our set of
images. As dynamic structures, cristae are the functional units of mitochondria that lock
cyt. ¢ in the cristae lumen and provide sufficient membrane surface area to sustain oxidative
phosphorylation at high rates [147, 232]. Under certain conditions when the cristae junctional
width is enlarged, cyt. ¢ escapes the lumen and causes loss of mitochondria function and
cell death [236, 237]. While the expected outcomes during calcium overload were addressed,
intricate details of the cristae structure including junction width, length, density, and shape
must be incorporated to better understand the implications of cristae remodeling as key

mediators in mitochondrial function. Earlier studies looking at calcium phosphate granule
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composition relied on staining, fixing or dehydrating samples, which introduce artifacts and
make them less reliable [135, 238-241]. More recently, changes in mitochondrial structure
were analyzed using high-pressure techniques and freeze-substitution to minimize sample
structural distortion resulting from fixation or dehydration [242]. However, structural details
such as granule space distribution and structure are not as well defined with this method
relative to the latest advanced cryo-EM techniques. Hence, visualization of the mitochondria
in 3D by cryo-electron tomography (cryo-ET) would be an avenue for future studies to
address. Nonetheless, our finding that CsA preserves the inner membrane integrity suggests
that cristae remodeling and cyt. c release from the cristae lumen is likely avoided. This
poses a new approach by which therapies targeting cristae remodeling can be identified to

prevent pathological mitochondrial dysfunction leading to tissue injury.

3.4 Conclusion

Mitochondrial calcium overload causes mitochondrial respiratory dysfunction through the
well-established mitochondrial permeability transition phenomenon. However, the precise
and quantitative causal mechanisms are only recently coming into focus. In this study, we
have shown that calcium-induced inhibition of ADP-stimulated respiration is reversible for
low-to-moderate calcium loads (0 — 250 nmol/mg) but only partially reversible for higher
calcium loads (more than 500 nmol/mg). Accumulating large quantities of calcium leads to
the formation of calcium phosphate precipitates, outer membrane rupture, and eventually
inner membrane fragmentation and evisceration. This results in loss of respiratory control
and poor ATP synthesis rates. However, in the presence of CsA, the mitochondrial outer
membrane is lost, but the ability of mitochondria to sequester significant amounts of calcium

is retained with more abundant and larger calcium phosphate granules that persist. Here we
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conclude from our functional and structural data that CsA preserves the inner membrane
integrity and mitochondrial function by preventing detrimental cristae remodeling associated
with calcium overload. These findings mechanistically link mitochondrial function to ultra-
structure in the context of calcium overload and brings a new understanding of the calcium
sequestration system in relation to energy metabolism, structure, and potential targets to

prevent mitochondrial dysfunction.
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Chapter 4

Modeling the Effects of Calcium

Overload on Mitochondrial
Ultrastructural Remodeling

Modeling Inner Membrane and Matrix Phase Dynamics Explicitly

Modeled Using the Cahn-Hilliard Equation
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4.1 Introduction

Mitochondria are small organelles that provide the bulk of the energy requirements for nearly
all cells in most eukaryotic organisms. They convert chemical energy in foodstuffs into a
chemical potential called the ATP hydrolysis potential. Cells use this potential to synthesize
proteins, power mechanical motion, sustain homeostasis, and perform other life-supporting
functions. In the heart, the essential importance of mitochondria is evidenced by the fact
that they constitute up to 30 % of the total cardiomyocyte volume. For example, in the ab-
sence of functional mitochondria, the heart will exhaust all of its ATP reserves in less than a
minute [243], so even brief interruptions in mitochondrial ATP production have devastating
consequences on energy homeostasis. Such interruptions in ATP production are caused by
a myriad of diseases and conditions, with calcium overload being one of the more prominent
causes. While low matrix-free calcium (<5 pM) activates matrix dehydrogenases and im-
proves oxidative phosphorylation [244-246], calcium overload decreases ATP synthesis in a
variety of ways [78, 247-263]. In extreme cases of calcium overload, there is a complete loss
of mitochondrial ATP production caused by mitochondrial rupture and fragmentation [264—
266]. The precise mechanisms responsible for these effects are unknown but appear to be
associated with ultrastructural changes caused by calcium overload [78, 266]. Mitochondria
consist of two compartments formed by two separate membranes: the outer membrane and
the inner membrane. The outer membrane encases the inner membrane and serves as the
gateway between the cytosolic and mitochondrial environments. This membrane forms tran-
sient connections with extra-mitochondrial organelles, such as the endoplasmic reticulum,
ribosomes, nucleus, and inner membrane. The intermembrane space (IMS) compartment is

between the outer and inner membrane, and the matrix compartment is encapsulated by

81



the inner membrane. The inner membrane surface area is approximately five to ten times
that of the outer membrane and forms compartments called cristae that fit within the enve-
lope of the outer membrane. Cristae are invaginations of the inner membrane that contain
the bulk of the metabolic enzymes required to produce and deliver ATP to the cell. Both
membranes are under the active control of fission and fusion proteins that react to external
stimuli and energy demand cues to coordinate ATP production [267-269]. While the major
fission and fusion proteins of the outer membrane are known, much less is known about the
key proteins involved in inner membrane dynamics. Even less is known about regulation of
the inner membrane structures, such as cristae and cristae junctions. While we still lack a
complete picture of cristae formation and how they are regulated, some of the key proteins
involved have been identified [270]. Cristae are not static structures [271]; they are dynam-
ically formed in a manner dependent on a variety of known and unknown factors which
control ATP synthesis rates [272]. That said, the main proteins that exert some control
over the cristae’s shape are the mitochondrial contact site and cristae organizing system
(MICOS) [273-275], optic atrophy factor 1 (OPA1) [274, 276, 277], and ATP synthase [273,
278-280]. The MICOS proteins are necessary to form proper cristae junctions, a region in
mitochondria that connects the inner boundary membrane to the cristae lumen. OPA1 is a
protein with several isoforms and proteolytic variants that serves multiple roles [281]. These
proteins coordinate with the MICOS proteins to form the cristae junction and help shape the
cristae’s morphology. ATP synthase dimers contribute to cristae morphology by inducing
inner membrane curvature. Cardiolipin also plays an important role in regulating the cristae
shape and membrane curvature [282]. A layer of regulation above this includes proteases
and chaperones that process these structural proteins, such as OMA1 [283], YMEI1L [283],

and prohibitins [284, 285], which are also intricately involved in a signaling network that
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controls cristae morphology. However, the precise biophysical mechanisms that govern the
shape of the inner membrane, including inner membrane fission and cristae structure, remain
elusive. A few modeling studies have explored the potential role of mitochondrial proteins
in the inner membrane architecture and metabolic function [286-295]. These studies inves-
tigate a range of phenomena, including how proteins and effectors influence inner membrane
curvature and intra matrix diffusion anomalies. However, none have looked at the dynam-
ics of the IMS and matrix volumes under healthy and diseased conditions. In addition,
there are no computational studies focusing on how the inner membrane morphology influ-
ences ATP synthesis rates. Therefore, we propose a novel computational modeling approach
capable of predicting the intermembrane and matrix space geometry under physiological
and pathophysiological conditions. The spontaneous pattern formation and evolution of a
two-component system can be described by several models, including the Canham—Helfrich
curvature functional model, the Ginzburg-Landau theory, and the Cahn-Hilliard (CH) free
energy [296-299]. Among them, the Canham—Helfrich model is typically used to describe cell
membrane pattern formation in a water-based environment, driven by the curvature energy
per unit area of the closed lipid bilayer, osmotic pressure, and surface tension [300]. This
model captures cell membrane patterns without the molecular dynamics of the lipid bilayer.
The Ginzburg-Landau theory describes the phase transition of type-I superconductors, the
superconducting state, and the normal state without examining their microscopic electronic
and magnetic properties. In the setting of a complex vector bundle over a compact Rieman-
nian manifold, the Ginzburg-Landau theory interconnects differential geometry, quantum
field theory, Yang—Mills-Higgs equations, and string theory, among others [301, 302]. The
CH model is widely used in material science, chemistry, and biology to describe the phase

separation of a binary mixture [303]. It is the simplest model among the aforementioned
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theories. The CH model can be derived from the classic conservation law and free energy
minimization, with the free energy function determining the final composition of the binary
system [304, 305]. The pattern and morphology of the binary system is further determined
by the domain size and geometric shape [234, 306]. The CH model can be modified to de-
scribe the nucleation dynamics and process of a specific species in the mixture [307, 308].
Additionally, multicomponent CH equations have been proposed to account for the phase
separation of a system consisting of more than two species [309, 310]. These variations of
the CH model enable researchers to develop CH-based theories and algorithms to under-
stand the chemistry, physics, biology, and material sciences in a complex system that is
intractable with detailed microscopic descriptions. For this study, we analyzed a set of cryo-
electron tomograms of healthy and calcium overloaded mitochondria. These data show that
the mitochondrial ultrastructural morphology undergoes dramatic changes in the presence
of mitochondrial calcium phosphate granules. However, it is unclear how mitochondrial cal-
cium phosphate granules regulate the mitochondrial ultrastructure. The tomographic data,
combined with the respirometry data presented herein, support the concept that such mor-
phological changes lead to a significant reduction in the mitochondrial ATP production rate.
Based on these data, we speculate that the mitochondrial ATP production rate correlates
with the types and numbers of cristae and cristae junctions. Our data show that a calcium
overload causes significant remodeling of the inner membrane, which likely explains the de-
crease in mitochondrial respiration. To explore the dynamics of the pattern formation and
phase separation of the mitochondrial ultrastructure, we used the CH model as a framework.
We initially modeled the mitochondrial ultrastructure as a two-component system, consist-
ing of the inner membrane space and the matrix space. The mitochondrial outer membrane

served as the domain boundary of the system. We used a free energy function for the inner
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membrane and a fluid matrix to demonstrate that minimizing the free energy inside a given
outer membrane generates spontaneous folding of the inner membrane and the formation
of layered structures, namely cristae. Next, we modeled the mitochondrial ultrastructural
remodeling caused by calcium phosphate granules by using a volume exclusion approach
in the CH model. By using this phase separation-based modeling approach, we show that
the presence of calcium phosphate granules exerts a devastating remodeling effect on the
inner membrane, which results in matrix expansion, IMS contraction, and cristae remod-
eling. These morphological changes correlate well with the observed changes in the ATP
production rates. Future studies will further elucidate this structure—function relationship

and mechanize how the inner membrane morphology impacts mitochondrial metabolism.

4.2 Methods

Ethical Approval

This work conformed to the National Institutes of Health’s Guide for the Care and Use of
Laboratory Animals and was approved by Michigan State University’s Institutional Animal

Care and Use Committee.

Mitochondria Isolation and Protein Quantification

Cardiac mitochondria were isolated from guinea pig hearts using differential centrifugation,
as described previously [78, 255, 258|. Briefly, Hartley albino guinea pigs weighing 350450
g (4-6 weeks) were injected with heparin (500 units/mL) in the intraperitoneal cavity. The

animals were anesthetized with 4-5 % isoflurane and decapitated by a guillotine. After
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decapitation, a thoracotomy was performed, and the heart was perfused with a cold cardio-
plegia solution and homogenized using a handheld electronic homogenizer at 18,000 rpm for
20 s. The mitochondrial protein content was quantified using the BIO-RAD bovine serum
albumin (BSA) standard set kit and the bicinchoninic acid (BCA) assay. The mitochondrial
suspension was diluted to a working concentration of 40 mg/mL and kept on ice for the
duration of the experiment (2 - 3 h). The substrate stock solutions were neutralized to a pH

of 7.0.

Mitochondrial Quality Control

The mitochondrial quality was determined using an Oxygraph 2k (Oroboros Instruments
Corp., Innsbruck, Austria). The O2k chambers were loaded with 2 mL of a respiratory buffer
containing 130 mM KCIl, 5 mM KoHPO4, 20 mM 3-(N-morpholino) propanesulfonic acid
(MOPS), 1 mM MgCls, 1 mM ethylene glycol-bis-(aminoethyl ether)-N, N, N’ N’-tetraacetic
acid (EGTA), and 0.1 % (w/v) BSA at a pH of 7.1 and 37 °C. All subsequent experiments
were done using this buffer and temperature. At 0 min, 5 mM sodium pyruvate and 1
mM L-malate were added, followed by 0.1 mg/mL of mitochondria. Here, we defined the
leak state as the rate of oxygen consumption by mitochondria only in the presence of sub-
strates. At 5 min, a 500 uM bolus of adenosine diphosphate (ADP) was added to induce
maximal ADP-stimulated respiration. Quality was assessed by computing the respiratory
control ratio (maximal ADP-stimulated rate divided by the leak rate). Only mitochondria
with a respiratory control ratio (RCR) value greater than or equal to 16 were used in the

experiments.
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Calcium Effects on Respiration and Oxidative Phosphorylation

The calcium effects on mitochondrial leaking and ADP-stimulated respiration were deter-
mined by quantifying changes in the proton leak and ADP-stimulated respiration rates after
a calcium challenge. At 0 min, 5 mM sodium pyruvate, 1 mM L-malate, and 0.1 mg/mL of
mitochondria were injected into each 2 mL chamber containing the respiratory buffer. At 5
min, a calcium bolus of 50 pM of calcium chloride was injected. At 10 min, 500 pM of ADP

was added induce the maximal ADP-stimulated respiration.

Cryo-EM Sample Vitrification and Imaging

Isolated mitochondria were suspended at a concentration of 0.1 mg/mL in a 2 mL respiration
buffer with 5 mM sodium pyruvate and 1 mM L-malate. At the collection times indicated,
5 pL samples were pipetted from the mitochondrial suspension and deposited on Quantifoil
R2/2 holey carbon grids that were pretreated for 1 min using a Pelco EasiGlo glow discharge
unit. Prior to the mitochondria addition, 5-10 uL of 10 nm nanogold markers were applied to
the grids, which were then air dried. These beads provided markers for fiducial alignment of
the tilt series. The grids were blotted to thin the water layer and subsequently plunged into
liquid ethane at room temperature using a Vitrobot Mark IV with automated temperature
regulation, blotting, and humidity control (Fisher Scientific). The Vitrobot chamber was set
at 4 °C with 100 % humidity, and the grids were blotted with a blot force of 1. The grids
were then transferred and stored in liquid nitrogen until imaging. Tilt series were performed
using an FEI Talos Arctica at 200 keV in low-dose conditions, operated using Thermofisher’s
Tomography software. Images were collected in linear mode on a Falcon 3EC direct electron

detector with an electron dose of ~2e-/A2 per tilt image. The images were collected at
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22,000 X magnification (4.8 A /pixel). The total electron dose was approximately 100 e-/A?

for each tomogram.

Tomographic Reconstruction

Motion correction was performed for the individual micrographs and binned by an index fac-
tor of 6 using Motioncor2 v1.2.6. Tilt series alignment was performed using IMOD v4.9.12
and standard tomographic reconstruction particles, using the Simultaneous Iterative Recon-
struction Technique (SIRT) strategy. Key features of the tomograms were traced using the

drawing tools functionality in IMOD (3dmod) [311].

Statistics

The Shapiro-Wilks test was used to confirm data normality. All data were analyzed and
plotted using MATLAB 2020a (Mathworks, Inc., Natick, MA, USA). The data in Figure
4.2 (n = 3-4) are presented as a mean standard deviation. An unpaired Student’s t-test
was used to compare the calcium treatment with the control group. A value of p < 0.05 was

assumed to be statistically significant.

Modeling

U1
‘;t = §v2(—w2xp — U+ 0 (4.1)

Equation (4.1) describes how the scalar order parameter ¥ changes over time. It is a
complex equation that cannot be solved using simple math and requires numerical simula-

tion. In this context, W is a measure of the difference between the densities of two substances,

phases, or domains in a specific region. In our model, these two substances are the mitochon-

88



Mitochondrial Respiration B ADP-stimulated Respiration

>

600 600 w— EGTA

. _Egs-réa === ResCa
£ 01 i, < o) — g
S == 50 uM CaCl, £ . H 2
g 400 1 g} 400}
o Y —‘l—
O 300 o
g 2 300 oL
€ 200 Caf : g 200}

o . L
K I"'"/ A ) S 100}

0 25 5 75 10 125 15 0

Time (mins)

Figure 4.2: Oxidative phosphorylation decreasing proportionally with the calcium load.
(A) Representative mitochondrial respiration profiles in the presence of the calcium chelator
EGTA (~4 pM residual calcium (ResCa)) and after a 25 pM or 50 pM bolus of calcium. The
mitochondrial calcium loads for these conditions were 0, 40, 250, and 500 nmol calcium/mg
mitochondria, respectively. Mitochondria were energized with 5 mM sodium pyruvate and
1 mM L-malate. (B) The average maximum ADP-stimulated respiration rate decreased
dramatically at higher calcium doses. Maximal ADP-stimulated respiration was induced
following the addition of a 500 pM ADP bolus. Data are presented as the mean + standard
deviation for a sample size of five biological replicates. Here, an * and *** represent p values
< 0.01 and < 0.001, respectively.

drial fluid matrix and the inner membrane. Specifically, ¥(r, t), where (U(r,¢) V < 1), is a
scalar order parameter chosen to be the difference between the local densities of the inner
membrane [V = -1] and the fluid matrix [¥ = 1]. The region is called a domain, and there is
a transition region between the domain and the surrounding area, which is called a transition
length. The length of this transition region is denoted by /7 and represents the distance
over which the density varies from that of the inner membrane to that of the fluid matrix.
The Cahn—Hilliard equation is a fourth-order nonlinear partial differential equation (PDE),
and it does not admit a general analytical solution. Therefore, numerical simulation is the
primary approach to obtaining the solution of the Cahn—Hilliard equation. However, some

theoretical analysis can offer a basic understanding of its behavior and underlying physics.
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First, it is important to note that Equation 4.1 can be cast in its conversational form:

ov
i -V.J (4.2)
Where the flux vector J represents the flow of the scalar order parameter ¥ in space, and
how it changes over time. The equation (4.2) states that the rate of change of ¥ with respect
to time is proportional to the divergence of the flux vector J. The flux vector J is defined
as —%Vﬂ, where 4 is the chemical potential of the binary system. The chemical potential
describes the potential energy of a substance in a given environment, and is related to the
concentration of the substance. The equation (4.3) gives the expression for the chemical
potential p of the binary system, which depends on the value of the scalar order parameter
U and the Laplacian of ¥. Therefore, the flux vector J represents the flow of the scalar order

parameter driven by the gradient of its chemical potential, and the equation (4.2) represents

the conservation of the scalar order parameter.

