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ABSTRACT
THE ORIGINS OF SUPEROXIDE AND HYDROGEN PEROXIDE PRODUCTION

BY THE MAMMALIAN MITOCHONDRIAL ELECTRON TRANSPORT CHAIN:
A COMPUTATIONAL AND EXPERIMENTAL APPROACH

By
Quynh Van Duong

The mitochondrial electron transport chain (ETC) produces reactive oxygen species
(ROS) as by-products of cellular respiration. Certain pathological conditions including ischemia-
reperfusion (IR) injury disrupts mitochondrial ROS homeostasis, causing oxidative stress which
can lead to cell death. Despite research efforts in the past few decades, an incomplete
understanding of how mitochondria orchestrate ROS production and elimination prevails and
hinders the development of efficacious therapeutic measures against oxidative stress. A major
impediment is the lack of a quantitative framework capable of identifying site-specific sources
of mitochondrial ROS production. Many mathematical models of mitochondria have been
developed to tackle this challenge. Unfortunately, none is comprehensive and able to
guantitatively reproduce a variety of bioenergetic data.

The work presented in this dissertation culminates in a mathematical model of ROS
production by the ETC complexes coupled with substrate metabolism. First, a variety of
bioenergetic data are generated in-house using isolated mitochondria. Generating in-house
data permits precise control over experimental conditions, which minimizes hidden variables in
model simulations. Second, a biophysically detailed model of the ETC complex Il is developed.
Finally, the complex Il model is integrated with the models developed by Beard and colleagues.

These include the bioenergetic model, the kinetic model of complex | and the functional bcl



dimer model. The integrated model is biophysically detailed, mass-and-charge balanced and
thermodynamically consistent. The modelling process involves an iterative process of model
calibration and validation to ensure the quality of model predictions.

Using this model, the flavin mononucleotide of complex | is identified as the primary
source of superoxide and hydrogen peroxide in forward electron transport. The model predicts
that, under conditions that favor highly reduced quinol and NADH pools in uninhibited
mitochondria, both sites Irand lq produce significant amounts of ROS. The model also reveals
that hydrogen peroxide (H203) production by site Ir underlies the substrate-specific monotonic
dependence between net ROS production and oxygen concentrations. When electron flux is
perturbed such as in the presence of an inhibitor, the topology of ROS production is altered.
Thus, the model can be used to quantify the effects of changes to mitochondrial environment
on ROS production, an application that, today, is experimentally limited. The model also
highlights the importance of furthering our understanding of the scavenging system under

different conditions to establish a complete picture of mitochondrial ROS homeostasis.
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PREFACE

In this dissertation, an integrated model of mitochondrial bioenergetics is constructed,
calibrated and validated. The model presented is the first of its kind that is capable of
simulating substrate metabolism and free radical homeostasis in non-phosphorylating and
phosphorylating mitochondria. The work presented herein demonstrates that computational
models are powerful tools to study mitochondrial bioenergetics. The model both checks for
consistency in existing data and enables extrapolations beyond the experimental space. Each
chapter in the dissertation is dedicated to an aspect crucial to the final model and is briefly
summarized below.

The introductory chapter serves a dual purpose of an exploratory guide to
computational modeling and a literature survey of mainstream kinetic models of mitochondria.
In my early days working on this project, the computational aspect was elusive to me. Most
reviews on mitochondrial models, unfortunately, tend to focus on only the results presented by
some of the mainstream models. The technical aspects are often forgone presumably out of the
fear of losing the reader’s interest. However, without the technical understanding, it is
impossible for the reader to form his or her own critique of a modeling work. Thus, a major part
of the introductory chapter was devoted to key concepts in computational modeling. Although
the technical aspects of modeling are often expressed in mathematical language, an intuitive
understanding can be accomplished without resorting to mathematical expressions. The

literature survey of several mainstream kinetic models of mitochondria was subsequently



provided. My hope is to create a document that is useful to those unfamiliar with this line of
work like | did a few years ago.

The modeling process can be broken down into model construction, verification,
calibration and validation phases. Each phase requires a large number of data sets, especially
the calibration phase. Thus, | dedicated the first part of my PhD work to generating
bioenergetic data for the model. Generating data in-house also enables precise control over
experimental conditions, which helps to minimize hidden variables that can complicate data
interpretation. Representative data are the oxygen consumption rates, the net hydrogen
peroxide emission rates and the reduction state of the nicotinamide adenine dinucleotide pool
in non-phosphorylating and phosphorylating mitochondria energized with a variety of substrate
combinations and calcium levels. The data set of fatty acid substrates
(palmitoylcarnitine/malate) indicates that mitochondria energized with fatty acid substrates are
increasingly sensitive to calcium, which led to the decision to reserve beta-oxidation for a
future version of mitochondrial model. The other data sets generated using NADH-linked and
QH:»-linked substrates in the absence of RET were used to calibrate the integrated model.

A primary goal in developing the model is to unearth mechanistic insights underlying the
origin of superoxide and hydrogen peroxide produced by the electron transport chain (ETC)
complexes. The goal necessitates that a biophysically detailed model of the ETC complexes
capable of producing superoxide and hydrogen peroxide be first developed. Previous works in
our groups have led to the kinetic models of complexes | and lll. Therefore, the next part of my
PhD project was to develop the model for complex Il. This model can simulate a variety of

literature data of succinate oxidation and net hydrogen peroxide emission rates at 1) increasing
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succinate concentrations, 2) in the presence of other TCA cycle dicarboxylates, 3) at different
pH conditions and 4) in the presence of ETC complex inhibitors. To my knowledge, no other
models of complex Il are able to faithfully recapitulate these behaviors. The complex Il model
suggests that the [4Fe-4S] cluster near the Q reductase site is an important source of
superoxide production by complex Il. It also suggests that the accessibility of the flavin site is
necessary for free radical production, which explains the decreased net hydrogen peroxide
emission rate at high succinate or other dicarboxylate concentrations.

Finally, the complex Il model was integrated into a single, unified framework of
mitochondria model. In addition to the biophysically detailed models of complexes | and Ill, the
integrated model also includes a simplified TCA cycle, the activity of malic enzyme and relevant
substrate transport. The model does not include beta oxidation or the effects of calcium on
substrate metabolism. Moreover, the scavenging system is modelled using a rather simple
Michaelis-Menten like expression. Thus, the integrated model is capable of explaining substrate
metabolism and free radical homeostasis in forward and reverse electron transport (FET and
RET) modes excluding fatty acid substrates. No other existing mitochondrial models are able to
guantitatively reproduce these behaviors. Nevertheless, a complete model will need to include
beta-oxidation, hash out the scavenging system and incorporate calcium buffering. It is also
necessary to replace the simplified TCA cycle model with a more detailed model. All these
modifications require additional data.

In conclusion, the work presented herein culminates an integrated computational model
of mitochondria which can quantitatively reproduce substrate metabolism and free radical

homeostasis. The model quantifies superoxide and hydrogen peroxide production by ETC redox
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centers under a variety of conditions. Some of the simulations such as in the absence of
inhibitors are still experimentally infeasible. The model is also ideal for future expansions of
other mitochondrial processes and integration into larger-scale models (such as

cardiomyocytes) to elucidate mechanistic insights in a system-based approach.
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CHAPTER 1 - EXISTING MODELS OF MITOCHONDRIA



INTRODUCTION
Myocardial Ischemia/Reperfusion Injury Overview

Cardiovascular disease is the leading cause of death in the U.S. This disease
encompasses a wide variety of cardiac pathologies with coronary artery disease (CAD) singly
responsible for 42.1% of deaths [1]. Severe CAD typically leads to a heart attack, an unfortunate
event that happens every 36 seconds in the U.S. This frightening rate translates into more than
800,000 heart attacks every year that result in approximately 114,000 deaths. Despite recent
improvement on the mortality rate, survivors gradually develop heart failure and eventually
require heart transplant as the definitive treatment or are faced with demise [2]. The short- and
long-term consequences of heart attacks have cost the healthcare and economy a staggering
$363.4 billion between 2016 and 2017 [1]. The motivation to mitigate such dire consequences
has led to intensive research efforts to hash out the pathophysiology underlying heart attacks.
Unfortunately, results of these studies are not forthcoming [3,4].

In severe CAD, occlusion of the coronary artery leads to ischemia and requires timely
reperfusion to salvage the tissue [2,5]. Timely reperfusion alone, however, reduces the
infarction size to only 50% [6]. Even when adjunct therapies are used, approximately 25% of
area at risk for infarction cannot be saved [6]. Because these statistical numbers were obtained
in a laboratory setting where a heart attack is planned and fully prepared for, they are likely
worse in real-life clinical situations. These observations of residual infarction despite timely
reperfusion suggest reperfusion-induced damages which lead to the term myocardial ischemia/
reperfusion (I/R) injury [7]. The pathophysiology underlying I/R injury is complex and can be

temporally divided into acute- and delayed-phase responses [8]. Acute responses occur at the



onset of reperfusion and include alterations in calcium handling, free radical homeostasis and
metabolic activities. Delayed responses arise in a few days and can last for months to years
wherein the immune system removes dead cardiomyocytes and replace them with fibrotic
tissue [9—11]. In the delayed phase, microvascular dysfunction has also been observed and is
linked to the no-reflow phenomenon, which is one of the four phenotypes of myocardial I/R
injury [8]. The other types of injury are reentrant arrhythmia, myocardial stunning and lethal
reperfusion injury. It is lethal reperfusion injury that is responsible for the residual 25% of
infarction despite timely reperfusion and adjunct therapies [5].

Mitochondrial dysfunctions of the ischemic myocardium have been implicated in the
acute responses of myocardial I/R injury. Many excellent reviews exist on this topic [12,13], and
only key details are summarized here. During ischemia, hypoxia or anoxia ceases the activity of
the electron transport chain (ETC) and leads to ATP depletion. Metabolic switch to glycolysis
due to anoxia and net ATP hydrolysis acidifies the cytosol. Cytosolic pH maintenance happens at
the expense of cytosolic calcium overload. The Na*/H* exchanger extrudes H* by allowing Na* to
accumulate in the cytosol, and the sodium/calcium/lithium exchanger (NCLX) removes cytosolic
Na* by importing Ca%*[14]. Cytosolic calcium is subsequently taken up by mitochondria,
resulting in mitochondrial calcium overload. Upon reperfusion, a burst of reactive oxygen
species (ROS) is observed and causes oxidative stress [15]. Mitochondrial calcium overload and
oxidative stress have been suggested to create a vicious cycle and triggers the phenomenon
termed the mitochondrial permeability transition (mPT) phenomenon [16,17]. Irreversible mPT
has been shown to contribute to apoptotic cell death by releasing cytochrome c and other pro-

apoptotic factors into the cytosol. Thus, many of the current adjunct therapies are designed to



prevent mPT by targeting mitochondrial calcium overload and oxidative stress [18—20].
However, clinical studies that are successful in animals have not produced enthusiastic
outcomes when translated onto humans [2,3,21].

A survey of current literature reveals that conflicting experimental results constitutes a
major impediment contributing to the discrepancy between research effort and clinical
improvement. One particular area that is fraught with controversies is mitochondrial oxidative
stress. Despite the consensus that the mitochondrial ETC complexes are responsible for most
reactive oxygen species (ROS), the relative contributions of the ETC redox centers to species-
specific ROS production remain debatable. For example, Kussmaul and Hirst reported that the
fully reduced flavin mononucleotide of complex | produces most ROS as superoxide [22]. In this
study, purified complex | from bovine heart mitochondria was used. Galkin and Brandt, using
complex | purified from yeasts, agreed that superoxide is the main ROS produced by the flavin
radical of complex | [23]. Lambert and Brand, however, contend that the quinone reductase site
is responsible for most superoxide produced by this enzyme complex. The conclusion was
obtained using intact mitochondria isolated from the skeletal muscle of rats. The capacity of
complex Il to produce ROS has also been questioned. While the mainstream perspective does
not consider complex Il as a significant source of ROS [24], several studies suggest that it can
contribute significantly to total mitochondrial ROS under the right conditions [25,26]. Most
studies on oxidative stress also overlook the mitochondrial scavenging enzymes. Studying
mitochondrial ROS homeostasis is further challenging because ROS production and elimination
processes are integrated into a metabolic network that is affected by matrix calcium content

[27,28].



Mathematical Modeling as a Tool to Understand Mitochondrial Oxidative Stress in Myocardial
I/R Injury

The interdependent nature of mitochondrial ROS homeostasis and other processes
makes mitochondria a particularly suitable target for mathematical modeling, which has been
widely applied to study biochemical systems of varying complexity levels. A classic example of
mathematical modeling is the Michaelis-Menten enzyme rate equation. This equation relates
the enzyme turnover with substrate concentrations [29]. In another example, microbiologists
predict microbial growth under varying conditions using logistic growth models [30-32]. Over
the years, mathematical modeling significantly contributed to our collective understanding of
underlying mechanisms associated with physical systems. From the well-known Hodgkin and
Huxley’s ion channel models [33], Huxley cross-bridge theory [34], the Onsager’s reciprocal
relation applied to metabolism [35—-37], excitation contraction coupling models [38—-40] and
cardiac electrophysiological models [41—-44], scientists have gained unprecedented insights into
biological phenomena.

These examples demonstrate the extremely important role of using mathematical
modeling to understand complex systems, including biological systems. Without a model, data
can take us only so far due to the non-linear nature of biological systems. Biological systems are
very often non-linear and consist of numerous interacting components each of which often
performs multiple functions. As such, a perturbation to one component due to an experimental
procedure can affect other components (including their functions) in any combination. Yet
experimentally quantifying these effects in a comprehensive manner is constrained by

technological, financial and time resources. While assuming these collateral effects are



negligible is often the first choice when interpreting data, this practice has led to many
conflicting experimental results. The unresolved discrepancies of existing data have hindered
the elucidation of mechanistic relationships of biological systems under physiological conditions
and compromised our understanding of how such a system behaves under a stressor (such as a
pathological condition).

In contrast, the effects of a perturbation on various aspects of a system can be executed
efficiently using a model. The advent of computers creates a powerful platform to simulate

mathematical models and perform uncertainty analysis on the model inputs and outputs,

III III

leading to “mathematical model” and “computer model” often being used interchangeably.
Some, however, prefer one term over the other. In this review, these terminology words are
used interchangeably. In addition to improved efficiency, another major advantage of computer
modeling is the ability to uncover mechanistic relationships among the system’s constituents
and how they shape the system’s behaviors. This ability naturally arises from the modeling
process as constructing a mathematical model involves not only deconstructing the system into
its parts but also, and more importantly, reconstituting these parts into a single framework. This
integrative modeling approach enables a robust, quantitative analysis of the system’s
components both at an individual level and a systems level. The importance of a system-level
understanding was formally emphasized by Henrik Kacser, one of the pioneers of metabolic
control analysis [45].

The motivation to mathematically model mitochondria originated from the desire to

understand how metabolite transport, substrate metabolism, ionic fluxes and oxidative

phosphorylation are related and regulated [46—48]. Some of them are formulated to settle



discrepancies among experimental studies [49,50]. In recent years, mitochondrial models have
been expanded to study human diseases which involve mitochondrial dysfunctions [51-54].
Ischemia-reperfusion (IR) injury is a broad pathological phenomenon in which mitochondrial
dysfunctions are implicated to result in cell death [55,56]. The dysfunctions include metabolic
shift, disrupted calcium buffering and imbalanced free radical homeostasis. The changes are
interrelated and affect the ability of mitochondria to maintain the protonmotive force and
synthesize ATP. Unfortunately, intensive research efforts aimed to rectify these dysfunctions in
IR injury have not been fruitful [3,4]. The situation arose from an incomplete understanding of
mitochondrial physiology and, to a larger extent, how mitochondria interact with other
organelles in the absence of pathologies. Consequently, our understanding of how normal
mitochondrial behaviors are altered under pathological conditions are likely less accurate than
we desire. Evident to this incomplete understanding of normal and abnormal mitochondrial
physiology are the unsettled origins of superoxide and hydrogen peroxide produced by
mitochondria [22,23,25,57-60]. The interplay between the mitochondrial free radical
production and scavenging systems, and the effects of calcium on substrate metabolism and
free radical homeostasis also remain a mystery.

The very first models involving mitochondria, developed by Achs and Garfinkel in the
late 1970s and [61,62] and Korzeniewski-Zolald in the 1980s-early 1990s [46], have inspired
many groups to develop their own models. Some of the models are focused exclusively on
mitochondria [46,47,49,63—66] while others are interested in mitochondria as a part of the cell
[52,67,68]. The goal often dictates the modeling process and results in models of different

levels of granularity. Most models were initially built on the tricarboxylic cycle (TCA) reactions



and oxidative phosphorylation with varying degree of focus on metabolite trafficking and ionic
interactions in the mitochondrial matrix [46,47,49,63,66]. Later on, models focused on free
radical homeostasis were developed once free radicals are recognized as important signaling
molecules instead of merely by-products of cellular respiration [64,65]. While there are quite a
handful of mitochondrial models, only a few are comprehensive. This review will focus on major
models that comprehensively address more than one aspect of mitochondrial physiology —
substrate utilization which includes transport and metabolism, oxidative phosphorylation
(oxphos), calcium buffering and free radical homeostasis. These are models developed by the
groups of 1) Cortassa and Aon [47,63—65], 2) Markevich and Hoek [69-71] and 3) Beard, Bazil
and Vinnakota [49,50,66,72,73]. The Achs-Garfinkel-Kohn [61,62] and Korzeniewski-Zoladz
models [46,67] are included to provide a frame of reference and comparison as they were
among pioneering works. In addition to providing a concise survey on existing models, our goal
is also to equip those unfamiliar with this line of work a systemic approach to understand and
evaluate mathematical models. As such, we devote the next section to key aspects involved in

modeling before discussing the specific models.



KEY ASPECTS IN MATHEMATICAL MODELING

A primary goal in constructing mathematical models is to gain mechanistic insights that
are not amenable to experimental techniques. This appealing outcome necessitates that the
model must first be able to reproduce existing data as being able to reproduce experimental
data verifies that the model is an in-silico replica of the system. The process of modeling also
checks for the internal consistency of existing data. To fulfill these goals, the modeling process
is naturally iterative and evolutionary. The modeling workflow includes model construction,
verification, calibration and validation.

Model Construction & Verification

Model construction transforms the system of interest from mathematical expressions to
computer code replicating those mathematical functions in silico. Verification is the step
whereby you make sure the construction phase was completed successfully. In the initial model
construction, biophysical constraints given an experimental condition are imposed on the
model. A modeling approach also needs to be chosen. Although modeling approaches are often
shown as binary choices, as below, this presentation is for the sake of conveniently present the
information. In practice, combining approaches is often necessary, a practice guided by both
theoretical knowledge and practice-informed intuition.

In the simplest scenario in which an enzyme converts a single substrate to a single
product, the system can be “reduced” to the rate law of the enzyme, which is the product of
the reaction rate constant and substrate concentration. Despite the simplicity of the system, it
is subject to biophysical laws — the law of conservation, its derivative and the laws of

thermodynamics. These laws confer the biophysical properties of the system being modeled to



an otherwise ordinary set of mathematical equations. They ensure that all the reactions
included in mathematical models, especially those comprised of more than one reaction, are
mass and charge balanced individually and together and that the reactions proceed in
accordance with thermodynamics. Mathematical models lacking these constraints operate in
unchecked theoretical space, and the mechanisms proposed are not necessarily valuable
insights. Thus, it is imperative to check for constraints in mathematical models of biochemical
systems.

In mitochondrial matrix, metabolites and nucleotides exist in interconverting ionic forms
and interact with other ionic species in the environment. In observance with the law of
conservation, a metabolite or nucleotide is often treated as a metabolite or nucleotide pool,
i.e., the sum of all the ionic forms of that metabolite or nucleotide. For example, NADH can be
expressed as the sum of its reduced and oxidized forms as in [NADH]wt = [NAD*] + [NADH].
Similarly, ATP can be expressed as the sum of free ATP and ATP bound to other ions such as in
[ATP] = [ATP#*] + [HATP?] + [KATP3] + [MgATP?%] [66]. The bound ATP species can be all
expressed in terms of free ATP by using the equilibrium constants, a practice formally put
forward by Alberty [74]. The equilibrium constant associated with the binding of ATP and
protons is simply an acid-base equilibrium constant. Expressing all bound forms in term of the
free form is done not only for mathematical conveniences but also for the sake of
computational cost. Thus, this practice has been implemented in some models although the
reason behind the decision is often implied [63,66].

The choice of modeling approach is immensely important. Model evolution is inevitable

as new experimental data are generated daily. Processes that were once considered trivial such
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as free radical homeostasis may become of significant interests [75—77]. Technological progress
has also made available data that were once unattainable. Existing models need to incorporate
new experimental data to better emulate the system being modeled. Thus, there should be
room for changes in the model, and the modeling approach either facilitates or hinders the
process.

One of the most common changes made to an existing model is to explicitly model
processes that were once phenomenologically modeled. This approach arises from the desire to
impart mechanistic details on previously unexplained phenomenon. Explicit models are, thus,
described as more granular. The advent of the high-resolution respirometry systems, new
generations of inhibitors and enzyme assays has resulted in a growing body of experimental
data informative of mitochondrial free radical homeostasis. Thus, it became feasible to
explicitly model superoxide and hydrogen peroxide production by mitochondrial enzymes. Yet
phenomenological or empirical modeling remains necessary when data are unsubstantial or
associated with high uncertainty level. Combining processes that are not rate-limiting stepsin a
lump-sum function, also known as a “forcing function”, also helps to reduce computational
cost. For example, the TCA cycle can be explicitly modeled in which all the reactions are
mathematically described. Some of the reactions, in contrast, can be lumped together in a
single reaction that depends on the [NAD*], [NADH], and concentrations of allosteric
modulators. The factors that govern this method of model reduction are often found after a
thorough analysis of the initial model.

In the bottom-up approach, building blocks (model constituents) are assembled to

explain system behaviors. A common way to define the model building blocks is to divide the
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system into functional modules, each of which focuses on a single function of the system.
Deconstruction often arises from the need to reduce the complexity of the system in order to
identify its properties at the level of its constituents. Once the modules have gone through the
entire workflow (construction, verification, calibration and validation), they are united in a
single framework. For instance, a mitochondrial model can be deconstructed into the TCA cycle
and oxphos modules. Deconstruction enables using experimental data on enzyme kinetics to
calibrate the TCA cycle and oxphos modules. Then the calibrated components are reconstituted
and calibrated at the system level (mitochondria). Models developed using this approach is
often described as being “modular.” In contrast, mechanisms are derived from observations in
the top-down approach. Social network and epidemiological studies often employ top-down
approach. Some modelers consider the metabolic control theory as following the “top-down”
approach wherein the control contributed by a whole branch of pathway is determined [78,79].

Assumptions are important in constructing models because not all information
necessary for model building is available. A common assumption is that an enzyme’s kinetic
properties (other than Vimex) are not significantly dependent on tissue- and species-specific. This
assumption allows an initial model to be constructed using data from other tissue or species as
they may be all available information. In these models, Vimax terms are identified using the
calibration data the model is built from. For example, Kohn and Garfinkel used data from
isolated enzymes in lieu of information collected from tissue homogenates or intact organs to
develop an initial model of the ischemic rat heart purine metabolism [80]. The authors stated
that the Vmax values are increased in some instances to account for the loss of enzymatic

activity due to the isolation process. Another common assumption is that enzyme catalytic
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processes are in the steady state. The greatly simplifies the model and reduces computational
complexity up to several orders of magnitude. Similarly, certain steps in a pathway may be
combined into a lumped function or omitted when they do not significantly contribute to the
model output. In the ischemic excised dog heart model, the TCA cycle is simplified by excluding
enzymes that become inactive under ischemia, and matrix pH is expressed as a forcing function
to keep it at a predetermined level [61]. It is worth reiterating that these assumptions are
necessary to build the initial model and do get tested during the model training process and
integrating into larger-scale models. Nevertheless, they must not violate biophysical laws.

The essence of the parsimonious principle is that the simplest model capable of
explaining (reproducing) the largest sets of data is most likely “correct” given existing literature
for lack of a better word. Model simplicity includes the smallest set of assumptions, smallest set
of adjustable parameters and simplest mathematical expressions. Although the parsimonious
principle is integral to the entire modeling workflow, it is included in this section because the
initial model construction presents many opportunities to violate this principle. For example,
using module-specific adjustable parameters often arises from the desire to fit data in the
absence of a mechanistic explanation. This practice becomes troublesome when the model gets
integrated into a larger-scale model [64]. Because such a model relies on unphysiological
instead of true biophysical model details to fit data, the model does not operate as a
biophysical entity. In other cases, the parsimonious principle improves the consistency between
model outputs and data by reducing the model complexity. Malyala and colleagues found that
simplifying the mathematical expressions for the mitochondrial calcium uniporter (MCU) and

sodium calcium exchanger (NCLX) was necessary to fit the experimental data [81]. They also
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simplified the TCA cycle because not all reactions included in earlier models [49,66] were
necessary to fit their experimental data. It is worth mentioning that, as any model evolves, prior
decisions may become obsolete and be replaced. It is necessary to dispel that the parsimonious
principle does not favor oversimplifications as doing so risks omitting important but subtle
mechanistic details. To borrow the words of Albert Einstein, “Everything should be made as
simple as possible, but not simpler.”
Model Training

A rigorous model training process is necessary to ensure the quality of model
predictions. Model training consists of model calibration and model validation. Model
calibration, also known as model fitting, involves simulating experiments on a coding platform,
comparing simulated outputs to experimental data and modifying the preliminary model until it
can reproduce experimental data. Simulated data are interchangeable to model outputs
although some modelers favor the latter terminology to avoid confusing simulated and
experimental data. Model validation requires the calibrated model to simulate novel data sets —
those that are not used in model calibration — without altering the model structure or the
parameter set identified in model calibration. If the model outputs are significantly inconsistent
with new data, the model needs recalibration. In practice, model training is a highly dynamic
process which consists of a series of model calibration and validation attempts. Model training
involves careful data mining and model parameterization, two aspects that are often
overlooked in modeling publications. The following sections aim to fill in this gap. Each section
will help to explain the what, why, and how aspects related to data and parameters. Despite

being a technical topic, the concepts underlying model parameterization are intuitive. To aid
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with the intuitive understanding, we will focus on the concepts rather than the technicality in
this review.

Data mining is one of the most challenging aspects in modeling work because data
define the parameter space in which the model operates. Although it is impossible to fit all the
data sets available, the more data sets are used to “train” the model, the better the model can
perform when challenged to reproduce novel data sets. Not only the quantity but also the
quality of data is important. Surprisingly, there exists no gold standard for model-data
consistency or the minimal number of data sets a model must be able to fit. Many published
mitochondrial models only fit data qualitatively or semi-quantitatively, i.e., the model is able to
produce only the trend or converting to a relative scale is necessary to fit the data [46,64].

Curating literature data benefits from the breadth and depth of knowledge of the
curator to reconcile different experimental results. Assuming that the experiments were
carefully planned and executed, these differences are likely to result from varying experimental
conditions. For instance, data used in mitochondrial models are generated using isolated
mitochondria, submitochondrial particles or purified proteins reconstituted into lipid vesicles.
The buffers are likely different in pH and ionic strengths. Certain protocols require cooling of
the sample. Even when all these factors are held constant, biological variations and tissue
heterogeneity also introduce hidden variables into the data. Together, they can and have led to
contrastingly different conclusions, as illustrated in the following paragraph.

Both using bovine heart submitochondrial particles, Grivennikova and colleagues show
that the peak ROS production of complex Il occurs around 50 uM succinate [82] while Siebels

and Drose estimated this concentration to be 150 uM [59]. The difference is likely due to the
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use of different inhibitors, which inevitably affects the electron distribution along the ETC. As a
complex lll inhibitor, myxothiazol causes the ETC segment upstream of the Qo site to be further
reduced. Atpenin A5 is a specific inhibitor of the quinone reductase site of complex Il, so only
those redox centers upstream of the llgsite are further reduced. It is not possible, at least not
at the time of this review, to experimentally quantify the electronic distribution along the ETC.
By choosing to include both data set, Manhas and colleagues were able to reconcile this and
other experimental discrepancies using a single kinetic model of complex Il [50].

Generating data in-house permits more precise control over experimental conditions.
Several groups have, in fact, generated their own data to supplement literature data [50]. It is
important to note that in-house data should not be solely used because doing so will bias the
model to a specific parameter space, i.e., the model will be able to reproduce only the in-house
data and nothing else. Regardless, experimental data and model outputs should be displayed
together to demonstrate the ability of the model to reproduce data. As simulating an
experiment in silico enables the generation of more data points than what can be accomplished
experimentally, model outputs are often presented as lines on figures. Accompanying
experimental data are represented as symbols with margin of errors. Occasionally, the model
outputs and data are tabulated. Unfortunately, even when models are claimed to fit
experimental data, model outputs and data are often not shown together. It becomes the task
of the reader to mine the cited references to be able to evaluate the fit between model outputs
and data.

Constitutive equations, including how they are related, make up the model scaffold.

Parameters are numerical values that lends specificity to the set of mathematical expressions.
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Fixed parameters are treated as constants in the model as they are associated with low
uncertainty level. When the uncertainty associated with a parameter is high, it is necessary to
evaluate the effects of varying this parameter on the model outputs. Hence, the parameters are
treated as “adjustable parameters.” For example, temperature is almost always treated as a
fixed parameter in mitochondrial models since it is often fixed. Most equilibrium constants are
also treated as fixed parameters. Also, enzyme activities are frequently adjusted during model
calibration to account for variable enzyme concentrations. In any case, sensitivity analyses
should be performed on all model parameters to identify structural and uncertainty issues
associated with the model.

Parameterization is the process of determining the best parameter set for the mode. It
involves making the decision to treat a parameter as fixed or adjustable, estimating the values
of adjustable parameters and evaluating their contributions to model outputs (sensitivity
analysis) [83]. It is beyond the scope of this review to discuss in detail the technical aspects of
parameterization and sensitivity analysis. Therefore, only key concepts are presented. Many
excellent original articles and reviews cover this area of modeling [83—85]. The best parameter
set contains the fewest number of parameters yet is able to best reproduce the largest number
of data sets. The initial set of adjustable parameters is guided by experimental data and refined
by the process of local sensitivity coefficient analysis. Local sensitivity analysis helps to identify
the relative contributions of adjustable parameters to model outputs. The term local here
represents the fact that these values are to be interpreted in the vicinity of the parameter
values the analysis is run with. There is another type of sensitivity analysis, called global

sensitivity analysis, which partitions model output uncertainty associated with individual model
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parameters (or any number of parameter combinations). In other words, global sensitivity
analyses identify which parameters (or combinations thereof) dominate the model output
variability. Local sensitivity analyses give insight into which parameters control the model’s
ability to explain data. In this process, model outputs are determined as the adjustable
parameters are perturbed. Perturbations to the most sensitive parameters result in significant
changes to model outputs. Most sensitive parameters are associated with the largest sensitivity
coefficients. The opposite is true for the least sensitive parameters. Impertinent to model
outputs, these parameters can be “hard coded,” or in some instances, removed entirely from
the model. The model parameterization is streamlined, and computational cost is reduced.
While sensitivity coefficient analysis is a common practice in many engineering fields, it is not
routinely performed in building mitochondrial models. In fact, only some models are published
with sensitivity analysis [49,50,66,72,73].
Important Considerations

A model always evolve as new data are constantly produced. Model evolution often
increases the specificity and complexity of the model. Processes that were once elusive become
explicit, making the model more specific. An existing model also gets integrated into a larger-
scale model wherein the model being integrated becomes a module in the new platform. For
instance, several mitochondrial models have been integrated into skeletal muscle or
cardiomyocyte models [67,86]. Scaling up inevitably increases computational cost as
simulations involve solving a larger number of equations that are often more complex. While it
is beyond the scope of this review to discuss in detail how to reduce this computational cost,

the most commonly used strategies are briefly mentioned. Algebraic expressions can be used
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instead of systems of ordinary differential equations (ODEs) assuming steady-state conditions.
Although integrating into a larger-scale model is often associated with increased complexity,
not all of the system components (model modules) are relevant to the observed system
behavior. These components can be “absorbed,” phenomenologically modeled or simply
removed. Along a similar vein, applying the parsimonious principle can also be particularly
useful. In essence, the simplest model that can fit the largest number of data sets is often the
best candidate for integrating into large-scale models when several models can equally explain
the data. In practice, a combination of strategies is often used instead of any single one, and it
is a matter of both theory and practice-guided intuition to choose the optimal strategy set. It is
worth mentioning that no decisions are ever final because new data will inform what changes
are necessary for the next generation of models.