= (02 —1-~VvHw (4.3)

In Equation (4.3), u represents the chemical potential of the binary system. It is a
function of the scalar order parameter ¥ and the parameter . The term (\112 —1) represents
the deviation of ¥ from its equilibrium values (U = =£1), and the term yV2¥ accounts for
the interfacial energy due to the spatial variation of ¥. The equation describes the potential-
driven flow in the system, which has a trivial solution at ¥ = 0 where both phases are in
equilibrium and two nontrivial solutions at ¥ = 41 representing two different phases each
pure in its own phase. In other words, either all fluid matrix or inner membrane. The

characteristic length of the crista is assumed to be one in this setting, and the domain size

90



should be chosen accordingly based on experimental data. The boundary condition for pu

and ¥ is the usual zero-flux condition.

n-Vu(r,t)=0and n-V¥(r,t) =0, rel (4.4)

where m is normal to the boundary and I' is the boundary of the geometrical shape.
When introducing calcium into the mitochondria system, the boundary condition around

the calcium is given as

n-Vu(r,t)=0and U(r,t)=C, recl’ (4.5)

where C is a constant and I" is the boundary of the region [V = C] corresponding to
the calcium region. Moreover, the Cahn—Hilliard equation is related to the time-dependent
Ginzburg-Landau equation, which can be derived from the free energy minimization. Simi-
larly, the Cahn-Hilliard equation can also be derived from the minimization of the Ginzburg-

Landau-type free energy functional F':

F(T) = /Q [f(\p)+7(v\p)2 dr (4.6)

where € is the domain of interest and f(V) = %(\112 — 1)? is the free energy per unit
of volume. It is easy to show that the Ginzburg-Landau-type free energy functional decays

with respect to time:

dF
== —/Q IV | 2dr (4.7)

This allows us to set various initial values, such as random noise, when solving the CH
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equation.

Furthermore, we can linearize the CH equation to understand its long wavelength insta-
bility in spatially extended settings. Let us assume that the system is near the trivial solution
U(r, t) = 0, implying a uniform steady state corresponding to the homogeneous mixture.

Consider the following form of solution for a small fluctuation of the order parameter:

U(r,t) = UgelekT (4.8)

where k is the wavevector, k = |k| is the wavenumber, and w(k) is the angular frequency.
The stability of the solution depends on the angular frequency. The system is linearly
unstable when w(k) >0 and decays when w(k) <0. By substituting this solution into the

linearized Cahn—Hilliard equation, we have the dispersion relation

w(k) = —; (K= #?) (4.9)

Therefore, long wavelength states with £ < 1 will be linearly unstable. Such a long
wavelength instability is exploited by the nonlinear CH system. Short wavelength states with
k > 1 will decay in a linear fashion and convert short wavelength modes (i.e., large domains)
into spatiotemporal patterns. The system regulates the exponential growth tendency of long
wavelength modes caused by random noise and organizes them into spatially coherent states.
Therefore, the spatiotemporal patterns of certain characteristic wavelengths are stabilized
in the CH equation. Due to computational challenges, most simulations were carried out in
rectangular domains. Motivated by the microscopic phase separation and pattern formation
of the spherical and cylindrical molecular assembly, Guan et al. considered the Cahn-Hilliard

equation in a circular domain [280]. In the circular domain geometry, certain symmetric
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patterns occurred frequently during the simulation. These authors found that the solution
of the Cahn-Hilliard equation could be effectively analyzed with Fourier—Bessel modes [281].
In the current work, the finite element method (FEM) was considered due to its advantage in
dealing with irregular domains. The Cahn-Hilliard equation is a fourth-order equation whose
weak form would result from the presence of second-order spatial derivatives. Solving such a
form with a standard Lagrange finite element basis is problematic. Therefore, Equation 4.1,
with the boundary condition Equation 4.4, is reformulated as two coupled second-order

equations:

OV 79
_y2, = Q 4.1
5 QVM 0, re (4.10)
1\
u—df(;qj)+v2q/:o, re (4.11)

where the unknowns are ¥ and p. Then, the variational forms of Equations 4.10 and

4.11 are

2
(%f,u) + %a(u,u) =0, YuelV (4.12)
(u,v) — (%,v) —a(V,v) =0, YveV (4.13)

In Equations (4.12 and 4.13), u represents the solution field and v is a test function from

the trial space V. The term (u,v) is the L9 inner product, which represents the integral of
df (¥)

the product of y and v over the region. The term =75~ represents the derivative of the free

energy functional f(W) with respect to W. This term is subtracted from the inner product
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to ensure that the equation is satisfied for any p and v.

The term a(V,v) represents the bilinear form, which is defined as a(¥,v) = (V¥, Vo).
This term is responsible for enforcing the diffusion of the solution and is essential for numer-
ical stability.

To discretize this equation in time, the theta method is applied to the variational forms.
This involves interpolating the solution field at two consecutive time steps and weighting
the integral with a parameter 6, which controls the balance between the explicit and im-
plicit terms. The resulting system of equations is then solved using appropriate numerical

techniques, such as finite element or finite difference methods as follows:

Vg1 — W gl
0
(s 1,0) ( g;) (Y1) =0, VeV (4.15)

where At = t,4+1 — ty and g9 = (1 — O)pp41 + Oy The simulations operate on
2D triangle meshes and 3D tetrahedral meshes. In the following tests, we first present the
simulations of a mitochondrial system without calcium using the CH models and then give
the simulations of the system with calcium. Numerical implementation is done by applying

the FEniCS [294], and simulation plots are generated by ParaView [295].

4.3 Results and Discussion

Oxidative phosphorylation was inhibited in the calcium overload state [78, 247-263]. As the

calcium load increased, the maximal ADP-stimulated respiration was significantly inhibited,
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as shown in Figure 4.2. This phenomenon is not associated with the well-known mitochon-
drial permeability transition phenomenon [258]. At these calcium loads, the mitochondrial
calcium, membrane potential, and respiration were stable [78, 258]. The inhibitory effect
began at calcium loads of around 50 nmol/mg of mitochondrial protein. This value was
calculated based on the quantified calcium uptake dynamics of the residual calcium in one of
our prior studies [255]. This inhibition got progressively worse as the calcium load increased
up to 500 nmol/mg. Therefore, calcium loads in the range of 50 — 500 nmol/mg maximally
stimulated the ADP-respiration rates to decrease in a titratable manner. The cause of this
inhibition was suspected to originate from calcium phosphate granule-induced cristae re-
modeling in an earlier study [78]. Below this range, calcium is beneficial for mitochondrial
function as it stimulates matrix dehydrogenases [246]. Above this range, mitochondria un-
dergo mitochondrial permeability transition, deenergize, and become net ATP consumers.
Specifically, the mitochondrial inner membrane becomes permeable to solutes in the low
kDa range, effectively preventing their ability to store chemical energy in the form of a pro-
ton electrochemical gradient. Decades of research has been done on this phenomenon [312—
315], but little is known about how mitochondria respond to calcium loads below the level
which induces this phenomenon and above those used for energy homeostasis. Therefore, we
explored how calcium loads that do not cause permeability transition but inhibit oxidative
phosphorylation alter the mitochondrial ultrastructure. In the absence of calcium, mitochon-
dria possess an intact and dense cristae network, as shown in Figure 4.3. The cryo-electron
micrograph and a ~10 nm thick portion of the corresponding 3D reconstruction show that
in the normal state, the internal structure of the cristae network is highly interconnected. In
the cryo-EM image, rows of ATP synthase molecules can be seen spiraling down the cristae,

with their F; portion sticking out into the matrix space. The intermembrane and cristae
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spaces are nearly equal to that of the matrix space. This ensures near-optimal metabolic
efficiency by maximizing both the inner membrane surface area and the matrix water space.
The inner membrane houses all the proton pumps, transporters, and enzymes required to es-
tablish, maintain, and utilize the proton electrochemical gradient for ATP production. The
matrix space contains nearly all the enzymes that produce the reducing equivalents used
to run the proton pumps. In addition, the cristae junction widths are tight and around 10
nm in diameter (see Figure 4.4D). The cristae junction serves as a gateway to allow some
metabolites, such as ATP, ADP, and Pi into the cristae lumen to be rapidly transported out-
side the cristae and mitochondria. These junctions also serve to lock key metabolites such
as cytochrome c in the cristae lumen. Cytochrome c is a small (~15 kDa) mobile electron
carrier that is analogous in function to nicotinamide adenine dinucleotide in the matrix and
ubiquinone in the membrane lipid space. By maintaining the cristae network and matrix
spaces in the form discussed above, mitochondrial ATP production rates are maximized.

In the calcium-overloaded state, the mitochondrial ultrastructure was significantly al-
tered, as is shown in Figure 4.4. The presence of calcium phosphate granules in the matrix
space had a devastating effect on the intermembrane and cristae spaces. The matrix space
was significantly expanded, with the intermembrane and cristae spaces being dramatically
reduced when comparing the reconstructed 3D tomogram to the control mitochondrion. The
matrix space expanded due to the increased osmotic pressure in the matrix that occurred
when large amounts of calcium were taken up by the mitochondria. In addition, the cristae
junctions were significantly wider, being about 17 nm when calcium phosphate granules were
present in the matrix (Figure 4.4D). Based on this finding and our previous analyses in
Chapter 3, we think that this increase in the cristae junction width can cause a redistribu-

tion of cytochrome c from the cristae lumen to the intermembrane space. A recent modeling
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Figure 4.3: Mitochondrion with an abundant, interconnected cristae. (A) Representative
portion of the tomogram from a mitochondrion in the absence of calcium. The sample was
taken approximately five minutes after mitochondria were added to the respiration buffer.
To remove all calcium from the system, 1 mM EGTA was added before the addition of the
mitochondria. The image resolution is approximately 4 Aper pixel. The solid magenta lines
highlight inner or outer membrane boundaries. Structures of interest, including the ATP
synthase, crista, and crista junctions, are labeled. (B) The reconstructed model shows a
complex cristae distribution, occupying nearly half of the total volume. The small, black,
dot-like structures are ATP synthase molecules. (C) The 3D reconstructed model shows a
densely packed, interconnected cristae network. Scale bar = 250 nm.

study demonstrated that a small decrease in the cytochrome c concentration in the cristae
lumen or an increase in the diffusion distance between complexes III and IV may result in
a kinetic disadvantage and lower the maximum electron flux through the respiratory system
[294].

This would lead to a decrease in the maximum oxygen consumption rates we observe
in calcium-loaded mitochondria. We speculate that the cristae remodeling we saw in our
vitrified, isolated mitochondria impaired mitochondrial function by limiting the ability of
mitochondria to 1) establish and maintain a large proton electrochemical gradient and 2)
impede metabolite diffusion and transport. Additionally, calcium uptake leads to a drop in
the membrane potential and an increase in the matrix pH [78,; 258]. This limits the ability

of mitochondria to generate a strong membrane potential and thus lower ATP synthesis
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Figure 4.4: Calcium-loaded mitochondria with granules alters cristae structure. (A) Rep-
resentative portion of a tomogram from a mitochondrion with calcium phosphate granules
exposed to a 50 pM bolus of calcium at ~4 A-resolution. The solid magenta lines highlight
the IMM and OMM boundaries. (B) 2D reconstructed model showing that calcium phos-
phate granules disrupted the cristae membrane surface area. (C) 3D reconstructed model
showing a densely packed, interconnected cristae network. (D) Calcium-loaded mitochondria
have wider cristae junctions than control. ~10 cristae junctions from each type of mitochon-
drion were selected at random and measured. The bars are plotted as means of the data,
with error bars representing the standard error of the mean. A * signifies a p value less than
0.01. Gray dots are individual data points for a sample size of n = 10. Scale bar = 250 nm.

rates [246]. In addition, the opening of the cristac junctions leads to a redistribution of
cytochrome c¢ from the cristae lumen to the inner membrane space. This further limit the
ability of the proton pumps to maintain a local chemiosmotic gradient to support high rates
of ATP production.

The mitochondrial morphology and the effects of calcium phosphate granules were sim-

ulated using the well-established CH model framework. The CH equation was first im-
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plemented in the absence of calcium. In this simulation, the parameter v represents the
transition region length in the CH equation and is responsible for creating the white, rim-
like features seen in Figure 4.5, which indicate the transition between the fluid matrix and
the inner membrane. In other words, the value of v determines the width of the interface
between the fluid matrix and the inner membrane, and it affects the accuracy and resolution
of the simulation. A larger value of v would create a smoother transition region, while a
smaller value would result in a more abrupt change. In this simulation, v was set to one,
resulting in a transition region with a moderate width. Figure 4.5 presents four snapshots
of the CH equation simulation with a time step At = 0.001 for Equations 4.14 and 4.15
on a circle domain with a radius of four, relative to the unit circle with a radius of one. Of
note, the time step At is considered dimensionless because it is a relative measure of time in
the numerical simulation, which is not related to any physical time unit. In other words, the
time step is chosen to control the accuracy and stability of the numerical simulation, and
the unit of time used in the simulation is arbitrary and does not correspond to any specific

physical time unit

Figure 4.5: In the absence of calcium, the simulation of mitochondria using a circle domain
with a radius of four showed that the inner membrane and fluid matrix were initially ran-
domly and uniformly distributed within the domain. The time step At = 0.001 for (A) ty50,
(B) t1250, (C) t1750, and (D) t9250. Merging and splitting of the matrix and intermembrane
spaces are observed as the simulation time is lengthened.

In Figure 4.6, a larger circle domain with radius of five is demonstrated. The parameter

v is one for the transition region length, which is indicated by the white, rim-like features

99



in Figure 4.6. The red domain of Figure 4.6 is the fluid matrix, while the blue domain
is the inner membrane part, which includes the cristae lumen. Compared with Figure 4.5,
thinner cristae can be observed in Figure 4.6. This was caused by the high-frequency
phase interactions introduced by imposing a larger domain. In the comparison with the
experimental image, a similar pattern can be observed in Figure 4.6, in which cristae are

randomly and uniformly distributed within the domain.

Figure 4.6: Calcium-free mitochondria simulation by a circle domain with a radius of five.
The time step At = 0.001 for (A) t750, (B) t1250, (C) t1750, and (D) t2250. As shown in
Figure 4.5, merging and splitting of the phase spaces are observed as the simulation time
increases.

Implementation of the CH model on a mitochondrial structure can help us understand
a plausible mechanism that explains the dramatic and titratable decrease in mitochondrial
ATP production as a function of calcium overloading. Figure 4.7 demonstrates the simu-
lations of calcium load cases. In case one, a single calcium phosphate granule was loaded
in the first quadrant. In the second case, and additional calcium phosphate granule was
loaded in the fourth quadrant. In each panel, the orange objects indicate the location of the
calcium phosphate granules. In a fascinating similarity with the experimental observations,
the simulations revealed a dramatic reorganization of the cristae membrane because of the
presence of calcium phosphate granules. In addition, the matrix space around the granules
dramatically expanded. In the simulations, these effects were a result of an energy minimiza-

tion problem. The presence of these granules near cristae membranes acted as a repulsive
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force which led to matrix fluid filling the vacated space.

Figure 4.7: The effect of calcium phosphate granules on the inner membrane morphology.
(A-D) Simulations on the effect of a single calcium phosphate granule on the mitochondrial
cristae network. The Cahn-Hilliard (CH) equation was solved on a circle domain with a
radius of five. The object with a white rim is the location of the calcium phosphate granule.
The time step At = 0.005 for (A) t300, (B) tgoo, (C) t200, and (D) t1400. (E-H) Two calcium
phosphate granule loads of the Cahn—Hilliard equation on a circle domain with a radius of
eight. The orange objects are the locations of the loaded calcium phosphate granules. The
time step At = 0.001 for (A) t375, (B) t400, (C) tgs0, and (D) tggg. As with Figure 4.4,
the matrix and inter membrane spaces can be observed changing dynamically in response to
the presence of calcium phosphate granules.