The intensive nature of modeling work makes it practical to build upon existing models
that have been properly constructed, calibrated, and validated. Using previously published
models is a common practice among modelers, as shown in the next section. This collaborative
effort requires the model codes be made publicly available. It is important to distinguish model
codes from the equations that are included in the primary texts and supporting materials. The
coding process translates these equations onto the coding platform, a process which requires at
least some coding proficiency. But the so-called model code contains not only these equations
but also the final parameter set and the experiments simulated. Ideally, the code should also
include the sensitivity coefficient analysis. As executing the code should produce all the figures
shown in the published manuscript, the code can be considered as an encrypted version of the

written texts and figures. Having the codes readily available helps to eliminate mistakes from
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translating equations and experiments into codes, especially considering the availability of
many coding platforms. Mistakes during the translation of equations to codes are not
uncommon and have led to discrepancies in the “host” models. The enhanced convenience of
publicly available codes has prompted several journals to require including the codes with the

manuscript. In the past, it was more common that the codes were provided by requesting them

directly from the authors.
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EXISTING MATHEMATICAL MODELS OF MITOCHONDRIA

This section covers the mainstream kinetic models of mitochondria as it is impossible to
include all models in this review. Despite our best efforts, we do not always have access to all
the models we wish to include especially older models. The models selected are the best
representatives of the modeling approach and focus employed by their creators. When multiple
models are included, they are presented in the chronological order as this organization
facilitates comparison of subsequent model generations to their predecessors.
Achs-Garfinkel-Kohn Models

Developed in the 1970s, the Achs-Garfinkel-Kohn models set the stage for a
mathematical modeling approach that is consistent with biophysical laws [61,62]. The models
are mass and charged balanced, as well as being thermodynamically consistent. Achs and
Garfinkel emphasize the necessity that the model outputs are consistent with experimental
data at both the constituent (module) and whole system levels. They also highlight the
importance of a model to fit experimental data quantitatively since a model in essence is a
hypothetical picture of the system being modeled and should be able to reproduce existing
data. To paraphrase the famous physicist Richard P. Feynman, it does not matter how beautiful
your theory is if it does not agree with data.

One of the first Achs-Garfinkel-Kohn models is the totally ischemic excised dog heart
model [61]. We choose to present this model as it is an extension of several prior models — the
normal-flow perfused rat heart models [87,88], the ischemic perfused rat heart models [80,89]
and the acutely ischemic dog heart models [62,90]. The ischemic rat heart models were

converted to the totally ischemic excised dog heart model by decreasing the enzyme levels in
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the rat heart model to one third. The totally ischemic excised dog heart model includes
glycolytic, glycogenolytic and fatty acid metabolism enzymes. In fact, none of the models
developed by other groups accounts for fatty acid metabolism although all contain the TCA
cycle at varying degree of specificity [46,47,49,61,63,66]. The TCA cycle enzymes except for
citrate synthase, malate dehydrogenase and pyruvate dehydrogenase are excluded as they are
not active under ischemia. Excluding most TCA cycle enzymes and the capacity of matrix
proteins to buffer pH led to the decision to model matrix pH using a forcing function. The model
evokes specific assumptions of 1) the total oxygen content, 2) pyruvate trafficking across the
inner mitochondrial membrane, 3) tissue inorganic phosphate level and 4) mitochondrial
adenine nucleotide content remaining constant. Experimental data are included in the figures
together with simulated values. As shown, the model outputs are highly consistent with data.
Model are used to predict the concentrations of metabolites not quantified experimentally.
However, it is unclear if the model was validated before it was used to generate predictions.
Sensitivity analysis is not mentioned, either.
Korzeniewski-Zoladz Models

Assimilating the contemporary interest of the field in oxidative phosphorylation, the
first Korzeniewski-Zoladz models aimed to understand the regulatory mechanisms underlying
this process [46]. Transporters included in the model are the adenine nucleotide transporter
(ANT) and the phosphate carrier (PiC). Matrix processes are substrate metabolism and the
activity of the respiratory chain. The model also includes adenylate kinase, internal and external
ATP consumption. It accounts for the interactions of Mg2*, AMP and ADP with other

environmental ions, as well as proton buffering and the redox equivalent pools. Fixed model
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parameters include the values of compartment volumes, protein concentrations and
equilibrium constants, which are curated from extant literature. An important assumption is
that the reactions catalyzed by matrix dehydrogenases are fully irreversible and are dependent
on only [NAD*]. The assumption enables expressing substrate metabolism using a simple first-
order rate law. The model also assumes a near equilibrium condition for the PiC and the ETC
between NADH and cytochrome c. As opposed to a competing model [48], the ANT activity is
modeled after the mechanism proposed by Klingenberg wherein the binding of a nucleotide to
ANT on one side (ADP on the intermembrane and ATP on the matrix side) induces a
conformational change that causes the transporter to open on the other side and release that
nucleotide [91]. The competing model adopted the ternary complex mechanism of ANT. This
model illustrates the utility of mathematical modeling in testing competing theories although
the lack of proper parameterization limits the model validity.

The mitochondrial model was integrated into the skeletal muscle model in 2001 [67].
The model was used to derive the regulatory mechanisms underlying the transition from resting
to active state in skeletal muscles. The overarching conclusion is that activating multiple steps
of oxidative phosphorylation in parallel is necessary to explain the behaviors of skeletal muscles
under high intensity workload. Increasing [ADP] in the model does not adequately explain these
changes. The model also suggests that only ATP synthesis flux is accounted for by the second-
order dependence of oxidative phosphorylation on [ADP]. The skeletal muscle model includes
the phosphocreatine kinase system, the cytosolic component that helps regulate the ATP
concentration in skeletal muscle. The proton efflux from the cytosol to blood and the cytosolic

proton buffering are also included. Finally, the total adenine nucleotide pool is increased to 6.7
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mM to match the whole-cell concentration. The assumptions from the mitochondrial model are
applied to the skeletal muscle model. Additional assumptions are made in the larger-scale
model. The first assumption is that phosphocreatine kinase operates near equilibrium, which
means the system is sensitive to changes in substrate and product concentrations. The second
set of assumptions include the total concentrations of 1) the creatine pool, 2) the adenine
nucleotide pool and 3) the phosphate pool. Lastly, ATP production by glycolysis is assumed to
be negligible and omitted from the model. The authors acknowledged that glycolysis is
important in maintaining ATP during a burst of high intensity workload but that condition is
outside the scope of their model.

These models lean towards a more general approach as many processes are combined
into a single rate law. Assumptions are explicitly stated in the models, a practice that is
important yet often neglected. However, key mechanisms are likely missing from both models
as only some model outputs are consistent with data. In the mitochondrial model, all simulated
enzyme reactions except for external ATP utilization are significantly different from
experimental data [46]. Reasonable consistency is achieved only at the pathway level, which
lack mechanistic details. The skeletal muscle model utilizes only three data points, which are all
[ADP] at varying respiratory states [67]. Despite being bioenergetic models, they do not
incorporate any other bioenergetic data during model development. The discrepancies
between model outputs and data could have originated from lumping all matrix
dehydrogenation reactions in a single rate law. Combining the proton concentration gradient
and membrane potential components of the electromotive force also limits the models to

certain conditions. In fact, the inability of the models to simulate a novel data set using isolated
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cardiac mitochondria [92] prompted Beard and colleagues to take a more detailed approach in
their first mitochondrial model [49]. Thus, the models were used to make predictions despite
not being successfully validated. Since the model predictions require proper execution of model
calibration and validation, the predictions made by the Korzeniewski-Zoladz models are likely
limited to a small set of conditions.
Cortassa-Aon Models

The group led by Cortassa and Aon has published several models of mitochondrial
bioenergetics. Their work is medically oriented as the models were developed partly to better
understand molecular events occurring during cardiac IR injury. One of the group’s first
comprehensive models, published in 2003, focuses on how substrate availability and varying
phosphorylation potential regulate oxygen consumption rates (Voz in the model) [47]. Another
primary aim is to understand how calcium regulates oxygen consumption rates by altering the
NADH pool and membrane potential. The TCA cycle and oxidative phosphorylation are aspects
similar to other models. However, the model also includes calcium dynamics. Substrate
availability is expressed in terms of NADH and FADH; pools by varying the acetyl coA
concentrations and referred to as the “push” mechanism. Workload is manipulated by changing
the activity of the adenine nucleotide translocator (ANT) and membrane potential and

III

introduced as the “pull” mechanism.
The mitochondrial bioenergetic model was integrated into a cardiomyocyte model with
a focus on free radical homeostasis in which cellular components accounting for ROS

production and elimination are added to the original model [68]. Although superoxide is

produced by both ETC complexes | and Ill, the Q cycle catalyzed by complex Il is considered
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most relevant to superoxide production. The authors defend the decision by citing the lack of
experimental data supporting significant superoxide production by complex | under their
experimental decisions although the decision could have contributed to the discrepancies
between model outputs and data. Superoxide diffusing from the matrix is reduced to hydrogen
peroxide by cytosolic superoxide dismutase (Cu,Zn SOD). Cytosolic hydrogen peroxide is further
reduced to water by cytosolic catalase. Mitochondrial glutathione peroxidase (GPX) eliminates
matrix hydrogen peroxide, and mitochondrial glutathione reductase (GR) resets GPX to the
reduced state. This model is not primarily concerned with the origins of superoxide and
hydrogen peroxide produced by mitochondrial enzymes. Its principal interest lies in the
oscillatory nature of superoxide production by cardiomyocytes. The model suggests that ROS is
released from mitochondria in consecutive slow and fast phases. Specifically, ROS accumulates
in the matrix during the slow-release phase until a certain threshold at which the inner
membrane ion channel (IMAC) opening is triggered and ROS is released rapidly. However, the
existence of IMAC remains speculative. Additionally, the model suggests that the scavenging
enzymes are important in maintaining a healthy ROS level under physiological conditions.
Although this last suggestion is reasonable, this model does not provide mechanistic details into
how the scavenging enzymes accomplish this task.

The original mitochondrial bioenergetic model was updated in 2011 to account for the
effects of ionic species on bioenergetic processes [63]. It is referred to as the model of energy
metabolism and ion dynamics by the authors and as the updated bioenergetic model in this
review for the sake of brevity. Compared to its predecessor, the updated model is more

granular and renders a more accurate in-silico description of mitochondrial physiology for
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several reasons. First, the mitochondrial Na*/H* exchanger (NHE) and the phosphate carrier
(PiC) are included. Second, the updated model distinguishes electrons entering the ETC at
complexes | and Il. Third, the equilibrium constants associated with enzymatic processes are
adjusted for pH, and the binding of protons and Mg?* to nucleotides is explicitly modeled.
Lastly, the activity of ANT is modified to account for the effect of cytoplasmic ADP
concentration. All these modifications reflect reality more closely. Model calibration of the
updated bioenergetic model appears more rigorous. In the original mitochondrial bioenergetic
model, the only experimental data set explicitly shown is the dependence of Jo on membrane
potential [47]. In the updated model [63], model simulations are compared to experimental
data of membrane potential and NADH fluorescence generated in-house. The NHE flux, PiC flux
and TCA cycle metabolite concentrations are calibrated using literature data. However,
experimental oxygen consumption rates are not compared to model simulations whilst it is
arguably one of the most important bioenergetic variables.

The integrated two-compartment ROS model is the second ROS model developed by the
Cortassa-Aon group but the first to focus chiefly on mitochondrial ROS [64]. This model will be
referred to as the original mitochondrial ROS model to distinguish itself from the updated
version published later in the year. This model expands the updated bioenergetic models by
including a detailed mitochondrial ROS scavenging system. Unlike the previous ROS model,
matrix superoxide dismutase (Mn-SOD) and the thioredoxin (TRX) system are added to the
matrix ROS scavenging system. Hydrogen peroxide transportation is modeled as the product of
the diffusion constant associated with hydrogen peroxide and its gradient between intra- and

extra-matrix compartments. The model also relates ROS production and scavenging via the
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consumption of NADH by transhydrogenase (TDH). ROS production remains treated as a lump-
sum process in which oxygen leaking from the ETC is reduced to superoxide. Later in the same
year, details were added to the original integrated ROS model to hash out the contributions of
complexes | and Il to total mitochondrial ROS production [65]. The complex | module was
derived from the ETC model originally developed by Magnus and Keizer [93]. The modules
representing complexes Il, lll and IV were adapted from the work of Demin et al. [94,95]. This
model was applied to understand the effects of ischemia-reperfusion (IR) injury on free radical
homeostasis [52].

All the Cortassa-Aon models follow a bottom-up and modular approach. Individual
modules and the integrated models are claimed to be calibrated until model outputs match
experimental data. However, only in more recent models did this practice become more
consistent, at least as shown in the published manuscripts. In the updated bioenergetic model
[63], the NHE, PiC and TCA cycle intermediates are constrained by experimental data prior to
membrane potential and NADH fluorescence simulations. In the original integrated
mitochondrial ROS model [64], the oxygen consumption rates, net hydrogen peroxide emission
rates, membrane potential and NADH reduction states are compared to experimental data
under a variety of experimental conditions. The contributions of the GPX and TRX systems to
matrix scavenging are also experimentally calibrated. The updated ROS model, however,
includes most calibration data sets at the integrated model level [65]. It is unclear if the ROS-
producing modules in the updated ROS model were calibrated despite the rich literature on

ROS and enzyme kinetics of the ETC complexes.
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A close examination shows that the fit between model outputs and experimental data
remains qualitative or semi-quantitative, as acknowledged by the authors. For example, the
original integrated mitochondrial ROS model significantly underestimates the oxygen
consumption and net hydrogen peroxide emission rates while overestimating the membrane
potential [64]. The model also underestimates the NADH concentration by more than 50%
during leak state and about 50% during oxidative phosphorylation. A similar trend is again
observed in the uncoupling simulation and scavenging inhibitor titration simulation. The
simulated ROS production in mitochondria energized with succinate in state 4 (Suc bars) and
glutamate/malate in state 3 (G/M + ADP bars) achieves a reasonable fit with experimental data.
However, the simulation overestimates ROS production under succinate-supported respiration
in state 3 (Suc + ADP bars) and glutamate/malate-supported respiration in state 4 (G/M bars) by
approximately 50%. In the presence of inhibitors, the model underestimates ROS production.

A factor that compromises the fit between model outputs and experimental data is the
inconsistency among the ETC complex modules. As they are from models developed by
separate groups with different modeling styles [93—95], some of the modules are more specific
than others. In the updated ROS model, a handful of scaling factors were necessary to fit
complex | module to experimental data (Supporting materials) [65]. Scaling factors are
numerical constants that account for differences between model outputs and data. However,
applying them without mechanistic reasons imposes non-physiological constraints on the
model and results in excellent fit between model outputs and data at the module level but
potentially poor fit at the system level. Another factor that could have contributed to the

discrepancies is the decision not to model ROS production by the ETC complexes at a deeper,
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more detailed level. The authors contend that the decision balances mechanistic details and
computational cost. However, the decision to stay on a more general ground has led obvious
inconsistencies between model outputs and data. Even when dutifully addressing the
inconsistencies cannot eliminate them completely, it improves the quality of model predictions.
Markevich-Hoek Models

The first Markevich-Hoek model, published in 2015, is a partial model of mitochondrial
ROS homeostasis [69]. In this kinetic model, superoxide production by the electron transport
chain (ETC) complexes is quantitatively analyzed by a set of ODE equations. Hydrogen peroxide
production is not considered since the model is focused on superoxide, which potentially
underestimates total ROS production. The model includes but does not treat complexes Il and
IV as sources of superoxide. While the model treatment of complex Il is consistent with
contemporary experimental literature, evidence supporting significant ROS production by
complex |l emerged after the model was published [25,59,82].

Recently, the authors developed a kinetic model of ROS production by complex Il in
which ROS production is considered when the enzyme complex is fully assembled and
disintegrated into SDHA/SDHB and SDHC/SDHD subunits [70].The SDHA/SDHB subunit catalyzes
the succinate oxidation reaction and relays electron from the flavin moiety to the [3Fe-4S]
cluster. The SDHC/SDHD subunit catalyzes the reduction of quinone. As such, the decision to
separate the enzyme complex into subunits seems to be strategically exposing all the redox
centers that are putative sites of ROS production for analysis. However, since this separation is
unlikely under physiological conditions, additional fitting to data under pathological conditions

may be warranted to explore ROS production from complex Il fragments in diseased states.
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Following the kinetic model on ROS production by complex Il, another model was developed to
analyze the effects of succinate concentrations on succinate oxidation, quinol reduction and
ROS production [71]. The sequel model extends the previous model on complex Il and involves
parametric analysis under different conditions.

The authors state that model simulations are fitted to experimental data in the ETC
superoxide model [69]. While the corresponding experimental studies are cited, the readers are
tasked with determining which data sets were selected for model fitting as experimental data
are not included alongside model simulations. In the more recent work on complex Il, only
succinate titration and time-dependent data are included [70]. Thus, it is unclear from reading
the published texts the consistency between model simulations and experimental data. It
seems that the sequel model of complex Il is a purely theoretical exploration as the model
outputs are not compared to experimental data on succinate oxidation and quinol reduction
rates [71]. The data, however, are available. None of the presented models lists the adjustable
parameters and their relative contributions to the model outputs.

Several aspects require consideration given that a kinetic model of complex || ROS was
recently developed. First, since ROS production by complex Il is tightly coupled to succinate
oxidation and the redox state of the quinol pool, uniting these two aspects into a single is
indispensable to ensure the complex Il model can perform normal catalytic function in addition
to producing ROS. Second, integrating the united complex Il model into the original ETC
superoxide model is necessary to investigate the contribution of complex Il to total
mitochondrial ROS production. The assumption remains that the ETC complexes are the main

ROS producers. Third, including hydrogen peroxide in the model is essential because two-
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electron redox reactions are feasible between oxygen and the fully reduced flavin moieties of
complexes | and Il (FMNH; and FADH,, respectively). Lastly, ROS production and scavenging by
other matrix enzymes need to be considered as experimental data relevant to model fitting and
validation become available.

Beard-Bazil-Vinnakota Models

The Beard-Bazil-Vinnakota models are based on the biophysical model of the respiratory
chain and oxidative phosphorylation published by Beard in 2005 [49]. All the Beard-Bazil-
Vinnakota models follow strictly the iterative process of model construction, calibration and
validation. More importantly, sensitivity analysis is consistently performed to identify
adjustable parameters and their relative contributions to model outputs. Adjustable
parameters, together with their estimated values, are explicitly stated in all published models.
In more recently published works, ranks associated with identified parameters are also included
for the sake of the reader’s convenience [50,72,73].

The original model was developed to address the inability of the widely used
Korzeniewski-Zoladz model [46] to explain the data observed in Bose et al. [92]. The original
Beard model accounts for 1) the biochemical reactions catalyzed by the ETC complexes |, Il and
IV that are associated with high electron flux regime, 2) substrate transport via the adenine
nucleotide translocase (ANT) and the phosphate-hydrogen (Pi/H*) co-transporter, and 3) cation
flux via the K*/H* antiporter and passive permeation of K* and H*. In contrast to prior models
[46,93], this model treats the proton gradient and membrane potential components of the
protonmotive force as separate state variables. Doing so and including the phosphate activation

on the ETC complex lll enable the model to fit previously unexplained data sets. While
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incomplete, the model demonstrates the importance of modeling biophysical processes with
respect to biophysical laws. The modeling approach used here becomes faithfully practiced in
all future models developed by the Beard group.

The group took a natural step towards a comprehensive mitochondrial model which
ideally accounts for all experimentally observed behaviors of in vivo and in vitro systems by
explicitly modeling the TCA cycle and related reactions in their 2007 model [66]. In addition to
the ANT and Pi/H* co-transporter, eight other transporters are added to account for the
movement of TCA cycle intermediates across the inner membrane. Additional co-transporters
are the pyruvate/H* and glutamate/H* cotransporters. Antiporters include citrate/malate, a-
ketoglutarate/malate, succinate/malate, malate/phosphate and aspartate/glutamate
antiporters. Reactions catalyzed by pyruvate dehydrogenase (PDH), nucleoside
diphosphokinase and glutamate oxaloacetate transaminase are also included as they are
relevant to the TCA cycle. More importantly, the model accounts for substrate regulatory
feedback on citrate synthase (CS), isocitrate dehydrogenase (IDH) and a-ketoglutarate
dehydrogenase (aKDH). Including succinate dehydrogenase (SDH) completes the ETC. Because
the TCA cycle reactions are modeled explicitly, parameters associated with the ETC complexes
from the original model were updated. The Beard group has successfully used this model and
its derivatives to develop insight into the molecular mechanisms associated with heart failure
[96-98].

The Beard-Bazil-Vinnakota group chose to model ROS production from the ETC
complexes separately before integrating these models into a single framework. The first ROS

model, published in 2015, identifies the origins of superoxide and hydrogen peroxide
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production by complex | [72]. The complex Il ROS model was published two years later [73].
The most recent ROS model analyzes succinate oxidation and ROS production kinetics by
complex Il [50]. All the ETC complex models unite the primary substrate/product redox
reactions (NADH by complex |, succinate by complex Il and quinol by complex Ill) with ROS
production. The model calibration process is rigorous and objective as each ROS-producing
model is tasked with reproducing larger and more complicated data sets obtained under a
variety of conditions. Some of the data sets also appear contradictory. For example, complex ||
model calibration includes succinate oxidation rates under different pH, in the presence and
absence of the inhibitor atpenin A5 and other TCA cycle dicarboxylate intermediates [50]. Data
sets curated for the ROS producing aspect include succinate titration in the presence of
different inhibitors, TCA cycle dicarboxylate intermediates, a combination of both, and in the
presence of inhibitors at different pH. At the time of this review, these modules have not been
integrated with TCA cycle, oxidative phosphorylation and scavenging yet although that is a

natural step to be taken next.
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CONCLUSION

In this mini review, we survey the mainstream kinetic models of mitochondria. Other
models exist, but they are not as widely used to our knowledge [60,99,100]. The models chosen
include more than one aspect of mitochondrial physiology — namely, substrate metabolism,
oxidative phosphorylation, calcium buffering and free radical homeostasis. Nevertheless, the
models presented are only representative as it is impossible to include all of the models
developed by each group in this mini review. All of the models reviewed account for the TCA
cycle reactions and oxidative phosphorylation although they differ in the level of granularity.
Many groups have attempted to model mitochondrial free radical homeostasis or at least a part
of it. The group led by Cortassa and Aon combined free radical homeostasis, substrate
metabolism and calcium dynamics into a single model [64,65]. The model outputs, however,
only fit data qualitatively or semi-quantitatively. The Markevich-Hoek model excludes hydrogen
peroxide and treats complex Il as a non-ROS producing module [69]. The Beard-Bazil-Vinnakota
group developed models of ETC complexes that can produce both the enzyme kinetics and ROS
data [50,72,73]. But these modules are yet integrated into a single mitochondrial model. None
of the models except for the Achs-Garfinkel model of the ischemic excised dog heart includes
beta oxidation [61]. Calcium buffering is another aspect awaiting experimental data to inform
model details.

In addition, we devote a section to key aspects in mathematical modeling. Some of
these aspects deserve the space that is beyond the scope of this review, so we did our best to
distill and present only the conceptual essence. We hope that this section will aid the reader in

their exploration into the world of mathematical modeling. Briefly, we want to highlight that
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model building is guided by data as much as by biophysical laws. Models that respect
biophysical laws and are properly constrained by data operate in a physiologically feasible
parameter space. Only these models are able to generate valuable mechanistic insights. This
appealing utility necessitates careful data mining and parameterization, which is guided by the
parsimonious principle. Finally, we want to communicate the iterative nature of building
mathematical models to the reader because each model is constrained by current knowledge
and data. In this respect, newly generated data are “real-life” validation challenges to existing
models. At some point, even the best model will fail to explain a novel data set. But it is the

model-data mismatch that perfect the existing model, an inevitable part of model evolution.
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CHAPTER 2 — CALCIUM OVERLOAD DECREASES NET FREE RADICAL EMISSION IN CARDIAC

MITOCHONDRIA

This chapter was adapted from the following previously published manuscript:

Duong, Q.V., Hoffman, A., Zhong, K., Dessinger, M.J., Zhang, Y., and Bazil, J.N. (2020) Calcium
overload decreases net free radical emission in cardiac mitochondria. Mitochondrion 51,

126-139.
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INTRODUCTION

Ischemia-reperfusion (IR) injuries underlie a variety of pathological settings that are
associated with high mortality rates and long-term decreases in organ function. These injuries
occur in common clinical settings such as acute coronary artery events, cerebrovascular
accidents, and acute kidney injury [1]. While the pathophysiological events underlying IR injury
have been reviewed extensively elsewhere [2,3], they are briefly summarized here. During
ischemia, partial or complete cessation of oxygen delivery impedes electron transport system
(ETS) activity. As a result, metabolites accumulate, and ETS redox centers become highly
reduced. During this ischemic period, the cytoplasm acidifies and is flooded with calcium.
Altogether, these factors create an environment conducive to free radical production. Although
reperfusion is necessary for tissue salvage, paradoxically, most tissue damage occurs during this
period. During reperfusion, exacerbation of calcium overload and a sudden increase in free
radical levels trigger a phenomenon known as mitochondrial permeability transition [3—6]. After
this transition, mitochondria switch from ATP producers to ATP consumers [7]. When the injury
is most severe, such as that caused by prolonged or complete ischemia, this transition is
irreversible and leads to ATP depletion and cell death. As the main triggers for this
phenomenon are attributed to calcium overload and oxidative stress, many studies have
suggested a causative relationship between calcium overload and the burst of reactive oxygen
species (ROS) occurring in the reperfusion phase. But others have implied a vicious cycle
between calcium and ROS production [8—11]. Nevertheless, the relationship between calcium

and mitochondrial ROS production remains an important topic of investigation.
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Oxidative stress during IR is primarily caused by the mitochondrial derived superoxide, a
type of ROS. While the formation of superoxide is thermodynamically favorable [12,13], its
production is under kinetic control [13]. Kinetic control is set by the mitochondrial membrane
potential, the primary regulator of superoxide formation. This bioenergetic variable controls
the degree of ETS redox center reduction and thus kinetically limits superoxide production.
Under physiological conditions, free radical production is balanced by elimination to maintain
free radical homeostasis and prevent oxidative stress. Recent evidence points to complexes |
and Il as the major ETS sources of ROS [13—-15]; however, other mitochondrial enzymes also
contribute to ROS production [16—19]. For example, the dihydrolipoamide dehydrogenase
subunit (E3 component) of the matrix enzyme complexes a-ketoglutarate dehydrogenase,
pyruvate dehydrogenase and branched-chain alpha-keto acid dehydrogenase has been shown
to be a major source of ROS under conditions where NADH/NAD* is maintained at a high level
[16,20,21]. While many studies have linked calcium overload to excessive ROS formation during
reperfusion [8,9,22], the precise mechanism linking these two factors remains unknown.

Metabolic alterations and calcium overload during IR are the major components of IR
injury. As such, we tested the metabolite- and calcium-dependence of mitochondrial free
radical homeostasis by quantitatively assessing net free radical generation from isolated cardiac
mitochondria. The experiments were performed under various calcium challenges designed to
reflect mitochondrial calcium loads that occur during IR injury. In addition, the effect of calcium
on the metabolism of different substrates that are utilized by different metabolic pathways
important for cardiac function were investigated. The respiratory and net free radical

production rates were simultaneously measured. In parallel experiments, the membrane
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potential, high amplitude swelling, and buffer calcium were quantified. We found a modest
calcium-dependent stimulation of respiration in the absence of ADP but a profound inhibition
of ADP-stimulated respiration with NADH-linked metabolites. Most importantly, we find that
there is no explicit calcium-dependent stimulation of net free radical generation. In fact, our
data reveal that calcium overload decreases free radical production in mitochondria as opposed
to increasing it. These findings have important implications for the role of calcium in IR injury

and ROS production.
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MATERIALS AND METHODS
Mitochondria Isolation

Animal care and handling conformed to the National Institutes of Health’s Guild for the
Care and Use of Laboratory Animals and was approved by Michigan State University’s
Institutional Animal Care and Use Committee. Ventricular mitochondria from Hartley guinea
pigs were isolated based on a previously described protocol [23,24] and will be briefly
summarized here. Animals (4-6 weeks, 350-450 grams) were euthanized after being
anesthetized with 5% isoflurane and tested to be unresponsive to noxious stimuli. The heart
was perfused in chest with ice-cold cardioplegic solution until no blood was observed in the
coronary arteries and cardiac veins. The cardioplegic solution (CS) consisted of 25 mM KCI, 100
mM NaCl, 10 mM dextrose, 25 mM MOPS and 1 mM EGTA at pH = 7.15. The heart was then
excised and washed with ice-cold isolation buffer (IB). IB consisted of 200 mM mannitol, 50 mM
sucrose, 5 mM K;HPO4 and 0.1% w/v BSA at pH = 7.15. Connective tissues, thymus and the
great vessels were removed. Ventricular tissues were minced in ice-cold IB until small pieces on
the order of 1 mm? were left. The homogenate was then transferred to a 50-mL conical tube
containing 0.5 U/mL protease (Bacillus licheniformis) in 25 mL IB. Tissue homogenization was
done using an Omni handheld homogenizer at 18,000 rpm for 20 sec. Mitochondria were then
recovered by gradient centrifugation in IB at 4 °C. Mitochondrial protein was quantified using
the BCA assay and an Olis DM-245 spectrofluorometer with dual-beam absorbance module.
The mitochondrial stock solution was diluted to a working concentration of 40 mg/mL. All

reagents were from Sigma unless otherwise noted.
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Experimental Set-up

For all experiments, mitochondria were suspended in a respiratory buffer containing
130 mM KCI, 5 mM K;HPO4, 20 mM MOPS, 1 mM MgCl; and 0.1% w/v BSA at pH of 7.1 at 37 °C.
In the absence of EGTA, the free calcium concentration is approximately 4 uM due to chemical
impurities [23]. Buffer sodium concentration in all experiments at 20 mM was achieved by
adding the appropriate amount of NaCl to the standard respiratory buffer. Under physiological
conditions, mitochondrial matrix sodium concentration is in the range of 5-10 mM. During
ischemia, this value can increase to the 20 mM range. Performing the experiments at this level
of sodium yields results that can more accurately delineate the capacity of mitochondria to
handle calcium overload and oxidative stress during conditions like ischemia. However,
experiments were also performed at lower sodium concentrations to explicitly investigate
potential effects of exogenous sodium on mitochondrial bioenergetics. In experiments where a
lower oxygen concentration ([02]) was needed, N, gas was bubbled into respiratory buffer.
Oxygen-depleted buffer was added to the respiratory chamber, and the oxygen concentration
was allowed to increase to a desired level by diffusion.

To investigate the effects of electron donors from various metabolic pathways on
oxygen consumption and hydrogen peroxide emission rates, four combinations of substrates
and inhibitors were used: pyruvate/L-malate (P/M), palmitoylcarnitine/L-malate (PC/M),
succinate/rotenone (S/R) and succinate (S). Malate is added to pyruvate and palmitoylcarnitine
to prevent the depletion of oxaloacetate during the experiments. Pyruvate is primarily an
NADH-linked and a complex | substrate. Under the experimental conditions we used in this

study, TCA cycle intermediates produced from pyruvate metabolism leak out of mitochondria.
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Therefore, pyruvate is incompletely oxidized [25,26]. Electrons derived from palmitoylcarnitine
enter the ETS via QH, and NADH. And with succinate, electrons enter the ETS via QH; at
complex Il. Rotenone inhibits complex | and prevents excess free radical production from its
quinone-reductase site [15]. The appropriate volumes of substrates and/or inhibitor stock
solutions were added to each 2-mL respiratory chamber in separate experiments to achieve the
desired total concentrations of 5 mM pyruvate/1 mM L-malate, 25 uM palmitoylcarnitine/2
mM L-malate, 10 mM succinate/1 uM rotenone or 10 mM succinate. In the experiments where
the total free calcium was set to zero, 1 mM EGTA was added to chelate calcium contamination
from reagents and the isolation process.