Figure 4.8 shows the extension of the 2D simulations of the effects of calcium phosphate
granules on the inner membrane topology to 3D. In this figure, colored surface plots as
well as inside contour plots are presented. It can be seen from the inside contour plots in
Figure 4.8B, D that the granule’s location was at the center of the concave down domain.
As the time increased from tsog to t1500, the concave down domain enlarged as a direct
result of the presence of the calcium phosphate granule. Changing the geometric boundary
conditions from circular and spheroid to elliptical and ellipsoid resulted in a similar inner
membrane topology. These results are shown in Figure 4.9. Simulations of a 2D elliptical
mitochondrion with a major axis of 10 and minor axis of 8 are given in Figure 4.9A, B.

In Figure 4.9C, D, the 3D simulation results of an ellipsoid mitochondrion are presented.
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A similar pattern can be observed to that in the experimental image, which substantiates
the use of the CH model and demonstrates that it can be used to characterize the internal

ultrastructural features of mitochondrion with more irregular boundary conditions.

‘D
]

Figure 4.8: Simulation results on a 3D sphere domain with a radius of five and a single
calcium phosphate granule. The time step At = 0.001 for (A) t5gp, (B) the inside contour of
(A), (C) t1500, and (D) the inside contour of (C). The orange object represents the calcium

phosphate granule.
C ﬁ D

Figure 4.9: Calcium-free mitochondrial ultrastructure simulation for 2D ellipse and 3D
ellipsoid domains. The time step At = 0.005 for (A) tggo, (B) t1000, (C) teo, and (D) the
inside contour of (C). The boundary domain did not strongly regulate the inner membrane
topology.

From these observations, a preliminary mechanism of calcium-induced mitochondrial dys-
function comes into focus and is presented in Figure 4.10. The mechanism explains how
progressive calcium loading disrupts cristae, the functional units of a mitochondrion, and
redistributes key oxidative phosphorylation metabolites. In this model, a calcium overload
harms the mitochondrial structure by inducing inner membrane fragmentation and widening
cristae junctions, which leads to the inefficient coupling of energy released during substrate
oxidation and captured during oxidative phosphorylation. The mitochondrial morphology
is not only affected by calcium phosphate granules [316]. In the 1960s, Hackenbrock showed

that mitochondrial ultrastructure configurations lie on a spectrum ranging from the ortho-
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dox to the condensed conformation [317]. He later demonstrated that these ultrastructural
changes were not associated with the chemical fixation required for electron microscopy [318].
The orthodox conformation is historically defined as the ultrastructural configuration seen
under an electron microscope whereby the matrix space is expanded. The inner membrane
space reciprocally shrinks in a manner that appears conducive for cristae formation. This
conformation is typically observed in the presence of respiratory substrates and the absence
of ADP. In the condensed conformation, the matrix is characterized as having a dense or
compacted matrix and a reciprocally expanded intermembrane space. This conformation is
observed in the presence of ADP or respiratory poisons. Hackenbrock originally proposed
that these conformations were explicitly part of a mechanochemical ultrastructural transfor-
mation model which facilitated mitochondrial ATP production. This idea was borne out in
an era before Peter Mitchell’s chemiosmosis principle was widely accepted [319]. That said,
Hackenbrock’s idea was not far off. Configurational changes to the mitochondrial membrane
and enzyme localization may indeed be linked with more efficient energy transduction [320].
A common underlying principle coming out of Hackenbrock’s studies reveals that the mito-
chondrial membrane potential appears to be necessary, but it is not sufficient when it comes
to the transition from condensed to orthodox. Therefore, electrostatic effects or volume reg-
ulatory elements may be the key to unraveling the ultrastructural changes seen under the

electron microscope.

4.4 Conclusion

The model presented herein is only the first of many steps being taken to understand the

biophysical and biochemical regulatory mechanisms controlling cristae formation and mor-

103



phology. That said, cristae are specialized compartments of dynamic inner membrane folds
whose curvatures are dictated by the dimerization of F1F5-ATP synthases [278]. In addition
to ATP synthase, these specialized microcompartments contain within their membrane the
respiratory machinery, or the-so-called electron transfer chain, in addition to energy-linked
transhydrogenase, uncoupling proteins, and metabolic carriers. Such a rich environment in
ATP synthases not only dictates the cristae shape, but it also supports ATP synthesis by the
chemiosmotic coupling resulting from the electrochemical gradient generated by the move-
ment of electrons across the various complexes of the electron transport chain. The sac-like
structure shape is stabilized by the mitochondrial contact site and cristae organizing system
(MICOS) [321]. This complex is composed of a myriad of proteins, known as Mic proteins,
with a variety of roles including membrane shaping, contact site formation, lipid trafficking,
protein biogenesis, cristae stability, and scaffolding [321]. While dynamic, the cristae shape
has been mostly divided into two main morphotypes: lamellar and tubular. The former is
known for its elongated, plate-like three-dimensional appearance, whereas the latter has a
blob- or tube-like three-dimensional appearance. Despite the vast knowledge gathered since
the discovery of cristae, little is known about how such a dynamic system is tightly regu-
lated or the impact of the multiple morphotypes. It has been hypothesized that the dynamic
adaptation of the cristae shape is dependent on the energetic demand, stage of development
of the cell, and the cell type [321]. The latter adds a layer of complexity, provided that cells
can have predominantly one kind of cristae morphology over the other or a mixture of them
[322]. A recent study by Harner et al. showed that while these morphotypes are stabilized by
dimers of F1Fp-ATP synthase and MICOS complexes [323], a lamellar —but not tubular—
cristae morphology involves the optic atrophy factor 1 (OPA1), which is known for driving

inner membrane fusion events and establishing the cristae junctions [324], whereas studies
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conducted by Gottschalk et al. using super-resolution structured illumination microscopy
identified mitochondrial calcium uptake 1 (MICU1), a protein involved in controlling the ac-
tivity of the mitochondrial calcium uniporter complex, as a calcium-dependent regulator of
the cristae junction [324]. These studies revealed that knocking down MICU1 caused widen-
ing of the cristae junctions, membrane depolarization, and higher levels of matrix-resting
calcium, similar to the results obtained upon OPA1 knockdown. Hence, while calcium ex-
erts some control over cellular bioenergetics and metabolism [266], these studies revealed a
role for calcium in cristae dynamics. While the modeling approach described herein faith-
fully reproduced the inner membrane morphology in the normal and calcium-overloaded
states, it did have some limitations. For example, we did not include the possible effect
that free calcium (CaQJr in the solution) may have had on the proteins that regulated the
cristae structure. While we do not yet know of any direct binding of calcium to the putative
cristae regulators (e.g., OPA1 and MICOS), there are published studies that indirectly link
calcium ions to cristae remodeling [324-328]. We intend to explore this in future studies,
identifying the relationship between the total calcium content, ultrastructural changes, and
ATP production rates. In this study, the total mitochondrial calcium content was not varied
in the cryo-EM studies. If done, we would expect to see the total number and size of the
granules play a direct role in the maximal rate of ATP production, as described in Figure
4.10. In addition, it was not coupled to reaction—diffusion equations to simulate the ef-
fects of the ultrastructure on metabolic fluxes, and the location and ultrastructural shaping
effects of F1Fp-ATP synthase and other mitochondrial enzymes were not accounted for.
An additional limitation of the current model was the absence electrostatic effects on the
membrane structure and curvature. The model was constructed by incorporating insights

gained from analyzing cryo-EM structural data of isolated mitochondria, thereby provid-
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ing a representation of mitochondrial morphology and function. It is important to note
that the mitochondrial ultrastructural details presented herein may differ substantially from
those seen in situ. However, we are exploring how geometric boundary constraints impact
cristae morphology and intend to address this situation. In future and ongoing work, each
of these limitations will be addressed to elucidate their overall impact on the mitochondrial
ultrastructure and function. In conclusion, we presented a novel, phase separation-based
approach to model the intermembrane and matrix spaces of mitochondria. These simulation
results elucidate a plausible and likely mechanism by which mitochondrial ATP production
is compromised at high calcium loads. Future studies will extend this work to simulate the
volumetric changes and redistribution of key metabolites to test the hypothesis that cristae
remodeling caused by calcium loading is the cause of the experimentally observed decrease

in the maximum ATP synthesis rates.
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Figure 4.10: Model of calcium overload-induced mitochondrial dysfunction. We hypoth-
esize that a calcium overload causes cristae remodeling, redistributes cytochrome c, and
lowers the ATP synthesis capacity in a manner that is proportional to the calcium load.
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Chapter 5

Unveiling the Role of Calcium
Phosphate in Mitochondrial Cristae
Dynamics

5.1 Introduction

In Chapters 3 and 4, I provided a broad overview of how the structure of mitochondria
is affected by the local environment and discussed the consequences of calcium overload on
mitochondrial function. These chapters revealed that mitochondrial respiration decreases
as calcium loads increase and that the addition of the calcium chelator EGTA does not
restore OXPHOS (as demonstrated in 3.1 and Figure 4.2. The data also suggested that
mitochondria can uptake calcium concentrations as high as 50 M, indicating that the decline
in OXPHOS is not due to mitochondrial permeabilization but rather calcium’s interference
with function, potentially by modifying the mitochondrial ultrastructure (as shown in Figure
3.2).

In this chapter, I delve deeper into the proteins that control mitochondrial morphology
through fission and fusion to gain a better understanding of what happens during patho-
physiological conditions when high levels of calcium are present. To support this, I present
cryo-electron tomography (cryo-ET) data showing how calcium disrupts the mitochondrial

structure and directly affects the cristae junction and matrix volume. The preliminary data
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presented herein supports the underlying hypothesis that calcium overload disrupts mito-

chondrial function by altering the mitochondrial structure.

Mitochondria Morphology, ETS, and ATP Synthasomes

ETS Synthasome

ANT

NADH NAD*+H*

ADP and ATP
exchange

4H* 4H*

Figure 5.1: The Electron Transport System and ATP Synthasomes.

Mitochondria undergo morphological transitions based on cellular energetic demand. Be-
cause they are double-layered membrane organelles with outer and inner mitochondrial mem-
branes (OMM and IMM), the list of molecular players involved during these transitions is
numerous yet incomplete. The space between the OMM and IMM forms the intermembrane
space (IMS) compartment where molecular transport and maintenance functions are exerted.
The IMM further compartmentalizes into pockets called cristae. These pockets are caused
by the invagination of the inner membrane which contain electron transport system (ETS)
and ATP synthasome (OXPHOS) related proteins. The cristae are where the bulk of the
ATP biochemistry occurs inside mitochondria. The ETS consists of four major macromolec-
ular complexes: complex I through complex IV with complex I being the largest of the four
complexes, with a molecular mass of approximately 1 megadalton. The ATP synthasome

proteins consist of the F1Fp-ATP synthase, adenine nucleotide translocase, and inorganic
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phosphate carrier (Figure 5.1). The energy used for ATP synthesis is stored in a thermody-
namic potential called the proton electrochemical gradient. This energy potential gradient is
generated by the ETS. We refer to this energy potential gradient as the protonmotive force
(pmf) when expressed in voltage units or duH™ when the units are in joule per mol (Figure

5.1).
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Figure 5.2: Schematic representation of a crista. The mitochondria is compartmentalized
primarily by the OMM and IMM. The IMM is divided into two domains: the inner boundary
membrane (IBM) and the cristaec membranes. The cristae membranes further divides into
the crista junctions, which connect the IBM and cristae. These junctions are tightly sealed
and regulated by the mitochondrial contact site and cristae organizing system (MICOS)
among others. The cristae lumen house the electron transport system (ETS), which includes
complexes I, II, III, and IV. The TCA cycle machinery produces the reducing equivalents
from various metabolic carbon sources and feeds electrons to the ETS. The ETS generates a
proton gradient across the IMM, which drives the F1F ATP synthase to produce ATP from
ADP and inorganic phosphate. Dimerization of the F1Fp complex gives the crista junctions
the typical curvature known as crista rims. Adapted from [329].
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Inside the cristae lumen, approximately 85 % of the mobile electron carrier cytochrome
¢ (cyt. ¢) and coenzyme Q (CoQ) (Figure 5.2) [232, 330, 331]. Here, the tricarboxylic acid
cycle (TCA) machinery resides and produces reducing equivalents (electron carriers) in the
form of NADH and FADHs5 from the metabolic carbon sources generated in the biosynthetic
pathways including glycolysis, fatty acid beta oxidation, among others. The initial region
of the cristae fold is known as the cristae junction and keeps the membrane tight. The
region of IMM that do not fold into cristae is known as the inner boundary membrane
(IBM) and contain proteins that participate in IMM and OMM stability, as well as fission
and fusion processes. Altogether, the cristae structures are the fundamental units of the
mitochondria and disrupting their structure and function yields fatal consequences in the

form of dysregulated cellular energetics.

Mitochondrial Dynamics and Cristae Junctions: Composition, Func-

tion, and Stability

Mitochondria are dynamic. Mitochondrial membranes continuously reshape the reticular
network through fission and fusion following changes in the cell metabolic and energetic
status, cell cycle, or deleterious stress causing mitophagy or apoptosis [332]. Under severe
stress (e.g., starvation or overabundance of fuel) the mitochondrial reticular network can
range from a hyperfused network to a highly fragmented and disconnected network. Thus, the
relevance on understanding how mitochondrial dynamics are altered during pathophysiology
is of relevance for the development of preventive measurements.

In mammals, mitochondrial fission is controlled by the Dynamin-related protein (Drpl)

following recruitment from the cytoplasm [333]. Drpl anchors and polymerizes into helical
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oligomers in the OMM in a ring-shape fashion. Its GTPase activity constricts and divides the
OMM following the hydrolysis of GTP. This event is also known to play a role in mitochon-
drial degradation through mitophagy; a selective autophagic elimination of mitochondria
[334]. While in yeast there are several proteins characterized in the recruitment of Drpl to
the OMM, mammals’ orthologues are yet to be identified [334]. In general, Drpl recruit-
ment is exerted by the OMM fission 1 protein (Fisl), mitochondrial fission factor (Mff), and
mitochondrial dynamics protein 49 and 51 kDa (Mid49 and Mid51) [334, 335].

However, Drpl regulation is under scrutiny and its recruitment is a debated subject. For
instance, a conditional knockout model of Fisl in HeLa, MEF and CKO cells, still shows
Drpl recruitment still occurs which argues against Fisl mediating mitochondrial fission [336].
Whereas fission was not observed in cells lacking Mff. Similarly, a Drpl middle domain
mutation renders Drpl interaction with Mff and impairs mitochondrial fission [333, 336]. An
overly enhanced GTPase activity of Drpl causes unrestricted mitochondria hyper-division as
those observed in Huntington’s disease and some cardiomyopathies [334, 337]. This suggests
that Mff is essential for Drpl recruitment [336]. DRP1 global knockouts are embryonically
lethal [335]. Whereas adult mice lacking the fission protein quickly develop heart failure and
premature death [331, 335, 338]. Altogether, mitochondrial fission is controlled by several

proteins and dysregulating its activity can lead to severe pathologies.

OPA1: the Long Story Short

Mitochondrial fusion, on the other hand, opposes fission and is also regulated by several
IMM and OMM proteins. Fusion in the OMM is controlled by the GTPases mitofusin 1
(Mfnl) and 2 (Mfn2). They do so by tethering the OMM of adjacent mitochondria following

homo- or heterodimers assembly. The Optic atrophy factor 1 (OPA1) controls both OMM
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and IMM fusion [339]. The OMM is fused through Mfns interaction whereas IMM fusion
occurs following OPA1 tethering to adjacent IMMs where the GTPase activity is exerted.
Additionally, the IMM fusion requires OPA1 to interact with cardiolipin; the latter which
composes ~18 % of the mitochondrial inner membrane [332]. OPA1 has four different iso-
forms containing up to two proteolytic cleavage sites targeted by several metalloproteases
that cleave long OPA1 (L-OPA1), residing in the IMM, into a shorter and soluble version.
Site 1 is recognized by YMEI1-like ATPase and site 2 by the overlapping with the m-AAA
protease 1 homolog (OMA1) [340]. Both metalloproteases yield a soluble fragment known
as short OPA1 (S-OPA1) whose function is yet to be determined [332]. Studies suggest that
OPAL1 is a master regulator of cristae structure and ensures cristae junction tightness along
with the mitochondrial calcium uptake 1 (MICU1) [235, 341].

Recently, a study looking at mitochondrial swelling, either through calcium overload
or with the aid of the pharmacological channel-forming peptide alamethicin (ALM), shows
higher and lower levels of S-OPA1 and L-OPA1 respectively [340]. The latter can be in-
hibited with sanghliferin A which inhibits pore opening [340]. This seems to suggest that
L-OPA1 protects the mitochondrial integrity and allows fusion whereas the S-OPA1 derails
functionality. However, proper mitochondrial fusion extends beyond mitochondria requiring
a higher ratio of L-OPA1 over S-OPA1. The key relies on the cleavage site and, by extension,
the metalloproteases involved.

Cleavage by YMELL occurs at site 1 and couples metabolism while allowing IMM fusion
[342]. This means that YMEILL cleavage is required for proper fusion of the IMM and for
the proper functioning of oxidative phosphorylation (OXPHOS). In contrast, cleavage by
OMAL1 at site 2 disrupts mitochondrial function through membrane depolarization [342].

This effect is directly related to the energetic status of the mitochondria, with significant
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membrane depolarization required to induce OMA1 proteolytic cleavage at site 2. This might
explain why observed fractions of S-OPA1 are elevated in mitochondria treated with agents
that disrupt the mitochondrial membrane potential and function, such as alamethicin or the
Complex IIT inhibitor Antimycin A (AA), and why some studies associate S-OPA1 with loss
of function while others highlight the necessity for fusion.