Mitochondrial respiration, membrane potential and volume dynamics were all
guantified using the same experimental protocol timeline. Specifically, substrates were added
to the buffer at the beginning of each experiment. Instrumental background signal was allowed
to stabilize prior to mitochondria addition. Mitochondria were then added to the final
concentration of 0.1 mg/mL. After respiration reached a steady state and achieved leak state
(leak), a bolus of CaCl, was injected to achieve sodium/calcium (Na*/Ca?*) cycling state. After
respiration stabilized, 1 mM ADP was added to achieve the oxidative phosphorylation
respiratory state (oxphos). In classic nomenclature, leak and oxphos states are also known as
states 2 and 3, respectively. In some instances, state 4 is used to describe the leak state;
however, state 4 is leak state respiration in the presence of high ATP and low ADP
concentrations. There is not an equivalence in the classic nomenclature for Na*/Ca?* cycling

state. Therefore, the descriptive nomenclature will be used in the remainder of this study for
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consistency and clarity. In high amplitude swelling and membrane potential experiments, 0.5
mM ADP used.
Oxygen Consumption Rates and Hydrogen Peroxide Emission Rates

Oxygen consumption rates (Joz, nmol mg?* min) and hydrogen peroxide emission rates
(Ju202, pmol mg™* min!) were simultaneously measured using an Oroboros Oxygraph (02k)
system. Ju202 was monitored using the Amplex UltraRed assay. Amplex UltraRed (AmpUR) was
dissolved to a stock concentration of 10 mM according to the manufacturer’s instructions. Type
Il horseradish peroxidase (HrP) and superoxide dismutase (SOD) were individually dissolved to
the stock concentration of 500 U/mL and stored at the appropriate temperatures. Hydrogen
peroxide calibration curves were made using a working solution of 200 uM H,0; prepared fresh
on the day of every experiment. An enzyme mixture was added containing HrP/SOD to the final
concentrations of 1 U/mL and 0.5 U/mL, respectively, followed by the addition of 10 uM
Amplex Ultra Red. After the amperimetric signal reached a steady state, mitochondria,
metabolites, and calcium were added as detailed below.
High Amplitude Swelling Assay

Mitochondrial high amplitude swelling was determined by a decrease in absorbance at
540 nm using the Olis DM-245 spectrofluorometer with dual-beam absorbance module.
However, in the presence of sufficient calcium, calcium phosphate granules cause an increase in
apparent absorbance caused by light scattering. Mitochondria were challenged with calcium
boluses at concentrations designed to elicit moderate calcium overload or at supraphysiological
concentrations high enough to trigger permeability transition. The maximum concentrations

that achieve the upper limits of moderate calcium overload in the Jo2 and Ju202 experiments are

53



20 uM for PC/M; 50 uM for P/M, S/R and S. They are referred to from here on as maximal
experimental concentrations. Higher concentrations led to mitochondrial respiratory
dysfunction. Permeability transition inducing concentrations are 100 uM for PC/M; 150 uM for
P/M; 500 uM for S/R and S. These concentrations were sufficient to cause large amplitude
swelling, a classic indicator for mitochondrial permeability transition.
Membrane Potential Measurement

Membrane potential was monitored by measuring the fluorescence of TMRM using the
Olis DM-245 spectrofluorometer. Specifically, TMRM was diluted in 100% EtOH and added to a
2 mL buffer containing cuvette to the final concentration of 0.1 uM. TMRM accumulation into
the mitochondrial matrix is a membrane potential driven process. At the concentration used in
this study, matrix TMRM accumulation decreases fluorescence due to self-quenching. In these
studies, the maximal experimental calcium concentrations were tested, as well as calcium
concentrations that trigger permeability transition. In addition, buffer with 1 mM EGTA was
also included as a control. For calibration, nigericin (30 ng/mg mitochondria) was added for
maximal membrane potential and alamethicin (50 pg/mg mitochondria) was added to
completely depolarize the mitochondria.
Buffer Calcium Measurement

Buffer calcium was monitored by measuring the fluorescence of CaGreen-5N using the
Olis DM-245 Spectrophotometer (excitation wavelength = 506 nm, emission wavelength =531
nm). The final concentration of CaGreen-5N was 1 uM. After calcium addition, the calcium
concentration in the buffer was measured in the steady-state. Then the maximal signal was

achieved by adding 300 uM CaCl,. The minimal signal was achieved by adding 1 mM EGTA. The

54



steady-state buffer calcium was calculated using Eq. 2.1, assuming a Kq value of 30 uM
previously determined by our lab [24]. The matrix calcium was then determined by subtracting
the steady-state buffer calcium from the total calcium delivered by the boluses.

F—=Fmin

[Ca2+]buffer =Kg——— Eq. 2.1

Fmax

Data Analysis and Statistical Testing

Data are presented as mean +/- standard deviation with individual data points included.
Data were checked and confirmed for normality using the Shapiro-Wilk test. The effects of
calcium on Joz, Ju202, membrane potential and volume were tested using the anoval function in
Matlab. The effects of calcium boluses and substrates on calcium uptake were tested using the
anovan function. A posthoc Tukey’s range test was used to confirm any statistical significance
among groups. At least 3 biological replicates were performed for each condition. A post-hoc
power analysis was performed on the G*Power software [27,28] using the most conservative
parameters of sample size, effect size, alpha = 0.05 and power = 0.80. The power analysis
confirmed that the study (sample size, alpha value, effect size) is well-designed to detect
statistical significance.

The p values associated with statistical significance indicated in the figures are reported
either in the figure legend or in separate tables when there are more than a few values to

report.
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RESULTS

As shown in Fig. 2.1, the respiratory dynamic profile for each substrate tested is
unique. After the addition of calcium, the respiratory rate generally increased above the leak
state rate. This increase in respiration is more pronounced when S/R or S were the substrates.
Moreover, when the substrates are P/M or S/R, ADP addition caused the oxygen consumption
rate (Joz2) to rapidly rise and reach a plateau regardless of calcium levels. This plateau is not
observed when the substrate is PC/M in the presence of calcium or succinate alone with or
without calcium. With P/M, the oxphos Jo monotonically decreased as a function of calcium
bolus; however, calcium had little effect on oxphos Jo2 with S/R. Mitochondria respiring on
PC/M displayed the most significant decrease in oxphos Joz by calcium. Oxygen consumption
rates are essentially zero in experiments where 25 uM or 50 uM CaCl, were added to
mitochondria respiring on PC/M. Therefore, calcium treatments were lowered to 10 uM and
20 uM in place of 25 uM and 50 uM total CaCl, for the PC/M group, respectively. When
succinate was the sole substrate, the addition of ADP resulted in a jump in respiration
followed by a decrease to a new steady-state respiratory rate. This steady-state respiratory
rate is highest when there is no calcium and decreases as a function of calcium.

Calcium uptake has variable effects on respiration depending on the fuel source and
respiratory states (Fig. 2.2). During leak state (blue bars), the presence of 4 uM CaCl; resulted in
higher Jo, averages. Statistical significance was reached with all substrate combinations
between 0 and 4 uM CaCl; condition in the leak state. This is simply due to the sufficiently high
contaminating calcium levels capable of stimulating respiration when this measurement was

taken. The addition of calcium (Na*/Ca?* cycling, red bars) further increased calcium-stimulated
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Figure 2.1 Calcium inhibits respiration for P/M, PC/M, and S but not S/R fueled mitochondria.
Mitochondria (0.1mg/mL) respiring on different substrates show distinct respiratory profile
dynamics. Following mitochondria addition, Jo; was allowed to stabilize. Then, a bolus of
calcium was added to calcium-challenged groups (P/M, S/R and S: 25 uM and 50 uM CaCly;
PC/M: 10 uM and 20 uM CacCl,). In experiments where the total buffer Ca?* was zero, 1 mM
EGTA was added to remove trace amount of Ca?* in the buffers. After stabilization, 1 mM ADP
was added to stimulate maximal respiration. Leak state respiration is defined as the period
between mitochondria addition and calcium bolus. Sodium/Calcium cycling state is between
calcium bolus and ADP addition. Oxphos occurs after ADP addition. The sudden drop in Jo2
indicates anoxia. Joz of each respiratory state was averaged over 30 seconds, shown as the
rectangular boxes on the figure. Boxes are color-matched with the respiratory states in
subsequent figures.
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Figure 2.2 Calcium affects both leak and oxphos state respiration rates. Effects of calcium on
respiration are substrate specific. Leak state (blue) respiration is enhanced in the presence of
trace amount of buffer calcium (~ 4 uM) across all substrates. Mitochondria respiring on
succinate with or without rotenone (C and D, respectively) had highest leak-state Jo.
Sodium/Calcium cycling state (red) respiration is enhanced in the presence of increasing
concentrations of calcium boluses up to 50 uM. The exception is PC/M. Mitochondria respiring
on PC/M showed depressed Joz as the calcium concentration in the bolus exceeds 10 uM. For
oxphos (yellow) respiration rates, buffer calcium above 4 UM depresses Joz across all
substrates. In the absence of calcium, P/M respiring mitochondria have a lower Jo, compared to
when calcium was ~ 4 uM. However, mitochondria respired on PC/M or S had maximal oxphos
when trace amount of calcium was removed. With S/R, respiration was nearly identical
between the 0 and 4 uM groups, and the inhibitory effect of calcium on oxphos respiration is
negligible. Statistical significance (p<0.05) relative to 0 uM CaCl; is indicated by *.
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respiration with primarily NADH-linked and Q-linked substrates (P/M, S/R or S). Respiration was
either not affected or slightly inhibited by calcium in mitochondria respiring on mixed substrate
(PC/M). These effects of calcium on Na*/Ca?* cycling respiration were statistically significant
when the substrates were P/M, S/R or S and statistically insignificant when PC/M was the
substrate. During oxphos, a plateau was observed with the exception of PC/M and S. The
maximal oxphos Jo in P/M containing buffer is achieved at ~ 450 nmol mg™* min! when the
total buffer calcium is approximately 4 uM. When the substrates are S/R, maximal oxphos Jo2 is
achieved at ~ 350 nmol mg* min! at the total buffer calcium of essentially zero or 4 uM. In the
absence of rotenone, the maximal succinate-supported Joz due to oxphos was ~ 270 nmol mg!
mint at the buffer calcium of 0 pM. When the substrate was PC/M, maximal Joz was ~ 290 nmol
mg™ minl. Therefore, mitochondrial respiratory capacity was maximal with primarily NADH-
linked substrates. Oxphos Joz was generally inhibited with increasing CaCl,. While the inhibitory
effect was observed only after calcium exceeded 4 uM in P/M group, no statistical significance
exists when calcium concentrations were 0 and 25 uM. The inhibitory effect due to calcium was
negligible for Q-linked substrate in the presence of rotenone. Mitochondria respiring on PC/M
were exquisitely sensitive to calcium and showed a marked inhibition of oxphos Jo; as the
calcium concentration increased. Even at lower calcium boluses of 10 and 20 uM, the inhibitory
effect of calcium on respiration was significant. At lower buffer sodium concentrations, similar
effects of calcium on respiration are observed across all respiratory states (Fig. S2.1). Statistical
significance was not achieved between different buffer sodium groups. Selected statistical
results are reported in Table 2.1, and a comprehensive list of statistical results is given in Table

S2.1.
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Table 2.1 Statistical significance between respiratory rates.

Respiratory

Sodium/Calcium

States Leak Cycling Oxphos

Substrates calcium p values calcium p values calcium p values
0 pM 2.00E-04 0o puM --- 0uM 1.52E-02
P/M 25 uM --- 25 uM 3.39E-02 25 uM 1.26E-03
50 uM --- 50 uM 2.60E-02 50 uM 3.69E-06

0 uM 9.00E-04 0uM --- 0 uM ---
PC/M 10 uM --- 10 uM --- 10 uM 1.61E-07
20 uM --- 20 uM --- 20 uM 3.78E-09

0 pM 4.02E-05 0 uM 1.03E-03 0 uM ---

S/R 25 uM --- 25 uM 3.95E-09 25 uM ---
50 uM --- 50 uM 3.78E-09 50 uM 2.64E-02

0 uM 2.04E-05 0uM 1.31E-03 0 uM ---
Succinate 25 uM --- 25 uM 6.84E-08 25 uM 9.99E-03
50 uM --- 50 uM 4.02E-09 50 uM 9.78E-04

All values are compared to the 4 uM CaCl; group within each substrate. The p values not
associated with statistical significance are indicated by ---. A complete list can be found in the
Appendix, Table S2.1.
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To investigate the respiratory dynamics when succinate was the sole substrate, follow
up experiments with combinations of succinate, rotenone, and glutamate were performed. In
the presence of rotenone, glutamate addition to mitochondria respiring on succinate neither
increases nor decreases oxphos Joz regardless of calcium concentrations (Fig. 2.3A, C). This is
expected since rotenone inhibits complex |, and glutamate can be used to supply complex | with
NADH. When rotenone is absent, the addition of glutamate leads to a significant increase in
oxphos Joz (Fig. 2.3B, D). This glutamate-stimulatory effect is consistent across all calcium
groups and statistically significant for all calcium groups when compared to the respiratory rate
in the absence of rotenone (Fig. 2.3 and Table $2.2). While glutamate leads to an increase in
respiration regardless of calcium group, there is a moderate inhibitory effect of calcium.

The effect of calcium on the ETS downstream of Complex | was tested by measuring
FCCP-stimulated respiration in the presence of increased calcium concentrations (Fig 2.4).
Mitochondria respiring on P/M reached maximal Joz of ~ 785 + 100 nmol mg* min'tin the
absence of calcium. Even at the lower calcium bolus of 25 uM, FCCP addition caused as
significant drop P/M-supported respiration. This is due to mitochondrial permeability transition
as shown below in Fig. 2.5A and also previously determined by Petronilli et al. [29]. While the
maximal succinate-supported Joz is also reached in the absence of calcium (~ 755 + 21 nmol mg"
' min), calcium addition at both 25 and 50 uM minimally inhibited respiration. Results are
reported with p values in Table S2.3. There are no significant differences between the low and
high calcium treatment groups within the P/M or S/R group, respectively.

High amplitude swelling results in a rapid decrease in absorbance and is used as a gold-

standard to monitor mitochondrial permeability transition. Representative absorbance
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Figure 2.3 Effects of glutamate addition on oxphos Joz during succinate-fueled respiration. A-
B) Representative respiratory dynamics of mitochondria respiring on
succinate/rotenone/glutamate (A) and succinate/glutamate (B). The experiments were done in
the same fashion as in Fig. 2.1. Approximately 1.5 minutes after ADP addition, glutamate was
added to the final concentration of 5 mM in the respiratory chamber. C-D) Oxphos Jo, was
guantified before and after glutamate addition. Glutamate addition results in a significant
increase in oxphos Joz when rotenone is absent. The increase in respiration caused by
glutamate is consistent across all calcium concentrations. When rotenone is present, glutamate
did not affect respiration as expected. Experiments were performed using at least 3 biological
replicates. Asterisks (*) indicate statistical significance (p < 0.01) due to glutamate addition
within the same calcium treatment group: 3E-3 for 0 uM CaCl,, 2E-3 for 4 uM CacCl,, 7E-3 for 25
UM CaCl; and 6E-3 for 50 uM CaCl,.
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Figure 2.4 Calcium does not significantly affect the electron transport system downstream of
Complex I. Oxygen consumption rates were measured in a similar experimental course as
described in Fig. 2.1 except that ADP was replaced with FCCP (1 uM). A-B) Representative
oxygen consumption dynamics of P/M-supported respiration (A) and S/R-supported respiration
(B). C) Quantified oxygen consumption rates. In the presence of 25 and 50 uM CaCl,, P/M-
supported respiration was abolished upon FCCP addition. However, S/R-supported respiration
showed no such decrease in respiration after FCCP addition. Experiments were performed using
at least 3 biological replicates. Error bars are standard deviations. Asterisks (*) indicate
statistical significance (p < 0.01) between calcium treatments compared to 0 uM CaCl,. P/M
8.16E-6 for 25uM CaCl; and 7.96E-6 for 50 uM CaCls. S/R: 1.66E-2 for 25 uM CacCl, and 3E-3 for
50 uM CacCl,.
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dynamics at 540 nm show that absorbance either increased or did not change upon adding the
highest calcium concentrations tested (20 uM CaCl; for PC/M group; 50 uM CaCl; for P/M, S/R
and succinate groups) (Fig. 2.5A-D). Therefore, high amplitude swelling due to mitochondrial
permeability transition does not occur under our highest experimental calcium concentrations.
At significantly higher calcium concentrations, high amplitude swelling results in a rapid
decrease in absorbance to the level that is unchanged upon FCCP addition (Fig. 2.4A-D).
Interestingly, different calcium concentrations are necessary to induce high amplitude swelling
in a substrate-dependent manner. The addition of 150 uM and 100 uM CaCl; induced high
amplitude swelling in P/M and PC/M groups, respectively. A significantly higher calcium bolus
of 500 uM was necessary to induce high amplitude swelling in S/R and S groups. The precise
threshold for each substrate required to elicit mitochondrial permeability transition was not
further investigated in this study. The relative absorbance (%) confirms that high amplitude
swelling did not occur upon adding the maximal calcium boluses in our experiments (Fig. 2.6). A
complete table of averaged values, standard deviations and p values are reported in the
Appendix (Table S2.4).

The substrate-specific trends in free radical emission (Ju202) are consistent with
respiratory profiles (Fig. 2.7). The greatest spread among data points is associated with
succinate. This is attributed to the variable nature of reverse electron transport. Hydrogen
peroxide emission rates are highest during leak (blue) and lowest during oxphos (yellow). The
Na*/Ca?* cycling hydrogen peroxide emission rates (red) are in the middle range. Leak state
Ju202 was highest in the S group, followed by the S/R group, and the leak state Ju202 was

comparable among P/M and PC/M groups. While the presence of ~ 4 uM free calcium resulted
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Figure 2.5 Moderate calcium overload does not trigger mitochondrial permeability transition.
Representative absorbance dynamics at 540 nm was normalized to the signal following
alamethicin addition (A-D). After an initial signal stabilization, mitochondria were added, and
the signal was allowed to stabilize for 5 minutes (leak state absorbance). At this point, calcium
was added at the maximal experimental bolus concentrations or at the concentrations that
would induce high amplitude swelling. Absorbance was monitored for 5 minutes, followed by
FCCP addition. Finally, alamethicin was added to completely permeabilize mitochondria
(minimal absorbance). The maximal experimental boluses contain 20 uM Ca?* for PC/M and 50
UM for P/M, S/R and S. The calcium bolus containing 10 uM Ca?* was included for PC/M. The
amounts of calcium necessary to induce high amplitude swelling depend on the substrates: 100
UM Ca?* for PC/M, 150 uM for P/M and 50 uM for S/R and S.
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Figure 2.6 Relative absorbance (%) following calcium addition. The experimental course is as
described in Fig. 2.4. The absorbance at 540 nm show that high amplitude swelling did not
occur at the maximal experimental boluses. Statistical significance (p<0.01) relative to maximal
experimental calcium concentrations is indicated by *. The p values are 1.22E-7 for P/M, 1.14E-
8 for PC/M, 4.19E-6 for S/R and 3.58E-8 for S.
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Figure 2.7 Net hydrogen peroxide emission rates are inhibited by calcium. The reported Ju202
measurements were obtained simultaneously as Joz reported in Figs. 2.1 and 2.2. Overall, the S
group is associated with the greatest variation among data points. Leak state (blue) Ju202 was
highest across respiratory states, regardless of the substrates. Of these rates, group S had the
highest Ju202. The presence of rotenone decreased Ju202 by an order of magnitude. P/M and
PC/M respiring mitochondria had similar and the lowest leak state Ju202 levels. The presence of
free calcium at ~ 4 uM did not affect Ju202 to a statistically significant level. Sodium/Calcium
cycling state (red) Ju202 is depressed in the presence of increasing calcium concentrations
although the amount of calcium to achieve statistical significance depends on the substrates.
Oxphos (yellow) Ju202 was lowest across respiratory states, regardless of the substrates. Calcium
does not alter oxphos Ju202 with the exception of PC/M where 20 uM calcium bolus resulted in
a Juz202 that is highest in this group. Statistical significance (p<0.05) relative to 4 uM CaCl; is
indicated by *. Leak state: 2.00E-4 (S). Na*/Ca?* cycling state: 3.44E-6 (PM, O uM CaCl,), 4.74E-3
(P/M, 25 uM CacCl,), 5.35E-5 (P/M, 50 uM CaCl,), 5.63E-4 (PC/M, 20 uM CaCl,), 7.29E-4 (S/R, 25
UM CaCly), 2.40E-6 (50 uM CaCl,). Oxphos state. 3.8E-2 (S/R, 0 uM CaCl,), 6.34E-3 (S/R, 25 uM
CaCly), 1.34E-5 (S/R, 50 uM CacCl,).
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in a slight decrease in Ju202 in these two groups, the differences were not statistically significant.
The Na*/Ca?* cycling Ju202 decreased as calcium concentrations were increased regardless of the
substrates. During Na*/Ca?* cycling state, the order of decreasing Ju202 is S > S/R > P/M =~ PC/M.
Note that the comparison between P/M and PC/M groups is based only on the order of
magnitude in Ju202 since calcium treatments were lowered in PC/M group. Although the
differences in J4202 between S and other substrate groups were significant during leak and
Na*/Ca?* cycling, oxphos Ju202 values were on the same order of magnitude across substrate
groups. Overall, oxphos resulted in further decreases in Ju202 with overall no appreciable
differences due to calcium across substrates except for S/R group. A complete list of averaged
values, standard deviations and p values are reported in Table S2.5.

In addition to the swelling data (Figs. 2.5 and 2.6), representative membrane potential
dynamics (Fig. 2.8) and relative membrane potential (Fig. 2.9) exclude the hypothesis that
irreversible mitochondrial permeability transition causes calcium-induced mitochondrial
dysfunction in this study. Compared to leak state membrane potential, mitochondria were able
to maintain a membrane potential after calcium had been added at the maximal calcium
concentrations tested. These concentrations are 20 uM for PC/M and 50 uM for P/M, S/R and
S. In contrast, the calcium concentrations that resulted in high amplitude swelling (Figs. 2.5 and
2.6) caused a complete loss of membrane potential as shown in Fig. 2.8. At the highest
experimental calcium concentrations (20 uM for PC/M and 50 uM for P/M, S/R and S), ADP
addition caused a further decrease in membrane potential. These results are further evidence
that mitochondria loaded with these levels of calcium remained well-coupled and were able to

utilize the proton motive force to synthesize ATP. When ADP was added after excessive calcium
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Figure 2.8 Mitochondria remain energized during moderate calcium overload. Representative
membrane potential dynamics monitored using TMRM. The presence of trace amount of
calcium caused a slight depression in leak state membrane potential when P/M or PC/M were
the substrates (A and B, respectively). The slight depression due to trace amount of calcium was
not observed when the substrate was succinate with or without rotenone (C and D,
respectively). In all cases, the maximal calcium boluses used to test the effect of calcium on
respiration and hydrogen peroxide emission rates did not result in complete depolarization.
Specifically, mitochondria were able to maintain a membrane potential following 50 uM CaCl,
bolus when they respired on P/M (A). In the presence of succinate with or without rotenone,
the membrane potential was much higher compared to P/M and PC/M (C and D, respectively).
Mitochondria respiring on PC/M appeared to be able to maintain a membrane potential
following a 20 uM CaCl; bolus although the decrease in membrane potential did not reach a
steady state (B). Depolarizing calcium concentrations are significantly higher than the maximal
experimental calcium concentrations and are substrate specific: P/M + 150 uM CaCly, PC/M +
100 pM CaCly, S/R + 500 uM CaCl,, Succinate + 500 uM CacCl,. The maximal experimental
calcium concentrations for Jo2 and Ju202 measurements do not inhibit oxphos as membrane
potential is further decreased upon ADP addition. However, the extent of decrease depends on
the substrates. No further decrease in membrane potential upon ADP addition was observed at
depolarizing calcium concentrations, confirming that mitochondria have been depolarized prior
to ADP addition.
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Figure 2.9 Mitochondrial membrane potential is affected by calcium loading. Relative
membrane potential (%) obtained by dividing the averaged fluorescence over the fluorescence
range. Mitochondria respired on succinate in the presence and absence of rotenone (G and H,
respectively) were able to maintain a higher partial membrane potential compared to those
respire on pyruvate/L-malate (E) after a 50 uM CaCl; bolus had been added. The ability of
mitochondria respiring on palmitoylcarnitine/L-malate to maintain a membrane potential was
compromised by calcium in a concentration-dependent manner (B). In all cases, the maximal
experimental calcium boluses did not cause complete loss of membrane potential. The
depolarizing calcium concentrations were significantly higher and resulted in a membrane
potential that could not be further decreased by ADP. * indicates statistical significance
between relative membrane potential due to maximal experimental calcium and depolarizing
calcium concentrations. Sodium/Calcium cycling: 1.45E-7 for P/M, 5.94E-4 for PC/M, 1.61E-8 for
S/R, and 7.26E-9 for S. Oxphos: 5.82E-5for P/M, 6.16E-3 for PC/M, 5.37E-8 for S/R, and 1.37E-6
for S.
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boluses (150 uM for P/M, 100 uM for PC/M, and 500 uM for S/R and S), no further drop in
membrane potential was observed. This shows that these calcium concentrations caused
complete membrane depolarization. The relative membrane potential values due to respiratory
state and calcium are summarized in Fig. 2.9. Complete list of averages and p values are
reported in Table S2.6. Together, results from the high-amplitude swelling and membrane
potential assays exclude that irreversible mitochondrial permeability transition occurred at the
concentrations of calcium used to test the effect of calcium on respiration and hydrogen
peroxide emission rates.

Buffer calcium dynamics was monitored using CaGreen-5N. The representative calcium
dynamics resemble the representative oxygen consumption dynamics (Fig. 2.10A-D). Steady-
state buffer calcium levels after calcium injection for both low and high calcium treated groups
are the same as when no additional calcium was added (low calcium: 10 uM for PC/M, 25 uM
for P/M, S and S/R; high calcium: 20 uM for PC/M, 50 uM for P/M, S and S/R). Regardless of
substrate or calcium bolus addition, mitochondria set the buffer calcium concentration to
approximately 3-4 uM. This set point is a direct result of the calcium-dependence on the rate of
calcium uptake by the calcium uniporter and the relative constant calcium efflux rate as
described in detail by Nicholls and Chalmers [30] and further quantitatively characterized by
Bazil et al. [24,31]. These data confirm that isolated mitochondria can sequester large amounts
of exogenous calcium without triggering mitochondrial permeability transition. The steady-
state buffer calcium concentrations are quantified using the relationship between buffer
calcium and fluorescence intensity, as given in Eq. 2.1 (Fig. 2.10E). Matrix calcium content was

then obtained by subtracting the steady-state buffer calcium from the total calcium taken up by
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Figure 2.10 Buffer and steady-state matrix calcium. A-D) Representative fluorescence
dynamics using CaGreen-5N. A) Pyruvate/L-malate (P/M). B) Palmitoylcarnitine/L-malate
(PC/M). C) Succinate/Rotenone (S/R). D) Succinate (S). The steady-state buffer calcium levels in
the low calcium bolus are similar to those delivered by the maximal calcium bolus.
Mitochondria take up calcium from the maximal bolus without being permeabilized. The
steady-state concentration of buffer calcium was quantified from the fluorescence signal
averaged over shaded region where indicated. E) Steady-state buffer calcium 5 minutes (2.5
minutes for S and S/R) following calcium bolus injection was determined using Eq. 2.1.
Regardless of the calcium bolus, the averaged steady-state buffer calcium concentration was
approximately the same within a substrate and across substrate groups. F) Mitochondrial
calcium content at the corresponding 5-minute mark (2.5 minutes for S and S/R) was
determined by subtracting the remaining steady-state calcium concentration in the buffer from
the initial calcium concentration plus the bolus addition. The total mitochondrial calcium
content was calculated based on a mitochondrial concentration of 0.1 mg/ml. No statistical
difference exists between P/M, S/R and S group. Comparisons cannot be made with the PC/M
group since the calcium boluses deliver much lower calcium at 10 and 20 uM CaCl..
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mitochondria and quantified with respect to the mitochondrial concentration in the assay
conditions (Fig. 2.10F).

The effects of calcium on Ju202 over a range of [O;] were monitored at 5 minutes and 10
minutes (Fig. 2.11). There is a monotonic relationship between Ju202 and [02], and calcium
decreased the Ju202 at all [0;]. At 5 minutes, no differences in Ju202 were observed whether the
initial buffer calcium was 0 or 4 uM regardless of the substrates (Fig. 2.11A-C). At 10 minutes,
the presence of as much as 4 pM Ca?* resulted in a downward shift of the curves when P/M and
PC/M were the substrates (Fig. 2.11D, E). The relationship between Ju202 and [02] was
preserved at 10 minutes when the substrates were S/R (Fig. 2.11F).

We next assessed the effects of electron turn-over on free radical homeostasis with
P/M, PC/M and S/R. It has been argued that increased electron turn-over can increase the rate
of superoxide formation. If true, there should be a non-zero correlation between Ju202 and Joa.
However, we found that Ju202 and Joz are essentially independent as shown on Fig. 2.12. Data
from Fig. 2.2 and 2.7 for the 0 and 4 uM calcium conditions were combined and plotted

together as shown.
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Figure 2.11 Hydrogen peroxide emission rates are dependent on oxygen concentration. A-C)
Measurements taken at 5 minutes showed no differences in Ju202 between 0 and 4 uM CaCl..
The best-fit lines were produced using nonlinear coefficients assuming the empirical model of
steady-state Ju202 Where Ju202 = Vmax [02]/ (Km + [02]). D-F) Measurements taken at 10 minutes
showed substrate-dependent effects of calcium on Ju202 over a range of [O2]. The presence of
CaCl, = 4 uM (for P/M) or CaCl, = 10 uM (PC/M) depresses Ju202; however, calcium does not
affect Juao2 for S/R. The same values of Vmax and Km from the fitting procedure at 5 minutes
were used to construct the best-fit line at 10 minutes when calcium does not affect the curves.
The Vmax values are 175.7 (P/M), 174.1 (PC/M) and 353.1 (S/R). The Kn, values are 120.7 (P/M),
102.8 (PC/M) and 92.8 (S/R). When present, the effect of calcium on the nonlinearity
relationship was accounted for by redetermining Vmax and Km. The Vmax values are 107.1 (P/M),
137 (PC/M) and 353.1 (S/R). Km values are 106 (P/M), 102.5 (PC/M) and 92.8 (S/R).
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Figure 2.12 Hydrogen peroxide emission rate is independent of oxygen consumption rate. The
slopes of Ju202 versus Joz are -2.8227 (-4.715, -0.9299) for P/M, 0.3428 (-1.276, 1.962) for PC/M
and 0.0736 (-0.5598, 0.707) for S/R. The y-intercepts are 204.1453 (139.7, 268.6) for P/M,
92.0105 (37.45, 146.6) for PC/M and 69.6132 (151.4, 298.9) for S/R. Values in parenthesis
represent 95 % confidence intervals. These slopes indicate negligible dependency, if any,
between Ju202 and Joz. Filled circles represent individual data points. Colors are for different
substrates: blue for P/M, red for PC/M and yellow for S/R.
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DISCUSSION
Mitochondrial respiration depends on the fuel source

Overall, these data confirm that the absolute Jo, rates are dependent on the fuel
sources. Succinate in the presence or absence of rotenone results in the greatest Jo, for leak
and Na*/Ca?* cycling states. As a Q-linked substrate, succinate donates electrons to the ETS at
complex Il and bypass complex I. Electrons from pyruvate enter the ETS at complex | via NADH.
Under our experimental conditions, pyruvate is not fully metabolized, so the number of
electrons entering complex Il is low [25,26]. Those from palmitoylcarnitine enter the ETS at
both complex | and Il. Since complex | is an energy-conserving site by the virtue of its proton
pumping activity, a loss of protons per pair of electrons is inevitable when electrons enter the
ETS downstream of complex I. Therefore, the maintenance of the membrane potential when
mitochondria respiring on Q-linked substrates (succinate + rotenone in this study) results in an
increased electron turn-over (reflected as Joz) to maintain the membrane potential. Moreover,
since complex |l does not pump protons and complexes lll and IV are capable of supporting a
higher membrane potential than complex |, higher membrane potentials and thus leak rates are
maintained with substrates that bypass complex I.