It is important to consider the energetic status parameters when interpreting the data,
as the necessity of L-OPA1 proteolytic cleavage at either site 1 or site 2 for fusion could be
related to enhanced GTPase activity to drive membrane fusion. For example, under transient
depolarizations, OMA1 activation might be beneficial to distribute workload by promoting
mitochondrial fusion. Similarly, at high working loads, YME1L activation can enhance work
capacity, coupling, and ATP synthesis. However, it is yet to be determined if L-OPA1 by
itself can drive membrane fusion at either basal or high energetic states [340]. Overall, the
activity of OPA1 is essential for proper mitochondrial fusion and cristae junction stability.

MICOS is a crucial regulator of cristae formation and is composed of several proteins,
including Mitofilin, MINOS1, CHCHD3,6, and 10, APoO and ApoL, and Qill in humans
[341]. In yeast, the homologs are known as Mic [341]. MICU1 and OPA1 interact with
MICOS to stabilize the cristae structures [343]. Studies have shown that genetic ablation
of OPA1 and MICUT1 or depletion of OPA1 leads to destabilization of the cristae structures
(343, 344]. As discussed in Chapters 3 and 4, changes in the mitochondrial network through
fission and fusion allow for cellular adaptability in response to energetic demand and also
regulate mitochondrial damage, recycling, and degradation to attenuate damage or remove
dysfunctional mitochondria [341].

Recent research has investigated the regulation of OPA1 by the PTP and showed that

L-OPA1 levels drop following calcium-induced swelling and pore formation. This effect can
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be inhibited by the pore inhibitor sanghliferin A. However, at very high calcium levels,
sanghliferin A does not prevent L-OPA1 levels from dropping, suggesting that OPA1 levels
are altered by membrane disruption induced by extremely high levels of calcium. These
findings suggest that the mitochondrial structure can be altered by increasing calcium loads.

MICU1 plays a crucial role in regulating calcium uptake into the mitochondria, as it
serves as the gatekeeper for the MCU channel [345]. Recent studies have shown that MICU1
localizes exclusively in the IBM and de-oligomerizes upon binding with Ca2t, acting as a
diffusion trap for calcium and helping to activate the MCU in the IBM [343, 346]. Therefore,
the growth of calcium phosphate deposits in the regions where MCU and MICU1 localize
could potentially lead to cristae destabilization in the face of calcium overload. It is important
to note that calcium phosphate deposits may arise in regions rich in calcium uniporters where
most of the calcium entry occurs. However, conventional confocal microscopy and cryo-EM
lack the spatial resolution required to differentiate between the localization of these proteins
in the IMM and IBM. Theoretically antibodies attached to gold beads that can target MCU
and MICU1 can be designed to spatially detect whether the distribution of these proteins
is associated with the observed granular formation. The localization and dynamics of MCU
and MICU1 in relation to calcium granule formation could provide valuable insights into the
mechanisms of cristae destabilization during calcium overload.

The data presented here indicates that calcium overload can lead to severe disruption of
the cristae network. Specifically, we observed that a 25 uM calcium bolus did not result in
significant changes to cristae junction width compared to control but did lead to a substan-
tial reduction in matrix density. Moreover, we found that higher calcium loads resulted in
exacerbated disruption of both the cristae junction width and matrix density. These findings

suggest that the cristae network is highly sensitive to calcium overload, and that even moder-
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ate increases in calcium levels can have significant consequences for mitochondrial structure

and function.

5.2 Methods

Mitochondria Isolation and Protein Quantification

The method described in Wollenman et al. was used to obtain cardiac mitochondria from
guinea pig hearts, using differential centrifugation [255]. To prevent blood clotting during
isolation, Hartley albino guinea pigs weighing 350 - 450g and aged 4 - 6 weeks were in-
jected with heparin (500 units/mL) into the intraperitoneal cavity. The animals were deeply
anesthetized with 4 - 5 % isoflurane before the heart was removed by decapitation with a
guillotine, following confirmation of full sedation using a noxious stimulus (paw pinch and
eyelid reflex). The heart was then perfused with a cold cardioplegia solution and homoge-
nized, as described previously [79, 255]. The mitochondrial protein content was determined
using the BIO-RAD Bovine Serum Albumin (BSA) Standard Set Kit and the BCA assay.
The mitochondrial suspension was diluted to a working concentration of 40 mg/ml and kept
on ice for 4 - 8 hours during the experiment. The substrate stock solutions were neutralized

to pH 7.0.

Mitochondrial Quality Control

The mitochondrial quality was determined using an Oxygraph 2k (Oroboros Instruments
Corp., Innsbruck, Austria) under constant stirring at 37 °C. Chambers were loaded with

2 mL respiratory buffer containing 130 mM KCI, 5 mM KoHPOy4, 20 mM MOPS, and 1
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mM MgClp, 1 mM EGTA, 0.1 % (w/v) BSA at a pH of 7.1. All subsequent experiments
were done using this buffer and temperature. At 0 mins, 5 mM sodium pyruvate and 1
mM L-malate were added as substrates. This was followed by 0.1 mg/mL mitochondria.
The leak state was defined as the rate of oxygen consumption by mitochondria only in the
presence of substrates. This measurement is taken after 5 mins. At 5 mins a bolus of ADP
(500 pM) was added to induce maximal ADP-stimulated respiration. Quality was assessed
by computing the respiratory control ratio (maximal ADP-stimulated rate divided by the
leak rate). Only mitochondria with an RCR value greater than or equal to 16 were used in

the experiments.

Calcium Tolerance Test on OXPHOS

The tolerability of the mitochondria for calcium was measured by quantifying changes in
leak and ADP-stimulated respiration following a calcium challenge with and without CsA.
At 0 mins, 5 mM sodium pyruvate, 1 mM L-malate, £ 1 pM CsA, 0.1 mg/mL mitochondria
were injected into each 2 mL chamber containing respiratory buffer. At 5 mins, a calcium
bolus of either 25 or 50 pM CaCls was injected. At 10 mins, 500 pM ADP was added induce
maximal ADP-stimulated respiration. Mitochondria with a JO9 equal or greater than ~200

nmol/mg/min for the 50 ptM CaCly bolus were considered for Cryo-EM imaging.

Cryo-Electron Microscopy (Cryo-EM) Sample Vitrification and Imag-
ing
Isolated mitochondria were suspended at a concentration of 0.1 mg/mL in a 2 mL respiration

buffer with 5 mM sodium pyruvate and 1 mM L-malate. At the collection times indicated,
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5 nL samples were aliquoted from the mitochondrial suspension and deposited on Quantifoil
R2/2 holey carbon grids pretreated for 1 min using a Pelco EasiGlo glow discharge unit.
Prior to depositing the mitochondrial suspension on the carbon grid, 5-10 pL. of 10 nm
nanogold markers were applied to the grids and air dried. These beads serve as markers
for fiducial alignment of the tilt series. The grids were blotted to thin the water layer and
subsequently plunged into liquid ethane at room temperature using a Vitrobot Mark IV
with automated temperature regulation, blotting, and humidity control (Fisher Scientific).
The Vitrobot chamber was set at 4 °C with 100 % humidity. The grids were blotted with
a blot force of 1 for 2.5 to 3 secs, transferred, and stored in liquid nitrogen until imaging.
Tilt series were performed using an FEI Talos Arctica at 200 keV in low-dose conditions,
operated using Thermofisher’s Tomography software. Images were collected in linear mode
on a Falcon 3EC direct electron detector with an electron dose of ~2e-/ A? per tilt image.
The images were collected at 22,000 X magnification (4.7 A /pixel) with a total electron dose

of ~100 e-/ A2 per tomogram.

Tomogram Reconstruction and Modeling

Motion correction was performed for the individual micrographs and binned by an index
factor of 7 using Motioncor2 v1.2.6. Tilt series alignment was performed using ETOMO
v4.9.12 [134]. Standard tomographic reconstruction particles were performed using the Si-
multaneous Iterative Reconstruction Technique (SIRT) strategy. At least 10 - 15 iterations
were performed for each tomogram. Key features (e.g., membranes, cristae junctions, gran-
ules, size analysis) of the tomograms were traced using the drawing tools functionality in

IMOD (3dmod) [134].
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Statistics

All data were analyzed and plotted using MATLAB 2020a (Mathworks, Inc., Natick, MA,
USA). The Shapiro-Wilk test was used to determine the normality of the data, and a One-way
ANOVA was performed to determine if there were significant differences between treatments
at various calcium loads and different treatments. Post-hoc analysis was done using the
Tukey-Kramer test. Results of these statistical tests can be found in Appendix B.

Reagents. All reagents were purchased from Sigma-Aldrich unless otherwise stated.

5.3 Results and Discussion

Mitochondrial Micrographs and Cryo-EM features

To better understand the effect of calcium on the mitochondrial structure, cryo-ET were
collected with the following conditions: without calcium (EGTA), with a 25 and 50 pM
CaCly bolus, or in the presence of CsA. A representation of the analysis performed for the
tomograms collected is shown in Figure 5.3. The micrograph in Figure 5.3 shows the
details that can be gathered. Fach tomogram is composed of multiple micrographs and the
cristae, calcium phosphate granules, and outer and inner membrane structures are traced
in 2 dimensions (2D) from top to bottom (Figure 5.3B). The 2D traces are then stacked
to create a reconstructed 3-dimensional (3D) model of the mitochondria (Figure 5.3C).
Finally, membrane features, such as the cristae junction width, are gathered and analyzed
for every single condition (Figure 5.3D).

Figure 5.4 shows a micrograph representation for the tomograms collected at a given

condition. Panel A contains a representative micrograph of the collected tomograms. Whereas
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Figure 5.3: Representation on the tomogram reconstruction flowchart.

Panel B displays the 3D reconstructed models from the collected tomograms with several
cristae junctions identified. There are several apparent observations to be made between
control, calcium overloaded or CsA treated mitochondria. Control group was collected in
the presence of the calcium chelator EGTA. Hence no calcium is present in the buffer. This
group shows a typical ovoid-shape appearance with regular OMM, IMM, and cristae (Figure
5.4).

In contrast, the formation of calcium phosphate deposits is apparent when either a 25
or 50 uM CaCls bolus is added to the buffer. These granules can be observed in the mi-
crograph as dark electron dense spots within the mitochondrial matrix (Figure 5.4A) and
as lighter grey spheres in the 3D reconstructions (Figure 5.4B). Following calcium uptake,
the matrix expands, or swells and the cristae network looks stringy or thinner. This effect is

exacerbated at increasing calcium loads. The presence of calcium phosphate deposits within
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the mitochondrial matrix seems to displace cristae formation in the region. Among all the
collected tomograms, cristae formation does not seem to occur in the vicinity of the granules.
This goes accordingly to the observations made in Chapter 3. The CsA-treated group was
collected in the presence of EGTA. As expected, no calcium phosphate deposits were gener-
ated. However, CsA-treated mitochondria displayed an aberrant morphology and compact
cristae compartment relative to control group. A similar effect was previously recorded in
Chapters 3 and 4. This CsA treatment effect is apparent in additional 3D reconstructed
tomograms as shown in Appendix B. Altogether, this data confirms 1) calcium overload
leads to calcium phosphate deposits and 2) significant remodeling of the cristae structures
is observed at high calcium levels.

Calcium overload widens cristae junctions

To investigate the effect of calcium or CsA on the cristae junctions, we measured at least
10 cristae per mitochondrion for each condition, as depicted in Figure 5.5. The control
group showed a typical cristae junction width of ~10 nm. Surprisingly, the mitochondria
treated with 25 M CaCls had similar junction widths to the control and CsA-treated groups.
This might suggest that the reduction in mitochondrial respiration under this condition is
related to the decreased cristae network rather than the widening of the junctions and sub-
sequent cyt. c release. However, it is very likely that calcium inhibition of OXPHOS is more
complex in nature and multifactorial. Whereas the addition of a 50 uM CaClsy bolus resulted
in a thinner cristae network and wider junctions, with the width increasing by nearly 66 %
following calcium accumulation. In contrast, the CsA-treated group exhibited cristae junc-
tion widths comparable to the control group, with denser mitochondrial matrices relative to
control. These findings, combined with the known protective effect of CsA on mitochondria,

may explain why CsA treatment can prevent calcium overload-induced damage. Neverthe-

121



A)

Control Mitochondrion 25 uM CaCl, ) 50 uM CCI CsA-treated

B)

Control Mitochondrion

50 pM CacCl,
25 yM CaCl, TN CsA-treated
N el

7

Figure 5.4: Representative micrographs with the respective 3D reconstructed tomograms
from Chapter 2. Control group with 1 mM EGTA. The formation of calcium phosphate
deposits is apparent following a 25 or a 50 uM CaCls bolus. CsA-treated mitochondria
in the presence of 1 mM EGTA displayed an aberrant morphology and compact cristae
compartment. Scale bars are set at 250 nm. In the 3D models, orange represents the OMM,
red the IMM, green the cristae network, and grey the calcium phosphate deposits.

less, the tomographic reconstructions for the CsA-treated group following calcium uptake
require further analysis and were not included in this report.

The preliminary data presented in this study has shed light on the strong correlation be-
tween calcium overload and changes in mitochondrial morphology. Specifically, our results
show that toxic levels of calcium have deleterious effects on the density of the mitochondrial
cristae network. Furthermore, the effect of calcium phosphate deposits on the mitochon-
drial matrix is evident, with mitochondria loaded with calcium displaying thinner cristae
networks relative to control and CsA treatment. Given the impact of calcium overload on

the cristae network, it is not surprising that our results indicate a potential impairment in
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Figure 5.5: Calcium overload widens cristae junctions. A) To visualize the widening effect
of calcium overload on cristae junctions, over 10 cristae junctions (n > 10) for each condition
were analyzed using cryo-EM tomography. Representative micrographs illustrate the yellow
regions that confine the cristae junctions. B) 3D reconstructed cristae junctions for a given
condition. C) The bars are plotted as means of the data with error bars representing the
standard error of the mean. Grey dots represent individual data points for the cristae
junctions measured. * Represents a statistical difference between the CsA and the 50 uM
CaCly group with a p-value of 0.0237.

ATP production, as previously suggested by the functional and structural data presented in
Chapters 3 and 4.

Digging deeper into the cristae junction width, we observed a smaller increase in cristae
junction width following the 25 M CaCly addition compared to the 50 uM CaCls bolus.
However, this effect is significant compared to CsA and the control group. Both calcium con-
centrations decrease the matrix density in a concentration-dependent manner. This effect is

clearly visible in the examination of the 3D reconstructed models, where the differences in

123



the cristae network between the control and the 50 pM calcium-treated groups are particu-
larly striking. It is worth noting that the control group appears to have a less defined cristae
network compared to the rest of the model, but this is due to limitations in the resolution of
the imaging technique used to generate the 3D models. Overall, these findings suggest that
calcium overload has a significant impact on mitochondrial morphology and function, with
potential implications for a range of pathological conditions.

The preliminary data presented in this section strongly supports the notion that calcium
overload can induce changes in mitochondrial morphology, specifically affecting the cristae
network. Higher levels of calcium can lead to deleterious effects on the matrix density and
ultimately impact the integrity of the cristae. The impact of calcium phosphate deposits
on the mitochondrial matrix is also apparent, resulting in looser and thinner matrices in
mitochondria loaded with calcium compared to control or CsA-treated mitochondria. This
observation is consistent with previously discussed data on the effects of high levels of cal-
cium on mitochondrial structure and function in Chapters 3 and 4. Interestingly, the CsA
treatment seems to enhance the cristae network despite having an aberrant outer mitochon-
drial membrane (OMM) structure. However, gathering tomograms for the CsA condition
with either calcium concentration proved to be challenging due to the absence of the OMM,
spreading of mitochondria across the carbon grids, or electron diffraction causing the matrix
to look dense and dark. Thus, making it difficult to reconstruct in 3D space (Appendix
B). This effect is not unknown, as previously recorded in Chapter 3.

The findings also raise new questions about how calcium impairs mitochondrial structure
and the role of cristae-stabilizing proteins such as MICOS in this process. Studies have shown
that disrupting MICOS can lead to fragmented cristae networks and alterations in cristae

connections to the inner boundary membrane (IBM) [329]. Moreover, the phenomenon of the
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permeability transition pore (PTP), which can lead to mitochondrial rupture and cytochrome
¢ release, may be preceded by cristae destabilization resulting from the accumulation of
calcium phosphate deposits. Studies performed in HeLa cells have suggested that cytochrome
¢ and OPAT1 are co-released following swelling prior to permeabilization induced by calcium
overload [347]. Cells lacking OPA1 facilitated cyt. c release prior to permeabilization,
suggesting that OPA1 influences mitochondrial structure that is independent of fusion [347].
These findings highlight the complex interplay between calcium overload, mitochondrial

structure, and function, and underscore the need for further investigation in this area.
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Chapter 6

Mitochondria: A Two-Pronged Attack
on Calcium-Induced Impairment in

Structure and Function, Combating
ROS as a Druggable Target

6.1 Overall drug screening objective

Mitochondria are the primary source of energy metabolites for nearly all eukaryotic cells. Due
to their nature, they are at an extreme risk of free radical sensitized calcium toxicity. This
puts them at the center of many diseases and pathologies, particularly ischemia/reperfusion
(I/R) injury. A drug screen, consisting of approximately 5,000 compounds from the NCI
diversity set V library and the PKIS (GSK) kinase library, was achieved through the Assay
Development and Drug Repurposing Core (ADDRC) of Michigan State University. In this
chapter, the identified compounds selected as potential novel candidates for protecting mi-
tochondria from calcium overload will be presented. Although the drugs mentioned in this
chapter are currently available on the market, none of them have been specifically designed
or approved for targeting the mitochondria. Thus, presenting a significant opportunity for
drug repurposing in the field of mitochondrial medicine.

The aim this drug screen was to 1) develop and optimize a protocol for quantifying drug

efficacy on mitochondrial calcium tolerance, 2) perform an initial 5,000 compound screen,
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and 3) test for ability of compounds that make it past the initial screen for protection against
calcium overload in a pro-oxidative environment. In this project, a fluorescent-based assay
was tested and developed to quantify the ability of mitochondria to take up and retain
calcium. The overarching goal of this study is to facilitate a rational approach to identify
new therapeutic targets and develop novel therapies to correct or prevent calcium-induced

mitochondrial dysfunction that leads to tissue injuries.

6.2 Introduction

Heart disease is the number one killer in the U.S. and worldwide [348]. The projected disease
costs in the U.S. including health care services, medicines, and lost productivity due to death
extend well into the 10’s of billions of dollars with no foreseeable decline [349, 350]. The exact
cause of death is multifaceted but nearly always results from an acute myocardial infarction,
i.e., a heart attack. During a heart attack, blood flow to the heart is reduced or completely
cut off. As discussed in Chapter 1, this alters metabolism and disrupts mitochondrial
energy homeostasis [221, 351-365]. Paradoxically, the necessary act of reestablishing blood
flow contributes up to half of the total damage [366]. The damage incurred after reperfusion
is known as I/R injury [367]. There are four types of injuries associated with I/R injury
with each contributing to the development of heart failure [365, 367, 368]. Of these injuries,
the most detrimental is known as lethal reperfusion injury [369] which arises due to calcium-
induced mitochondrial dysfunction. And although this injury is intensely studied at the
basic science level and in clinical trials [370], the best treatments available are insufficient
[371] and no clinically effective therapy exists. One of the major contributing factors in

cell death during a heart attack is the disruption in mitochondrial function that occurs
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after reperfusion. This phenomenon is known as mitochondrial permeability transition pore
(PTP) [372-374]. The mitochondrial PTP is characterized by the opening of a calcium-
dependent, free radical sensitized, proteinaceous molecular pore. However, as discussed
in in previous chapters, the molecular identify of this pore thus far remains elusive [375].
When this pore is open, mitochondria transform from ATP producers into ATP consumers
[376]. During ischemia, the disruption in energy metabolism disturbs calcium homeostasis
resulting in elevated cytosolic calcium. It is at this time, mitochondria become loaded
with toxic levels of calcium. Upon reperfusion, the sudden surge of available oxygen hyper-
energizes the mitochondria, and they produce a rapid burst of free radicals [377]. Thus, the
system is hit with a one-two punch which induces mitochondrial PTP, leads to cell death,
and begins the downward spiral of heart failure. Therefore, any effective therapy must 1)
protect mitochondria against situations conducive for calcium overload and 2) maintain this
protection during oxidative stress conditions. There have been over 30 clinical trials on
I/R injury over the past few decades [367]; however, there has been no real translational
successes. These failures are attributed to a variety of factors [368, 371], but a common
denominator is a lack of specific and effective therapies. The success of this project will
enable the development of new and effective therapeutic strategies targeting IR injury, a
clinically relevant phenomenon. Such a therapy would have an enormous commercial value.
The overall study objective is shown in Figure 6.1.

As I/R injury is involved in many pathophysiological diseases and conditions such as
neurological disorders, aging, response to toxins, cancer, muscular dystrophy, and I/R injury
209, 378], compounds identified during this study are not exclusive to cardiac tissue. This
opens up an enormous opportunity to develop a whole class of therapies targeting organ-

specific diseases.
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Figure 6.1: Overall study objective.

At the onset of a heart attack, the disruption of blood flow to the tissue begins a series
of events that, if left untreated, results in massive cell death. Early treatment is essential for
optimal recovery. However, the seemingly random nature of heart attacks makes time-to-
need treatments impossible. Aside from preemptive treatment plans like diet and exercise,
the most promising approach to treating a heart attack is in the hospital setting during
balloon angioplasty and thrombolytic therapies. Therefore, our approach is to identify and
develop a drug to deliver to the myocardium at the site of injury during these procedures.
Our group expects this drug to dramatically reduce cell death and thus lower the prevalence
of heart failure.

Figure 6.2 represents the rationale for the drug screen. As shown, calcium overload
leads to a dramatic and significant decrease in mitochondrial respiratory function and loss
of calcium homeostasis. However, the drug cyclosporin A enables mitochondria to stably
sequester calcium and partially preserve metabolic function. Unfortunately, clinical trials
using this drug produced negative or neutral results [379, 380]. Therefore, a new drug

that is as effective is not only desirable, but also necessary. And given that the molecular
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Figure 6.2: Representative trace of the effects of calcium overload on mitochondrial func-
tion. A) Calcium overload disrupts mitochondrial respiration and CsA rescues it. B) Calcium
release following calcium uptake in control but not in CsA-treated mitochondria.

mechanism of calcium sequestration and its effects on bioenergetics are not well understood

[78, 381], a drug screen is an ideal method to find a suitable alternative.

6.3 Initial drug screen

The ADDRC drug library screen for mitoprotectants followed the protocol optimization.
This pilot screen consisted of approximately 5,000 compounds from the NCI diversity library,
PKIS kinase library, as well as subsets of known drugs for drug-repurposing studies. A
‘positive hit” was considered successful if the drug promotes calcium uptake and prevents
calcium release from the mitochondria as detected by the calcium-sensitive fluorescent dye
(Figure 6.3). The CsA positive control was used in the initial drug screen, whereas the
“negative control” was non-CsA treated mitochondria.

A diagram for the intended protocol is shown in Figure 6.4. The first part shows the
feasibility and protocol optimization used in the primary screen. A successful outcome was
defined as being able to verify stable calcium uptake in the presence of cyclosporin A and

no calcium uptake in the presence of ruthenium red (RR).
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Figure 6.3: Screening protocol. Drug efficacy will be quantified by monitoring the ability
of mitochondria to handle a large bolus of calcium. Drug responses will be compared to
the positive control (cyclosporin A). Fluorescent values outside 30 above the mean of the
positive control fluorescence will be considered a negative result. An ideal compound will
lead to low calcium levels.

6.4 Feasibility and optimization

I used a well-designed calcium uptake protocol to screen for mitoprotectants in the MSU Drug
Discovery compound GSK and NCI libraries. In this assay, I detected mitochondrial calcium
uptake using the fluorescent calcium dye, Calcium Green 5N. This dye was selected because it
has a KD value in the low micromolar range, making it suitable for the purpose of this study.
It is relevant to note that the calcium concentration range used in this assay is between 50
- 150 pM, and using a dye with a lower affinity, in the nanomolar range, would result in a
saturated signal. Conversely, a dye with a higher KD value in the high micromolar range
would not be sensitive enough to detect changes following calcium addition. When calcium
overload disrupts mitochondrial function, mitochondria do not take up and stably sequester
calcium (Figures 6.2 and 6.3). Prior to the initial screen, I demonstrated feasibility and
optimized our protocol using a spectrophotometric-based assay. This is routinely done in the
lab; however, assays are done in 2 mL cuvettes as opposed to microplate wells. However, the

assay was successfully scaled down for high-throughput screening using the ADDRC’s Biotek
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Figure 6.4: Decision tree.

Synergy Neo Plate Reader. In this assay, freshly isolated mitochondria were loaded in a 384-
well microplate and their ability to take up and sequester a large calcium bolus was quantified
in the presence of the mitoprotective agent CsA, as the positive control and MCU inhibitor
RR, as the negative control, to impede calcium uptake. Freshly isolated mitochondria from
guinea pig hearts are an ideal choice because i) they are routinely isolated in the lab, )
there is enough mitochondria per heart to fill multiple 384-well plates, and i) they are
directly relevant to the aims of the proposed drug screen. To identify the optical calcium
levels, calcium doses in the range of 50 to 150 uM were tested, which have previously shown
to be in a range capable of inducing mitochondrial PTP. Here, we identified the 100 uM to
be sufficient to induce PTP. Background fluctuations were determined by wells containing
mitochondria devoid of calcium and calcium loaded wells in the absence of mitochondria. To
avoid variable dye loading in each well, the dye was added to the respiratory buffer before

dispersing in the wells.
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6.5 Materials and Methods

Mitochondria isolation and protein quantification

Cardiac mitochondria were isolated from guinea pig hearts using differential centrifugation
as described previously [382]. Briefly, Hartley albino guinea pigs weighing 350 — 450 g (4 — 6
weeks) were injected with 500 units/mL of heparin into the intraperitoneal cavity to prevent
blood clotting during the cardiac mitochondrial isolation. Before heart excision, animals
were deeply anesthetized with 4 — 5 % isoflurane. Prior to decapitation by guillotine, we
checked both eye lid and paw pinch reflexes to confirm animals were fully sedated. Following
decapitation, a thoracotomy was performed. The heart was then perfused with cold cardio-
plegia solution and homogenized as described elsewhere [382]. To prepare the mitochondrial
suspension, we quantified the mitochondrial protein content using the BIO-RAD Bovine
Serum Albumin (BSA) Standard Set Kit and the BCA assay, and diluted it to a working
concentration of 40 mg/mL, which was maintained on ice for the duration of the experiment

(approximately 6 hours). We also neutralized the substrate stock solutions to pH 7.0.

Mitochondrial quality control

The mitochondrial quality was determined using the Oxygraph 2 k (Oroboros Instruments
Corp., Innsbruck, Austria) under constant stirring. The O2k chambers were loaded with
2 mL respiratory buffer containing 130 mM KCI, 5 mM KoHPOy4, 20 mM MOPS, and 1
mM MgClp, 1 mM EGTA, 0.1 % (w/v) BSA at a pH of 7.1 and 37 °C. All subsequent
experiments were done using this buffer and temperature. The respiratory control ratio
(maximal ADP-stimulated rate divided by the leak rate) was collected for each experiment

as a measure of mitochondrial quality. Only mitochondria with an RCR value greater than
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or equal to 16 were used in the experiments. At 0 min, 5 mM sodium pyruvate and 1 mM L-
malate were added followed by 0.1 mg/mL mitochondria. The rate of oxygen consumption
by mitochondria only in the presence of substrates defines leak state (state 2) in these
experiments. At 5 min a bolus of ADP (500 M) was added to induce maximal ADP-
stimulated respiration. This defines the maximal ADP-stimulated rate (state 3) in these

experiments.

Calcium tolerance assay

The calcium tolerance was determined using the Oxygraph 2 k (Oroboros Instruments Corp.,
Innsbruck, Austria) loaded with the respiratory buffer as described above. At 0 min, 5 mM
sodium pyruvate and 1 mM L-malate were added followed by 0.1 mg/mL mitochondria. At 5
min, different chambers were treated with a bolus of 25 M CaClg and 50 M CaCly. At 10

min, a bolus of ADP (500 M) was added to induce maximal ADP-stimulated respiration.

High-throughput screen

All of the solutions described below are three times the working concentration. An 8 mL
buffer solution (Buffer 1) was freshly prepared in a black opaque 45 mL Falcon tube contain-
ing 15 mM sodium pyruvate and 3 mM L-malate, 3 uM Calcium Green-5N (from Molecular
Probes), and 0.6 mg/mL mitochondria, as shown in Figure 6.5. This buffer solution was
prepared shortly before beginning the assay to minimize mitochondrial degradation. All of
the solutions were kept on ice and mixed gently to avoid bubbles. One mM Calcium Green
5N stocks were freshly prepared, and 30 pL. were aliquoted into black opaque microtubes

kept at -80 °C. A 20 uL stock solution of 5.2 mM CsA was freshly prepared and diluted with
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Figure 6.5: Schematic representation of the High-throughput screening protocol.

respiration buffer for each experiment. The microtubes were thawed shortly before starting
the experiments to minimize dye decomposition and hydrolysis. The cassette tubing was
rinsed and filled with 70 % EtOH to minimize surface evaporation, and it was washed with
ddH50O before priming Buffer 1 or 3. A 12 mL solution containing 0.9 % DMSO and res-
piration buffer was prepared (Buffer 2). A 3 uM CsA final concentration was prepared by
aliquoting 6 mL from Buffer 2 and mixing it gently. This is our positive control solution.
The remaining Buffer 2 solution was used as the negative control, containing either 3 uM
Ruthenium Red (RR) for the Z-factor calculation layout or control mitochondria for the drug
screening assay (Figure 6.5).

A Corning® 384-Well Solid Black plate was used, and wells A1-P12 were filled with 20 uL
of the control solution (Buffer 2), while wells A13-P24 were filled with 3 uM cyclosporin A.

Buffers 1 and 3 (described below) were dispensed using the BioTek EL406 Washer Dispenser.
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Before priming the cassette with Buffer 1, the tubing was washed with 100 mL of ddH9O.
Buffer 1 was gently mixed to homogenize and resuspend the mitochondrial solution. The 384-
well plate was loaded with 20 L of Buffer 1 solution, quickly inserted into the preheated (37
°C) Biotek Synergy Neo Plate Reader, and set to linearly shake for 30 seconds. The plate was
incubated for 15 mins at 37 °C to stabilize the mitochondrial signal. Meanwhile, a 300 uM
CaCly solution was freshly prepared in respiration buffer (Buffer 3) as shown in Figure 6.5.
Before priming the cassette with Buffer 3, the tubing was washed as described above. After
15 minutes of incubation, the 384-well plate was removed, and 20 uL. of Buffer 3 solution was
added per well. The final concentrations for the reagents were 0.3 mg/mL mitochondria, 1
uM Calcium Green 5N, 3 uM CsA, 5 mM sodium pyruvate and 1 mM L-malate, 100 uM
CaClg, and 0.3 % DMSO. The plate was quickly inserted into the preheated (37 °C) Biotek
Synergy Neo Plate Reader, set to linearly shake for 30 seconds, and a 20-minute fluorescence
kinetic read was performed at a minimum interval of 1 read per minute, with excitation at
500 nm and emission at 530 nm (Figure 6.5).

All measurements were done at least in triplicate. The ADDRC drug library was used
to screen approximately 5,000 compounds from the NCI diversity set V library and the
PKIS (GSK) kinase library. The initial concentration for these libraries was 2 mM, and the
working concentration was 0.015 mM and 0.007 mM for the NCI diversity and GSK library,
respectively. Sets of 384-well plates were initially loaded with 20 uL of respiration buffer.
The compound library was loaded onto the 384-well plates with a Beckman Coulter Biomek
FXP. The last two columns were loaded with 3 uM CsA (positive control). Buffer 1 was
prepared, primed on the cassette, and 20 uL. was loaded onto the 384-well plate, as discussed
above. To minimize fluorescence, the plate was covered in aluminum foil and incubated for 15

minutes following a linear shake for 30 seconds inside the Biotek Synergy Neo Plate Reader
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preheated to 37 °C. Similarly, Buffer 2 was prepared, and 20 ul. was loaded on the 384-well
plate, as discussed above. The plate was quickly inserted into the Biotek Synergy Neo Plate
Reader preheated to 37 °C and set to linearly shake for 30 seconds. A 20-min fluorescence
kinetic read was performed with the minimum interval (1 read per min) by exciting at 500

nm and emitting at 530 nm. Drug hits were confirmed in duplicates.

Reagents

All reagents were purchased from Sigma Aldrich unless stated otherwise. All the reagents

were diluted with respiration buffer unless stated otherwise.

6.6 Results

Protocol Optimization, Feasibility, and Z-Factor Analysis

When mitochondria are suspended in the wells of a 384-well plate, the signal initially drifts
due to minor mitochondrial swelling and other kinetic adaptations to the new environment
resulting from the sudden rise in temperature. As part of the optimization, it was crucial to
determine where the fluorescence signal stabilizes to obtain accurate results. The fluorescence
signal was measured over a period of ~17 minutes as shown in a representative trace in
Figure 6.6A. The last 5 data points of this measurement were averaged to determine
the fluorescence for the positive (CsA) and negative (RR) controls. The environment and
assay conditions have a large effect size when it comes to mitochondrial calcium toxicity.
Therefore, we tested calcium doses ranging from 50 to 150 uM to determine the calcium

toxicity threshold in this experimental platform. We found that mitochondria can tolerate
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a 50 uM CaCly bolus but fully permeabilize at higher concentrations (Figure 6.2B). As
expected, mitochondria did not uptake calcium in the presence of the negative control RR.
Robust calcium uptake was observed when the positive control CsA was present, even at
the highest calcium load. Altogether, these results suggest that 100 uM CaCls is a suitable

concentration to compromise mitochondrial function.
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Figure 6.6: A) Representative trace of signal stability after 11 minutes. The last 5 data
points were averaged to determine the Z-factor in the following assay for CsA-treated and
control mitochondria. B) Representative trace to determine the toxic calcium bolus. RR
and CsA are the negative and positive controls, respectively. Error bars represent the mean
values obtained from the last 5 points averaged from minute 11 to 17 for n = 4 technical
replicates. The presented data was obtained for a final volume of 45 uL per well.