While the primary Q-linked substrates yield the highest leak- and Na*/Ca?* cycling Joa,
they had the lowest oxphos Joz rates compared to the primary NADH-linked substrate P/M. This
is most likely due to the accumulation of inhibitory levels of oxaloacetate (OAA) and succinate
transport limitations. OAA is a potent inhibitor of complex Il [32]. It has a high binding affinity
for complex Il (K4 ~ 10-8 M), and the OAA-CII complex has a slow rate of dissociation (ko ~ 10-2

min) [33]. Under physiological TCA cycle turnover conditions, OAA is converted to either
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citrate or aspartate. The former reaction requires acetyl-coA from pyruvate or fatty acids, and
the latter requires glutamate. Because neither acetyl-coA nor glutamate is added in the
succinate-supported groups, inhibitory levels of OAA accumulate in the matri2. The relatively
low activity of the dicarboxylate carrier has also been demonstrated as another limiting factor
on the maximum respiratory capacity of succinate fueled mitochondria [1]. Therefore, succinate
cannot support high oxphos-state respiration rates compared to P/M.

Leak-state Jo2 is essentially identical whether the substrate is PC/M or P/M. During
Na*/Ca?* cycling state, Joz is smaller when PC/M is the substrate. Respiration was essentially not
affected by calcium up to 10 uM CaCl; bolus. Beyond this level respiration was compromised
(Figs. 2.1B and 2.2B). From a bioenergetic perspective, palmitoylcarnitine yields significantly
more reducing equivalents per molecule compared to pyruvate. Each pyruvate completely
going through the TCA cycle as acetyl-coA yields 3 NADH and 1 QH;. A palmitoylcarnitine
molecule is completely oxidized after 8 cycles of B-oxidation, each of which yields 4 NADH and 2
QH; per acetyl-CoA. Therefore, the complete turn-over of a palmitoylcarnitine yields a total of
32 NADH and 16 QH2 molecules. Three consequences result from this higher yield of reducing
equivalents by PC. First, a slower oxidation rate of PC is sufficient to maintain the membrane
potential. Second, excess reducing equivalents not utilized by the ETS can inhibit B-oxidation
enzymes [34]. Third, substrate competition among B-oxidation enzymes leads to accumulation
of acyl-CoA intermediates [35]. These culminate in a plausible mechanism explaining the data
shown in Figs. 2.1 and 2.2 that calcium above 4 uM inhibits complex I-supported respiration,
leading to higher levels of NADH and lower PC/M-dependent respiration. It is also possible that

uncoupling by fatty acid contributes to the lower PC/M dependent respiration. As uncoupling
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enables more fatty acids to enter the matrix, it leads to greater amounts of acyl-CoA
intermediates that impedes B-oxidation enzymes. The uncoupling nature of fatty acids is
distinct from uncoupling mediated by the ATP/ADP nucleotide translocase and has been
extensively studied [36—44]. On the other hand, whether calcium directly regulates B-oxidation
enzymes remains unknown. Thus, it is a potential mechanism that can also explain our data.

While calcium addition dissipates membrane potential and results in enhanced
respiration, increasing calcium concentrations inhibits respiration during oxphos (Fig. 2.2). The
inhibition by calcium is also substrate-dependent. When the substrate was P/M, respiratory
depression was observed at calcium levels above 4 uM. With PC/M and S, respiration during
oxphos was depressed in the presence of as much as 4 uM CaCl,. Interestingly, when
respiration was supported by S/R, the depressive effect of calcium on respiration was not seen.
To validate the potential inhibitory effect of calcium on the ETS downstream of complex |, we
measured Joz in the presence of 1 uM FCCP. We found that FCCP slightly depressed the
maximum succinate-supported Joz in the presence of 25 and 50 uM CaCl; compared to control
(0 uM CaCly). However, when mitochondria respired on P/M, adding FCCP to the calcium-
loaded mitochondria completely abolished oxygen consumption rates. These results support a
prior study which found that high calcium primarily inhibits complex I-dependent respiration
and minimally affects downstream ETS components [24].
Oxaloacetate accumulation depresses maximal succinate-supported respiration

Current evidence suggests that OAA accumulation is responsible for the discrepancies in
oxphos Joz between S and S/R groups after ADP addition. In the absence of rotenone, a higher

level of OAA accumulates and inhibits complex Il [32]. This causes a decrease in respiration as
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shown in Figs. 2.1D and 2.2D. In this condition, complex | maintains a low NADH/NAD" ratio and
facilitates even more OAA accumulation with the assumption that malate dehydrogenase is
near equilibrium. Lowering OAA levels, therefore, by adding acetyl-CoA or glutamate will relieve
this inhibitory effect of OAA on oxphos Joz of the S group. In a similar fashion, with rotenone
present, complex | is inhibited and higher NADH levels necessarily decrease OAA levels via
malate dehydrogenase reaction near equilibrium. The key reactions leading to these results are
given in a pathway diagram in the Appendix (Fig. $2.8). This effect of rotenone on NADH levels
in mitochondria respiring on succinate has been previously shown by Aldakkak et al. [45] Our
data show that glutamate addition led to a significant respiratory increase at each calcium
concentration (Fig. 2.3). A similar result has also been recently reported by Fink et al. [46] For
the lower calcium boluses, the increase in respiration can be explained by a combination of
NADH production by glutamate metabolism in addition to a decrease in the OAA concentration.
However, at the highest calcium bolus, the contribution to respiration by glutamate metabolism
is essential zero as shown in Fig. S2.7. Specifically, there is an approximately 96% drop in
respiration on glutamate between the 0 and 50 uM calcium bolus. In absolute terms, this is a
change from ~ 362 to ~ 15 nmol mg! mint. However, there is only a 11 % drop in respiration in
the S/G group between the 0 and 50 uM calcium bolus, or in absolute terms, a change from ~
578 to ~ 470 nmol mg?* min. Therefore, glutamate does not contribute to complex | activity in
this calcium condition. This leaves only the decrease OAA concentration as the viable

mechanism that can explain the significant increase respiration rates after glutamate addition.
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Respiratory changes are driven by membrane potential

While the calcium concentrations in this study are in the ischemic range, they are above
the range that stimulates maximal metabolism and below those triggering mitochondrial
permeability transition (Figs. 2.1, 2.2, 2.5 and 2.6). At low mitochondrial micromolar
concentrations, calcium is a known activator of FAD-glycerolphosphate dehydrogenase,
pyruvate dehydrogenase phosphatase, isocitrate dehydrogenase and a-ketoglutarate
dehydrogenase [47]. Given the mitochondrial concentration of 0.1 mg/mL in the respiratory
chambers, the calcium per mitochondria in this study was well above the saturating levels [48].
In addition, after bulk calcium uptake by the mitochondria, the steady-state buffer free calcium
is in the 3-4 UM range when the calcium added is less than or equal to 50 uM (Fig. 2.10).
Therefore, the respiratory increase in the presence of calcium above 4 uM is not due to the
stimulatory effect of calcium on matrix dehydrogenases. The increase in respiration induced by
calcium addition is rather a membrane potential driven process. As calcium entering and
leaving the matrix in a steady-state fashion dissipates membrane potential, mitochondria turn
over more oxygen to re-establish the membrane potential. This results in an increase of the
respiratory rates following calcium addition. The addition of ADP further drops the membrane
potential and stimulates respiration. These results are consistent with classic bioenergetic
principles.
Increased calcium concentrations do not increase ROS emission rates

Our results using isolated cardiac mitochondria show that increasing calcium
concentrations either does not affect or has an inhibitory effect on Ju202. Our observation is

consistent with those reported by several other groups [49,50]. However, there are studies
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suggesting that calcium enhances ROS generation [9,22,51]. Therefore, it is important to be
aware that the effects of calcium on ROS homeostasis are still highly debatable as many lines of
opposing evidence exist. Discrepancies are likely to arise from differences in experimental
designs including tissue choice, developmental stage, treatment and detection system. For
example, the calcium concentrations employed in our study are in a similar range to those in
Starkov et al. and Komary et al. [49,50]. Our results are consistent with these studies. However,
in one study where calcium is suggested to enhanced ROS, the calcium concentrations used are
much higher ranging between 300 and 500 uM CaCl; [51]. As our study demonstrate that these
calcium levels permeabilize mitochondria, the net ROS increase in these studies is likely due to
the scavenging system being compromised and/or the release of non-neutralized matrix ROS.
Another difference is that mitochondria in the calcium-enhanced ROS experiment are de-
energized while ours, as well as those in Starkov et al. and Komary et al. are energized with
different substrates [49,50]. That experimental design can influence results; therefore,
interpretations must be made within the context of the experiment. It is also necessary to be
mindful of what can and cannot be generalized from the results. Our study does not perturb
the mitochondrial metabolic network with inhibitors or supraphysiological concentrations of
calcium. Thus, it serves a solid foundation from which to build from regarding the complex
relationship between calcium and mitochondrial ROS homeostasis.
Net hydrogen peroxide emission rates are driven by membrane potential

During leak state, membrane potentials and net hydrogen peroxide emission rates are
maximal across substrates (Figs. 2.7-9). Calcium addition partially depolarizes membrane

potential and slightly decreases Ju202. During oxidative phosphorylation, the membrane
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potential was further decreased, followed by a corresponding decrease in Ju202. Data from the S
and S/R groups clearly demonstrate the causal effect of membrane potential on Ju202. When
succinate was the substrate, calcium overload dissipates membrane potential by a smaller
degree compared to P/M and PC/M groups. Therefore, the Ju202 levels are higher and
consistent with this observation. During oxidative phosphorylation, all substrate groups have
similar membrane potential. As a result, the Ju202 are similar.

A definitive conclusion cannot be reached that calcium decreases ROS production since
the AmpUR assay detects the net ROS emission. However, it is very likely that calcium lowers
ROS production by decreasing membrane potential. The membrane potential dependence of
net ROS production was first appreciated by Skulachev [52] and subsequently demonstrated by
independent works by Liu [53] and Korshunov et al. [54]. Liu showed this relationship in state 4
respiration by titrating malonate (0-5 mM) to succinate-respiring mitochondria from rat heart.
In addition to malonate titration, Korshunov and colleagues manipulated membrane potential
by adding ADP + P; or SF6847 to rat heart mitochondria pre-treated with H,O; to deplete
antioxidants. Several independent studies performed in later years also yield results that
support this concept [55-58]. Our group has reached the same conclusion by titrating different
calcium boluses and triggering oxidative phosphorylation to alter membrane potential. We
found that the membrane potential dependence of ROS homeostasis is also true in
mitochondria not depleted of antioxidants and irrespective of the substrate sources. Therefore,
our study serves as another independent line of evidence that supports the monotonic
relationship between net ROS homeostasis and the membrane potential component of the

protonmotive force.
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Electron flux does not appreciably influence hydrogen peroxide emission rates

As electrons derived from succinate bypass complex |, increased electron turn-over
downstream of complex | is necessary to maintain the membrane potential. Because H,0; is
formed by a redox reaction between O and a redox center, increased electron turnover has
been linked to proportional increase in Ju202. However, when Juz0z is plotted against Joz, the
slopes are essentially zero (Fig. 2.12). Therefore, our results suggest that [O;] is a more
influential determinant in the net hydrogen peroxide formation in healthy mitochondria.
Hydrogen peroxide emission rates are non-linearly dependent on oxygen concentration

The hydrogen peroxide emission rate is a non-linear function of [O;] regardless of the
substrates (Fig. 2.10). The nonlinear relationship between Ju202 and [O2] has been previously
reported [59,60]. However, Ju202 reaches the maximum values at higher O, concentrations in
our study. The contribution of our study is that we also determined how calcium affects this
relationship. We further proposed an empirical model to relate the effects of oxygen, substrate
and calcium on free radical homeostasis. Specifically, our empirical model relates the
fluorescence of resorufin to the steady-state matrix hydrogen peroxide (Fig. 2.13).
Mathematical derivation of steady-state matrix hydrogen peroxide further relates the free

radical production, elimination and transportation processes together. This derivation is
described below.

Because AmpUR and HrP/SOD are used in excess amounts, hydrogen peroxide emitted
by mitochondria is immediately converted to resorufin. Therefore, the change in resorufin
concentration detected fluorometrically corresponds directly to rate of hydrogen peroxide

emission (Eq. 2.2).
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Figure 2.13 Schematic of resorufin formation. The schematic relates the resorufin formation to
hydrogen peroxide production, elimination, and transportation. The term Er represents
mitochondrial sites available for oxygen reduction. The terms k, ke, and k: are described in the
text.
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d[resorufin] d[H,0;]
dlresorufin) - — (202 pyffer Eq. 2.2

Buffer hydrogen peroxide is proportional to the level of matrix hydrogen peroxide
([H202]m) and the rate of hydrogen peroxide transport (k) across the mitochondrial membranes

(Eq. 2.3).

(E2%2]) buffer = ke [Hz02]matrx Eq. 2.3

In turn, the steady-state matrix hydrogen peroxide concentration is dependent on the
total capacity of electron donors (Er) and three primary processes including hydrogen peroxide
production, elimination and transport across the mitochondrial membranes (Eq. 2.4). The rates

of these individual factors are denoted kp, ke and ki, respectively.

[HZOZ]matrix = kefi& Eq. 24
k L +[02]

The scavenging system comprises of the Mn-SOD, peroxiredoxin (Prx) and glutathione
peroxidase (GPX). However, because hydrogen peroxide is the ROS species detected using the
HrP assay (as opposed to superoxide), the Mn-SOD reaction becomes part of the production
rather than elimination processes. The rate of hydrogen peroxide production (kp) is dependent
on the superoxide concentration (substrate), which in turn is dependent on the [O] and the
redox state of an electron donor. Although not explicitly described by Eq. 2.4, the redox state of
an electron donor is dependent on respiratory states and therefore the membrane potential.
For the sake of clarity, the reduction potential of the electron donor refers to its tendency to be
reduced. Given this definition, a donor’s reduction potential is most positive during oxphos,
most negative during leak state and somewhere in between during Na*/Ca?* cycling state.

Therefore, the hydrogen peroxide production rates are expected to be lowest during oxphos,
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highest during leak state and somewhere in between during Na*/Ca?* cycling state. And this is
exactly what our data show.

The empirical model resembles the Michaelis-Menten relationship. Here, the apparent
Vmax is the product of total enzyme reducing capacity (Er) and the rate of H,0, transportation
across the mitochondrial membranes (kt). The term Km is the ratio of the sum of hydrogen
peroxide elimination and transport over the production rates (ke, ki and kp, respectively). The
rate of hydrogen peroxide transport across the mitochondrial membranes has been determined
to approximate that of water [61,62], so it is likely that different Vmax values are determined by
ER. As different substrates produce different number of reducing equivalents that donate
electrons to the ETS at various points, the total capacity reducing sites is substrate dependent.
Our experimental data suggest that ER is highest with Q-linked substrate (succinate + rotenone)
and comparable between NADH-linked and mixed substrates. Assuming that k: is independent
of substrates and calcium, Km, relates kp to ke terms. Our data suggest that free radical
elimination (ke) is unable to balance free radical production (kp) when the substrate is Q-linked,
which results in a smaller Km for this substrate. However, an additional equation is necessary to
guantitatively determined kp and ke. It is known that ROS production and elimination are both
modulated by the mitochondrial matrix NADH/NAD* poise although they appear as opposing
factors in determining net ROS [63,64]. This concept is recapitulated as Redox Optimized ROS
Balance wherein mitochondria ROS emission is minimized when the organelles operate
somewhere between the extremities of complete oxidation and reduction [63]. The unique
aspect of the measurements shown in Fig. 2.11 is that they lead to an empirical model enabling

insight into processes upstream of the final fluorescence measurements using the AmpUR
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assay. To our best knowledge, we are also the first to comprehensively investigate the effect of
calcium on this Michaelis-Menten like relationship between Ji202 and [O2].
Strengths and Limitations of Study

Our primary goal of this study was to comprehensively determine how substrates and
calcium affect mitochondrial respiration and net ROS production rates in healthy mitochondria.
As such, we performed experiments using mitochondria isolated from the ventricular
cardiomyocytes of guinea pigs in the absence of injury or disease. Among rodents, guinea pigs
are the animals to use in studies related to human cardiovascular diseases. The cardiomyocyte
of guinea pigs shares many similarities with that of humans compared to rats and mice. Some
of the most important features are the plateau phase of action potential [65], calcium handling
[66—70], purine nucleotide metabolism [71], complement IF1 [72,73] and expression of the B-
myosin heavy chain isoform [69,74]. Therefore, our results will be particularly useful as a
reference for future studies of cardiovascular diseases in human that use guinea pigs as the
animal model.

To delineate the capacity of mitochondrial calcium handling, we utilized calcium boluses
in the ischemic range but do not trigger irreversible mitochondrial permeability transition.
Using a healthy model, various substrates and sub-permeability transition calcium levels
enables us to define the full capacity of mitochondria in neutralizing ROS. We demonstrate that
mitochondria not only are capable of taking up a large amount of calcium but do soin a
substrate-dependent manner. Specifically, mitochondria respiring on PC/M have a significantly
lower ability to take up calcium. We also provide evidence to support that high calcium inhibits

the ETS primarily at complex |. In addition to characterizing how ROS homeostasis and
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respiratory dynamics response to calcium, our study serves as an additional, independent line
of evidence that net ROS production depends on membrane potential. In this study, membrane
potential is altered as calcium enters the mitochondrial matrix and ADP stimulates oxidative
phosphorylation. In the other studies, membrane potential was manipulated by adding
different amounts of inhibitors or malonate. That we used a different system and approach to
alter the membrane potential yet arrive at the same conclusion irrefutably supports this
relationship.

Finally, we contribute an empirical model that relates oxygen, substrates, and calcium to
the fluorescence measurement. To our best knowledge, previous studies attempting to link
upstream processes to the net hydrogen peroxide measurement did not cover the range of
calcium. However, in developing the empirical model, we realized that a more detailed,
sophisticated model is necessary to further determine not only the relative contribution of
individual ROS producers and scavengers but also how they operate under these conditions. In
fact, the precise mechanism responsible for mitochondrial free radical homeostasis in the
healthy state remains an important standing scientific question. In studies that utilize the
AmpUR assay such as ours, H;0; is used as a surrogate for O,*". While the longer half-life of
H,0, improves reproducibility for quantitative measurements, it is important to note that the
fluorescence obtained is a net measurement. Thus, the measurement itself is not informative of
H,0; formation or H,0; elimination, only the net production of H,0,. As such, the contributions
of individual mitochondrial enzyme that produce or consume ROS cannot be determined using
this approach. Traditionally, site-specific inhibitors are used to quantify site-specific ROS

production with the underlying assumption that the use of inhibitors does not alter the redox
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state of mitochondria (at least not to an appreciable degree). However, it is well-known that
inhibiting electron flow causes the upstream sites to be more reduced and the downstream to
be more oxidized. Therefore, when the mitochondrial redox state is perturbed, interpretation
of data calls for certain degree of precaution. And while it is tempting to speculate on the
origins of free radicals from these data, a computational model that is comprehensive and
biophysically detailed is needed to pinpoint the specific sites and their relative contribution to

total ROS emission rates.
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SUMMARY

The data show that mitochondrial respiration and hydrogen peroxide emission rates are
dependent on substrates and calcium treatments which can be readily understood from the
bioenergetic perspective. Seemingly contradictory data such as the maximal Jo2 of mitochondria
respiring on S/R and S being lower than that of P/M are consistent with OAA inhibition and
substrate transport limitations. We also demonstrated that calcium does not enhance net ROS
emission in healthy cardiac mitochondria. We further showed that net ROS emission is strongly
dependent on membrane potential, which is consistent with results from several previously
reported studies. In addition, our data on the calcium sensitivity of PC/M supported
metabolism helps explain the heart is more susceptible to IR injury when fatty acids are the sole
substrate [75].

One theme we consistently encountered during our analysis is how to study individual
variables that affect mitochondrial respiration and ROS emission without disturbing the
mitochondrial redox landscape. In studying free radical production, using inhibitors to block
certain sites of the ETS is a common approach aimed to dissect site-specific contributions to the
net pool of free radical produced. While a wealth of invaluable information has been
accumulated using this approach, using inhibitors inevitably induces systemic alterations to the
mitochondrial redox landscape. The extent of deviation cannot be quantified since the native
state is unknown. Moreover, data interpretation from many site-specific inhibitor experiments
assumes a linear relationship among variables, but this relationship cannot be verified. To our
knowledge, site-specific contributions to free radical production and elimination in the absence

of inhibitors remain elusive. Thus, the quest for the native redox state of a system cannot be
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experimentally accomplished with available technologies. With the results of this study, our
goal is to use the insights of the empirical model to develop a more detailed computational

model that can explain data from this study and other studies.
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Figure S2.1 Effects of buffer sodium on leak-state oxygen consumption rates (Jo2). At a given
total buffer calcium, buffer sodium does not affect leak-state Joz irrespective of the substrate.
The experiments were performed in similar fashion to that outlined under the experimental
section. Bar colors represent sodium concentrations: yellow, 0 mM; blue 5 mM; red, 20 mM.
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Figure S2.2 Effects of buffer sodium on sodium/calcium cycling oxygen consumption rates
(Joz2). At a given total buffer calcium, buffer sodium does not affect sodium/calcium cycling Joz
irrespective of the substrate. The stimulatory effect of calcium is consistent at different buffer
sodium concentrations. The experiments were performed in similar fashion to that outlined
under the experimental section. Bar colors represent sodium concentrations: yellow, 0 mM;

blue 5 mM; red, 20 mM.
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Figure S2.3 Effects of buffer sodium on oxphos-state net oxygen consumption rates (Joz2). At a
given total buffer calcium, buffer sodium does not affect oxphos-state Jo; irrespective of the
substrate. The inhibitory effect of calcium on respiration is consistent at different buffer sodium
concentrations. The experiments were performed in similar fashion to that outlined under the
experimental section. Bar colors represent sodium concentrations: yellow, 0 mM; blue 5 mM;

red, 20 mM.

95



300 \

E\ Succinate/Rotenone
o — 250 - *
= o
~ ol
%D 200 - g
5 150 Pyruvate/L-Malate Palmitoylcarnitine/L-Malate i
E 00 i |
N ®
O(‘\l
o S0 8
|

0

\ N\ \ \ \ \ \
@WC @WC @@& @,\@%C @I&C @WC @w‘“
o\ 5 O\ 5 Q o\ Q

Figure S2.4 Effects of buffer sodium on leak-state net hydrogen peroxide emission rates
(Ju202). At a given total buffer calcium, buffer sodium does not affect leak-state Ju202
irrespective of the substrate. The calcium dependence of ROS is consistent at different buffer
sodium concentrations. The experiments were performed in similar fashion to that outlined
under the experimental section. Bar colors represent sodium concentrations: yellow, 0 mM;
blue 5 mM; red, 20 mM.
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Figure S2.5 Effects of buffer sodium on sodium/calcium cycling net hydrogen peroxide
emission rates (Ju202). At a given total buffer calcium, buffer sodium does not affect
sodium/calcium cycling Ju202 irrespective of the substrate. The calcium dependence of ROS is
consistent at different buffer sodium concentrations. The experiments were performed in
similar fashion to that outlined under the experimental section. Bar colors represent sodium
concentrations: yellow, 0 mM; blue 5 mM; red, 20 mM.
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Figure S2.6 Effects of buffer sodium on oxphos-state net hydrogen peroxide emission rates
(Ju202). At a given total buffer calcium, buffer sodium does not affect oxphos-state Ju02
irrespective of the substrate. The calcium dependence of ROS is consistent at different buffer
sodium concentrations. The experiments were performed in similar fashion to that outlined
under the experimental section. Bar colors represent sodium concentrations: yellow, 0 mM;
blue 5 mM; red, 20 mM.

98



400

—0 M CaCl,

= —4 uM CaCl,
é 300 —25 uM CaCl,
ED —50 1M CaCl,
~

) 200

e ADP

«~ 100
° || "
- Q_&m B
0 A bt}
5 10 15 20 25

Time (min)

Figure $2.7 Glutamate-dependent respiration is significantly inhibited by calcium. Glutamate-
supported oxygen consumption rates (Jo2) were measured in a similar experimental course as
described in Fig. 2.1. The glutamate concentration used was 5 mM. The oxphos-state oxygen
consumption rate in the presence of 50 uM CaCl; was negligible.
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Figure S2.8 Pathway diagram for succinate +/- rotenone supported respiration. Succinate is
taken up by mitochondria via the DCC in exchange for Pi. In the matrix, succinate is metabolized
to malate and used to support proton pumping by the respiratory chain downstream of
complex |. A total of six protons are pumped across the inner mitochondrial membrane per
succinate consumed. Malate is then exported out of the mitochondria by the DCC in exchange
for P;, and the process repeats to sustain a steady-state rate of oxygen consumption.
Oxaloacetate accumulates in the absence of rotenone and inhibits SDH which limits succinate-
supported respiration. In this condition, complex | is near equilibrium and maintains the NAD
pool in an oxidized condition. This has an effect of raising the OAA concentration via the MDH
reaction. When glutamate is added, oxaloacetate levels are decreased via the AST reaction. This
relieves inhibition of SDH by OAA, and the respiratory rate is elevated. When rotenone is
present, the NAD pool is maintained in a reduced state which keeps the OAA concentration
low. When calcium is high (e.g., after a 50 uM bolus of CaCl,), complex | is significantly
inhibited. For simplicity, all cofactors and metabolites are not shown for each enzymatic
reaction. Abbreviations: DCC, dicarboxylate carrier; SDH, succinate dehydrogenase; aKGDH,
alpha-ketoglutarate dehydrogenase; AST, aspartate aminotransferase; MDH, malate
dehydrogenase; FH, fumarate hydratase; AGC, ODC, oxodicarboxylate carrier,
aspartate/glutamate carrier; GDH, glutamate dehydrogenase; complex I, NADH:ubiquinone
oxidoreductase; Clll, ubiquinol:cytochrome c oxidoreductase; CIV, cytochrome c oxidase.

100



Table S2.1 Comprehensive table of statistical results from Table 2.1. Highlighted values are
statistically significant for oxygen consumption rates.

p values
Substrates Group A Group B Sodium/Calcium Oxidative
Leak ) .
Cycling Phosphorylation

25 uM CacCl; 50 CaCl; N/A 9.99E-01 5.14E-03

25 uM CaClz | 0 uM CacCl N/A 5.38E-04 4.88E-01

Pyruvate/ | 25 uM CaCl; | 4 uM CaClz N/A 3.39E-02 1.26E-03

L-malate 50 uM CacCly | 0 uM CacCly N/A 4.26E-04 4.69E-04

50 uM CacCly | 4 uM CacCly N/A 2.60E-02 3.69E-06

0 uM CaCl; | 4 uM CaCly 2.00E-04 1.19E-01 1.52E-02

10 uM CaCl; 20 CaCl; N/A 4.82E-02 7.18E-06

_ 10 uM CaCl; | 0 pM CaCl; N/A 3.21E-01 5.96E-09

Palmitoyl ™" M cacl, | 4 uM cacl, N/A 9.37E-01 1.61E-07

Ca::;tl':tz/ " [20 uM CaCl, | 0 uM cacl, N/A 6.14E-01 3.77E-09

20 uM CaCl; | 4 uM CaCl; N/A 1.20E-01 3.78E-09

0 uM CaCl; | 4 uM CaCly 9.00E-04 6.22E-01 1.52E-01

25 uM CacCl; 50 CaCl; N/A 2.77E-06 9.57E-01

25 uM CaClz | 0 uM CacCl N/A 3.78E-09 3.80E-01

Succinate/ | 25 pM CaClz | 4 pM CaCl; N/A 3.95E-09 9.31E-02

Rotenone | 50 uM CaCl; | 0 uM CaCl, N/A 3.78E-09 1.53E-01

50 uM CaCl; | 4 uM CaCl; N/A 3.78E-09 2.64E-02

0 uM CaCl; | 4 uM CaCly 4.02E-05 1.03E-03 8.45E-01

25 uM CacCl; 50 CaCl; N/A 1.20E-05 6.67E-01

25 uM CaCl; | 0 uM CacCl N/A 4.29E-09 2.02E-04

) 25 uM CacCl; | 4 uM CacCl, N/A 6.84E-08 9.99E-03
Succinate

50 uM CacCl, | 0 uM CacCl, N/A 3.99E-09 2.44E-05

50 uM CacCly | 4 uM CacCly N/A 4.02E-09 9.78E-04

0 uM CaCl; | 4 uM CaCly 2.04E-05 1.31E-03 2.47E-01

101




Table S2.2 The inhibitory effect of oxaloacetate on complex Il can be relieved by adding
glutamate. Values are oxygen consumption rates (nmol/mg/min) of mitochondria (0.1 mg/ mL)
respiring on a QHs-linked substrate in FET (S/R) and RET (S) at varied calcium levels.

i‘:t‘:::‘ee/ 0 pM CaCl2 4 uM CaCl, 25 uM CaCl, 50 UM CaCl,
Calcium 0mM 5mM 0mM 5mM 0mM 5mM 0mM 5mM
Glu Glu Glu Glu Glu Glu Glu Glu
Mean 354.1 335.1 361.4 349.3 324.9 317.5 314.3 310.6
STD 26.0 26.9 29.7 33.0 27.4 25.0 10.6 10.7
Succinate Leak 4 uM CaCl, 25 uM CaCl, 50 uM CaCl;
Calcium 0mM 5mM 0mM 5mM 0mM 5mM 0mM 5mM
Glu Glu Glu Glu Glu Glu Glu Glu
Mean 259.1 578.3 200.4 646.0 156.5 556.4 1634 469.7
STD 37.8 54.2 42.2 73.4 48.5 37.6 56.9 16.1
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Table S2.3 Calcium affects the ETC at complex I. The oxygen consumption rates of
mitochondria (0.1 mg/mL) respiring on NADH- or QH»-linked substrate in FET (P/M and S/R,
respectively) following FCCP addition (1 uM) at varied calcium levels.

Pyruvate/L-malate Joz (hmol/mg/min)
Calcium 0 uM CaCl; | 25 uM CaCl; | 50 uM CacCl,
Mean 784.9415 11.9066 8.616
STD 99.9191 2.0211 1.8943
Succinate/Rotenone Jo2 (hnmol/mg/min)
Calcium 0 uM CaCl; | 25 uM CaCl; | 50 uM CacCl,
Mean 754.7921 667.3908 630.9106
STD 20.5412 37.1524 18.4627
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Table S2.4 Irreversible mPT does not occur in our experimental conditions. Values are
absorbance at 540 nm, a standard way to assess mitochondria swelling.

Substrates | Pyruvate/L-malate Palmitoylcarnitine/ | Succinate/ Succinate
L-malate Rotenone

Calcium 50 150 | 10 | 20 | 100 | 50 |500| 50 | 500

(LM)

Mean 101.8 914 | 98.3 | 98.3 | 89.4 |100.3|90.2|102.1]|90.0

STD 2.2 1.2 1.0 1.9 1.6 0.8 2.6 0.9 0.4
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Table S2.5 Comprehensive table of statistical values for net hydrogen peroxide emission

rates. Highlighted values are statistically significant.