Since the solvent for all the drugs in the compound library was DMSO, we tested whether
DMSO affects our experimental setup (Figure 6.7). We found that DMSO percentages
below 0.5 % did not significantly impair calcium uptake; however, solvent concentrations at
0.5 % and above led to premature permeabilization. For example, the fluorescence signal
almost doubles at 50 uM CaCly for every ~0.5 % increase in DMSO. DMSO concentrations
across the board had no effect on the signal for the 100 and 150 uM CaCls boluses. Moreover,

the RR results reveal that the solvent does not interfere with the dye’s fluorescent signal.
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When CsA is present, mitochondria are capable of taking up and storing the vast majority

of the calcium challenge regardless of DMSO concentration.
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Figure 6.7: DMSO compromises mitochondrial function at increasing concentrations. Mi-
tochondria were exposed to a 50, 100, and 150 uM CaCls bolus in the presence or absence of
RR and CsA. Error bars are the mean values obtained from the last 5 point averaged from
minute 11 to 17 for n = 4 technical replicates. The data presented was obtained for a final
volume of 45 L. per well.

After optimizing the screening assay and selecting the 100 M CaClg bolus as the toxic
load, we performed the Z-factor analysis (Figure 6.8). It is important to note that the
fluorescence signal intensities in Figures 6.6 and 6.7 are lower than those in Figure 6.8A
and 6.8B due to the higher number of fluorescent molecules present in the assay buffer. This
is because Calcium Green 5N, a non-ratiometric molecular dye, was used as the fluorophore,
and the assay volume was increased from 45 uli to 60 pli to achieve ~0.3 % DMSO in the
initial screen, which also increases the number of Calcium Green 5N fluorophores in the well.

The Z-factor measures how well the assay separates the signal values from the positive
and negative controls and is commonly used as a measure of the assay’s signal-to-noise (S/N)
ratio. For the Z-factor and initial screen assay, the “negative” control is the untreated group,
and the “positive” control is the CsA-treated group. A value of 1 indicates the assay has a

perfect separation between the positive and negative controls, while a value of 0 reflects no
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separation. If the Z-factor is negative, it indicates poor separation between the groups and
is not suitable for high-throughput screening (HTS). The statistical parameter to evaluate

the quality of the S/N ratio was calculated as follows:

3(SD+Ctrl + SD—Ctrl)
H4-Ctrl — H—Ctrl

Z-factor =1 — (6.1)

Where SD is the standard deviation and p is the mean for the positive and negative
controls respectively (Equation 6.1). In HTS, a Z-factor value of at least 0.5 is considered
acceptable for the separation between the controls. In this study, the Z-factor value obtained
was 0.79, indicating good separation among the controls, and thus, demonstrates the suit-
ability of this assay for a HT'S (as shown in Figure 6.8C). To perform the HTS, a 384-well
plate was divided into two halves: 192 wells were filled with control, and the other 192 wells

were filled with 1 M CsA as shown by the representative heatmap in Figure 6.8A.

High-throughput screening assay results

A total of 11 hits were identified from the ~5,000 compounds screened from the GSK Kinase
and NCI Diversity libraries. These results are listed below (Table 6.1). Compounds were
considered effective when fluorescent values at least 30 above the value obtained with CsA
(negative control). The assay Z-factors for the NCI Diversity and GSK kinase libraries
ranged between ~0.6 to 0.7. The strongest hits came from the GSK kinase library as shown
in the % Fluorescence and Sigma value columns from Table 6.1.

The web tool SwissTargetPrediction was used to predict potential protein targets us-
ing structural or ligand-based information [383]. The mechanisms of action for the novel

compounds are not well understood. Protein targets are predicted based on the SwissTar-
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Figure 6.8: The Z-factor was obtained by analyzing plate reader signals at 15 minutes into
the read. Positive control CsA resulted in lower fluorescence due to reduced mitochondrial
calcium uptake, while untreated mitochondria showed increased fluorescence due to calcium
release following permeabilization. The signal for CsA-treated mitochondria was 10.6 times
higher than the control group. The coefficients of variation were 12 % and 5 % for the
CsA treatment and control, respectively. The Z-factor was 0.7911, well above the acceptable
threshold of 0.5, and was calculated based on a sample size of 6.

getPrediction database, and the most likely targets are assumed to be bioactive and from
the Homo sapiens species. A list of target proteins known to associate with mitochondria
is given in Tables 6.1 and 6.2. It is important to note that specific protein expression,
molecular diversity, and function vary among cells, tissues, and organisms. The list includes
both frequently and less frequently predicted targets. In the following discussion, I will focus
on the most frequently observed targets, such as members of the phosphodiesterase (PDEs)

family and glycogen synthase kinase-35 (GSK-3/3), while also mentioning some of the less
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Compound Structure Library % Fluorescence Sigma Potential Protein Targets!

@Vﬁ . e Phosphodiesterase:
: ©© GSK PDE2A, 4A and 4B, 5A
MSU-9549 T Kinase 93.64 9.92 e p-53 binding protein minute double
T@ minute 2 (MDM2)

e Glycogen synthase kinase 3-beta
(GSK3B)
5 ‘ ;\] e NAD-dependent deacetylase sirtuin-1
(SIRT1)
43.55 3.03 e Phosphodiesterase:
PDES5A, 7A, 10A
e Apoptosis regulator Bel-X (BCL2L1)
e Matrix metalloproteinases:
MMP3, 12, and 13

GSK

MSU-9433 © ( NAa Kinase
§

e Phosphodiesterase:

@\ PDE2A, 4B and 4D, 10A
Ho w GSK e glutathione S-transferase alpha 1
MSU-9397 . ¥i/© Kinase 4847 337 (GSTAI)
"N\ e Huntingtin (HTT)

e Matrix metalloproteinase 13 (MMP13)

Table 6.1: List of novel compounds from the GSK library. The % Fluorescence represents
the fluorescence signal relative to the negative standard, which corresponds to untreated
mitochondria. The o value column represents the standard deviation of the fluorescent signal
relative to the negative standard. The predicted protein targets for the novel compounds
from the web tool SwissTargetPrediction! database [383]. The predictions are based on the
H. sapiens species.

common ones to provide a comprehensive understanding of the results.

Phosphodiesterase Inhibitors and Mitochondrial Function

The GSK library contains the most promising compounds for protecting against calcium
overload. All of these compounds have the potential to inhibit various members of the
PDE family, which is a superfamily containing 11 structurally related proteins with distinct
functions [384]. PDEs regulate the secondary messengers cAMP and ¢GMP signaling by
catalyzing the hydrolysis of phosphodiester bonds [385]. Due to their molecular diversity,
some PDEs are cAMP- or cGMP-specific and are activated or inhibited by cAMP or cGMP.
A comprehensive review of the PDEs’ structural differences, tissue expression, function, and
selective inhibitors can be found in ref. [384]. The discovery of soluble adenylyl cyclase (sAC)
in the mitochondrial matrix has led to a better understanding of the role of cAMP in regu-

lating mitochondrial function [386]. Recent research suggests that cAMP is the rate-limiting
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Compound

MSU-4732

MSU-4575

MSU-4571

MSU-4656

MSU-4814

MSU-4734

MSU-4653

MSU-5052

Table 6.2: List of novel compounds from the NCI library. The predicted protein targets
for the novel compounds from the web tool SwissTargetPrediction! database [383]. The

Structure

®)
@

Library

NCI
Diversity

NCI
Diversity

NCI
Diversity

NCI
Diversity

NCI
Diversity

NCI
Diversity

NCI
Diversity

NCI
Diversity

% Fluorescence

30.85

28.71

28.61

2832

28.23

2713

26.79

2293

predictions are based on the H. sapiens species.

step for matrix calcium accumulation via the exchange protein directly activated by cAMP 1
(Epacl) and the mitochondrial calcium uniporter (MCU) [386]. Moreover, cAMP stimulates
oxidative phosphorylation (OXPHOS), which increases ATP production [387]. These find-
ings highlight the critical role of cAMP signaling in regulating mitochondrial metabolism.
Additionally, cAMP is involved in cardiac function and pathogenesis, as well as the mito-
chondrial permeability transition pore (PTP) [388, 389]. It has been documented that cAMP

signaling protects against necrosis and apoptosis, thereby playing a crucial role in maintain-
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3.18

3.37

3.36

332

331

3.18

313

3.01

Potential Protein Targets!
Phosphodiesterase:
PDE2A, 4A, 5A, TA, 10A
Hyposxia-inducible factor 1 alpha
(HIF1A)
Quinone reductase 2 NQO2)
Translocator protein (TSPO)
Matrix metalloproteinases:
MMP1, 2,8,9, 13 and 14
Glycogen synthase kinase 3-beta
(GSK3B)
Hexokinase Type I'V (GCK)
CaM Kinase 11 (CAMK2D)
Phosphodiesterase:
4A-D, 5A
p-53 binding protein minute double
minute 2 (MDM2)
Phosphodiesterase 7A (PDET7A)
Translocator protein (TSPO)
Matrix metalloproteinase:
MMP2 and MMP9
Quinone reductase:
NQOI and NQO2
Caspase 5 and 7 (CASP5 and 7)
Glycogen synthase kinase 3-beta
(GSK3B)
Hexokinase Type IV (GCK)
Phosphodiesterase:
3A and 3B, 4A and 4B, 10A

Glycogen synthase kinase 3-beta
(GSK3B)

Phosphodiesterase:

PDE4B, 10A

BelZ-antagonist of cell death (BAD)
Glycogen synthase kinase 3-beta
(GSK3B)

Phosphodiesterase:

PDE4B and 4D, 5A

Sodium /hydrogen exchanger 1
(SLC9AT)

Phosphodiesterase:
PDE2A and 10A

Phosphodiesterase 10A (PDE10A)
Sodium /hydrogen exchanger 1
(SLCIATL)

BclZ-antagonist of cell death (BAD)
Translocator protein (TSPO)



ing mitochondrial integrity [386]. Given that PDEs regulate cAMP production, their role
in regulating mitochondrial function has been a topic of interest in recent studies. Like
cAMP, they are linked to cardiomyopathies and mitochondrial structure [390]. For instance,
PDE2A2 is localized within the mitochondrial matrix and is thought to regulate ATP produc-
tion by degrading cAMP levels generated through sAC [387, 390]. However, a recent study
suggests that PDE2A2 localizes outside the mitochondrial matrix and controls cytoplasmic
cAMP and protein kinase A-dependent dynamin-related protein 1 (Drpl) phosphorylation
[390]. This is intriguing because the GTPase Drpl is a main regulator of mitochondrial fis-
sion. Altogether, PDEs are also localized in the mitochondria and provide regulatory actions
by controlling structure and function. Recently, the effects of three PDEs (2-4) in isolated
rodent cardiac mitochondria was studied [386]. While PDE4 is predominantly expressed in
rodents, PDE2 showed the largest cAMP-degrading activity followed by PDE3 and PDE4
(386, 389]. Interestingly, the overexpressed PDE2 transgenic mice models had an increased
sensitivity to swelling and loss of membrane potential upon calcium exposure relative to the
control group. This is intriguing given a recent report on the overexpression of PDE2A in
human heart failure [391]. A study on isolated rat hearts showed that inhibition of PDE4
enhanced the inotropic effects by activating SERCA2a [392]. Whereas a porcine model of
heart failure show that PDE inhibitors can induce arrhythmogenic events [389]. While the
acute application of PDEs has antihypertrophic and cardioprotective action, long-term use of
PDEs in clinical trials increased cardiovascular mortality [393, 394]. The therapeutic action
of these drugs can be related to the specific PDEs they target and their relative expression
in cardiac tissue. For instance, PDE3 is the most common phosphodiesterase expressed in
the human heart. PDE3A is found to control cardiac contractility and calcium handling

[384]. Whereas PDE3B expression is not limited to cardiomyocytes and found to regulate
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angiogenesis, lipid metabolism, and insulin signaling [384]. Hence, a drug inhibiting PDE3A
might induce arrhythmogenic events relative to an inhibitor targeting PDE3B or another
PDE exerting less cardiac function. Therefore, the positive and negative off-target effects
induced by PDE inhibition must be carefully considered. In conclusion, the complex inter-
play between PDEs, cAMP signaling, and mitochondrial function highlights the potential of
PDE inhibitors as a promising avenue for protecting against calcium overload and related
cardiac pathologies, while also emphasizing the need for further research to fully understand
their mechanisms of action and potential risks.

GSK-3 8 inhibition might confer calcium overload protection The glycogen synthase
kinase-3 beta (GSK-3 ) appeared in roughly half of the small molecules identified in Table
6.1. GSK3 is a serine/threonine kinase that controls cell proliferation, gene transcription,
protein synthesis, regulation of glycogen synthesis, among other cellular processes [395].
GSK3 exists as two isoforms GSK-3 a and GSK-3 /3 encoded by two different genes with
some overlapping and distinct functions [396]. Evidence on GSK-3 /3 inhibition highlights
the potential clinical application in many diseases including as a mediator in anticancer im-
mune response, Alzheimer’s disease, and Parkinson’s disease [397, 398]. The versatility of
GSK-3  inhibition could be attributed to the close to 100 proteins identified to be phos-
phorylated by GSK-3 § [397, 398]. In the context of mitochondria, GSK-3 [ regulates all
aspects of mitochondrial function including biogenesis, bioenergetics, motility, and apopto-
sis [398]. This makes it a strong candidate for establishing a mechanism of action against
calcium-mediated PTP activity. Aspects of GSK-3 3 were discussed in Chapter 1 whereby
PTP formation following calcium overload is formed by the interaction of VDAC, Cyp-D,
and the ANT. The proposed model of this mode of PTP regulation suggests that Cyp-D and

ANT interaction can be impeded by GSK3 [ inhibition or inactivated by phosphorylation
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at Ser9 [399]. A study led by Gomez et al. assessed the involvement of GSK-3 5 in PTP
formation in ischemic hearts from mice following postconditioning [400]. Results suggest
that postconditioning increased the threshold at which PTP formation in isolated mito-
chondria ensues in response to Ca2t. This protective effect was not detected in transgenic
mice expressing GSKS9A that cannot be inactivated by phosphorylation [400]. However,
transgenic mice expressing a non-phosphorylatable form of GSKS9A did not exhibit this
protective effect [400]. Taken together, this suggests GSK-3 [ regulates PTP formation fol-
lowing Ca2t overload insults. In support of the abovementioned PTP model, Nishihara et
al. conducted a co-immunoprecipitation study to assess the interaction of phosphorylated
GSK-3 § with PTP regulators including VDAC, ANT, and Cyp-D. In a study conducted
on rat hearts, GSK-3 3 phosphorylation was induced through ischemic preconditioning and
erythropoietin-receptor activation of PKC and PISK/Akt. The study found that phospho-
rylated GSK-3 8 co-immunoprecipitated with ANT but not VDAC [204]. Additionally, the
interaction between ANT and Cyp-D was disrupted by 40 % along with a 50 % increase
in the interaction between phosphorylated GSK-3 5 and ANT [204]. Altogether, these re-
sults provide a potential mechanism of action for the hit compounds by which inhibited
or phosphorylated GSK-3 ( interacts with PTP modulators to increase the threshold for

CaZ*-induced PTP.

Other targets

Another potential target is a protein called mouse double minute 2 (MDM?2) which has been
recently shown to modulate respiratory complex I activity independently of p53 [401]. It
has been classified as an oncogene and a tumor suppressor [401]. It negatively regulates the

pH3 tumor suppressor and has been recently shown to be transported actively into the mi-
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tochondria following hypoxic and ROS insults [402]. MDM2 also represses the transcription
of NADH-dehydrogenase 6 and complex I activity in H1299 lung cancer cells [402]. A recent
study provided a mechanism of action for the decreased mitochondrial respiration and ROS
generation in which MDM2 directly binds to the NADH:ubiquinone oxidoreductase 75 kDa
Fe-S protein 1 (NDUFS1) and destabilizes complex I activity and supercomplex assembly
[401].

Furthermore, studies looking at vascular calcification suggest that the transcriptional
activation of MDM2 is elevated in calcified human coronary arteries and in mouse models
[403]. The effect of increased transcription increases the E3 ligase activity, which is essential
for vascular calcification. Interestingly, elevated inorganic phosphate (Pi) in vascular smooth
muscle cells (VSMCs) induces calcium phosphate deposits, which in turn upregulate MDM2
expression [403]. Similarly, a study investigating the effects of a-lipoic acid in VSMCs showed
that elevated Pi led to decreased AV,,, and ATP production, ROS elevation, and disrupted
mitochondrial structure [404]. In addition, these events were often followed by cytochrome
c release and other pro-apoptotic events [404]. Altogether, this suggests a role for MDM2 in
mitochondrial structure, function, and ROS generation independently of p53 binding. Two
out of 11 were predicted to interact with this target, including the most active compound
(Table 6.1: MSU-9549 and MSU-4575).