Group | Group p values
Substrates A B Leak Sodium/Calcium Oxidative
[CaCly] | [CaCly] Cycling Phosphorylation

25 50 N/A 5.55E-02 9.43E-01

25 0 N/A 5.93E-08 9.75E-01

Pyruvate/ 25 4 N/A 4.74E-03 6.42E-01
L-malate 50 0 N/A 1.13E-08 7.68E-01
50 4 N/A 5.36E-05 9.17E-01

0 4 1.01E-01 3.44E-06 4.09E-01

10 20 N/A 2.56E-02 5.08E-02

10 0 N/A 8.83E-03 9.44E-01

Palmitoylcarnitine ™ 5 4 N/A 2.25E-01 8.41E-01
L—mglate 20 0 N/A 1.74E-05 1.47E-01
20 4 N/A 5.63E-04 1.66E-02

0 4 2.29E-01 5.29E-01 5.68E-01

25 50 N/A 1.72E-01 1.21E-01

25 0 N/A 7.65E-04 8.70E-01

Succinate/ 25 4 N/A 7.29E-04 6.34E-03
Rotenone 50 0 N/A 2.52E-06 2.26E-02
50 4 N/A 2.40E-06 1.34E-05

0 4 9.20E-01 1.00E+00 3.79E-02

25 50 N/A 5.07E-01 9.84E-01

25 0 N/A 8.69E-01 1.00E+00

Succinate 25 4 N/A 3.80E-01 9.93E-01
50 0 N/A 1.70E-01 9.72E-01

50 4 N/A 3.34E-02 9.22E-01

0 4 2.00E-04 8.12E-01 9.97E-01
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Table $2.6 Mitochondria were able to maintain membrane potential at the maximal
experimental calcium conditions. Relative membrane potential (%) were obtained using the

fluorescent dye TMRM.
Pyruvate/L-malate Leak Sodium/Calcium Cycling Oxphos
CaClz (pM) EGTA | No EGTA 0 50 150 0 50 | 150
Mean 90.0 90.9 86.1 57.1 3.0 |61.5|376| 4.6
STD 6.7 4.7 4.1 9.4 2.1 87 | 85 | 1.6
Palmitoylcarnitine/L-malate Leak Sodium/Calcium Cycling Oxphos
CaCly (uM) EGTA | No EGTA 0 20 100 0 20 | 100
Mean 94.8 94.3 86.9 36.4 0.4 |314|12.2]| 0.7
STD 34 3.5 6.2 19.3 0.6 20 | 6.2 | 2.3
Succinate/Rotenone Leak Sodium/Calcium Cycling Oxphos
CaCl (uM) EGTA | No EGTA 0 50 500 0 50 | 500
Mean 93.7 93.5 91.9 82.1 1.8 [34.0|53.8| 6.6
STD 5.8 5.4 4.6 6.4 1.5 2.7 | 53 | 1.7
Succinate Leak Sodium/Calcium Cycling Oxphos
CaClz (uM) EGTA | No EGTA 0 50 500 0 50 | 500
Mean 90.4 88.9 97.7 79.2 40 |33.1[448| 6.6
STD 34 4.2 7.4 4.2 3.6 25 | 82 |31
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CHAPTER 3 - COMPUTATIONALLY MODELING MAMMALIAN SUCCINATE DEHYDROGENASE

KINETICS IDENTIFIES THE ORIGINS AND PRIMARY DETERMINANTS OF ROS PRODUCTION

This chapter was adapted from the following previously published manuscript (“*’ denotes

equal contribution):

Manhas, N.*, Duong, Q.V.*, Lee, P., Richardson, J.D., Robertson, J.D., Moxley, M.A., and Bazil,
J.N. (2020) Analysis of mammalian succinate dehydrogenase kinetics and reactive

oxygen species production. J Biol Chem 295, 15262-15279.
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INTRODUCTION

Succinate dehydrogenase (SDH) is a heterotetrametric protein attached to the
mitochondrial inner membrane of eukaryotes and many bacteria. It is both a Krebs cycle
enzyme and a member of the mitochondrial electron transport system (ETS) [1,2]. Similar to
other ETS members, SDH houses several major redox centers. The flavoprotein subunit SDHA
contains a flavin adenine dinucleotide (FAD) covalently bound to one of the active sites. The
SDHB subunit contains three iron-sulfur clusters: [2Fe-2S], [4Fe-4S], [3Fe-45] (ISCs). In
mammals, subunits C and D (SDHC and SDHD) contain a single transmembrane cytochrome b
heme [3,4]. These subunits along with the interface of SDHB form the ubiquinone (Q) binding
site (Q site) [4,5]. SDH couples the oxidation of succinate to fumarate with the reduction of Q to
ubiquinol (QHz). The oxidation of each succinate molecule provides two electrons that fully
reduce the flavin (FAD to FADH,). Electrons are subsequently shuttled through the ISCs one at a
time. The first electron is transferred to the [2Fe-2S] iron-sulfur center from FADH,, producing a
flavin radical (FADH*®). When the [2Fe-2S5] ISC becomes oxidized by downstream redox centers,
the flavin radical passes the second electron to this ISC and becomes fully oxidized (FAD).
Similarly, consecutive one-electron transfers from the ISCs to the Q reductase site reduce Q to
QH,. As a part of this process, a stable semiquinone (SQ) is formed [4,6,7]. The overall catalytic

reaction is given by Eq. 3.1.

Succinate + Q <» Fumarate +QH, Eq. 3.1

In mammalian mitochondria, 11 sites including SDH are known to produce reactive

oxygen species (ROS) [8,9]. In this paper, ROS refers to superoxide (02*) or hydrogen peroxide
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(H202) and will be explicitly defined where needed for clarity. ROS were historically considered
toxic and inevitable byproducts of aerobic respiration [10]. However, it now appreciated that in
the physiological setting, ROS act as important and beneficial signaling molecules [11-13]. That
said, toxic levels of ROS do contribute to a milieu of pathological processes [14-19]. Complex I
is commonly argued as the dominate source of ROS under resting condition, while complex | is
attributed as the primary source of ROS under many pathological conditions including
ischemia/reperfusion (I/R) injury. However, the role of complex Il is less certain [20].

The most common implication of SDH in disease is its role in creating the environment
favorable for excessive ROS production in I/R injury. Specifically, SDH reverses during ischemia
due to excess fumarate produced by purine nucleotide breakdown [15]. Succinate
accumulation occurs because complex | continues forward electron transport, regenerating QH»
needed to sustain the reverse reaction of complex Il [21]. In this setting, succinate replaces
oxygen as the final electron acceptor. Succinate accumulates in the surrounding tissue until
either fumarate is exhausted or reperfusion begins. During reperfusion, SDH metabolizes the
available succinate to produce QH,, leading to hyper-reduction of the Q pool and
hyperpolarization of the inner mitochondrial membrane [21]. The combination of a highly
reduced Q pool and a hyperpolarized membrane potential drives complex | to enter the so-
called reverse electron transport (RET) state. In the RET state, complex | produces ROS at
extremely high rates [21,22]. Note that it is more accurate to describe complex | during RET as
entering a near equilibrium state [14,21,23]. In this state, the redox centers on complex | are
maintained in a highly reduced state which can lead to the generation of significant amounts of

free radicals. As late reperfusion transitions to normoxia, fluxes through the ETS and TCA return
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to normal and ROS levels subside [15,16]. Therefore, in the current paradigm, the primary role
of SDH in I/R injury induced oxidative stress is by creating environmental factors that favor ROS
production.

Recent studies have shown that SDH may significantly contribute to total mitochondrial
ROS production under a variety of physiological and pathological settings [13,17,24-28]. For
instance, when complexes | and Il are inhibited and the succinate concentration is low (~100
KM), SDH produces ROS at high rates relative to complexes | and Il [24,29]. In addition, skeletal
muscle mitochondria respiring on succinate have been shown to produce high rates of ROS
[30]. Moreover, ROS from SDH has been recently shown to play key roles in promoting the pro-
inflammatory phenotype in macrophages [27] and differentiation of helper T cells [28].
Mutations that alter ROS production by SDH have also been implicated in some cancers [31-
33]. These new lines of evidence inevitably raise the question that SDH plays a more
deterministic role in health and disease than previously thought. They also suggest the enzyme
is an overlooked target in developing therapies that target mitochondrial oxidative stress.

The renewed interest in SDH as a therapeutic target in mitigating mitochondrial
oxidative stress necessitates a precise mechanistic understanding of how ROS is produced by
the enzyme. Unfortunately, experimental studies on the origin of ROS production by SDH are
inconclusive. In one study, the flavin site of SDH was reported to produce comparable amounts
of ROS as the quinone binding site of complex | in mitochondria respiring on fatty acid
substrates [34]. In a different study, Quinlan et al. demonstrated that, in mitochondria isolated
from rat skeletal muscle respiring on succinate, the flavin site of SDH produces the most ROS at

low levels of succinate or when QH; oxidation is inhibited [8,24]. In a corroborating study using
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bovine sub-mitochondrial particles (SMP), Siebels and Drose showed that SDH generates ROS
from the flavin site when its Q site is inhibited by atpenin [35]. However, Paraganama et al.
argues that the Q site can produce comparable amount of ROS as the flavin site [36]. Evidence
of an additional ROS production site, the ISC near the Q site, was recently put forth in a study
by Grivennikova et al. [37]. While these studies all agree that the flavin site can generate a
significant amount of ROS, they differ on the contribution by the Q site. Each study measured
ROS production using the Amplex UltraRed assay in combination with site-specific inhibitors.
[8,13,24,34-36,38]; however, this approach does not uniquely identify the mechanisms or
precise conditions for ROS production by SDH. As such, the mechanisms of ROS production by
SDH are an ongoing topic of debate.

Nevertheless, a unified mechanism may underlie the results from these different
studies. To explore this possibility, computational modeling is an essential tool. With
computational modeling, it is possible to parse the intricate interactions among the various
components of a complex biological systems such as an enzyme. It also enables further insight
into how these components work together and respond to environmental factors. Motivated to
elucidate the precise mechanisms of ROS production by SDH under physiological [11] and
pathological conditions [15], we herein developed a comprehensive computational model of
SDH kinetics and ROS production. Adopting a similar approach to our previous studies
[14,21,23], the model framework is based on fundamental laws of thermodynamics and
involves a rigorous model calibration process. Specifically, the model parameters are adjusted

until the model outputs, such as succinate oxidation rates or total ROS production, are
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consistent with the experimental data. This iterative process results in a model that is not only
thermodynamically consistent but also capable of reproducing the experimental data.

Our analysis of the model presented herein reveals that while the FAD site does produce
ROS, the primary source is the [3Fe-4S5] ISC under normal physiological conditions. However, the
FAD site is the dominant site and produces significant levels of H,O, when the Q reductase site
of SDH is inhibited by atpenin or the respiratory chain downstream of SDH is blocked.
Moreover, the model shows that the inhibitory effects of atpenin are not simply attributed to
competitive binding at the Q site but also include allosteric effects that modulate the enzyme
catalytic turnover. Lastly, the model can be integrated into large-scale models of metabolism
and used to explore the role of SDH in bioenergetics and free radical homeostasis at the

organelle, cell, and tissue levels.
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MATERIALS AND METHODS
Model Construction

The modeling approach for this study is based on our prior work [14,23]. In brief,
structural, thermodynamic, and kinetic data are used to constrain the model, and enzyme
state-transitions are governed by the law of mass action. The model includes the redox
biochemistry reactions that occur at the FAD, ISCs and Q sites. The FAD site contains the
binding site for succinate and other dicarboxylates. While ubiquinone and its analogues can
hypothetically bind to both the proximal and distal Q sites, quinone reduction has been shown
to occur at the proximal Q site, Qp site. The function of the distal Q site, Qg site, is still unknown
[4,39]. Reactions at these sites are assumed to be independent from each other (i.e., there are
no long-distance conformational changes required for enzyme catalysis between the Q, and the
FAD sites). However, the Qg site is assumed to exert some control over turnover at the FAD and
proximal Q sites when atpenin or other molecules are bound to this site.

The enzyme kinetic model consists of five oxidation states which constitute the
oxidation state of the entire enzyme. For example, all redox centers are oxidized in the Eo state,
at least one redox center is one-electron reduced in the E; state, and so on and so forth. A
minimum of five oxidation states were necessary to fit the experimental data. Including more
did not improve fits to the data. Transitions between oxidation states are governed by the
Gibbs’ free energies of the redox reactions involved. Two-electron reactions involve the
succinate/fumarate (SUC/FUM), Q/QH; and O2/H,0; couples. One-electron reactions involve
the 02/02" couple. Binding of substrates, products and inhibitors at the FAD and Q sites is

assumed to be faster than state transition rates. Forward state-transition rate constants are
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estimated from experimental data while the reverse rate constants are calculated from the
forward rates and equilibrium constants for the respective reaction. The equilibrium constants
are computed from the midpoint potentials taken from the literature (Table $3.1) and adjusted
to account for the effects of pH and temperature. The rates corresponding to these reactions
are shown in the Appendix from Egs. S3.78-53.91. The transitions between each oxidation state
is fully reversible and governed by the law of mass action.

Within each oxidation state, the enzyme complex can exist in various substates
characterized by the combination of redox centers reduced or oxidized. Since electrons on the
complex reorganize on very fast time scales (< us) relative to turnover, we compute these

substates using the Boltzmann distribution as shown in Eq. 3.2.

) e—AG,k/RT
S = S e Eq. 3.2

r

In Eq. 3.2, S/Xis the fraction of redox centers r existing in the oxidation state k that is
reduced, and AG/* are the free energy change for each redox center r calculated from the linear
superposition of the midpoint potentials. The redox centers r can consist of a single redox
center or any other combination of redox centers in the complex. To calculate the free energy
change for the combination of redox center, the individual free energies for the redox center
reactions are summed (i.e., they are independent from each other). The number of
combinations of reduced redox centers for each state is given by the binomial coefficient where
n is the number of redox centers and k is the number of electrons on the complex. For details

on calculating substates, see Egs. $3.45-53.77 in the Appendix.
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As mentioned above, substrates and products are assumed to bind/unbind much faster
than transitions among oxidation states of the enzyme. It is assumed that binding events are
independent of substates and that binding at the Q and FAD sites are independent of each
other. When the enzyme is in the appropriate enzyme-substrate complex configuration, the
appropriate redox reaction proceeds. Binding polynomials (BP) are used to give the fraction of
the enzyme in a certain enzyme-substrate configuration. The BP for the Qp-site (Pqp) partitions
this binding site into the unbound, Q-, QH;- and atpenin-bound fractions. The expressions
1/Pqp, [Q)/Ka/Pap, [QH21/Ka/Pqp and [atpenin]/Ka/Pqp, indicates the fractions of the total Q sites
unbound or bound to ubiquinone, ubiquinol or atpenin, respectively. In a similar manner, the
Qq-site can be partitioned into free and bound states as well. The BP for the FAD site (Prap)
partitions this binding site into the unbound, succinate-, fumarate-, malate-, malonate- and
oxaloacetate-bound fractions. Similarly, the expressions 1/Prap, [succinate]/Ksuc/Prab,
[fumarate]/Krum/Prap, [malate]/Knai/Prap, [malonate]/Kmvaio/Prap and [oxaloacetate]/Koaa/Pran
give the fractions of the total FAD sites bound to succinate, fumarate, malate, malonate and
oxaloacetate, respectively. The BPs for the FAD- and Q-sites are given below.

Steady-state turnover of succinate oxidation and ROS production rates are calculated
using the solution of the linear equations governing the oxidation state transitions as shown in
Eq. $3.92 in the Appendix. The first five rows correspond to the permissible oxidation state
transitions. The last row is used to set the steady-state solution to fractions of one (i.e., 2;Ei = 1;
see the Appendix for further details). The Moore-Penrose pseudo inverse is then used to
calculate the unique solution to the linear system of equations [40]. The edges connecting to

the oxidation states shown in Fig. 3.1 (Results) represents the partial reactions that govern how
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state i is connected to state j. These reactions rates, kij, represent molecular processes such as
the reduction of FAD to FADHZ2 by succinate, oxidation of FADH* or FADH; by oxygen, and Q
reduction at the Q site. The equations for the partial reactions are given in the Eqgs. S3.78-53.91
in the Appendix. Before the enzyme can transition between oxidation states, it must be in the
appropriate enzyme-substrate complex configuration. For example, succinate oxidation can
only occur when the FAD binding site is available for succinate to bind, and the FAD is fully
oxidized. Binding polynomials (Egs. 3.3-5) are used to calculate the fraction of succinate bound
to the complex, and the Boltzmann distribution (Eq. 3.2) is used to calculate the fraction of the
protein complex with a fully oxidized FAD within a given oxidation state. The net steady-state
rate of succinate oxidation is then computed by summing over the oxidation state transition
rates as shown in Eq. 3.6. Next, the net steady-state O, production rate is computed by
summing the net 0" production when the FADH* or [3Fe-4S] react with oxygen as shown in Eq.
3.7. The steady-state H;0, production rate is computed when the fully reduced flavin reacts
with oxygen as given in Eq. 3.8. Lastly, the steady-state QH; production rate is given by Eq. 3.9.
Because mass and energy conservation are strictly obeyed, phenazine and TMPD reduction
rates are also computed using Eq. 3.9. For simplicity, we assume reduction of these exogenous
electron acceptors occurs in rapid, sequential one-electron steps and lump them together as a

two-electron reduction reaction.

~ [succinate] s [fumarate]+ [malate]+ [malonate]+ [oxaloacetate]

Pepp =1+ Eq.3.3
P suc KFUM KMAL KMALO KOAA
H atpenin
p _14 [QF:] , [Q], [atpenin] Eq. 3.4
Kon, Ko Ka
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[atpenin]

PQd :1+ Eq. 3.5

Ad
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Experimental Data
The model was calibrated using a variety of literature data listed in Table 3.1. These data

include succinate oxidation, Q reduction, O,* and H,0; production rates under different
experimental conditions. The data set contains information about the kinetics and ROS
production by SDH necessary to identify model parameters. Most of the kinetic data on
succinate oxidation is from bovine heart mitochondria [41,42], and some are from pig heart
mitochondria [43]. The ROS data set is from bovine heart mitochondria and includes both O»*"
and H;0; production rates [35,37]. We did not use data from Quinlan et al. as the reported data
include an unknown contribution of the ROS scavenging system [24]. Both succinate oxidation
and ROS data sets are obtained under a variety of experimental conditions including variations
in enzyme concentrations, temperatures, pH, substrates concentrations and inhibitors
concentrations. Experimental conditions are explicitly stated to simulate the experiments as

faithfully as possible. However, the use of scaling factors is still necessary to account for

experimental differences among the data sets such as species-dependent differences in enzyme
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kinetics. Even so, the values are in the acceptable range of 0.5 to 5 showing only minor
adjustments were needed to fit the data. Also, in some experiments, endogenous quinone was
used as the electron acceptor without any information on the redox state of Q pool [35,37,42].
In order to simulate these data, we relied on monotonic functions of succinate and inhibitors to
predict the Q pool redox state. These equations are given in the Appendix (Eqs. S3.1-53.3).
Experimental Details

Animal care and handling conformed to the National Institutes of Health’s Guild for the
Care and Use of Laboratory Animals and was approved by Michigan State University’s
Institutional Animal Care and Use Committee. Mitochondria from Hartley guinea pig ventricular
myocytes were isolated based on protocol previously described [22,44,45] and will be briefly
summarized here. Animals (4-6 weeks, 350-450 grams) were decapitated after being
anesthetized with 5% isoflurane and tested to be unresponsive to noxious stimuli. The heart
was then immediately perfused with ice-cold cardioplegic solution until no blood was seen in
the coronary arteries and cardiac veins. The cardioplegic solution consisted of 25 mM KCl, 100
mM NaCl, 10 mM dextrose, 25 mM MOPS and 1 mM EGTA at pH = 7.15. The heart was then
excised and washed with ice-cold isolation buffer (IB). IB consisted of 200 mM mannitol, 50 mM
sucrose, 5 mM K;HPO4 and 0.1% w/v BSA at pH = 7.15. Connective tissues, thymus and the
great vessels were removed, and the ventricles were minced in ice-cold IB until small pieces of
about 1 mm?3 remained. The homogenate was then transferred to a 50-mL conical tube
containing 0.5 U/mL protease (Bacillus licheniformis) in 25 mL IB. Tissue homogenization was
done using an Omni handheld homogenizer at 18,000 rpm for 20 sec. Mitochondria were

obtained using gradient centrifugation in IB at 4 °C. Mitochondrial protein was quantified using
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the BCA assay and an Olis DM-245 spectrofluorometer with dual-beam absorbance module.
The mitochondria were then subjected to three freeze-thaw cycles at -80 °C and stored at -80
°C until use. The net H,0, production rate was monitored using the Amplex UltraRed assay on
the Olis DM-245 spectrofluorometer with dual-beam absorbance module. Amplex UltraRed
(AmpUR) (excitation 560 nm, emission 590 nm) was dissolved to a stock concentration of 10
mM and stored according to the manufacturer’s instructions. Type Il horseradish peroxidase
(HrP) and superoxide dismutase (SOD) were individually dissolved to the stock concentrations
of 500 U/mL and stored at the appropriate temperatures. Myxothiazol and rotenone stock
concentrations are 2 mM and 1 mM, respectively. The buffer (pH 7.2) contained 120 mM KCl, 5
mM HEPES, 1 mM EGTA and 0.3% w/v bovine serum albumin. Hydrogen peroxide calibration
curves were made using a working solution of 200 uM H,O; prepared fresh on the day of every
experiment.

Fluorescence was monitored after mitochondria and inhibitors had been added to the
buffer. After 2 minutes, succinate was added to the desired final concentrations. In the
succinate titration experiments, the final concentrations are 50, 100, 200, 300, 500, 1000, 3000
and 5000 uM succinate. The rate of ROS production was measured after SDH was fully activated
and the rate became linear as previously shown [37]. In the DQ titration experiments, succinate
concentrations were either 200 uM or 5 mM. After 10 minutes, DQ was added to the final
concentrations of 12.5, 25, 50, 75, 100, 150 and 200 uM. The final concentrations are 10 uM
Amplex UltraRed, 1 unit/mL HrP, 10 units/ mL SOD, 4 uM rotenone, 2 uM myxothiazol and 0.1

mg/mL mitochondria. Following DQ additions, signal was monitored for at least 10 minutes. At
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least 3 replicates were performed at each condition, and all experiments were performed at 37
°C.
Model Simulations

The model was numerically simulated using MATLAB (R2019a). The parameter
optimization was performed on a Dell desktop PC (64-bit operating system and x64-based
processor Intel® core ™ i7-7700 CPU @3.60GHz and 16 GB RAM) using the Parallel Computing
Toolbox. A parallelized simulated annealing algorithm was first used to globally search for
feasible parameters which were then refined using a local, gradient-based optimization
algorithm. The analytic solutions for the state-steady oxidation states were obtained with the
MATLAB symbolic toolbox. When the standard deviation for data were not given, a standard

deviation of 10% of the max value in a given data set was used during parameter estimation.
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RESULTS

Details on model construction are given in the Methods section and briefly summarized
here. A brief overview of the model development, fitting, and corroboration procedure is given
in Fig. S3.1. The model is constructed based on structural, thermodynamic and kinetic data
relevant to the enzyme (Fig. 3.1A). Each partial reaction used for model construction is shown
in Fig. 3.1B. Succinate oxidation presents a major route of entry for electrons in the SDH
complex. Electrons entering the FAD site, however, can be blocked by other non-SDH
dicarboxylate substrates that are present in the mitochondrial matrix including malonate,
malate and oxaloacetate. In addition, oxaloacetate causes the enzyme to enter an inactive state
[46]. Quinol oxidation at the Qp site is another way by which SDH is reduced. This manner of
reduction can be inhibited by atpenins, potent competitive inhibitors of quinone binding at the
Qp site. Of the atpenins, atpenin A5 is the most specific and referred to in this study as atpenin
for simplicity. Other inhibitors acting upstream or downstream of SDH can also influence the
enzyme’s oxidation state. Some of the most common inhibitors used in experimental settings
include myxothiazol, stigmatellin and rotenone. Myxothiazol and stigmatellin inhibit electron
flow downstream while rotenone inhibits electron flow upstream of the enzyme complex.

Under normal conditions, succinate oxidation is coupled to quinone reduction and
mediated by one- or two-electron reactions (Fig. 3.1B). As these reactions occur, the enzyme
transitions among different oxidation states (Ei) at specific rates (k;;) determined by
substrate/product concentrations and environmental conditions. Once electrons enter the
complex, they rapidly equilibrate to the lowest energy state determined by the redox center

midpoint potentials (Fig. 3.1C). However, when redox centers on SDH capable of interacting
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One-electron reactions
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Figure 3.1 Overview of the SDH model. A) The ribbon diagram shows the four subunits along
with the major redox centers of SDH. The SDHA subunit constitutes a covalently bound FAD in
the dicarboxylate binding site where succinate is oxidized to fumarate to generate the fully
reduced flavin. The SDHB subunit contains three iron-sulfur clusters ([2Fe-25], [4Fe-4S], and
[3Fe-45]) that shuttle electrons one at a time from to produce QH: at the proximal Q site (Qp)
and the heme group at the interface between the SDHC and SDHD subunits. A distal quinone
binding site has been proposed (Qq). B) The redox state transition diagram depicts the possible
redox states (E;) of the enzyme in which it is the redox state that corresponds to the total
number of electrons residing on the enzyme. The transition rates among these redox states are
denoted kj; (details in the Appendix). Relevant redox reactions that underly redox state
transitions are either one or two-electron mediated. C) At each enzyme oxidation state, the
percent of each redox center that is in a reduced state is determined. A fully oxidized Q pool
and pH 7 were used to calculate the percentages. The SDH ribbon diagram was generated from
the crystal structure by Sun et al. [3]. *In addition to competing with succinate at the
dicarboxylate binding site, oxaloacetate also causes the enzyme to resume an inactive
conformation.
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with oxygen become reduced, ROS are formed as side reactions. To gain insight into how these
reactions govern SDH kinetics and ROS production, a mathematical model encompassing all the
relevant components of the enzyme was constructed, calibrated, and corroborated.

The data used in model fitting and validation are summarized in Table 3.1 [35,37,41-43].
A dot plot of data collected in-house is presented in Fig. S3.2. In selecting experimental data to
calibrate the model, several key factors were considered. First, the data come from only
mammalian sources. This criterion allows for a more consistent data set to construct a model
that can be integrated into large-scale metabolic network simulations relevant to mammals.
Second, a wide range of experimental conditions are necessary to eliminate biases inherent to
experimental conditions so that the model can account for different experimental results. As
such, we chose data sets derived from purified enzyme, sub-mitochondrial particles and
permeabilized mitochondria. Third, the experimental protocols must contain sufficient
information for model simulations in order to minimize the number of adjustable parameters
otherwise needed to simulate different environmental conditions. For example, we did not
choose data obtained from intact mitochondria to avoid confounding issues such as the activity
of ROS scavenging pathways and metabolite transport. Fourth, the data must comprehensively
address the distinct kinetic and ROS production behaviors of SDH. Considering all these criteria,
data on both succinate oxidation and ROS production rates are included. Altogether, the
studies listed in Table 3.1 yield a comprehensive and detailed data set capable of supporting
the parameterization of a biophysically detailed SDH kinetic model. The fixed model parameters
consist of many thermodynamic parameters obtained from the literature. They include

midpoint potentials and pKa values and are given in Table S3.2. The adjustable model
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Table 3.1 Experimental data used for model fitting.

Species and Electron | Kinetic | ROS Scaling
. pH Temp Reference
Enzyme Origin | acceptor | Data | Data Factors
pig heart enzyme PMS yes no 7.8 25°C 1.0 Zeljlen'l[zl;’e]zr etal
bovine heart TMPD ves no 6.5 - 29 °C 0.82 Vinogradov et al.
enzyme 9 [41]
bovine heart . Jones and Hirst
SMP DQ, Quo yes no 7.4 32°C 4.0 [42]
bovine heart Quo, . Grivennikova et al.
SMP PMS yes yes 7.5 30°C 0.56 37]
bovine heart 7.2- . Siebels and Drose
SMP Quo yes yes 3 37°C 3.7 35]
guinea pig heart
isolated DQ, Qo yes yes | 7.2 37 °C 3.0 this study
mitochondria

Quo, ubiquinone; DQ, decylubiquinone, PMS, phenazine methosulfate; TMPD, N,N,N’,N’
tetramethyl-P-phenylenediamine
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parameters consist of forward rate constants of product formation and ROS production rates;
the dissociation constants for substrates, products and inhibitors; and other factors necessary
to properly simulate the environmental conditions (Table 3.2).

All the adjustable parameters are in a physiologically suitable range and nearly all are
identifiable. Identifiable parameters are highly sensitive and independent of other parameters.
A small change in the value of a sensitive parameter causes a large change in a model output.
The opposite is true for an insensitive parameter. The normalized sensitivity coefficients in
Table 3.2 give information about the contribution of each parameter to the model output. The
normalized sensitivity coefficients are computed using Eq. $3.98. Correlation coefficients are
presented in a Fig. S3.3 of the Appendix as a heat map. The correlation coefficients provide
information on the degree the model parameters are linearly dependent with each other in a
local region of parameter space. The residual analysis given in Fig. S3.4 shows that the residuals
follow a normal distribution which indicates that there are no systematic biases in the model
simulations.

While the model consists of 19 adjustable parameters to simulate the data, they are the
minimum number required to simulate all the data in a thermodynamically consistent manner.
Each parameter governs the model’s biochemical and biophysical behavior under a large range
of experimental conditions. That said, some parameter correlation is unavoidable due to the
limited amount of data available for each simulated reaction. For example, the rate constant for
QH: production, the quinone/semiquinone midpoint potential, and the atpenin dissociation
constant at the proximal binding site are the only parameters strongly correlated with each

other (> 0.8). To decorrelate these parameters, additional measurements on quinone binding
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Table 3.2 Model adjustable parameters.

Parameters Definition Values Sensitivity | Rank
kaOUC rate constant for succinate oxidation 52.9s? 0.532 6
k%HZ rate constant for QH, production 2.48 x 107 st 0.162 13
Ksuc succinate dissociation constant 355 uM 0.336 9
KFUM fumarate dissociation constant 1.0 mM 0.105 14
KQ qguinone dissociation constant 0.29 nM 0.039 19
KQH2 quinol dissociation constant 0.19 nM 0.079 17

kf rate constant for phenazine reduction 7.47x10°M1st | 0.470 7
kM rate constant for TMPD reduction 8.29x10°M*st | 0.560 4
KH H* dissociation constant at Qp-site 170 nM 0.098 15
KMALO malonate dissociation constant 14.8 uM 0.559 5
KMAL malate dissociation constant 294 uM 0.724 2
KOAA oxaloacetate dissociation constant 0.822 uM 0.620 3
KAp atpenin dissociation constant at Qp site 1.67 x 10 pM 0.377 8
KAd atpenin dissociation constant at Qg site 68.3 nM 0.066 18
ﬂatpenin atpenin inhibitory factor 14.6 0.170 12
En?’QF Q/Q"" midpoint potential 284 mV 1.72 1
kfFOADH. rate constant for O,* production by FADH* | 8.15x10°Ms? | 0.281 11
k?OFHS rate constant for O,* production by [3Fe-4S] | 6.68 x 10° M1s* |  0.300 10
kAP rate constant for H,02 production by FADH; | 2.61x103Mst | 0.075 17
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affinities and their modulation by Q-site inhibitors are required. The top five most sensitive
parameters are associated with the semiquinone reduction potential, dicarboxylate inhibition
constants (malonate, malate and oxaloacetate), and TMPD reduction rate constant. Not
surprisingly, some parameters associated with the quinone biding site are among the least
sensitive. We designed and ran additional experiments to perturb the Q pool described below
to improve the identifiability of these parameters, but they only led to a marginal increase in
identifiability. This is because quantitative measurements of the quinone and quinol
concentrations using kinetic assays are required to significantly improve their identifiability. A
novel mass spectrometry-based method to collect end-point measurements of the Q pool was
recently developed [47], but it is extremely resource intensive and cannot capture dynamic
changes. Unfortunately, there does not exist a simple and straightforward approach to
accurately measure the dynamic changes of these metabolites.
Model Simulations of Succinate Oxidation Rates Under Different Conditions Are Faithful to
Experimental Data

Model simulations and experimental data of succinate oxidation kinetics using PMS and
TMPD as electron acceptors are shown in Fig. 3.2 [37,41,43]. Overall, the model is able to
simulate experimental data very well. For simplicity, the reduction of PMS and TMPD is
assumed to obey second-order kinetics (i.e., there is no stable ES complex formed). For details
concerning the reduction kinetics, see Egs. $3.75-S3.88 in the Appendix. As seen in Fig 3.2, the
succinate oxidation rates when either PMS or TPMD is the electron acceptor are similar for a
given concentration. Thus, the fitted second-order rate constants given in Table 3.2 are similar

in magnitude. The model is also able to reproduce pH-dependent succinate oxidation rates.
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Figure 3.2 Succinate oxidation rates at varied concentrations of different electron acceptors.
Model simulations (lines) are compared to experimental data (open circles) [38,41]. A-B) The
effect of varying succinate and phenazine methylsulfate (PMS) concentrations on succinate
oxidation rates. The PMS concentrations are (in uM) 67 (blue), 100 (red), 167 (yellow), 300
(purple) and 2000 (green) in panel A and 50 (blue), 200 (red) and 2000 (yellow) in panel B. For
panel B, the malonate concentration was 50 uM. C) Model simulations of the effect of varying
succinate and tetramethyl-p-phenylenediamine (TMPD) concentrations compared to the data
from Jones and Hirst [42]. The TMPD concentrations (in uM) are 50 (blue), 66 (red), 100
(yellow) and 333 (purple). Malonate was present at 100 uM. D) Model simulations of the effect
of varying pH and TMPD concentrations on succinate oxidation rates compared to the data
from Jones and Hirst [42]. The concentrations of WB (in uM) are 50 (blue), 66 (red), 100
(yellow), 200 (purple) and 1000 (green). The succinate concentration was fixed at 100 uM.
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Specifically, at pH above 8, the reaction becomes independent of pH and precipitously drops in
a manner dependent on both pH and electron acceptor concentration. When the acceptor
concentration is high, the rate does not drop until the pH falls below 7.5; however, when the
acceptor concentration is low, the rate begins to drop near pH 8. This is because higher
concentrations of electron acceptors compensate for lower concentrations of the enzyme in
the right protonation state. This pH effect is ascribed to an active-site sulfhydryl group with a
pKa around 7 near the flavoprotein which is believed to be required for succinate oxidation
[48,49]. In the model, these results are obtained using an explicit pH-dependence for succinate
oxidation at the flavin site as shown in Eq. S3.13.

In a series of titration experiments, the effects of substrates and inhibitors at the FAD
and Q sites on succinate oxidation are shown in Fig. 3.3. Data from Jones and Hirst are shown in
panels A-C (top row), and data from Siebels and Drose are shown in panels D-F (bottom row).
Both data sets are obtained using bovine heart SMP but differ in the enzyme and substrate
concentrations. The data from Jones and Hirst were performed using 0.30 pug/mL complex Il, 5
mM succinate and 100 uM decylubiquinone [42]. In Siebels and Drose, SMPs were present at
0.12 mg/mL with 100 uM succinate [35]. Atpenin AS5 titration leads to a significant drop in
succinate oxidation rates in both data set. However, the atpenin-titration results are
guantitatively different. This is likely due to the different enzyme concentrations and
experimental conditions used. For example, at an atpenin concentration of 25 nM, succinate
oxidation is 93% inhibited in the Jones and Hirst data set (Fig. 3.3B), but at 30 nM it is only
inhibited by 65% in the Siebels and Drose dataset (Fig. 3.3D). To fit these disparities, the model

fitting results in a compromise where it underestimates the atpenin-dependent inhibition for
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Figure 3.3 Succinate oxidation kinetics in the presence of SDH inhibitors using bovine heart
SMP. Model simulations (lines) are compared to experimental data (open circles). Experimental
data are from Jones and Hirst [42] (A-C) and Siebels and Drose [35] (D-F). Data from Jones and
Hirst are obtained using 30 pg/mL solubilized membranes, 5 mM succinate and 100 uM
decylubiquinone. A) Succinate oxidation rate saturates near 5 mM succinate with an apparent
KM of 2 mM. B-C) Relative succinate oxidation rates are significantly inhibited with increasing
concentrations of atpenin (0-100 nM) and malonate (0-5 mM). E-F) Data from Siebels and Drose
are obtained using 0.12 mg/mL SMP and 100 uM succinate. Relative succinate oxidation rates
are significantly inhibited with increasing concentrations of atpenin (0-250 nM), malate (0-10
mM) and oxaloacetate (0-30 uM).
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the Jones and Hirst dataset and overestimates it for the Siebels and Drose dataset. Without any
additional information, these experimental discrepancies cannot be reconciled. The atpenin
inhibition data was modeled by assuming atpenin binds to the Qp site and prevents Q or QH>
binding. In addition to the Qp site, atpenin at high concentrations has been shown to occupy the
Qg site, also known as the non-canonical Q site [5,50]. Atpenin binding to the Qq site has been
speculated to affect succinate oxidation. This mechanism was found necessary to include in the
model in order to obtain the best fits to the data.

Titrating the succinate competitive inhibitors malonate, malate and oxaloacetate also
decreases succinate oxidation rates (Fig. 3.3C, E, and F). The concentration required to inhibit
succinate oxidase is different for each inhibitor. Oxaloacetate is the most potent SDH inhibitor,
followed by malonate and malate. These results coincide with the fitted dissociation constants
shown in Table 3.1. In the presence of these dicarboxylates, fewer FAD sites are available for
succinate binding and thus decreases enzyme turnover.

Model Simulations Are Consistent with Experimental ROS Production Rates

ROS production by SDH displays a biphasic succinate-dependence, as shown in Fig. 3.4.
At low concentrations, ROS production is stimulated; however, ROS production is suppressed at
higher concentrations. The model was calibrated using data sets from two independent studies.
In the experiments by Grivennikova et al. [37], peak ROS production occurs at around 50 uM
succinate (Fig. 3.4A). In Siebels and Drose [35], the peak is shifted to approximately 150 uM
(Fig. 3.4B). The primary difference between these two studies is the presence of myxothiazol in
Grivennikova et al. and atpenin in Siebels and Drose. Whereas atpenin competitively inhibits

QH; binding at the Qp site of SDH, myxothiazol competitively inhibits QH binding to complex IlI
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Figure 3.4 Maximum ROS produced by SDH occurs at sub-millimolar concentrations of
succinate. Model simulations (lines) are compared to experimental data (open circles) from
bovine heart SMP. A) Experimental Juz02 are obtained in the presence of 10 uM rotenone, 1.6
UM myxothiazol, 2 units/mL horseradish peroxidase (HrP) and 6 units/mL bovine superoxide
dismutase (SOD) [37]. B) Experimental Ju202 are obtained in the presence of 50 nM atpenin [35].
C) Model simulations of site-specific ROS production rates for the conditions shown in panel A).
C) Model simulations of site-specific ROS production rates for the conditions shown in panel B).
In both panels C) and D), rates are given with respect to the same electron equivalents as in A)

and B).
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at the heme b site. The model simulates ROS production rates reported in both studies using
the same model framework by exploring the distinct effects of myxothiazol and atpenin. The
model predicts that the FAD site is the primary site of ROS under the conditions used in both
studies. However, the major ROS species is different between studies. In the Grivennikova et al.
simulation, H,0; originated from the fully reduced flavin, FADH, is the primary ROS species
(Fig. 3.4). When myxothiazol is present, the Q pool is nearly fully reduced and capable of
reducing SDH via QH; oxidation at the Qj site. The result is that a higher proportion of the
enzyme is reduced and capable of producing ROS. In contrast, in the Siebels and Drose
simulation, O0,* derived from the flavin radical is the primary ROS species, followed by H,0;
from the fully reduced flavin (Fig. 3.4D). Model simulations reveal this is primarily because the
FAD site is not as reduced as compared to when atpenin is absent. The predominant form of
the flavin under this condition is the flavin radical, which only produces O;*". The shift of the
peak succinate concentration for maximal ROS production is also explained by the different
effects by these inhibitors on the enzyme oxidation state. When atpenin is present, the only
reductant for SDH is succinate. Therefore, it takes a higher concentration of succinate to reduce
enough of the enzyme to reach peak ROS production rates, which shifts the succinate titration
curve to the right in Siebels and Drose. In addition, as stated above, succinate also blocks ROS
production from the FAD site, so the ability of succinate to drive ROS production is limited.

The difference in total and site-specific ROS production rates in the presence of
stigmatellin or atpenin as the succinate concentration is increased is shown in Fig. 3.5.
Stigmatellin competitively inhibits QH2 binding to complex Il near the Rieske ISP site. Similar to

when myxothiazol is present, the Q pool is fully reduced with stigmatellin, and quinol oxidation

140



3000 1 M stigmatellin B 3000 250 nM atpenin C

'gn 3000 b 1 uM stigmatellin A - =
_?E 50 nM atpenin § Rates at specific sites S Rates at specific sites
£ 2000\ © 2 2000 FADH - 03 E 2000 FADH - 03
“g i 3 [3Fe — 4S]req > 03 = [3Fe — 4S],eq = O3
=1
£ 1000 g, 1000 E_ 1000
E e A N

—_ | o Q |

0 = 0’ 0°

0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Succinate (mM)

Succinate (mM) Succinate (mM)

Figure 3.5 Succinate-dependent ROS production of SMPs in the presence of stigmatellin or
atpenin. A) Model simulations (lines) are compared to experimental data (open circles) from
Siebels and Drose [35]. B) Site-specific ROS production rates when 1 uM stigmatellin is present.
C) Site-specific ROS production rates when 250 nM atpenin is present. Site-specific rates are
given with respect to the same electron equivalents as in A).
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at the Qq site serves as an additional source of electrons for free radical production. So turnover
at both electron input and output (reverse) of the enzyme complex results in the highest ROS
production rates. In the presence of either inhibitor, the FAD is the major source of ROS, and
02* from the FAD site at low succinate concentrations is highest among ROS species. As the
succinate concentration increases, H,0; production from the FAD site exceeds the O;" rate
from this site. But as the succinate concentration further increases, the ROS production rate
from the FAD site decreases due to succinate binding to the FAD, making it unavailable to
interact with oxygen. However, when atpenin is present, electron transfer from the ISC to
guinone or oxygen is blocked [50,51]. Therefore, O,°* production from the FAD remains the
dominate source of ROS, and the ISC produces no ROS when atpenin is present (Fig. 3.5C). In
addition, the enzyme is more oxidized compared to when stigmatellin is present, so the amount
of enzyme with a fully reduced flavin is lower. Thus, the rate of H,O;, production is lower.

The effects of titrating atpenin and non-SDH dicarboxylate substrates on ROS
production rates are presented in Fig. 3.6. Increasing atpenin concentrations lead to an increase
in ROS production rates which reaches a maximum at 250 nM. In the presence of 250 nM
atpenin, increasing malate or oxaloacetate concentration causes the ROS production rate to
significantly decrease. Malate concentrations in the mM range lead to a significant drop in ROS
production rates (Fig. 3.6B). Oxaloacetate is much more potent and completely inhibits ROS
production after 20 uM (Fig. 3.6C). These data further corroborate that the availability of the
FAD site for oxygen binding is necessary for ROS formation by complex Il. As more FAD sites are
occupied by non-SDH dicarboxylate substrates, less ROS is produced despite the optimal

atpenin concentration. These results are supported by prior work demonstrating that ROS are
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Figure 3.6 Effects of titrating atpenin and non-SDH dicarboxylate substrates on ROS
production by complex Il. Model simulations (lines) are compared to experimental data (open
circles) for each panel [35]. Experimental data are obtained from bovine heart SMP. A) Rate of
H.0; production is increased at increasing concentrations of atpenin (0-250 nM), a potent and
specific inhibitor of quinone reductase activity. B-C) In the presence of 250 nM atpenin, ROS
production rates are decreased as the concentrations of malate and oxaloacetate is increased.
Malate and oxaloacetate compete with succinate at the FAD binding site.
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produced from the FAD site when the dicarboxylate site is unoccupied and the enzyme is
reduced [13,34]. As these TCA cycle dicarboxylates regulate SDH turnover, it is fortunate that
they also do not lead to excess ROS production like the Q site inhibitor atpenin. This would
necessarily lead to oxidative stress when these dicarboxylates accumulate under conditions
such as I/R injury. However, if electron exit is blocked at the FAD site while the enzyme is
maintained in a highly reduced state from a reduced Q pool, ROS from the [3Fe-4S] ISC can
produce significant amounts of ROS as shown by Quinlan et al. [24].

Titrating fumarate in the presence of varying succinate concentrations results in drop in
0,° and total ROS production rates as shown in Fig. 3.7. When atpenin was absent from the
experiments, it was assumed that the quinone/quinol redox couple was in equilibrium with the
fumarate/succinate couple. Therefore, the equilibrium relationship between the free energies
associated with the fumarate/succinate and quinone/quinol couples were used to calculate the
guinone and quinol concentrations. When aptenin was present, the Q pool redox state
predictor functions (Eqg. S3.1) were used to calculate the quinone and quinol concentrations. At
a given fumarate to succinate ratio, the ROS production rate is higher in the presence of
complex lll inhibitors alone compared to when atpenin is included. Without atpenin present,
significant turnover at the Q; site of complex Il, in addition to turnover at the FAD site, leads to
a more reduced FAD fraction and hence more ROS production. While atpenin stimulates ROS
production from the FAD site, the rate is one third to one half of that with stigmatellin alone.
This difference highlights the importance of the Qg site as a source of electrons via quinol
oxidation for the ROS production at the FAD site. While the [3Fe-4S] ISC and FAD sites can all

produce ROS, both experimental data and model simulations suggest that most of ROS comes
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Figure 3.7 Effects of varying fumarate/succinate ratios on atpenin and complex Il inhibitor
induced ROS production. Model simulations (lines) are compared with experimental data (open
circles). A) Data are obtained from Grivennikova et al. [37]. Bovine heart SMP (0.1 mg/mL) are
prepared in the presence of 1.6 uM myxothiazol and 10 uM rotenone. Atpenin is added to the
final concentration of 1 uM. B-C) Data are from Siebels and Drose [35]. Bovine heart SMP (0.12
mg/mL) are prepared without myxothiazol or rotenone. B) Stigmatellin is added to the final
concentration of 1 uM C). Atpenin is added to the final concentration of 50 nM. In all
conditions, the increasing the fumarate concentration leads to a decrease in ROS production
rates. D-F) Site-specific ROS production rates corresponding to their respective panels above.
Site-specific rates are given with respect to the same electron equivalents as in above panels.
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from the reduced flavin under these conditions. In addition, the model simulations show that

H.0; production rates are significantly suppressed in the presence of fumarate. These findings
further corroborate that a reduced flavin unobstructed by metabolites and other molecules is
required to produce significant amounts of ROS.

The model simulations show distinct pH-dependent ROS profiles for stigmatellin and
atpenin as shown in Fig. 3.8. ROS production from the FAD site was best fit when the FAD
radical or fully reduced FAD cofactor was deprotonated as shown in Egs. S3.15 and S3.17. In the
presence of stigmatellin, both ROS species increase as pH is increased (Figs. 3.8A & C). This is
due to the pH-dependent partial reactions occurring at FAD and Qp sites of the complex. As pH
becomes more alkaline, both succinate and quinol oxidation become more favorable from a
mass action perspective. As a result, the enzyme oxidation status becomes more reduced, and
the fraction of reduced FAD is significantly elevated. In contrast, this rise in ROS production as
the conditions become more alkaline are not observed when atpenin is present (Figs. 3.8B & D).
With atpenin, quinol oxidation at the Qp site is inhibited. FAD reduction arises only from
succinate oxidation, which does not reduce the FAD as much as when quinol oxidation was also
allowed to contribute. Therefore, ROS production is overall lower under this condition despite
the thermodynamic favorability of ROS production from the FAD site in alkaline conditions.
Model Testing and Corroboration

The experimental data used above to constrain the SDH model lacked sufficient
perturbations to the endogenous Q pool to adequately identify some of the Q site related
parameters. Therefore, we designed some experiments using uninhibited guinea pig cardiac

SDH and the quinone analogue decylubiquinone (DQ) as shown in Fig. 3.9. Decylubiquinone was
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Figure 3.8 The effects of pH on ROS production rates in the presence of inhibitors. In A), the
stigmatellin concentration was 1 uM. In B), the atpenin concentration was 250 nM. Model
simulations (lines) are compared to experimental data (open circles) from Siebels and Drose
[35]. Experimental data show 0" in blue and total ROS (H20; + O2*) in orange using bovine
heart SMP. Malonate of 1.5 mM is added in both experiments. As discussed in Grivennikova et
al. [37], we assumed the presence of a small but significant amount of contaminating
superoxide dismutase in these experiments. Based on model analysis, this amounts to an
approximate 65% underestimation of the superoxide production rate in the Siebels and Drose
experiments. This factor was explicitly included when simulating these data. C-D) Site-specific
ROS production rates corresponding to their respective panels above. Site-specific rates are
given with respect to the same electron equivalents as in above panels.
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Figure 3.9 Decylubiquinone can directly reduce oxygen and amplify resorufin fluorescence. A)
Succinate-dependent SDH ROS production kinetics from freeze-thawed guinea pig cardiac
mitochondria show the same trend as rat SDH. In these experiments, the guinea pig cardiac
mitochondria were inhibited with 4 uM rotenone and 2 UM myxothiazol. For more details, see
the experimental details given in the methods. B) Net hydrogen peroxide emission rates in DQ
titration experiments reveal that DQ decreases ROS at low succinate concentrations (200 pM)
and increases ROS at high succinate concentrations (5 mM). The model quantitatively predicted
this drop in ROS; however, an additional parameter, koz,pqHz2, Was required to fit the increase in
ROS at high succinate concentrations. The value of this parameter in these simulations was
0.0022 M-1s, C) Model analysis reveals that for the low succinate condition, DQH> derived ROS
is negligible but becomes significant when the concentration of succinate is high. Open circles
represent the experimental means, and the error bars are standard deviations from at least 3
biological replicates. Model simulations are represented by the solid lines. The ODE system
used to simulate the concentration dynamics is given in Eqgs. S3.97-105 in the Appendix.
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used to manipulate the endogenous Q pool redox levels. In these experiments, we first
guantified ROS production by SDH at different succinate concentrations as done in prior studies
(Fig. 3.9A). Our results show that ROS production from cardiac guinea pig SDH possesses the
same succinate-dependence as SDH from other rodents. We then chose two succinate
concentrations, 200 uM and 5 mM, to use in the DQ titration experiments to perturb the
endogenous Q pool (Fig. 3.9B). At the lower succinate concentration, adding DQ resulted in a
dramatic drop in ROS production by SDH. This is due to a decrease in both the succinate and
QH; concentrations and an increase in fumarate and Q concentrations catalyzed by SDH. The
result was predicted by the model. The decreased ROS in the DQ titration experiment at 200
KM succinate led to the prediction of a similar trend at 5 mM succinate. In contrast, the
addition of DQ when the succinate concentration is higher (5 mM) leads to a surprising increase
in ROS production. In the absence of SDH, the addition of DQ leads to zero ROS as expected.
Therefore, the increase in ROS when SDH is present is due to SDH-catalyzed production of DQH;
and the near instantaneous reaction of DQH; with oxygen in the buffer. This rapid reaction was
confirmed by adding DQH: to the assay buffer in the absence of SDH. When this was done, all
Amplex UltraRed was immediately converted to resorufin as indicated by the rapid color
change of the ROS reporter. Thus, the increase in ROS at high succinate concentrations when
DQ is titrated is enzyme mediated. This rapid reduction of DQ by succinate is facilitated by SDH.
This result underscores the importance in considering the impact of environmental changes
when interpreting ROS data with DQ present.

These experiments were then modeled using the SDH model presented above and a

small ODE model given in the Appendix (see Egs. $S3.97-103). Results from this simulation are
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shown in Fig. 3.9C. The ODE model was necessary to simulate the dynamics of DQ, O, and ROS
species. The model was able to reproduce both the succinate titration and DQ titration data at
the 200 uM succinate concentration without any additional parameters other than a scaling
factor to account for differences in SDH activity across species. However, a new parameter,
koz,0qH2, Was required to simulate the DQ titration experiments at the 5 mM succinate
concentration. This parameter is a lumped rate constant which incorporates the rapid SDH-
mediated reaction between succinate and DQ to form DQH; and the subsequent diffusion-
limited reaction between DQH; and O,. The model simulations of this process reveal that the
impact of DQH;-mediated ROS production is negligible at the lower succinate concentration.
However, at the higher succinate level, the majority of ROS detected by the reporter assay is
from DQH,. For example, at 5 mM succinate concentration, DQH;-derived ROS when DQ is 200
KM accounts for over half of the total experimentally measured ROS. Therefore, our model
analysis reveals the importance of accounting for DQ-mediated side reactions when a quinone
analog is employed.

The model was also corroborated using the experimental data from Grivennikova et al.
[52]. In this study, ROS production rates from SMPs were measured with a variety of substrates,
inhibitors and oxygen concentrations. From these data, the SDH specific data were selected and
used to test model validity. As shown in Fig. 3.10, the model reproduces the experimental data
with high fidelity without tuning the adjustable parameter set. It reproduces the linear
relationship between ROS production and oxygen concentration in Fig. 3.10A. In addition, the

model matches the kinetic rate of succinate oxidase under the conditions described in
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Figure 3.10 Model corroboration of ROS production and SDH kinetics. The data are from
Grivennikova et al. [52]. The enzyme concentration for these simulations was 2 nM in A) and 22
nM in B-D). The ODE system used to simulate oxygen concentration dynamics is given in Egs.
$3.97-105 in the Appendix.
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Grivennikova et al. [52]. The quinol concentration and SDH oxidation state fractions are shown
as predictions during the conditions in Fig. 3.10B and 3.10C, respectively. Furthermore, the
contribution of SDH to the total ROS detected during this experiment is shown in Fig. 3.10D.
Comparing this value to the total value Grivennikova et al. measured during this experiment
reveals that SDH contributes approximately 1% to the total ROS produced by SMPs during their
experimental protocol.

Together, model analysis demonstrates that ROS production by SDH occurs in both the
“forward” and “reverse” modes. It does not matter where the electrons come from: either
succinate in the forward mode or QH; in the reverse mode. To quantify the amounts of ROS
produced by the major redox centers when SDH works in the reverse direction, a simulation
was performed in which the Q pool redox status determines the enzyme oxidation state
distribution (Fig. 3.11). The model predicts that, despite acting on SDH at different sites,
atpenin (1 uM) and malonate (0.5 mM) lead to nearly identical ROS production rates by the
enzyme (Fig. 3.11A). This result is corroborated by a prior study from the Brand group [24].
However, site-specific ROS production rates are distinct. When the Qg site is inhibited, O>*
derived from the flavin radical is the primary source of ROS (Fig. 3.11B). Superoxide derived
from the [3Fe-4S] ISC and H;0; originated from the fully reduced flavin are negligible. When the
flavin site is inhibited, most of the total ROS originates from the [3Fe-4S] ISC (Fig. 3.11C). The
predictions are consistent with the inhibitory mechanisms associated with atpenin and
malonate. Since malonate occupies the flavin, it prevents electrons from leaving the enzyme by
which the [3Fe-4S] ISC becomes reduced and primed to participate in a one-electron redox

reaction with oxygen. Therefore, the model suggests that both the flavin and [3Fe-4S] ISC can
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Figure 3.11 Model prediction of site-specific ROS production when the enzyme oxidation
state is determined by the Q pool redox state. A) Inhibiting SDH at either the flavin or Q; site
results in an approximately 90% reduction in total ROS production. B) The primary enzyme
produced ROS is superoxide originating from the flavin radical when SDH is inhibited at the Qp
site. C) In the presence of 0.5 mM malonate, most of the enzyme ROS is from the [3Fe-4S] ISC
with a significant fraction originating from the FAD site when the Q pool is highly reduced.
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be a significant source of ROS and that environmental factors dictate which one is the primary
ROS contributor.

To test the model’s ability to simulate ROS production from intact mitochondria, it was
integrated into a recent model of oxidative phosphorylation [44]. The integrated model was
then used to simulate succinate-dependent leak-state and ADP-stimulated respiration and ROS
emission reported in an earlier study [22]. These results are given in Table 3.3 and demonstrate
that the model simulations quantitatively match the experimental measurements. The
consistency between the model simulations and experimental results upon integration
highlights the importance of constructing biophysically accurate and thermodynamically
consistent enzyme models when attempting to simulate metabolic phenomena at a systems
level.

Model Predicts the [3Fe-4S] ISC is the Primary Source of ROS

Lastly, the model was used to predict succinate oxidation and ROS production rates as a
function of the succinate/fumarate and quinol/quinone ratios in the absence of inhibitors, as
shown in Fig. 3.12. The succinate oxidation rate is maximum when the succinate/fumarate ratio
is high and the quinol/quinone ratio is low. The turnover in the forward direction predicted by
the model is in the range previously determined by other groups [46,53,54]. The model also
predicts that enzyme’s turnover in the reverse direction is approximately equal to the forward
direction. This has a profound effect on the enzyme behavior during pathological conditions
such as ischemia whereby this enzyme is speculated to be responsible for the significant

accumulation of succinate during ischemia [15,16]. In contrast to the inhibitor-based
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Table 3.3 Integrated model simulation results.

Respiration and ROS Production Experiment Model
Leak-state Joz (hmol mg?* min) 106 + 7 113
Leak-state Ji202 (pmol mg! min?) 234 +10 225
Oxphos-state Jo2 (nmol mg* min) 363+31 341
Oxphos-state Jnz02 (pmol mg! min-t) 87 +10 79
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Figure 3.12 Model simulations of succinate and ROS turnover of SDH as a function of
succinate/fumarate and QH2/Q ratios. A) Steady-state turnover rates of succinate oxidation. B)
Steady-state production of total ROS. C) Steady-state ROS production from the FAD site. D)
Steady-state ROS production from the [3Fe-4S] ISC site. E) The log, fold-change of steady-state
ROS production rates from the [3Fe-45] ISC site relative to the FAD site. F) Steady-state enzyme
oxidation states for these conditions. The simulations were conducted at 37 °C with a total Q
pool of 20 mM, with succinate + fumarate = 20 mM, [02] = 20 uM, and at pH 7. The 0;* and
H,0; concentrations were set to zero.
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experiments described above, the model predicts that ROS production from the [3Fe-4S5] ISC is
the primary source of free radicals when no inhibitors are present (Fig. 3.12E). This is not
surprising considering that, under inhibitor free conditions, the enzyme is mostly in the Eo, E;,
and E; oxidation states (Fig. 3.12F). In these states, electrons on the complex have a higher
probability residing on the ISCs instead of the FAD. Therefore, ROS production from the FAD
contributes by a lesser extent to the total ROS production in an uninhibited, fully functional
mitochondrion. Under these conditions, H,02 production by SDH is negligible and occurs only
when the oxidation state E4 is elevated. Under conditions that favor the oxidation state E4, the
probability of a fully reduced FAD is high (Fig. 3.1C). These include when fumarate is absent or
present in the low micromolar range, and inhibitors at or downstream of the Q; site are

present.
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DISCUSSION

In SDH, the two major sites for ROS production are proposed to be the covalently bound
FAD and the Q site [13,24,29,34,55]. The [3Fe-4S] ISC site has recently been suggested to
produce ROS [37]. However, which site is the dominant source, what ROS species is formed,
and what conditions are conducive for ROS production at each site have not been quantitatively
addressed. Using S. cerevisiae as an experimental model, several groups determined that the Q
site is a strong contender for most ROS production [38,56]. Additional studies on E. coli support
the Q site origin hypothesis [55,57]. However, studies using A. suum argued that both the FAD
and the Q sites can produce ROS [36]. In contrast, other studies reported that only the FAD site
produces ROS [13,55]. In mammalian SDH, studies have shown ROS is produced when the
enzyme is supplied with succinate only after the Q site was inhibited [24,34]. But no study
demonstrably showed whether 0;* [37] or H,02 [35] is the dominant ROS species formed. In
contrast, it has been argued that SDH from E. coli mainly produces O;* from the FAD site [55].
This and other studies concluded that quinol fumarate oxidoreductases generate O,* from the
fully reduced FAD [4,55]. However, the mechanism underlying the ROS production was not
elucidated. To answer these questions, we developed, analyzed and corroborated a
computational model of SDH that quantitatively describes the necessary conditions for ROS
production, the contribution of each site responsible for ROS production, and the factors that
control how much ROS is produced by SDH.

The kinetics of succinate oxidation by reconstituted SDH has been thoroughly
investigated [41,43,46]. Despite the different experimental conditions across studies, succinate

oxidation is dependent on succinate concentrations, the concentrations of electron acceptors,
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pH, the presence of non-SDH dicarboxylate substrates and quinone reductase inhibitors (Figs
3.2 & 3.3). The model simulates these data sets as faithfully as possible and uses a single
framework to reproduce both succinate oxidation kinetics and ROS production rates. Based on
model analysis, key differences reported across different studies are due to experimental
conditions. More importantly, the model supports the notion that the non-canonical Q binding
(Qq) site modulates succinate oxidation. Specifically, including this site and its effects on
succinate oxidation was necessary to simultaneously fit the data from Jones and Hirst and
Siebels and Drose (Fig. 3.3). The model result is supported by crystal structures that show
occopancy of the Qq site at high atpenin concentrations [5,50].

The model is capable of simulating ROS production rates under a variety of experimental
conditions. In two succinate titration experiments, Grivennikova et al. [37] and Siebels and
Drose [35] reported different succinate concentrations that correspond to peak ROS production
rates, depending on the inhibitors present (Figs. 3.4 & 3.5). To fit these data sets, the Q pool
redox poise is simulated using equations that account for either complex Il or SDH inhibitors.
Model analysis reveals that a key determinant of SDH-derived ROS is the Q pool redox poise,
which is set by a specific inhibitor. In the presence of atpenin, QH. oxidation by complex I
results in an oxidized Q pool. As a result, ROS production from SDH is decreased. When complex
Il inhibitors are present, electron turnover downstream of SDH is inhibited, which leads to a
more reduced Q pool. This results in QH; oxidation at the Qj site of SDH and increases the
number of reduced redox centers on the complex. Thus, ROS production rates are higher in the
presence of stigmatellin and myxothiazol than atpenin (Fig. 3.7). The distinct pH dependency of

ROS production also reflects the unique effects of SDH and complex Il inhibitors on the Q pool
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redox poise (Fig. 3.8). Quinol oxidation, which liberates a proton, is favorable as pH increases.
However, this reaction is minimized when atpenin occupies the Qp site. Thus, total ROS
production reaches a plauteau at alkaline pH in the presence of atpenin but continues to
increase in the presence of complex lll inhibitors (Fig. 3.8).

Prior studies have argued that the FAD site is able to produce both 0;* and H;0;
[13,24,29,34,55]. However, which is the dominant species and under which conditions is still an
open question. In the study by Siebels and Drose [35], it was determined that H,O; was the
primary ROS species produced from the FAD site. We suspect their prep contained low, yet
significant amounts, of superoxide dismutase contamination as described by Grivennikova et al.
[37]. In support of this, the simulations shown in Fig. 3.8 reveal that, under both stigmatellin-
and atpenin-induced ROS production, SDH mainly produces ROS as O;* from the FAD site. The
results from these simulations are supported by several studies which used rat skeletal muscle
mitochondria to show that most ROS originating from the FAD site is 0;° [8,24]. In addition, a
different study found that the vast majority of total ROS produced by E. coli SDH is also 0"
[55]. These findings and the model simulation results strongly point to O;" as the major free
radical species originating from the FAD site.

In addition to the FAD site, the Qp site is another candidate for major ROS production by
SDH. Recently, the ISCs have been also suggested to produce significant amounts of ROS. Model
analysis reveals that ROS originate mostly from the FAD site or the [3Fe-4S] ISC. We initially
included ROS production from the bound semiquinone but found its inclusion superfluous
when fitting the data. The production of ROS at the FAD site and [3Fe-4S] ISC requires that they

are in a reduced state and unoccupied. These prerequisites explain the decreased ROS
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production rates in the presence of malonate, malate and oxaloacetate (Figs. 3.6 & 3.7). The
non-SDH dicarboxylate substrates can bind to the FAD site, preventing succinate from reducing
the enzyme and oxygen accessing the reduced flavin. Likewise, binding of molecules such as
atpenin to the Qp site can also physically block the ISC from reacting with oxygen. However,
since the ISC does not interact with the non-SDH dicarboxylate substrates, ISC-derived ROS is
sensitive to only atpenin or other Q, site inhibitors.

To address the uncertainty associated with the kinetics of quinone binding and
oxidation/reduction at the Q sites, we designed an experiment using isolated mitochondria
from guinea pig cardiomyocytes and DQ to perturb the endogenous Q pool (Fig. 3.9). Our
experimental data show that succinate oxidation kinetics in guinea pig exhibits a similar trend
observed in other mammals. In addition, ROS production profile is uniquely dependent on
succinate concentration. At 200 uM succinate, ROS production decreases as DQ level rises. At 5
mM succinate, the opposite is true. Our model analysis demonstrates that this is due to DQH»-
derived ROS at high succinate concentrations. The model analysis highlights the importance of
careful consideration of the SDH-mediated DQH; production and its subsequent reaction with
oxygen in the buffer. Failure to account for this side reaction leads to overestimation of SDH-
derived ROS.

Following model calibration, we validated the model using the SDH-specific data set
from Grivennikova et al. [52]. The validation step is necessary to ensure that key aspects of the
model are tested against experimental data not used during parameter fitting. That said, as
additional data become available, model improvements should be made. The model as

presented herein is able to reproduce the oxygen depdence of ROS production without tuning
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the adjustable parameters. The validation process further shows that, under the prevailing
conditions, ROS production obeys second-order kinetics. In these conditions, oxygen availability
and the Q pool redox poise are the key determinants of ROS production (Fig. 3.10). When either
of these factors becomes limited, ROS production drops. In this context, the Q pool redox poise
is important for ROS formation because it dictates the enzyme oxidation state. Therefore, any
environmental factors that affect the Q pool redox poise — such as the use of Qg site complex llI
inhibitors - will affect the enzyme oxidation state and ROS production. Our simulation in Fig.
3.11 again highlights this notion.