Matrix metalloproteinases (MMPs) have emerged as an interesting therapeutic target due
to their role in the degradation of extracellular matrix proteins, which contributes to tissue
remodeling and repair [405]. MMPs are CaZt-dependent Zn%t-containing endopeptidases
that are also found within cardiac mitochondria, and their activation can disrupt mito-
chondrial function and lead to loss of cardiac contractility following ischemia/reperfusion

(I/R) injury [212, 222, 406]. This disruption is due to MMP-mediated degradation of mito-
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chondrial proteins, including those involved in oxidative phosphorylation, which ultimately
impairs energy production in the cell. Moshal et al. hypothesized that MMP activation and
expression induces the formation of the mitochondrial permeability transition pore (PTP)
and causes contractile dysfunction, as demonstrated in C57BL/6J mice fed with an elevated
level of homocysteine diet [212]. Therefore, MMP inhibition may represent a potential strat-
egy to protect cardiac mitochondria against Ca?t-induced PTP activity, and the screened
mitoprotectants MSU-9433, MSU-9397, MSU-4732, and MSU-4571 could act through this
mechanism to preserve mitochondrial integrity (Tables 6.1 and 6.2). Hence, targeting
MMPs represents a promising approach to mitigate the deleterious effects of I/R injury on
mitochondrial function and cardiac contractility.

Overall, understanding how the screened compounds protect against Ca2t overload is
important for developing effective therapies. Further investigation is needed to confirm their
mechanisms of action and detect any off-target effects. Assays to detect and characterize
protein interactions are necessary for gaining insights into their protective effects. There-
fore, comprehensive understanding of these mechanisms is crucial for developing potential

therapies for calcium overload-related disorders.

Future directions: The one-two punch study

Although PTP is primarily induced by calcium overload, oxidative stress lowers the cal-
cium threshold necessary to induce MPT [407]. A major contributor of I/R injury is the
post-reperfusion burst of free radicals. Hence, compounds that passed the first screen must
also preserve mitochondrial integrity in calcium overload conditions in pro-oxidative envi-
ronments. As a future direction, if more than two compounds from Table 6.1 are identified,

they should be ranked based on which compound lowers the buffer calcium the most. To en-
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sure compounds do not interact with Calcium Green 5N, the fluorescence should be measured
in the presence of the drug without mitochondria. To screen for a one-two punch resistance,
the optimized protocol must be used while including two types of pro-oxidants to test if
the compounds identified in Table 6.1 are still effective during oxidative stress. The first
will be the redox cycler MitoPQ. This compound produces superoxide inside mitochondria

proportional to its concentration [396].

3000

Iy o (pmol/mg/min)

0O 10 25 50 75 100
| MitoPQ] (nM)

Figure 6.9: Mitochondrial ROS emission can be adjusted using the MitoP Q.

Preliminary data suggests the rate of ROS emission is controllable and a function of the
concentration of MitoPQ (Figure 6.9). The second to consider is the lipid peroxide, tert-
butyl hydroperoxide. A positive hit is considered successful if the drug achieves to preserve
mitochondrial integrity in calcium overload conditions in pro-oxidative environments. The
same positive and negative controls used for the protocol optimization should be used. In fu-

ture studies, one should use additional in vitro, ex vivo, and in vivo experiments methods in
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an acute and chronic settings to validate drug efficacy alluded to by our screen. For instance,
screens can be employed in whole cells (e.g., H9¢2, C2C12 or other myocyte lines) and com-
pared with the results herein obtained from isolated mitochondria. For the in wvitro studies,
calcium retention capacity and ATP production rates must be quantified using the isolated
mitochondrial preparation to determine the impact of the compounds on the mitochondrial
function. For the ex vivo method, the Langendorff isolated heart perfusion platform can
be utilized with the goal of monitoring cardiac function post-infarct in the acute setting.
The hemodynamic function, infarct size, and mitochondrial viability can be quantified after
a global ischemic insult with and without select compounds that make it past the screen-
ings. For the chronic studies, in vivo conscious coronary occlusion model can be included.
Coronary artery occlusion can be performed in guinea pigs by tying off the left coronary
artery above the left anterior descending artery and circumflex artery branch point. In this
model, occluding and pacing the guinea pig hearts, can cause significant cardiac damage.
Longitudinal follow up studies 4 to 8 weeks post-treatment should be considered to moni-
tor cardiac function, hypertrophy, scarring, and assess mitochondrial function. Importantly,
control animals not receiving treatment must be included. Ultimately, data from each ex-
perimental level should reinforce one another and provide a comprehensive understanding of

the molecular and metabolic effects of each prospective drug.
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Chapter 7

Conclusion

This thesis provides a comprehensive approach to understanding the role of calcium over-
load in cardiac mitochondrial bioenergetics and its impact on the permeability transition pore
(PTP) in the context of ischemia/reperfusion (I/R) injury. It sheds light on the complex
mechanisms of calcium storage and ultrastructural changes associated with mitochondrial
dysfunction resulting from calcium overload. By focusing on identifying preventative mea-
sures before reaching the point of no return, this work contributes to the development of
therapeutic and preventative measures aimed at mitigating the severe effects of PTP follow-
ing pathological mitochondrial calcium overload.

The thesis begins by providing a historical perspective on the role of mitochondrial PTP
and its relevance in pathophysiology. The review emphasizes that previously proposed com-
ponents and models of pore formation remain crucial for understanding its regulation. How-
ever, it also notes that these models have not been conclusively proven, and the molecular
identity of the pore is yet to be fully elucidated.

Here, I present a unique proposal that focuses on preventing PTP before reaching the
point of no return. Specifically, it highlights that high levels of calcium accumulation in
the mitochondrial matrix cause structural alterations that negatively impact mitochondrial
function through cristae remodeling. Although this work does not investigate how calcium

uptake alters cristae-stabilizing proteins, it speculates on how such alterations could desta-
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bilize the cristae. Therefore, future studies should aim to address the problem at its core
by examining the molecular mechanisms underlying these structural alterations. Overall,
this thesis makes a valuable contribution to the field by presenting novel insights into the
regulation of PTP and identifying potential avenues for future research.

While sodium pyruvate and L-malate were used as the primary substrates in most of the
experiments presented, previous studies in our lab have shown that the regulation of calcium
varies with the presence of additional substrates, such as succinate (see Appendix C.1)
and fatty acids [408]. This finding is particularly relevant given that a normal, healthy heart
derives a significant proportion of its high-energy phosphates from fatty acids (approximately
60-90 %), with carbohydrates and lactate compensating for the rest [409]. While fatty acid
metabolism yields more ATP per molecule than glycolysis, it also consumes more oxygen,
which can exacerbate I/R injury under anoxic conditions [410].

These results underscore the importance of regulating both fatty acid and glucose metabolism
in cardiomyocytes, especially during I/R injury. In our discussion, I mentioned that complex
I is larger in size compared to complex II. The size difference between these complexes may
have implications for their susceptibility to calcium phosphate deposits, as complex I may
be more susceptible due to its larger size. This is consistent with our previous finding that
mitochondria energized with succinate, which feeds directly into complex II, are more resis-
tant to calcium overload. One possibility is that calcium phosphate deposits affect complex
I activity mechanically or pose a limit on the diffusion barrier of reducing equivalents like
NADH. Hence, energizing mitochondria with succinate does not present the same hindrance
and allows respiration to continue until the mitochondrial structure begins to compromise
following calcium accumulation and calcium phosphate deposit formation. Moving forward,

future research should explore the effects of a broader range of substrates, alone and in com-
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bination, on mitochondrial function and structure during calcium overload. Such studies
will provide critical insights into how to reduce or mitigate the severe effects of PTP follow-
ing pathological mitochondrial calcium overload. This will lead to the development of more
effective therapeutic and preventative measures.

The experiments conducted in Chapter 2 provided valuable insights into the role of
PTP and calcium overload in cardiac mitochondrial bioenergetics. This chapter explains the
observed ATP production decoupling following calcium overload and suggests that increas-
ing calcium loads decrease the amount of ATP molecules produced for the same number of
O2 molecules. The respiratory ratios (JOg) were used to estimate the effect of calcium over-
load on oxygen utilization during OXPHOS in the absence or presence of CsA. The results
showed that CsA tends to lower the duration of OXPHOS to baseline without impacting the
estimated ATP/O» ratio, dampening the effect of increasing calcium loads on ATP produc-
tion. The fact that this effect persists at very low calcium levels suggests that CsA might
be modulating the mitochondrial structure. One possible mechanism is that CsA might
interact with metalloproteases that are known to activate by calcium to destabilize proteins
regulating cristae junction structures. Hence, further experiments will need to be conducted
to determine whether CsA regulates metalloprotease activity. Interestingly, CsA had little
to no effect on the Og cost and ATP production, suggesting that PTP is not relevant in this
scenario.

The preliminary findings that calcium phosphate complexes are the main components
of the mitochondrial calcium sequestration system shed new lights on potential mechanisms
prior to PTP activity. The formation of these calcium phosphate complexes can be described
by the biochemical reaction shown in Appendix C.2. This reaction is charge and atom

balanced and works for many calcium phosphate species (e.g. tricalcium phosphate, hy-
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droxyapatite, and octacalcium phosphate). Using this reaction, a mathematical expression
describing the mitochondrial calcium buffering power can be derived as shown in Appendix
C.2. In this equation, two components of calcium buffering are explicitly modeled. The
first component consists of prototypical buffers that includes protein, lipid, metabolite, and
other binding sites in the matrix. The second component consists of calcium phosphate
complexes. To experimentally quantify the calcium buffering power, the rates of total and
free calcium flux into or out of the mitochondrial matrix must be simultaneously measured.

After correction for compartment volume differences, their ratio:

[Ca2+]tot

[CaQHra‘ce (7.1

gives the calcium buffering power of the mitochondrial matrix. Details of this method are
described in Bazil et al [214]. An application of this method is shown in Appendix C.3
explaining two conditions thought to regulate this system i) modulators that enhance buffer-
ing (CsA) or ii) diminish it (tert-butyl hydroperoxide, t-BuOOH). These data revealed that
modulators that increase calcium uptake also increase the calcium buffering power; whereas,
modulators that decrease calcium uptake, diminish the buffering power. These findings shed
light on a previously unknown mode of regulation and provided evidence of the protective
role of agents like CsA in the presence of calcium loads that induce PTP activity.

To test the hypothesis that CsA modulates mitochondrial function and calcium seques-
tration, cryo-EM imaging was used in Chapter 3. The results showed that calcium overload
led to concentration-dependent calcium phosphate deposits, which could potentially induce
cristae destabilization and explain the observed mitochondrial dysfunction prior to the on-

set of PTP. These findings shed light on the mechanisms underlying tissue damage during
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I/R injury and suggest that mitochondria play a crucial role in the apoptotic response to
reperfusion. Details of the cryo-EM imaging and data can be found in Appendix A.

To support this hypothesis, a model was derived in Chapter 4 from the classic conser-
vation law and free energy minimization, which described the dynamics of pattern formation
and phase separation of the mitochondrial ultrastructure in the presence of calcium phos-
phate deposits. The morphological changes observed with this model correlated with the
loss of mitochondrial function and ATP production rates observed in previous experiments
and with the 3D reconstructed models in the presence and absence of calcium. Overall, this
study provided an understanding of how calcium overload impairs mitochondrial function
and the devastating consequences to mitochondrial structure.

However, this model is in its nascent stages and requires further expansion. For example,
the model only considers the changes between cristae or matrix expansion, without consid-
ering any fluxes going in or out of the system. Therefore, depending on how the system is
initialized, it can cause either the matrix or cristae to expand, depending on which compart-
ment the calcium phosphate deposits are located in. However, since the calcium phosphate
deposits are positioned in the mitochondrial matrix, the computational model is constrained
to push the system towards matrix expansion. To enhance the computational model, the
next steps would be to integrate the fluxes of different molecules, ions, and energy within the
mitochondrial matrix and cristae. This would enable a more comprehensive representation
of the dynamic changes in mitochondrial structure and function. Moreover, the model could
be expanded to incorporate other factors that may contribute to mitochondrial dysfunction,
such as reactive oxygen species and changes in pH. It would be crucial to validate the model
with experimental data obtained from ¢n wvitro and in vivo studies to ensure that it accu-

rately predicts the observed morphological changes and alterations in mitochondrial function.
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Additionally, the model could be utilized to identify potential therapeutic targets or drug
candidates for the treatment of mitochondrial dysfunction and related diseases. Overall, the
continued refinement of the model is expected to provide valuable insights into the intricate
mechanisms that govern mitochondrial function and dysfunction, and ultimately lead to the
development of novel therapeutic interventions for mitochondrial diseases.

Altogether, the structural insights gained in Chapter 4 shed light on the mechanisms
underlying pathological mitochondrial calcium overload and the subsequent loss of func-
tion, paving the way for further investigations into potential therapeutic strategies aimed at
mitigating the devastating effects of PTP on mitochondrial ultrastructure and bioenergetics.

In Chapter 5, the study further explores the effects of calcium overload on mitochondrial
structure and function. Specifically, the chapter focuses on changes in cristae structures and
the effect of calcium phosphate deposits on the mitochondrial matrix. The data presented
in this chapter provide a strong case for why ATP production is impaired, as previously sug-
gested by the functional and structural data presented in the previous chapters. The chapter
also briefly discusses the effect of CsA on the mitochondrial outer membrane, although the
CsA-treated group in the presence of calcium was not included in the report due to data
collection feasibility.

Upon observation, it was noticed that CsA exhibits two different configurations following
calcium uptake: one where it appears spread across the hole and grid, resembling a "spaghetti
meatball" with its inner membrane preserved, and another where the mitochondrion looks
normal with a dense matrix. It was observed that mitochondria looking like "spaghetti
meatball" have many granules and the outer membrane is entirely lost, while normal-looking
mitochondria have barely visible granules. Based on these observations, multiple explana-

tions can be suggested. Firstly, the formation of calcium phosphate deposits leads to matrix
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expansion, but since CsA preserves the cristae junction integrity, only the outer membrane
is lost, and not the inner membrane. Secondly, CsA-treated mitochondria without big or
multiple solid granules may have fewer mitochondrial calcium uniporters (MCU), which is
the main route for calcium uptake. Hence, less or lack thereof of MCU would lead to fewer
calcium phosphate deposits, as discussed in Chapter 3.

Regarding the potential effects of CsA on mitochondrial membrane adherence during
cryo-EM, it is possible that the addition of CsA may alter the stability of the mitochondrial
membrane, thereby affecting its ability to adhere to a carbon grid during sample preparation.
In the blotting step, a thin layer of sample solution containing the mitochondria is applied
to a carbon grid, which is then plunge-frozen in liquid ethane. If the CsA treatment does
indeed affect membrane stability, it could result in fewer intact mitochondria being imaged.
However, further confirmation is required to support this hypothesis.

Additional future aims for this chapter include conducting studies on mitochondria iso-
lated from I/R-injured hearts to assess the effects of calcium overload and modulators on
cristae stability, and changes in mitochondrial function during calcium overload should be
run in parallel with cryo-EM sample vitrification to get a view of cristae structure and
intactness. The complete analysis of calcium phosphate granule size, distribution, and for-
mation must then be compared with the cristae data to link mitochondrial function with
calcium sequestration. These results will establish if treatments preserving cristae can confer
protection against calcium overload in I/R-injured hearts.

In Chapter 6, the focus is on screening for compounds that can protect mitochondria
from the detrimental effects of calcium overload and reactive oxygen species (ROS). The
study is a crucial step in identifying potential drug candidates or therapeutic targets for the

treatment of mitochondrial dysfunction and related diseases. The screening process involved
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testing approximately 5,000 compounds, and 11 were identified that passed the initial screen-
ing for protection against calcium overload. However, the study faced significant challenges
in obtaining the compounds from pharmaceutical companies or medicinal chemists, which
prevented the further progression of the study.

It is important to note that the rationale behind screening for compounds that protect
against both calcium overload and reactive oxygen species is highly relevant in the context
of I/R injury. I/R injury is a phenomenon that occurs when blood flow to an organ is inter-
rupted (ischemia) and then restored (reperfusion), leading to a paradoxical injury effect that
is centered on the mitochondria. The formation of the PTP phenomenon is a major contrib-
utor to I/R injury, which is sensitized mainly by these two components - calcium overload
and oxidative stress. Therefore, the screening of compounds that can protect against both
calcium overload and oxidative stress is a critical step in developing potential therapeutic
strategies to mitigate the effects of I/R injury.

It is worth noting that although the libraries of compounds tested in this study exist,
none have been tested or repurposed as a mitoprotectant before. Despite the obstacles
faced, the study provided valuable insights into the potential mechanisms of action for the
identified compounds. The compounds were subjected to a SwissADME analysis to predict
their molecular and metabolic effects. The analysis proposed several potential mechanisms
of action, which should be validated through future experiments. These experiments should
be conducted in a pro-oxidative environment, with and without calcium, and at various
experimental levels to reinforce one another and elucidate the molecular and metabolic effects
of each prospective drug.

Overall, the study highlights the critical role that calcium overload and ROS play in

mitochondrial dysfunction and the development of related diseases. The identification of
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potential drug candidates and therapeutic targets provides new ideas for the development
of effective treatments for mitochondrial dysfunction. The insights provided by the study
may also aid in the development of preventative measures aimed at reducing the risk of
mitochondrial dysfunction and related diseases.

Taken as a whole, this thesis lays the foundation for a comprehensive investigation of
the role of mitochondrial calcium overload in cardiac I/R injury and the potential protec-
tive strategies against it. The experimental data presented in this thesis provides important
insights into the mechanisms underlying mitochondrial dysfunction and structural changes
induced by calcium overload. The proposed future studies will further advance our under-
standing of the complex interplay between mitochondrial function, calcium overload, and
reactive oxygen species in cardiac I/R injury. The potential protective compounds identified
in this study provide a promising starting point for the development of novel therapeutic
strategies for the treatment of cardiac ischemia-reperfusion injury. Ultimately, the find-
ings presented in this thesis have important implications for the development of targeted
therapeutic interventions aimed at preserving mitochondrial function and protecting against

cardiac I/R injury.
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75 uM Cacl, Control at

Figure A.1: Mitochondrial membrane morphology in the absence of calcium overload.
Representative images before the addition of calcium in the absence of CsA. (A-C) Mito-
chondria are round with the outer and inner membrane clearly visible. In some instances,
small calcium phosphate granules are observed. Granules form after mitochondria take up
contaminate calcium. Samples were collected at t0 as described in Figure 3.3. Scale bars
are 250 nm.

Respirometry analyses were performed to compare the effects of two calcium boluses (75
pM and 100 pM) on control and CsA groups. For each bolus, the control and CsA groups
had a sample size of 3, resulting in a total of 6 observations.

A Levene’s test was conducted for each bolus to assess the equality of variances between
the two groups. The results indicated that there was no significant difference in variances
between the control and CsA groups for both boluses (75 pM: F(1,4) = 1.2966, p = 0.3184
greater than o = 0.01; 100 pM: F(1,4) = 1.04, p = 0.3655 greater than o = 0.01), suggesting
that the assumption of homogeneity of variances was met for both analyses.

A two-sample t-test with pooled variance was conducted for each bolus to compare the

means of the control and CsA groups. For the 75 uM bolus, the t-test yielded a significant
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result (t(4) = -9.3341, p = 0.0007334), indicating that there was a significant difference in
means between the two groups. The effect size was large (Cohen’s d = 7.62). For the 100 pM
bolus, the t-test also yielded a significant result (t(4) =-19.6372, p = 0.00003966), indicating
a significant difference in means between the two groups. The effect size was large (Cohen’s

d = 16.03). These findings are summarized below.

75 uM CaCly 100 M CaCly
Control CsA Control CsA
59.67 (30.37) 536.41 (83.09) 31.00 (7.87) 451.01 (36.20)
Levene’s test t-test Levene’s test t-test
F(1,4) = 1.30 t(4) = -9.33 F(1,4) = 1.04 t(4) = -19.64
p = 0.318 p = 0.0007 p = 0.366 p = 0.00004
Cohen’s d = Cohen’s d =
7.62 16.03

Table A.1: T-test Results from the Respirometry Data Between Control and CsA-treated
mitochondria.

To evaluate the impact of calcium overload on mitochondrial respiration, the average
maximal respiration values of three independent samples were compared between control and
CsA-treated samples after the addition of ADP. This approach provided a reliable measure
of mitochondrial function, with values obtained from the trace around 2-3 minutes after the
addition of ADP.

At 75 and 100 pM CaCly, the CsA-treated mitochondria achieved an average maximal
respiration of 536.41 and 451.01 nmol Og/mg mitochondrial protein/min, respectively, as
shown in Table A.1. To determine the percentage of respiration activity in the control
group compared to the CsA-treated samples in the presence of 75 pM or 100 pM CaCls
additions, the average maximal respiration values for the control group were divided by
the average CsA maximal respiration in the presence of 75 pM or 100 pM CaCly and then

multiplied by 100. The standard deviation was calculated from the resulting values and
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multiplied by 100.

The analysis revealed that for the 75 ptM CaCly addition, the control group displayed
11.12 % (mean) + 4.63 % (stdev) of the maximal respiration activity in the CsA-treated
group. For the 100 pM CaCly addition, the control group displayed 6.87 % =+ 1.42 %. These
findings suggest that calcium overload can significantly impact mitochondrial respiration and
that CsA partially protects mitochondrial function.

A Kolmogorov-Smirnov test was performed to compare calcium phosphate deposit num-
ber, size, and mitochondrion size between control and CsA. Table A.2 shows a comparison
of these variables, summarizing the p-values, Kolmogorov-Smirnov (KS) statistics, and sig-
nificance level for each comparison.

The results show that significant differences were observed between Ctrl and CsA at
certain time points and calcium concentrations. Specifically, significant differences were
observed for calcium phosphate deposit number and size at t0 for 75 pM CaCly, and at t1
and t3 for 100 ptM CaCls. No significant differences were observed at t3 for 75 ntM CaCls.

For mitochondrion size, significant differences were observed between Ctrl and CsA at
t0 and t3 for 75 pM CaCls, and at t3 for 100 ptM CaCly. No significant differences were
observed at t1 for 100 ptM CaCls.

These results suggest that CsA has significant effects on calcium phosphate deposit num-
ber and size, as well as mitochondrion size, at certain time points and calcium concentrations.
However, one limitation of this study is the small sample size for the control group at t3 due
to mitochondrial permeabilization, which may limit the generalizability of the findings. A

summary of these results is provided below.
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Calcium Phosphate Deposit Number
Ctrl CsA Ctrl CsA
CaCly concen- | Time point P-value KS Stat Significance
tration (a <0.01)
75 nM t0 0.006749677 0.354545455 significant
75 uM t3 0.065134072 0.47972973 not significant
100 1M tl 6.61E-08 0.764705882 significant
100 pM t3 3.53E-10 0.987951807 significant
Calcium Phosphate Deposit Size (nm)
Ctrl CsA Ctrl CsA
CaCly concen- | Time point P-value KS Stat Significance
tration (v <0.01)
75 uM t0 0.006749677 0.354545455 significant
75 uM t3 0.065134072 0.47972973 not significant
100 pM t1 8.81E-06 0.647058824 significant
100 pM t3 0.000300993 0.618473896 significant
Mitochondrion Size (nm)
Ctrl CsA Ctrl CsA
CaCly concen- | Time point P-value KS Stat Significance
tration (a <0.01)
75 nM t0 0.006749677 0.354545455 significant
75 pM t3 0.065134072 0.47972973 not significant
100 1M t1 0.037323497 0.367647059 not significant
100 pM t3 0.006649247 0.497991968 significant

Table A.2: Comparison of Calcium Phosphate Deposit Number, Size, and Mitochondrion
Size between Ctrl and CsA.
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75 uM CaCl, Control at t,

Stage 2 Stage 1

Stage 5

Figure A.2: Calcium uptake leads to the formation of large calcium phosphate granules,
fragmentation the inner mitochondrial membrane, and rupture of the outer membrane Rep-
resentative images of 1.5 mins (t1) after the addition of a 75 pM CaCly bolus. (A and B)
Mitochondria with preserved inner and outer membranes observed. (C and D) The begin-
ning of mitochondrial fragmentation caused by calcium overload. (E and F) Absence of outer
membrane with fragmented inner membranes. Scale bars are 250 nm.
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75 uM CaCl, Control at t,

Stage 2 t ‘S"tage 1

Stage 3

Stage 4

Figure A.3: Calcium accumulation induces localized ruptures of the outer membrane and
complete mitochondrial fragmentation. Representative images of 4 mins (t2) after the ad-
dition of a 75 nuM calcium chloride bolus. (A-D) Defined inner and outer membranes with
granules present or absent. (D-F) Loss of outer membrane integrity. (G-I) Loss of the outer
membrane begins initiating inner membrane fragmentation. (J-L) Complete loss of outer
membrane with preserved granules. (M-O) Complete loss of inner and outer membranes. In
this stage, the inner membrane is severely compromised and unable to maintain a membrane
potential. Scale bars are 250 nm.

Stage 5
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CaCl, Control at t;

Stage 4

Stage 5

Figure A.4: Massive calcium overload results in severe mitochondrial fragmentation. Rep-
resentative images of 10 mins (t3) after the addition of a 75 pM calcium chloride bolus.
(A-B) Only a few mitochondria with clearly visible granules were observed. (C-D) The vast
majority of images showed mitochondria that were partially or completely fragmented. Scale
bars are 250 nm.
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75 uM CaCl, CsA at t,

Class 1

Class 2

Class 3

Class 4

Figure A.5: CsA disrupts the outer membrane morphology, causes release of the inner
membrane and tends to form mitochondrial clusters. Representative images before the addi-
tion of a 75 pM calcium bolus (t0) in the presence of 1 pM CsA. Mitochondria were energized
with 5 mM sodium pyruvate and 1 mM L-malate. (A-C) CsA induced morphological changes
in the outer mitochondrial membrane. There are mitochondria with calcium phosphate gran-
ules present as shown by the arrows. (D-F) While in others the inner membrane is released.
(G-I) Clusters of mitochondria are commonly observed with treatment. (J-L) In some mi-
tochondria, the outer membrane is completely lost. Scale bars are 250 nm.
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75 pM CaCl, CsA at t,

Class 1

Class 2

Class 4

}'

Figure A.6: In the presence of moderate calcium overload, CsA preserves inner mitochon-
drial membrane intactness. Representative images 10 mins after the addition of a 75 pM
calcium bolus (t3) in the presence of 1 pM CsA. (A-C) Mitochondria with or without granules
with defined inner and outer membranes. (D-F) There are mitochondria with visible cristae
ejecting the inner membrane. (G-I) After losing the outer membrane, mitochondria spread
the inner membrane across the carbon grid. Only 2 micrographs were found in clusters by
the time point. However, the presence of mitochondria with unraveled inner membranes in
the presence or absence of granules were increased at this time point. Scale bars are 250 nm.
Arrows are pointing granules within the mitochondria.
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100 uM CaCl, Control at t,

Stage4 _Stage3

Stage 5

Figure A.7: Mitochondrial morphology is severely compromised and occurs more rapidly
at greater calcium loads. Representative images from isolated mitochondria (0.1 mg/ml)
acquired 1.5 mins (t1) after the addition of a 100 pM calcium chloride bolus. Most of the
mitochondria were permeabilized under such high calcium load conditions. Only a few stages
were identified at this early time point suggesting that membrane fragmentation rapidly
occurs. This data is confirmed by the absorbance data where large amplitude swelling was
observed. The formation of granules is seen in multiple mitochondria. Scale bars are 250
nm. Arrows are pointing granules within the mitochondria.
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100 1M CacCl, Control at t;

Stage 4 Stage 3 Stage 2 | Stage 1

Stage 5

Figure A.8: Heterogeneous responses to high calcium loads leading to mitochondrial perme-
ability transition. Representative images from isolated mitochondria (0.1 mg/ml) acquired
10 mins (t3) after the addition of a 100 uM calcium chloride bolus. There is a heterogeneous
response in the mitochondrial population and multiple stages could be characterized despite
being collected at this time-point. Some mitochondria displayed multiple regions of outer
membrane rupture as shown by the arrows in stage 2. Scale bars are 250 nm.

219



100 pM CaCl, CsA at t,

Class 1

Class 2

Class 3

Figure A.9: In extreme calcium overload conditions, CsA preserves inner mitochondrial
membrane intactness. Representative images before the addition of a 100 pM calcium bolus
(t1) in the presence of 1 pM CsA. (A-B) The presence of calcium led to the formation
of granules of various sizes varying between but not within mitochondrion. There is a
heterogeneous response to the initial observed effect of CsA on membrane alterations. (C-
D) The release of inner membrane is apparent in some mitochondrial micrographs. (E-F)
While others show clusters of mitochondria as observed in the 75 pM calcium chloride bolus
experiment. Scale bars are 250 nm.
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100 puM CaCl, CsA at t;

Class 4

Figure A.10: Mitochondria remain functional at the highest calcium bolus in the presence
of CsA. Representative images from isolated mitochondria (0.1 mg/ml) acquired 10 mins
(t3) after the addition of a 100 pM calcium chloride bolus. (A-B) There is a heterogeneous
response following the addition of a calcium bolus. (C-D) Mitochondrial clusters could
be identified similar to the previous time points and calcium boluses in the presence of
CsA treatment. (E-F) Also, mitochondria with protruded inner membranes without outer
membranes were detected. Scale bars are 250 nm.
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Figure A.11: CsA enhances the number and size of calcium phosphate granules per mi-
tochondrion. The mitochondrial size, calcium phosphate granules size and number per mi-
tochondrion were quantified for each time-point (t0 — t3) before and after the addition of a
75 uM calcium bolus in the presence or absence of CsA. (A) There are no differences in the
mitochondrial size before the addition of calcium. (D) In contrast, CsA increased marginally
their sizes. (E and I) Exposing the control mitochondrial suspension to calcium for longer
periods increased the number and growth of granules. (H and L) However, 10 mins after the
addition of calcium (t3) there is a marked decrease in size and number of granules suggesting
mitochondrial fragmentation and permeabilization. Conversely, treated mitochondria devel-
oped granules of greater size and enhanced the number of granules per mitochondrion.
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Figure A.12: A-C) Data corresponding to the 75 pM CaCls condition. D-F) Data cor-
responding to the 100 uM CaCly condition. The plotted data points represent the mean
number of granules per mitochondrion for a given experimental condition. Each data point
corresponds to the average value obtained from a set of individual observations. The black
data point shown on top of each data set represents the mean value of the averaged points,
and is accompanied by the corresponding "n" value which represents the number of mitochon-
dria analyzed for that condition. This provides a visual representation of the distribution of
data points around the mean, allowing for easy interpretation and comparison of the data
between experimental conditions.
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Parameter Value
P-value 0.08441
W 0.9647
Sample size (n) 59
Average () 12.4547
Median 12.2587
Sample Standard Deviation (S) 2.8563
Sum of Squares 473.186
b 21.3652
Skewness 0.4147
Skewness Shape 0.183
Excess kurtosis -0.2048
Kurtosis Shape 0.738

Table B.1: The Shapiro-Wilk was run using a normal distribution (right-tailed). The test
did not showed a significance departure from the normality Table B.1. Since p-value is
greater than «, the Hq is accepted. Outliers were excluded using MATLAB default criteria
of removing values more than three scaled median absolute deviations from the median. The
p-value equals 0.08441. Hence, the chance of type I error (rejecting a correct Hq) is pretty
high (8.44 %). The test statistic W falls within the region of acceptance (96 % out of 100
%).
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Source SS df MS Prob >F
Groups 74.827 3 24.9423 0.0228
Error 398.359 55  7.2429
Total  473.186 58

Table B.2: The result of a One-way ANOVA. The p-value of 0.0228 suggested that there is
a statistically significant difference among the means of the groups being compared.
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Group 1 Group 2 Taiff SE Lower CI Upper CI

50 uM CaCly 25 pM CaCly -1.0617 1.2396 3.5408 0.4882
50 M CaCly CsA -3.2827  0.4085 2.4657 0.9816
50 M CaCly EGTA -5.0040 2.0331 0.9378 0.2783
25 uM CaCly CsA -4.3317 1.6481 1.0356 0.3722
25 pM CaCly EGTA -6.0596  3.2727 -0.4857 0.0152

CsA EGTA -4.9007 1.6246 1.6515 0.5582

Table B.3: Results from Tukey-Kramer test after One-way ANOVA test to determine which
groups are significantly different from each other. Results seemingly suggest that there’s a
statistical difference between the CsA and 50 uM CaCly group with a p-value of 0.0237.

226



Figure B.1: CsA treated mitochondria. A) Representative micrographs with scale bars set
at 250 nm. B) 3D reconstructed model showing the cristae junctions. C) Representative
micrographs illustrating cristae junctions confined by the yellow regions.
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Figure B.2: Representative micrographs of two mitochondrion treated with EGTA (left)
or a 50 uM CaCly bolus of calcium (right) currently being 3D reconstructed.
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Figure B.3: CsA treatment altered the ultrastructure of the mitochondria following a 50
uM CaCly bolus. The spread inner mitochondrial membrane can be observed across the
carbon grid in panels A and B. However, in panels C and D, the outer membrane appears
to be preserved. However, the matrix is very dense, making it difficult to appreciate key
features like cristae, cristae junctions, and calcium phosphate granules. This makes CsA
treated mitochondria with a 50 M CaCls bolus challenging to reconstruct in 3D space.
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Figure C.1: Succinate supported ATP synthesis (State 3) is not affected by calcium over-
load. Mitochondria respiring on 10 mM succinate in the presence of 0.5 uM rotenone. Error
bars represent the standard deviation for n = 3. The bar plots are the mean values and the
dots represents the individual data points.
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Figure C.2: Biochemical reaction explaining the formation of calcium phosphate complexes.
Eq. 1is a charge and atom balanced that works in multiple calcium phosphate species such
as tricalcium phosphate, hydroxyapatite, and octacalcium phosphate. Using this reaction, a
mathematical expression describing the mitochondrial calcium buffering power can be derived
as shown in Eq. 2. In this equation, two components of calcium buffering are explicitly
modeled. The first component consists of prototypical buffers that includes protein, lipid,
metabolite, and other binding sites in the matrix. The second component consists of calcium
phosphate complexes.
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Figure C.3: CsA enhances mitochondrial calcium buffering while oxidative stress diminishes
buffering. The mitochondrial calcium buffering power for the control is shown on the left.
The Eq. 1 and 2 were obtained from the protocol described in Bazil et al [214]. In the middle,
mitochondria were treated with 1 uM CsA. On the right, mitochondria were incubated in
the presence of 100 M tert-butyl hydroperoxide (t-BuOOH), a pro-oxidant. The parameter
K¢ api represents the strength of phosphate-dependent buffering. For the model predictions,
Kegpi is given in each panel with [Bg,] equal to 10 mM and K¢, equal to 4 pM for all
three conditions. The calcium:phosphate stoichiometry was fixed at 3:2.
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