Finally, we used the model to deconstruct the kinetics underlying ROS production in
uninhibited, fully functional mitochondria (Fig. 3.12). As discussed, ROS production is
dependent on electrons supplied by succinate (forward mode) or QH: (reverse mode). In the
absence of inhibitors, most of the enzyme population is in the Eo, E1 and E, oxidation states. In
these states, electrons are most likely to occupy the [3Fe-4S] ISC and give rise to O,*". The FAD
site is also a significant source of O, but contributes less to total ROS than the [3Fe-4S] ISC in
the absence of inhibitors. Thus, by using experimental data from studies that employ inhibitors,
our modeling approach results in a model that allows us to understand ROS production in the
absence of inhibitors.

The SDH model is the ideal choice to include in metabolic simulations when scaling up
the cell or tissue level, because the model simulates both the primary biochemical reaction and
the side reactions that produce ROS using an algebraic expression. Large-scale metabolic
models can be used to understand both normal and pathological metabolic scenarios involving

mitochondrial succinate metabolism as in I/R injury [15,16] mitochondrial ROS production as in
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skeletal muscle bioenergetics [58], and immune responses [27,59,60]. However, simulating
these types of models is computationally expensive. Nearly all large-scale models of
metabolism are systems of nonlinear ordinary (one independent variable, e.g. time) or partial
(multiple independent variables, e.g. time and space) differential equations. As a result, any
enzymatic or transport process that is also modeled as a system of differential equations adds
to the complexity and computational cost. Thus, a model that can simulate multiple reactions
using algebraic expressions significantly reduces the simulation cost and is very advantageous
to use in the large-scale models of metabolism. There are several models similar to our SDH
model that simulate the kinetics of the main reaction along with side reactions such as ROS
production [61-64], but these models are systems of differential equations themselves.
Integrating them into large-scale models of metabolism dramatically increases the
computational cost. Therefore, our approach provides a unique way to model these primary
reactions along with their associated side reactions in large-scale models without significantly
adding to the computational complexity and associated cost.

In summary, our study resolves the critical issue pertaining to the identity, origin and
conducive conditions of ROS production by SDH. The model suggests that the primary species
formed is O;*. During physiological conditions, the [3Fe-4S] ISC is the primary source; however,
the FAD can become a major source during pathological conditions. Hydrogen peroxide is
produced in appreciable quantities only when SDH is inhibited and fumarate is absent. In the
physiological setting, the fumarate concentration will never be zero; therefore, H,0, production
by SDH is an experimental phenomenon. In developing our model, we included succinate

oxidation and linked it to ROS production as succinate is an important source of electron for
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SDH. The model presented herein is the only comprehensive SDH model that can simulate both
the enzyme kinetics and ROS production rates for a wide range of conditions. As a result, this
model is ideal for integrating into large-scale models of mitochondrial metabolism to study ROS

production from the ETS during physiological and pathophysiological conditions.
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Construction/ Development

Structural information
* Major redox centers
» Active sites
» Allosteric regulation

Thermodynamics
* Midpoint potentials
» Dissociation constants
» Temperature, ionic strength, pH, etc.

Kinetics
« Rate constants
« Partial reactions
* Enzyme oxidation states

Calibration/ Fitting

Experimental data
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Initial model

Corroboration/ Validation
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Figure S3.1 Methodology overview. The general modeling approach involves a three-stage
process of model construction, calibration, and corroboration. In the initial construction stage
(blue), a base model emerges from structural, thermodynamic, and kinetic data. In the
calibration stage (orange), outputs of the base model are compared to experimental data. The
adjustable model parameters are tuned until the model outputs match the experimental data.
At this point, the adjustable model parameters are optimized. During the final stage of model
corroboration (yellow), the model outputs are compared to experimental data that were not
used in the calibration stage. The revised model is validated if outputs are consistent with
experimental data. Otherwise, the model is sent back to the calibration stage.
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Figure S3.2 Net hydrogen peroxide emission rates were measured in-house using
mitochondria isolated from guinea pig cardiomyocytes. The net hydrogen peroxide emission
rate was monitored using the Amplex UltraRed assay (excitation 560 nm, emission 590 nm). A)
Succinate titration. Mitochondria were added to the reaction mixture containing myxothiazol
and rotenone. After 2 minutes of stabilization, succinate was added to the final concentrations
of 50, 100, 200, 300, 500, 1000, 3000 or 5000 uM. B) Decylubiquinol (DQH.) titration was
obtained at 200 uM and 5 mM succinate concentrations. The initial stage of the experiment is
similar to the succinate titration. After 10 minutes following succinate addition, DQH; was
added to the final concentrations of 12.5, 25, 50, 75, 100, 150 or 200 uM. In all experiments,
the final concentrations are 10 uM Amplex UltraRed, 1 U/mL HrP, 10 U/mL SOD, 4 uM
rotenone, 2 pM myxothiazol and 0.1 mg/mL mitochondria. At least 3 replicates were performed

at each succinate or DQH;, concentration.
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Figure S3.3 Correlation heat map for adjustable parameters given in Table 3.2. Matrix of
correlation coefficient between the adjustable parameters. The normalized parameter
sensitivity matrix is computed using Eq. $S3.98. The sensitivity coefficients were computed from
the parameter sensitivity matrix given in Eq. S3.99. Correlation coefficients range between -1
(negative correlation) to +1 (positive correlation). A coefficient value of 0 means the two
parameters are uncorrelated. Substrates: succinate (SUC), quinone (Q), oxygen (02); products:
fumarate (FUM), quinol (QH3), superoxide, (02*"), and hydrogen peroxide (H,0:); inhibitors:
atpenin (A5), malonate (MALO), oxaloacetate (OAA), malate (MAL); other notations: [2Fe-2S] =
ISC1, [4Fe-4S] = ISC,, [4Fe-3S] = ISCs.
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Table S3.1 Fixed model parameters.

Parameters | Definition Values Units References
R Ideal gas constant 8.314 J/mol/K -
E Faraday’s constant 96.5 J/mV/mol -
Keaon pKa for flavin free radical 8 - [65]
KFADHZ pKa for fully reduce flavin 77 i (65]
E;FAD/FADH FAD/FADH midpoint potential 385 mvV [65]
E:] FADH/FADH,| FADH/FADH2 midpoint potential 284 mvV [65]
E;FAD/FADHZ FADH/FADH> midpoint potential 333.8 mvV [65]
Era Midpoint potential of [2Fe-25]ox, red 0 mV [37]
E5 Midpoint potential of [4Fe-45] ox,red -260 mV [37]
EP= Midpoint potential of [3Fe-45] ox,red 60 mV [37]
EO:/0 02/0>" midpoint potential 160 mvV [66]
E O2/H0: 0,/H20; midpoint potential 940 mvV [66]
E:1 FUM/suc | FUM/SUC midpoint potential 445 mvV [67]
E;QIQHZ Q/QH2 midpoint potential 464 mvV [68]
E;P Phenazine midpoint potential 358 mV [69]
E;TMPD TMPD midpoint potential 270 mvV [70]
Q. Total mitoc.hondrial quinone 20 .y [14]
concentration

Midpoint potentials are given at 273 K and pH 0 except for the ISCs, oxygen/superoxide, and
oxygen/hydrogen peroxide couples. Those are given with respect to 273 K and pH 7. All
potentials are given as reduction potentials.
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Table $3.2 Environmental parameters.

Parameters | Description Value Sensitivity Rank
Q succinate/QH; constant 1M 0.022 4
Qbe1 succinate/QH: constant_in ’Fhfa 211 nM 0.052 3
presence of complex Il inhibitors
Qas atpenin inhibitory constant 604 nM 0.017 5
QL malate inhibitory constant 31.6 mM 2.73x10® 6
Qona oxaloacetate inhibitory constant 70.6 uM 6.87x10°® 7
Qrum fumarate inhibitory constant 5.99 uM 0.133 2
Qmato malonate inhibitory constant 188 uM 0.167 1
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Figure $3.4 Model Residual Analysis. Left) Model residuals are randomly permuted and plotted
as shown. Right) Model residuals are binned and plotted as a histogram indicating they follow a
normal distribution. The normal distribution function is plotted with a mean of 0, standard
deviation of 1.18, and a pre-exponential term equal to 74. These results show the model fits are
unbiased and there are no systematic errors present.
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[QHz] =Qtot /(1+Q/[SUC])'(1+[A5]/QA5)'(1+[MALO]/QMALO)

(L+IMAL]/ Qyu )-(1+[FUM1/ Qryy ) - (1+[OAA]/ Q) Ba. 534
If complex Il inhibitors are present, the following equation is used:

[QH,]=Qu /(1+Q,, /[SUC])-(1+[A5]/ Qs )-(1-+[MALO]/ Q5 Eq. 53.2
-(1+[MAL]/ Qya ) - (1+[FUM1/ Qe ) - (1+[OAAT/ Qopn )

[Q] =[Qlx —[QH.] Eqg. S3.3
FAD+H"+e” —FADH"® Eq.S3.4
FADH*+H"+e" — FADH, Eq. S3.5
O,+e >0, Eq. S3.6
Q+e —>Q" Eq. S3.7
Q" +2H" +e  ->QH, Eq. S3.8
FAD+2H" +2e” —FADH, Eq. S3.9
FUM + 2H" +2e" —>SUC Eq. S3.10
O,+2H"+2e  —>H,0, Eqg. S3.11
Q+2H"+2e  >0QH, Eq. $3.12

H A5
Pop =1+ [EQ;] + %+ [KAp] Eq. $3.13
Py =1+ M Eq. S3.14
KAd
P14 [suC]  [FUM] [MAL] [MALO] [OAA] q. 53.15

K K

Suc FUM KMAL I<MALO KOAA
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k(SUC =k, SUC-(1+[A5]/ K, /(1+B,[A5]/ K, )/ 1+[H"]/K,)

k,QH, =k, QH, - (L+[AS]/ K, /(L+5,[A5]/K, )

K =k [P [+ H ) K o)

K3Fe-ts =k /P,

K{"o =k [P [(LHTH T/ Keaon,)

B0/ = B PO 4 (RT/F).Jog(TH T (L+ Ko /[H 1))

B/t = E PO o (RT/F )log ([H - W [H 1/ Kepw, ) (14 [H 1/ Keagn))

+712 +
E[EAD/FADHZ _ E:]FAD/FADHZ + (RT/ZF)|OQ([H 1°-@+[H"]/ KFADHZ) J

'(1+ KFADH /[H+])/(1+[H+]/ KFADH)
ESQ/H: — 2F UM 4 2(RT/F)log([H *])—EY*®

EY: = E ¥ 4 (RT/F)log([H 1)

EmFUM/SUC _ E:]FUM/SUC i (RT/F)Iog([H +])

EP=E,”+ (RT/2F)log([H"])

E/M™ = E, ™ + (RT/2F )log([H])

Er%SQ = En?/SQ + (RT/F) Iog(KQ)

Enig’QHz = E;Q’QHZ — (RT/F)Iog(KQHZ)

EmFtL)’M/SUC = E,:UM’SUCC — (RT/ZF)Iog(KSUC) +(RT/2F)Iog(KFUM)

K FUM/FADH, _ ezF/RT(E;;’M/SU%EEAD/FADHZ)
eq -
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SQ/QH ISC;
K QH/1SC; _ eF/RT(EmQQ 2 _EX 3)
eq -
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CHAPTER 4 — COMPUTATIONAL MODELING IDENTIFIES SITE-SPECIFIC SUPEROXIDE AND

HYDROGEN PEROXIDE PRODUCTION OF THE MITOCHONDRIAL ELECTRON TRANSPORT CHAIN
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INTRODUCTION

Reactive oxygen species (ROS) were once considered by-products of cellular respiration
but are now recognized as important signaling molecules [1-4]. Under pathological conditions
like ischemia/reperfusion (I/R) injury, elevated ROS levels contribute to cell death [5]. This type
of injury occurs after a period of partial or complete loss of tissue blood flow (ischemia)
followed by the restoration of normal flow (reperfusion). Although reperfusion is necessary to
salvage ischemic tissue, it can lead to significant tissue damage in a ROS-dependent manner [5].
This is an unfortunate common event associated with clinical situations such as organ
transplantation [6] and hypovolemic shock [7]. Though I/R injury can affect any organ,
metabolically active tissue such as brain and myocardium are most the sensitive to this injury.
As a result, enormous efforts have been undertaken to ameliorate the detrimental effects of
reperfusion-dependent oxidative stress. However, efforts to pharmacologically prevent
oxidative stress to salvage ischemic tissue have not produced effective clinical treatment
options [5,8,9].

In most mammalian cells, mitochondria are the primary source of ROS [10-12]. As such,
mitochondrial ROS homeostasis is essential to maintaining mitochondrial and cellular
physiology. In essence, ROS production and elimination act as countering forces which
determine the mitochondrial net ROS emission. The mechanisms underlying ROS production
have been reviewed extensively elsewhere [13,14], and only key details are provided here. The
electron transport system (ETS) complexes | and Il are accepted as the major mitochondrial
ROS producers. Their respective contributions to total ROS emission varied according to the

bioenergetic state of the organelle [10]. Matrix enzymes can likewise produce ROS, but their

193



contribution is often considered limited [15—17]. Under physiological conditions, forward
electron transport (FET) occurs. Pyruvate (P) from glucose metabolism is oxidized through the
Krebs cycle to generate NADH, which enters the ETS at complex I. Since electrons entering
complex Il from pyruvate metabolism is generally low [18,19], pyruvate is commonly
considered as an NADH-linked substrate. Succinate (S) is oxidized by complex Il or transported
out of the matrix by the dicarboxylate carrier (DCC). Despite the different entry points,
electrons converge at the quinone (Q) pool and are passed onto cytochrome c and ultimately
molecular oxygen (O2). Under metabolic states that favor increased membrane potential and a
highly reduced Q pool, reverse electron transport (RET) occurs in which complex | enters the
near equilibrium state and produces significant amounts of ROS. Thus, ROS production is
enhanced under RET compared to FET.

The one- or two-electron reduction of O, by an ETS redox center upstream of complex
IV produces superoxide or hydrogen peroxide, respectively. In complex |, the redox centers
include a flavin mononucleotide at the NADH oxidase site (site If) [20], a semiquinone (SQ) at
the Q reductase site (site lq) [21] and a chain of iron-sulfur (Fe-S) clusters that rapidly relay
electrons between the two [22,23]. Likewise, complex Il harbors a flavin adenine dinucleotide
(FAD) at the succinate oxidase site (ll¢), a Q reductase site (llq), and a chain of Fe-S clusters
[24,25]. The mammalian complex lll redox centers include cytochrome c4, a high- and low-
potential b type heme, the Reiske iron-sulfur protein (ISP) and two quinone binding sites (Qn
and Qp) [26]. Superoxide arising from complex Il is generally accepted to originate from the

semiquinone at the quinone binding site proximal to the intermembrane space (Qp) [27].
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The topic of site-specific ROS production has attracted experimental researchers for
many years. Both pharmacological and genetic approaches have been utilized to dissect the
contribution of redox centers to total mitochondrial ROS. While complexes | and Il are the
major ROS producers, the contribution of specific redox centers at physiologically relevant
metabolic states remains elusive. For example, both site Ir [28—-30] and Iq [31] are proposed as
major ROS-producing sites of complex |. Complex || was widely accepted as a negligible source
of ETS ROS [32]. However, several more recent studies suggest that complex Il produces
significant amounts of ROS under appropriate conditions [33,34]. Such discrepancies in
experimental data arise from the caveats inherent to experimental studies and have
contributed to unsuccessful efforts to target oxidative stress in clinical settings. In particular,
the use of chemical inhibitors and genetic models inevitably alter the native electron
distribution in unpredictable patterns leading to epiphenomena and conflicting experimental
results. Differences in experimental conditions including species, tissues, developmental stage,
etc. introduce additional confounding factors that are often neglected and make comparing
results from different studies difficult. Lastly, the pursuit is further impeded by the lack of a
robust method to distinguish species-specific ROS without interfering with other mitochondrial
and extra-mitochondrial processes.

Computational modeling is a useful platform to address these challenges. A
computational model serves as a quantitative framework to analyze mitochondrial bioenergetic
data from a single, unified perspective. Several models of mitochondria exist at varying levels of
complexity, focus, and approach [35-42]. Some investigate the kinetics underlying ROS

production by individual ETS complexes [38—40] while others integrate mitochondrial ROS
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production and elimination in a substrate-specific context [41,42]. However, to our knowledge,
none consistently reproduces a wide range of experimental data using a unified, coherent, and
consistent framework. Thus, the origin of superoxide and hydrogen peroxide from the ETS
remains elusive from a computational or experimental perspective.

We herein developed, analyzed, and corroborated a comprehensive model that
simulates mitochondrial ROS homeostasis in the context of varied substrate utilization. This
model is focused on ROS originated from the ETS and is referred to as the ETS-ROS model.
Modules relevant to ROS originating from the ETS were individually developed, parametrized
and corroborated against a variety of data sets [38—40]. These include complexes I, Il and Ill.
Biochemical reactions are thermodynamically consistent and mass-and-charge balanced. These
modules are then incorporated into a single integrated framework, producing a model that is
coherent and operates within biophysical constraints. The ETS-ROS model reproduces
experimental data of not only net ROS production but also other mitochondrial bioenergetic
variables. Using this approach, we have identified the regulation of ROS production by
substrate metabolism via alterations to the NADH and Q pool redox states. The model also
suggests that the scavenging system is saturable, allowing for cellular oxidative stress when ROS

production overwhelms ROS elimination.
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MATERIALS AND METHODS
General Approach to Modeling and Processes Included

Our modeling approach is modular and parsimonious, containing the models of
complexes | [38], Il [39] and Il [40] previously published by our group. These models are
biophysically detailed and thermodynamically consistent. They were individually calibrated and
corroborated against a wide range of kinetic data sets. In this ETS-ROS model, the part of the
Krebs cycle explicitly modeled are succinate oxidation and fumarate reduction. The remaining
Krebs cycle reactions are not necessary to explain the experimental data and, thus, excluded to
stay faithful to the parsimonious principle. Our in-house experimental data reveal a moderate
level of malic enzyme (ME) activity in mitochondria isolated from guinea pig ventricular
cardiomyocytes (Fig. S4.1), supporting its inclusion in the model. Several other studies also
support the expression of ME in cardiac tissue of guinea pigs [43,44]. We found that including
the ME reaction is necessary to fit the calibration data sets (Table 4.1). A summary of processes
that are explicitly modeled are shown in Figure 4.1. Notations of the redox centers included in
the text are described in Table 4.1.
Model Simulations

The model was numerically simulated using MATLAB (R2019a). The parameter
optimization was performed on a Dell desktop PC (64-bit operating system and x64-based
processor Intel® core™ i7-7700 CPU @3.60GHz and 16 GB RAM) using the Parallel Computing
Toolbox. A parallelized simulated annealing algorithm was first used to globally search for
feasible parameters which were then refined using a local, gradient-based optimization

algorithm. The analytic solutions for the state-steady oxidation states were obtained with the
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Figure 4.1 Schematic of explicitly modeled phenomena. The model consists of a partially
lumped Kreb’s cycle with non-lumped enzymatic reactions shown in the white box. Black
arrows denote chemical reactions. Red arrows denote electron flux through redox centers.
FMN = flavin mononucleotide, FAD = flavin adenine dinucleotide, Q = ubiquinone, QH; =
ubiquinol, Fe-S =iron sulfur clusters, IMS = intermembrane space, Cl — CIV = complexes | - IV, Q
site = quinol/quinone binding site.
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Table 4.1 Description of the ETS redox centers included in the model.

Notations Description Species formed
Quinone reductase site of complex | i
la o superoxide
(ubisemiquinone)
superoxide, hydrogen
[FMNH2 I, fully reduced form P . ydrog
peroxide
IEMNHe- Ir, radical form superoxide
ll[3Fe-as) [3Fe-4S] cluster near the Q site in complex I superoxide
llFaDH2 [lf, fully reduced form hydrogen peroxide

[IFADH- llr, radical form superoxide
ap Qp site in complex Il superoxide
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MATLAB symbolic toolbox. When the standard deviation for data were not given, a standard
deviation of 10% of the max value in a given data set was used during parameter estimation.
Data Sets

The intricate relationship between substrate utilization and ROS homeostasis
necessitates that model calibration includes experimental data under both NADH- and QH»-
linked substrate supported respiration. The calibration data set includes the oxygen
consumption rates (Joz, nmol/mg/min), net hydrogen peroxide emission rates (Ju202,
pmol/mg/min) and NADH reduction (%) under NADH- and QH»-linked supported respiration in
both FET and RET modes. Forward electron transport occurs when respiration is supported by
pyruvate/L-malate (P/M) and S in the presence of rotenone (S/R). Reverse electron transport
occurs under QH»-linked supported respiration when rotenone is absent (S). The calibrated
model is subsequently challenged against a variety of data sets. The first validation data set
includes the Jo2 and Ju202 data obtained when respiration is supported by both NADH- and QH»-
linked substrates (P/M/S). The second data set recapitulates the monotonic relationship of Ju202
on oxygen concentrations in FET mode. The list of all the data sets utilized in the construction,
calibration and validation of the model is summarized in Table 4.2.

The majority of the experimental data used for calibrating the model were from a
previous publication of ours [45]. In this study, we measured the oxygen consumption rate (Joz,
nmol mg* min't) and net hydrogen peroxide emission rate (J4202, pmol mg* mint) of
mitochondria respiring on P/M, S and S/R. To avoid confounding factors due to different
experimental conditions, we collected the L-M, NADH and P/M/S data sets under similar

experimental conditions, following the same well-established protocol in our lab [46]. Briefly, all
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Table 4.2 Summary of data used in this study.

Modelling Stage Data Sets References
Construction Jo2— L-M This study
Joo=P/M, S/R Duong et al. [45]
Joo—S This study
Calibration Ju202 = P/M, S/R Duong et al. [45]
JH202—S This study
Ju202 v.s. [02] Duong et al. [45]
L NADH - P/M, S/R, S This study
Validation P/M/S —Jo2, Ju202 This study

L-M: L-malate; P: pyruvate; S: succinate; R: rotenone
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experiments were performed using a standard KCl-based mitochondrial suspension buffer
containing 130 mM KCl, 5 mM K;HPO4, 20 mM MOPS, 1 mM MgCl;, 1 mM EGTA and 0.1% w/v
BSA (pH of 7.1 at 37 °C). When used, the final concentrations of mitochondria, substrates, and
inhibitors were 0.1 mg/mL mitochondria, 5 mM pyruvate (P), 1 mM L-malate (M), 10 mM
succinate (S), 1 uM rotenone (R), and 500 uM ADP. The data were analyzed using the software
MatLab. Experimental details that are unique to this study are presented below.
Model Parameters

The fixed model parameters are thermodynamic and kinetic data obtained from the
literature including our prior work [38—40]. The adjustable parameters consist of parameters
related to both ROS kinetics and substrate metabolism. Guided by the parsimonious principle,
we chose the smallest set of adjustable parameters necessary to simulate the calibration data
sets. The ROS kinetic parameters are concerned with the capacity of mitochondria to remove
hydrogen peroxide and the transport of it from the matrix. The capacity of mitochondria to
remove hydrogen peroxide is interchangeably referred to as the scavenging capacity in this
paper. It is modelled in a Michaelis-Menten like fashion - saturable and dependent on the
hydrogen peroxide concentration. The ETS parameters include the activity of complex |, the
activity of complex Ill, the total enzyme amount of complex Il and the inhibitory effect of
oxaloacetate (OAA) on complex Il. The remaining adjustable parameters are concerned with
metabolite transport and substrate utilization (Table 4.3).

All adjustable parameters are identifiable; they are highly sensitive and uncorrelated. A
parameter is considered highly sensitive if a small perturbation to the parameter results in a

large perturbation in a model output. The opposite is true for an insensitive parameter. The
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Table 4.3 Model adjustable parameters.

constant

Parameter Definition Unit Value Sensitivity | Rank
ke Rate constant of malic nmol mg_‘z1 mint 1.0762 0.0785 4
enzyme M
ATPase feedback
Kow constant on M 1.1023 0.0071 10
dehydrogenase activity
NADH/NAD* feedback
NbH constant on -- 0.8790 0.0026 11
dehydrogenase activity
XpH Dehydrogenase activity | nmol mg* min 1.0294 0.0309 8
Etotcn nmol mg?! min? nmol mg 1.0120 0.0952 2
Etotq Complex | content nmol mg 1.0375 0.1119 1
Etota Complex Il content nmol mg 0.9936 0.0219 9
Vmsoce | aximal capacity ofthe |- oamint | 10666 | 00759 | 5
dicarboxylate carrier
Vimax_ Maximal capacity of |\ o1 int | 10378 | 00013 | 12
fumarate hydratase
Vimax_scavenging Maximal scavenging nmol mg! min 0.0400 0.0872 3
Kon scovenging | 1202 at half maximal M 150 00715 | 7
scavenging capacity
Kfemisson aop | 1202 Permeability rate mint 13554 0.0715 6
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normalized sensitivity coefficients are computed to inform the contribution of each adjustable
parameter to the model output in similar manner done in our previous works [38-40].
Oxygen Consumption and Net Hydrogen Peroxide Emission Rates

The Oroboros Oxygraph (02k) was used to simultaneously measure Joz (nmol mg™* min?)
and Ju202 (pmol mg* mint), described in detail in one of our previous publications [45]. Briefly,
Ju202 values were measured using the Amplex UltraRed/Horseradish Peroxidase/Superoxide
Dismutase assay. The reduction of hydrogen peroxide is coupled with the oxidation of Amplex
UltraRed to resorufin. Resorufin fluorescence is converted to hydrogen peroxide concentration
by using a hydrogen peroxide calibration curve obtained each experiment day from freshly
prepared hydrogen peroxide standards. A post-hoc analysis of our previous Ju202 data sets using
S as the substrate reveals that S-dependent Ju0; is highly sensitive to respiratory control ratio
(RCR). Higher Ju202 values correspond to RCR greater than 18. Thus, we repeated Ju202
measurements using mitochondria with an RCR in this range. Mitochondria were energized
with L-M, S or the P/M/S combination (leak state). An ADP bolus was added to stimulate
oxidative phosphorylation (oxphos state) after 5 minutes under L-M supported respiration, 2.5
minutes under S- and 2 minutes under P/M/S-supported respiration. These time periods were
chosen to allow measurement of steady-state Jo, while maintaining adequate oxygen supply for

oxidative phosphorylation turnover.
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NADH Fluorescence Measurement

The fluorescence of NADH was monitored on an Olis DM-245 spectrofluorometer.
Fluorescence was monitored with Aexcitation = 355 nm (8 nm bandpass filter) and Aemission = 450
nm (13 nm bandpass filter). Baseline fluorescence was monitored for 1 minute followed by
mitochondria addition. Substrates were added after 5 minutes of equilibration. A bolus of ADP
stimulated oxidative phosphorylation. Fluorescence minima were obtained by uncoupling
mitochondria with FCCP to produce maximally oxidized nicotinamide pools. Maximal
fluorescence was obtained in the presence of rotenone to produce maximally reduced

nicotinamide pools. Experimental data are shown in Fig. S4.2.
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RESULTS

The experimental fidelity of the ETS-ROS model is critically related to its ability to
predict the in vivo response of the ETS under a wide variety of physiological and
pathophysiological scenarios. Including both FET and RET modes of ROS production data into
model calibration was essential to pin down the parameters associated with site specific ROS
fluxes under these diverse experimental conditions. The substrate combinations of P/M and S/R
induce FET whereas the RET was favored with S as the sole substrate. We used the P/M/S data,
which consist of both FET and RET processes, to corroborate the model. The model outputs are
rounded up to the nearest digits.
Oxygen Consumption and Net Hydrogen Peroxide Emission Rates

As shown in Figure 4.2A-C, the calibrated model was compared to experimentally
determined Joz (nmol/mg/min) and Ju202 (pmol/mg/min). With P/M as substrates, leak-state Joz
(nmol/mg/min) are 30.3 + 1.4 after 5 minutes and 27 + 1.1 after 10 minutes. The corresponding
Jo2 outputs from the model are 29 at 5 minutes and 7 at 10 minutes. The experimental oxphos-
state Joz is 381.4 £+ 20.6 (Fig. 4.2A) compared to the model output of 376. Similar consistency
was obtained when mitochondria were energized with succinate in the presence of rotenone
(S/R) (Fig. 4.2B), as well as succinate in the absence of rotenone (S) (Fig. 4.2C). The presence of
rotenone did not affect leak-state Joz but resulted in a slightly elevated oxphos-state Joz. This is
likely due to oxaloacetate accumulation, leading to complex Il inhibition when rotenone is
absent. The inhibitory effect of oxaloacetate on complex Il has been thoroughly discussed in
our previously published work and is supported by other studies. Experimental data and model

outputs are summarized in Table 4.4.
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Figure 4.2 Model simulations of oxygen consumption and hydrogen peroxide emission rates.
A-C: oxygen consumption rates (Jo2, nmol/mg/min); D-F: net hydrogen peroxide emission rates
(Jn202, pmol/mg/min) in forward electron transport (FET) and reverse electron transport (RET)
modes. FET occurs when the substrates are P/M (A and D, blue) or S/R (B and E, orange). RET
occurs when S is the substrate and rotenone is absent (C and F, yellow). The model outputs are
represented by the solid lines. Individual data points are represented by the open black circles;
error bars represent the standard deviations. Experimental data are obtained using
mitochondria isolated from the ventricular cardiomyocytes of guinea pigs, as described in our
previous work [45]. As shown, the model outputs are within the experimental ranges for both
Jo2 and Ju202 in both FET and RET modes.
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Table 4.4 Comparison of experimental and model Joz (pmol/mg/min).

Substrates Respiratory state Experimental data Model outputs
5-minute leak 30.3+1.4 29
Pyruvate/L-malate (P/M) 10-minute leak 27+1.1 27
Oxphos 381.4+20.6 376
2.5-minute leak 106.4 £ 6.7 90
Succinate/Rotenone (S/R) 5.0-minute leak 98.5+6.3 90
Oxphos 363.3+30.6 384
2.5-minute leak 106.9+ 8.6 91
Succinate (S) 5.0-minute leak 103.6+4.5 91
Oxphos 265.4 £ 36.3 275
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The model is also able to capture the ROS emission kinetics by energized mitochondria
operating in FET and RET modes during leak and oxphos states (Fig. 4.2D-E). Experimentally
determined leak-state Ju202 values (pmol/mg/min) in mitochondria energized with P/M were
117 £ 8 at 5 minutes and 112 £ 5 at 10 minutes. The corresponding model outputs are 117 and
107, respectively. The oxphos-state Ju202 was experimentally determined to be 29 + 4 in
comparison to the model output of 18 pmol/mg/min (Fig. 4.2D). Under conditions favoring FET
with succinate as substrate (S/R), the model outputs remain consistent with experimentally
determined results (Fig. 4.2E). In the absence of rotenone, RET led to significantly higher Ju202 in
vitro and in silico (Fig. 4.2F). Experimental data and model outputs are summarized in Table 4.4.
Notably, changes in the model Ju202 are consistent with the dependence of ROS generation on
membrane potential (Fig. S4.3). In all cases, the leak-state Ju202 values at the second time points
(10 minutes for P/M and 5 minutes for S and S/R) are slightly decreased likely due to the
decreased oxygen concentrations. Experimental data and model outputs are summarized in
Table 4.5.

NADH Reduction States

Electrons from NADH are utilized to generate the protonmotive force. Thus, the redox
state of the NADH pool is critical for mitochondrial ROS homeostasis. The model simulations of
NADH reduction state must, therefore, be consistent with experimental data. As shown in
Figure 4.3, succinate-supported respiration in the presence of rotenone yielded a more reduced
NADH pool in both leak and oxphos states compared to the P/M substrates. With P/M as the
substrates, turnover of NADH at complex | favors a more oxidized NADH pool in leak and

oxphos states.
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Table 4.5 Comparison of experimental and model Ju202.

Substrates Respiratory state Experimental data Model outputs

| 5-minute leak 117+ 8 117
Pyruva(tpe//l\L/l')ma e 0 minute leak 112 +5 108
Oxphos 29t4 18
) 2.5-minute leak 234+ 10 269
Succ'”atgfg;’tenone 5.0-minute leak 229+ 12 243
Oxphos 87+11 76

2.5-minute leak 4,300 £ 775 4,946

Succinate (S) 5.0-minute leak 3,700 + 991 3,465
Oxphos 617 80
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Figure 4.3 Model simulations of NADH reduction (%). A) Pyruvate/L-malate (P/M). B) Succinate
with rotenone (S/R). The model outputs are represented by solid lines and within the
experimental ranges. Individual data points are included; error bars represent the standard
deviations. Experimental data are obtained using mitochondria isolated from the ventricular
cardiomyocytes of guinea pigs. As shown, the model outputs are within the experimental
ranges. Overall, succinate-supported respiration in the presence of rotenone maintains a more

reduced NADH pool compared to P/M.
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Oxygen Consumption, Net Hydrogen Peroxide Production Rates, and Oxygen Concentration
Dynamics Under Both NADH- and QH»-linked Substrate Metabolism

The final adjustable parameter set (Table 4.2) was used to predict the Joz, JH202 and [O3]
dynamics when mitochondria were energized with a combination of NADH- and QH»-linked
substrates (P/M/S). Under these conditions, electrons enter the ETS at complexes | and Il then
converge at the Q pool [47]. Such conditions favor the reduction of the Q pool and high
membrane potential, resulting in ROS generation at complex | through RET. As shown in Figure
4.4, the ETS-ROS model outputs are consistent with experimental data using the final adjustable
parameters. Experimentally determined leak-state Joz (hmol/mg/min) are 129 + 5 at 2 minutes
and 121 + 12 at 4 minutes. The oxphos-state Joz is 729 = 91 nmol/mg/min. The corresponding
simulated Jo2 (hmol/mg/min) are 89 at 2-minute leak state, 89 at 4-minute leak state and 702
during oxphos (Fig. 4.4A). Experimentally measured Ju202 (pmol/mg/min) are 4,304 + 499 at 2-
minute leak state, 3,843 + 713 at 4-minute leak state and 82 + 7 during oxphos. The
corresponding model predictions are 4,420, 3,461 and 33 pmol/mg/min (Fig. 4.4B). Importantly,
both Jo2 and Ju202 were significantly elevated compared to substrate mixtures which favor
electron entry at either complex | or Il (Figs. 4.2A, B).
Monotonic Relationship Between Ju202 and [O2]

Although Ju202 is essentially independent of [O;] until it drops below 10 uM, the
monotonic relationship between Ju202 and [02] has been described by several groups
[45,48,49]. To test whether the ETS-ROS model can adequately capture this dependence, we

compared the simulated Ju202 to experimentally determined values at varying [O2]. As shown,
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Figure 4.4 Model simulations of oxygen consumption, hydrogen peroxide emission, and
oxygen concentration dynamics. Oxygen consumption rates (Jo2, nmol/mg/min), hydrogen
peroxide emission rates (Ju202, pmol/mg/min) and oxygen concentration dynamics when the
substrates include both pyruvate/L-malate (P/M) and succinate (S). The model outputs are
represented by the solid lines. Individual data points are shown by the open black circles; error
bars represent the standard deviations. Experimental data are obtained using mitochondria
isolated from the ventricular cardiomyocytes of guinea pigs, as described in our previous work
[45]. Isolated mitochondria (0.1 mg/mL) were energized with P/M/S. The respiratory and net
hydrogen peroxide emission rates were quantified simultaneously using the O2k oxygraph.
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the model simulations (solid lines) are consistent with experimental data when mitochondria
are energized with NADH-linked substrates and QH;-linked substrates with RET inhibition. As
shown, the monotonic relationship between Ju202 and [O2] is dependent on substrate
utilization. When S/R are the substrates, the net Ju202 is more sensitive to changes in [0;], and a
non-linearity is observed at low [0:]. Model analysis reveals the non-linearity associated with
hydrogen peroxide production at the lower [O3] range results in the bent in total ROS
production (Fig. 4.5A). Consequently, the net Ju202 is non-linear. The scavenging activity in this
[O2] region also mirrors the hydrogen peroxide production, supporting the assumption that the
scavenging system responses to changes in ROS production (Fig. 4.5B).

The high level of consistency between model simulations and experimental data
demonstrate that our model is structurally sound and appropriately calibrated. We next used
the ETS-ROS model to 1) investigate the monotonic relationship between Ju202 and [02] and 2)
predict the effects of substrate utilization on site-specific and species-specific contributions to
mitochondrial ROS production during different respiratory states and ETS flux directions. These
model predictions provide valuable mechanistic information about mitochondrial redox
homeostasis that are experimentally infeasible.

Hydrogen Peroxide Production by Site Ir Underlies the Kinetics of Net ROS Emission Rates at Low
[0:]

Preliminary model analysis of the monotonic dependence between net J1202 and [O3]

reveals that, when mitochondria are energized by succinate and RET is inhibited, H,0>

production is sensitive to changes in [0;] (Fig. 4.6). We previously proposed an empirical model
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Figure 4.5 Model simulation of the monotonic relationship between net hydrogen peroxide
emission rates and oxygen concentrations. Net hydrogen peroxide emission rates (Ju202,
pmol/mg/min) and oxygen concentrations (UM). Open, black circles represent experimental
data; error bars represent the standard deviations. Model simulations are shown by the solid
lines. Experimental data and simulated values were leak-state Ju202 values at varying oxygen
concentrations. A) Mitochondria were energized with P/M. B) Mitochondria were energized
with S and RET is inhibited (S/R). As shown, the model is able to capture the monotonic
dependence between Ju202 and [O2] for both substrates. Importantly, the monotonicity appears
linear with P/M and non-linear with S/R as the substrates.
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Figure 4.6. Schematic that relates the resorufin formation to steady-state net matrix H.0,.
The term Eg represents mitochondrial sites available for oxygen reduction.
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to explain this phenomenon [45]. Briefly, the resorufin fluorescence corresponds directly to the
net Ju202 emission ([H20:2]bufrer), Which is proportional to the steady-state net matrix H.0;
([H202]matrix). A Michaelis-Menten like relationship was proposed to explain the [H202]matrix (EQ.
4.1). The [H202]matrix is positively related to the reduced electron donors (ER), oxygen
concentration ([O2]) and the rate constant of H,02 production (kp). It is negatively related to the
rates at which [H202]matrix is removed by scavenging (ke) and efflux from the matrix (k:). While
the empirical model was able to qualitatively describe the phenomenon, it is incapable of
dissecting the contributions of individual redox centers to the net Ju202 measured. It also does
not explain the different trends in the monotonic dependence between Ju202 and [O2] under

P/M- and S/R-supported respiration, as communicated in our previous work.

[HZOZ] matrix = R 102]

k

e+ k

Kk L +[02]
1Y

Eq. 4.1

Using our computational ETS-ROS model, we dissected the individual processes
underlying the net Ju202 measurements (Fig. 4.7). The total ROS (Jros) is the sum of hydrogen
peroxide (Ju202) and half of the superoxide flux (Jso/2). The active scavenging is the fraction of
the maximal scavenging capacity curated from literature data (10). Mitochondria energized
with S/R produce more total ROS compared to those energized with P/M. Expectedly, the
scavenging system is enhanced under S/R-supported respiration, tracking with ROS production
(Figs 4.7A, 4.7E). A linear dependence between total Jros and [02] was observed, and H,0;
production is negligible when mitochondria were energized with P/M (Fig. 4.7A). However, Jros
and scavenging activity both exhibit a nonlinear dependence on [02] under SR-supported
respiration (Fig. 4.7E). Additionally, the non-linearity associated with total Jros is due to Ju202

(dotted lines), which exceeds Jso (dashed lines) until [02] exceeds 150 uM.
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Figure 4.7 Model analysis of site-specific H.02 production and bioenergetics variables critical
to mitochondrial ROS production over a range of [02] (uUM). To further understand the
substrate-specific monotonicity associated with the net Ju202 on [O2] (Fig. 4.5), model analysis
was performed to extract additional mechanistic insights. The total ROS, superoxide and
hydrogen peroxide fluxes are shown with active scavenging under P/M (A) and S/R (B)
simulations. Total ROS flux (Jros, solid lines) is defined as the sum of hydrogen peroxide flux
(JH202, dotted lines) and half of the superoxide flux (Jso, dashed lines). The fully reduced flavin of
complex | contributes to most Ju202 under both P/M- (C) and S/R- (D) supported respiration. It
also underlies the non-linearity associated with Jros at low [O2] in the S/R simulation. E-F) The
model further suggests that the redox states of the NADH and the Q pools are highly sensitive
to experimental conditions. Rotenone inhibits QH, oxidation at site Iq, which indirectly prevents
effective NADH oxidation at site Ie. The NADH pool is, thus, significantly reduced in the S/R
simulation, creating a condition conducive for H,0, production.
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Regardless of the substrates, most H,0, originates from the fully reduced flavin of
complex | (Figs. 4.7B & 4.7D). Interestingly, a similar non-linearity underlies H,O; production by
site Ir under S/R-supported respiration (Fig. 4.7D). Model analysis reveals distinguished NADH
and Q pool redox states in these simulations, which explains the Ju202 profile associated with
each substrate combinations. In the P/M simulation, the NADH pool is less reduced, and the Q
pool is significantly oxidized (Fig. 4.7C). The presence of rotenone in the S/R simulation
prevents quinol oxidation at site Io and NADH oxidation at site |, maintaining the NADH and Q
pools in the mostly reduced states (Fig. 4.7G). The reduced NADH pool maintains the FMN site
in the fully reduced state, favoring H,0, production there. Electron flux downstream of site 1Q is
unaffected, minimizing H,0; production by the FAD site.

Site-Specific Superoxide Fluxes

As shown in Figure 4.8, the site-specific contributions to total superoxide production are
determined by both electron sources (substrates), respiratory states and ETS flux directions.
According to model analysis, sites lloand llrapH2 do not contribute to total superoxide flux. The
superoxide flux values are presented per pair of electrons passing through the ETS by dividing
the model outputs by 2. This conversion is to stay consistent with Figure 4.7. The values are also
shown in Table 4.6 in addition to the texts below.

During leak state (Fig. 4.8A), site lllgp is the single greatest source of superoxide (0.1899
nmol/mg/min) in mitochondria respiring on P/M. Under these conditions, sites lq and lemnh2
contribute approximately equally to the total superoxide originated from complex | (0.1249
nmol/mg/min). Complex Il contributes the least to total superoxide flux, and most of its

superoxide arises from the lljzre-ss) (0.0835 nmol/mg/min). Under S/R-supported respiration,
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Figure 4.8 Model predictions of superoxide production at ETS redox centers in leak (A) and
oxphos (B) states. In non-phosphorylating mitochondria (leak) energized with P/M or S/R,
forward electron transport (FET) is favored whereas S and P/M/S favor reverse electron
transport (RET). Complex | redox centers include the quinone reductase site (lq) and the flavin
mononucleotide (lrmnH2 = reduced flavin mononucleotide, lgmnke- = flavin mononucleotide
radical). Complex Il redox centers are the [3Fe-4S] cluster (lljzre-a5)) and the flavin adenine
dinucleotide (llrapH.- = flavin adenine dinucleotide radical). The Q; site resides in complex Il
(llqp). Overall, superoxide production is lowest under P/M-supported respiration and
minimized by phosphorylation. The highly reduced Q pool and a high membrane potential
under S- and P/M/S-supported respiration maintain sites lq and I in the highly reduced states
regardless of respiratory states, favoring superoxide production by these sites Iq and Irand
making complex | the greatest combined source of superoxide.
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Table 4.6 Model predictions of site-specific superoxide production (Jso, nmol/mg/min) during
leak and oxphos states supported by different substrates. The tabulated Jso are per pair of
electrons by dividing the model outputs by 2 to stay consistent with Fig. 4.7. Values less than
10* are shown as ~0.

State Leak Oxphos
Substrates P/M S/R S P/M/S P/M S/R S P/M/S
la 0.1249 ~0 7.9674 | 7.5381 | 0.0171 ~0 0.9472 | 1.1906
[FMNH2 0.1249 | 0.1388 | 7.9674 | 7.5401 | 0.0171 | 0.0957 | 0.9475 | 1.1909
[EMNH - ~0 0.1388 ~0 ~0 ~0 0.0957 ~0 ~0

[l3Fe-as] 0.0835 | 0.1876 | 0.1870 | 0.1915 | 0.0814 | 0.1317 | 0.1075 | 0.1531

[lFaDH.- 0.0253 | 0.1404 | 0.1524 | 0.1072 | 0.0244 | 0.0464 | 0.0462 | 0.0491

lqp 0.1899 | 0.2833 | 0.2796 | 0.3097 | 0.0634 | 0.1489 | 0.1482 | 0.1983
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site Illgp remains the predominant single source of superoxide (0.2833 nmol/mg/min).
However, the lljzre-ss) cluster becomes the second highest contributor to the total superoxide
flux (0.1876 nmol/mg/min). Additionally, site llrapr.- also becomes an appreciable source of
superoxide (0.1404 nmol/mg/min). Superoxide from complex | arises mostly from site Irin both
the radical and fully reduced forms (0.1388 nmol/mg/min per form).

The relative site-specific contributions to total superoxide flux are consistent under S-
and P/M/S-supported respiration: lq ~ lemnmz ( @s FMNH3) > [llqp > Hi3re-are] > lleaph.-. The
superoxide fluxes at individual redox centers are also comparable. In particular, sites lgmnt2 and
lq contribute approximately equal amounts to complex | superoxide generation: 7.96 and 7.54
nmol/mg/min under S- and P/M/S-supported respiration, respectively. Superoxide originating
from sites ll[are-ss), llrapHe—and lllgp are on the same order of magnitude. When S is the substrate,
these fluxes are 0.187, 0.1524 and 0.2796 nmol/mg/min, respectively. When P/M/S are
present, the fluxes are comparable at 0.1915, 0.1072 and 0.3097 nmol/mg/min, respectively. It
is likely that electrons derived from pyruvate metabolism (P/M/S) lead to a slight decrease in
superoxide from the FADH* radical and a slight increase in superoxide from site Illqp as NADH-
linked substrates favor FET mode.

During oxphos supported by P/M (Fig. 4.8B), site llj3re-as) becomes the greatest
contributor to total superoxide followed by site Illqp (0.0814 vs. 0.0634 nmol/mg/min).
Superoxide from complex | originates from both sites Iq and I, mostly as lemnnz (0.0171
nmol/mg/min per site). When phosphorylation is supported by S/R, superoxide from site Illqp
slightly exceeds that from site llzre-as): 0.1489 vs. 0.1317 nmol/mg/min. However, site If is the

greatest source of superoxide when superoxide fluxes from the FMNH; and FMNH*" are
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combined (0.0957 nmol/mg/min per redox state). Under conditions that favor RET in
phosphorylating mitochondria, complex | remains the greatest source of superoxide with equal
contributions from site lq and Iemntz2: 0.94 nmol/mg/min (S) and 1.19 nmol/mg/min (P/M/S).
Superoxide fluxes from sites ll[are-as) and lllgp are 0.1075 and 0.1482 nmol/mg/min, respectively,
in the presence of S. A slight increase is observed when P/M and S are both present: 0.1531 (S)
and 0.1983 nmol/mg/min (P/M/S).

Site-Specific Hydrogen Peroxide Fluxes

As hydrogen peroxide results from two-electron redox reactions, only the lgmnnz2 and
llrapH2 are considered. Regardless of respiratory states and substrate sources, most hydrogen
peroxide originate from the Ipvnnz site (Fig. 4.9). The model predicts that Ju202 produced by the
lemnz Site in non-phosphorylating mitochondria is 0.0182 and 1.7105 nmol/mg/min under P/M-
and S/R-supported respiration, respectively. Oxphos decreases the membrane potential and
subsequently Ju202. Phosphorylation supported by P/M and S/R produces 0.0182 and 1.7105
nmol H,02/mg/min from the lrvmnnz site, respectively. Thus, QH»-linked substrate (S/R)
metabolism in the presence of rotenone enhances leak- and oxphos-state Ju02 arising from
[FMNH2.

Also in leak state, RET is predominant when substrates are abundant and inhibitors are
absent (S and P/M/S). The model predicts comparable hydrogen peroxide fluxes from lemnnz
under S- and P/M/S-supported respiration: 15.9336 and 15.0235 nmol/mg/min, respectively.
Consequently, most of the decrease in total hydrogen peroxide due to oxphos results from
decreased production by this site. However, phosphorylating mitochondria energized by P/M/S

produce more hydrogen peroxide from the Irvnt2 Site compared to S alone: 2.2690 and 1.8043
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Figure 4.9 Model predictions of hydrogen peroxide production at ETS redox centers at leak (A)
and oxphos (B) states. Only the Irmnt2 and llpapH2 are considered as hydrogen peroxide
production requires 2 electrons. Left axis values are for lrmnnz, and right axis values are for
llraph2 in non-phosphorylating mitochondria energized with P/M or S/R, forward electron
transport (FET) is favored whereas S and P/M/S favor reverse electron transport (RET). Overall,
hydrogen peroxide production is lowest under P/M-supported respiration and minimized by
phosphorylation, similar to superoxide production. Regardless of the respiratory states and
electron flux directions, most hydrogen peroxide originates from the lrvnt2.
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nmol/mg/min, respectively. In the P/M/S simulation, pyruvate metabolism reduces NADH
through the Krebs cycle, resulting in a more reduced NADH pool (Fig. S4.2). Consequently, the
IemnH2 Site is more reduced under P/M/S-supported respiration, enhancing hydrogen peroxide
arising from this site.

Effects of the NADH and Q pools’ Reduction States on ROS Production

The corroborated model is further used to explore the effects of the NADH pool’s and Q
pool’s reduction states on the superoxide and hydrogen fluxes (Jso and Ju202, respectively) from
individual complexes under P/M supported respiration (Fig. 4.10). This simulation exemplifies
the utility of model in testing hypotheses that are not experimentally feasible. Specifically, the
model is run to 5-minute steady state. All other state variables at the 5-minute steady state are
fixed while the NADH/NAD* and QH»/Q ratios are varied.

In addition to complexes | and Ill, model analysis reveals appreciable superoxide
production by complex Il, in contrast to current consensus that it is a negligible source of ROS.
Moreover, superoxide fluxes by complexes I, Il and Il are uniquely sensitive to the redox states
of the NADH and Q pools. The reduced NADH and Q pools have a synergistic effect on complex
I’s superoxide production (Fig. 4.10A). As the NADH pool becomes more reduced, the sensitivity
of complex I’s superoxide is increased, and vice versa. In contrast, complexes Il and Ill are more
sensitive to changes in the Q pool’s than the NADH pool’s redox state (Figs. 4.10B, C). Hydrogen
peroxide originates mostly from complex | in this simulation. Similar to superoxide production,
hydrogen peroxide production by complex | peaks when both the NADH and Q pools become
mostly reduced (Fig. 4.10D). At any combination of the NADH/NAD* and QH,/Q ratios, hydrogen

peroxide originated from complex | is greater than that arising from complex Il. Additionally,
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Figure 4.10 Model predictions of superoxide and hydrogen peroxide fluxes (Jso and Ju202,
respectively) from individual ETS complexes under P/M supported respiration. The state
variables at 5-minute steady state are fixed except for the NADH/NAD* and QH,/Q ratios. The
combination of a mostly reduced Q and NADH pool favors Jso and Ju202 by Complex I.
Superoxide and hydrogen peroxide originating from complex Il are more dependent on the
reduction state of the Q pool than that of the NADH pool. Complex Ill shows a similar
relationship between Jso and the Q pool reduction state to that of complex II.
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the reduction state of the Q pool exerts greater influence on hydrogen peroxide production by
complex Il than the NADH reduction state does (Fig. 4.10E).
Effects of Substrate Utilization and Electron Transport Mode on Scavenging Activity

The activity of the scavenging systems — namely, the glutathione and peroxiredoxin
systems — to total scavenging activity in response to changes in ROS production remains an
enigma for the same reasons that the origins of ROS under native conditions are inconclusive.
Due to the lack of quantitative data, the scavenging system is modelled based on the
assumptions that it is saturable and responsive to changes in matrix H,0, production. Because
regenerating the glutathione and thioredoxin pools indirectly relies on NADH, ROS scavenging
has a limited capacity [10]. The responsive nature of the scavenging system to matrix H,0; is
necessary to keep net ROS production in the physiology range. In this model, these assumptions
were adequate as the model outputs in the calibration and validation stages are consistent with
experimental data. Thus, we used the model to predict active scavenging in the experimental
conditions simulated in Figure 4.1. The model suggests that scavenging activity is lower in FET
mode (Figs. 4.11A, B), which is consistent with lower ROS production (Figs 4.2D, E). The
scavenging activity increases significantly under RET mode (Figs. 4.11C, D) to keep up with a

significant increase in ROS production (Figs. 4.2F, 4.3B).
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Figure 4.11 Model predictions of active scavenging under different metabolic conditions.
Forward electron transport (FET) occurs under P/M- and S/R-supported respiration (A, B).
Reverse electron transport occurs under S- and P/M/S-supported respiration (C, D). ADP
addition results in maximal oxidative phosphorylation (oxphos state). During oxphos, the
scavenging activity decreases regardless of the electron source and transport mode. Under RET
mode, the scavenging activity is significantly increased but unable to keep the net Ju202 at
comparable levels to under FET. The model predictions of active scavenging, thus, together
with the changes in Ju202 and membrane potential support the assumptions that the scavenging
activity is saturable and responds to changes in ROS production.
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DISCUSSION
Model Predictions of Site-Specific ROS from the ETS Complexes

Site-specific ROS production has inspired many experimental studies and led to a wealth
of experimental data. However, the data are limited to experimental conditions wherein
inhibitors are present. The use of different systems, experimental conditions and techniques
has also led to discrepancies among these studies. Using simpler systems such as purified
enzymes has the advantage that fewer variables need to be accounted for in interpreting
experimental results. But the conclusions may not be generalizable. On the contrary, a more
intact system affords an environment more similar to in vivo conditions but introduce more
confounding variables. Additionally, thermodynamic factors such as temperature, buffer ionic
strength and buffer pH can all affect enzyme activities but are often neglected. Thus, it is
necessary to analyze results obtained under different experimental conditions using a unified
framework, including those that appear contradictory. This quantitative framework not only
checks for the internal consistency of data but also enables extrapolating to experimentally
untestable space.

While several mitochondrial ROS models exist [41,42,50-53], none can reproduce a
wide variety of mitochondrial bioenergetic data quantitatively and consistently. These models
either lack the biophysical details to simulate the enzymatic reactions associated with both high
and low electron flux regimes [42,53] or exclude complex Il as a ROS-producing component
[50]. Our model includes the submodels of complexes I, Il and Il each of which contains the
biophysical details necessary to simulate a wide variety of bioenergetic data [38—40].

Submodels were calibrated and validated before they are integrated into the ETS-ROS model.
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The integrated model was again calibrated (Figs. 4.2, 4.3) and validated (Figs. 4.4, 4.5) before
the model was used to generate mechanistic predictions (Figs. 4.7-11). Only processes that are
supported by experimental data are explicitly modelled, and sensitivity analysis was performed
on the integrated model to refine the adjustable parameters.

Using the corroborated model, we identify the ROS species and their origin (Figs. 4.8,
4.9) under the different metabolic conditions of our experimental data (Fig. 4.2). We found that
the lllgp site, site lrmnn2 and site Iq as a semiquinone are the primary sources of superoxide in
non-phosphorylating mitochondria energized with P/M (Fig. 4.8, Table 4.5). In non-
phosphorylating mitochondria, site If in the radical form gives rise to considerable amount of
superoxide under QH»-supported respiration when RET is inhibited (S/R). These model
predictions reconcile experimental results regarding complex | from different studies. For
example, Galkin and Brandt [30] and Grivennikova & Vinogradov [29] independently concluded
that both the fully reduced flavin (FMNH:) and the flavin radical (FMNH*") can give rise to
superoxide. Kussmaul and Hirst also found that site I is a primary source of superoxide but only
when fully reduced [28]. On the other end, Lambert and Brand reported that site Iq is the
predominant source of superoxide originating from Complex | [21]. The Ohnishi group found
that both sites Iq and Ir are ROS sources when they exist in the radical forms [31]. Thus,
computational modeling suggests that the differences among experimental data are likely due
to different experimental conditions and that even seemingly contradictory results may be true
under the right conditions.

Like complex |, the identity and origin of ROS produced by complex Il remain unresolved

although a consensus until recent years exists that complex Il is a negligible source of
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mitochondrial ROS. Quinlan et al. found that site llr produces comparable amounts of ROS to
site Iq in the presence of fatty acids [20]. The notion that site Ilr produces most ROS from
Complex Il is shared by Siebels and Drose [34]. However, others contend that significant
amounts of ROS originate from the site llq [54] and the ISC near the Q site [55]. We used the
model to identify conditions that favor ROS production by complex Il and the contributions of
its redox centers. In particular, the model identifies site lljzre-as) as the primary source of
superoxide arising from complex Il. In FET, superoxide arising from site llrapn.- becomes more
significant only under QH»-supported respiration (S/R). Thus, our model supports the
experimental results that the ISC near the Q site and site llr give rise to most of complex II's
ROS. Moreover, the model predicts that FET in non-phosphorylating mitochondria favors
superoxide production by complex Ill. The bcl complex also contributes significantly to total
superoxide flux in phosphorylating mitochondria although its contribution is more pronounced
in FET mode. All these predictions remain experimentally infeasible due to the lack of a robust,
reliable method to 1) distinguish superoxide from hydrogen peroxide and 2) directly measure

them without interfering with other processes.
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CONCLUSIONS

In conclusion, we have developed, analyzed and corroborated a model of mitochondrial
ROS that identifies the species-specific ROS originating from the ETS redox centers under
varying respiratory states and electron flux directions. Each ROS-producing module is
constructed in a thermodynamically faithful manner and tested prior to being unified in a single
platform [38—-40]. The biophysical details included in the model are supported by experimental
data and further refined by the process of sensitivity analysis. Being modular, parsimonious,
and consistent, this modeling approach enables the individual modules within the model to
work harmoniously with each other in a thermodynamically faithful manner. This approach also
facilitates the inclusion of other mitochondrial physiology processes that are related to ROS
homeostasis, as mentioned above, when data become available. These qualities distinguish this
model from existing models which also attempt to recapitulate mitochondrial ROS homeostasis
[41,42] as ours is capable of consistently reproducing experimental data on various aspects of

mitochondrial physiology and making predictions that are physiologically appropriate.
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Figure S4.1 L-malate is able to support respiration during leak state and oxphos. Oxygen
consumption rates (Joz, nmol/mg/min) during leak-state and oxphos are quantified using
mitochondria isolated from ventricular cardiomyocytes of guinea pigs (0.1 mg/mL). L-malate is
the only substrate, and ADP is added to simulate oxidative phosphorylation. Bar plot represents
the averaged Joz values. Individual data points (n = 6) consist of 3 biological replicates each of
which has 2 technical replicates. Error bars represent the standard deviations.
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Figure S4.2 NADH redox state was determine during leak and oxphos states using fluorimetry.
The experimental conditions are identical to our Jo2 and Ju202 experiments.
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Figure S4.3 Model prediction of the effects of substrate utilization on the reduction states of
the Q pool (solid lines) and NADH pool (dashed lines). The reduction state of each species is
determined as the ratio of the reduced form and the total pool concentration multiplied by 100
( (INADH]/[NADH + NAD*]) x 100, and ([QH.]/[QH2 + Q]) x 100). Forward electron transport
(FET) occurs under P/M- and S/R-supported respiration (A-B). Reverse electron transport (RET)
occurs under S- and P/M/S-supported respiration (C-D). During leak state (before ADP addition),
the NADH pool is mostly reduced in both FET and RET modes regardless of the substrate
sources. However, the Q pool is mostly oxidized under P/M-supported respiration. During
oxphos state (after ADP addition), the NADH pool becomes more oxidized. The Q pool also
becomes more oxidized under S/R-, S- and P/M/S-supported respiration but does not alter
significantly under P/M-supported respiration.
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The PhD project presented culminates an integrated computational model of
mitochondria that quantitatively recapitulates substrate metabolism and net free radical
homeostasis. The model is capable of simulating energy-dependent forward and reverse
electron transport modes. For the first time, superoxide and hydrogen peroxide production by
the ETC redox centers is quantified under different energetic states across a range of substrate
fuels. The fully reduced flavin of complex | contributes to most hydrogen peroxide produced in
non-phosphorylating mitochondria energized with pyruvate/malate, succinate/rotenone,
succinate and pyruvate/malate/succinate. During reverse electron transport, site lq and lgmnn2
become the most significant sites of free radical production as superoxide. During leak state
respiration, complex Il is the dominant source of free radicals, regardless of substrates. The
model also highlights that during forward electron transport, the scavenging system is less than
10% active; however, during reverse electron transport, this system nearly reaches maximal
capacity. This finding suggests that during early reperfusion, the limited capacity of the
scavenging system precipitates oxidative stress.

Nevertheless, incorporating additional physiological aspects to the current model is
necessary to provide a complete in silico picture of mitochondrial physiology. The two
metabolic modifications are beta oxidation and an expansion of the TCA cycle. Beta oxidation is
the major in vivo metabolic pathway in cardiac tissue that generates most of the reducing
equivalents (NADH and UQH:) for the ETC. During ischemia, this pathway is “turned off” due to
oxygen limitation which results in an extremely reduced NAD* pool [1]. As the regulation of
beta oxidation is not well-understood [2-5], additional bioenergetic data such as Joz, JH202,

membrane potential and NADH redox state using mitochondria from normal and the
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reperfused ischemic heart are necessary to characterize this pathway. These experiments can
be performed with different fatty acid substrates, especially mono- or polyunsaturated fatty
acids [6], to mimic the composition of fats in a healthy and diseased myocardium. It is
imperative that the proposed experiments are performed under similar conditions as the other
data to enable comparison across data sets. Including beta oxidation in the current model will
lead to a more accurate picture of how the matrix and ETC redox environments are
metabolically regulated.

In the current model, the TCA cycle is simplified except for the reactions catalyzed by
SDH, fumarase and malate dehydrogenase. The reactions catalyzed by the other enzymes are
omitted because they were not necessary to reproduce the experimental data used for the
current model. In these experiments, calcium was removed from the system; however, calcium
does play important roles in energy metabolism. The stimulatory effect of free matrix calcium
(in the physiological range, ~ 100 nM) on matrix metabolic enzymes (pyruvate dehydrogenase,
isocitrate dehydrogenase and alpha-ketoglutarate dehydrogenase) is essential to reproduce
bioenergetic data in the presence of calcium [7,8]. Including these enzymes will be critical to
explain how calcium overload in myocardial I/R injury affects metabolism. Thus, reconstructing
a full TCA cycle at varied calcium concentrations will enhance the model’s ability to explain
normal and pathological behavior of mitochondria. A key experiment is to quench non-
phosphorylating and phosphorylating mitochondria energized on different substrate
combinations in the presence of different calcium levels and quantify the levels of intermediate

metabolites.
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Lastly, the scavenging system is empirically modelled using a Michaelis-Menten like
expression. Although this treatment is sufficient to explain the data, it does not dissect the
contributions of the Glutathione and Peroxiredoxin systems to total scavenging. It also limits
the model’s ability to predict the effects of myocardial I/R injury on these scavenging
components. The total scavenging capacity can be indirectly measured via the ability of isolated
mitochondria to remove exogenous hydrogen peroxide [9]. In this experiment, a hydrogen
peroxide bolus at a known concentration is added to a mitochondria suspension. Then, the
amounts of hydrogen peroxide remaining in the buffer at different timepoints are quantified
until steady state has been reached. Fitting a curve to the buffer hydrogen peroxide
concentrations will enable the determination of the rate constant associated with total
mitochondrial scavenging capacity. Such an experiment can be done in the absence of
exogenous substrates and the presence of different substrate combinations, as well as varied
calcium levels. Doing these experiments under similar conditions to the net ROS measurement
experiments will delineate the link between the total scavenging capacity, metabolism and ROS
production.

In conclusion, the current model is the first of its kind to consistently reproduce a wide
range of bioenergetic data obtained from isolated mitochondria in different respiratory states
and fueled by different substrate combinations. Future updates to the model need to account
for beta oxidation and other TCA cycle reactions that were simplified in the current model.
More importantly, metabolic modifications need to account for the stimulatory and inhibitory
effects of calcium at different concentrations. Lastly, to maximize the utility of the model in

understanding diseased states such as myocardial I/R injury, the scavenging system needs to be
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elaborated. Additional experiments to generate data are necessary to constrain the model
parameter space and produce a more complete in silico picture of mitochondrial physiology.
Such a model can be used to test experimentally infeasible hypotheses and to predict potential
outcomes of a pharmaceutical agent on mitochondrial bioenergetics, which guides

experimental design and therapeutic development.
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